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Spectra of galaxies contain much information about relative mixtures of

ages and metallicities of constituent stars. We present a comprehensive study

designed to extract the maximum information from spectra by first testing

model fits on a sample of globular clusters. We use the Bruzual-Charlot 2003

simple stellar population synthesis models (SSPs) to simultaneously estimate

the ages and metallicities of 101 globular clusters in M31 and the Magellanic

Clouds. The clusters cover a wide range of parameters, 4 Myr < tage < 20 Gyr

and −1.6 < [Fe/H] < +0.3, estimated by other methods in the literature.

We compare results from fits to both spectra and photometry and find that

fits to continuum-normalized spectra over the entire range available, typically

3500 Å to 1 µm, provide the best results. For clusters older than 1 Gyr we

agree with literature ages to 0.16 dex (35%) and [Fe/H] to 0.12 dex. For

younger clusters we agree with literature ages to 0.3 dex (63%), but cannot

constrain the metallicity. The required S/N is 10-20 Å−1 for ∆λ = 10-25 Å.

vii



We apply these techniques to 45 early-type galaxies from the MU-

NICS survey, with zmed=0.362, and to 22 local elliptical galaxies and find

that the best procedure for galaxies is to combine fits to the continuum-

normalized spectra and the BVRIJ photometry. Wide spectral coverage, rest

frame ∼3700-9000 Å, is required to break the age-metallicity degeneracy. For-

mation redshifts calculated from age estimates show a peak at zf=0.5-2 and,

using our derived galaxy stellar masses, we see a transition at the same place

from the formation of lower mass galaxies (M∗ < 1010 M�) at z . 0.5 to the

formation of higher mass galaxies (M∗ > 1011 M�) at z & 1. Models containing

2 populations provide fits of equal quality to the SSPs and preliminary results

indicate that young stellar populations contributing as little as 5% of the total

luminosity in 40% of the galaxies can account for the peak at zf ∼1 with zf

of the older populations nearly uniformly spread over z∼0.5-10. Further tests

are being conducted on a larger comparison sample of local galaxies with age

and metallicity estimates derived from line indices. Upon refinement of the

technique, multiple population fits will be completely analyzed to characterize

the formation histories of early-type galaxies.
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Chapter 1

Introduction

Understanding when and how different types of galaxies formed in the

universe is an age old problem. In recent years the hierarchical merging sce-

nario (169; 120; 170), where large galaxies are built up over time through

mergers of smaller objects, has been the leading theory for the mechanism

by which structure formed in the universe. Large galaxy surveys have been

undertaken to provide observational evidence for how galaxies formed. From

their observations, we are compiling a snapshot of galaxies througout time.

At z∼3 we find both massive starbursting galaxies in highly clustered regions

(113; 23; 31) and actively star forming galaxies elsewhere (119). At z∼2 we see

galaxies that are still forming stars, but have redder colors and larger masses

from continued star formation since z∼3 (147). At z∼1-2 a population of ex-

tremely red objects (EROs) are seen by near infrared surveys such as FIRES

(93), K20 (33), and MUNICS (46). Approximately 50-70% of the ERO pop-

ulation are found to contain older stellar populations that have experienced

passive evolution (33; 41; 137; 56; 141). At z∼1 we see a decrease in global

star formation rates (98; 102; 103; 146; 4; 157; 171), an increase of stellar mass

densities in early-types (75; 11; 44; 89; 132; 34; 171), and a change in galaxy

morphologies to more ordered systems (150; 44). At z.1 we see early-type
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galaxies that appear to have formed at z∼1.5-2 in the field (79; 59) and at

z∼2-3 in clusters (165; 155), possibly from those that were seen as star forming

galaxies at z∼2 and starbursts at z∼2-3.

This observed galaxy demography, however, is not matched by the semi-

analytic hierarchical galaxy formation models. Although the models do well

on predicting the global star formation rate and stellar mass densities, they

do not match observations on the correct proportions of galaxy types as a

function of redshift (144). In particular, not enough EROs or submm galaxies

are formed at z∼1-3 in the models. This demonstrates the fact that we do

not yet understand the details of how galaxies assembled their mass, although

the epoch of z∼1-2 continues to stand out as an important transitional period.

Detailed studies of individual galaxies around this epoch will uncover essential

clues about how they assembled into the distribution of galaxies that we see

today.

One such detail for study is determining ages or formation redshifts

of galaxies in this epoch. Various techniques have been used in the past to

determine an overall age from integrated galaxy light, including using colors

to estimate age from the amounts of old (red) and young (blue) stars, using

the equivalent widths (EWs) of specific spectral lines or breaks that are known

to be sensitive to stellar age (159; 160; 88; 89), matching galaxy spectra to

stellar spectra (148; 49; 145), using fits of stellar population synthesis models to

spectral energy distributions (SEDs) obtained from broadband or narrowband

photometry (119; 34; 47; 110), and fitting galaxy spectra with model spectra
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(177; 114; 34; 53; 110; 32). We will refer to photometric SEDs throughout the

paper as “SEDs,” not to be confused with actual spectra.

Photometry has been widely available and provides the means to cover

a larger spectral range than typically available with spectroscopy to get in-

formation about different stellar populations, but it lacks spectral details and

suffers from more degeneracy between age, metallicity, dust content, and mixed

populations. Recent surveys with spectra of hundreds or thousands of galaxies,

in addition to the photometry, provide more information for detailed analy-

ses. Furthermore, the release of population synthesis models at high spectral

resolution (27; 95) allows one to take advantage of the detailed information

contained in individual lines over the entire observed spectral range, rather

than relying on only a few lines or on more degenerate broadband colors.

The goal of this project is to develop and test reliable techniques for

accurately estimating the ages and metallicities of early-type galaxies at red-

shifts of z ∼ 1. This goal is not ours alone. Many groups have tackled this

problem in a number of different ways. High quality data can be obtained on

local galaxies and globular clusters, which are much brighter than our high

redshift galaxies. A standard technique for estimating ages and metallicities

of these objects is to use line indices. In this technique the strengths of specific

spectral lines that are known to be sensitive to age or metallicity are compared

to those in a grid of stellar line strengths. If the data have S/N on the order of

40 Å−1 and the spectral resolution is around ∆λ = 8-12 Å, this technique can

be used. However, data from large galaxy surveys are not this good, with S/N
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on the order of 5-20 Å−1. The spectral resolutions are typically ∆λ ∼ 15 Å.

The DEEP2 survey actually has much higher spectral resolution, ∆λ ∼ 2.5 Å,

but low S/N. In order to analyze line indices or calculate velocity dispersions,

tens to hundreds of galaxy spectra must be coadded. This is fine for addressing

the global properties that we get from simulations, but the revelance of the

results from such a conglomeration is questionable for studying the histories

of individual galaxies.

By utilizing more information about individual galaxies, the entire ob-

served spectrum and broadband photometry covering very wide total ranges,

we hope to devise a technique that can be used on the lower quality data

available for large numbers of galaxies in surveys. Again, we are not alone in

this goal. Groups have been moving toward this approach as quickly as the

data allow.

Broadband photometry is used by many since it is much easier to obtain

than spectra. The studies of global stellar mass evolution get the galaxy stellar

masses from model fits to broadband photometry. COMBO-17 (12) took this a

further step toward more information by using 17 narrowband filters to better

trace the SEDs of galaxies. A bimodality in their colors of ∼25,000 galaxies in

the redshift range of 0.2 < z < 1.1 allows the definition of red early-type and

blue late-type galaxies at all redshifts. They find that the number density of

blue galaxies has dropped strongly and that the stellar mass in red galaxies

has increased by a factor of 2 since z ∼ 1. When these data are combined with

Spitzer 24 µm observations and HST morphologies in Bell et al. (14), they find
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that at z ∼ 0.7 40% of galaxies with M∗ ≥ 2x1010 M� are undergoing intense

star formation. More than half of these have spiral morphologies and less than

30% are strongly interacting, indicating that a decline in major merger rate is

not the main cause of the strong decrease in star formation rates since z ∼ 0.7.

Kauffmann et al. (88, 89) pick two specific spectral features with which

to analyze galaxies in the Sloan Digital Sky Survey (SDSS). They wisely chose

the strengths of the 4000 Å break and the Hδ line. The break is mainly

sensitive to age and Hδ is sensitive to the fractional stellar mass formed in

recent bursts. From the comparison of these two features to a large library

of Monte Carlo realizations of various star formation histories, they derive

likelihood estimates of star formation histories and stellar masses for ∼120,000

low redshift galaxies. They find that most of the local stellar mass resides in

galaxies with M∗ ∼ 5x1010 M�, half-light radii ∼3 kpc, and half-light surface

mass densities ∼109 M� kpc−2. They find a division of galaxy properties at

M∗ = 3x1010 M�. The lower mass galaxies have young stellar populations, low

surface mass densities, and low concentrations typical of disks. The higher

mass galaxies have old stellar populations, high surface mass densities, and

high concentrations typical of bulges. They see indications that little star

formation occurs in massive galaxies after they have assembled.

Heavens et al. (67) use SDSS spectra binned to a resolution of 20 Å over

a much wider initial spectral range. They fit models with a large number

of star formation episodes, but for computational speed they compress the

spectra to 23 numbers in what they claim to be a lossless way. From the
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fits they reconstruct the entire star formation histories of 96,000 low redshift

galaxies. Their results show that the peak in cosmic star formation ocurred

later and over a longer time period than previously thought, at 0.3 < z < 0.8

rather than at z ∼ 1-2, with 26% of present day stellar mass formed at z > 2.

They find a trend where galaxies with higher present day stellar masses formed

their stars earlier than lower mass galaxies.

Cid Fernandes et al. (32) use more spectral range and fit SDSS spec-

tra over 3650-8000 Å. They do extensive simulations with models to estimate

errors and to test their ability to recover known input spectra. They recog-

nize that detailed descriptions of star formation and chemical histories used by

other groups add degeneracy to the fits and limit the number of ages, metal-

licities, and star formation histories to a coarse grid. However, they then use

linear combinations of 45 SSPs to obtain good fits to the data. More fitting

parameters always produce better fits, but this high number of model combi-

nations could be adding back some of the degeneracy that they were trying

to avoid. Nevertheless, they derive age, metallicity, mass, velocity dispersion,

and extinction for 50,000 galaxies. As a means of checking the technique,

they compare results to other studies and find galaxy stellar masses, velocity

dispersions, and extinction values similar to Kauffmann et al. (88) and Brinch-

mann et al. (24), who use Dn(4000) and Hδ to constrain the mean stellar ages

and fractional stellar masses formed in bursts, and broad band photometry to

estimate extinctions and stellar masses.

The methods up to now have taken the “archaeological” approach of
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analyzing low redshift galaxies to find clues about their past histories. Other

studies take the approach of analyzing high redshift galaxies that are in the

process of making those histories. Although the required extrapolations back

to the actual events may be less for these objects, the data quality takes a hit

for these distant faint galaxies. Such an example is the Gemini Deep Deep

Survey (GDDS), which targets galaxies at z ∼ 1−2. McCarthy et al. (110) fit

the galaxy spectra and photometry both individually and as a coadded com-

posite spectrum. Unable to completely disentangle metallicity and age effects,

they use assumptions about metallicity range cutoffs in their models and de-

rive ages for 20 galaxies with z > 1.3. They find evolved stellar populations

with formation redshifts of zf = 2.4−3.3. Given the estimated galaxy ages of

1.2−2.3 Gyr and probable star formation histories, they conclude that these

galaxies are likely the products of luminous submm galaxies with high star

formation rates.

Longhetti et al. (100) combine broadband photometry with very low

resolution near infrared spectra to fit galaxy SEDs and estimate ages and

masses of 10 EROs at z ∼ 1.5 in the Munich Near Infrared Cluster Survey

(MUNICS). They too derive possible age ranges assuming certain ranges of

metallicities, but are unable to break the degeneracy. Half of their galaxies

have estimated ages of ∼3−5 Gyr with zf ≥ 4 and the other half have ages of

1−2 Gyr with zf > 2. Their conclusion is that field massive early-type galaxies

formed the bulk of their stellar mass over short timescales at 2 < z < 4.

Many analyses have been conducted by making assumptions about
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galaxy metallicities. To move forward and derive robust galaxy metallicities

along with ages, a way has to be found to break the age-metallicity degen-

eracy. We examine the prospects of this by throughly exploring techniques

of fitting the spectra and photometry. We first evaluate age and metallicity

estimation techniques on globular clusters by comparing results from Bruzual

& Charlot (27) (hereafter BC03) simple stellar population (SSP) model fits to

the spectra, broadband photometry, and line indices of the clusters. Globular

clusters provide a simpler test case than galaxies since their stars likely provide

a coeval and nearly homogeneous metallicity population that has no internal

dust extinction. We test the utility of various techniques of using these mod-

els to estimate ages and metallicities of high redshift galaxies by first applying

them to a sample of extragalactic globular clusters. For this calibration we

use clusters from the Santos et al. (135) public database that have integrated

spectra, photometry, and literature age or metallicity estimates obtained by

other methods. We then apply the technique to a sample of early-type galaxies

from the Munich Near Infrared Cluster Survey (MUNICS).

The layout of this dissertaion is as follows. Chapter 2 discusses the

details of our model fitting techniques for estimating the ages and metallicities

of objects and Chapter 3 presents our calibration of the technique on a sample

of globular clusters. Chapter 4 describes the application of our technique

to galaxies of low to moderate redshifts from the MUNICS survey. Overall

conclusions are summarized in Chapter 5.

Appendices A-D contain an altogether separate topic, which actually
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consumed the majority of my time in graduate school. It describes the as-

tronomical instrumentation projects in which I had a significant role during

graduate school: the Hobby-Eberly Telescope (HET) Center of Curvature

Alignment Sensor, the HET Mirror Alignment Recovery System, the HET

Low Resolution Spectrograph (LRS) Multi-Object Spectroscopy unit, and the

LRS J-band extension (LRS-J).
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Chapter 2

Developing the Technique for Estimating Age

and Metallicity

2.1 Methodology

Our approach to estimating age and metallicity is to use the maximum

amount of information possible for each object to try and break the degeneracy

between these two parameters that is inherent in observational data. Broad-

band photometry often covers a much wider spectral range than spectroscopy,

providing better constraints on the possible mixes of stellar types, but suffers

from age-metallicity degeneracy. However, by combining broadband informa-

tion with detailed spectral analysis, we hope to better constrain model fits

and thus derived ages and metallicities. We investigate the ability of both

broadband and detailed spectral features of the models to estimate age and

metallicity of star clusters and galaxies by fitting models to the full spectrum,

to the continuum-normalized spectrum, to photometry, and to spectral line

indices. Each of these fitting procedures is described in detail in the following

sections.

• Full spectrum fits utilize information from both the line strengths and

the continuum shape.
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• Continuum-normalized (CN) spectrum fits use only the information con-

tained in the lines, losing important continuum information, but also

removing any adverse effects of inaccurate flux calibration in the data

or continuum shape errors in the models. Model continua problems are

particularly possible in the near infrared due to the inability to properly

account for the number of thermally pulsing asymptotic branch (TP-

AGB) or carbon stars that can contribute much of the light at these

wavelengths for young objects.

• Photometry fits cover a much broader wavelength range, but lose detailed

spectral information and may also be affected by continuum shape prob-

lems in the data or models.

• Line index fits move from broad to narrow and focus only on specific

spectral lines that are known to be sensitive to metallicity or age. We

evaluate these specific lines in the models by calculating the indices di-

rectly from model spectra and comparing those to line indices calculated

from the cluster spectra in the same way.

2.1.1 Spectra

In this project we deal with spectra from three different sources: the

Santos et al. (135) database for globular clusters, the MUNICS survey (46)

for low to moderate redshift galaxies, and a catalog of local galaxies from

Storchi-Bergmann, et al. (149).
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The spectra for each object in the Santos et al. (135) database consist

of near ultraviolet, optical, and near infrared segments from multiple sources

at spectral resolutions of 6-23 Å. We splice all spectra together to cover the

widest possible range for each cluster. Our fitting procedure requires a noise

spectrum as well to weight the χ2 at each wavelength, however, no noise or

sky spectra are included in the database. For this reason, we estimate the

noise from the spectra by calculating the standard deviation of the spectrum

in 100 Å bins and scale the resultant signal-to-noise ratio (S/N) spectrum

to match the average S/N value quoted in the source publications for some

objects. For those objects that do not have quoted S/N values, the standard

deviation spectrum provides the noise. This probably overestimates the noise

since absorption lines will increase the standard deviation of a bin, but the

required scaling is typically less than 10%.

The MUNICS survey provides sky spectra from which we calculate the

noise with Equation 2.1, where Fg is the flux of the galaxy spectrum at each

wavelength, i, Fsky is the flux in the sky spectrum, and RN is the read noise.

Once the noise spectrum is generated, it is smoothed with a median filter to

eliminate absorption line features and large noise spikes. An example is shown

in Figure 2.1 for one of the higher S/N galaxies, S2F1-209.

Ni =
√

Fgi
+ Fskyi

+ RN2 (2.1)

We prepare the data for fitting by marking regions that contain emis-

sion lines, noise spikes, and sky background residuals, as well as two regions
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Figure 2.1 An example of a MUNICS galaxy noise spectrum and our adopted
smoothing. The red line is the smoothed noise used in the model fits. The
yellow vertical lines mark masked regions that are excluded from the fits.
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for which the STELIB stellar library used in the models has problems with tel-

luric features (6850-6950 Å and 7550-7725 Å). These regions are masked and

deweighted for each cluster by significantly lowering its S/N spectrum over

the affected wavelengths. We smooth the grid of model spectra, which have

an intrinsic resolution of 3 Å, to the wavelength dependent resolution of each

cluster and fit its spectrum using two free parameters, age and metallicity, and

a S/N-weighted normalization constant, αn, which is uniquely determined for

each model. We select the best fitting model by calculating the summed χ2

for each model spectrum of a given age and metallicity, relative to the cluster

spectrum, and selecting the model in the grid with the minimum value. In the

χ2 calculation, we use the previously determined noise spectrum as the σi for

the flux, f i, at each wavelength bin, i, for each model, n, as given in Equa-

tions 2.2 and 2.3. Reduced χ2, χ2
r, is given by Equation 2.4, where N is the

total number of data points and ν is the number of fitting parameters. Once

the best fitting model is determined for an object, to determine final errors

we inflate its noise until χ2
r=1 to include any additional noise sources and to

better estimate confidence contours and error bars. If, after this process, the

estimated errors are smaller than the distance to the next model grid point,

an error bar of half this distance is assigned to the cluster for both age and

metallicity.

αn =

∑

i fdatai

(

S
N

)

i
∑

i fmodeli

(

S
N

)

i

(2.2)
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χ2
n =

∑

i

(

fdatai
− αnfmodeli

σi

)2

(2.3)

χ2
r =

χ2

N − ν − 1
(2.4)

Errors on age and metallicity estimates are determined from the ∆χ2

contours. The S/N of the data controls the size of these contours, and thus the

confidence of the derived parameters. Typical levels for the globular clusters

are S/N∼30 Å−1, while MUNICS galaxies are more like 9 Å−1. Figure 2.2

shows a simulation of the effect of S/N on the confidence of the derived age

and metallicity for the globular cluster NGC 419 in the SMC, achieved by

artificially adding different levels of gaussian noise to its spectrum and fitting

models to each of the noisy continuum-normalized spectra. The simulated S/N

per resolution element from top left to lower right in Figure 2.2 is 99, 22, 12,

8, 6, and 4. Solid, dashed, and dotted lines represent 1, 2, and 3σ contours.

The color bars give the ∆χ2 values for confidence levels of 68.3% (∆χ2=2.3),

90%, 95.4%, 99%, 99.73%, and 99.99% (∆χ2=18.4) for two degrees of freedom.

Black dots mark the locations of models in the age-metallicity grid. The best

fitting model is marked by a red cross in each panel. The age and metallicity

from the best fitting model in the highest S/N case is marked by a yellow circle

in each subsequent panel for comparison.

Two things become apparent from these plots. First, as the confidence

contours grow with decreasing S/N, metallicity becomes harder to constrain
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Figure 2.2 The effect of S/N on ∆χ2 contours of age and metallicity for
continuum-normalized spectrum fits to the SMC globular cluster NGC 419.
The S/N per resolution element from top left to lower right is 99, 22, 12, 8, 6,
and 4. The best-fitting age and [Fe/H] is given in the plot titles and marked by
the red crosses. The yellow circles mark the age and [Fe/H] from the highest
S/N fit. The solid, dashed, and dotted lines are 1, 2, and 3σ error contours, re-
spectively. Color bars give the ∆χ2 values for 68.3% (∆χ2=2.3), 90%, 95.4%,
99%, 99.73%, and 99.99% (∆χ2=18.4) confidence levels for two degrees of
freedom. Black dots mark the locations of models in the age-metallicity grid.
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than age. In some low S/N conditions (e.g. the last panel) multiple islands of

age-metallicity combinations arise as equally likely answers. The best fitting

model in each panel does not always overlap the 1σ contours of all other

panels, however, this mostly happens in the [Fe/H] dimension and those values

are less secure than the ages. This is our first indication that metallicity is

poorly constrained, compared to ages. The second point is that we find a

limiting S/N below which the estimated age and metallicity become unreliable.

This happens somewhere between S/N = 22 and 12 in these plots, at which

point the contours in the low S/N cases do not overlap the estimates from the

highest S/N case. We find that the S/N must be &15 per resolution element

(S/N∼5 Å−1) for ∆λ=13-23 Å to adequately constrain the age. Metallicity is

harder to constrain under all conditions. A more detailed analysis of limiting

S/N and spectral resolution can be found in Section 3.5.1.

2.1.2 Continuum-Normalization

Errors in flux calibration of the spectra can induce errors in derived

ages and metallicities. Additionally, model continua can be off in the near

infrared due to stochastic contributions from TP-AGB stars in ∼ 0.1 to 1 Gyr

old populations and from carbon stars in populations of age 0.3 to 2.5 Gyr

(58; 108; 61). These variations can result in differences of nearly 2 magnitudes

in V-K (Bruzual & Charlot 2003, Figure 8). AGB stars in the thermally pulsing

phase can contribute over 80% of the K-band light (106), the exact amount of

which is hard to predict since this phase involves ejection of the outer stellar
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envelopes and geometry-dependent obscuration of the central stars. The BC03

models include TP-AGB and carbon stars semi-empirically, but in any given

cluster the K-band light can vary depending on the numbers of stars it actually

has in these phases.

To avoid these issues, we normalize out the continua with a median-

binning routine that uses bin sizes tailored to work for different classes of

objects. The young globular clusters of the Magellanic Clouds have strong

Balmer discontinuities and need to be sampled by small bins to correctly trace

this sharp continuum break, while older objects in M31 require larger bins to

smooth over absorption troughs in the red part of the spectrum. The bins

that we use are 100 Å wide blueward of 4000 Å and 300-700 Å wide redward

of 4000 Å. The points in each bin are sorted by flux values, the lower 1/2 of

the points are ignored to reduce the weight of absorption lines, the highest few

points are rejected to ignore noise spikes, and the median of the remaining flux

values is assigned to that bin. The medianed bin fluxes are linearly connected

and the object spectrum is divided by the result, providing a flat continuum.

The same binning parameters used for an object are also used on each model

spectrum in the grid. The continuum shape that we divide out is also fit

by model continua and referred to throughout as “continuum fits.” Different

types of spectral fits are illustrated in Figure 2.3 for an old cluster, G177 in

M31, and a young cluster, NGC 1711 in the LMC.
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Figure 2.3 Example model fits to two clusters of very different ages. The left
is G177 in M31 and the right is NGC 1711 in the LMC. Plots on the top are
the full spectrum fits, in the center are the continuum-normalized spectrum
fits, and on the bottom are the continuum fits. Solid black lines are the
cluster spectra, dashed cyan lines are model spectra corresponding to the best
spectroscopic fit, dotted green lines are the model spectra corresponding to
the best photometric fit, filled circles are the cluster photometry, triangles are
photometry from the best photometric fit models, and horizontal bars mark
the filter bandwidths. Photometry for G177 includes U,B,V,J,K bands and
NGC 1711 includes U,B,V,J,H,K bands. Best-fitting ages and metallicities for
each method are given in the plot labels. In the continuum fits, black lines are
the cluster continua and green lines are the best-fitting model continua.
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2.1.3 Photometry

To test ages and metallicities derived from broadband features over a

wide baseline, we fit model photometry to the object in all bands available

for each object. For the globular clusters this includes UBVJHK photometry

from the literature. Our model fitting procedure requires scalable fluxes, so we

convert cluster magnitudes to fluxes using the UBV zeropoints from Bessell

(15) and the JHK zeropoints from Wamsteker (168). We obtain model fluxes

for each band by convolving filter transmission curves with the model spectra.

These fluxes are scaled to those of the object with an overall S/N-weighted

normalization parameter during the fit. The best fitting model is selected by

χ2 minimization, using Equations 2.2 and 2.3 with i now representing each

photometric band. Errors are not given for all literature photometry, so we

initially assume a 5% photometric flux error in all bands for, which is then

adjusted to make χ2
r=1 for the best-fitting model. Fitting parameters are age

and metallicity, the same as they were for the spectral fitting. Photometric

fits are also illustrated in Figure 2.3.

2.1.4 Line Indices

Lick line indices have been used for many years (52; 28; 62; 173; 174;

175; 176; 158). They are based on a very specific set of data and their appli-

cation to new objects is somewhat complicated. To properly use Lick indices,

either some of the same stars must be observed with the instrumental setup

of the new objects, or the spectra of the new objects must be convolved to
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exactly the same wavelength dependent resolution as the original Lick data,

which varied from run to run during the development of the indices. Very

small differences in the wavelengths can cause large errors in the indices. To

investigate the robustness of these specific lines in the model spectra, we cal-

culate line indices directly from the models, similar to the calibrations done

in Bruzual & Charlot (27). Direct application of the models for this purpose

would avoid the step of convolving the object spectra to the estimated Lick

resolutions. If the models are smoothed to the same spectral resolution as the

cluster data, indices can be calculated directly from both spectra in the same

manner. The bandpasses of the Lick indices were originally chosen for data

with ∆λ ∼8-12 Å (176), so this assumes that the resolution of the data is close

to this range. Lower resolution data may begin to have problems.

First, we broaden the model spectra to match the resolution of each

object, which varies for wavelength regions obtained on different instruments

in the globular cluster database. Then, we calculate indices for the lines in the

Lick system using the passbands defined in Trager et al. (158) and Worthey &

Ottaviani (176). To these we add <Fe>, an average of Fe λ5270 and Fe λ5335;

Dn(4000), the 4000 Å break strength using the narrow passbands defined in

Balogh et al. (2); CNB λ3883 Å, MgH, and Ca II H+K, as defined by Brodie &

Huchra (25); and [MgFe]′ =
√

Mgb(0.72 × Fe5270 + 0.28 × Fe5335), as defined

by Thomas et al. (154). The [MgFe]′ index has been found to be a good tracer

of total metallicity and to be insensitive to α/Fe enhancement, which may be

important for some of the globular clusters in this sample (see Figure 3.7).
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We calculate the indices, as described in Trager et al. (158), by connect-

ing the average flux values of the pseudocontinua sidebands with a straight line

and integrating the flux under that line over the index passband. Index resid-

uals between object and models are minimized for different groups of indices

to find the best fitting model, and thus the most likely age and metallicity of

the cluster based on that group of indices.

2.2 Stellar Population Synthesis Models

We use the high spectral resolution (R∼2000) SSP “standard model”

from Bruzual & Charlot (27) that utilizes the STELIB/BaSeL 3.1 spectral

library, the Padova 1994 evolutionary tracks, and the Chabrier (30) initial mass

function (IMF) with stellar mass limits of 0.1 and 100 M�. They provide model

spectra at [Fe/H] = −2.25, −1.65, −0.64, −0.33, +0.093, and +0.56, which

we interpolate to a grid that spans [Fe/H] of −2.2 to +0.5 in increments of 0.1

dex, and ages of 1 Myr to 20 Gyr in increments of 2 Myr for 1< tage <10 Myr,

20 Myr for 10< tage <100 Myr, 200 Myr for 100< tage <1500 Myr, and 1 Gyr

for 1< tage <20 Gyr.

Interpolation to our desired ages and metallicities is done by first lin-

early interpolating the spectra at each wavelength point between two provided

model spectra at a given metallicity with surrounding age values. For exam-

ple, an age of 1.5 Gyr is interpolated from spectra with BC03 grid ages of

1.434 Gyr and 2 Gyr, as shown in Figure 2.4 for a BC03 grid metallicity of

[Fe/H] = −0.33. This is done for each metallicity in the BC03 grid. Then, sim-
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Figure 2.4 Example of spectra interpolated to a desired age of 1.5 Gyr from
BC03 grid ages of 1.434 Gyr (top thick green spectrum) and 2 Gyr (bottom
thick red spectrum) at a BC03 grid [Fe/H] = −0.33. The thin black spectrum
is the interpolated one.

ilarly, spectra of desired metallicities are constructed by interpolating between

our previously constructed spectra of desired ages and BC03 grid metallicities.

(e.g. A desired metallicity of [Fe/H] = +0.1 is interpolated from our spectra

at [Fe/H] = +0.093 and +0.56 for each of our desired ages.)

The BC03 models include TP-AGB stars, making use of the multi-

metallicity models of Vassiliadis & Wood (167) that have been calibrated on

stars in the Galaxy, LMC, and SMC. The importance of these stars, which can

have a strong influence on the integrated near infrared light from star clusters
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of certain ages, will become apparent later in Chapter 3. They can also affect

young galaxies, as explored by Maraston (106). This phase can dredge up

carbon in the stellar atmospheres, leading to carbon-rich stars, which are also

very red and can dominate the near infrared light from some clusters. Although

no simple prescription can be expected to match all clusters, these stars must

somehow be included. Bruzual & Charlot (27) achieve this by defining the

transition to carbon stars and the duration of this phase with the models of

Groenewegen & de Jong (65) and Groenewegen et al. (66). This semi-empirical

prescription for TP-AGB and carbon stars has been tested on and provides

good agreement with observed colors of Magellanic Cloud clusters and with

optical and near infrared surface brightness fluctuations of metal-poor Galactic

globular clusters and more metal-rich nearby elliptical galaxies (99).
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Chapter 3

Calibration on Globular Clusters

3.1 Globular Clusters as a Test

Although the ultimate goal of this project is to estimate the ages and

metallicities of early-type galaxies to constrain their formation and merger

histories, we begin with a test on globular clusters. Globular clusters are

much simpler systems whose stars are thought to have formed concurrently

from the same material. Therefore, their stars should have nearly one age

and metallicity, allowing simple stellar populations to adequately model their

integrated properties. Furthermore, globular clusters have been well studied

and a large number of them have age and metallicity estimates available in

the literature to which we can compare our results.

3.2 Sample Selection

The Santos et al. (135) online spectral database provides our sample

of extragalactic globular clusters that cover a significant range of age and

metallicity, making their results applicable to evolving galaxies. We chose

those clusters that also have photometry available in the literature, which

includes 79 clusters in the Large Magellanic Cloud (LMC), 4 clusters in the
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Small Magellanic Cloud (SMC), and 18 clusters in M31. The spectra were

obtained with the 1.52 and 2.2-meter telescopes at ESO in La Silla (16; 18; 19;

20; 21), the 2.15-m CASLEO telescope in Argentina (134), the 3.6-m CFHT

in Hawaii (80), and the 4.2-m William Herschel Telescope in La Palma (81).

The data include near ultraviolet, optical, and near infrared spectra,

covering a total wavelength range of 3200-10000 Å for some clusters, and

varying in spectral resolution from 6 to 23 Å. All available spectral segments

for each object are used to utilize maximum wavelength coverage, but since

they originate from a number of different sources, flux calibration between

regions may not be consistent. Table 3.1 lists each object with its specific

wavelength coverage, spectral resolution, and source references.

We compile photometry of the clusters from various sources in the

literature. Bica et al. (22) provide UBV photometry for the LMC clusters with

∼20% of the objects taken from van den Bergh (164) and the rest re-observed

by the authors at CTIO or CASLEO. Persson et al. (121) provide VJHK

photometry for LMC clusters from observations on 1-2.5 meter telescopes at

Las Campanas and Cerro Tololo observatories. For the SMC clusters, Persson

et al. (121) provide VJHK and UBV are from Santos et al. (134) who use

photometry from van den Bergh (164) and a few other sources. For the M31

clusters, Battistini et al. (8) supply BVRI from observations on the 152-cm

telescope in Loiano, Bologna and on the 4-m KPNO telescope. Barmby et al.

(5) provide UBJHK from observations on the 1.2-m telescope at the Fred L.

Whipple Observatory.
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3.2.1 Comparison Ages and Metallicities

One of the oldest techniques for measuring the age of a star cluster is

using its integrated UBV colors. When placed on color-color plots, globular

clusters follow a sequence that can be related to age. We use MC cluster U-B

color ages that were determined by Bica et al. (20) and Santos et al. (134).

When photometry is available for individual stars in a cluster, the location

of the main sequence turnoff (MSTO) on a color-magnitude diagram (CMD)

can be used to determine the age of the cluster. We use a large compilation

of MSTO ages for MC clusters from Hodge (74). Refinement of the MSTO

technique is achieved by fitting theoretical isochrones to the CMDs. This tech-

nique is generally accepted as the most secure age determination possible with

photometry, although the result does vary with theoretical evolutionary tracks

from different groups by about 20% at ages &1 Gyr (T. von Hippel, private

communication). We take CMD fit ages from Elson & Fall (50) and Girardi

et al. (60, 61). We also add comparison ages determined from photometric

fits to GISSEL96 model SEDs (26) in the BATC filter system, using 15 inter-

mediate bandwidth passbands, by Jiang et al. (83), and from the line index

ratios Hδ / Fe I λ4045 and Ca II H/K by Leonardi & Rose (97), which were

developed to work better on younger objects than the typical Lick line indices

for use on older objects. We consider the Leonardi & Rose line index ratio

ages to be some of the most secure, given that they are determined from high

quality spectra and are tailored for the younger ages of many clusters in this

sample. Santos & Piatti (136) utilize diagnostic diagrams constructed from
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EW sums of metal (Ca II K, G band, Mg I) and Balmer (Hδ, Hγ, Hβ) lines,

which are calibrated against literature values and placed on homogeneous age

and metallicity scales, to determine ages and metallicites of MC clusters. We

also include these in our comparison values of age and metallicity.

Large homogeneous samples of globular cluster metallicities are harder

to find, since metallicity cannot be as accurately determined from photometry

and typical methods require high quality spectra. However, some photometric

techniques have been calibrated to spectra. Of these we use [Fe/H] values from

VJK colors by Cohen & Matthews (37), fits to CMDs (143; 133; 151; 60; 45; 84;

123), and fits to GISSEL96 model SEDs by Jiang et al. (83). Our more secure

comparison metallicites come from spectra-based techniques. For these we use

[Fe/H] from the Leonardi & Rose (97) line index ratios and their comparison

literature values that were derived from EWs of Ca, Fe, Mg, and Na lines

(36), and from EWs of the Ca II triplet at λ8500 (116; 40). We incorporate

the comparison literature values used by Santos & Piatti (136), which include

metal line abundances (82; 72), line indices (10), and an infrared index at

1.6 µm (115). And finally we use a combination of line indices and spectral

breaks from Huchra et al. (77): D(4000), CNB λ3883 Å, G-band λ4300 Å,

MgH, Mg b, and Fe λ5270 Å.

3.3 Results

Even for a given globular cluster, a wide range of age and metallicity

estimates typically exists in the literature. This is not completely surprising
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given the different methods employed to derive the parameters, some based on

broadband colors and others on very narrowband spectral line strengths, but

the dispersion in estimates is quite large for many clusters. We will compare

our results to age and metallicity values from a number of sources and different

techniques to show where our values lie in the total spread. Literature ages

and metallicities for specific clusters can be found in Table 3.4, along with our

derived values.

3.3.1 The Model Fits

Examples of model fits are shown in Figure 2.3 for old and young clus-

ters. The panels on the left are the cluster G177 in M31 and the panels on the

right are NGC 1711 in the LMC. Plots on the top are the full spectrum fits,

in the center are continuum-normalized spectrum fits, and on the bottom are

the continuum fits. Photometry fits are also shown in the top plots with U, B,

V, J, and K bands for G177 and U, B, V, J, H, and K bands for NGC 1711.

The circles are the object photometry and triangles are model fluxes from the

best photometric fit. The solid lined black spectra are the clusters, the dashed

cyan lines are best fitting models from the spectral fits, and the dotted green

lines are spectra corresponding to the best fitting models from the photome-

try fits. The model spectra corresponding to the best fitting photometry are

normalized to the cluster spectra at V band in these plots. In the continuum

fits, black lines are the data and green lines are the models. The resulting ages

and metallicities from the different types of fits are given in the plot labels.
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For these two clusters the ages derived from the different types of model

fits nearly agree at 20 Gyr for G177 and about 0.1 Gyr for NGC 1711. The

agreement between photometric and spectroscopic fits seen here is not always

the case. G177 in the top left panel of Figure 2.3 illustrates a case where the

photometry through K band reveals a redder SED than the optical spectrum.

In this case, the best fitting photometry model has a higher metallicity than

the model that best fits the spectrum to make the object redder, an effect

of age-metallicity degeneracy. A similar effect is seen in some of the young

clusters, presumably due to a near infrared excess from TP-AGB or carbon

stars in that case. Some examples of such clusters within the affected age

range of 0.1-2 Gyr can be found in Figure 3.10.

3.3.2 Different Fitting Techniques

To evaluate the different model fitting techniques, we first compare

their results to each other. In the following sections we compare our results

to the literature. Figure 3.1 compares the ages derived from CN spectrum

fits to those from full spectrum and photometry fits. Although the general

trends of the ages agree, there are differences in the results. When compared

to CN spectrum fits, the methods that contain the continuum overestimate

the ages of many clusters younger than 1 Gyr. We believe that this is due to

red supergiant stars for clusters in the age range of a few to tens of Myrs and

TP-AGB stars for clusters in the age range of 0.1 to 1 Gyr. Both of these types

of stars can have stocastic effects in star clusters because of their extremely
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high luminosities. If more light from them appears in the integrated spectra of

the cluster than is included in the models, the cluster SED will appear redder

than the model, forcing an older redder model SED as the best fit. All fitting

methods that contain model continua will have this same bias. This effect is

discussed further in comparison with literature ages in Section 3.3.3.

The tightest age correlation is seen between the full spectrum and con-

tinuum fits, which both come from the cluster spectrum. The fact that the

continuum-full spectrum correlation is tighter than the CN-full spectra corre-

lation suggests that the continuum shape has a larger effect than the spectral

lines in constraining the ages of these globular clusters. Therefore, any prob-

lems in the continuum shape of the data or models will have grave effects on

the derived ages.

The metallicities obtained by the different techniques show no correla-

tion except for a weak one between the full spectrum and continuum fits (shown

in Figure 3.1), with a tendency for the continuum to give higher metallicities

than the full spectrum. This indicates that metallicity, like the age, has a

strong dependence on the continuum shape. For clusters older than 1 Gyr, we

see a tighter correlation.

3.3.3 Ages

In Figure 3.2 we compare our globular cluster ages to those obtained by

other methods in the literature. The thick cyan horizontal bars connect points

that represent the same cluster, but that have ages from multiple sources in
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Figure 3.1 Comparison of ages and metallicities derived by different types of
model fits for LMC clusters (crosses), SMC clusters (circles), and M31 clusters
(asterisks) with linear fits (solid red lines) and lines of 1:1 correlation (dotted
lines). The error bars are 1σ. If no error bars are seen, they are smaller than
the symbols. Age comparisons are between the full and CN spectrum fits (top
left), the photometry and CN spectrum fits (top right), and the continuum
and full spectrum fits (bottom left). There is also a comparison of [Fe/H] for
the continuum and full spectrum fits (bottom right).
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the literature. These illustrate the large spread in previously derived ages.

The thin horizontal bars are the quoted errors on the literature ages and the

thin vertical bars are our 1σ errors on ages derived from model fits. Note that

the errors are much larger for the photometry fits, reflecting more degeneracy

when using broadband colors than when using spectra or the continua shapes.

Over the entire age range spanned by the clusters and considering all

literature age estimation techniques, our CN spectrum fit ages best match

those from the literature. The average offsets and rms scatter of our ages from

groups of literature values based on different techniques are given in Table 3.2,

where column 1 gives values for all clusters in the sample that have literature

ages and column 2 excludes two outliers (for reasons explained in Section

3.3.3.1) and the clusters that only have literature values from photometric

fits to BC96 models (because these used only a few fixed metallicity values

in the model grid, which could skew the derived ages, and they are based

on old models). Excluding these points, our CN spectrum fits compared to

the averages of the literature values for each object have an average offset of

0.29 dex (0.19 Gyr) with a dispersion of 0.36 dex (1.00 Gyr).

Our photometric ages have an average offset of 0.59 dex (0.48 Gyr)

and dispersion of 0.76 dex (1.19 Gyr). There are some systematic differences

between the two sets of results. The scatter of the CN spectrum fit points

is more uniformly distributed around the literature values, unlike the photo-

metric points that tend to overestimate the age, particularly for the younger

clusters. The full spectrum fits, which contain the continuum, also overesti-
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Figure 3.2 Cluster ages derived from model fits compared to ages from the lit-
erature. The top left plot is the CN spectrum fits, top right is the full spectrum
fits, bottom left is the photometry fits, and the bottom right is the continuum
fits. Literature ages are derived from main sequence turnoffs by Hodge (74)
(black crosses), UBV photometry by Santos et al. (134) (blue asterisks), CMDs
by Girardi et al. (60, 61) and Elson & Fall (50) (green diamonds), photmetric
fits to BC96 models by Jiang et al. (83) (magenta squares), line index ratios
by Leonardi & Rose (97) (red circles), and literature ages on a homogeneous
scale by Santos & Piatti (136) (black inverted triangles). The thick horizontal
cyan lines connect points that are the same cluster with multiple literature
ages. Thin horizontal lines are quoted error bars on literature ages, thin verti-
cal lines are 1σ error bars on our derived ages. If no error bars are seen, they
are smaller than the symbols.
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mate the ages below 1 Gyr, with an average offset of 0.69 dex (0.54 Gyr) and

a dispersion of 0.9 dex (3.2 Gyr). This is the same effect that was seen when

comparing our fits with and without the continua included.

We now return to stars that strongly affect the continua shapes. Our

photometric fits, in particular, show two different age ranges where our best-fit

ages depart from literature ages on the high side (lower left plot of Figure 3.2):

4 to 100 Myr and 0.1 to 1 Gyr. The age range of 0.1 to 1 Gyr would be affected

by TP-AGB stars. If the model prescription for these stars does not exactly

match those in the clusters, then the older ages from fitting methods that

include the continuum could be explained by older, redder spectra giving the

lowest χ2 for clusters that have this near infrared excess. Our derived ages also

scatter to older values for clusters younger than 0.1 Gyr when using models

that include the continuum shape. This effect is likely due to stocastic red

supergiants, which have been observed with masses up to 120 M� in the LMC

(109). These stars will affect clusters younger than a few tens of Myrs. Either

the number of red supergiants is underestimated in the BC03 models, or the

upper mass cutoff of 100 M� for the Chabrier IMF is not quite high enough

for the LMC. See Section 3.3.3.1 for a discussion of two LMC clusters that

are dominated by supergiants, which are also our extreme outliers in the CN

spectrum fits of Figure 3.2.

Because of the large age range covered by the clusters, it is perhaps

useful to look at the behavior of the fractional age errors relative to the liter-

ature values, which are plotted in Figure 3.3. Overall, the CN spectrum fits
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provide ages with fractional offsets from the literature of 61%, while the pho-

tometry does much worse at 1048%. If we consider younger and older clusters

separately, the CN spectrum fits do better than photometry on the average

age offsets for both young and old clusters, but the photometry does better

on fractional errors for the older objects. For clusters with ages < 1 Gyr, the

CN spectrum fits have an average offset of 63% (0.30 dex or 0.09 Gyr) and

dispersion of 0.37 dex (0.35 Gyr), while the older clusters have an offset of 35%

(0.16 dex or 1.63 Gyr) and dispersion of 0.17 dex (3.78 Gyr). The dispersion

is higher below ages of 0.1 Gyr, however the CN spectra are not affected by

the continua effects mentioned earlier. This increased dispersion is likely due

to the degeneracy of many spectral lines in this age range (see Figure 3.7 and

Section 3.3.5). The photometry fits do much worse fractionally on young clus-

ters with an average offset of 1115% (0.62 dex or 0.38 Gyr) and dispersion of

0.78 dex (1.02 Gyr), and better on the fractional errors of older clusters with

an offset of 23% (0.10 dex or 2.06 Gyr) and dispersion of 0.11 dex (2.67 Gyr).

The lowest fractional errors for the CN spectrum fits occur for the

Leonardi & Rose (97) line index ratios and for the clusters older than 1 Gyr,

both at 35%. Photometry fits do slightly better on the older objects with errors

of 23%, but these errors rise substantially for the young objects to 1115%. The

largest fractional age offsets occur in the clusters less than 1 Gyr old for the full

spectrum (3450%), continuum (4432%), and photometry fits. This is likely due

to AGB stars. Furthermore, the full spectrum and continuum fits have larger

age offsets in the older clusters (425% and 480%) than do the CN spectrum
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Figure 3.3 Absolute values of fractional age errors relative to literature values
for CN spectrum, full spectrum, photometry, and continuum fits. The dotted
lines mark the 100% error point. Symbols are the same as in Figure 3.2 with
literature ages from main sequence turnoffs by Hodge (74) (black crosses),
UBV photometry by Santos et al. (134) (blue asterisks) and Girardi et al.
(60, 61) (green diamonds), photmetric fits to BC96 models by Jiang et al. (83)
(magenta squares), line index ratios by Leonardi & Rose (97) (red circles),
and literature ages on a homogeneous scale by Santos & Piatti (136) (black
inverted triangles).

37



or photometry fits, which may be due to flux calibration issues, since both of

these methods include the observed spectral continuum shape. To take care of

both data and model continua issues, it appears that continuum-normalized

spectral fits are the most robust in producing accurate age estimates for the

clusters of all ages.

The age errors do not correlate with metallicity, so they seem to be

dominated by the age regime of the cluster. Although photometry does a

decent job on older objects, it should be noted that after excluding the BC96

photometry literature points, we only have 4 clusters in the > 1 Gyr bin at

ages of 1.2, 2.2, 12.4, and 13.1 Gyrs. It could just be that the two younger ones

have no problems with boosted near infrared emission. In general, since there

is not a good way to determine whether the 1-2 Gyr old objects are affected

by the AGB star problem, using the CN spectrum fits would avoid this issue.

Some combination of CN spectrum and photometry fits will likely provide the

most robust answer. This is explored further for galaxies in Chapter 4.

Other studies have compared results from their cluster age estimation

techniques to the literature. Rafelski & Zaritsky (125) use colors formed from

UBVI photometry along with Starburst99 (96) and GALEV (1) models to

derive ages and compare to those in the literature from integrated colors (164;

78) and isochrone fitting (124; 43; 112; 130) in Figure 8 of their paper. They

find an age correlation with dispersion of 0.76 Gyr, which drops to 0.49 Gyr

when considering only the more secure literature ages derived from CMDs.

Over a similar age range our CN spectrum fits provide ages with an overall
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dispersion of 1.0 Gyr about literature comparison values, with 0.12 Gyr for

UBV colors and 1.06 Gyr for CMD fits. Our photometry fits have dispersions

of 1.04 Gyr for UBV colors and 0.85 Gyr for CMD fits. Although Rafelski

& Zaritsky (125) use clusters in the SMC, only two overlap with our sample.

Our literature ages come from different sources as well, so we cannot make a

direct comparison to this work.

To summarize our results for globular cluster age estimation, the CN

spectrum model fits best match the entire range of age estimates from the

literature (Figure 3.2 and Table 3.2), with average errors of 0.16 dex (35%)

for older clusters and 0.3 dex (63%) for younger clusters. The full spectrum,

continuum, and photometry fits overestimate the ages of many clusters below

1 Gyr, apparently suffering from an excess of AGB stars making the cluster

spectra redder than the models and forcing older aged models to provide the

best fits. Although photmetric fits seem to do better for clusters older than 1

Gyr (0.1 dex or 23% error), we will show in Section 3.3.4 that CN spectrum

fits are superior for simultaneously providing both age and metallicity for

these older objects. Furthermore, the uncertainty of whether the clusters

will have boosted near infrared emission due to AGB stars makes using the

photometry alone a less reliable technique than using spectra. Comparing the

fitting methods (Figure 3.1), we find a tighter correlation between ages derived

from the full spectrum and continuum fits than from the CN and full spectrum

fits, suggesting that the ages are more strongly driven by the continuum shape

than by the spectral lines. Because the derived ages are so strongly influenced
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by the continua and we have seen signs of problems in the models matching the

cluster continua, we conclude that the best method for deriving accurate ages

for globular clusters of all ages, especially when simultaneously determining

metallicity, is fitting models to their continuum-normalized spectra.

3.3.3.1 The Outliers

There are two extreme outliers in the CN spectrum age plot of Fig-

ure 3.2. The spectra of these outlying objects are shown in Figure 3.4. The

upper leftmost outlier in the CN spectrum age plot of Figure 3.2 is NGC 2092

in the LMC (top plots of Figure 3.4), with a literature age of 4-12 Myr (from

MSTOs and UBV colors) and for which we derive an age of 10 Gyr from both

the CN and full spectrum fits. Its spectral coverage is only over the opti-

cal range of 3500-5870 Å. The shape of its spectrum is fairly flat with emis-

sion lines and few absorption features. The emission lines include [OII]λ3727,

[OIII]λλ4959,5007, and [NeIII]λ3869 nebular emission. The emission lines are

masked out in our fits, which leaves very few distinguishing features. The

cluster’s UBV photometry is also essentially flat. Our best fit metallicity of

this object is bottomed out at the minimum in the model grid, [Fe/H]=−2.2,

for both the CN and full spectrum fits, likely because nothing would fit well

and the lowest metallicity model that has very few metal lines in the red pro-

duced the lowest, although high, χ2. Santos et al. (134) list this object as

one in a star forming complex with a flat continuum probably caused by red

supergiants, which are stocastic in nature even for large star clusters. This
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appears to be a case that cannot be fit well with either spectral or photometric

techniques using the BC03 SSP models.

The second outlier in the upper lefthand corner of the CN spectrum

age plot in Figure 3.2 is NGC 2096 in the LMC. This object has a literature

age of 49 Myr from its U-B color. Its spectrum (bottom plots of Figure 3.4)

contains a moderate sized 4000Å break of Dn(4000)=1.28, which is consistent

with an age of at least 1 Gyr from index plots in Bruzual & Charlot (27),

and shows no evidence of the characteristic spectral shape of a young object

with a strong Balmer discontinuity that would be expected for an age of only

49 Myr. For this object, our age is 1.2 Gyr (full spectrum and photometry

fits) to 6 Gyr (CN spectrum fit). However, Santos et al. (134) note this object

as one where a few luminous intermediate temperature supergiants dominate

the cluster’s integrated spectrum and claim that its age is even younger at

6-12 Myr. This may be a stocastic case where the supergiant dominated

spectrum is not properly matched by the models.

Two out of 101 globular clusters in this sample could not be properly

fit by the BC03 models. Both are very young clusters that show evidence

of supergiant dominance in their integrated spectra. The stocastic nature of

these stars make it difficult for us to derive accurate ages for clusters younger

than a few tens of Myrs.
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Figure 3.4 Spectra of extreme outliers in the age correlation plot for CN spec-
trum fits in Figure 3.2. The top is NGC 2092 and bottom is NGC 2096.
The left plots are the full spectrum fits to show the original spectral shapes,
and the right plots are the CN spectrum fits. After masking emission lines,
NGC 2092 does not have enough distinguishing spectral features to obtain a
good fit. NGC 2096 appears older than its literature age of 49 Myr from its
4000 Å break strength of Dn(4000)=1.28. These clusters are both known to
contain red supergiants and NGC 2092 is embedded in a nebula.
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3.3.4 Metallicites

We compare our derived cluster metallicites to the literature values in

Figure 3.5. There are fewer points on these plots than for the ages in Figure 3.2

because fewer of the clusters had metallicity estimates in the literature. The

magnitudes of the metallicity errors relative to literature values are a stronger

function of cluster age than [Fe/H]. This is illustrated in Figure 3.6 where the

[Fe/H] errors are plotted against average literature ages. Table 3.3 gives the

average [Fe/H] offsets and dispersions for different groups of clusters.

Metallicity is harder to constrain than age. This was first seen in Fig-

ure 2.2 when the ∆χ2 contours grew primarily in the metallicity dimension as

noise was added to the cluster spectrum. Nevertheless, our CN spectrum fits

do well on metallicity estimates for the older clusters. In Figure 3.5 we see a

tight correlation of metallicity from these fits with the literature for clusters

older than 1 Gyr. The large symbols mark literature estimates that are based

on spectra. There is an overall [Fe/H] scale offset between M31 (blue pluses)

and the MC (red circles, black crosses, black inverted triangles). If this offset

of 0.45 dex is removed from the MC cluster literature metallicities, our metal-

licites agree to 0.12 dex with those from the Huchra et al. (77) line indices

(blue pluses), literature values on a homogeneous scale from Santos & Piatti

(136) (black inverted triangles), and Leonardi & Rose (97) line index ratios

(red circles) and their comparison literature values (black crosses).

The small symbols have literature metallicity estimates that are based

on colors. There is more scatter in these values. The weaker correlation with
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Figure 3.5 Cluster [Fe/H] derived from our different types of model fits com-
pared to the literature. The top plots are from the CN spectrum fits for old and
young clusters separately, bottom left is from the full spectrum fits, bottom
center is from the photometry fits, and bottom right is from the continuum fits.
Literature values are from comparison values in Leonardi & Rose (97) (which
come from Olszewski et al. (116), Cohen (36), Seggewiss & Richtler (143),
Sagar & Pandey (133), and Piatti et al. (123)) in the MC (black crosses), line
indices by Huchra et al. (77) in M31 (blue pluses), line index ratios by Leonardi
& Rose (97) in the MC (red circles), VJK colors by Cohen & Matthews (37)
in M31 (green triangles), photmetric fits to BC96 models by Jiang et al. (83)
in M31 (magenta squares), and literature [Fe/H] on a homogeneous scale by
Santos & Piatti (136) in the MC (black inverted triangles). Large symbols
denote literature values based on spectra and small symbols are values based
on colors. The thick horizontal cyan lines connect points that are the same
cluster with multiple literature metallicities. Thin horizontal lines are error
bars on literature [Fe/H], thin vertical lines are 1σ error bars on our derived
values. The best agreement with literature metallicity occurs for spectra-based
values of clusters older than 1 Gyr from our CN spectrum fits.
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VJK colors (green triangles) can be seen, as well as its break down at low

metallicities of [Fe/H] . −0.7. The Jiang et al. (83) metallicities (magenta

squares) are for older clusters in M31 and were derived from photometric

fits to BC96 models using only three metallicities, [Fe/H] = 0.0, −0.7, −1.7.

Their discrete metallicity steps and any differences between the 1996 and 2003

models are the reasons for the large dispersion of these points.

For the clusters younger than 1 Gyr, our metallicites from CN spec-

trum fits show no correlation with literature metallicity values. We believe

this is because continuum information is also necessary for determining metal-

licities of young clusters, particularly since younger clusters likely have higher

metallicity with more line blanketing. A hint that the continuum information

might be helping to determine the metallicity of some young clusters can be

seen in the plot of our full spectrum fits in Figs. 3.5 and 3.6. In the bottom

left plot of Figure 3.5, if we ignore the points below the 1:1 correlation line

for the moment, there does seem to be a metallicity trend with the literature

for many of the other points. All of the clusters that we ignored below the

line show possible signs of a near infrared excess in their photometry over the

model that best fits their optical spectra. Some of these spectra are shown

in Figure 3.10. These clusters are in the correct age range, 0.1-2 Gyr, to be

affected by TP-AGB stars. It is not clear why our derived metallicities of these

objects appear too low, since it seems that redder spectra would be better fit

by models with higher metallicities, but maybe it is more an indication that

these results cannot be trusted. Fits to the continua shape alone (lower right
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plot of Figure 3.5) result in much less correlation to the literature, however,

5 of the 6 outliers below the 1:1 correlation line in this case are common to

those in the full spectrum plot. Therefore, although it seems that correct con-

tinuum information might allow metallicity estimates to be made for young

objects, the uncertainty in proper modeling of the continua shapes makes the

full spectrum fits unreliable.

We expect our metallicity estimates that are based on broadband pho-

tometry to be less well constrained than those based on spectra. Three of

our comparison literature sources make cluster metallicity estimates based on

photometry (denoted in our plots by smaller sized symbols): the Cohen &

Matthews (37) VJK colors, the Jiang et al. (83) BC96 colors, and two of the

Santos & Piatti (136) homogenized literature values. Our photometrically de-

rived metallicities (bottom center plot in Figure 3.5) do not correlate with

these literature values, except for possibly a very weak relation with the VJK

colors (green triangles). As expected, our metallicities derived from broad-

band photometry and the continuum shape show no correlation to any values

from the literature that are based on spectral lines.

Santos & Piatti (136) use empirical relationships between the sums of

EWs of Balmer and metal lines to the literature age and metallicity values

to estimate ages and metallicities of clusters in the Magellanic Clouds and in

the Galaxy. They find that EW(Hδ+Hγ+Hβ) and EW(CaK+Gband+Mg) are

both sensitive to age for clusters younger than 10 Gyr, while EW(CaK+Gband+Mg)

is sensitive to [Fe/H] only for clusters older than 10 Gyr. Neither of these EW
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Figure 3.6 [Fe/H] errors relative to literature values (fit - literature) for CN
spectrum, full spectrum, photometry, and continuum fits, plotted against av-
erage literature ages. Symbols are the same as in Figure 3.5 with [Fe/H] from
comparison values in Leonardi & Rose (97) in the MC (black crosses), line in-
dices by Huchra et al. (77) in M31 (blue pluses), line index ratios by Leonardi
& Rose (97) in the MC (red circles), VJK colors by Cohen & Matthews (37)
in M31 (green triangles), photmetric fits to BC96 models by Jiang et al. (83)
in M31 (magenta squares), and literature [Fe/H] on a homogeneous scale by
Santos & Piatti (136) in the MC (black inverted triangles). Large symbols de-
note literature [Fe/H] derived from spectra and small symbols are from colors.
The dependence of [Fe/H] errors on cluster age can more easily be seen here
for all types of fits.
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sums correlate with the ages of old clusters (tage > 10 Gyr) or with the metal-

licities of young (tage < 10 Gyr) clusters. Our CN spectrum fits are similar

to this technique in that they use line strengths, but over the entire spectral

range of the data. Our fits produce metallicities that agree with literature val-

ues only for the older clusters, supporting the Santos & Piatti (136) result, but

extending the minimum age from 10 Gyr down to ∼ 1 Gyr for valid metallicity

estimates.

To summarize our results for metallicity estimates, we agree very well

with the literature metallicities that are based on spectra for clusters older than

1 Gyr. Those based on colors have much more scatter, which suggests that our

CN spectrum fits are more robust in estimating [Fe/H] than methods using

colors. For clusters younger than 1 Gyr, metallicity is hard to constrain. Our

full spectrum fits hint that correct continua shapes would aid in metallicity

estimates of younger clusters, but given the uncertainties in modeling this

shape, we cannot accurately derive metallicity estimates for clusters younger

than ∼ 1 Gyr.

3.3.5 Using Model Line Indices

We compare line indices measured on the BC03 model spectra to those

measured on the globular cluster spectra in Figure 3.7 for Hβ-[MgFe]′ and

<Fe>-Mgb. For clarity, the model grids in these plots represent the average

index values over all spectral resolutions of the clusters, though for fits to data

the indices were calculated from model spectra broadened to the wavelength
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dependent resolution of each cluster. The thick vertical line toward the lower

righthand corner of the model grid in the left-hand plot marks the extent of

Hβ for the grids at the lowest and highest spectral resolutions. Symbols mark

the indices that could be measured for the clusters (indices that came out

negative due to noise or emission lines were ignored) and are demarcated by

spectral resolution. The 6 and 23 Å resolution groups (squares and crosses)

are older clusters in M31, while the rest are younger clusters in the Magellanic

Clouds. The Hβ-[MgFe]′ index plot clearly shows that the model indices be-

come degenerate at tage < 100 Myr for −1.0 < [Fe/H] < +0.5, and at tage .

1 Gyr for [Fe/H] < −2.0. Most of the young MC clusters fall in the degener-

ate regions of the grids. This degeneracy also occurs for the traditional Lick

indices (tabulated with the BC03 model package) in this region of parameter

space, as shown by the grids in the center plot. This plot only includes points

from clusters that have spectra with resolutions near that of Lick indices.

Bruzual & Charlot (27) investigated how well line indices calculated

directly from a library of their models containing complex stellar populations

with a range of star formation histories could match galaxy spectra from the

SDSS. They concluded that those models could simultaneously fit observed

strengths of Hβ, HγA, HδA, [MgFe]′, [Mg1Fe], [Mg2Fe], and Dn(4000) in high

quality galaxy spectra with S/Nmed > 30 per pixel. Their sample of moderately

low redshift SDSS galaxies probes a different region of age-metallicity space

than does our sample of globular clusters. Local galaxies are generally old

with considerably higher metallicity than these clusters, a region of parameter
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Figure 3.7 Line indices calculated from BC03 model spectra. For clarity, the
main model grids in these plots (solid constant age lines and dashed constant
[Fe/H] lines) represent the average model indices for all spectral resolutions
of the data, while the indices used for fitting the data were calculated on
model spectra broadened to the same resolution as each cluster. The left plot
includes a thick vertical bar that marks the extent of Hβ for the lowest and
highest spectral resolutions, 6 and 23 Å for reference. Grid age lines (solid)
from bottom to top are 20, 10, 5, 2, 1, 0.1, 0.01, and 0.001 Gyr (these are
labeled in the left plot), and [Fe/H] lines (dashed) from right to left are +0.5,
0.0, -0.5, -1.0, and -2.0. Note that the model indices become degenerate at
tage . 100 Myr for -1.0 < [Fe/H] < +0.5, and at tage . 1 Gyr for [Fe/H] < -2.0.
Cluster indices are plotted as symbols, differientiated by spectral resolution:
6 Å (squares, M31), 11 Å (triangles, MC), 12 Å (circles, MC), 16 Å (diamonds,
MC), and 23 Å (crosses, M31). The center plot contains grids of the traditional
Lick indices provided with the BC03 model package. They suffer from similar
degeneracy at low ages and metallicities. The right plot shows an indication
of [Mg/Fe] enhancement in some of the M31 clusters.
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space where the models do well. In contrast, the M31 globular clusters are

old and metal poor and the MC globular clusters are young and metal poor.

Bruzual & Charlot note that their SSP models using the STELIB/BaSeL 3.1

library do poorer on line strengths for [Fe/H] < −0.7 and our index plots add

model degeneracy for tage < 100 Myr, both of which are parts of parameter

space occupied by globular clusters in this sample.

The right plot in Figure 3.7 shows <Fe> vs. Mg b. Some of the

clusters depart from the model grid such that [Mg/Fe] may be enhanced (107).

Since we see signs of α-enhancement and the BC03 models use scaled solar

abundance ratios, the preferred metal index here is [MgFe]′, which was shown

to be sensitive to metallicity while insensitive to α-enhanced abundance ratios

by Thomas et al. (154). However, when [MgFe]′ is plotted against Balmer

indices, which are affected by α-enhancement because of metal lines in the

index passbands, many of the clusters fall outside of the model grids with

lower Balmer indices than the models (left plot of Figure 3.7). Part of this

shift is due to spectral resolution, as many of these points are clusters with

∆λ = 23 Å, but they still fall below the lowest extent of Hβ calculated from

the models at this resolution, marked by the vertical bar. One might suspect

that the lower Hβ indices are caused by the lines being partially filled in by

emission, however, many of these clusters are old ones from M31 (squares and

crosses) and unlikely to have emission. The younger MC clusters, on the

other hand, could be affected by emission. Nevertheless, since our purpose in

calculating line indices is for comparison of using the model indices to using
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the entire spectrum, and the affected MC clusters fall in the degenerate region

of the model grid with unusable indices, we do not correct for emission.

Further possible causes of the Hβ index discrepancy could be α-enhancement

or the presence of blue horizontal branch (BHB) stars in the clusters. The

M31 clusters do show signs of α-enhancement in the right plot of Figure 3.7.

Line indices are changed by α-enhancement, but in the wrong sense to ex-

plain the high Hβ in the BC03 scaled solar abundance ratio model grids. Hβ

increases with [α/Fe] (152; 153; 154), due to extra absorption in the blue

pseudo-continuum and some in the central passband. Therefore, if the clus-

ters are α-enhanced their Hβ indices should be higher than the model grid.

The second possible culprit, BHB stars in old clusters with low metallicities,

also affect Hβ, but in the wrong sense. Hβ should increase if a BHB exists in

the cluster. We cannot explain the Hβ behavior of the clusters relative to the

models by either of these causes.

This same situation is seen by Le Borgne et al. (95) in their Figs. 12

and 13 where they calculate Lick indices directly from the PEGASE-HR model

spectra, which use the same stellar library as the BC03 models, and compare

to globular clusters of intermediate to old ages in Andromeda, M31, M33, M81,

and M87. They claim that this behavior of Hβ is due to the clusters being ex-

tremely metal-poor, a regime where the interpolated stellar libraries suffer from

large uncertainties due to lack of sufficient numbers of stars. This same regime

of [Fe/H]<−0.7 was noted as a less reliable region by Bruzual & Charlot. The

metallicites of our M31 clusters have literature values of −1.35<[Fe/H]<0.29,

52



with an average of −0.73, so many do fall in the unreliable metallicity regime

of the models. That, coupled with the index degeneracy below ages of 100

Myr, make indices calculated directly from the models unusable for most of

the globular clusters in our sample.

Because calculating line indices from the models is troublesome for

the age-metallicity parameter space occupied by many of the clusters in this

sample, we take a different approach to investigating the importance of these

spectral features. Instead of reducing the spectral lines to a single index num-

ber, we fit model spectra to the clusters over specific regions that include and

exclude some of the typically used line indices and breaks. These features are

Dn(4000), Hδ, G4300, Hγ, Hβ, Mg b, Fe5270, and Fe5335. The index defini-

tions for the extents of the pseudocontinua passbands of lines, or for the flux

ratio windows for breaks, define the wavelength ranges over which we fit the

models to cluster spectra. Figure 3.8 shows the results of these fits, where

the top plots use only the regions including these features and the bottom

plots exclude these regions. It is clear that these features are very important

for deriving cluster parameters from the models, but also that fitting the en-

tire spectral range (refer to Figure 3.2 and 3.5) does a better overall job in

estimating age and metallicity.

3.4 A Closer Look at TP-AGB Stars

The effects of thermally-pulsing AGB stars on the near infrared lumi-

nosity of objects in which they reside have long been known and discussed by
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Figure 3.8 Ages and metallicities from CN spectrum fits to only the regions
around typically used line indices and spectral features (top) and to the regions
excluding these features (bottom). The features used were Dn(4000), Hδ,
G4300, Hγ, Hβ, Mg b, Fe5270, and Fe5335. Refer to the captions on Figure 3.2
and 3.5 for symbol description.
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groups creating stellar population synthesis models (129; 26; 61; 105). Recent

models by Maraston (106) incorporate TP-AGB stars through an empirical

spectral library of C- and O-type stars by Lançon & Mouhcine (94). The ef-

fects of these stars have been reanalyzed and calibrated on MC cluster colors

in the new models. They show that over 80% of the K band light can be

contributed by AGB stars between the ages of 0.1 and 2 Gyr for solar and

lower metallicities. This effect is down to 20% in the V band.

Maraston fits photometric SEDs of these models to MC cluster SEDs.

Two objects in common with our sample, NGC 1783 and NGC 419, show

discrepancies between the Maraston models that best fit the photometric SEDs

and BC03 models that best fit the spectra. These inconsistencies are the

very point being address by the new models, which show that younger ages

may be obtained for objects that have a near infrared excess due to TP-AGB

stars if these stars are properly included. However, analysis of the spectra

reveals a slightly different story. The CN spectra of the two clusters (shown in

Figure 3.9) are very similar to each other. NGC 1783 has Dn(4000)=1.295 and

NGC 419 has Dn(4000)=1.246. We derive similar ages for the two clusters by

fitting their CN spectra: 1.5 Gyr and [Fe/H]=−0.8 for NGC 1783, and 1.5 Gyr

and [Fe/H]=−1.2 for NGC 419. The Maraston results for NGC 1783 are 0.3

Gyr and [Fe/H]=−0.33, and for NGC 419 are 1 Gyr and [Fe/H]=−1.35. BC03

models are overplotted on the CN spectra in Figure 3.9 for all the best-fitting

models. The older age of 1.5 Gyr is a better fit to the CN spectra of both

clusters.
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Figure 3.9 Comparison of spectral and photometric ages of clusters with TP-
AGB stars. NGC 1783 and NGC 419 were two clusters in common with
Maraston (106) who fit enhanced TP-AGB star models to the photometric
SEDs. The top left plot shows the two cluster spectra from Santos et al.
(135), the top right plot shows their CN spectra, and the bottom plots include
BC03 model CN spectra. Our best fitting model to NGC 1783 was 1.5 Gyr
and [Fe/H]=−0.8 and to NGC 419 was 1.5 Gyr and [Fe/H]=−1.2 (blue dotted
lines). Maraston’s best fit to the photometry of NGC 1783 was 0.3 Gyr and
[Fe/H]=−0.33 (the nearest model in our grid was 0.4 Gyr and [Fe/H]=−0.3)
and of NGC 419 was 1 Gyr and [Fe/H]=−1.35 (red dot-dashed lines).
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Our photometric fit age for NGC 1783 is 2.0 Gyr and [Fe/H]=−0.6,

and for NGC 419 is 20 Gyr and [Fe/H]=−1.4. This much older photometric

age for NGC 419 could be due to the presence of TP-AGB stars making the

continuum redder. The near infrared photometry of NGC 419 (see Figure

3.10) does show an excess over best-fitting models to the spectra. The BC03

models may not include the proper numberof TP-AGB stars in this case. On

the other hand, the presence of AGB stars was detected in NGC 1783 by Frogel

et al. (58), but apparently their inclusion in the BC03 models is sufficient for

this case. We conclude that the detailed information contained in spectra is

necessary for breaking degeneracies that can occur when using only broadband

photometry.

3.5 Data Requirements

3.5.1 S/N and Spectral Resolution

Spectra of z∼1 galaxies from large surveys will most certainly have

lower S/N than the spectra of the globular clusters used in the present study.

We determine the lowest S/N value that can reliably be used to estimate

ages by adding gaussian noise of different levels to cluster spectra via the

noao.artdata.mknoise task in IRAF and fitting CN model spectra to them

over the wavelength range of 3325-9000 Å. We first use actual cluster spectra

to make the test realistic and avoid any biases that might be introduced by

model spectra. Further tests including effects of spectral resolution were then

conducted on smoothed model spectra with added noise. The clusters in this
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Figure 3.10 Spectra with possible signs of TP-AGB or carbon stars because
their near infrared photometry points show an excess over the best fitting
model to the spectrum. The legend is the same as in Figure 2.3. The ages of
these clusters all fall within the range where TP-AGB and carbon stars are
important, 0.1-2 Gyr. Our CN spectrum fits give ages of 0.1 Gyr for NGC
1850, 1.5 Gyr for NGC 419, 0.2 Gyr for NGC 2134, and 0.1 Gyr for NGC 2136.
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test were chosen for their high S/N spectra and availability of both age and

metallicity estimates in the literature.

The resulting ages and metallicities as a function of S/N per resolution

element (RE) for each of four clusters, G158, NGC 419, NGC 2134, and NGC

1818, are shown by different symbols in Figure 3.11. The average spectral

resolutions of these data are 23Å, 13Å, 13Å, and 13Å, respectively. The de-

rived ages of the clusters hover around the same values as S/N decreases until

S/N∼10-15 RE−1, below which the derived ages become unstable. The hor-

izontal line associated with each set of symbols is the average of the derived

ages or metallicites for that cluster from its S/N≥15 spectra. For compari-

son, the spread of literature ages and metallicities for each cluster are shown

as vertical lines of the same styles on the right-hand side of the plots. Our

derived parameters for these four clusters fall within the literature age ranges.

If the 0.45 dex [Fe/H] scale offset is subtracted from the MC cluster literature

values, then our average [Fe/H] lines fall within the literature values for NGC

419 and G158, which are the clusters older than 1 Gyr. We do not match

the literature [Fe/H] of the younger clusters. We find that the spectra need

to have S/N ≥ 15 RE−1 (∼5 Å−1) to achieve stable age estimates from CN

spectral fits. Examples of fits to NGC 419 with added noise and S/N = 99, 22,

and 12 are shown in Figure 3.12. Note that the last one is below the limiting

S/N value.

We also study the effects of spectral resolution on derived ages and

metallicities by smoothing model spectra to ∆λ= 5, 10, 15, 20, 25, and 30 Å,
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Figure 3.11 Dependence of ages and metallicities derived from CN spectrum
fits on average S/N per resolution element. S/N=10 and 15 are marked by
vertical lines. The clusters shown are G158 (squares, solid red line), NGC
419 (pluses, dashed green line), NGC 2134 (triangles, dotted blue line), and
NGC 1818 (circles, dash-dot magenta line). The horizontal lines mark the
average age or metallicity of each cluster for the S/N≥15 points. The spectral
resolution of these clusters is 23Å for G158 and 13Å for the others. The vertical
bars on the right show the spread of literature values for each cluster, in the
same line types and colors. If the 0.45 dex [Fe/H] scale offset is subtracted
from the MC cluster (NGC 419, 2134, 1818) literature values, then our derived
[Fe/H] for NGC 419 falls within the literature range. Our [Fe/H] values for
the two younger clusters do not.
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Figure 3.12 NGC 419 best-fitting spectra with artificially added noise resulting
in S/N∼99 (top), S/N∼22 (center), and S/N∼12 (bottom). Between the last
two S/N levels is where the model fits begin to give unstable ages for this
cluster.
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adding noise, and fitting CN models to them. We select models that are

consistent with age and metallicity combinations that are occupied by some of

the globular clusters in this sample and that also will be useful for high redshift

galaxies. These combinations are: 1 Gyr, [Fe/H]=0.0; 1 Gyr, [Fe/H]=−1.0

(similar to NGC 419 in Figure 3.11 at 1.5 Gyr, [Fe/H]∼ −1.2, ∆λ ∼13 Å);

10 Gyr, [Fe/H]=0.0 (similar to G158 in Figure 3.11 at 18 Gyr, [Fe/H]∼ −0.1,

∆λ=23 Å). The results of these fits are shown in Figure 3.13. The top row of

plots shows the best fit ages as a function of S/N RE−1 for different spectral

resolutions, with the input age marked by a horizontal line. Limiting S/N

values are chosen for each spectral resolution as the point just before which

the age begins to deviate by more than 1 Gyr from the input model age.

The lowest resolution of ∆λ=30 Å was chosen to match the lowest typically

achieved in galaxy surveys.

The lower left plot of Figure 3.13 summarizes the required S/N Å−1

as a function of ∆λ. The 1 Gyr, [Fe/H]=0.0 case (solid line) and the 1 Gyr,

[Fe/H]=−1.0 case (dashed line) require similar S/N over the range of resolu-

tions. The 10 Gyr object (dotted line) requires higher S/N at lower ∆λ, which

stays nearly constant with decreasing resolution. This is because the spectra

of older objects change less with age. For example, it is harder to distinguish

between 10 and 11 Gyr than between 1 and 2 Gyr. Overall, for ∆λ ∼15 Å the

required S/N is 10-20 Å−1. This is slightly higher than the result we got from

adding noise to actual cluster spectra, which was S/N∼5 Å−1.

The two lower right plots show age vs. metallicity for the two different
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Figure 3.13 The dependence of ages derived from CN spectrum fits on the
S/N and spectral resolution of degraded model spectra. The plots in the top
row show resulting ages for three different input models, where the different
symbols denote ∆λ= 5 Å (red squares), 10 Å (green triangles), 15 Å (blue
circles), 20 Å (magenta diamonds), 25 Å (cyan crosses), and 30 Å (black
inverted triangles). Limiting S/N was estimated for each resolution, as the
point just before which the best fit age varies from the input age by more than
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cases: 1 Gyr, [Fe/H]=0.0 (solid line); 1 Gyr, [Fe/H]=-1.0 (dashed line); and
10 Gyr, [Fe/H]=0.0 (dotted line). The lower center and right plots show the
age-metallicity degeneracy that begins to show up for noisy spectra of 1 and
10 Gyr old objects. The larger scatter in the relation for the 10 Gyr object
is due to the fact that the spectra of older objects change less with age than
those of younger objects, making their ages harder to distinguish.
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input ages. The age-metallicity degeneracy can clearly be seen in both cases.

The difficulty of distinguishing older ages is also apparent from the larger

spread of the band of points for this case. The relation is much tighter for the

1 Gyr object, which is in the regime where small age changes show up as large

changes in the spectra.

3.5.2 Wavelength Ranges

In Section 3.3.5 we looked at the results of fits to specific regions of the

spectrum around typically used line indices. Here we test the broader effects

of the regions blueward and redward of the 4000 Å break on derived ages and

metallicities. This will be important for fitting galaxies at varying redshifts,

since at z∼1 optical spectra typically reach just beyond the 4000 Å break in the

galaxy’s rest frame. For the clusters in our sample that include near ultraviolet

spectra, we analyze the range of 3200-5650 Å, which is the maximum extent

common to all clusters in this group. Within this range, we fit models to the

blue (λ < 4000 Å), the red (λ > 4000 Å), and the region right around the

break (3750-4250 Å, as defined in the empirical calibration of the break by

Gorgas et al. (63)). The clusters in this study are listed in Table 3.5 with their

ages derived from different parts of the spectrum. Correlations of ages from

the different spectral regions are plotted in Figure 3.14.

Fits to different regions give different results. For CN spectrum fits,

the red part of the spectrum drives the result. The red ages correlate with

the ages from the entire spectrum and are slightly older than the values in the
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Figure 3.14 Age results from fitting the blue (λ < 4000 Å), red (λ > 4000 Å),
and 4000 Å break (3750-4250 Å) regions of the spectra. The top row is CN
spectrum fits, the second row is full spectrum fits, the third row is CN spectrum
fit ages compared to the literature, and the fourth row is full spectrum fit ages
compared to the literature. The right-hand panels in the last two rows are
from using the entire spectral range.
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literature. The blue region gives younger ages than both the red region and

the literature. Ages from the break region correlate to the red ages with about

the same amount of scatter as we saw in the red-entire spectrum correlation.

Since the continuum is normalized out for these fits, the break region is left

with only the signatures of strong features like the Ca H and K lines and

Hδ, similar to the Dn(4000)-Hδ analysis done by Kauffmann et al. (88) on

SDSS galaxies. The rough agreement of ages from this region with those from

the entire spectrum emphasizes the importance for the 4000 Å break to be

contained within the spectrum used for estimating the age of an object. The

only correlation between [Fe/H] is a weak one between the entire spectrum

and the red spectrum (not shown in Figure 3.14), not surprising since most

metallicity sensitive lines typically used are in the red part of the spectrum.

For full spectrum fits, the trends change and the blue region carries

more weight, demonstrating the importance of information in the continuum

shape of the blue part of the spectrum. This is especially true for young objects

with strong Balmer discontinuities. Ages from the blue and red regions agree,

but with some scatter. However, now the entire spectrum agrees equally well

with the blue and the red regions. The 4000 Å break ages agree much better

with the blue than with the red ages. The red, blue, and break ages all correlate

with the literature ages, but the correlation is tightest for the break region,

even more so than for the full spectrum fits over the entire range. There is no

correlation between our [Fe/H] derived from the different regions, but the red

[Fe/H] has a weak correlation with the literature.
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Because of the importance of the continuum information blueward of

the 4000 Å break, we also test hybrid fits that use the full spectrum over

λ < 4250 Å and the CN spectrum over λ > 3750 Å. Wavelengths below

4000 Å will not be affected by the TP-AGB and carbon stars that dominate

the near infrared, so as long as there are no continuum problems with the data

this type of fit should be valid. We expected this approach to do better on very

young objects. However, the hybrid fits match the full spectrum fits that were

done over the entire wavelength range. The continuum shape dominates the

fits and spreads out the age correlation with the literature for objects younger

than ∼0.1 Gyr. This is the same problem seen earlier with the continua of

very young clusters being redder than the models, causing older best-fitting

ages.

In summary, the continuum shape contains a lot of age information. In

the blue part of the spectrum the continuum is more important than the lines

for deriving age, while in the red part of the spectrum the lines alone are suf-

ficient to derive the age. The most robust age estimates are obtained by using

the entire CN spectrum of an object (∼ 3200-8200 Å), but the 4000 Å break

is an essential feature to be contained within that spectrum. When using CN

spectra to avoid problems in model and data continua, ages from only the blue

region are younger than those obtained from the red region or over the entire

range. Age biases introduced by using different regions of the spectrum must

be considered when combining objects that have different spectral coverage or

different redshifts that change the rest frame wavelength coverage significantly.
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Near infrared spectra of high redshift galaxies will be important to provide rest

frame wavelengths around and redward of the 4000 Å break, particularly when

fitting their CN spectra.

3.6 Implications for Galaxies

The ages expected for early-type galaxies at z∼1 fall within the range

spanned by the globular clusters in this sample. The youngest early-type

galaxies at these redshifts will likely be field galaxies that were the products

of mergers. If the bulk of stars in these galaxies were formed in mergers at

redshifts of z∼1.5-2, which are the formation redshifts found for field ellipticals

(79; 59), they would be at least 1.5 Gyr old by z∼1 (for ΩM = 0.3, ΩΛ=0.7,

H0=70 km s−1Mpc−1). Our CN spectrum fits estimate ages to within 0.16 dex

(35%) of the literature values for globular clusters in our sample older than

1 Gyr.

The metallicities of z∼1 galaxies will likely be higher than many of the

clusters in this sample, however, a few clusters spanned most of the range

expected for galaxies. At redshifts of 0.3<z<1.0, galaxies in GOODS-N have

metallicities from 0.3 to 2.5 times solar, or −0.5 < [Fe/H] < +0.4 (91). We

were able to determine the [Fe/H] of globular clusters older than 1 Gyr to

within 0.12 dex over the range of −1.6 < [Fe/H] < +0.3. The only region we

have not tested is the highest metallicities of [Fe/H] > +0.3.

Spectra must have S/N ∼ 5-20 Å−1 at resolutions of ∆λ = 5-25 Å (R ∼ 1000-

200 at 5000 Å) in order to derive robust ages. This is typically achieved for
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many objects in modern galaxy surveys such as MUNICS, DEEP, and TKRS.

Our initial checks on TKRS spectra from DEIMOS on Keck of GOODS-N

galaxies at z∼0.8-1.0 with magnitudes of R=23-23.5 find S/N ∼ 5 Å−1 for

individual objects. Therefore, the fainter galaxies may require coaddition of a

few similar objects to reach sufficient S/N.

For galaxies at z∼1 typical optical spectra covering ∼4000-9000 Å will

provide rest frame wavelengths of ∼2000-4500 Å. Our tests have shown that

when using CN spectra, data to longer wavelengths will provide more robust

age constraints. This means that near infrared spectra of galaxies will be

important data to obtain for accurate age estimates.

Many early-type galaxies appear to have α-element abundance ratios

enhanced above solar (159; 160; 154; 155). This enhancement is a sign of short

duration bursts of star formation that would be typical for early-type galaxies

formed during mergers, as we expect to find at z∼1. We see indications of

α-enhancement in some of the M31 globular clusters in this sample and we

still derive ages within 35% of the literature values when fitting the entire CN

spectra. This suggests that using the entire spectrum may be less sensitive to

effects of α-enhancement than detailed line index methods that rely on only a

few lines in the spectrum.

Model fitting techniques will have to be modified for galaxies. Simple

stellar populations will no longer be sufficient descriptions of these complex

systems. Fits will require models with complex star formation histories, mul-

tiple stellar populations, and dust. However, this work has verified that the
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reliable regions of model parameter space cover most of that expected to be

occupied by galaxies. We have also proven techniques by which model fits to

galaxy spectra can be expected to work.

3.7 Summary and Conclusions

We have investigated the utility of using the Bruzual & Charlot (27)

high resolution simple stellar population synthesis models for estimating the

ages and metallicities of globular clusters. We chose clusters from M31 and

the Magellanic Clouds that cover a wide range of age and metallicity values,

∼ 0.004 < t age(Gyr) < 20 and −1.6 < [Fe/H] < +0.3, to explore model per-

formance in different regions of parameter space. We tested various techniques

of fitting the models to data using spectra with and without their continua

and photometry. Results were compared to age and metallicity estimates in

the literature from other methods to evaluate our fitting techniques.

The models are reliable in regions of parameter space where tage >0.1 Gyr

and [Fe/H] & −0.7. These regions are limited by the incompleteness of the

stellar libraries used in the models. For objects between the ages of 0.1 and

2.5 Gyr, uncertainties in the amount of near infrared light coming from TP-

AGB and carbon stars make it hard to match the continuum shape of individ-

ual globular clusters. Red supergiant stars affect clusters younger than 0.1 Gyr.

Continuum-normalized spectra can be used to get around the TP-AGB star

problem, as well as any flux calibration issues in the data, but supergiants

limit us to ages > 0.1 Gyr.
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Ages from our CN spectrum model fits best match the entire range

of age estimates from the literature (Figure 3.2 and Table 3.2), with average

differences of 0.16 dex (35%) for clusters older than 1 Gyr and 0.3 dex (63%)

for younger clusters. The methods that depend on the continuum shape,

the full spectrum, continuum, and photometry fits, overestimate the ages of

many clusters below 1 Gyr. We believe this to be due to a near infrared

excess from TP-AGB stars making the cluster spectra redder than the models

and forcing older aged models to provide the best fits for cluster ages of 0.1-

1 Gyr. Red supergiant stars similarly affect clusters younger than 0.1 Gyr.

Although photmetric fits seem to do well for clusters older than 1 Gyr (0.1 dex

or 23% age error relative to the literature), the CN spectrum fits are better

for simultaneously providing both age and metallicity for these older objects.

Fits to photometry cannot reproduce the correct metallicities.

Comparing the fitting methods (Figure 3.1), we find a tighter corre-

lation between ages derived from the full spectrum and continuum fits than

from the full spectrum and CN spectrum fits, suggesting that the ages are more

strongly driven by the continuum shape than by the spectral lines. Because

the derived ages are so strongly influenced by the continua and we have seen

signs of problems in the models matching the cluster continua, we conclude

that the best method for deriving accurate ages for globular clusters of all

ages, especially when simultaneously determining metallicity, is fitting models

to their continuum-normalized spectra.

On metallicities of clusters older than 1 Gyr, we agree to 0.12 dex with
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the literature values that are based on spectra. Those based on colors have

much more scatter, which suggests that our CN spectrum fits are more robust

in estimating [Fe/H] than methods using colors. We cannot accurately derive

metallicity estimates for clusters younger than ∼ 1 Gyr.

Blueward of the 4000 Å break the continuum shape is more important

than the lines for deriving age. Redward of the break the lines alone in a

continuum-normalized spectrum are sufficient to derive the age. Many of the

globular clusters tested here have spectra out to rest wavelengths of 1 µm.

If fitting models to continuum-normalized spectra of z∼1 galaxies, this means

that near infrared spectra through K band will be important to provide similar

spectral coverage and constraints on age and metallicity. As has been known

for many years, the 4000 Å break is a very important feature to be contained in

the spectrum. It will be contained in typical z∼1 spectra, but higher redshifts

may require near infrared spectra to include it and accurately constrain ages

and metallicites.

The spectral S/N required to derive ages and metallicites by fitting

the entire CN spectrum is lower than the typical 30-40 Å−1 required for line

indices. For ∆λ ∼5-25 Å our required S/N is 5-20 Å−1. Fairly low resolution,

R∼200-1000, spectra can be used.

We have successfully tested most of the age-metallicity space expected

to be occupied by galaxies at z∼1, except for the highest metallicities of

[Fe/H]>+0.3. Fitting the continuum-normalized spectra of these galaxies

should work well for spectra without good flux calibration, typical when faint
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galaxies are observed on multiple masks over long periods of time during sur-

veys. The required S/N and spectral resolution for determining ages and

metallicities matches that typically achieved in recent galaxy surveys. The

techniques presented here are applied to galaxies in the next chapter.
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Table 3.1. Cluster Wavelength Coverage and Resolution

UV UV UV Optical Optical Optical IR IR IR
Object λstart λend Resolution λstart λend Resolution λstart λend Resolution Refs

LMC

H88-267 · · · · · · · · · 3500 5870 16 · · · · · · · · · 1
HD269828 · · · · · · · · · 3500 5870 16 · · · · · · · · · 1
HD32228 · · · · · · · · · 3500 5812 16 · · · · · · · · · 1
IC2105 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
IC2111 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
IC2116 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
KMHK1074 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC1466 3000 5652 15 · · · · · · · · · · · · · · · · · · 2
NGC1711 · · · · · · · · · 3500 5878 16 5600 10000 14 1,3
NGC1714 · · · · · · · · · 3700 8200 11 6365 9809 12.5 1,4,5
NGC1731 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC1735 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC1736 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC1743 · · · · · · · · · 3500 4740 12 · · · · · · · · · 1
NGC1755 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC1761 · · · · · · · · · 3500 5812 16 · · · · · · · · · 1
NGC1767 · · · · · · · · · 3400 9700 12 5656 10112 14 1,3,6
NGC1772 · · · · · · · · · 3500 5870 16 · · · · · · · · · 1
NGC1774 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC1782 · · · · · · · · · 3500 4702 12 5600 10000 14 1,3
NGC1783 3000 5654 15 3700 8200 11 6365 9809 12.5 2,4,5
NGC1805 · · · · · · · · · 3500 5878 16 5600 10000 14 1,3
NGC1818 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC1831 3000 5652 15 3700 8200 11 5656 9800 14 2,3,5
NGC1847 3000 5652 15 3700 8200 11 5656 9796 14 2,1,3,5
NGC1850 · · · · · · · · · 3500 5878 16 5600 10000 14 1,3
NGC1850A · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC1854 · · · · · · · · · 3500 5878 16 5600 10000 14 1,3
NGC1856 3000 5654 15 3700 8200 11 5656 9800 14 2,3,5
NGC1866 3000 5654 15 3700 8200 11 5656 9800 14 2,3,5
NGC1868 3000 5654 15 3700 8200 11 5656 9800 14 2,3,5
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Table 3.1 (cont’d)

UV UV UV Optical Optical Optical IR IR IR
Object λstart λend Resolution λstart λend Resolution λstart λend Resolution Refs

NGC1872 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC1895 · · · · · · · · · 3700 8200 11 6365 9809 12.5 4,5
NGC1903 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC1921 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC1935 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC1936 · · · · · · · · · 3500 4702 12 · · · · · · · · · 1
NGC1949 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC1951 · · · · · · · · · 3500 4702 12 5600 10000 14 1,3
NGC1967 · · · · · · · · · 3500 5870 16 · · · · · · · · · 1
NGC1970 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC1978 3000 5654 15 3700 8200 11 6365 9811 12.5 2,4,5
NGC1983 · · · · · · · · · 3500 5874 16 · · · · · · · · · 1
NGC1984 · · · · · · · · · 3500 5870 16 · · · · · · · · · 1
NGC1994 · · · · · · · · · 3500 5870 16 5600 10000 14 1,3
NGC2002 · · · · · · · · · 3500 5870 16 5600 10000 14 1,3
NGC2003 · · · · · · · · · 3400 9700 12 5656 10112 3,6
NGC2004 3000 5654 15 3700 8200 11 5656 9800 14 2,3,5
NGC2006 · · · · · · · · · 3500 5874 16 5600 10000 14 1,3
NGC2009 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC2011 · · · · · · · · · 3500 5870 16 5600 10000 14 1,3
NGC2021 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC2025 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC2032 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC2033 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC2035 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC2041 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC2058 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC2070 3000 5654 15 3700 8200 11 · · · · · · · · · 2,5
NGC2091 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC2092 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC2096 · · · · · · · · · 3500 5874 16 · · · · · · · · · 1
NGC2098 · · · · · · · · · 3500 5870 16 5600 10000 14 1,3
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Table 3.1 (cont’d)

UV UV UV Optical Optical Optical IR IR IR
Object λstart λend Resolution λstart λend Resolution λstart λend Resolution Refs

NGC2100 · · · · · · · · · 3700 8200 11 5656 10112 14 1,3,5
NGC2102 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC2134 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC2136 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC2147 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
NGC2156 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC2157 3000 5654 15 3700 8200 11 5656 9800 14 2,3,5
NGC2159 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
NGC2164 · · · · · · · · · 3500 4704 12 5600 10000 14 1,3
NGC2214 · · · · · · · · · 3500 4740 12 5600 10000 14 1,3
SL153 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
SL492 · · · · · · · · · 3500 5870 16 · · · · · · · · · 1
SL538 · · · · · · · · · 3500 5870 16 5600 10000 14 1,3
SL586 · · · · · · · · · 3500 5878 16 · · · · · · · · · 1
SL601 · · · · · · · · · 3500 4704 12 · · · · · · · · · 1
SL639 · · · · · · · · · 3500 5882 16 · · · · · · · · · 1
SMC

NGC121 · · · · · · · · · 3700 6800 11 · · · · · · · · · 5
NGC299 · · · · · · · · · 3500 5877 16 5600 10000 14 1,3
NGC330 3000 5656 15 3700 8200 11 5658 10116 14 2,1,3,5
NGC419 3000 5654 15 3700 8200 11 · · · · · · · · · 2,5
M31

Bol104 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
Bol118 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
Bol119 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
Bol124 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
G1 · · · · · · · · · 3600 9900 23 · · · · · · · · · 8
G78 · · · · · · · · · 3600 9900 23 · · · · · · · · · 8
G158 · · · · · · · · · 3600 9900 23 · · · · · · · · · 7,8
G165 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
G168 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
G169 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
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Table 3.1 (cont’d)

UV UV UV Optical Optical Optical IR IR IR
Object λstart λend Resolution λstart λend Resolution λstart λend Resolution Refs

G170 · · · · · · · · · 3600 9900 23 · · · · · · · · · 8
G174 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
G175 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
G177 · · · · · · · · · 3600 9900 23 · · · · · · · · · 7,8
G184 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
G185 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
G190 · · · · · · · · · 3200 6100 6 · · · · · · · · · 7
G222 · · · · · · · · · 3600 7934 8 · · · · · · · · · 8

References. — (1) Santos et al. (134), (2) Bica et al. (21), (3) Bica et al. (20), (4) Bica et al. (18), (5) Bica et al. (16),
(6) unpublished, Santos et al. (135), (7) Jablonka et al. (81), (8) Jablonka et al. (80)
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Table 3.2. Offsets and Dispersions of Derived Cluster Ages

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
All UBV Line Index Homog. BC96 Phot. Old Young

All Good MSTO CMDsa Colors Ratios Scale Fits ≥ 1 Gyr < 1 Gyr

Locations MC, M31 MC, M31 MC MC MC MC MC M31 MC, M31 MC
References 1,2,3,4,5,6 1,2,3,4,5,6 1 3,5 2 5 6 4 1,3,4,5,6 1,2,3,5,6
No. objects 75 73 29 11 54 11 18 8 4 61
CN Spectrum Fits

Avg Offset (Gyr) 0.84 0.19 0.12 0.56 0.03 0.26 0.59 4.36 1.63 0.09
Avg Offset (dex) 0.34 0.29 0.36 0.21 0.29 0.22 0.31 0.25 0.16 0.30
RMS (Gyr) 3.18 1.00 0.82 1.06 0.12 0.79 1.82 8.34 3.78 0.35
RMS (dex) 0.57 0.36 0.45 0.31 0.37 0.27 0.40 0.46 0.17 0.37
Full Spectrum Fits

Avg Offset (Gyr) 0.93 0.54 0.71 2.54 0.42 2.24 0.70 3.24 2.76 0.39
Avg Offset (dex) 0.70 0.69 0.64 0.36 0.78 0.33 0.52 0.36 0.70 0.69
RMS (Gyr) 4.42 3.20 3.68 6.08 1.56 5.78 5.43 9.61 11.55 1.47
RMS (dex) 0.93 0.90 0.71 0.51 0.98 0.44 0.64 0.42 0.79 0.91
Photometry Fits

Avg Offset (Gyr) 0.99 0.48 0.73 0.67 0.34 0.37 0.74 5.24 2.06 0.38
Avg Offset (dex) 0.004 0.59 0.71 0.42 0.63 0.38 0.41 0.32 0.10 0.62
RMS (Gyr) 3.29 1.19 1.55 0.85 1.04 0.61 1.42 9.47 2.67 1.02
RMS (dex) 0.52 0.76 0.90 0.52 0.80 0.48 0.49 0.49 0.11 0.78
Continuum Fits

Avg Offset (Gyr) 0.87 1.17 2.05 4.51 0.46 4.21 2.90 -2.49 6.06 0.85
Avg Offset (dex) 0.06 0.80 0.84 0.49 0.84 0.46 0.73 0.55 0.80 0.80
RMS (Gyr) 5.44 4.30 5.51 8.66 1.57 8.29 7.71 10.88 12.72 3.02
RMS (dex) 0.74 1.03 1.05 0.68 1.04 0.58 0.93 0.65 0.73 1.04

Note. — Column 1 includes all clusters with literature ages and column 2 has excluded the two outliers in the upper left plot of Figure 3.2 and the
objects that only have BC96 photometric fits from the literature. All columns to the right, except for column 8, also exclude these points.

aThese age estimates were collected from Girardi et al. (60, 61) and Elson & Fall (50) by Leonardi & Rose (97) for comparison to their estimates
from line index ratios.

References. — (1) Hodge (74), (2) Santos et al. (134), (3) Girardi et al. (60, 61), (4) Jiang et al. (83), (5) Leonardi & Rose (97), (6) Santos & Piatti
(136)
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Table 3.3. Offsets and Dispersions of Derived Cluster [Fe/H]

(1) (2) (3) (4) (5) (6) (7) (8) (9)
Line VJK BC96 LIR Line Index Homog. Old Young

All Indices Colors Colors Lit Comparea Ratios Scale ≥ 1 Gyr < 1 Gyr

Locations MC, M31 M31 M31 M31 MC MC MC MC, M31 MC
References 1,2,3,4,5,6 1 2 3 4 5 6 1,2,3,4,5,6 4,5,6
No. objects 33 6 9 8 11 5 18 12 21

CN Spectrum Fits

Avg Offset (Gyr) -0.23 0.11 0.25 -0.14 -0.68 -0.69 -0.37 -0.10 -0.29
RMS (Gyr) 0.85 0.12 0.52 0.71 1.06 0.81 0.91 0.41 1.02

Full Spectrum Fits

Avg Offset (Gyr) 0.23 0.31 0.88 0.40 -0.27 -0.05 0.16 0.48 0.10
RMS (Gyr) 0.84 0.50 1.03 0.59 0.89 0.53 0.71 0.78 0.88

Photometry Fits

Avg Offset (Gyr) 0.28 0.62 0.77 0.41 -0.18 -0.11 0.15 0.51 0.14
RMS (Gyr) 0.87 0.74 0.84 0.67 1.10 0.89 0.72 0.68 0.96
Continuum Fits

Avg Offset (Gyr) 0.36 0.81 1.34 0.85 -0.29 -0.35 0.12 0.85 0.08
RMS (Gyr) 1.11 1.03 1.49 0.92 1.02 0.92 0.98 1.09 1.13

Note. — Column 1 includes all clusters with literature [Fe/H].

aThe Leonardi & Rose (97) comparison literature values come from Olszewski et al. (116), Cohen (36), Seggewiss & Richtler (143), Sagar
& Pandey (133), and Piatti et al. (123).

References. — (1) Huchra et al. (77), (2) Cohen & Matthews (37), (3) Jiang et al. (83), (4) Leonardi & Rose (97) literature comparison
values, (5) Leonardi & Rose (97), (6) Santos & Piatti (136)
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Table 3.4. Cluster Ages and Metallicities

CN Spec CN Spec Full Spec UBVa MSTOb LIRc HLitd BC96e LIf VJKg LIR lith LIRc HLitd

Object Age [Fe/H] [Fe/H] Age Age Age Age Age [Fe/H] [Fe/H] [Fe/H] [Fe/H] [Fe/H]

LMC

H88-267 0.001+0.001
−0.000 −2.20+0.05

−0.00 −1.80+0.05
−0.05 0.005 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

HD32228 0.002+0.001
−0.001 0.50+0.00

−0.05 −2.20+0.05
−0.00 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

HD269828 0.002+0.001
−0.001 −0.70+0.05

−0.10 −1.10+0.05
−0.05 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

IC2105 0.006+0.034
−0.001 −2.20+0.10

−0.00 −2.00+0.05
−0.10 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

IC2111 0.006+0.001
−0.001 −1.60+0.05

−0.05 −1.90+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

IC2116 0.004+0.001
−0.001 0.50+0.00

−0.05 −1.20+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

KMHK1074 0.004+0.001
−0.001 −0.10+0.05

−0.05 0.10+0.05
−0.05 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1466 20.000+0.000
−0.500 −2.00+0.05

−0.05 −1.30+0.05
−0.05 · · · · · · · · · 13.100 · · · · · · · · · · · · · · · -1.64

NGC1711 0.080+0.010
−0.010 −1.40+0.20

−0.05 −0.20+0.05
−0.05 0.020 · · · · · · 0.068 · · · · · · · · · · · · · · · -0.68

NGC1714 20.000+0.000
−1.000 0.40+0.05

−0.05 0.30+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1731 0.001+0.001
−0.000 −2.20+0.05

−0.00 −1.10+0.05
−0.05 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1735 0.040+0.010
−0.010 −2.20+0.05

−0.00 −1.60+0.05
−0.05 0.032 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1736 0.002+0.001
−0.001 −1.90+0.30

−0.10 −1.70+0.05
−0.10 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1743 0.010+0.005
−0.008 −2.20+0.80

−0.00 −0.70+0.05
−0.10 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1755 0.100+0.050
−0.010 −1.70+0.05

−0.05 −1.30+0.05
−0.10 0.055 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1761 0.010+0.005
−0.001 −2.20+0.05

−0.00 0.50+0.00
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1767 0.006+0.001
−0.001 0.10+0.05

−0.05 0.20+0.05
−0.05 0.007 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1772 0.020+0.010
−0.005 0.50+0.00

−0.05 −0.60+0.05
−0.05 0.009 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1774 0.100+0.050
−0.010 −1.90+0.05

−0.10 −1.80+0.05
−0.05 0.037 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1782 0.040+0.010
−0.010 −0.40+0.05

−0.05 −0.30+0.05
−0.05 0.036 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1783 1.500+0.250
−0.150 −0.80+0.05

−0.10 0.00+0.05
−0.05 · · · 0.200 1.548 1.300 · · · · · · · · · -0.75 -0.54 -0.65

NGC1805 0.008+0.001
−0.001 0.50+0.00

−0.05 0.50+0.00
−0.05 0.009 · · · · · · 0.014 · · · · · · · · · · · · · · · -0.20

NGC1818 0.040+0.010
−0.010 −1.30+0.05

−0.05 −0.50+0.05
−0.05 0.014 0.017 0.020 · · · · · · · · · · · · -0.90 · · · · · ·

NGC1831 0.800+0.100
−0.100 −1.60+0.05

−0.10 −1.50+0.05
−0.05 · · · 0.190 0.501 0.320 · · · · · · · · · 0.01 -0.65 -0.62

NGC1847 0.020+0.010
−0.005 −1.70+0.05

−0.05 0.10+0.05
−0.05 0.021 0.016 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1850 0.100+0.050
−0.010 −1.60+0.05

−0.05 −1.60+0.05
−0.05 0.031 0.040 · · · 0.031 · · · · · · · · · · · · · · · -0.12

NGC1850A 0.002+0.001
−0.001 0.50+0.00

−0.10 −2.20+0.05
−0.00 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1854 0.060+0.010
−0.010 −1.40+0.05

−0.05 0.10+0.05
−0.05 0.034 0.030 · · · 0.034 · · · · · · · · · · · · · · · -0.50

NGC1856 0.800+0.100
−0.100 −1.60+0.05

−0.05 −0.90+0.05
−0.05 · · · 0.120 · · · 0.151 · · · · · · · · · · · · · · · -0.17

NGC1866 0.200+0.100
−0.050 −2.20+0.05

−0.00 −0.80+0.05
−0.05 · · · 0.080 0.302 0.150 · · · · · · · · · -1.20 · · · -0.66

NGC1868 3.000+0.500
−0.500 −1.70+0.05

−0.05 −0.10+0.05
−0.05 · · · 0.330 0.933 0.850 · · · · · · · · · -0.50 -0.32 -0.66
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Table 3.4 (cont’d)

CN Spec CN Spec Full Spec UBVa MSTOb LIRc HLitd BC96e LIf VJKg LIR lith LIRc HLitd

Object Age [Fe/H] [Fe/H] Age Age Age Age Age [Fe/H] [Fe/H] [Fe/H] [Fe/H] [Fe/H]

NGC1872 1.000+0.100
−0.100 −2.20+0.05

−0.00 0.00+0.05
−0.05 0.136 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1895 0.040+0.010
−0.010 −0.70+0.05

−0.05 −0.90+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1903 0.080+0.010
−0.010 −2.00+0.05

−0.05 −1.70+0.05
−0.05 0.044 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1921 0.200+0.100
−0.050 −2.20+0.05

−0.00 −2.10+0.10
−0.05 0.041 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1935 0.002+0.001
−0.001 −2.10+0.40

−0.10 −1.50+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1936 0.100+0.050
−0.010 −2.00+0.10

−0.20 0.20+0.05
−0.10 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1949 0.006+0.001
−0.001 −2.20+0.05

−0.00 −1.70+0.05
−0.30 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1951 0.020+0.010
−0.005 −1.80+0.10

−0.10 −0.30+0.05
−0.05 0.048 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1967 0.010+0.005
−0.001 −0.30+0.05

−0.05 −1.50+0.05
−0.05 0.004 0.100 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1970 0.002+0.001
−0.001 −2.20+0.05

−0.00 −0.80+0.05
−0.05 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1978 4.000+0.500
−0.500 −1.30+0.05

−0.05 −0.40+0.05
−0.05 · · · · · · 2.570 2.200 · · · · · · · · · -0.42 -0.72 -0.85

NGC1983 0.002+0.001
−0.001 0.30+0.05

−0.05 −0.90+0.05
−0.05 0.004 0.008 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC1984 0.004+0.001
−0.001 0.50+0.00

−0.05 −1.50+0.05
−0.05 0.004 0.007 · · · 0.004 · · · · · · · · · · · · · · · -0.90

NGC1994 0.008+0.001
−0.001 0.30+0.05

−0.05 0.10+0.05
−0.05 0.006 0.007 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2002 0.008+0.001
−0.001 0.40+0.05

−0.05 −2.20+0.05
−0.00 0.008 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2003 0.006+0.001
−0.001 0.10+0.05

−0.05 0.20+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2004 0.010+0.005
−0.001 0.10+0.05

−0.05 0.10+0.05
−0.05 · · · 0.008 · · · 0.028 · · · · · · · · · · · · · · · -0.56

NGC2006 0.006+0.001
−0.001 0.00+0.05

−0.05 −0.60+0.05
−0.10 0.005 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2009 0.010+0.005
−0.001 0.30+0.05

−0.05 −1.70+0.05
−0.05 0.006 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2011 0.006+0.002
−0.001 0.30+0.05

−0.10 0.20+0.05
−0.05 0.005 0.006 · · · 0.005 · · · · · · · · · · · · · · · -0.47

NGC2021 0.020+0.010
−0.005 −0.80+0.10

−0.05 −2.20+0.05
−0.00 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2025 0.100+0.050
−0.010 −1.90+0.10

−0.05 −1.50+0.05
−0.10 0.083 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2032 0.040+0.010
−0.010 −2.20+0.05

−0.00 −1.70+0.05
−0.20 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2033 0.002+0.001
−0.001 0.30+0.05

−0.05 −1.90+0.05
−0.05 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2035 0.002+0.001
−0.001 −1.90+0.40

−0.30 −1.70+0.10
−0.50 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2041 0.100+0.050
−0.010 −1.70+0.10

−0.05 −1.10+0.05
−0.05 0.058 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2058 0.200+0.100
−0.050 −1.50+0.10

−0.30 −1.60+0.05
−0.05 0.062 0.070 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2070 0.060+0.010
−0.010 0.50+0.00

−0.05 −2.20+0.05
−0.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2091 0.020+0.010
−0.005 0.10+0.05

−0.05 −1.70+0.05
−0.05 0.007 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2092 10.000+0.500
−1.000 −1.70+0.05

−0.10 −2.20+0.05
−0.00 0.012 0.004 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2096 6.000+0.500
−0.500 −2.20+0.05

−0.00 −1.40+0.05
−0.05 0.049 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2098 0.020+0.010
−0.005 0.00+0.05

−0.05 0.10+0.05
−0.05 0.008 · · · · · · · · · · · · · · · · · · · · · · · · · · ·
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Table 3.4 (cont’d)

CN Spec CN Spec Full Spec UBVa MSTOb LIRc HLitd BC96e LIf VJKg LIR lith LIRc HLitd

Object Age [Fe/H] [Fe/H] Age Age Age Age Age [Fe/H] [Fe/H] [Fe/H] [Fe/H] [Fe/H]

NGC2100 0.006+0.001
−0.001 0.20+0.05

−0.05 0.30+0.05
−0.05 0.009 0.010 · · · 0.032 · · · · · · · · · · · · · · · -0.32

NGC2102 0.004+0.001
−0.001 −0.10+0.05

−0.05 −2.20+0.05
−0.00 0.004 0.007 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2134 0.200+0.100
−0.050 −2.00+0.20

−0.10 −2.20+0.05
−0.00 0.124 0.130 0.631 · · · · · · · · · · · · -1.00 · · · · · ·

NGC2136 0.100+0.050
−0.010 −1.60+0.05

−0.10 −2.20+0.05
−0.00 0.058 0.040 0.081 · · · · · · · · · · · · -0.40 · · · · · ·

NGC2147 0.020+0.010
−0.005 0.10+0.05

−0.05 −1.80+0.05
−0.05 0.021 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2156 0.100+0.050
−0.010 −1.60+0.05

−0.05 −1.80+0.10
−0.05 0.077 0.060 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2157 0.040+0.010
−0.010 −1.50+0.05

−0.05 −0.70+0.05
−0.05 · · · 0.030 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2159 0.100+0.050
−0.010 −1.80+0.05

−0.05 −1.50+0.05
−0.10 0.056 0.060 · · · · · · · · · · · · · · · · · · · · · · · ·

NGC2164 0.100+0.050
−0.010 −1.80+0.05

−0.05 −0.80+0.10
−0.05 0.044 0.050 0.058 · · · · · · · · · · · · -0.60 · · · · · ·

NGC2214 0.040+0.010
−0.010 0.30+0.05

−0.05 −0.70+0.10
−0.05 0.038 0.040 0.052 · · · · · · · · · · · · -1.20 · · · · · ·

SL153 0.200+0.100
−0.050 −2.20+0.10

−0.00 −1.00+0.05
−0.10 0.054 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

SL492 0.010+0.005
−0.001 0.30+0.05

−0.05 −0.80+0.05
−0.05 0.005 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

SL538 0.006+0.001
−0.001 0.10+0.05

−0.05 0.40+0.05
−0.05 0.006 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

SL586 0.002+0.001
−0.001 0.50+0.00

−0.05 −2.20+0.05
−0.00 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

SL601 0.004+0.001
−0.001 −0.30+0.10

−0.05 −1.70+0.05
−0.05 0.004 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

SL639 0.004+0.001
−0.001 −1.90+0.05

−0.05 −2.20+0.05
−0.00 0.030 0.015 · · · · · · · · · · · · · · · · · · · · · · · ·

SMC

NGC121 10.000+0.500
−0.500 −1.70+0.05

−0.05 −0.40+0.05
−0.05 · · · 13.000 · · · 11.900 · · · · · · · · · · · · · · · -1.19

NGC299 0.008+0.001
−0.001 −0.20+0.05

−0.05 −2.20+0.05
−0.00 0.012 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

NGC330 0.004+0.001
−0.001 −1.50+0.05

−0.05 0.00+0.05
−0.05 0.013 0.007 · · · 0.025 · · · · · · · · · · · · · · · -0.82

NGC419 1.500+0.250
−0.150 −1.20+0.05

−0.05 −1.40+0.05
−0.05 · · · 0.670 1.950 1.200 · · · · · · · · · -0.70 -0.90 -0.70

M31

Bo104 4.000+0.500
−0.500 −1.20+0.05

−0.05 −0.90+0.05
−0.05 10.000 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

Bo118 13.000+1.000
−0.500 −1.50+0.05

−0.05 0.40+0.05
−0.05 10.000 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

Bo119 10.000+1.000
−1.000 −1.20+0.10

−0.05 0.50+0.00
−0.05 10.000 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

Bo124 10.000+1.000
−0.500 −0.80+0.05

−0.05 0.40+0.05
−0.10 10.000 · · · · · · · · · · · · · · · · · · · · · · · · · · ·

G1 3.000+0.500
−0.500 −0.50+0.05

−0.05 −0.20+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

G78 3.000+0.500
−0.500 −0.50+0.05

−0.05 −0.10+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

G158 18.000+1.000
−0.500 −0.10+0.05

−0.05 −0.20+0.05
−0.05 10.000 · · · · · · · · · 19.800 -0.26 · · · · · · · · · · · ·

G165 15.000+0.500
−1.000 −0.50+0.05

−0.05 0.50+0.00
−0.05 10.000 · · · · · · · · · · · · -0.56 -0.69 · · · · · · · · ·

G168 20.000+0.000
−1.000 −0.50+0.05

−0.05 0.50+0.00
−0.05 10.000 · · · · · · · · · 6.200 · · · -1.13 · · · · · · · · ·

G169 7.000+0.500
−0.500 −1.00+0.05

−0.05 −1.00+0.05
−0.05 10.000 · · · · · · · · · 7.500 -1.18 -1.35 · · · · · · · · ·
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Table 3.4 (cont’d)

CN Spec CN Spec Full Spec UBVa MSTOb LIRc HLitd BC96e LIf VJKg LIR lith LIRc HLitd

Object Age [Fe/H] [Fe/H] Age Age Age Age Age [Fe/H] [Fe/H] [Fe/H] [Fe/H] [Fe/H]

G170 20.000+0.000
−0.500 0.00+0.05

−0.05 0.20+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

G174 8.000+0.500
−1.000 0.30+0.05

−0.05 0.10+0.05
−0.05 10.000 · · · · · · · · · 7.200 0.29 -0.13 · · · · · · · · ·

G175 20.000+0.000
−0.500 −1.50+0.05

−0.10 0.50+0.00
−0.05 10.000 · · · · · · · · · 1.300 · · · -1.16 · · · · · · · · ·

G177 20.000+0.000
−0.500 0.00+0.05

−0.05 0.10+0.05
−0.05 10.000 · · · · · · · · · 19.800 -0.15 -0.32 · · · · · · · · ·

G184 20.000+0.000
−0.500 −1.50+0.05

−0.05 −0.40+0.05
−0.05 10.000 · · · · · · · · · 19.800 · · · -0.91 · · · · · · · · ·

G185 10.000+0.500
−0.500 −1.00+0.05

−0.05 −0.60+0.05
−0.05 10.000 · · · · · · · · · 6.500 -1.08 -1.19 · · · · · · · · ·

G190 4.000+1.000
−1.000 −0.90+0.10

−0.05 −0.60+0.05
−0.05 10.000 · · · · · · · · · · · · · · · -1.96 · · · · · · · · ·

G222 11.000+0.500
−1.000 −0.50+0.05

−0.05 −0.40+0.05
−0.05 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·

Note. — All ages are in Gyr.

aSantos et al. (134)

bHodge (74)

cThe Leonardi & Rose (97) comparison literature values come from Olszewski et al. (116), Cohen (36), Seggewiss & Richtler (143), Sagar & Pandey
(133), and Piatti et al. (123).

dHomogeneous lit values (136)

eBC96 fits to colors in BATC filters (83)

f Line indices (77)

gCohen & Matthews (37)

hEquivalent width of Ca triplet (116)
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Table 3.5. Clusters in Red vs. Blue Spectrum Effects Study

Blue CN Red CN Break CN Entire CN Blue Full Red Full Break Full Entire Full Min Lit Max Lit
ID Loc Spec Age Spec Age Spec Age Spec Age Spec Age Spec Age Spec Age Spec Age Age Age

NGC 1466 LMC 0.004 20.000 0.004 20.000 4.000 1.500 8.000 2.000 13.1 13.1
NGC 1783 LMC 0.010 1.500 9.000 1.500 6.000 1.200 20.000 1.200 0.200 1.548
NGC 1831 LMC 1.200 0.600 1.000 0.800 0.400 0.200 1.000 0.400 0.190 0.501
NGC 1847 LMC 0.001 0.040 0.040 0.020 0.080 0.040 0.040 0.040 0.016 0.021
NGC 1856 LMC 0.040 0.600 0.040 0.800 0.600 1.200 0.200 0.400 0.120 0.151
NGC 1866 LMC 0.004 1.200 0.060 0.200 0.100 0.800 0.200 0.600 0.080 0.302
NGC 1868 LMC 0.008 0.400 2.000 3.000 0.200 1.500 2.000 0.800 0.330 0.933
NGC 1978 LMC 0.004 20.000 10.000 4.000 4.000 20.000 10.000 9.000 2.200 2.570
NGC 2004 LMC 0.002 0.020 0.004 0.010 0.020 0.004 0.010 0.010 0.008 0.028
NGC 2070 LMC 0.004 18.000 10.000 0.060 0.008 0.400 0.004 0.006 · · · · · ·

NCG 2157 LMC 0.001 1.200 0.040 0.040 0.100 1.000 0.060 0.400 0.030 0.030
NGC 330 SMC 0.001 0.020 0.020 0.004 0.040 0.004 0.040 0.040 0.007 0.025
NGC 419 SMC 0.010 2.000 3.000 1.500 0.200 3.000 3.000 20.000 0.670 1.950

Note. — All ages are in Gyr. Fitting ranges are: Blue = λ <4000 Å, Red = λ >4000 Å, Break = 3750-4250 Å, Entire = full available range.
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Chapter 4

Galaxies

4.1 The Munich Near Infrared Cluster Survey

The Munich Near Infrared Cluster Survey (MUNICS; Drory et al.

(46); Feulner et al. (54)) is a wide-field medium-deep K′ selected survey cover-

ing an area of 1 deg2 in K′ and J for K′ ≤ 19.5. A smaller area of 0.35 deg2 in-

cludes additional photometric bands with limiting Vega magnitudes of V=23.5,

R=23.5, I=22.5, and J=21.5. Spectra exist for approximately 500 objects,

complete to K ≤ 17.5. The median redshift of the galaxy sample is z ∼ 0.4.

MUNICS provides a homogeneous sample of medium redshift galaxies with

spectra and good photometric coverage on which to test data fitting tech-

niques for age and metallicity estimation.

4.2 Sample Selection

Robust morphological classification is not possible with the MUNICS

ground-based images, but emission and absorption lines have been identified

in all objects with spectroscopic redshifts. To form a sample of “early-type”

galaxies, we chose those galaxies containing only absorption lines and no emis-

sion. This formed our initial sample of 141 galaxies, which ceratinly excludes
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some early-types that have had recent star formation and show [OII] emission,

but it ensures that the galaxies in our sample are passive.

4.3 Simple Stellar Populations

We begin the analysis of MUNICS galaxies by fitting the same grid of

models as used earlier for globular clusters, the BC03 simple stellar population

models. Although single population models are not expected to adequately

describe galaxies, which are much more complex systems than globular star

clusters, it is instructive to begin with them. The number of models in the

SSP grid (∼ 250) is substantially lower than that in the complex model grid

(∼ 10,000-20,000), which allows more comprehensive initial tests of model

fitting details to be performed. With the SSPs we will investigate the effects

of restricting the ages and metallicities of the model grid, of fitting to different

spectral ranges, and of combining spectroscopic and photometric fits.

4.3.1 Restricting Model Ages

First we analyze results from model fits where the ages of models in

the grid were restricted to those less than or equal to the age of the universe

at each galaxy’s redshift (using Ωm=0.3, ΩΛ=0.7, Ho=70) and compare them

to results where all ages up to 20 Gyr were included, a situation which allows

galaxies to be older than the universe. Ages derived in both scenarios from

model fits to continuum-normalized spectra over the entire available spectral

range of each galaxy in the initial MUNICS sample are shown as a function of
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Figure 4.1 Derived ages with no age limits on the model grid (left) and with
cosmological age limits imposed (right). Large black circles are galaxies with
average spectral S/N > 5 Å−1, small red circles are galaxies with S/N < 5 Å−1,
and green crosses mark galaxies that have bad fits indicated by χ2

r > 10.

redshift in Figure 4.1. The small red circles mark galaxies with S/N < 5 Å−1

and the green crosses mark those that have marginal fits with χ2
r > 10. In

the unrestricted age scenario (left), 32% of the 141 galaxies are older than the

universe.

We compare ages and metallicites of individual galaxies for these two

scenarios in Figure 4.2. Only galaxies older than ∼10 Gyr in the unrestricted

case change to younger ages when the age of the universe restriction is applied,

as seen in the age comparison plot on the left. The right plot shows how these

galaxies move in age-metallicity space. The large black circles represent the

87



1.0 10.02. 20.5.

1.0

10.0

2.

20.

5.

Age (NO age limit)

A
ge

 (a
ge

 li
m

it)

 141  MUNICS Galaxies     fits050615,  fits050617

1.0 10.02. 20.0.5 5.

−1.0

−0.5

0.0

0.5

Age (Gyr)

[F
e/

H
]

 141  MUNICS Galaxies     fits050615,  fits050617 
 black = age limit,  green = NO age limit,  red X = S/N<  5

Figure 4.2 Comparison of derived ages and metallicities with and without
limiting the ages of the model grid to the age of the universe. Left: the small
red points mark galaxies with spectral S/N < 5 Å−1 and the error bars are 1σ.
Right: large black circles are with the age restriction, small green circles are
with no age restriction, and green lines connect the two points for each galaxy.
Red crosses mark the low S/N galaxies. The dotted lines in both plots mark
the current age of the universe.
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scenario where the age restriction was applied and the small green circles are

the same galaxies with no age restriction. Green lines connect these two points

for each galaxy. Most objects move in the sense of age-metallicity degeneracy,

where lower metallicity older objects become higher metallicity and younger

when the older ages are excluded from the model grid, instead of piling up at

the upper age limit.

The ∆χ2 contours of age and metallicity from these fits exhibit three

different modes of behavior that are demonstrated in Figure 4.3. For the two

parameters the solid lines are 1σ (68.3% confidence, ∆χ2=2.30), dashed lines

are 2σ (95.4% confidence, ∆χ2=6.17), and dotted lines are 3σ (99.73% confi-

dence, ∆χ2=11.8). The largest contours are 99.99% confidence or ∆χ2=18.4.

The top row illustrates the first mode where multiple islands of low χ2 val-

ues exist in the unrestricted age scenario (left). The fits where the model grid

ages have been restricted to the age of the universe (right) eliminate one of the

degenerate age-metallicity combinations that is unphysically old. The center

row illustrates the second mode where the two results occur within the same

contour, but at different locations that are indistinguishable at the 1σ level.

Again, the unphyiscally old ages of that contour have been eliminated on the

right where age restrictions were applied. The bottom row shows an example

of the much less frequent third case where the answers are just different. When

restricting the model grid, the best-fitting old model was eliminated and an-

other result that did not show up in ∆χ2 space at the 99.9% confidence level

in the unrestricted scenario was now chosen as the best fit. In this particular
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object, S6F5-756, χ2
r rose from 4.67 to 4.75 in choosing the best-fitting model

from the age-limited grid.

In the unrestricted model age scenario 32% of the galaxies are older

than the universe. In the restricted age scenario only 8% of the galaxies are

as old as the universe, and the 24% that were older than the universe in the

first case are redistributed mostly into ages older than 6 Gyr. Limiting the

model ages to the age of the universe eliminates unphysically old answers that

in many cases are near the maximum in the model grid. For most galaxies

a younger age provides an answer indistinguishable at the 2-3σ level, but the

older one is chosen as the best fit if it exists in the model grid because of a

slightly lower χ2 value. Most of the galaxies that originally had the older ages

remain old, & 5 Gyr, with very few reaching down to ∼ 2 Gyr.

Likewise, the formation redshifts1 implied from the galaxy ages rear-

range into nearly the same shaped distribution except at the highest redshifts

of z > 5, as shown in Figure 4.4. Since we are mostly interested in distin-

guishing between early-type galaxies that formed recently through mergers at

z ∼ 1-3, a regime not strongly affected, and those that formed earlier, we will

apply the cosmological age restriction throughout the rest of the analyses.

1See Section 4.3.8 for an explanation of how formation redshifts are calculated.
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Figure 4.3 Examples of ∆χ2 contours for model fits with (right) and without
(left) limiting the ages of the model grid to the age of the universe. Note that
the age scales are different.
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Figure 4.4 Implied formation redshifts for the galaxy ages in Figure 4.1. Left:
unrestricted model ages. Right: model ages restricted to the age of the uni-
verse. The zform > 15 bins contain all galaxies with ages equal to or older
than the age of the universe. Solid black lines are all 141 galaxies, green dashed
lines are 63 galaxies with S/N Å−1 > 10, and dotted blue lines are 107 galaxies
with S/N > 5 Å−1.
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4.3.2 Choosing the Spectral Range to Fit

We saw the effects of using different spectral regions on the age es-

timates of globular clusters in Section 3.5.2. There, continuum-normalized

spectra blueward of the 4000 Å break gave younger ages than spectra redward

of this feature, and also younger than literature ages for the same clusters.

Spectra including the 4000 Å break and redward to ∼5600 Å best reproduced

literature ages for the globular clusters. Spectral coverage is an important issue

to consider when including galaxies at different redshifts that were observed

over the same spectral range. Once deredshifted, their rest frame spectral

coverage can be quite different, barely overlapping in some cases. We evaluate

the magnitude of this situation on galaxies by comparing their age estimates

from SSP model fits to different spectral regions.

The rest frame spectral coverages of all 141 early-type MUNICS galax-

ies are plotted against galaxy redshift in the left plot of Figure 4.5. A low

wavelength cutoff of 3200 Å is imposed in the plot because our continuum-

normalized fits require high resolution model spectra and this is the point at

which the spectral resolution of the BC03 models drops substantially below

that of the galaxies. We chose a subsample of galaxies by requiring that the

minimum rest frame wavelength of the galaxy spectra be ≤ 3750 Å, to include

the entire 4000 Å break region, and that the maximum wavelength be at least

5000 Å. This selection criteria is marked in the left plot by vertical dotted

lines. It was chosen to maximize the common rest frame wavelength range at

the expense of cutting mostly low redshift galaxies from the sample. The cut
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Figure 4.5 Spectral coverage of MUNICS galaxies. The horizontal lines
show the rest frame spectral coverage for each galaxy and the dashed ver-
tical lines mark specific wavelength ranges. The range on the left shows the
3750 − 5000 Å region in all 141 galaxies. The plot on the right shows the 101
MUNICS galaxies that contain this range. Fitting ranges that will be tested
are marked by the vertical lines in this plot, 3750-5550 Å and 3750-6500 Å.

results in 101 galaxies, shown in the right plot, with regions that will be used

for fitting marked by vertical lines, 3750-5550 Å and 3750-6500 Å.

The redshift distribution and S/N as a function of redshift for the sub-

sample of 101 MUNICS galaxies is given in Figure 4.6. The maximum redshift

of the whole group is z = 0.949, with a median at z = 0.389. After minimum

S/N cuts we are left with 24 galaxies with S/N > 10 Å−1, a maximum redshift

of z = 0.423, and a median of z = 0.266; and 64 galaxies with S/N > 5 Å−1,

a maximum redshift of z = 0.795, and a median of z = 0.366. The spectral

resolution of the galaxies is ∆λ ∼ 13 Å, for which we determined via simula-
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Figure 4.6 Redshifts and S/N of MUNICS galaxies. Left: Redshift distribution
of the subsample of 101 MUNICS galaxies. The dashed green line includes
galaxies with S/N ≥ 10 Å−1 and the blue dotted line includes S/N ≥ 5 Å−1.
Right: Spectral S/N as a function of redshift. The horizontal dashed lines mark
the two low S/N cutoffs and the vertical lines mark the maximum redshift left
in each subsample after these cuts.

tions in Section 3.5.1 required a minimum average S/N ∼ 10. However, this

was an average over 3325-9000 Å. Because we are limiting our spectral fitting

ranges of the galaxies to those that typically have higher S/N, we may be able

to push this down to S/N ∼ 5 and substantially increase the sample size. We

investigate this further in following sections.

We evaluate the results from fitting different spectral ranges first by

comparing the quality of the fits via χ2
r values in Figure 4.7. Fits from re-

stricted spectral ranges are all compared to the λ > 3750 Å fits, since the

4000 Å break and red spectra gave the best age estimates of globular clusters.
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We see that the wider the spectral range used, the better the fit, or at least

the smaller the χ2
r. The large black open circles are S/N > 5 galaxies that

have spectra only over the fitted range. The large filled circles are S/N > 5

galaxies that have spectra redward of the restricted fitted range, so for the

λ > 3750 Å fits this extra range was included. For the most part, the χ2
r for

the latter objects is lower when the entire available range is used. There are a

few execptions that can all be explained by their spectra becoming too noisy

at the longest wavelengths, due to either low signal or sky residuals, to provide

additional useful information to improve the fit. An example noise spectrum

for a MUNICS galaxy at S/N ∼9 Å2 is shown in Figure 4.8. Even though

the spectral fits are weighed by the galaxy S/N, very noisy data still have an

adverse effect. The small red filled circles are galaxies with S/N < 5 and the

small green diamonds are galaxies that have [Fe/H] = -1, the lowest in the

model grid that is usually suspect because a good fit could not be found and

the lowest metallicity spectrum with the fewest metal lines gives the lowest

Σχ2. The magenta crosses mark galaxies where the [Fe/H] changes by at least

0.5 for the two fitting ranges plotted. This situation usually signifies a galaxy

that bounces between two age-metallicity degenerate answers, depending on

which part of the spectrum is used. Some of these cases are due to marginal

S/N and others do not show an obvious reason for this behavior.

The χ2
r improves as the spectral coverage increases toward the red,

however, including the spectra blueward of the 4000 Å break does not have

as clear of an effect (lower right plot of Figure 4.7). One problem is that the
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Figure 4.7 Reduced χ2 for fits to different spectral ranges. Large circles are
S/N > 5 Å−1 galaxies, large open circles are galaxies that have spectra cov-
ering only the restricted range, small red circles are low S/N galaxies, green
diamonds are [Fe/H] = −1 galaxies, and magenta crosses mark galaxies where
[Fe/H] changes by > 0.5 for the two fitting ranges. The dashed lines are 1:1
correlations and the solid lines are linear fits to the χ2

r < 5 points.
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noise in the MUNICS spectra tends to rise significantly blueward of 4000 Å.

Many of the points above the 1:1 correlation line (signifying a smaller χ2
r for

the λ > 3322 Å fits) are galaxies with problematic fits caused by low S/N,

choosing [Fe/H] = -1, or bouncing between two degenerate solutions.

From the quality of the fits it looks like the entire available spectrum

should be used for each galaxy. However, if we look at the parameters derived

from the fits, we reach another conclusion. Figure 4.9 shows resulting ages and

metallicities for two restricted spectral ranges, 3750 - 6500 Å (left column) and

3750 - 5546 Å (right column), compared to fits over λ > 3750 Å. The top and

center plots show age and metallicity results, respectively. The large circles

are galaxies with sufficient data S/N to have secure results, of which open

symbols are galaxies that have spectral coverage only over the fitted range and

filled circles have spectra to longer wavelengths. Galaxies with low spectral

S/N are represented by small red circles, those with the minimum model grid

metallicity ([Fe/H] = -1.0) are represented by small green diamonds, and all

error bars are 1σ. Magenta crosses mark the galaxies that change in [Fe/H]

by at least 0.5 between fits to the two ranges. The bottom plots show galaxies

in age-metallicity space, where large black circles represent results from the

> 3750 Å fits and small green circles represent the restricted ranges. Red

dashed lines connect these two points for each galaxy. Low S/N galaxies are

excluded from this age-metallicity plot.

The resulting ages and metallicities depend on the spectral range used,

as was seen with the globular clusters in Section 3.5.2. The plots on the
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Figure 4.9 Age and [Fe/H] from different spectral ranges (small random shifts
are added to points for clarity). Left column: λ >3750 Å vs. 3750-6500 Å.
Right column: λ >3750 Å vs. 3750-5546 Å. Small red circles have S/N<5 Å−1

and small green diamonds have [Fe/H] = -1. Bottom row: large black circles
are wide range, small green circles are restricted range, red dashed lines connect
them for each galaxy. 1σ error bars on all.
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bottom row in Figure 4.9 show that many galaxies change parameters in a

way consistent with age-metallicity degeneracy (old low metallicity to young

high metallicity). Continuum-normalized spectral fits to the globular clusters

showed that the 4000 Å break region (3750-4250 Å) and the red part of the

spectrum (4000-5650 Å) gave ages that agreed fairly well with literature ages

obtained by other means, but that the entire spectrum gave the best results

(see Figure 3.14). The blue part of the spectrum (3200-4000 Å) alone, however,

gave younger ages than the literature. To determine consistent relative ages of

a sample of galaxies at different redshifts it is important to use the same rest

frame wavelength region for each galaxy. Ideally, that range would be very

large to give the best constraints, but in reality we have to limit it to a common

region for all redshifts. As the width of this region increases, the number of

galaxies that can be included in the sample decreases. The 3750 - 5546 Å range

includes 92 of the original 141 galaxies. If we increase the ending wavelength

of the common spectral range to 6500 Å, the sample size goes down to only

43 galaxies with a maximum redshift of z ∼ 0.4. Therefore, to maximize the

number and redshift range of galaxies in our subsample, and since the globular

cluster ages worked well with the range of 3750 - 5600 Å, our narrower spectral

range should be sufficient. Moreover, many of the data get very noisy beyond

∼6000 Å, so cutting it at ∼5500 Å does not decrease the useful information

in many galaxies. Near infrared spectra will be important in the future to

increase the common spectral range common to larger samples of galaxies.

For now we restrict our fitting range to 3750-5550 Å.
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4.3.3 Restricting Model Metallicities

Most galaxies at redshifts up to z ∼ 1 are expected to have minimum

metallicites of about 1/3 solar, or [Fe/H] ' −0.5 (91; 138; 139; 161), but many

of our fits choose metallicites that are below that for a model grid that includes

−1.0 < [Fe/H] < +0.5. We compare these results to those when this grid is

limited to metallicites of [Fe/H] ≥ −0.5. Distributions of metallicity, age, and

formation redshifts are shown in Figure 4.10 for fits over [Fe/H] ≥ −1 (left)

and [Fe/H] ≥ −0.5 (right). In the upper right plot we see many of the low

metallicity galaxies piling up at [Fe/H] = −0.5 and others filling in metallicities

mostly below solar. Along with higher metallicity limits come younger ages, in

the center row, as the age-metallicity degeneracy shows itself once again. The

formation redshifts in the bottom row look fairly similar for the two cases, with

a few moderate formation redshifts on the left moving to lower ones derived

from the younger ages on the right.

Ages and metallicities are compared galaxy by galaxy for the two cases

in Figure 4.11. Of the galaxies that started with [Fe/H] = −1, 13 change to

[Fe/H] = −0.5 when that is the minimum in the model grid and 10 change

to other metallicities, as high as [Fe/H] = +0.2. There are 22 galaxies with

metallicities of −1 < [Fe/H] < −0.5 in the first case.

We can classify the galaxies into 3 behavioral categories. The first

category is galaxies that bottomed out at the lowest metallicity in both cases.

Upon detailed inspection of their spectra, χ2(λ), and ∆χ2 contours in age

and metallicity, we find that they are all bad fits. Many choose the lowest
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Figure 4.10 Metallicity, age, and formation redshifts for fits over 3750 -
5546 Å by models with [Fe/H] ≥ −1 (left column) and [Fe/H] ≥ −0.5 (right
column).
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Figure 4.11 Comparison of ages and metallicities from fits with minimum
model metallicities of [Fe/H] = −1 and −0.5.
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metallicity, with the fewest metal lines, to minimize mismatch between lines

and provide the minimum Σχ2, but it is not necessarily a good fit. An example

of this is shown in Figure 4.12. All but 3 of the 13 galaxies in this category

are bad fits. The second category of galaxies is those that chose [Fe/H] = −1

when that was allowed, but something other than the minimum when it was

set at [Fe/H] = −0.5. Every one of these galaxies has a bad fit or S/N that

is too low (S/N < 6 Å−1). The third category is galaxies with best fitting

metallicites of −1 < [Fe/H] < −0.5. All but 3 of the 22 in this category have

fits that look good. Two of the 3 bad ones have low S/N and the third has

a χ2
r ∼ 9 for no obvious reason. When the minimum metallicity in the grid

was limited to [Fe/H] = −0.5 this group nearly all moved up to that value,

acting as if they really were low metallicity. It seems that we should allow

metallicities of the models to go down to [Fe/H] = -1, but that the galaxies

that choose this minimum metallicity should be excluded from the sample to

eliminate problem objects.

In summary, the best technique for fitting SSP models to the MUNICS

galaxy spectra is to limit the ages of the model grid to that of the unverse at

each galaxy redshift, to allow model metallicities to span −1 ≤[Fe/H] ≤ +0.5,

and to fit over the wavelength range of 3750-5550 Å. Galaxies with [Fe/H] = −1,

with S/N < 6 Å−1, or χ2
r ≥ 9 should be excluded from the sample. For our

sample of 101 MUNICS galaxies with nearly common rest frame wavelength

coverage, 45 meet these criteria. The redshift distribution of this final sample

is shown in Figure 4.13 with the median at z = 0.3625.
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Figure 4.12 An example of a bad fit that bottoms out at the lowest metallicity
in the model grid whether it is [Fe/H] = −1 (top) or −0.5 (bottom).
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Figure 4.13 Redshift distribution of the 45 MUNICS galaxies with [Fe/H] > -1,
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these that have S/N > 10 Å−1.
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4.3.4 Calculating Galaxy Mass

One of the outputs of the BC03 models is galaxy mass-to-light ratio

(M/L) in B and V bands for models of a given age and metallicity, normalized

to 1 M�. If the absolute magnitudes of the observed galaxy in these bands

are known, the M/L’s can be used to calculate the luminosity-weighted mass

of the galaxy from the light in these bands. The MUNICS catalog contains

absolute magnitudes calculated from

Mband = mband − 5 log

[

dL(z)

10 pc

]

− 2.5 log(1 + z) − k(z), (4.1)

where z is the galaxy redshift, dL is the luminosity distance, mband is the

apparent magnitude in a given band, and k(z) is the k-correction obtained by

fitting model spectral energy distributions to the broadband photometry of

the galaxy (54). From these quantities the galaxy stellar mass is calculated

from

M =

(

M

Lband

)

Lband (4.2)

and

Lband = 10−0.4(Mband−zpband)L�, (4.3)

where zpband is the zeropoint of the absolute solar magnitude in the given band.

We use the zeropoint values from Cox (39) of MB�=5.42 and MV �=4.82.

The M/L’s in the BC03 models are given as a function of age at a fixed

number of metallicities, [Fe/H] = -2.25, -1.65, -0.64, -0.33, +0.09, and +0.56.

Because we have interpolated the model spectra to a finer grid of metallicites,
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we also need to interpolate the M/L’s. To achieve this we fit the M/L([Fe/H])

at each age by a 3rd order polynomial and compute the interpolated value of

our best fit metallicity for each galaxy from the fitted curve. An example is

shown in Figure 4.14, where the green squares are the BC03 M/L’s at ages

ranging from 0.5 to 14 Gyr (bottom to top), the curves are our polynomial

fits, and the black diamond is an interpolated M/L for an age of 6 Gyr and

[Fe/H] = +0.2.

Examples of M/L’s and galaxy stellar masses derived from our SSP fits

to the spectra of MUNICS galaxies are shown in Figure 4.15. The median

mass is 5.6 x 1010 M�.

4.3.5 Galaxy Velocity Dispersions

The observed spectral resolution of MUNICS galaxies is ∆λ ∼ 13 Å,

which is equivalent to a spectral broadening of σ ∼ 330 km s−1 – on the order

of galaxy velocity dispersions. Because we have limited our MUNICS sample

to high S/N, therefore bright, early-type galaxies, they will likely occupy the

upper end of the mass range and thus have high velocity dispersions. Although

there are very few galaxies with σ∗ > 350 km s−1 (51), there could be a few

in our sample with slightly higher spectral broadening than the instrumental

resolution.

Some studies include velocity dispersion as an additional fitting pa-

rameter (32; 27). By doing this Cid Fernandes et al. (32) find stellar velocity

dispersions of σ∗ ∼ 30−500 km s−1 for all types of galaxies in the SDSS.

109



−2.0 −1.5 −1.0 −0.5 0.0 0.5

 1

 2

 3

 4

 5

 6

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

[Fe/H]

(M
/L

) V

Figure 4.14 Interpolated (M/L)V . The green squares are M/L’s at the BC03
model metallicities, solid lines are fits by 3rd order polynomials at ages from
0.5 to 14 Gyr (bottom to top), and the black diamond is the interpolated value
for an age of 6 Gyr and [Fe/H] = +0.2.
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Figure 4.15 Galaxy M/L and mass from SSP fits to spectra. Left: Blue circles
are B-band and green triangles are V-band.

These highest dispersions would be equivalent to a spectral broadening of

∆λ ∼ 20 Å.2 Though these values seem high, if they are correct, our model

fits to galaxies with the highest velocity dispersions will be affected. However,

before adding another fitting parameter, we investigate the magnitude of the

effects that this spectral broadening due to galaxy velocity dispersion would

have on our results by fitting the 45 MUNICS galaxy spectra with broadened

SSP model spectra and comparing to results from models at the instrumental

resolution of the data.

Differences in parameters derived from fits by models at different res-

olutions are shown in Figure 4.16. The plotted parameters are luminosity-

2For ∆λ = σ∗λ / 2.34 c, with λ = 5000 Å and using 2.34 to convert the full width of the
resolution element, ∆λ, to a gaussian half width, σ∗
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Figure 4.16 Effects of lower spectral resolution, analogous to spectra broadened
by high galaxy velocity dispersion, on derived parameters: mass (left column),
χ2

r (2nd column), age (3rd column), and [Fe/H] (4th column). Model spec-
tra are smoothed to 15 Å (top row), 20 Å (2nd row), 25 Å (3rd row), and
30 Å (bottom row).
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Table 4.1. Differences in Derived Parameters Due to Spectral Broadening

∆λ σ χ2
r

χ2
r

χ2
r

log(M) log(M) log(M) Age Age Age [Fe/H] [Fe/H] [Fe/H]
(Å) (km/s) avg med stdev avg med stdev avg med stdev avg med stdev

15 385 -0.072 -0.044 0.101 0.014 0.000 0.094 0.157 0.000 1.878 -0.024 0.000 0.288
20 513 -0.170 -0.133 0.250 0.010 0.003 0.136 -0.496 0.000 2.869 0.167 0.100 0.378
25 640 -0.143 -0.096 0.310 -0.001 0.000 0.110 -0.670 0.000 2.406 0.204 0.100 0.354
30 770 -0.050 -0.021 0.363 0.019 0.004 0.135 -0.315 0.000 2.653 0.189 0.100 0.347

Note. — The parameter differences are ∆ = (broadened model − instrumental). Ages are in Gyr.
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Figure 4.17 ∆χ2 contours for fits at different spectral resolutions. These are
fits to S2F1-17 at the instrumental resolution of 13 Å (left) and at a model
resolution of 20 Å (right).

weighted mass (left column), χ2
r (2nd column), age (3rd column), and [Fe/H]

(4th column). The rows of the figure correspond to the broadened model

resolutions of ∆λ = 15 Å (top row), 20 Å (2nd row), 25 Å (3rd row), and

30 Å (4th row). Values of averages, medians, and standard deviations of the

parameter differences from fits at our instrumental resolution of ∼ 13 Å are

given in Table 4.1, as well as in the plot headers of Figure 4.16. The χ2
r

plots in the 2nd column are the most telling about the quality of our fits. The

differences are ∆ = (broadened model − instrumental), so lower negative num-

bers mean a lower χ2
r value for the fit by the broadened model spectrum, or

that the galaxy may have a higher implied velocity dispersion. The minimum

differences overall occur at ∆λ = 20 Å.

The ∆χ2 contours in Figure 4.17 show that different regions of pa-

rameter space can be chosen by fits at different resolutions, illustrating that
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Figure 4.18 Age-metallicity degeneracy introduced by galaxy velocity disper-
sions. Age and [Fe/H] differences between fits by models at the instrumental
resolution of 13 Å and by models smoothed to 15 Å (top left), 20 Å (top right),
25 Å (center left), 30 Å (center right), and 40 Å (bottom) are shown.

115



age-metallicity degeneracy could be introduced by model spectral resolution

that is poorly matched to that intrinsic to the data. Figure 4.18 shows age

and metallicity differences for fits by the different broadened model spectra.

The differences compared to fits at our instrumental resolution move between

high [Fe/H] - low age and low [Fe/H] - high age, consistent with age-metallicity

degeneracy. Galaxy velocity dispersion could be one of the causes of this de-

generacy in our model fits, therefore we make an attempt to include it in the

fits (which will later be shown to be unsuccessful).

To “measure” the intrinsic spectral broadening in the data (with a min-

imum cutoff at the instrumental resolution) we fit SSP models broadened to

resolutions from 13 Å (our instrumental resolution) to 35 Å in increments of

1 Å and call the fit with the minimum χ2
r for each galaxy the ∆λ due to that

spectrum’s intrinsic resolution, whether instrumental or broadened more by

other means such as velocity dispersion. The distribution of results is shown

in Figure 4.19. Over half of the galaxies, 25 out of the 45, have ∆λ > 20 Å,

which if due to velocity dispersion would imply σ∗ > 500 km s−1. This cannot

be correct, given that the maximum velocity dispersion of 50,000 SDSS galax-

ies found by Cid Fernandes et al. (32) was σ∗ ∼ 500 km s−1, and that other

studies of local galaxies have a maximum of σ∗ ∼ 350 km s−1 (51). There-

fore, we analyze the fits closer and find that the minimum value of χ2
r alone

cannot be used to choose the optimum spectral resolution for the model fit.

There are cases where slightly lower χ2
r values are produced by broadening the

model spectrum much too far, perhaps oversmoothing to minimize differences
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in spectral lines, a similar effect to that in Section 4.3.3 where some fits chose

very low metallicity model spectra that have fewer metallic spectral lines to

minimize χ2.

Figure 4.20 plots χ2
r against ∆λ for the 25 galaxies that had a minimum

χ2
r from a fit by a model spectrum with ∆λ > 20 Å. Filled circles mark

the minimum χ2
r for each galaxy. An example of one of the fits is shown in

Figure 4.21 for S7F5-841, the third one down from the top in Figure 4.20 that

decreases from χ2
r = 5.48 at ∆λ = 13 Å to χ2

r = 3.81 at ∆λ = 28 Å. The left

plots in Figure 4.21 are for ∆λ = 20 Å and the right plots are for ∆λ = 28 Å,

which produced the minimum χ2
r for this galaxy. It is clear that the model

(dashed cyan line) spectral resolution on the right is much lower than the data

(solid black line) from the blending of the Ca H&K lines near 4000 Å. The

∆χ2 contours for the two fits look very similar and produce nearly equal ages

of 5 and 6 Gyr and equal metallicities of [Fe/H] = +0.3. The same is true for

all of these galaxies. The age and metallicity does not change more than one

model grid point between the best fitting resolution element of > 20 Å and a

resolution element of 20 Å. Inspection of the spectra shows that the linewidths

of the models with the lowest χ2
r are all smoothed to lower resolution than the

data.

If we allow the model fit to choose the optimum ∆λ, based on the

χ2
r values, but limit the maximum to ∆λ = 20 Å, the resulting distribution

of best-fit spectral resolutions is shown in Figure 4.22. Only 5 galaxies were

best fit by the instrumental resolution and 24 would have implied velocity
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Figure 4.19 Best fit spectral resolutions when minimum χ2
r is used as the only

criterion.

dispersions of σ∗ > 500 km s−1. This clearly cannot be correct, given that Cid

Fernandes et al. (32) find a maximum of ∼500 km s−1 and most other studies

find a maximum of ∼350 km s−1. Therefore, we conclude that we cannot

allow “velocity dispersion” to be one of our fitting parameters. Minimizing χ2

is not a valid way to determine velocity dispersions of these spectra, and their

quality does not allow measurement via more standard techniques involving

individual absorption lines. Perhaps similar problems contributed to the high

velocity dispersions of Cid Fernandes et al. (32). For all subsequent analyses,

we fit models smoothed to the instrumental resolution of the data.
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Figure 4.20 Reduced χ2 as a function of spectral resolution for the galaxies
that had minimum χ2

r for ∆λ > 20 Å. The filled circles mark the minimum
χ2

r and the ∆λ at which it occurs for each galaxy. Note that no models were
fit between ∆λ = 35 Å and 40 Å.
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Figure 4.21 Example of a bad fit to galaxy velocity dispersion for S7F5-841.
The plots on the left are for ∆λ = 20 Å and on the right are for ∆λ = 28 Å,
which gave the minimum χ2

r for this galaxy. The 28 Å model is smoothed too
much for the data.
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Figure 4.22 The distributions of best-fitting spectral resolution elements, ∆λ,
when limiting the maximum to ∆λ = 20 Å.

4.3.6 Ages and Metallicities

Derived galaxy parameters are presented here for SSP model fits to

the CN spectra of 45 MUNICS galaxies with S/N > 6 Å−1 and fits with

χ2
r < 9. Model spectra are smoothed to the instrumental resolution of each

galaxy and fit over the wavelength range of 3750 - 5550 Å from a grid span-

ning ages of 0.1 Gyr to the age of the universe at each galaxy redshift and

−1.0 > [Fe/H] ≥ +0.5.

Best-fit ages and metallicities as a function of redshift are shown in

Figure 4.23. The dashed line in the age plots marks the age of the universe at

each redshift. Any galaxies that appear slightly older are due to small random

shifts added to the points to prevent multiple objects from plotting directly on

top of each other. We have galaxies spread over all ages down to about 1 Gyr
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Figure 4.23 Derived SSP ages and metallicities. Top: Ages and metallicities
as a function of redshift for the sample of 45 galaxies. Large black circles are
S/N ≥ 20, medium blue circles are 10 ≥ S/N > 20, and small red circles are
S/N < 10 galaxies. The dashed lines in the age plots on the left mark the age of
the universe. Lower left: Average ages in redshift bins of dz = 0.2. The dotted
line is a linear fit. Lower right: Age vs. metallicity. The green line marks the
ridge of age-metallicity degeneracy. The three specific age-metallicity combi-
nations marked by open circles are discussed in Section 4.3.6.1.
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Figure 4.24 Distributions of galaxy ages and metallicities for continuum-
normalized spectral fits to the sample of 45 galaxies with [Fe/H] > −1,
S/N > 6 Å−1, and χ2

r < 9.

for redshifts up to z ∼ 0.4. With only four galaxies at higher redshifts it is

hard to say much about the ages there. Average ages in redshift bin widths

of z = 0.2 are plotted in the lower left of Figure 4.23. We see a decrease in

average age with redshift. The horizontal lines on these points are the redshift

bin sizes and the vertical lines are the standard deviations of ages in each bin.

A histogram of ages is shown in the left plot of Figure 4.24. We have a

distribution with peaks at 3-4 Gyr and 8-11 Gyr. The metallicity histogram

shows peaks at [Fe/H] = −0.6 and +0.4-0.5. We clearly see the group of

galaxies at [Fe/H] ∼ −0.6 in the lower right plot of Figure 4.23. Many galaxies

occupy a region that stretches from high [Fe/H] and young ages (+0.5, 3 Gyr)
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down to low [Fe/H] and old ages (−0.6, 11 Gyr), marked by the green line.

Age-metallicity degeneracy along this line is explored in the next section.

4.3.6.1 Age-Metallicity Degeneracy

The band of galaxies stretching from young ages with high metallicity

to old ages with low metallicity in Figure 4.23 lie along a ridge that is char-

acteristic of age-metallicity degeneracy, which may make their derived ages

and metallicities indistinguishable. We check the magnitude of this effect in

our model fits by analyzing the model spectra of objects along the band at

locations marked by the three open green circles along the line in Figure 4.23.

These model spectra are compared in Figure 4.25, in which the top plot shows

continuum-normalized spectra over our fitting range for objects at (1) 6 Gyr

and [Fe/H] = 0.0 (solid black), (2) 4 Gyr and [Fe/H] = +0.4 (dotted red),

and (3) 11 Gyr and [Fe/H] = −0.6 (dashed green). The bottom plot contains

the percent difference spectra of (1)−(2) (dotted red) and of (1)−(3) (dashed

green).

We see that maximum flux differences of 6-8% differentiate the spectra

with average differences of only 0.6-1.3%. At first this seems a dire situation,

since a spectral S/N of ∼170 RE−1 would be required to distinguish between

the three spectra. However, when we consider that we have more information

than a single point with 130 resolution elements across this spectral range, each

with independent noise, our S/N requirement goes down by the square root of

the number of elements to S/N ∼ 15 RE−1, or 4 Å−1. This is the minimum,
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Figure 4.25 Continuum-normalized model spectra with age-metallicity degen-
eracy. Top: black solid is (1) 6 Gyr, [Fe/H] = 0.0; red dotted is (2) 4 Gyr,
[Fe/H] = +0.4; green dashed is (3) 11 Gyr, [Fe/H] = −0.6. Difference spectra
are on the bottom: red dotted is (1)−(2), green dashed is (1)−(3).
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Figure 4.26 Spectral fit of S5F1-463, which is a high S/N galaxy with an old
age and low metallicity.

so in reality we need 2-3 times this for more than a 1σ differientiation. We

assume that a S/N ∼ 45 RE−1 or 12 Å−1 should be sufficient. This is close the

same number that was determined in our S/N study in Section 3.5.1 where a

spectral resolution of ∆λ = 13.5 Å, required a S/N ∼ 10-20 Å−1.

We have 25 galaxies in the sample with S/N > 10 Å−1 and 2 with

S/N > 20 Å−1. Interestingly, one of the two highest S/N galaxies (S5F1-463)

is a member of a group of 15 galaxies that occupy the old, low metallicity region

(> 7 Gyr, [Fe/H] ≤ −0.3) of Figure 4.23 at 10 Gyr and [Fe/H] = −0.6. Such

low metallicities are not expected for old early-type galaxies have had time to

be enriched by supernovae. In fact, the lowest metallicity star-forming galaxies
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observed are at [Fe/H] ∼ −0.5. The fit of S5F1-463 is shown in Figure 4.26.

The only out of the ordinary feature, a sky line residual at 4650 Å, is masked

out in the fit. Three other galaxies in this group have 10 < S/N < 20. From our

statistical S/N argument it seems that the data for 4 of the objects in the old,

low metallicity group should be sufficient to correctly choose the best-fitting

model, in spite of age-metallicity degeneracy. Nevertheless, it is surprising to

have such old early-type galaxies with metallcities this low. Many of the 15

galaxies in this region have ages as old as the universe at their redshifts, which

range from z = 0.176 to 0.473, and are therefore maxing out at the oldest

age in their model grid. Their ∆χ2 contours are shown in Figure 4.27. Many

show degeneracy in their contours at the 2-3σ confidence level that would

take the metallicities up to near solar or higher. It seems that age-metallicity

degeneracy is the only reasonable explanation for them to occupy this space.

We have removed much of the age information by normalizing out the

continua of the spectra. Although we found with globular clusters that the

models have problems matching continua, correct continua help tremendously

in differientiating between degenerate solutions. Figure 4.28 shows the percent

difference between model spectra containing their continua for the same age-

metallicity combinations shown in Figure 4.25. We now see much larger dif-

ferences of 5-20%. Combining spectral line information from our CN fits with

broadband photometry may give us some of that distinguishing power back

and help to break otherwise subtle degeneracies in the lines alone. Photometry

also suffers from continua differences, but its broad band nature averages over
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Figure 4.27 ∆χ2 contours of old low metallicity galaxies, arranged by high S/N
in the upper left to low S/N in the lower right.
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Figure 4.28 Model spectra with possible age-metallicity degeneracy. (1) 6 Gyr,
[Fe/H] = 0.0; (2) 4 Gyr, [Fe/H] = +0.4; 11 Gyr, [Fe/H] = −0.6. Difference
spectra: red solid is (1)−(2), green dashed is (1)−(3).

some of the details that are problematic for spectral fits where the continuum

shape dominates the fit over the lines. There should be a way to combine the

information from the two types of data to break degeneracies inherent to both

individually. Fits to photometric data are explored in the next section.

4.3.7 Photometric Fits

In addition to the spectra, we also fit SSPs to the BVRIJK photometry

of the MUNICS galaxies, as was done with the globular clusters in Chapter 3.

Model fluxes are calculated by convolving MUNICS filter transmission curves

with model spectra from the same grid that was used for fitting the galaxy

spectra (ages from 0.1 Gyr to the age of the universe at each redshift and [Fe/H]
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Figure 4.29 Age and [Fe/H] distributions from SSP model fits to the photom-
etry of the final sample of 45 MUNICS galaxies.

from −1.0 to +0.5). The model fluxes are scaled to the observed filter fluxes

via an overall normalization constant that is uniquely determined for each

model, similar to that used to normalize the model spectra in Equation 2.2.

The model fitting and χ2 minimization is performed in the same manner as

for the spectra, only now we have an entire photometric band as each data

point instead of a wavelength point in the spectrum.

The distributions of ages and metallicities derived from broadband pho-

tometry are quite different from those derived from spectra, as shown in Fig-

ure 4.29. Photometric fits yield much younger ages and higher metallicities

than the spectroscopic fits. In the photometric results the highest metallicity

in the model grid, [Fe/H] = +0.5, contains 35-42% of the galaxies, with 33-

38% in the next lower bin of [Fe/H] = +0.4. In contrast, our spectroscopic fits
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Figure 4.30 Ages and metallicities from photometric fits. The points are coded
by spectral S/N for easier comparison to spectral fits in Figure 4.23. Green
crosses mark galaxies with photometric χ2

r > 10. Bottom left: Average pho-
tometric ages in redshift bins of dz = 0.2. Horizontal bars mark the bin sizes,
vertical bars are ±1σ ages, and the dotted line is a linear fit.
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resulted in 11-18% of the galaxies at +0.5 and 18-24% at +0.4. We no longer

have the worry about old galaxies having low metallicities because neither old

galaxies nor low metallicities exist in the photometric results, where only 5

galaxies are older than 6 Gyr and no metallicities are below solar. The age

distribution has changed to a strong peak at 2-3 Gyr with only a small tail

to older ages. Ages and metallicities as a function of redshift are shown in

Figure 4.30. Average ages still show a trend with redshift, but not as strong

as with the spectral ages.

The χ2
r values for the photometric fits are higher than for the spectral

fits, since we now have only 6 data points. Average values are ∼13.6 for

photometry and ∼2.3 for spectra. Examples of photometric fits for S6F5-916,

S5F1-226, S2F1-270, and S5F1-717 are shown in Figures 4.31 and 4.32 along

with the galaxies’ continuum-normalized spectral fits for comparison. These

are all galaxies that had similar results from photometric and spectral fits,

ages within 2 Gyr and [Fe/H] within 0.3 dex. In Figure 4.31 the plots on the

left are photometric fits. The filled circles are the observed galaxy photometry,

deredshifted to the rest frame, and open triangles are the best-fitting model

photometry. Typical fitting errors in particular bands, causing the high χ2
r

values (top to bottom: 22.5, 8.5, 3.6, and 4.7, average of 9.8), can be seen in

these galaxies. Vertical bars represent the errors in the observed photometry

and the horizontal bars mark the photometric bandwidths. For reference, the

green spectra are the best-fitting photometric models.

On the right we have the continuum-normalized spectral fits. The solid
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in ages within 2 Gyr and [Fe/H] within 0.3 dex.
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Figure 4.32 Examples of ∆χ2 space for SSP photometric and spectroscopic fits
that resulted in ages within 2 Gyr and [Fe/H] within 0.3 dex.
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black spectra are the data and the dashed cyan spectra are the best-fitting

models. The dotted lines mark a flux value of one, approximately where the

continuum level should lie after our normalization. The spectral S/N Å−1 of

these galaxies is, top to bottom, 8.6, 12.0, and 12.9 (average of 11.2), and re-

spective χ2
r values are 1.88, 2.25, and 2.02 (average of 2.05). The ∆χ2 contours

in Figure 4.32 show that all galaxies exhibit age-metallicity degeneracy. These

are some of the galaxies where spectral and photometric fits chose similar ages

and metallicities within the same contours, a situation that does not always

happen.

Galaxy by galaxy comparisons of parameters derived from photometric

and spectroscopic fits are shown in Figure 4.33. We see the familiar behavior

of old low metallicity objects moving to young high metallicity objects. The

bottom plot shows results from both types of fits in age-metallicity space.

The large black circles are the spectral fits and the smaller green circles are

the photometric fits. The two points for each galaxy are connected by a red

dashed line. The error bars (black for spectral points and green for photometric

points) are 1σ. All of the galaxies that were classified as old and metal poor

from their spectral fits change to younger and metal rich in their photometric

fits. We investigate the 4 of these galaxies with the highest spectral S/N

(S5F1-463, S5F1-174, S6F5-592, and S6F5-756) in Figures 4.34 and 4.35.

The galaxy fits in Figure 4.34 are of slightly lower quality than those

in Figure 4.31. The χ2
r values are, top to bottom, 20.3, 13.6, 6.4, and 7.0 for

photometry (average of 11.8) and 3.72, 1.80, 5.33, and 4.33 for spectra (average
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of 3.8). The respective S/N of these galaxies is 20.1, 10.9, 10.3, and 9.0 (average

of 12.6). For all except the highest S/N galaxy (S5F1-463), the quality of the

fits appears worse than the previous group. The ∆χ2 contours show different

behavior than before. Now the solutions from photometry and spectra appear

in separate contours that are not present in the other type of fit. Only in the

lowest S/N galaxy, S6F5-756, do we see a second set of contours appearing

in the spectral fit, but not in the same location as that of the photometry

for this galaxy. It must be the case that age-metallicity degeneracy for our

observational noise level, which sets the sizes of the contours, does not show

up at the 99.9% confidence level.

For some reason, the spectra and photometry drive the result to oppo-

site ends of the degeneracy ridge. In the globular cluster study we saw cases

of models biasing toward red SEDs to match features of the data that are not

properly included in them, particularly for the photometric fits of young ob-

jects. High metallicity and old spectra are both red. It is interesting that the

photometric fits are so skewed toward high metallicities rather than old ages.

Most of our photometric fits to the MUNICS galaxies choose models near the

maximum metallicity in the grid rather than maximum age. The cause of this

behavior is investigated further in Section 4.3.7.3.

4.3.7.1 Iterative Fits

We attempt to take adavantage of the metallicity information contained

in the spectral lines and of the age information contained in the photometric
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SEDs by doing iterative fits. These fits begin with the results from the spectral

fits alone. We hold that metallicity constant and fit the age with photometry,

then that age is held constant and we refit the metallicity with the spectrum.

This is done for 5 iterations to see if the results begin to converge on a common

answer or diverge. Results are shown in the top row of Figure 4.36. The left two

plots show paths through age-metallicity space for individual galaxies, which

are each coded with a different color. The beginning points are marked by open

circles and the ending points by crosses. The galaxies tend to walk along ridges

of age-metallicity degeneracy. The plot on the right shows beginning (open

circles) and ending (filled circles) solutions for each galaxy. Seven galaxies

stayed put at their beginning solution, but most diverged off to the edge of

the model grid. Of the 7 that did not move, 1 was a galaxy that initially

had similar answers from both spectra and photometry, S6F5-403. Four were

galaxies in the old low metallicity corner from spectral fits. Since we have

pinned the metallicity to that determined by the spectrum, these seem to be

trapped down in that corner with no solution that can fit the photometry at

such low metallicity.

The second row of plots in Figure 4.36 is from a run of iterative fits that

began with results from photometry instead of spectroscopy. This time 11 of

the galaxies stayed put. Three of these were galaxies that had similar answers

with spectra and photometry alone, S2F1-270, S5F1-226, and S6F5-403 (the

same one above). Overall the galaxies tend to get driven to further extremes of

old age and high metallicity than when we started the iteration with spectral
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results.

In both iterations galaxies get driven to the edge of the model grid, ei-

ther to the oldest ages or the highest metallicities. Both of these extremes are

typically redder spectral energy distributions. Alone, the photometry sends

galaxies to the high metallicity extreme and spectra tend to send the galax-

ies with degeneracy to the old age and low metallicity extreme. The ending

age-metallicity states of the two iterations are shown on the bottom row of

Figure 4.36. On the left is the run that started with spectral fit results, in the

center is the run that started with photometric fit results, and on the right

is both ending states with the same galaxies connected by dashed lines. Al-

though the galaxies occupy similar regions in the left two plots, the right plot

shows that 10 of the galaxies fall on opposite extremes in the two cases. These

must be galaxies that are more susceptible to degeneracy. Twenty-six galaxies

ended in the same places in both iterations, but at the edges of the grid. The

iterative fits did not converge on plausible answers, which means that age and

metallicity are not separable into quantities that can be derived from photom-

etry or spectra alone. We need to find a way to simultaneously combine the

two kinds of fits if we hope to break the age-metallicity degeneracy.

4.3.7.2 Combining Photometry and Spectroscopy

It should be possible to simultaneously combine fits to the spectroscopy

and the photometry to use the different kinds of information contained in each.

The simplest way would be to combine the two Σχ2 values for each galaxy
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with equal weights, but we should also consider the information content of

each. The spectra contain much more detailed line information, but cover a

very narrow spectral range. Photometry covers a very broad range and pro-

vides continuum information, but lacks the details of spectra. It would seem

that the lines in continuum-normalized spectra should provide detailed infor-

mation, particularly about the metallicity of the galaxy and that broadband

photometry should add the missing continuum information about the mix of

stellar populations and thus the age of the galaxy. However, our whole rea-

son for normalizing the continua out of the spectra was go avoid problems in

flux calibration of the data and in models not predicting the correct continua

shapes. Near infrared photometry in particular will also be affected by these

model problems. Although the broadband photometry should be a way for us

to gain back some of the powerful age information contained in the continua,

we have to keep in mind the biases that it may have.

One consideration when combining the two types of data is that the

spectra and photometry have very different S/N levels. The spectra are at

S/N ∼ 20-70 RE−1, while photometry has S/N ∼ 50-300 band−1. We use the

S/N and the number of resolution elements in each to devise weights for their

combination. For example, assume the spectral S/N = 20 RE−1 and that we

have 130 resolution elements of ∆λ = 13.5 Å in the fitting range of 3750-

5550 Å. The photometry S/N = 100 band−1 and we have 6 bands. Therefore,

the adjusted photometry S/N is 100
√

6 = 245 and the adjusted spectral S/N

is 20
√

130 = 228. The photometry weight is then wp = 245/(245+228) = 0.52
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and the spectroscopy weight is ws = (1-wp) = 0.48. We calculate these weights

for each galaxy, based on its S/N, and use them to combine the photometric

and spectroscopic fits. Because the photometry S/N is so much higher than

that of the spectra, the photometry weights are high. We impose a maxi-

mum weight limit of 0.5 for the photometry so that is never counts more than

the spectrum in the fit. This approach has not incorporated the bandwidth

and information detail differences in spectra and photometry, but the statis-

tically correct way to do this is not as apparent. We begin with just the S/N

weighting. The combination is done as in Equation 4.4.

Σχ2
comb = wp Σχ2

phot + ws Σχ2
spec (4.4)

Weights calculated in this manner are nearly equal for all galaxies. The

average photometric weight is wp = 0.488 with a standard deviation of 0.037

and a minimum of wp = 0.279. Results from the fits combined with these

weights are shown in Figure 4.37. The plot on the left shows all three types

of fits (spectral, photometric, and combined) in age-metallicity space. The

red diamonds are spectral fits, the green circles are photometric fits, and the

black crosses are the combined fits. Red dashed lines connect the spectral

fits of each galaxy to its combined solution and, likewise, green dotted lines

connect the photometric fits of each galaxy to its combined fit. Even though

the weights on the Σχ2 values are nearly equal, we see the combined fits being

dominated by the photometry. This is because, in general, the Σχ2
phot values

are more steeply peaked than Σχ2
spec, so when combining the two numbers with
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equal weights, small moves away from the model with the minimum Σχ2
phot will

rapidly increase the Σχ2
comb, causing the combined minimum to be very close

to photometric minimum. All the low metallicity spectral fits are pulled up

to the high metallicity space occupied by the photometric fits. The plot on

the right shows just the results from the combined fit with points codes by

galaxy S/N (note the different axis scale). None fall below metallicities of

[Fe/H] = −0.1 and all but 2 are at [Fe/H] > +0.1.

4.3.7.3 Limiting the Photometric Bands

We need to investigate why the photometry chooses such high metallici-

ties. If it is to make the models redder to match the data, choosing old galaxies

should do the same. In Chapter 3 we discussed stars that can drastically affect

the near infrared luminosity of globular clusters, thermally-pulsing asymptotic

branch stars. It has been suggested that these stars will also adversely affect

integrated light from young galaxies (106), so much so that their presence as a

near infrared excess could be used to date the galaxies. According to models

by Maraston, up to 70% of the rest frame K-band light from a stellar popu-

lation at an age of 1 Gyr could be contributed by light from these stars. We

are helped somewhat by the galaxy redshifts that make our observed K band

bluer, but it still could be a systematic bias. If indeed our data are redder

than the models, the K-band photometry point could be throwing off our fits.

When we look in detail at the model spectra, we see large features in the

continuum that appear around ∼ 1 and 1.7 µm in high metallicity models. If
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the galaxy’s redshift situates these features near the observed J and K bands,

which happens at z ∼ 0.2-0.4, they may be the reason that high metallicity,

rather than old age, better matches the redder SED of the galaxy.

We see evidence of this behavior in Figure 4.38, which shows some

examples of our photometric fits to galaxies that have similar ages at low and

high metallicities. The top plot is S2F1-561, a galaxy at a redshift of z = 0.184

with a best fitting age of 2 Gyr and a metallicity of [Fe/H] = −0.3. This is a

case where the near infrared bands are fit well by a low metallicity model. The

second plot of S2F1-724 at z = 0.252, however, is one that chose a similar age

but much higher metallicity of [Fe/H] = +0.5. The high metallicity continuum

features in the model spectrum are apparent at the J and K band photometry

points. The bottom plot shows S2F1-621 at z = 0.602. The redshift of this

galaxy puts these near infrared spectal features beyond the observed K-band,

so the best fitting model is at a lower metallicity of [Fe/H] = +0.2, even

though the K-band point of the galaxy is well above that of the model. This

is a case where the observed near infrared photometry could not be fit well by

any model.

Since we have reason to suspect the possibility of a near infrared excess

in the data over the models, and we see evidence of the observed K-band being

higher than the models for some galaxies, we will now exclude the J and K

bands from our photometric fits. Age and metallicity results from these fits

are compared in Figure 4.39. The top plots are fits to all photometric bands

(left) and to the spectra (right), which are repeated from previous figures
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Figure 4.38 High metallicity models and the observed K-band.
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for reference. The center row is fits without the K band. On the left is

photometric fits to BVRIJ and on the right is this photometric fit combined

with the spectral fit on the top right. If we compare the photometric fit to that

with all bands, we see that many galaxies have moved to lower metallicites.

The age-metallicity space occupied by the galaxies now is closer to that of

the spectral fits, with a continous band beginning to stretch down to the old

low metallicity corner, but with most galaxies still at [Fe/H] ≥ −0.4. The

combined fit on the right shows a similar distribution to the photometric fit,

but with fewer galaxies at the high metallicity extreme and more at slightly

lower metallicities.

The bottom row contains fits without the J or K bands, with the pho-

tometric fit to BVRI on the left and this fit combined with spectral fits on

the right. These photometric fits through I band cover through λ ∼ 7000-

8500 Å, farther than our spectral fits through 5500 Å, but the age-metallicity

distribution now matches that of the spectral fits even more. We see a group

of old low metallicty galaxies and the rest occupy a large range of young to

moderate ages at metallicities mostly above solar. The combined fit blends

these two groups into a more continuous band with minimum metallicites at

[Fe/H] ∼ −0.5, or 1/3 solar, except for 3 low S/N galaxies.

As we limit the spectral range of the photometry two things happen.

First, we lose some of the power of photometry in covering a very broad spectral

range that gives information about the mix of stellar populations. If we did

not have model problems with the near infrared points, they provide a huge
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Figure 4.39 Results with and without the near infrared bands. Top left: phot
BVRIJK, center left: phot BVRIJ, bottom left: phot BVRI, top right: spectra,
center right: combined BVRIJ, bottom right: combined BVRI. Symbol legend
is in the top right plot. Labels of “total” on the plots refer to the combined
fits.
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lever arm for breaking degeneracies that can occur when only looking in the

optical range. This is supported in part by the growth in error bars on age

and metallicity estimates in Figure 4.39 as we remove more bands. Part of this

growth is due to lower S/N in the optical photometry points, but part is due

to the fact that we have more uncertainty with fewer points to constrain the

answer. Second, as we limit bands we are approaching the range covered by the

spectra, so we would expect the results to more closely match. It is reassuring

that the continua and the spectral lines give similar, though not exactly the

same, results. We have identified the reason for the discrepancy between our

results from spectra and photometry. Given the degeneracy between near

infrared luminous stars and high metallicity, it seems that our best approach

is to combine spectral fits with photometric fits to all bands except for K and

maybe J.

Further results from combined fits are given in Figure 4.40. The left

column is the combined fits without the J and K band photometry and the

right column excludes only the K band. Average ages in redshift bins of z & 0.2

are nearly the same in both cases. The lowest redshift bin, however, changes

substantially. The number of galaxies in each bin are written just above the

redshift axes of the plots. The lowest bin contains only 6 galaxies and in

the center row of plots we see two of these galaxies changing from the age of

the universe with no J or K band (left) to much younger ages (and higher

metallicities in the bottom plots) with the J band included (right). Two other

galaxies in this bin also get younger when the J band is included. This brings
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Figure 4.40 Further results without the near infrared bands. Left column:
combined fits with BVRI. Right columm: combined fits with BVRIJ. Top
row: average age in redshift bins of z = 0.2. Center row: age as a function of
redshift. Bottom row: metallicity as a function of redshift.
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the average age of the bin from 8 Gyr with no J or K down to 5 Gyr with

the J band included. Galaxies above z ∼ 0.4 do not have their J and K band

points affected by the continuum features discussed earlier, so they stay about

the same even though the last two bins also contain a low number of galaxies.

Similar plots for fits to the spectra alone are in Figure 4.23 and to all

bands of the photometry alone are in Figure 4.30. The average ages for the

spectral fits were similar to those of our combined fits without both J and K

bands, except with not quite as steep of a slope with redshift. The average ages

in the low and high redshift bins were lower by about a Gyr for the spectral

fits. The photometric fits to all bands gave much lower ages overall at a slope

similar to our combined fits without the K band, except for the lowest redshift

bin, which was higher for the photometry. Galaxies at redshifts of z . 0.2

are the most affected by changes in the way we do the fits. These galaxies

seem the most susceptible to such changes inducing large movements along the

age-metallicity degeneracy ridge. Similar behavior is seen for a sample of local

galaxies discussed in Section 4.3.10. The older ages of these galaxies are likely

to be one of the reasons for this behavior. They have had more time than

younger galaxies for star formation events to occur throughout their lifetimes,

possibly making their populations more mixed and harder to describe with

an SSP model. This could be the reason for their increased susceptibility to

age-metallicity degeneracy. We explore this further with 2 population fits in

Section 4.4.

The distributions of ages and metallicites from our combined fits are
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shown in Figure 4.41. The distributions without J and K bands, on the left,

have a mix of ages and metallicities, similar to the spectral fits in Figure 4.24.

The distributions that include the J band, on the right, peak at low ages and

high metallicites, similar to, though not as pronounced as, the photometric

fits to all bands in Figure 4.29. Age-metallicity degeneracy can be seen in the

3σ error bars at the highest metallicity and low ages around 3 Gyr in both

cases. We investigate how these different age distributions affect the galaxy

formation redshifts in the next section.

4.3.8 Formation Redshifts

Formation redshifts can be calculated from the galaxy’s age and the

lookback time to its redshift. The redshift corresponding to the total lookback

time, tgalaxy + tlookback, is the galaxy’s formation redshift. We use a lookback

time calculator that solves Equation 4.5 for a given cosmology using the built-

in Yorick Romberg integrator. We adopt cosmological values of ΩM = 0.3,

ΩΛ = 0.7, and Ho = 70 km s−1 Mpc−1 throughout this work.

tlookback =

[

Ho

∫ z

0

[

(1 + zΩM) (1 + z)2 − z (2 + z)ΩΛ

]−1/2

1 + z

]−1

(4.5)

The formation redshifts calculated from our dervived ages are shown

in Figure 4.42 as a function of galaxy redshift for different types of fits. The

formation redshifts from photometric fits, in the upper right, show a strong

trend with galaxy redshift because all the galaxies come out young in this case.

At any given redshift, the galaxies formed just a few Gyr before that time.
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The rest of the types of fits show a wide range in formation redshifts at any

given galaxy redshift, implying a mix of formation histories for the galaxies.

This was also seen by Longhetti et al. (100) who used photometry and very

low resolution near infrared spectra to estimate ages of MUNICS galaxies at

z ∼ 1.5, none of which overlap with our sample.

The distributions of formation redshifts are shown in Figure 4.43. Note

that the redshift axes are plotted on log scales to be more analogous to time,

but still keep our easily recognizable units of z. The most apparent feature

of these histograms is that although the detailed distributions change with

different types of fits, the highest peak always remains at zf = 0.5−2. The

spectral and combined fits have a second lower peak at zf = 5−10. With only

45 galaxies in the sample we cannot say much about the history of galaxy

formation, but 58% of these 45 early-type galaxies appear to have had major

formation events at z ∼ 1 and 15% of them also had events at z > 5.

4.3.9 Galaxy Stellar Masses

Galaxy stellar masses are calculated from the M/L’s of the best-fitting

models, as described in Section 4.3.4. The BC03 package outputs M/L for

SSP models of given age and metallicity. The dependence of M/LV on these

parameters is shown in Figure 4.44, where the green squares are the BC03

model points and the curves are our polynomial fits to these points for ages

from 0.5 Gyr (bottom) to 14 Gyr (top) at metallicities of −1.0 < [Fe/H] < +0.5.

The thick dashed line marks a M/LV = 2, which is near our median of 1.76
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Figure 4.42 Formation redshifts calculated from our ages derived from different
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Figure 4.43 Distributions of formation redshifts. The bottom row compares
the combined fits to their constituent spectral and photometric fits. Combined
fits are solid black, spectral fits are red dashed, and photometric fits over the
bands labeled are green dotted lines.
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for the MUNICS galaxies. The marked M/L could occur for a galaxy at 4 Gyr

and [Fe/H] = +0.5 or for one at 11 Gyr and [Fe/H] = −1.0. These galaxies

fall along the same age-metallicity degeneracy ridge that we have previously

noted. This behavior is not surprising when we consider the details of the

model spectra. The spectral shapes along this degenracy ridge are similar

over optical wavelengths, particularly for our continuum-normalized spectra

as seen in Figure 4.25. Because the model spectra are all normalized to a total

stellar mass of 1 M�, this means that their normalized V-band fluxes will also

be similar making the M/LV ’s all about the same. The consequence of these

circumstances is that the models are not very sensitive to mass. Galaxies with

very different ages and metallicites along the degeneracy ridge can end up with

very similar mass estimates.

An example of this behavior is a comparison of our fits to spectra and

photometry, which result in very different ages and metallicities. Figure 4.45

compares ages, metallicites, M/L’s, and masses derived from our fits to the

spectra and photometry of MUNICS galaxies. Although the ages and metallic-

ities derived from the two methods disagree, the masses correlate rather well,

with a standard deviation of 0.2 dex. The masses from photometry are gen-

erally lower than those from spectra by about 0.1 dex, corresponding to their

generally younger ages. The galaxies that have higher photometric masses

are the ones that also had older ages than those from spectra. The mass de-

pendence is mostly on age, as we see that the galaxies with the largest mass

differences of >0.35 dex (marked by red crosses in the plots) are those at the
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Figure 4.44 M/LV dependence on age and metallicity. The green squares are
BC03 model points. The curves are fits to the model points at ages from
0.5 Gyr (bottom) to 14 Gyr (top) and metallicities of −1.0 < [Fe/H] < +0.5.
The dashed line marks M/LV = 2.
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extremes of age differences and not necessarily large metallicity differences.

The good news is that similar masses can be derived from photometry and

spectra. Comparable results were found by Drory et al. (48), who compared

their stellar masses of SDSS galaxies estimated from broad band photometry

to those from spectral features, the 4000 Å break and Hδ line, by Kauffmann

et al. (88). They found an rms scatter of ∼0.2 dex in the two mass estimates,

the same as we find using a larger spectral range.

Formation redshift, age, and metallicity distributions are broken down

by galaxy stellar mass in Figure 4.46 for the combined fits using BVRIJ

photometry. We divide them into the 3 mass ranges used by Juneau et al.

(86) in their analysis of the dependence of star formation history on stellar

mass in GDDS galaxies: M∗/M� > 1010.8, 1010.2 < M∗/M� < 1010.8, and

M∗/M� < 1010.2. The ages and metallicities seem to be evenly distributed

throughout all masses, but we see a possible trend in the formation redshifts.

The most massive galaxies appear to have formed their stars earlier. For mas-

sive galaxies we see a peak at zf ∼ 1−2, with a tail to higher redshifts. For

intermediate and low mass galaxies the zf peak occurs at zf ∼ 0.5−1. This

behavior supports the popular downsizing scenario (38) where star formation

has moved from high mass galaxies at earlier times to lower mass galaxies at

later times.

The transition from the formation of low and intermediate mass galaxies

to high mass galaxies over zf = 0.5-2 is more easily seen in the unbinned data

of Figure 4.47. If this relation holds up (keeping in mind that this project
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crosses mark galaxies with mass differences of > 0.35 dex between the spectral
and photometric fits.
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ent galaxy stellar mass ranges.
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is still a work in progress), the transition to higher mass galaxies forming at

z & 1-2 matches results from recent star formation rate studies. Juneau et

al. (86), whose mass bins we have marked as dashed lines in Figure 4.47, find

that the cosmic star formation rate density (SFRD) is a strong function of

stellar mass. The SFRD in their high mass bin is a factor of 6 higher at z = 2

than at present. Their intermediate mass bin peaked or plauteaued at ∼1.5,

has steeply declined since z ∼ 1.2, and reached the present-day level at z < 1.

Since then most of the SFRD has been in the low mass galaxies. Our formation

redshifts can be thought of as the redshifts at which the galaxies were actively

forming stars. We see a similar transition at z ∼ 2 where the mass of galaxies

being formed begins to steeply decline toward lower redshifts.

Bauer et al. (9) and Feulner et al. (55) study the specific star formation

rates of MUNICS and FORS Deep Field galaxies. They both find that high

star formation rates in massive galaxies, 1011 M� (marked by the dotted line

in Figure 4.47), disappear at z . 1, implying that the massive galaxies formed

their stars earlier. Our results are very preliminary, but if our derived galaxy

parameters hold, we may have shown the same thing from the formation times

of stars in passive galaxies at lower redshifts, taking the “archaeological” ap-

proach of (155) who study local early-type galaxies in an attempt to determine

their formation histories. Some of their results are mentioned in the next sec-

tion.
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4.3.10 Local Galaxy Comparison

For comparison, we analyze a group of local galaxies from a database of

UV-optical spectra of nearby galaxies by Storchi-Bergmann, et al. (149), which

contains 22 quiescent elliptical galaxies. The data are compiled from IUE

spectra over 1200-3300 Å and from ground-based spectra over 3200-10,000 Å at

a minimum resolution of ∆λ = 10 Å. The spectral S/N Å−1 of these data are

slightly higher than that of the MUNICS galaxies with an average of 23, a

minimum of 9, and a maximum of 36. Their broad rest frame wavelength

coverage provides the opportunity for more adequate tests of the effects of

spectral coverage on resulting ages and metallicities of early-type galaxies.

Our estimated ages and metallicites of these local galaxies are shown

in Figure 4.48 for continuum-normalized fits to their spectra over the ranges

of λ > 3325 Å, which is the wavelength at which the BC03 models begin

their high resolution region, and over 3750-5550 Å, which is the range used

for the MUNICS galaxies. The ending wavelengths of the local galaxy spectra

range from ∼ 7000 Å to 1 µm. The plot on the left shows where the galaxies

fall in age-metallicity space for fits over the wide spectral range. The galaxy

symbols are coded by their S/N, as given in the legend. About half are at

ages above 2 Gyr and at high metallicities. The other half have moderate ages

at low metallicities. These local galaxy results are a little different from the

higher redshift MUNICS galaxies (Figure 4.39, top right plot). Their highest

metallicities are lower than MUNICS galaxies, and the low metallicity galaxies

are younger, all below 10 Gyr except for one low S/N galaxy.
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Figure 4.48 Ages and metallicities of local galaxies. Left: CN spectral fits over
λ > 3325 Å. Right: comparison to fits over λ = 3750-5500 Å. Large black circles
are the wider wavelength range, small green circles are the narrow wavelength
range, red dashed circles connect the two for each galaxy.
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The plot on the right shows how the galaxies move in age-metallicity

space when their spectra are fit only over the MUNICS range of 3750-5500 Å.

The galaxies initially at the highest metallicites with the wide spectral range

are pushed even higher when fit over the more limited range. Many of the ini-

tially lower metallicity galaxies are pushed to old age extremes or low metallic-

ity extremes. We end up with two distinct galaxy groups: one that stretches

from old and high metallicity (10 Gyr, +0.4) to young and low metallicity

(1.5 Gyr, −0.8), the opposite direction of age-metallicity degeneracy, and a

second group that lies along the low metallicity and old age extremes of the

model grid. The cause of the galaxies’ locations at the grid extremes does not

appear to be solely due to low S/N. A few of the higher S/N galaxies appear

in these locations, as was seen with the MUNICS galaxies, and some of the

lower S/N galaxies appear up among the other “normal” group. This implies

that our old low metallicity MUNICS galaxies may be stuck there because of

their limited wavelength coverage. Similar behavior was seen when spectral

fits of MUNICS galaxies were combined with BVRIJ photometry and some

moved from this corner to younger ages and higher metallicities, as do the

local galaxies when a wider spectral range is used in the fit.

Investigation of the spectral fits does not lend further clues as to why

the galaxies split into these two groups. The fits to the galaxies in “normal”

age-metallicity space look good, as do some at the lowest metallicities. Fig-

ure 4.49 shows two example spectra of galaxies with similar S/N (∼16 Å−1),

χ2
r values (∼5.5), and best-fitting metallicities of [Fe/H] = −1.0 for fits over
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3750-5550 Å. On top is NGC 3115, which clearly looks like a bad fit. On the

bottom is NGC 7083, which appears to fit the data much better at a very old

age of 13 Gyr. While it is not surprising that a spectrum that cannot be fit

well might choose a model with the lowest metallicity and fewer lines, it is not

clear why a galaxy like NGC 7083 that should have sufficient S/N would end

up in this location. With the wider spectral range this galaxy was at 8 Gyr

and [Fe/H] = −0.8.

There have been many other studies on local galaxies. We mention two

here that used line indices with variable abundance ratios to estimate ages

and metallicities of elliptical galaxies in the field and in clusters, Trager et

al. (160) and Thomas et al. (155). The results are compared in Figure 4.50.

Our local elliptical galaxy sample (fit over the wide range) is shown by the

black crosses, local ellipticals from Trager et al. are the black circles, local

ellipticals from Thomas et al. are the red triangles, our MUNICS early-type

galaxies are the blue squares, and our globular clusters from Chapter 3 that

fall in this region of age-metallicity space are shown by the green diamonds.

Although our fits extend to lower metallicities, the metallicity estimates from

Trager et al. and Thomas et al. also go down to [Fe/H] ∼ −0.4 for the oldest

galaxies. Their results also have an age-metallicity relation that follows the

sense of degeneracy, although at a different slope than our results from using

the entire spectrum.

Galaxy metallicity distributions from the three studies are shown in

Figure 4.51. The top two plots are local galaxies from Trager et al. (160) and
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Figure 4.49 Examples of local galaxy spectral fits with [Fe/H] = −1.0. Top:
NGC 3115 is a bad fit. Bottom: NGC 7083 looks like a good fit at an age of
13 Gyr.
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Figure 4.50 Comparison to other ages and metallicities. Black circles are local
ellipticals from Trager et al. (160), red triangles are local ellipticals are from
Thomas et al. (155), black crosses are our local ellipticals, blue squares are our
MUNICS early-type galaxies, and green diamonds are our globular clusters.
Open symbols are cluster galaxies and filled symbols are field galaxies.
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Figure 4.51 Metallicity distributions from different studies. Top left: Trager
et al. (160), top right: Thomas et al. (155), bottom left: our local galaxies,
bottom right: our MUNICS galaxies. The red dashed lines are galaxies in high
density environments.
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Figure 4.52 Age distributions from different studies. Top left: Trager et al.
(160), top right: Thomas et al. (155), bottom left: our local galaxies, bottom
right: our MUNICS galaxies. The red dashed lines are galaxies in high density
environments.
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Thomas et al. (155). The bottom left plot is our local galaxy sample and the

bottom right is our higher redshift MUNICS galaxies from the fits that combine

spectra and photometry described in Section 4.3.7.2. The metallicities of the

other two studies peak at [Fe/H] ∼ 0.0-0.1 with fairly symmetric distributions

around the peak. Our distributions look different. Even if we ignore our lowest

metallicity galaxies, [Fe/H] < −0.5, the local galaxies peak slightly higher at

[Fe/H] ∼ +0.2-0.3 with a tail to [Fe/H] ∼ −0.5. Our higher redshift MUNICS

galaxies peak at an even higher metallicity of [Fe/H] ∼ 0.3-0.4 with a similar

tail to lower metallicites.

Age distributions are shown in Figure 4.52. The age distributions of

local galaxies look more similar than those of metallicities. Our local galaxy

sample (lower left) looks very similar to Trager et al. (upper left). They both

peak around 6 Gyr, but are fairly flat from ∼ 2-9 Gyr. Both Thomas et

al. (upper right) and our MUNICS galaxies (lower right) peak at lower ages

of ∼ 1-4 Gyr with tails to old ages.

If our parameter estimates suffer from age-metallicity degeneracy, it

appears that studies using line indices do to some extent as well. Nevertheless,

our distribution of galaxy metallicities is skewed toward higher values than

those of other studies, which could mean we are more biased by degeneracy.

In the next section we look at our results from fits at solar metallicity.

We have a few local galaxies in common with these studies. Their ages

and metallicities are compared in Table 4.2.
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Table 4.2. Local Galaxy Parameter Comparison

Galaxy T00 Age T05 Age Our Age T00 [Fe/H] T05 [Fe/H] Our [Fe/H]

NGC 221 3.0 ± 0.7 2.4 ± 0.2 4.0 0.07 ± 0.05 0.18 ± 0.1
NGC 224 6.0 ± 1.6 7.0 ± 1.7 11.0 0.21 ± 0.05 0.24 ± 0.2
NGC 1052 · · · 21.7 ± 1.6 11.0 · · · −0.15 ± 0.3
NGC 1316 · · · 3.2 ± 0.2 3.0 · · · 0.20 ± 0.2
NGC 1399 11.5 ± 2.4 · · · 8.0 0.06 ± 0.07 · · · 0.3
NGC 1404 9.0 ± 2.5 · · · 6.0 0.12 ± 0.06 · · · 0.3

Note. — Ages are in Gyr. T00 is Trager et al. (160) and T05 is Thomas et al. (155).

4.3.11 Fits at Solar Metallicity

Results from fits limited to solar metallicity are shown in Figure 4.53.

The left column is age distributions and the right column is formation redshift

distributions. The top row is from spectral fits, the center row is from photo-

metric fits, and the bottom row is from combined fits. Forcing the fits to use

solar metallacity shifts our largest peaks in the age histograms from young to

older, ∼ 8-9 Gyr, for all three types of fits, although the photometric fits still

have a narrow second peak at young ages. The formation redshift distribution

peaks are smeared out to higher redshifts and no longer show a distinct peak

at zf ∼ 0.5-2. This happens because the galaxies that were young and high

metallicity are now forced to the lower solar metallicity and older ages. Also,

our uncertainties are larger for older ages. The same happens from the other

end, old low metallicity galaxies are now forced to higher solar metallicity and

younger ages. These two events conspire to put many galaxies at higher for-
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mation redshifts, since an 8 Gyr old galaxy at redshifts of z = 0.3-0.4, where

many of the MUNICS galaxies lie, will have zf ∼ 3-5.

Our formation redshifts for different galaxy masses change as well,

shown in Figure 4.54. The sharp transition around z ∼ 1 that we had before

is now smeared out to a gradual increase in galaxy stellar mass with increas-

ing formation redshift. We still have the trend of massive galaxies forming

their stars earlier and star formation moving to lower mass galaxies at recent

times. However, the sharp transition at z ∼ 0.5-2 no longer exists. Perhaps

these plots will assist in determining which results to believe. If we believe the

sharp transition seen from fits with metallicity as a fitting parameter, it might

be an indication that those fits match other results better than these fits fixed

at solar metallicity. Time will tell as our results become firmer.

4.3.12 Summary of Simple Stellar Populations

4.3.12.1 Fitting Procedures

Age-metallicity degeneracy is a severe problem in deriving correct galaxy

parameters. High metallicity young objects look similar to low metallicity old

objects. Galaxy results can be induced to move along the degeneracy ridge in

age-metallicity space by a number of model fitting details, such as using differ-

ent spectral regions, using limited spectral ranges, or by fitting model spectra

at resolutions that are not properly matched to the intrinsic data resolution.

Galaxies at different redshifts must be fit over the same rest frame spectral

region to avoid the spectral range problem. The unfortunate thing is that
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Figure 4.54 Formation redshift and galaxy stellar mass from fits at solar metal-
licity. Large black circles are galaxies with S/N ≥ 20, medium blue circles are
20 < S/N ≤ 10, and small red circles are S/N < 10.
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limiting the spectral coverage to satisfy this condition can induce degeneracy

as well. Our results on local galaxies with spectral coverage over ∼ 3325-

10,000 Å suggest that to break the degeneracy, broad spectral coverage is

necessary. This will require near infrared spectra of high redshift galaxies.

Fits to spectra and photometry individually each have their own prob-

lems. SSP model fits to the continuum-normalized spectra of MUNICS galax-

ies over the range of λ = 3750-5550 Å drive some galaxies up against model

grid upper age limits at very low metallicities. On the other hand, fits to

BVRIJK photometry result in all galaxies having young ages and metallicities

at the upper model grid limits. We see evidence of the model spectra not

being red enough to match the galaxy photometry, a condition that was also

present with the globular clusters in Chapter 3. We identified this condition

as the cause of high metallicities from photometric fits. Galaxies are forced to

high metallicites by large features in the continuum of high metallicity model

spectra that shift into the observed J and K bands at redshifts of z ∼0.2-0.4.

If the K band is excluded from the fits, the resulting metallicites go down.

Fits combining spectra and BVRIJ photometry result in a good compromise.

The metallicities are lower at the upper end and higher at the low end. Fewer

galaxies appear in the old low metallicity corner of parameter space. This

appears to be our best technique for fitting the MUNICS galaxies.

We developed a way to combine the spectroscopic and photometric fits

using weights that are based on the effective S/N of the data. More advanced

techniques for considering relative information content should be developed in
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the future.

4.3.12.2 Results

The models are rather insensitive to mass. For very different ages and

metallicities obtained from separate fits to spectra and photometry, galaxy

stellar mass estimates are within a factor of ∼2.5 (0.4 dex).

Nearly any iteration of fitting details tried always resulted in a galaxy

formation redshift peak at z ∼ 0.5-2. The shape of the distribution around this

peak changed, but its location remained in place. Limiting the metallicities to

solar, however, drastically changes the age distribution of the galaxies. This in

turn changes formation redshifts and smears the peak out to higher redshifts.

It is not yet clear which is more correct.

When we plot galaxy mass against formation redshift, we see a strong

trend. The highest mass galaxies have the highest formation redshifts. If we

are to believe our results that allow metallicity as a fitting parameter, we see

a sharp transition at z ∼ 1. This matches nicely with star formation rate

studies that see stars forming in the most massive galaxies only at redshifts of

z & 1-2. Fits at solar metallicity result in a much more subtle trend. Maybe

this trend and its agreement with the results from other studies will aid in

deciding which of our results to believe. Time will tell, as we perform further

analyses.

It is not completely clear why the estimation of parameters for early-

type galaxies is so much more problematic than it was for the globular clusters.
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The most likely causes are 1) the limited spectral coverage, 2) the region of

age-metallicity space occupied by the objects, 3) the S/N of the data, or 4) the

composite stellar populations present in the galaxies and not the clusters.

1) For the clusters we were able to match literature ages and metal-

licities well for objects older than 1 Gyr, even over a limited spectral range

comparable to that used for the MUNICS galaxies. However, we see indica-

tions from our fits to local galaxies that limited spectral coverage is indeed a

problem for the MUNICS galaxies.

2) Most of the globular clusters occupied a different region of age-

metallicity space at much lower metallicities, but a few were in the region

occupied by our galaxies and those fits worked. It could be that the composite

populations of galaxies are more susceptible to age-metallicity degeneracy even

though they occupy the same parameter space.

3) Simulations using noisy smoothed models and comparisons of dif-

ference model spectra along the degeneracy ridge both imply a required S/N

of 10-20 Å−1 to distinguish between degenerate spectra. The highest S/N

MUNICS galaxies are in this range.

4) The last possibility that we have not yet considered is that composite

stellar populations are present in galaxies, even early-types, and not in globular

clusters. The next section begins to address this issue by fitting composite

stellar populations to the galaxies.
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4.4 Complex Stellar Populations

Because we have limited our sample to early-type galaxies, the complex

model fitting scenarios can be somewhat simplified. Early-type galaxies are

thought to be the result of galaxy mergers, during which many new stars

are formed and the existing stars from the original galaxies are redistributed

into the types of orbits that form the galaxy shapes common to early-type,

bulge-dominated systems. Early-type field galaxies have estimated formation

redshifts of z∼1-2 (79; 59), while those in clusters are slightly higher at z∼2-

3 (165; 155). These formation redshifts likely signify the time of the last

merger. The galaxy can be thought of as a young population that was formed

during this last merger and an older population that was in place before that.

Since our goal is to investigate the merger histories of our “simple” early-type

galaxies, we can learn a lot by modeling them with only two simple stellar

populations to estimate the time since their last merger, the fraction of stars

that formed during that merger, and the average age of the underlying older

stellar population. We also wish to simplify the models as much as possible

to avoid degeneracies between large numbers of model fitting parameters.

We have observational evidence to support the idea that many of the

stars in early-type galaxies were formed quickly, as they would be in a merger.

Enhanced abundances of α-elements, such as magnesium, relative to iron,

[α/Fe], observed in early-type galaxies suggest this scenario since the α-elements

have formed during Type II supernova explosions before iron can be enriched

through the longer timescale Type Ia supernovae (154; 155). If we assume that
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major mergers cause a large burst of star formation that quickly exhausts the

available gas, then the star formation histories become relatively simple and

the burst can be modeled by a simple stellar population of a given age and

metallicity. This scenario is also supported by the results of McCarthy et al.

(110) who fit GDDS galaxies with models that have complex star formation

histories and find that nearly all “evolved galaxies” favor instantaneous bursts

or exponential bursts with very short e-folding times (<0.5 Gyr).

Spiral galaxies and those with active ongoing star formation are likely

to have much more complex star formation histories, requiring complex com-

binations of models. The number of fitting parameters for them becomes

very large and more degeneracies between parameters are possible than in our

simpler case of early-type galaxies with a population formed instantaneously

during a major merger on top of an already existing older population.

4.4.1 Model Fitting Details

Our main model grid remains the same for the two population fits.

We have a range of ages between 0.1 Gyr and the age of the universe and a

range of [Fe/H] between −1.0 and +0.5. The difference is that at any given

age, we allow a younger population of the same metallicity to exist in varying

luminosity-weighted young burst fractions of β = 0.0, 0.05, 0.1, 0.2, 0.3, 0.4,

and 0.5, where β is the total bolometric luminosity fraction. The combined

model spectrum is formed by

fcombined(λ) = β fyoung(λ) + (1 − β) fold(λ), (4.6)
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where fyoung and fold are the fluxes of the BC03 model spectra that are in

units of solar luminosity and scaled to one solar mass.

Galaxy M/L’s are determined from the two best fitting models in their

appropriate proportions. The combined M/L for the V-band is given by
(

M

L

)

V

=

[(

M

L

)

V 1

LV 1 +

(

M

L

)

V 2

LV 2

]

(LV )−1 . (4.7)

The individual luminosities for each population, LV 1 and LV 2, are obtained

by first convolving the V-band filter with the combined model spectrum and

scaling it to the observed absolute V-band luminosity for the galaxy, LV . The

individual model luminosities are then calculated as LV 1 = (1 − β)LV and

LV 2 = βLV . The M/L’s of each population are direct outputs of the BC03

model package.

4.4.2 Quality of Fits

The quality of spectral fits with 2 populations is nearly identical to

that with single populations. Figure 4.55 compares the χ2
r values for the two

cases in which the fits were performed on continuum-normalized spectra over

3750-5550 Å. Our fits do not improve by adding a second population, however,

since they have the same quality we can assume that their results are equally

likely.

4.4.3 Interaction of Fitting Parameters

We now have four fitting parameters: old population age, metallicity,

young population age, and young burst fraction. Plots of ∆χ2 contours are
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split into pairs of parameters to visualize the entire space. An example of ∆χ2

space is shown in Figure 4.56 for S2F1-717, a MUNICS galaxy with a redshift

of z = 0.642 and S/N ∼ 11.2 Å−1. The parameters for this galaxy are rather

well determined. A galaxy with weaker constraints on its derived parameters,

particularly the young burst fraction, is shown in Figure 4.57 for S6F5-895, a

MUNICS galaxy with z = 0.302 and similar S/N of ∼ 10.9 Å−1. The young

burst fraction is typically the least well constrained parameter.

4.4.4 Results and Comparison to SSPs

We have only very preliminary results from the 2 population fits. A

general overview of trends is given here, but more analysis is required to draw

any real conclusions.

4.4.4.1 Ages and Metallicities

Resulting ages and metallicities are shown in Figure 4.58 for the same

types of fits discussed in the SSP sections: continuum-normalized spectra (top

row), BVRIJ photometry (center row), and combined (bottom row). The

plots on the right are for the old population and on the left are for the young

population. In general, the old populations from each type of fit occupy similar

age-metallicity space as the galaxies did with the same types of SSP fits, except

with older ages and slightly higher metallicites. This is also seen in the age

and metallicity distributions in Figure 4.59. The small fractions of young

populations fill in the young ages on these distributions (red dashed lines).
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Figure 4.56 Example of ∆χ2 space for a 2 population spectral fit to S2F1-717,
a MUNICS galaxy with z = 0.642 and S/N ∼ 11.2 Å−1.
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Figure 4.57 Example of ∆χ2 space for a 2 population fit to S6F5-895, a MU-
NICS galaxy with z = 0.302 and S/N ∼ 10.9 Å−1. This galaxy has less well
constrained parameters with only slightly lower S/N than that in Figure 4.56.
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Figure 4.58 Ages and metallicities from 2 population fits. Top: spectra, center:
BVRIJ photometry, bottom: combined. Left: young populations, right: old
populations.
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Figure 4.59 Age and metallicity distributions from 2 population fits. The solid
black lines are the old populations and the red dashed lines are the young
populations.
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Rather than looking at the two populations individually, a mean luminosity-

weighted age can be calculated for each galaxy. These are compared to the

SSP results from spectral fits in Figure 4.60. Galaxies that were older than

8 Gyr with SSP fits either stay the same or get younger with 2 population

fits. However, the two galaixes that are a lot younger in the upper left plot

also have higher metallicities, so this could be degeneracy. The obvious fea-

ture is that galaxies that were younger than 8 Gyr with SSP fits have older

mean ages with 2 population fits. Things are beginning to imply that very

small amounts of light from a young population can skew the whole galaxy

and mask older underlying populations. This has been seen by groups that

use line indices to derive galaxy parameters for some time (160) and is referred

to as frosting models, since they have a light frosting of young stars on top of

an old population.

Figure 4.61 shows our distributions of luminosity-weighted young burst

fractions. All types of fits clearly favor small young burst fractions. Some

galaxies choose no young fraction at all: 20% of the galaxies for spectral fits,

5% for photometric fits, and 11% for combined fits. They all peak at a 5%

luminosity-weighted young burst fraction. We see no correlations between the

young burst fraction and the age of either population, metallicity, formation

redshift, or mass.
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Figure 4.60 Luminosity-weighted mean ages from spectral fits. Top left: mean
ages from 2 population fits compared to ages of SSP fits. Top right: comparison
of metallicities. Bottom: luminosity-weighted mean ages vs. metallicities.
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Figure 4.61 Luminosity-weighted young burst fractions for different types of 2
population fits.
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4.4.4.2 Formation Redshifts

The formation redshift distributions of both young and old populations

are given in Figure 4.62. The most interesting feature is that the young popu-

lations all show a peak at zf = 0.5-1, nearly the same place that the formation

redshifts peaked for SSP fits (Figure 4.43), but with stronger tails to lower

redshifts than the SSP distributions had. It looks as if our SSP results at the

lowest formation redshifts were dominated by a small fraction of young stars,

however, we still have quite a few of the larger luminosity-weighted galaxy

fractions forming at 1 < z < 2 in the two population fits.

4.4.4.3 Galaxy Stellar Masses

Figure 4.63 shows our plots of galaxy stellar mass as a function of

formation redshift for spectral fits (top row), photometric fits (center row), and

combined fits (bottom row). We have generated the plots for each population:

young (left), old (center), and mean (right). The young populations show no

clear trends with formation redshift, but the old and mean populations do.

The combined fits show very similar results to our SSP combined fits, a strong

transition between z ∼ 0.5 and 2 with high mass (1011 M�) galaxies showing

up at z & 2.

4.4.5 Summary of Multiple Populations

Our multiple population fit results are at a very preliminary stage, but

we are beginning to see some interesting things.
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Figure 4.62 Formation redshift distributions from 2 population fits.
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Figure 4.63 Formation redshift and mass from 2 population fits. Top row:
spectral fits, center row: photometric fits, bottom row: combined fits. Left
column: young population, center column: old population, right column: mean
population.
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1) The fits. The quality of our 2 population fits appear to be no better

than the SSP fits, but are just as good. The χ2
r values are nearly identical.

This means that the scenarios we construct from their results are as likely as

those from our SSP fits.

2) Ages and metallicities. The mean luminosity-weighted ages and

metallicities occupy a similar region of age-metallicity space as the SSP re-

sults. Metallicities are slightly higher and mean ages for galaxies younger

than 8 Gyr are older than the SSP ages.

3) Burst fractions. Most luminosity-weighted young burst fractions are

low. They peak at 5% and about 11% of the galaxies have none at all.

4) Formation redshifts. The formation redshifts of the young popu-

lations peak at zf = 0.5-1, nearly the same place that the SSP formation

redshifts peaked. The old populations show rather broad distributions over a

wide range of higher redshifts.

5) Galaxy stellar masses. We see the same trend of galaxies with higher

stellar masses forming at higher redshifts. For the combined fits there is a sharp

transition between zf = 0.5 and 2 with 1011 M� galaxies appearing only at

zf & 2. This is the same as the results from the SSP fits.

Much analysis is left to do once we better understand how these 2

population fits are behaving, but initial results look promising. These fits

should allow us to uncover small popululations of young stars that mask the

properties of the bulk of the galaxy. The luminosity-weighted properties can
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be converted to mass-weighted properties, which are more revelant to galaxy

formation and evolution.

With our current data, however, we are limited in what can be accom-

plished. It is clear that to actually remove the age-metallicity degeneracy we

need slightly higher S/N spectra that cover a much wider rest frame wave-

length range, preferably 3325-10,000 Å. That coupled with broadband pho-

tometry through the J band (or K for higher redshift galaxies) should begin

to get us there.

198



Chapter 5

Summary and Conclusions

5.1 Motivation

The goal of this project is to develop and test reliable techniques for

accurately estimating the ages and metallicities of early-type galaxies at red-

shifts of z ∼ 1. This epoch is one where many global properties change. High

star formation rates in massive galaxies transition to lower mass galaxies, the

cosmic star formation rate begins a steep decline to the present day, early-type

galaxies contain about 50% of the total stellar mass, the number density of

early-type galaxies evolves at z < 1, and galaxy morphologies appear to transi-

tion from irregular to more ordered systems at z < 1. By studying early-type

galaxies there, we will likely be viewing objects that have either undergone

vigorous star formation events that formed them during recent mergers, or

massive objects that have passively evolved for some time. By measuring the

ages of their stellar populations we can begin to piece together their formation

and evolution histories.

By utilizing more information about individual galaxies, the entire ob-

served spectrum and broadband photometry covering very wide total ranges,

we hope to devise a technique that can be used on the lower quality data
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available for large numbers of galaxies in surveys. We attempt to break the

age-metallicity degeneracy by throughly exploring and understanding the tech-

niques of fitting the spectra and photometry. Our development begins with

tests on simple objects, globular clusters, with age and metallicity estimates

from other techniques for comparison. Then we apply the techniques to early-

type galaxies from the MUNICS survey.

5.2 Globular Clusters

We have investigated the utility of using the Bruzual & Charlot (27)

high resolution simple stellar population synthesis models for estimating the

ages and metallicities of globular clusters. We chose clusters from M31 and

the Magellanic Clouds that cover a wide range of age and metallicity values,

0.004 < t age(Gyr) < 20 and −1.6 < [Fe/H] < +0.3, to explore model perfor-

mance in different regions of parameter space. We tested various techniques

of fitting the models to data using spectra with and without their continua

and photometry. Results were compared to age and metallicity estimates in

the literature from other methods to evaluate our fitting techniques.

The models are reliable in regions of parameter space where tage >0.1 Gyr

and [Fe/H] & −0.7. These regions are limited by the incompleteness of the

stellar libraries used in the models. For objects between the ages of 0.1 and

2.5 Gyr, uncertainties in the amount of near infrared light coming from TP-

AGB and carbon stars make it hard to match the continuum shape of individ-

ual globular clusters. Red supergiant stars affect clusters younger than 0.1 Gyr.
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Continuum-normalized spectra can be used to get around the TP-AGB star

problem, as well as any flux calibration issues in the data, but supergiants

limit us to ages > 0.1 Gyr.

Ages from our CN spectrum model fits best match the entire range

of age estimates from the literature (Figure 3.2 and Table 3.2), with average

differences of 0.16 dex (35%) for clusters older than 1 Gyr and 0.3 dex (63%)

for younger clusters. The methods that depend on the continuum shape, the

full spectrum, continuum, and photometry fits, overestimate the ages of many

clusters below 1 Gyr. We believe this to be due to a near infrared excess

from TP-AGB stars making the cluster spectra redder than the models and

forcing older aged models to provide the best fits for cluster ages of 0.1-1 Gyr.

Red supergiant stars similarly affect clusters younger than 0.1 Gyr. Although

photometric fits seem to do well for clusters older than 1 Gyr (0.1 dex or

23% age error relative to the literature), the CN spectrum fits are better for

simultaneously providing both age and metallicity for these older objects. Fits

to photometry cannot reproduce the correct metallicities.

Comparing the fitting methods (Figure 3.1), we find a tighter corre-

lation between ages derived from the full spectrum and continuum fits than

from the full spectrum and CN spectrum fits, suggesting that the ages are more

strongly driven by the continuum shape than by the spectral lines. Because

the derived ages are so strongly influenced by the continua and we have seen

signs of problems in the models matching the cluster continua, we conclude

that the best method for deriving accurate ages for globular clusters of all
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ages, especially when simultaneously determining metallicity, is fitting models

to their continuum-normalized spectra.

On metallicities of clusters older than 1 Gyr, we agree to 0.12 dex with

the literature values that are based on spectra. Those based on colors have

much more scatter, which suggests that our CN spectrum fits are more robust

in estimating [Fe/H] than methods using colors. We cannot accurately derive

metallicity estimates for clusters younger than ∼ 1 Gyr.

Blueward of the 4000 Å break the continuum shape is more important

than the lines for deriving age. Redward of the break the lines alone in a

continuum-normalized spectrum are sufficient to derive the age. Many of the

globular clusters tested here have spectra out to rest wavelengths of 1 µm.

If fitting models to continuum-normalized spectra of z∼1 galaxies, this means

that near infrared spectra through K band will be important to provide similar

spectral coverage and constraints on age and metallicity. As has been known

for many years, the 4000 Å break is a very important feature to be contained in

the spectrum. It will be contained in typical z∼1 spectra, but higher redshifts

may require near infrared spectra to include it and accurately constrain ages

and metallicites.

The spectral S/N required to derive ages and metallicites by fitting

the entire CN spectrum is lower than the typical 30-40 Å−1 required for line

indices. For ∆λ ∼5-25 Å our required S/N is 5-20 Å−1. Fairly low resolution,

R∼200-1000, spectra can be used.
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We have successfully tested most of the age-metallicity space expected

to be occupied by galaxies at z∼1, except for the highest metallicities of

[Fe/H]>+0.3. Fitting the continuum-normalized spectra of these galaxies

should work well for spectra without good flux calibration, typical when faint

galaxies are observed on multiple masks over long periods of time during sur-

veys. The required S/N and spectral resolution for determining ages and

metallicities matches that typically achieved in recent galaxy surveys.

5.3 Galaxies

5.3.1 Fitting Procedures

Age-metallicity degeneracy is a severe problem in deriving correct galaxy

parameters. High metallicity young objects look similar to low metallicity old

objects. Galaxy results can be induced to move along the degeneracy ridge in

age-metallicity space by a number of model fitting details, such as using differ-

ent spectral regions, using limited spectral ranges, or by fitting model spectra

at resolutions that are not properly matched to the observed broadening due

to galaxy velocity dispersion. Galaxies at different redshifts must be fit over

the same rest frame spectral region to avoid this problem. The unfortunate

thing is that limiting the spectral coverage to satisfy this condition can induce

degeneracy as well. Our results on local galaxies with spectral coverage over

∼ 3325-10,000 Å suggest that to break the degeneracy, broad spectral coverage

is necessary. This will require near infrared spectra of high redshift galaxies.

Fits to spectra and photometry individually each have their own prob-
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lems. SSP model fits to the continuum-normalized spectra of MUNICS galax-

ies over the rest frame range of λ = 3750-5550 Å drive some galaxies up against

the model grid upper age limits at very low metallicities. On the other hand,

fits to BVRIJK photometry result in all galaxies having young ages and metal-

licities at the upper model grid limits. We see evidence of the model spectra

not being red enough to match the galaxy photometry, a condition that was

also present with the globular clusters in Chapter 3. We identified this con-

dition as the cause of high metallicities from photometric fits. Galaxies are

forced to high metallicites by large features in the continuum of high metal-

licity model spectra that shift into the observed J and K bands at redshifts of

z ∼0.2-0.4. If the K band is excluded from the fits, the resulting metallicites go

down. Fits combining spectra and BVRIJ photometry result in a nice compro-

mise. The metallicities are lower at the upper end and higher at the low end.

Fewer galaxies appear in the old low metallicity corner of parameter space.

This appears to be our best technique for fitting the MUNICS galaxies.

We developed a way to combine the spectroscopic and photometric fits

using weights that are based on the effective S/N of the data. More advanced

techniques for considering relative information content should be developed in

the future.

5.3.2 Results

The models are rather insensitive to mass. For very different ages

and metallicities obtained from separate fits to spectra and photometry, a
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worst case scenario, galaxy stellar mass estimates are within a factor of ∼2.5

(0.4 dex).

Nearly any iteration of fitting details tried always resulted in a galaxy

formation redshift peak at z ∼ 0.5-2. The shape of the distribution around this

peak changed, but its location remained in place. Limiting the metallicities to

solar, however, drastically changes the age distribution of the galaxies. This in

turn changes formation redshifts and smears the peak out to higher redshifts.

It is not yet clear which is more correct, although the peak at z ∼ 1 matches

nicely with cosmic star formation rates.

When we plot galaxy mass against formation redshift, we see a strong

trend. The highest mass galaxies have the highest formation redshifts. If we

are to believe our results that allow metallicity to float as a fitting parameter,

we see a sharp transition at z ∼ 1. This matches nicely with star formation rate

studies that see stars forming in the most massive galaxies only at redshifts of

z & 1-2. Fits at solar metallicity result in a much more subtle trend. Maybe

this trend and its agreement with the results from other studies will aid in

deciding which of our results to believe. Time will tell, as we perform further

analyses.

The estimation of parameters for early-type galaxies is much more prob-

lematic than it was for the globular clusters. The most likely causes are 1) the

limited spectral coverage, 2) the region of age-metallicity space occupied by

the objects, 3) the S/N of the data, or 4) the composite stellar populations

present in the galaxies and not the clusters.
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1) For the clusters we were able to match literature ages and metal-

licities well for objects older than 1 Gyr, even over a limited spectral range

comparable to that used for the MUNICS galaxies. However, we see indica-

tions from our fits to local galaxies that spectral coverage is indeed a problem

for the MUNICS galaxies.

2) Most of the globular clusters occupied a different region of age-

metallicity space at much lower metallicities, but a few were in the region

occupied by our galaxies and those fits worked. It could be that the composite

populations of galaxies are more susceptible to age-metallicity degeneracy even

though they occupy the same space.

3) Simulations using noisy smoothed models and comparisons of dif-

ference model spectra along the degeneracy ridge both imply a required S/N

of 10-20 Å−1 to distinguish between degenerate spectra. The highest S/N

MUNICS galaxies are in this range.

4) The last possibility that we have not yet addressed is that composite

stellar populations are present in galaxies, even early-types, and not in globular

clusters. The next section summarizes results from fitting composite stellar

populations to the galaxies.

Our multiple population fit results are at a very preliminary stage, but

we are beginning to see some interesting things.

1) The fits. The quality of our 2 population fits appear to be no better

than the SSP fits, but are just as good. The χ2
r values are nearly identical.
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This means that the scenarios we construct from their results are as likely as

those from our SSP fits.

2) Ages and metallicities. The mean luminosity-weighted ages and

metallicities occupy a similar region of age-metallicity space as the SSP re-

sults. Metallicities are slightly higher and mean ages for galaxies younger

than 8 Gyr are older than the SSP ages.

3) Burst fractions. Most luminosity-weighted young burst fractions are

low. They peak at 5% and about 11% of the galaxies have none at all.

4) Formation redshifts. The formation redshifts of the young popu-

lations peak at zf = 0.5-1, nearly the same place that the SSP formation

redshifts peaked. The old populations show rather broad distributions over a

wide range of higher redshifts.

5) Galaxy stellar masses. We see the same trend of galaxies with higher

stellar masses forming at higher redshifts. For the combined fits there is a

sharp transition between zf = 0.5-2 with 1011 M� galaxies appearing only at

zf & 2. This is the same as the results from the SSP fits. However, both are

still speculative at this point.

Much analysis is left to do once we better understand how these 2 pop-

ulation fits are behaving, but initial results look promising. These fits should

allow us to uncover small populations of young stars that mask the underlying

properties of the bulk of the galaxy. The luminosity-weighted properties can

be converted to mass-weighted properties, which are more revelant to galaxy
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formation and evolution.

With our current data, however, we are limited in what can be accom-

plished. It is clear that to actually remove the age-metallicity degeneracy we

need slightly higher S/N spectra that cover a much wider rest frame wave-

length range, preferably 3325-10,000 Å. That coupled with broadband pho-

tometry through the J band (or K for higher redshift galaxies) should begin

to get us there. These capabilities are coming with multi-object near infrared

spectrographs on 8-m class telescopes, like FLAMINGOS-2 on Gemini and

LRS-J on the Hobby-Eberly Telescope.

Higher resolution models down to shorter wavelengths are needed for

high redshift galaxies. These are coming with programs to extend existing stel-

lar libraries like Peterson’s HST treasury project (122). These stellar libraries

will soon be incorporated into the state of the art models.

And farther down the road we will have IFU near infrared spectrographs

on 30-m telescopes that can be placed on high redshift galaxies to spatially

resolve disks from bulges and obtain spectra of each that can be used to better

decompose the galaxy’s formation history.
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Polarization shearing laser interferometer for aligning segmented 
telescope mirrors 

Marsha J. Wolf,*a Michael H. Ward,b John A. Booth,a,b Brian P. Romanc

aUniversity of Texas at Austin, bMcDonald Observatory, cHobby-Eberly Telescope 

ABSTRACT 
The Center of Curvature Alignment Sensor (CCAS) was the original instrument installed in the center of curvature 
(CoC) tower on the Hobby-Eberly Telescope (HET) for aligning the 91 primary mirror segments.  The CCAS is a 
polarization shearing interferometer with HeNe and diode laser sources that illuminate the HET primary mirror with 
polarized coherent light.  Returns from each mirror segment focus back at the CoC and can be viewed on a faceplate 
at the front of the instrument for coarse alignment of the primary mirror, or sent into the interferometer for fine 
alignment.  Inside the interferometer, Wollaston prisms separate the HET primary mirror image into two 
polarization components which are spatially shifted by the distance of one mirror segment.  This overlaps images of 
segments with their neighbors to generate interference fringes.  The beam is then split into 4 legs, each of which 
introduces phase shifts to the polarization.  Fringe patterns shifted by 0, 90, 180, and 270 degrees are recorded on 
each leg by a CCD camera.  The intensity in each pixel is measured and used in the standard 4-bucket algorithm to 
calculate the relative phase shift between the two mirror segments, and thus their tip/tilt misalignment.  Segment 
piston is determined from the location of the peak in the fringe contrast function, using all four camera images and 
light at four laser diode wavelengths. 

Although the CCAS has recently been replaced with a Shack-Hartmann sensor for mirror alignment on the HET, its 
operation and performance are described.  Under less environmentally challenging conditions, such as laboratory or 
space-based applications, this instrument could be used for aligning segmented mirrors to high precision. 

Keywords:  alignment, segmented, primary mirror, interferometer, polarization, Hobby-Eberly, HET, CCAS 

1. INTRODUCTION
The Center of Curvature Alignment Sensor, an adaptation of a previous polarization phase sensor,1 was developed 
by W.J. Schafer Associates, Inc. for alignment of the HET primary mirror segments in tip/tilt and piston.2  The 
sensor was delivered early in the telescope construction project, before the primary mirror was populated with 
segments.  Because of this timing, it was never fully tested on the telescope before the company's branch office that 
developed the sensor was disbanded.  An effort was made by onsite staff in 1999-2000 to debug and test the CCAS 
in order to make a decision on whether it would suffice as the mirror alignment instrument for the telescope.  With a 
number of bugs corrected, the CCAS did work for tip/tilt mirror alignment under pristine environmental conditions, 
but did not have the robustness required for typical seeing conditions before the HET Dome Ventilation System 
(DVS),3 or sufficient capture range for the primary mirror before the Segment Alignment Maintenance System 
(SAMS).4,5  For these reasons, the CCAS was replaced with the Mirror Alignment Recovery System (MARS),6 a 
Shack-Hartmann sensor, during the HET Completion Project.7

The CCAS saw very limited use on HET.  The instrument’s capture range of 0.36″ was too small to be of use for 
initial mirror alignment, especially before the SAMS was installed.  In principle, the CCAS could have been used to 
fine tune the tip/tilt segment alignment after a coarse alignment had been performed, if the dome seeing conditions 
were excellent and the fringes were clear, but in practice, this very rarely happened over the entire mirror array.  
However, the CCAS could be used to improve alignment on smaller groups of mirrors, up to 23 out of 91 segments.  
It was successfully used for initial verification testing of the SAMS on a group of 7 mirror segments.  The 
instrument concept worked, just not through 52 meters of uncontrolled atmosphere over an 11 meter aperture in this 
application.  Nonetheless, because of its potential usefulness for phasing mirrors in more environmentally stable 
                                                          
* mwolf@astro.as.utexas.edu; phone 1-512-471-0445; fax 1-512-471-6016; University of Texas at Austin, Astronomy Dept., 
2511 Speedway, RLM 15.308, C1400, Austin, TX  78712 
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applications, such as laboratory or space-based, the instrument’s theory of 
operation, application to alignment of the HET segmented mirror, and performance 
on HET are described.   

2. BACKGROUND 
The HET†8 is a 9-meter fixed elevation telescope with a segmented primary mirror.  
Its Arecibo-style design was a prototypical approach to the construction of a low 
cost 8-meter class telescope.  The telescope structure sits stationary during a science 
observation, while a tracker at the top follows objects across the spherical primary 
mirror for up to 2.5 hours at a time, depending on the declination of the object.  The 
fixed 35o zenith angle of the telescope maintains a constant gravity vector on the 
primary mirror and eases its alignment maintenance.  The hexagonal primary mirror 
is 11 meters point-to-point with a spherical aberration corrector at prime focus that 
limits the tracking pupil to 9.2 meters.  There are 91 hexagonal segments populating 
the primary, each 1 meter in diameter and supported on a steel mirror truss. 

A tower was built next to the HET dome, shown in Figure 1, to allow placement of 
an alignment sensor at the center of curvature of the primary mirror.  This tower 
consists of separate inner and outer steel shells to protect the instrument platform on 

the inner tower from movement due to wind loading on the outside.  The radius of curvature of the HET primary 
mirror is 26.2 meters, requiring the tower height to be about 90 feet.  Guy wires stabilize the outer tower, but some 
motion does get translated to the instrument platform from a common base.  This effect places some limits on wind 
conditions in which the HET mirror can be aligned and calls for some thought to data collection and analysis 
methods to remove the effects of tower motion on segment alignment measurements from the tower. 

The design specification for HET delivered image quality was 0.6″ 50% encircled energy (EE50), of which 0.56″
was the error budget for the primary mirror.  The primary mirror budget allowed for errors in the steel truss, the 
segment mounts on the truss, segment figure, and segment alignment.  The segment alignment portion of the error 
budget was 0.065″ EE50 for tip/tilt and 25  µm for piston (achievable manually with a hand-held spherometer).  To 
meet these requirements, the segments do not need to be phased, but are aligned and maintained for hours at a time.  
HET optical design studies9 have shown that segment tip/tilt errors with a 0.06″ RMS distribution cause 0.161″

EE50 of image degradation, and piston errors with a 25 µm RMS distribution cause 0.057″ of degradation, the two 
of which add in quadrature.  Segment piston holds fairly well over long periods of time (average of 70 µm, 
maximum of 200 µm), and given its much smaller contribution to image quality errors, the tip/tilt alignment, which 
changes rapidly with temperature, becomes much more critical to control.   

At the time that the CCAS was selected as the mirror alignment instrument for HET, the other leading candidate was 
a modified Shack-Hartmann sensor similar to the Keck Telescope Alignment Camera.10  W.J. Schafer Associates 
(WJSA) had recently built and delivered a polarization shearing device to align a segmented mirror for the U.S. Air 
Force.  Due to significant cost (factor of 5) and schedule (factor of 2.5) benefits, the WJSA sensor was chosen.  Its 
predicted capabilities for tip/tilt measurement were a resolution of 0.005″ RMS, a measurement range of 0.36″, and 
a capture range of 1′.  The predicted piston capabilities were a resolution of 5 µm and a maximum measurable 
unambiguous piston error of 25 µm RMS.  Because the piston alignment was to be done much less frequently than 
tip/tilt, a piston validation routine was implemented, which required significant operator intervention to correct out 
of spec mirrors. 

The initial HET primary mirror alignment concept was for the CCAS alignment to take place during 6 minutes out 
of every hour.  A thermal model of the mirror truss would maintain the figure as well as possible between 
alignments.  During implementation of the thermal model, however, the steel mirror truss was observed to behave in 
an unpredictable manner.  The truss expansion and contraction due to ambient temperature change was inelastic.  
The mirror segments moved along with the truss and misaligned themselves to larger extents and faster than 
expected.  This behavior placed different requirements on the dynamic range of the alignment sensor.  Because the 
primary mirror figure could not be maintained between alignments, the measurement range of the instrument 

                                                          
† The HET was funded and built by a consortium of five universities:  the University of Texas at Austin, the Pennsylvania State 
University, the Ludwig-Maxmilians Universität München, the Georg-August-Universität Göttingen, and Stanford University. 

Figure 1:  Center of curvature 
alignment sensor (CCAS) 
tower.
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actually needed to be much larger, but this was not 
discovered until after the CCAS had been delivered.   

3. CCAS OPERATION 

3.1. Overview 
The CCAS is a dual arm polarization shearing laser 
interferometer that resides at the CoC of the primary 
mirror.  The instrument is pictured in Figure 2.  An 
expanding beam of linearly polarized laser light is 
projected, via an objective lens through a pinhole in 
the center of a faceplate at the CoC of the primary 
mirror, down to fill the HET primary.  A portion of 
this beam is reflected back by each mirror segment to 
a focus at the faceplate, where the bundle of return 
spots is sent back through the pinhole and into the 
instrument.  Once through the pinhole the cone of 
light is collimated with the same objective lens and 
split into two instrument arms that are common to 
both the tip/tilt and piston measurement.  For tip/tilt 
measurement a HeNe laser source is used and for 
piston measurement 4 laser diodes of different 
wavelengths are used. 

A pair of Wollaston prisms in each arm shears the 
beam into two images offset by the distance of an HET mirror segment.  
This shearing overlaps mirror segments with their neighbors, creating 
interference fringes due to phase differences in the wavefronts from the 
two segments.  The shearing directions in the two arms are 60o apart, 
allowing every segment to be interfered with a neighbor in at least one of 
the arms.  The orientation of the shear directions is shown in Figure 3.  The 
beam in each arm is then split into four legs and phase shifts of 0o, 90o,
180o, and 270o are introduced before CCD cameras that record the 
interferogram of the entire HET array in each leg.   

The phase shift, or tilt in wavefront, between the two segments is 
calculated using the standard 4-bucket algorithm which utilizes the 
intensity level of each phase-shifted leg at every CCD pixel.  Segment tips 
and tilts are derived by fitting a plane to the phase shifts of all pixels in the 
overlapped segment image.  For the segment piston measurement, fringe contrast is calculated from the 
interferograms at four simultaneous wavelengths.  Out of spec segments are flagged and their piston errors 
determined by translating one of the Wollaston prisms to introduce known phase shifts.  The peak of the contrast 
function, which corresponds to minimum piston error, is found by visually maximizing fringe contrast and the 
distance that the prism has moved implies how much piston error was in that segment.   

3.2. Optical details 
A schematic of the CCAS is shown in Figure 4, in which numbered circles mark positions in the beamtrain of Arm 0 
that are referred to throughout the text.  Figure 5 shows a representation of the polarization states at each numbered 
location.  At position 1, we have an image of the entire primary mirror array that is horizontally polarized.  This 
goes through a half wave plate which rotates the polarization to 45o at position 2.  The next element is a Wollaston 
prism, consisting of two wedges cemented together.  The optic axis of the material is perpendicular in the two 
halves.  This has the effect of deviating the ordinary and extraordinary rays away from each other at an angle, α,
given by 

( ) θα tan2 nn oe −=  , (1) 

HeNe laserBeam expander

Laser diodes Measurement arms

HET

HeNe laserBeam expander

Laser diodes Measurement arms

HET

Figure 2:  The CCAS.  The HeNe laser for tip/tilt measurements is 
on the far end.  The laser diodes for piston measurements are below 
that.  The light from either source is spatially filtered, expanded, 
and projected down to the left to the HET primary mirror.  The two 
measurement arms for returned light are at the near end. 

Arm 0Arm 1 Arm 0Arm 1

Figure 3:  Shear directions for a group of 
4 mirror segments.  The striped regions 
represent overlapped images from two 
segments. 
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where θ is the wedge angle.  The Wollaston prism orientation is shown in Figure 6.  The ordinary and extraordinary 
rays emerge angularly separated by α and polarized 90o apart at position 3.  The second Wollaston prism is oriented 
opposite to the first, which has the effect of reversing the angular deviation so that the emerging beams are parallel.  
The spacing between the two prisms is such that the emerging images are separated, or sheared, by a distance 
corresponding to one mirror segment of the array.  The polarization state after the second Wollaston prism at 
position 4 is shown in Figure 5.  The overlapped segment image contains Ae (extraordinary ray from segment A) at 
–45o linear polarization and Bo (ordinary ray from segment B) at +45o linear polarization.  The next component is a 
half wave plate that flips the i-component polarizations by 180o at position 5.  The lens after the waveplate images 
the HET pupil onto the four cameras. 

The beam is split into two by the next beamsplitting cube.  For the straight through path (position 6), a polarizing 
beamsplitter transmits half of the beam (position 8) and reflects the other half (position 9) while adding a 180o phase 
shift to its polarization.  The polariztion states at cameras 0-4 and 0-6 are given by positions 10 and 9, respectively.  
These are shown in Figure 5. 

Following the other two legs from position 7, a quarter wave plate converts linear polarization at +45o to right 
handed circular polarization and linear polarization at –45o to left handed circular polarization.  This results in the 
polarization state shown in Figure 5 for position 11.  The next polarizing beamsplitter transmits half the light to 
position 12 and reflects the other half to position 13 while adding a 180o phase shift that changes the handedness of 
circularly polarized light.  Right circular polarization goes to left circular polarization and vice versa.  The state at 
position 13 is shown in Figure 5.   

To summarize, camera 0-4 at position 10 has Ae with +45o linear polarization and Bo with –45o linear polarization.  
We will call this the reference with 0o phase shift.  Camera 0-5 at position 12 has Ae with right handed circular 
polarization and Bo with left handed circular polarization, which is a 90o (π/2) phase shift relative to camera 0-4.  
Camera 0-6 at position 9 has Ae with –135o linear polarization and Bo with +135o linear polarization, which is a 180o

(π) phase shift from camera 0-4.  Camera 0-7 at position 13 has Ae with left handed circular polarization and Bo with 
right handed circular polarization, which is a 270o (3π/2) phase shift from camera 0-4.  We will call the intensities at 
these cameras I1 for φ=0, I2 for φ=π/2, I3 for φ=π, and I4 for φ=3π/2.  The next section describes how these intensities 
are used to determine segment tips and tilts. 

TO PRIMARY MIRROR

H
eN

e 
LA

S
E

R

0-4

0-5

0-70-6

P

P

Phase Difference,
Piston per pixel:

Φ (x) = arctan 
[ I4(x) - I2(x) ]

[ I1(x) - I3(x) ]

λ/4 plate

λ/2 plate

Wollaston prism

Beamsplitting prism

Lens

Beam 
ExpanderA

B

Fiducial
LEDs

A
B

ARM 0

ARM 1

90o

270o

0o 180o

Light reflects back from segments A & B

P

12345

6

7

8

910

11

12
13

P

1-1

1-3 1-0

1-2

D1

D2D3
D4

TO PRIMARY MIRROR

H
eN

e 
LA

S
E

R

0-4

0-5

0-70-6

PP

PP

Phase Difference,
Piston per pixel:

Φ (x) = arctan 
[ I4(x) - I2(x) ]

[ I1(x) - I3(x) ]

Phase Difference,
Piston per pixel:

Φ (x) = arctan 
[ I4(x) - I2(x) ]

[ I1(x) - I3(x) ]

λ/4 plate

λ/2 plate

Wollaston prism

Beamsplitting prism

Lens

λ/4 plate

λ/2 plate

Wollaston prism

Beamsplitting prism

Lens

Beam 
ExpanderA

B

Fiducial
LEDs

A
B

ARM 0

ARM 1

90o

270o

0o 180o

Light reflects back from segments A & B

P

12345

6

7

8

910

11

12
13

PP

1-1

1-3 1-0

1-2

D1

D2D3
D4

Figure 4:  Schematic of the CCAS.  The numbered circles are positions in the beamtrain that are described in the 
text. 
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3.3. Tip/tilt measurement 
The intensities at each pixel from the four CCD cameras can be written as 

( ) ( ) ( ) ( )[ ]yxyxIyxIyxI BA ,cos,,,1 φ+=  , (2) 

( ) ( ) ( ) ( )++=
2

,cos,,,2
π

φ yxyxIyxIyxI BA  , (3)  

( ) ( ) ( ) ( )[ ]πφ ++= yxyxIyxIyxI BA ,cos,,,3  , (4)  

 and     ( ) ( ) ( ) ( )++=
2

3
,cos,,,4

π
φ yxyxIyxIyxI BA  , (5) 

where A and B represent the two mirror segment images that are interfering with each other and φ(x,y) is the phase 
difference between the two segments at position x,y on the CCD image.   

The contrast value can be calculated to determine the intensity modulation across the segment.  This contrast 
function, C(x,y), is given by 
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Figure 5:  Polarization states at positions along the CCAS beamtrain for Arm 0.  Each position shows 3 segment images for a 
shear direction from lower left to upper right for two segments denoted as A and B.  The lower left hexagon represents 
segment A, the center one is A overlapped with B, and the upper right one is segment B.  Refer to Figure 4 for locations of 
the beamtrain position numbers and to the text for descriptions.  The longer arrows extending beyond the edges of the 
hexagons with filled arrowheads represent the ordinary and extraordinary rays from segments A and B.  The shorter dotted 
arrows are the i and j orthogonal components of the longer polarization vectors.  The subscripts on the vector labels describe 
which are which.  Arrows on the circles in the last two positions denote right or left hand circular polarization. 
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A value near 1 is good contrast and a low value implies low contrast.  This is one of the 
first checks in the CCAS analysis.  After a pixel’s intensity meets a minimum brightness 
criterion, its contrast must also be above a minimum value or that pixel is thrown out, 
assuming that no fringes were present and something was wrong with that part of the 
image.   

Equations 2-5 can be solved for φ(x,y): 
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The phase function, φ(x,y), contains an arctangent, which has discontinuities.  The only 
defined values for this function are between –π/2 and π/2, but this range can be extended to 0 to 2π by looking at the 
signs of the sine (I4-I2) and cosine (I1-I3) functions in the arctan. Table 111 shows the corrections that should be 
made.  After these corrections there is still a discontinuity at every value of 2π, which can be corrected by adding 
multiples of 2π to φ(x,y) every time a discontinuity is encountered to join the data into a smooth function. 

For the CCAS measurement, a maximum of 6 fringes can be resolved on a mirror segment.  Each fringe corresponds 
to about 0.06 arcsec of tip or tilt.  The camera resolution gives at least 2 pixels per fringe in this case.  This means 
that phase variations between adjacent pixels cannot be more than π.  If the phase difference calculated for two 
adjacent pixels is greater than π, then multiples of 
2π must be added or subtracted to the phase of the 
second pixel to meet this condition. 

The 2π ambiguity is removed from the phase 
difference of each pixel in a segment image.  This 
phase difference, or wavefront error, between the 
two mirror segments at each pixel can be thought 
of as a piston error at that point.  By calculating 
the piston error for every pixel in the image, the 
wavefront error can be mapped across each 
mirror segment.  To then get the relative tip and 
tilt of each mirror segment pair, a least squares 
plane is fit to the piston values over the whole 
overlapped segment image.  The parameters a, b,
and c in the equation of a plane, 

cbyaxz ++=  , (8) 

are determined by minimizing the error, 
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where z is the pixel piston value.  This results in best fit parameters of 
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An example of such a fit is shown in Figure 7.  Relative segment alignment errors are derived from the orientation 
of the plane, where tip is defined as rotation about x (horizontal axis on mirror array image) and tilt is rotation about 
y (vertical axis on mirror array image).  The phase shift measured by CCAS is twice the actual wavefront error due 

θ

α

e

o

Figure 6:  Wollaston 
prism configuration.  
The ordinary and 
extraordinary rays are 
denoted by o and e, 
respectively. 

Table 1:  Modulo 2π Phase Correction

Sine Cosine Corrected Phase φ(x,y) Phase Range 
0 + 0 0 
+ + φ(x,y) 0 to π/2 
+ 0 π/2 π/2 
+ - φ(x,y) + π π/2 to π
0 - π π 

- - φ(x,y) + π π to 3π/2 
- 0 3π/2 3π/2 
- + φ(x,y) + 2π 3π/2 to 2π
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to segment misalignment because of the mirror reflection.  Therefore, the optical path difference (OPD) of the two 
segments is given by 

π

λφ

4
),(

),(
yx

yxOPD =  , (11) 

which is ½ of the standard relation between OPD and phase shift.   

3.4. Piston measurement 
The CCAS segment piston measurement centers around the fringe 
contrast function.  Four wavelengths are used simultaneously via 
diode lasers to provide polychromatic light, for which the contrast of 
the interference fringe pattern is a function of OPD, or piston error.  
The contrast function is maximum when the OPD is zero.  The 
CCAS piston validation routine calculates the contrast of a segment 
from intensities at the cameras and identifies the corresponding 
piston error magnitude from a lookup table.  Segments are marked as 
out of spec if their contrast value is too low.  For these flagged 
segments, the operator manually analyzes each one by translating 
one of the Wollaston prisms to introduce known phase shifts into the 
interference patterns.  When the fringe contrast maximum is found 
by visually inspecting the sharpness of the interferogram, the amount 
that the prism has moved tells the amount of piston error between the 
two segments.  Again, the actual piston error between segments is a 

factor of two lower than the OPD determined by CCAS because of the mirror reflection, meaning that the maximum 
measurable piston error is only half of the measurement limit of the instrument. 

The contrast is calculated as before from Equation 6, but now the intensity at each camera is a combination of all 4 
laser diodes, where the intensity from each laser is given by 
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II o

λ

π
π

2
cosexp1

2

     with     
λ∆
λ22

=w  . (12) 

The theoretical contrast as a function of OPD for the laser diodes specified in the CCAS design is shown in the top 
plot of Figure 8.  The spacing between maximum peaks in the contrast function is approximately 45 µm, which 
means that the maximum measurable segment piston error is about 22 µm.  The bottom plot in Figure 8 shows the 
theoretical contrast function for the measured laser diode characteristics.  Table 2 gives the laser diode design 
specifications and measured characteristics for wavelength and output power.  Because the actual lasers in the 
instrument vary from their designed specifications, an ambiguity in the locations of maximum peaks in the contrast 
function is inherent to the bottom plot.  This means that the maximum measurable piston error may be decreased to 
11 µm (± 5 µm), the spacing between these peaks.  Recall that the HET tolerance for piston error is ± 25 µm, which 
means that the mirror array needs to already be aligned to better than the piston spec before the CCAS, in its current 
state, could be used to improve the piston alignment.   

3.5. Calibration 
The CCAS includes calibration procedures for initial setup of the instrument or for optimization after a camera or 
optics have been replaced.  The first of the calibrations is image registration.  The pixel-to-pixel locations, 
orientations, and magnifications on the CCD cameras are determined precisely to account for coordinate rotations 
and reversals due to beamsplitter reflections.  The registration is accomplished via imaging of an LED source pattern 
located within the interferometer, marked as fiducial LEDs in Figure 4.  This registration verifies optical component 
alignment. 

P2 F2,

Figure 7:  Least squares fit of a plane (mesh) to 
pixel piston values (colored bars) for a mirror 
segment.  Tip of the segment is defined as rotation 
about x and tilt is rotation about y.
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The next procedure is the alignment of 

a grid of software-generated circles to the HET primary mirror array 
image.  The circles determine the areas within which measurements are 
made for each segment.  All imaging effects such as subaperture 
rotations, translations, scaling, shearing, and keystoning are 
compensated by reshaping or positioning the grid of circles to match the 
images in each instrument arm. 

Camera gains and offsets are calibrated to each other to insure that each 
camera sees the same light intensity levels.  This procedure eliminates 
differences due to individual CCD chips and differing optical beam 
paths to each camera.  It is an important calibration since the entire 
measurement is based on comparison of pixel intensity levels between 
phase shifted images in 8 different cameras.   

3.6. Application to HET 
Because the CCAS is located in the 90-ft tall CoC tower, instrument motion due to tower sway was an important 
issue to address, since relative motion during a measurement would destroy interference fringes.  To mitigate this 
effect, all 8 cameras in the system were designed to simultaneously snap short exposure images.  It was expected 
that this arrangement would essentially freeze any motion during the exposure and, since the CCAS is a common 
path interferometer, remove any absolute positional difference effects (i.e. catching the tower at different sway 
positions during a snapshot).  Being common path should also minimize any wavefront effects due to seeing events 
along the beam path between the HET and the instrument.   

Translation stages to move the whole instrument in x, y, and focus are remotely controllable from the HET control 
room.  Because the steel tower changes height with ambient temperature, bends from solar heating on different sides 
during the day, and cools all night long, the instrument must be moved to the HET primary mirror CoC before each 
measurement.  All communications and video links to the tower are accomplished via fiber optic cables for lightning 
suppression.

To maintain a smooth spherical surface over the entire HET array, all measured segment-to-segment misalignments 
are related back to the reference mirror, normally the center mirror of the HET array.  Because of this, a continuous 
chain of segments has to be measured all the way out to the outer ring of mirrors.  If a problem occurs at an inner 
mirror along this chain, no outer mirrors can be measured.  For this reason it sometimes requires multiple 
measurements to get just the right seeing conditions so that all mirrors along the chain can be measured.  Since the 
HET tracker obscures the view of mirror segments from the CCAS tower, only half the mirror array is aligned at 
once, while the tracker is on the other side.  The central column of mirrors is common to both sides, tying the 
alignment of the entire array together.  Any number of mirror segments can be selected for measurement, as long as 
they have a path back to the reference mirror, which is also selectable.   
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Figure 8:  Contrast functions for CCAS 
piston.  The top is the theoretical function for 
designed laser diodes.  The bottom is the 
theoretical function for actual diode 
wavelengths and output powers. 

Table 2:  Laser diode design specs and actual characteristics. 

 Laser 
Diode # 

Wavelength 
(nm)

Relative 
Output Pwr 

DESIGN: 1 660 1 
 2 650 0.6 
 3 670 1 
 4 633 1 

ACTUAL: 1 657.6 1 
 2 658 0.5 
 3 676 0.3 
 4 638.2 0.8 
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Two shearing directions are required to interfere all segments with a 
neighboring segment.  Since many segments of the array get measured in both 
shearing arms, their alignment errors relative to the central segment are 
averaged together to beat down spurious measurement noise.   

4. CCAS PERFORMANCE 
An extensive sequence of CCAS testing on the HET revealed that the 
interferometer and most of the software of the CCAS performed as designed for 
tip/tilt alignment.  However, the match of the instrument’s capabilities and 
limitations to alignment of the HET mirror array was not a good one.  Its small 
measurement range of 0.36″, when segment misalignments of 5″ are typical at 
the beginning of a night, would have limited the CCAS to be used only as a fine 
alignment device after a rough alignment had been performed.  This procedure 
would have added time to the alignment process that could not be tolerated 
during science operation.   

The CCAS measurement range is primarily set by the resolution of the CCD 
cameras, but more fringes can be visually seen on the video feed of the 
interferograms.  The cameras can only resolve a maximum of 6 fringes per 
segment, while up to 12 fringes can be seen on a segment, thus the quoted 1′
capture range.  If higher resolution cameras were used, the measurement range 

of the instrument could have been at least doubled.  Changing the magnification of the optics onto cameras with 
large enough CCD chips could have increased the range even more.  The extra visual fringes could be used by the 
operator to manually tilt a segment into CCAS measurement range, but this was a time consuming process.  If many 
segments needed this nudging, truss motions would cause others to drift out of range before the first ones were all 
manually brought into range. 

Dome seeing proved to be one of the largest problems for CCAS operation.  Even though the interferometer was 
common path, differential seeing over the 11-meter diameter mirror array was indeed a problem.  It was bad enough 
that fringes got completely washed out at times.  For small groups of mirrors, times of good seeing were more 
frequent and measurements could be made on that group, but it was nearly impossible to capture an entire half of the 
mirror array at once.  An example of fringes from the CCAS are shown in Figure 9 for the right half of the HET 
array. 

The light from CCAS exits and enters through a pinhole in the faceplate.  If much tower motion was present, the 
HET return spent most of the time outside of the pinhole as the instrument swayed with the tower.  Measurements 
had to be timed so that the images were captured just when the light passed through the pinhole.  This placed a limit 
of about 20 mph on wind speeds in which the CCAS could be used.  Typical spot motion on the faceplate for this 
wind speed was approximately ± 500 µm at a frequency near 1 Hz.  
Effects of vignetting from the edge of the pinhole is evident in the lower 
right corner of the interferogram in Figure 9.   

Averaging a few tip/tilt files together and clipping extremely low values 
before applying mirror corrections improved CCAS alignment 
performance.  This averaged noisy measurements to give better values 
while excluding low measurements that were the result of washed out 
fringes.  A maximum of 3 back-to-back measurements could be averaged 
because of the cycle time (~ 100 sec).  More than that and the mirror 
segments moved too much during the process to measure and make 
meaningful corrections. 

4.1.1. Software tests 
Software verification of the CCAS was very difficult on the HET because 
of dome seeing and inherent segment motions during series of tests.  It 
was hard to interpret results of small corrective mirror moves with these 
effects.  To facilitate this testing, synthetic fringes were created to feed 

Figure 9:  CCAS interferogram of 
the right half of the HET mirror 
array.  Shear direction is indicated 
by the arrow.  The left and 
rightmost columns have no fringes 
because those segment images are 
not overlapped with others.  
Washed out fringes due to dome 
seeing is apparent in parts of the 
image, especially near the top. 

Figure 10:  An example of synthetic fringe 
data used to verify the CCAS software. 
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into the CCAS calculation software.  The synthetic interferograms allowed the software to be debugged and the 
calculations verified.  An example of the synthetic data is 
shown in Figure 10.  A few bugs in the code were identified 
and corrected in this way.  The calculations were verified 
and produced the expected tip/tilt correction files for a 
given fringe pattern.   

4.1.2. Small groups of mirror segments 
To test the performance of CCAS on aligning mirror 
segments in tip/tilt, small groups of segments were used in 
an unconventional way.  The CCAS was put into a closed 
loop mode, where repeated corrections were measured and 
sent to the mirror group to improve and maintain their 
alignment.  Stack sizes were measured over time and 
compared to a single segment, to estimate dome seeing 
conditions, and compared to two other uncontrolled stacks, 
to estimate mirror truss destacking movements.  Results 
from such a test are shown in the top plot of Figure 11 for a 
group of 7 segments.  Similar tests were run on groups of 23 
mirror segments, shown in the bottom plot of Figure 11.  
The CCAS was successful in improving the stacks initially 
by about 0.15″ EE50 and maintaining the alignment for 
periods of hours.   

This type of test was not successful on an entire half of the 
HET mirror array.  Seeing effects over this larger area did 
not allow capture of all segments at once for a 
measurement.  Mirrors drifted quickly enough that they left 
measurement range before having the chance to be 
measured and corrected. 

4.2. Piston alignment 
HET segment piston alignment with CCAS was never successful.  The problems with the laser diode characteristics 
mentioned in Section 3.4 made the results rather inconclusive.  An example of a measured contrast function from an 
HET segment is given in Figure 12.  This function does not seem to match either theoretical plot in Figure 8, 
suggesting that the laser wavelengths and output powers were drifting with temperature or time, a common problem 
for this type of uncontrolled laser.  The peaks in the experimental data of Figure 12 have spacings of approximately 
10 µm and nearly equal amplitudes, which means that 
OPD error would have to be held to 5 µm (the quoted 
CCAS measurement resolution), or a segment piston error 
of 2.5 µm, to insure that one remains on the main contrast 
peak.  If a segment had a piston error that was a multiple 
of this value, an ambiguity would exist in determining its 
true piston error because the nearby peaks are nearly 
indistinguishable.  This especially becomes a problem 
when one considers that the RMS segment piston error 
after a manual alignment with the spherometer is 25 µm.   

4.3. Performance summary 
The CCAS tip/tilt measurement range was verified to be 
0.36″.  Measurement noise was found to be 0.05″,
probably degraded from the theoretical prediction by 
dome seeing and imperfect camera calibrations.  The 
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Figure 11:  The top plot is a CCAS-controlled group of 7 
mirror segments.  Diamonds are from a single segment, 
triangles are the controlled stack, squares and circles are 
uncontrolled stacks.  Continuous CCAS corrections were 
applied throughout the test. The bottom plot is a CCAS-
controlled group of 23 mirror segments.  Continuous CCAS 
corrections were applied until 9:30 and then the mirrors 
were allowed to destack naturally. 
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Figure 12:  Contrast function data from an HET mirror 
segment.  Compare to the theoretical plots in Figure 8. 
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segment capture percentage was 95% for small groups of mirrors and 34% for half the HET array (45 mirrors).  
CCAS was able to improve sizes of stacks with up to 23 mirror segments by approximately 0.15″ EE50.  Piston 
alignment was never successful with CCAS.  Even if it had worked, the piston correction for all segments in the 
array would have been very laborious. 

5. SUMMARY
The CCAS, for the most part, was a fairly robust instrument for tip/tilt alignment of a segmented mirror.  Its 4-
bucket algorithm technique has the advantage of only requiring the measurement of intensities at each pixel of the 
CCD cameras and not attempting to do image processing to count or recognize individual fringes.  After some 
debugging, the physics in the CCAS software produced expected results.  Under better seeing conditions, or perhaps 
for a smaller aperture telescope, the instrument would work for precision alignment of mirror segments in tip/tilt.  
The interferometer itself actually performed better than one might have expected in the HET application.  Any 
textbook description of the controlled environments in which interferometers are typically used would lead one to 
think that a beam path including 52 meters of turbulent atmosphere and a moving platform would lead to disaster for 
obtaining any interference fringes at all.  They were, however, quite present most of the time.   

The piston measurement of CCAS could have been improved with laser diodes that met their design specifications.  
Though the proposed alignment process was a bit labor-intensive, if done infrequently then it could be useful.  The 
measurement range, however, is very restrictive for the alignment of a non-phased segmented mirror.  Other 
techniques would be better for this application. 

Given the HET mirror truss behavior, the dynamic range of the CCAS was not matched well to this application.  
Once the SAMS was working to maintain the alignment of the primary mirror, the CCAS might have been more 
useful, but before that time it was replaced with a Shack-Hartmann sensor that had a much higher measurement 
dynamic range.  The CCAS capabilities could be improved by using higher resolution cameras and different imaging 
optics to increase segment capture range.   

The largest problem for CCAS operation on HET was dome seeing.  Even though it is a common path 
interferometer, fringe visibility was severely degraded by turbulent air cells over the aperture of the primary mirror.  
This instrument could only be routinely successful in an application that did not have these conditions, such as in the 
laboratory or a space-based telescope. 

ACKNOWLEDGEMENTS 
The authors would like to acknowledge the team at W.J. Schafer Associates, Inc. who designed and built the CCAS.  
We thank William Gressler and François Piché for their initial work on deciphering, debugging, and testing this 
instrument.  Grant Hill for writing special stacking codes to aid in CCAS testing.  Jim Fowler for his help in 
applying software patches.  Craig Nance, Earl Green, and Mark Blackley for diagnosing and repairing failed CCAS 
electronic components.  Telescope operators, Teddy George, Gabrelle Saurage, and Ben Rhoads, for an 
overabundance of rough mirror alignment throughout CCAS testing.  We also sincerely thank the entire HET staff, 
past and present, for many hours of assistance in testing and improving primary mirror alignment on the telescope. 

REFERENCES 
                                                          
1.  H. Klumpe III, B. Lajza-Rooks, J. Blum, “Absolute phasing of segmented mirrors using the Polarization Phase 

Sensor,” SPIE 1532, 230-240, 1991. 
2.  V. Krabbendam, T. Sebring, F. Ray, J. Fowler, “Development and performance of the Hobby-Eberly Telescope 

11 meter segmented mirror,” SPIE 3352, 436-445, 1998. 
3.  J. Good, P. Kelton, J. Booth, E. Barker, "The Hobby-Eberly Telescope Natural Ventilation System Upgrade," 

SPIE 4837-26, Waikoloa, HI, August 2002. 
4.  M. Adams, P. Palunas, J. Booth, J. Fowler, M. Wolf, G. Ames, E. Montgomery, J. Rakoczy, “Hobby-Eberly 

Telescope segment alignment maintenance system,” SPIE 4837-80, Waikoloa, HI, August 2002. 

221



                                                                                                                                                                                          
5.  J. Rakoczy, D. Hall, R. Howard, W. Ly, J. Weir, E. Montgomery, M. Adams, J. Booth, J. Fowler, G. Ames, 

“Primary Mirror Figure Maintenance of the Hobby-Eberly Telescope using the Segment Alignment 
Maintenance System,” SPIE 4837-81, Waikoloa, HI, August 2002. 

6.  M. Wolf, P. Palunas, J. Booth, M. Ward, A. Wirth, G. Wesley, D. O’Donoghue, L. Ramsey, “Mirror Alignment 
Recovery System (MARS) on the Hobby-Eberly Telescope,” SPIE 4837-82, Waikoloa, HI, August 2002. 

7.  J. Booth, M. Wolf, J. Fowler, M. Adams, J. Good, P. Kelton, E. Barker, P. Palunas, F. Bash, L. Ramsey, G. Hill, 
P. MacQueen, M. Cornell, E. Robinson, “The Hobby-Eberly Telescope Completion Project,” SPIE 4837-
109, Waikoloa, HI, August 2002. 

8.  L. Ramsey, M. Adams, T. Barnes, J. Booth, M. Cornell, J. Fowler, N. Gaffney, J. Glaspey, J. Good, G. Hill, P. 
Kelton, V. Krabbendam, L. Long, P. MacQueen, F. Ray, R. Ricklefs, J. Sage, T. Sebring, W. Spiesman, M. 
Steiner, "Early performance and present status of the Hobby-Eberly Telescope," SPIE 3352, 34-42, 1998. 

9.  P. MacQueen, “SST Optical Design study,” SST Technical Report #57, July 1991. 
10.  G. Chanan, J. Nelson, T. Mast, “Segment alignment for the Keck Telescope primary mirror,” SPIE 628,466-

470, 1986. 
11.  D. Malacara, “Optical Shop Testing,” 2nd edition, John Wiley & Sons, Inc., P. 514, 1992. 

222



Appendix B

Mirror Alignment Recovery System

Wolf, M.J., Palunas, P., Booth, J., Ward, M., Wirth, A., Wesley, G.,

O’Donoghue, D., Ramsey, L., “Mirror Alignment Recovery System (MARS)

on the Hobby-Eberly Telescope,” 2002, SPIE, 4837, 714

Copyright 4837-82 (2002) Society of Photo-Optical Instrumentation

Engineers. This paper was published in SPIE Proceedings 4008, p. 216, and

is made available in this dissertation with permission of SPIE. One print or

electronic copy may be made for personal use only. Systematic or multiple

reproduction, distribution to mulitple locations via electronic or other means,

duplication of any material in this paper for a fee or for commercial purposes,

or modification of the content of the paper are prohibited.

223



Mirror Alignment Recovery System (MARS) on the Hobby-Eberly 
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ABSTRACT 
The Mirror Alignment Recovery System (MARS) is a Shack-Hartmann based sensor at the center of curvature 
(CoC) of the Hobby-Eberly Telescope (HET) spherical primary mirror used to align the 91 mirror segments.  The 
instrument resides in a CoC tower next to the HET dome, a location which provides a challenging set of problems 
including wind shake and seeing from two different domes.  The system utilizes an internal light source to illuminate 
the HET and a reference mirror to provide focused spot locations from a spherical surface.  A custom lenslet array is 
sized to the HET pupil image, matching a single hexagonal lenslet to each mirror segment.  Centroids of the HET 
mirror segment spots are compared to the reference spot locations to measure tip/tilt misalignments of each segment.  
A MARS proof-of-concept (POC) instrument, tested on the telescope in 2001, utilized a commercial wavefront 
sensor from Adaptive Optics Associates.  The final system uses the same concept, but is customized for optimal 
performance on the HET. 

MARS replaces previous burst-antiburst alignment techniques and provides a more intuitive method of aligning the 
primary mirror for telescope operators.  The POC instrument has improved median HET stack sizes by 0.3″ EE50, 
measured at the CoC tower.  The current alignment accuracy is 0.14″ rms (0.28″ rms on the sky), resolution is 
0.014″, measurement precision is 0.027″ rms, and segment capture range is ± 5″.  With continuing improvements in 
HET dome ventilation and the addition of software customized for removal of tower motion during measurement, 
the alignment accuracy is expected to reach approximately 0.04″ rms in the final MARS, to be installed in late 2002. 

Keywords:  alignment, segmented, primary mirror, Shack-Hartmann, HET, Hobby-Eberly, MARS 

1. BACKGROUND 
The HET† is a 9-meter fixed elevation telescope with a segmented primary mirror.  Its Arecibo-style design was a 
prototypical approach to the construction of a low cost 8-meter class telescope.  The telescope structure sits 
stationary during a science observation, while a tracker at the top follows objects across the spherical primary mirror 
for up to 2.5 hours at a time, depending on the declination of the object.  The constant 35o zenith angle of the 
telescope maintains a constant gravity vector on the primary mirror and eases its alignment maintenance.  The 
primary mirror is 11 meters point-to-point with a spherical aberration corrector at prime focus that limits the 
tracking pupil to 9.2 meters.  There are 91 hexagonal segments populating the primary, each 1 meter in diameter and 
supported on a steel mirror truss. 

The design specification for HET delivered image quality was 0.6″ 50% encircled energy (EE50), of which 0.56″

was the error budget for the primary mirror.  The primary mirror budget allowed for errors in the steel truss, the 
segment mounts on the truss, segment figure, and segment alignment.  The segment alignment portion of the error 
budget was 0.065″ EE50 for tip/tilt and 25 microns for piston.  To meet these requirements, the segments do not 
need to be phased, but are aligned and maintained for hours at a time.  An HET optical design study1 found that 
segment tip/tilt errors with a 0.06″ rms distribution cause 0.161″ EE50 of image degradation, and piston errors with 
a 25 micron rms distribution cause 0.057″ of degradation, the two of which add in quadrature.  Segment piston holds 
fairly well over long periods of time, and given its much smaller contribution to image quality errors, the tip/tilt 
                                                          
* mwolf@astro.as.utexas.edu; phone 1-512-471-0445; fax 1-512-471-6016; University of Texas at Austin, Astronomy Dept., 
2511 Speedway, RLM 15.308, C1400, Austin, TX  78712 
† The HET was funded and built by a consortium of five universities:  the University of Texas at Austin, the Pennsylvania State 
University, the Ludwig-Maxmilians Universität München, the Georg-August-Universität Göttingen, and Stanford University. 
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alignment, which changes rapidly with temperature, becomes much more critical to 
control.  Segment piston in the array is set manually with a hand-held spherometer 
once every few months.  This gets the array aligned to an rms piston error of 25 µm, 
which holds to an average of 70 µm (maximum of 200 µm) over this period of time, 
which is adequate.  Nevertheless, the addition of an automatic piston adjustment 
technique is planned for the future to eliminate the need of the labor intensive 
manual procedure and to allow more frequent alignment, especially as the overall 
image quality of the telescope improves and piston errors begin to have more 
impact.  The alignment techniques described in the remainder of this paper are only 
for tip/tilt adjustment of the segments.   

A tower was built next to the HET dome, shown in Figure 1, to allow placement of 
an alignment sensor at the center of curvature of the primary mirror.  This tower 
consists of separate inner and outer steel shells to protect the instrument platform on 
the inner tower from movement due to wind loading on the outside.  The radius of 
curvature of the HET primary mirror is 26.2 meters, requiring the tower height to be 
about 90 feet.  Guy wires stabilize the outer tower, but some motion does get 
translated to the instrument platform from a common base.  This effect places some 
limits on wind conditions in which the HET mirror can be aligned (40-45 mph) and 
calls for creative data collection and analysis to remove the effects of tower motion 

on segment alignment measurements from the tower. 

An HET Completion Project2 was begun in 2001 to tackle known issues that were limiting telescope performance, 
but could not have been addressed with prior funding.  The MARS was part of this effort, along with the Segment 
Alignment Maintenance System (SAMS)3,4 and the Dome Ventilation System (DVS).5

2. PREVIOUS MIRROR ALIGNMENT TECHNIQUES 

2.1. Burst-antiburst stacking 
An interferometer for aligning the primary mirror segments, described in 
Section 2.2, was installed during the telescope construction project, however, a 
rougher alignment technique was required for initial telescope commissioning.  
To this end, a technique called burst-antiburst stacking was developed by the 
onsite staff.  The laser projector on the interferometer was used to illuminate the 
primary mirror from its CoC, and return spots from each mirror segment were 
viewed on a faceplate back at the instrument in the tower.  Because the return 
spots from an unaligned mirror appeared as an ambiguous bundle of spots on the 
faceplate, procedures to identify which spots were associated with which 
segments were required.  The mirrors in half the array of 91 segments were 
tilted such that their spots moved to the edge of the plate, while the other half 
were aligned.  The active half of mirrors were moved such that their spots 
formed into a ring pattern, or “burst” out from the center into concentric rings.  
A 3-ring burst pattern on the faceplate is shown in Figure 2.  Software 
automatically went through and searched for spots within a given radius around the locations where they should lie.  
The code identified spots with specific mirrors, allowing the operator to intervene if things did not look right.  A 
manual mode where the operator selected spots by hand was also available for severely misaligned cases.  Once the 
mirror spots were identified with segments and their positions recorded, the mirrors were sent to the opposite sides 
of the rings, or “anti-burst.”  The spots were reidentified and positions recorded.  The mirrors were then moved so 
that each spot was sent to the center.  After the first half was done, the procedure was repeated for the other half.  
The spots were all stacked on top of each other, so the alignment process was called “stacking” the mirror. 

The mirror segment actuators have some hysteresis in their motion, especially in the large (up to 30″) movements 
required during this method of stacking.  The hysteresis varied with seasonal temperature and time, so it was 
remeasured for each actuator periodically throughout the year.  Hysteresis corrections were added into the requested 
mirror motions during stacking. 

The burst stacking technique was routinely used as the tip/tilt mirror alignment procedure until October 2001, when 

Figure 1:  Center of curvature 
alignment sensor (CCAS) 
tower.

Figure 2:  3-ring burst stacking 
pattern on the faceplate. 
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MARS was installed.  It typically produced stack sizes 
of 1.2″ EE50 at the CoC tower, and on-sky image 
quality of 2.3″ EE50. 

2.2. Center of curvature alignment sensor 
The Center of Curvature Alignment Sensor (CCAS)6

was developed by W.J. Schafer Associates, Inc. for 
alignment of the HET primary mirror.  It was intended 
to align the mirror segments both in tip/tilt and in 
piston.  The sensor was delivered early in the telescope 
construction project, before the primary mirror was 
populated with segments.  Because of this timing, it 
was never fully tested on the telescope before the 
company's branch office that developed the sensor was 
disbanded.  An effort was made by onsite staff in 1999-
2000 to debug and test the CCAS in order to make a 
decision on whether it would suffice as the mirror 
alignment instrument for the telescope.  With a number of bugs corrected, the CCAS did work for tip/tilt mirror 
alignment under superb environmental conditions, but did not have the robustness required for typical seeing 
conditions before the DVS, or sufficient capture range for the primary mirror before the SAMS.  For these reasons, 
the CCAS was replaced with MARS during the HET Completion Project.  A brief description of the CCAS is given 
here.  More details can be found elsewhere in these proceedings.6

The CCAS is a dual-arm polarization shearing Twyman-Green interferometer, schematically shown in Figure 3, that 
resides at the CoC of the primary mirror.  An expanding beam of linearly polarized light from a HeNe laser in the 
CCAS tower is projected down to fill the HET primary mirror, and reflected back by each segment to a focus at the 
faceplate.  The bundle of return spots, the same spots that were used for burst-antiburst stacking, is sent through a 
pinhole in the center of the faceplate and into the instrument.  This cone of light is collimated, split, and sent into 
both the tip/tilt and piston measurement sections of the instrument.  Only the tip/tilt measurement is described here, 
since that was the only part of the instrument used on the HET.  Details on its piston measurement technique can be 
found in the CCAS paper in these proceedings.6

The collimated beam is split into 2 arms, denoted as Arm 0 and Arm 1 in Figure 3.  Only Arm 0 is shown in the 
figure for clarity, since the two arms are identical except for image shear direction.  Light polarization orientation is 
indicated in the figure by arrows.  The beams in each of these arms go through a pair of Wollaston prisms, which 
shear the image of the HET primary.  The Wollaston prism angularly separates the image into two that have 
polarizations 90o out of phase, the ordinary and extraordinary rays (denoted as o and e in Figure 3).  The second 
Wollaston prism in the pair is reversed with respect to the first and undoes the angular deviation of the beams, 
sending them out parallel and separated by a distance that overlaps a mirror segment in one image with its neighbor 

in the other image.  An interference pattern is created on every segment in the 
overlapped image of the primary.  Such an interferogram of half of the primary 
mirror array is shown in Figure 4.  If two segments were perfectly aligned, you 
would see only 1 fringe on the segment.  As tips and tilts are introduced 
between the two mirror segments, more horizontal and vertical fringes appear.  
The second arm of the instrument does exactly the same thing, except that the 
shearing direction is 120o from the first, causing every segment in the array to 
be overlapped with a neighbor in at least one of the arms.  The shear direction in 
Figure 4 is indicated by the arrow.  The columns of segments on the left and 
right sides have no fringes because their images did not overlap a second 
segment image.   

The boxes labeled 0-4, 0-5, 0-6, and 0-7 in Figure 3 represent cameras in Arm 0.  
Optics leading up to each camera introduce known phase shifts of 0o, 90o, 180o,
and 270o into each split off beam.  By comparing the fringe patterns in each of 
these 4 images, the phases due to tip/tilt misalignments of the 2 segments are 
calculated.  Corrections required for these tip and tilt misalignments are sent to a 
mirror correction file that is applied to the mirror segment actuators to align 
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Figure 3:  Schematic of the CCAS.  Light polarization is 
denoted by arrows.  Operation is described in the text. 

Figure 4:  CCAS interferogram of 
segment tip/tilts for half the HET 
primary mirror array.  The arrow 
indicates the image shear direction.  
Dome seeing effects blur out the 
fringes in some locations. 
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them. 

The CCAS saw very limited use on HET.  The instrument’s capture range of 0.36″ was too small to be of use for 
initial mirror alignment, especially before the SAMS was installed.  In principle, the CCAS could have been used to 
fine tune the tip/tilt segment alignment after a burst-antiburst stack, if the dome seeing conditions were excellent and 
the fringes were clear, but in practice, this very rarely happened over the entire mirror array.  However, the CCAS 
could be used to improve alignment on smaller groups of mirrors, up to 23 segments.  It was successfully used for 
initial verification testing of the SAMS on a group of 7 mirror segments.  The instrument concept worked, just not 
through 52 meters of uncontrolled atmosphere over an 11 meter aperture in this application. 

3. MIRROR ALIGNMENT RECOVERY SYSTEM (MARS) 
In May 2001, the decision was made to find a more robust and precise method for aligning the HET primary mirror.  
Because of its widespread and successful use in similar applications, the Shack-Hartmann wavefront sensor was at 
the top of the list for this task.  A proof-of-concept instrument was devised to test the Shack-Hartmann technique on 
HET.  This system, the Mirror Alignment Recovery System Proof-of-Concept, or MARS-POC, was installed in 
September 2001.  In spite of its “proof-of-concept” state, it was superior to previous methods and has subsequently 
been used as the mirror alignment instrument for HET.  Things learned from the POC instrument have been 
incorporated into the design of a final MARS, which will be installed in late 2002. 

3.1. Shack-Hartmann proof-of-concept instrument 
MARS is built around a commercial Shack-Hartmann wavefront sensor.  A schematic of the POC instrument is 
shown in Figure 5.  Figure 6 is a photo of the front end optics.  An expanding white light beam, with its source 
originating through a fiber-fed pinhole at the CoC of the HET primary mirror, is projected down to fill the primary.  
Each mirror segment in the HET array reflects a portion of this light back, all beams coming to a focus again at the 
CoC on the back side of the beamsplitter cube.  A collimator lens is placed its front focal length away from the CoC.  
This lens actually serves two purposes.  One is to collimate the HET return beam, the other is to image the primary 
mirror array.  The next optical component is a lenslet array which is placed at the image plane of the HET primary 
mirror.  The custom lenslet array is sized such that each hexagonal lens falls on top of a mirror segment in the image 
of the primary mirror, shown in Figure 7.  The lenslet array mounts to the front surface of the WaveScope, a 
commercial wavefront sensor manufactured by Adaptive Optics Associates (AOA) and used as our POC Shack-
Hartmann sensor.  Inside the WaveScope is a CCD camera on a translating stage.  The moving stage allows the 
CCD camera to image either the focused spots from the lenslets, or the lenslet array itself, which is coplanar with a 
pupil image of HET primary mirror. 

A knife edge at the back face of the beamsplitter cube 
allows the entire instrument to be placed at the correct 
focus before a measurement is made.  Knife edge 
focusing, while watching a real time HET pupil image 
on the MARS camera, places the back face of the cube 
at the HET CoC. 

An internal reference beam can be sent into the 
WaveScope for calibration.  This beam consists of light 
reflected from a reference sphere that has its CoC at the 
same point in space as the HET’s, at the back face of 
the beamsplitter cube.  The lenslet array samples light 
from the reference mirror and each lens focuses spots 
whose locations correspond to those from a “perfect” 
sphere, analogous to a perfectly aligned segmented 
mirror.  The positions of the HET spots on the CCD are 
compared to the positions of the reference spots.  
Differences in these positions, caused by misaligned 
mirror segments, measure tips and tilts of each segment.  
Corrections are then sent to the mirror positioning 
system to align the HET primary. 

A pellicle beamsplitter is placed in front of MARS to 
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Figure 5:  MARS-POC schematic, top view.  Light expands 
from a fiber-fed pinhole on the side (top here) of the 
beamsplitter cube, reflects down to and illuminates the HET 
primary, returns to focus at the primary’s center of curvature 
on the back (left here) side of the cube, is collimated by a lens, 
encounters the lenslet array which has each lens matched to an 
HET segment, then is focused and imaged onto a CCD 
camera.  Another leg contains a spherical reference mirror for 
calibration, shown at the bottom of this schematic.  The thin 
beamsplitter to the right provides an image of the entire mirror 
stack returned from the HET to the Sensys camera. 
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send a small percentage of the HET return beam to a Sensys 
CCD camera for imaging the whole stack.  This camera is 
where stack sizes are measured. 

3.1.1. Optics

3.1.1.1. Design
MARS optics were selected such that the 1-meter diameter 
HET segments were scaled down by approximately 1000:1 to 
a 1-mm image size.  This also meant that the pitch of the 
matched lenslet array would be approximately 1 mm.  Given 
the HET’s 26-meter radius of curvature, the collimator lens 
needed to have a focal length of about 26 mm for this 
demagnification.  With this amount of reduction tilt angles of 
the segments are magnified by a factor of 1000, so 5″

becomes 5000″, or 25 mrad, at the lenslet array.  The standard 
WaveScope CCD relay lens provides a demagnification of 
0.42 to the CCD’s 10 micron pixels, resulting in an effective 
pixel size at the lenslet focal plane of 24 microns.  To keep a 
mirror spot under its 1 mm diameter lenslet, the maximum 
spot displacement should be about ± 400 microns.  Given a 
maximum segment tilt of 25 mrad, this says that the lenslet 
focal length should be 16 mm.  For this focal length, a pixel 
subtends 1.5 mrad at the lens array, or 1.5 µrad (0.3″) at the 
primary.  Assuming that we can centroid to 1/10 pixel, this 
should give a resolution of 0.015″ (extra factor of 2 because 
with mirrors angular movements are doubled).   

For good centroiding, spots on the CCD camera must be well sampled.  The spot size on the CCD is set by seeing 
when measuring the HET primary and will always be larger than 1 pixel.  However, the reference mirror spots from 
a point source with no local seeing would be too small, as the diffraction limited spot size from the f/16 lenslets is 
only about 16 microns null-to-null at 500 nm.  Therefore, we chose to use a resolved reference source.  This could 
be achieved by using a pinhole on the light source with a size of 130 microns, resulting in spots that are 
approximately 3 pixels across at the CCD.   

The aperture of the collimator needed to be large enough to not 
vignette the pupil image of the 11 m primary mirror, requiring at 
least an 11 mm lens aperture for the 1000:1 reduction.  To this 
must be added about 1.5 mm to allow for spot displacements at 
extreme segment tilts.  This required the f/# of the collimator lens 
to be ≤ 2.1.

3.1.1.2. Actual System 
Off the shelf standard optical components were used where ever 
possible to get the proof-of-concept instrument together quickly 
and test the technique.  For this reason, the actual optics used vary 
slightly from the design, but do not significantly change the 
resulting numbers.  The collimator lens is an f/1.6 with a focal 
length of 25 mm, instead of 26 mm  This makes the 
demagnification slightly higher, 1046:1 rather than 1006:1, so the 
size of the HET segment image is a bit smaller than 1 mm.  The 
image of the HET was measured with our collimator lens at its 
proper location in the tower and the lenslet array was 
manufactured to exactly match the segment image size.  The focal 
length of the lenslets in the array came out as 17.6 mm, instead of 
16 mm.  This means that the segment spot displacement on its 

Figure 6:  MARS-POC optics.  In this photo, the 
WaveScope is up and the HET is down.  The lenslet 
array mount is the silver cylinder near the top, the 
black cylinder below that is the mount for the 
collimator lens, the glass square in the center is the 
beamsplitter cube, the Center of Curvature is at the 
back face (top in photo) of the cube, a temporary knife 
edge is affixed to the back of the cube, the fiber-fed 
light source is just to the right of the cube, a pinhole is 
glued to that side of the cube, the reference beam 
shutter is to the left of the cube, the reference mirror is 
further to the left and just off the edge of the picture, 
the HET shutter is at the bottom of the picture.  For 
scale, the beamsplitter cube is 1 inch on a side. 

Figure 7:  HET pupil image from MARS.  Each 
lenslet falls on top of an HET segment.  The 
shadow across the mirror array is from the tracker 
(without the Prime Focus Instrument Package 
installed).  Black segments are either missing from 
the mirror array, or misaligned beyond the capture 
range of MARS.  The few partially illuminated 
segments are just at the edge of capture range. 
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lenslet for a 25 mrad tilt becomes 447 µm instead of 400 µm, possibly 
causing more confusion between neighboring spots since it travels closer 
to the boundaries between subapertures.  The actual lenslet focal length 
results in a slightly better estimated resolution of 0.014″, assuming 1/10 
pixel centroiding.  A 100 µm pinhole, rather than 130 µm, was used on 
the light source, which is the correct size to give a spot size on the CCD 
of approximately 3 pixels for these optics.  We also added a V filter to 
the white light source to cut down chromatic aberration from the fast 
collimator lens.  The spherical reference mirror is an f/1 with a 2-in 
diameter and 2-in focal length. 

3.1.2. Mechanical layout 
The MARS-POC resides in the CoC tower, 26 meters from the primary 
mirror.  The instrument is mounted on a wedge that places it on the 
optical axis of the HET, which sits at a fixed elevation of 55o.  Figure 8 
shows MARS on its wedge in the tower.  Because the 90 ft tall tower 
shrinks, grows, and bends with temperature, the instrument must be 
moved around to find the true CoC before each use.  Translation slides provide remotely controlled x-y (horizontal-
vertical) translation and focus (to/from HET) motions for the entire optical bench.  The actuators used for these 
motions are from TS Products, the same as those used for positioning HET mirror segments.  To offset the weight of 
the optical table for the focus motor, a customized counterweight hangs off the back side of the wedge.  Manual 
angular adjustments on the table allow initial alignment to the HET in pitch and yaw.  

3.1.3. Control system 
To interface the WaveScope, an off the shelf product, to the current HET control system four major components 
were addressed: 1) passing of tip/tilt corrections to the primary mirror control (PMC) system, 2) control of light path 
shutters, 3) visually displaying the tip/tilt corrections for the telescope operators, and 4) remote translation of the 

MARS platform to allow telescope operators to align and focus the 
WaveScope to the HET.  The interface was accomplished by the creation of a 
set of intermediary programs that would act as a server/controller for the entire 
MARS system.  This set of tightly interlaced programs is collectively known 
as the MARS software, written in Tcl/Tk and C. 

The WaveScope software was modified to allow shutter open and close 
commands, sent via a TCP/IP socket to the MARS software server.  Command 
is then passed to the hardware control section of the MARS software for 
implementation.  The tip/tilt corrections are collected by the MARS software, 
which serves a PMC TCP/IP client interface allowing the PMC to request new 
tip/tilt corrections for each mirror segment.  The system also archives all 
tip/tilt corrections generated by the WaveScope software. 

The MARS software runs a graphical user interface (MARS GUI) which 
allows the HET telescope operators to control the motors that move the MARS 
platform.  It gives the telescope operators manual control of the beam shutters, 
as well as power supply control for each component of the MARS/WaveScope 
hardware, and displays measured segment tip/tilt errors to the operator (Figure 
9).   

All computers for the MARS-POC are located in the HET control room.  RS-
232 communication, Ethernet, and video links to the CoC tower are achieved 
via fiber optic cables for lightning isolation.   

3.1.4. Alignment 

3.1.4.1. Normal operation 
Because the MARS sits atop a 90 ft steel tower that changes in height with 

Figure 8:  The MARS-POC on its wedge 
mount in the CoC tower.  The circular 
shutter in the lower right corner of the 
picture opens, allowing access to the HET 
when it is pointed at the tower. 

Figure 9:  Segment tip/tilt error 
display on the MARS operator 
console.  Vectors on each segment 
show the direction and magnitude of 
measured alignment errors.  
Segments outlined in green have 
measured errors within spec (0.06″),
red are out of spec, and gray are not 
measurable or are obscured by the 
tracker. 
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ambient temperature, bends from solar heating on various sides during the day, and cools off during the night, the 
instrument is never in exactly the same spot relative to the HET when the telescope operator needs to stack the 
mirror.  Using views from the internal MARS camera, the operator translates the entire wedge in x and y to center 
up the HET return beam.  A knife edge focus is performed to adjust the distance of MARS from the HET.  This is 
accomplished by translating MARS sideways such that a fixed knife on the back of the beamsplitter cube cuts into 
the HET return and adjusting the focus until the MARS light source pinhole and return beam focus are coincident at 
the primary mirror CoC.  These adjustments of 3 axes to position MARS are all the alignment required in normal 
operation.  No angular adjustments of MARS are routinely required to align to the telescope, since the elevation of 
the HET is fixed and its azimuthal positioning is good to 0.003o for pointing at the CoC tower.   

3.1.4.2. Initial setup 
A more rigorous and manual procedure must be followed to initially align the internal optics of MARS.  The optical 
axis of the instrument is set by the motion of the translation slide of the WaveScope CCD camera.  When this 
translation axis is aligned to the optical axis of the HET, no motion of the HET return beam on the CCD camera 
occurs as the stage moves.  Alignment begins with the WaveScope in its nominal location and the pellicle 
beamsplitter out front.  (Refer to Figure 5.)  A laser beam is reflected off the back side of the pellicle and into the 
WaveScope.  The beam is aligned such that no spot motion occurs on the CCD when the stage is translated.  MARS 
optics are then placed into position at their nominal distances on the optical table, centered with the laser beam, and 
made normal to the optical axis using their laser back-reflections.  We begin with the beamsplitter cube, then the 
reference mirror such that its return falls onto the back side of the pinhole light source on the beamsplitter cube, then 
the collimator lens, and finally the lenslet array.  After the optics are in place, the white light source through the 
pinhole is used for fine tuning of the centering and perpendicularity of each component to the optical axis of the 
instrument.  The distance of the reference mirror is adjusted by performing a knife edge focus at the back face of the 
beamsplitter cube, placing the reference mirror CoC at this back face. 

The spacing of the collimator lens from the beamsplitter cube and its tilt relative to the optical axis are set by using 
the WaveScope itself to measure tilt and focus errors between the reference beam focused spots and the lenslet 
centers on the CCD.  The precise placement of the collimator lens is adjusted to minimize these errors. 

The remaining steps use the white light returned from the HET and require a couple iterations.  After x-y centering 
of the whole MARS wedge, the pitch and yaw angles of the optical table on top of the wedge are adjusted to place 
the instrument on the optical axis of the HET.  This can be accomplished by running the CCD translation stage back 
and forth and watching for image motion on the CCD as it goes from a pupil image of segments to focused spots.  
Next, the distances of MARS optics are fine tuned.  The back face of the beamsplitter cube is placed at the HET 
CoC by performing a knife edge focus there and moving the focus of the entire table.  Then comes the distance from 
the collimator lens to the lenslet array.  The lenslet array must be placed at the back imaging plane of the lens, such 
that a crisp image of the HET primary falls at the plane of the lenslet array.  Because the lenslet array attaches to the 
front of the WaveScope, this adjustment is accomplished by translating the entire WaveScope along the optical axis 
with adjusting screws.  The CCD camera is placed at the stage location for viewing the pupil image.  The lenslet 
array is removed, and the WaveScope body is translated along the optical axis until the HET primary image is in 
focus on the CCD.  The lenslet array is replaced and adjusted in x (horizontal), y (vertical), and rotation until the 
hexagonal lenses line up perfectly with the HET mirror segments.   

Since the WaveScope was moved in previous steps, a second iteration of fine tuning the collimator position and tilt 
is done using the WaveScope tilt and focus error measurements for the reference beam.  The HET return beam is 
then sent into the instrument, with the reference beam blocked, the entire MARS is translated in x and y to center up 
to HET, a knife edge focus is done to place MARS at the HET CoC, and then the pitch and yaw angles on the 
optical table are readjusted to fine tune the alignment of MARS to the HET.   

3.1.5. Software and data analysis 
The software suite that supports the WaveScope Hartmann wavefront sensor consists of an extensive library of data 
manipulation and display routines written in the C programming language that are assembled into various functional 
sequences under the Tcl scripting language.  The use of this interpreted scripting language as the top level of the 
software allows rapid development of new sensing procedures.  The software developed for this segment alignment 
sensor application represents just such a case.  No new lower-level algorithms were needed for this effort.  The 
existing routines were simply arranged in the proper sequence and supplied the required data to allow calculation of 
the primary mirror segment tilts. 
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In normal operation the WaveScope sensor collects a set of seven images that are used for the full calibration and 
measurement of a wavefront.  Four images are obtained using the reference source.  These consist of two images of 
planes on either side of the Hartmann lenslet array, which show bright and dark grids produced by the edges of the 
lenslets.  These grid images are analyzed to determine the locations of the centers of all the lenslets in camera 
coordinates.  A second pair of images is taken at planes slightly inside of and at the lenslet focal plane.  These 
images are used to unambiguously associate each Hartmann spot with the lenslet that generated it by projecting the 
chief ray in each subaperture back to the lenslet plane.  The result of the analysis of these four images is a matched 
list of reference spot positions and associated lenslet centers. 

Three images are then obtained using the test source.  One is an in-focus image of the test pupil.  This allows the 
position and size of the pupil to be determined in camera coordinates.  This information can be combined with the 
coordinates of the lenslet centers to determine the location of each Hartmann subaperture within the test pupil.  
Again, two images are obtained just inside of and at the lenslet focal plane.  These images are used for two purposes.  
The in focus image is analyzed to locate all spots that meet certain criteria that assure they are suitable for making a 
subaperture tilt measurement.  Only the spots meeting these criteria are used in the wavefront measurement.  The in-
focus and inside-focus images are used to associate the selected spots with the lenslets that formed them.  This 
results in a second matched list of test spot locations and associated lenslet centers. 

The locations of the lenslet centers do not depend on whether the reference or test source is being observed.  Thus 
the lenslet center locations in each of the matched lists produced by the above procedures are subsets of the same, 
complete list generated from the pair of reference pupil images.  The two lists are matched to each other and a list of 
lenslet centers in common to both is derived.  This list represents the final set of Hartmann subapertures that will be 
used in the measurement.  The locations of the reference and test spots associated with each lenslet in this list are 
differenced to produce the subaperture tilt estimates. 

The modifications to this standard procedure for the MARS are quite straightforward.  The same four reference 
source images are collected and processed in the standard way.  Because the relation of the test pupil to the 
Hartmann lenslet array is fixed by the optical system, no test pupil image is collected, just the two test spot images.  
Again, these are processed in the standard way to produce the final matched list of test and reference spot positions 
with their associated lenslet centers. 

Because the sensor identifies valid spot images each time a measurement is made, it automatically adapts for the 
varying obscuration of the primary produced by the HET tracker.  For any tracker position, the sensor will report tilt 
measurements only for those subapertures that receive sufficient light. 

The final step in the processing of the tilt data is specific to this application.  During the commissioning of the 
instrument, a table was generated that associated the location of the center of the image of each mirror segment, in 
camera coordinates, with the identification number of that segment.  This list is then used in one further matching 
process.  The final list of matched test and reference data associates each measurement with a lenslet center.  Since 
the lenslet centers are optically matched to segment centers, by matching lenslet centers to the list of segment 
centers it is possible to connect the segment identification number with the segment tilt measurement for each 
subaperture. 

During a MARS measurement on HET, 25 reference images and 50 HET images are saved.  A sampling frequency 
of 5 Hz over a period of 10 sec is used to mitigate typical seeing events with this timescale.  Centroids of all the 
spots are calculated in each image and the 50 centroids are averaged together for each mirror segment.  From the 
centroids, tips and tilts are calculated, based on differences from reference spot locations.  The tip/tilt values of the 
central mirror segment in the HET array are subtracted off of all segments to remove global errors induced by tower 
motion during the measurement.  The tips and tilts of each mirror are written to a file and corrections are sent to the 
primary mirror computer that controls the segment actuators.  This process is repeated 2-3 times until tip/tilt errors 
of all segments are within alignment spec.  Once all the mirror segment moves are complete on the final stacking 
iteration, the SAMS loop is closed to maintain the alignment of the primary mirror.   
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3.1.6. System performance 

3.1.6.1. Stack Size 
A history of HET stacking and on-sky 
image quality (IQ) is given in Figure 10 for 
Jan-Jul 2002.  The MARS is stacking to a 
median size of 0.9″ EE50, measured at the 
CCAS tower.  This compares to 1.2″ EE50 
before MARS.  The minimum stack size 
achieved with MARS to date has been 
0.68″.  On-sky IQ does not reflect 
improvements in stack quality, as it is 
dominated by dome and intrinsic site seeing.  
On-sky IQ for Jan-July 2002 has a median 
of 2.2″ EE50 (~ 1.8″ FWHM), compared to 
on-sky IQ of 2.3″ EE50 for the year before 
MARS was installed.  Dome ventilation by 
louvers and intrinsic site seeing 
improvements during summer months do 
seem to have an effect on the upper 
envelope of on-sky points.  Site seeing at 
the HET has been monitored with 
differential image motion monitors 
(DIMMs) over the past year.7  They give a 
median site seeing over this period of 1.05″
FWHM at the zenith, 1.19″ at the HET 
declination, with a standard deviation of 
0.29″.  In initial comparisons, not much 
correlation is seen between HET IQ and DIMM measurements, suggesting that we are still limited by dome seeing 
from heat sources inside the dome.  These are being addressed in the continuing HET completion project.2  As dome 
seeing improves, we expect that stack sizes will also improve.  The following subsections within 3.1.6 discuss 
stacking errors and present data to support this claim. 

3.1.6.2. Accuracy, resolution, and precision 
The measurement resolution of the MARS-POC is 0.0143″.  Segment alignment accuracy is currently 0.14″ rms 
(0.28″ on the sky), with a 0.027″ rms measurement precision (1/6 pixel in tip and tilt).  A number of factors affect 
the performance of the instrument, including mirror segment figure, centroiding precision, CoC tower motion, dome 
seeing, and the global radius of curvature of the primary mirror.  Each of these items are addressed in the following 
subsections. 

3.1.6.3. Segment figure 
The specifications for HET mirror segments called for an optical figure of 0.052 λ (0.033 µm RMS) over the 
spherical surface and radii of curvature (RoC) all matched to within 0.5 mm, with a target RoC of 26,165 ± 10 mm 
(actual master sphere had 26,163.92 mm).  The mirrors were tested on HET mounts at a 55o elevation angle at 
Kodak8 and met the specifications when delivered, but once placed on their mounts in the HET array some have 
deformed.  Some of these cases are due to broken flexures in the mounts that cause the mirror to bind on its central 
hub.  Some are due to clocking of the segment such that the mount binds, because of improper placement relative to 
the gravity vector at its position in the array.  Problematic segment mounts are being identified and dealt with as part 
of HET’s routine maintenance.  The result of these mount problems is that distorted mirror figure causes some of the 
focused segment spots to be double-lobed, donut-shaped, or astigmatic, all of which can cause centroiding problems 
and add to measurement noise in MARS.  Average segment spot sizes (from a resolved 100 µm pinhole source) 
were 0.64″ EE50 at the time of this analysis (0.46″ EE50 now after installation of louvers) with an average ellipticity 
of 0.14, both depending somewhat on dome seeing at the time the images were taken.  Some of the spot quality 
problems are due to dome seeing, as evidenced by their observed variability. 
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Figure 10:  HET stacking and image quality history for Jan-Jul 2002.  All 
values are EE50 sizes except as otherwise noted.  Filled diamonds are stack 
size at the CCAS tower, open circles are single mirror segment size at the 
CCAS tower, filled squares are on-sky pre-science exposure image size, 
X’s are DIMM FWHM, triangles are DIMM numbers converted to EE50 
by a factor of 1.2.  Dotted vertical lines indicate when individual louvers 
were installed for dome ventilation.5  The error bars on some DIMM points 
denote the max and min for that night with the median for the night marked 
by the X.  DIMM points without error bars are instantaneous readings 
throughout a night.  The 2 open diamonds were 3-ring burst stacks and fall 
well above the MARS stack values. 
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3.1.6.4. Synthetic stacks 
To investigate the significance of segment figure on stacking errors, 
synthetic stacks were generated using actual single segment spot 
images.  To accomplish this the mirror array was burst out into a 
hexagonal pattern so that all segments could be seen at once.  Postage 
stamp subsections around each segment spot in the hexburst image 
were extracted and centroids determined.  The individual images were 
shifted and combined to simulate an overall mirror stack.  Aligned 
perfectly, the spots produced a stack image of 0.64″ EE50, consistent 
with the average size of a single segment.  Stacking errors were added 
by combining the individual spot images with random offsets derived 
from a Gaussian distribution and also by using actual measured tip/tilt 
offsets from MARS.  Both alignment offsets produced similar stacks, 
suggesting that the Gaussian error distribution was valid.  Figure 11 
shows a plot of synthetic stack size vs. rms stacking error, σ.  The 
filled circles use 91 individual segment spot images and the open 
circles use 91 images of the best segment.  The solid lines are stack 
sizes calculated from the equation in Figure 11.  Note that the segment 
alignment angular errors are multiplied by a factor of 2 because of the 
mirror reflection before being applied to the spot images; hence, 2 
sigma appears in the equation giving the quadrature sum of alignment 
error and single segment image size.  The factor 2.35 converts sigma to 
FWHM, 1.2 is an empirically derived relation between FWHM and 
EE50, and indiv(EE50) is the EE50 value for a single segment image 
(0.64″ for the average, 0.45″ best).  The plotted lines follow the points 
very well for sigma < 0.075″, but then depart, probably due to the fact 
that the conversion between FWHM and EE50 was derived from HET 
images with EE50 > 1.8″, and this factor is known to decrease with smaller images.  The plot shows that typical 
MARS stacks of 0.9″ EE50 have maximum rms stacking errors of 0.14″.  It also indicates that stack sizes should 
improve by 0.05-0.2″ EE50 with better segment spot images. 

3.1.6.5. Tower movement 
Tests were conducted to investigate the effects of tower shake from wind loading on MARS measurements.  A total 
of 250 MARS spot images of the HET were collected at a rate of 15 Hz over a 17 sec period.  The wind during this 
test was 17-24 mph from an azimuth of 300o (the CCAS tower sits at 68o).  All spots in each image were located and 
centroided using the starfind and center routines in IRAF.‡  The spot positions over the sequence were matched up to 
individual segments using the xyxymatch IRAF routine, and average positions for each segment were calculated.  
Measurement noise and global motions associated with the tower were examined by analyzing the movement of 
spots from their average positions.  Tower motion was clearly seen as a global oscillation of all the segment spots 
with time at a frequency of 1.25 Hz.  The rms deviation of the spots after subtracting the tower shake is residual 
noise in the measurement.  The geometric mean of measured tip and tilt tower motions was 0.067″, leaving residual 
spot motions of 0.041″.  The rms amplitude of tower motion varies linearly with wind speed as 0.0029″ mph-1.  For 
wind speeds of 24 mph the predicted rms tower shake is 0.07″.  (At wind speeds of about 40-45 mph tower shake 
becomes too great to stack with MARS.)  With proper subtraction of tower movement, tip and tilt errors are 
measurable to an rms error of 0.04″.  Tower motion removal will be fully implemented in the final MARS. 

3.1.6.6. Dome seeing 
An examination of the tower subtracted motions for individual spots shows that some segments have dramatically 
more residual noise than others.  Deviations in the motion for individual segments have time scales of order 5 to 10 
seconds.  Analysis of these motions as a function of segment location in the primary array shows a strong spatial 
correlation in the amplitude of the residuals to tracker proximity, suggesting that spot motions are due to localized 
seeing from heat sources on the tracker.  The implied segment misalignment angles from RMS amplitudes of spot 

                                                          
‡ IRAF is distributed by NOAO, which is operated by AURA Inc., under contract to the NSF 
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Figure 11:  Synthetic stacks using actual 
single segment spot images.  The vertical 
axis is the stack size measured at the CCAS 
tower.  Solid points use 91 individual spot 
images, open points use 91 images of the 
best segment.  Solid lines are stack sizes 
from the equation above.  See the text for 
details.  Current MARS stacks of 0.9″ EE50 
have maximum rms stacking errors of 0.14″.   
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motions across the array vary from 0.027″ to 0.1″, depending 
on distance from the tracker.  Spot motions due to seeing 
events have been tracked across the primary mirror at rates of 
1 m sec-1 if at the primary and 0.5 m sec-1 if at the height of 
the tracker.  The rms motions of “quiet” segments well away 
from the tracker show a constant value of 0.027″, which may 
be the centroiding noise floor of MARS.  This corresponds to 
1/6 of a pixel on the WaveScope CCD camera in tip and tilt. 

3.1.6.7. Global radius of curvature 
During a MARS stack the global radius of curvature (GRoC) 
of the primary mirror is set by a knife edge focus or by 
minimizing the spot size at the stack camera of a segment 
with an RoC close to the mean of all segments, Rseg.  Optical 
design studies by the SALT team have predicted an image 
quality degradation of 0.46″ EE50 per mm departure of RGRoC

from Rseg, where RGRoC is the RoC of the primary mirror.9,10

Stacking tests with MARS have shown stack degradation due 
to GRoC error of about 0.28″ mm-1.  The spread in RoCs of 
the HET segments is approximately ± 1 mm, while the spec 
was ± 0.25 mm.  This large spread is likely due to segment 
distortions from the mount problems mentioned in Section 3.1.6.3.  It is expected that the observed stack 
degradation would approach the design study predictions if the actual spread of segment RoCs was smaller.  In any 
case, stack size improvements of 0.34″ EE50 have been seen by finding the correct GRoC at which to stack during 
MARS commissioning.  Data from such a GRoC stacking test are shown in Figure 12. 

3.2. Final MARS design 
The final MARS will be conceptually the same as the MARS-POC, but will incorporate some improvements.  The 
opto-mechanical layout of the final MARS design is shown in Figure 13.  The commercial WaveScope hardware 
will be replaced by an optical bench containing a different CCD camera, a translation stage for the camera, an 
adjustable mount for the customized lenslet array, a collimator lens matched to the new CCD camera, the 
beamsplitter cube, the reference mirror, and the pinhole light source.  Mounts for all components will be sturdier and 
have more adjustment than those on the POC system. 

The CCD camera will have a larger chip (1024x1024 vs. 
current 768x494), more dynamic range (10-bit vs. 
current 8-bit), digital data or analog progressive 
scanning interline transfer output (vs. current interlaced 
transfer RS-170 output into frame grabber card), and a 
40 MHz clock speed.  These changes will result in better 
spatial resolution, allowing a larger image size on the 
chip and thus a longer focal length, higher optical 
quality collimator lens; better spot detection above the 
background with the higher dynamic range; and faster 
data collection for tower motion removal with the 
40 MHz clock speed.   

About half of the time required to perform a primary 
mirror alignment with the MAR-POC is spent in knife 
edge focusing, to place the instrument at the HET CoC.  
In the final MARS, the knife edge will be separated from 
the beamsplitter cube and operated remotely in 2 modes.  
A fast mode will slide the knife edge into the beam with 
a pneumatic cylinder, and a slow mode will be 
controlled by the operator via a voice coil actuator.  This 
should ease and speed up focus position interpretation 
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Figure 12:  Image quality vs. primary mirror GRoC.  
Filled diamonds are data from a MARS GRoC stacking 
test.  Each point was the stack size when the primary 
was aligned at that MARS focus position.  The solid 
line is a 2nd order polynomial fit to the data.  Filled 
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stack sizes scaled up by a constant factor to match that 
of HET. 

Figure 13:  Opto-mechanical layout of the final MARS. 
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by placing the motion control directly into the hands of the operator.  It will also keep the knife well out of the beam 
when not in use, so that it will not limit capture range by blocking spots at large tilt angles.  Automated image-based 
focusing is also being investigated for the final MARS. 

A Linux version of the AOA WaveScope software will be used for instrument control and analysis.  Improvements 
will be added through specialized routines to sample data at a fast rate and remove tower shake during 
measurements, and to improve the spot following routines to increase capture range for misaligned segments.  
Hardware will be controlled through a Programmable Multi Axis Controller (PMAC) II from Delta Tau Systems.   

4. SUMMARY
Though installed as a proof-of-concept test of the Shack-Hartmann technique for aligning the HET primary mirror, 
the MARS-POC very quickly began improving the HET stacks.  It has been used as the alignment instrument for the 
telescope since its installation, and has improved median stack sizes from 1.2″ to 0.9″ EE50.  The POC instrument 
has a segment alignment accuracy of 0.14″ rms, a measurement resolution of 0.0143″, a measurement precision of 
0.027″ rms, and a segment capture range of ± 5″.  The POC system has been used to identify areas for improvement, 
which are being incorporated into a final MARS to be installed in late 2002.  With these changes in the instrument, 
and continuing dome seeing improvements, the final MARS is expected to reach an alignment accuracy of 0.04″

rms.  At this accuracy, HET image quality will not be limited by the initial alignment of the primary mirror. 
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ABSTRACT 

The Low Resolution Spectrograph (LRS) is the first facility instrument on the 9.2 m Hobby-Eberly Telescope 
(HET). The LRS has three operational modes: imaging, long-slit spectroscopy and multi-object spectroscopy 
(MOS). We present the design and early operations performance of the LRS MOS unit, which provides 13 slitlets, 
each 1.3 arcsec by 15 arcsec, on 19.6 arcsec centers, within the 4 arcmin (50 mm) field of view of the HET. This 
type of remotely configurable unit was chosen over the more conventional slit masks due to the queue scheduling of 
the HET, and the instrument’s remote location at the prime focus of the telescope. A restricted envelope around the 
HET focus at the LRS port forced a very compact design. The MOS unit has miniature mechanisms based on 
custom cross-roller stages and 0.25 mm pitch lead-screws. Geared stepper motors with 10 mm diameters drive the 
13 axes at 0.8 micron per step. The precision of the mechanism is far greater than required by the HET plate scale of 
205 microns per arcsec, but results in a robust unit. The slitlets were fabricated at the University of Texas by 
shadow-masking the slit area with a wire and vacuum depositing aluminum onto the silica substrates. Both sides are 
then coated with MgF2, which serves as an antireflection coating and a protective layer. Web-based software is 
available for optimizing the orientation of the MOS unit and the placement of slitlets on objects in the field. These 
setups can be downloaded to the unit for configuration outside of the beam while the HET is slewing to its next 
target in the queue, or while the LRS is used in imaging mode for setup on faint objects. The preliminary results 
presented here are from one commissioning run with the MOS, where the unit appears to be meeting performance 
specifications.

Keywords:  multiobject, spectroscopy, 8-meter class, instrumentation, HET, LRS, low-resolution 

1. INTRODUCTION
1.1  The Hobby-Eberly Telescope 

The HET1,2,3,4 (a collaboration of the University of Texas at Austin, Pennsylvania State University, Stanford, Georg-
August-Universität, Göttingen, and Ludwig-Maximillians-Universität, Munich) began science operations in 
September 1999. It incorporates an innovative fixed elevation design that enabled the construction of an 8-meter 
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class telescope for approximately one 
tenth the cost of conventional designs. It 
serves as the prototype for a new 
generation of telescopes, as the first copy 
is beginning construction in South Africa, 
the Southern Africa Large Telescope 
(SALT). A star tracker5 sits atop the 
telescope to move the prime focus 
instruments and fiber instrument feeds 
along the telescope’s focal sphere during a 
science exposure. Full azimuthal 
movement, coupled with the restrictions in 
elevation, allow 70% sky coverage from 
McDonald Observatory in West Texas. 
The pupil is 9.2 m in diameter, and sweeps 
over the 11-m primary mirror as the 
tracker follows objects for between 40 
minutes (in the south at δ = -10.3o) and 2.8 
hours (in the north at δ = +71.6o). The 
maximum track time on a single field per 
night is 5.6 hours and occurs at a 
declination of +63o. These times are 
quoted for an effective 8-m aperture since the pupil partially falls off the mirror near the extremes of the tracks. 

The 11-m primary mirror, shown in Figure 1, consists of 91 mirror segments, each 1-m in diameter. Segments are 
mounted on a steel truss that expands and contracts with ambient temperature. The initial operational model for 
mirror alignment was to use the center of curvature alignment sensor (CCAS) once per hour to align the primary 
mirror and then to predict and correct truss movements during the hour via a thermal model. This method was 
plagued by two major problems: the truss movements were 
found to be inelastic and not predictable, and the CCAS has 
never worked properly for fine mirror alignment. Both 
problems are currently being solved. Initial mirror alignment 
is achieved via a semi-automated stacking technique 
developed by the onsite staff, which currently aligns the 
mirrors to 0.9 arcsec.3 The CCAS, a polarization shearing 
interferometer, was delivered untested and many bugs are 
now systematically being worked out. It is expected that the 
instrument will be operational later this year for fine mirror 
alignment. The inelastic truss movement problem will be 
solved by a segment alignment maintenance system (SAMS)6

that will place edge sensors on the mirror segments to 
provide feedback to an active control system. Once these two 
systems are fully operational, the HET is expected to deliver 
a typical image quality of 1.3 arcsec, and 1.0 arcsec under the 
best conditions. The slits on the LRS MOS unit were 
designed for this optimal operation and are 1.3 arcsec wide. 

The principal niches for the HET will be large surveys and 
temporal phenomena, taking advantage of the queue-
scheduling of the telescope. As a result, the LRS is a very 
robust instrument with high throughput in order to take 
greatest advantage of the limited track-times on any given 
source. The HET sits at 35o to the zenith, so there is an 
approximately constant gravity loading along the axis of the 
LRS. The prime focus instrument platform (PFIP) can rotate 
about the axis of the corrector in order to access different 

Figure 1.  The HET primary mirror with a reflection of the tracker and 
prime focus instrument platform (PFIP) above. 

LRS

CCD
CAMERA

TOP UNIT
LOCATION

Figure 2.  The LRS shown inside the PFIP as it is 
being lifted to the HET prime focus location. 
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position angles (PAs) on the sky, but during a typical track the rotation will only change by a few degrees. As a 
result, flexure during a track is not an issue. This situation is comparable to that for a Nasmyth mounted instrument. 

1.2  The Marcario Low Resolution Spectrograph 

The Marcario LRS is a grism spectrograph with three modes of operation: imaging, longslit, and multiobject. The 
field of view (FOV) of the HET is 4 arcmin in diameter (50 mm at f/4.6), and the LRS 13-slitlet MOS unit covers 
this field. Resolving powers between R=λ/∆λ ~ 600 and 3000 with a 1 arcsec wide slit are achieved with a variety of 
grisms, two of which can be carried by the instrument at any one time. The CCD is a 3072x1024 device with 15 µm
pixels, and the image scale is 0.236 arcsec per pixel. The LRS rides in the PFIP (Figure 2) on the tracker, allowing it 
to image as well as take spectra. 

The physical constraints of the PFIP dictated that the LRS design be linear with a fold, so a refractive collimator and 
grism disperser were adopted. The refractive collimator of the LRS has a doublet 85.5 mm behind the slit plane and 
a triplet 740 mm behind the slit plane.7 A mirror folds the collimator to conform to the space envelope. The space 
between the collimator triplet and the camera is 330 mm to allow room for even the largest echelle grisms. Two 
grisms can be carried in the LRS at once and are inserted into the beam against hard stops by pneumatic cylinders.  

The camera is an integral unit which includes the CCD head and cryocooler. The CCD system was designed by P. 
MacQueen.8 Since the camera accepts the collimated beam, making its alignment with the rest of the instrument 
noncritical, removing it for maintenance or swapping it for the IR camera is straight-forward. The camera is a f/1.4 
catadioptric with all spherical surfaces.7  For the LRS, this design is preferred over a refractive design due to the 
required fast focal ratio, the ability to tolerate a central obstruction, and the relatively low cost. Analysis of the 
throughput of suitable (but slower) refractive designs indicated that when glass transmission and reflection losses are 
considered, a refractive camera would have only a minor throughput advantage, at best. 

1.3  Overview of the MOS unit

The MOS unit9 sits in the top unit of the LRS (Figure 2). It has 13 independent slitlets moved by miniature geared 
stepper motors and lead screws on precision miniature cross-roller slides. The slits are each 1.3 arcsec wide by 15 
arcsec long, spaced on 19.6 arcsec (4 mm) centers. This remotely configurable unit is significantly more 
complicated than the usual method of mounting punched or etched slit-masks in the instrument, but is necessitated 
by the flexibility demanded by the queue-scheduling of the HET. On any given night, a number of multiobject 
projects may be executed, and management of the instrument setup to allow for all the possibilities is a daunting 
task. The MOS unit can be configured in less than 5 minutes, allowing scientists to adjust slitlet coordinates up to 
the time of the observation (if necessary), and allowing small adjustments to be made to the setup, which would be 
impossible with masks.  

2. DESIGN TRADEOFF:  MASKS VS. MOS UNIT 

When considering the design of a multiobject unit for the HET, an important factor to keep in mind is the small 
physical size of the HET focal plane, 50 x 40 mm. Similar instruments, such as the VLT and Keck, have focal planes 
that are 200-300 mm in size. The small size of the HET focal plane limits our ability to position punched masks very 
precisely, drive motorized slits from multiple sides, or have adjustable slit widths via moveable jaws. It puts tight 
constraints on the design of an instrument for doing multiobject spectroscopy on the HET. 

2.1  Flexibility and ease of setup 

Many existing multiobject spectrographs use object slit masks that are custom fabricated for desired fields. The most 
popular fabrication methods include external or onboard punching machines, laser cutters, or photochemical etchers. 
Custom fabrication of masks gives the advantage of tailoring the slits to individual lengths and widths dependent on 
the object types and distribution in the field, but with this flexibility come some disadvantages. The masks typically 
have to be made at least a day in advance and a number of them have to be carried onboard the spectrograph for 
observations during the whole night. This may not be a large problem for telescopes with dedicated observing 
nights, but for the queue scheduling of the HET, the quantity required for one night becomes limiting. Onboard 
punch units add some flexibility to when the masks are made or loaded, but the quality of the slits from these units is 
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poorer than from other machines. Registration and rotation adjustment of masks on the field add setup time, which 
needs to be as short as possible on the HET with typical object track times of approximately 1 hour. A fast and 
repeatable MOS setup technique is necessary to maximize observing time on target for the HET.  

The main drawback of our MOS unit is the loss of flexibility in placing slitlets of varying lengths or widths, or in 
multiple sets (if only a limited wavelength range is needed). The other alternative for regaining this ability was to 
use an instrument-mounted slit punch, as in the ESO Multi-Mode Instrument (EMMI)10, and generate masks in real 
time. However, analysis of EMMI slit masks revealed that, while the slitlets are of high quality and failures seem 
relatively rare, the irregularity of the slit jaws (~5%) was larger than desired. This especially appears when multiple 
adjacent punches are made to increase the slit length, where a sawtooth pattern can emerge. There are also long term 
maintenance issues associated with the frequent need to replace the punch heads on such an instrument.  

2.2  Quality of slits 

The quality of slits becomes extremely important when it comes to flat fielding and sky subtraction for faint objects. 
Initial tests at McDonald Observatory indicated that very high quality slits could be fabricated by means of vacuum-
deposited aluminum via shadow-masking. We have achieved <2% peak-to-peak width variation for the 1.3 arcsec 
(300 µm) wide slits with this technique. This is better quality than possible with punched masks and surpasses our 
requirement of 3% rms variations. Slit irregularities at the ~ 5% level, as in EMMI, result in flat fielding residuals 
that can reach 10% and affect background subtraction.  

Laser cut masks can provide very high quality slits. The Canada France Hawaii Telescope (CFHT) Multi-Object 
Spectrograph / Subarcsecond Imaging Spectrograph (MOS/SIS) uses this technique. The slits from this laser cutter 
exhibit positional accuracy of ± 4 µm and slit irregularities of only 2 µm rms.11 Masks are produced from direct 
images of the field to be observed, which alleviates any problems in matching slit positions to instrument distortions 
over the field. The disadvantage of this system was the prohibitive cost of the laser cutter. Note that the longslit 
mask on the LRS was produced by laser cutting. 

The Keck Low Resolution Imaging Spectrograph (LRIS) uses punched masks.12 With this technique comes 
problems such as the necessity to correct for temperature expansion of the mask when it is installed in the 
spectrograph on the telescope. Slits that can be positioned in real time before an observation make final adjustments 
such as this easier to manage. The slits from the punching machine are accurate to 3% in width. The masks can be 
made in 10 minutes, but cannot be inserted into the spectrograph while it is in the telescope, requiring them to be 
prepared the previous day. 

The ESO VLT FOcal Reducer and low dispersion Spectrograph (FORS) uses moveable jaws for the slitlets.13,14 This 

Figure 3. The LRS MOS unit. Stepper motors on the right side attach to lead screws via miniature bellows couplings. The lead 
screws attach via brass nuts to rails (or slides) that slide through v-groove blocks on cross-roller bearings. The slitlet holders attach 
to these rails on the left side of the blocks. The slitlets can be seen on the left side of the unit. Every other slit, beginning with the 
bottom one, has a mask to cover gaps between the slit substrates. The components in the MOS unit and mechanical design are 
described in detail in the text. 
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system is the most like our MOS unit of any discussed here, but the larger focal plane size on the VLT allowed more 
slits with adjustable widths. 

2.3  Number of objects

Although the trend seems to be toward more and more objects per exposure for large surveys, many of the current 
instruments have the capability of only 10’s of objects at a time. Due to the small size of the HET field of view, 4’ x 
3.5’ (50 mm), we fall on the low end at 13 objects. The FORS instrument is very similar in design, but the somewhat 
larger FOV and much larger physical field size afforded the ability to increase this number up to 19 and to add the 
capability of variable slit widths using moveable jaws. Table 1 shows a comparison of instrument characteristics for 
a number of multiobject systems. 

Table 1.  Characteristics of multiobject spectrographs. 

 PUNCHED 
MASKS

LASER-CUT 
MASKS

ONBOARD 
PUNCH UNIT 

MULTI-SLIT 
UNIT

MULTI-
SLIT UNIT 

Instrument Keck  
LRIS12

CFHT
MOS/SIS11

ESO NTT  
EMMI10

ESO VLT  
FORS13,14

HET
LRS MOS 

Number of objects 40, 80 90 25 19 13 
Angular size of field 6’ x 8’ 10’ 5’ x 8’ 6.8’ x 4’  

or  3.4’ x 2’ 
4’ x 3.2’ 

Physical size of field 265 x 340 mm 83.6 mm 336.6 mm 218 mm 50 x 40 mm 
Object density 

(# objects / arcmin2 of field) 
0.83, 1.67 0.9 0.62 0.70 0.81 

Number of masks in instrument 10 3 4 blanks / night --- --- 
Mask positioning accuracy 0.05” kinematic  --- --- 
Slit positioning accuracy 0.07 mm (0.1”) 

over 140 mm 
± 4 µm < 8 µm 0.8 µm

Slit positioning repeatability --- --- --- < 5 µm < 1 µm
Slit length 3.9” 

2.8 mm 
0.14” (min) 

0.02 mm (min) 
5.3”, 8.6” 
1, 1.6 mm 

22”  
12 mm 

15”
3.5 mm 

Slit width 0.7”, 1.4” 

~ 1 mm 

0.14” (min) 

0.02 mm (min) 

0.80”, 1.02”, 
1.34”, 1.87” 

0.15, 0.2, 0.25, 
0.35 mm 

0.3” (min) 
150 µm , 

±10 µm acc., 
3.5 µm rep. 

1.3” 

0.3 mm 

Slit width variations 3% 2 µm rms ~ 5% 
3.3% p-p 

measured from 
data 

straightness:  
± 0.5 µm over 

11.5 mm length; 
µroughness:  

± 0.2 µm

< 2% p-p 

Setup time 100 sec   20 sec < 5 minutes 
Mask manufacturing time 10 minutes 10 min / 50 

slits
real time --- --- 

Mask configuration limitations inserted offline  1 punch head 
per night, 

use image from 
EMMI 

--- --- 

3. MOS UNIT DESIGN 

The LRS MOS unit is pictured in Figure 3. The HET field of view available to the LRS MOS unit is 4 x 3 arcmin, 4 
arcmin in the slit length direction. The unit is very similar in design to the VLT FORS MOS, except for the scale. 
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On the LRS, 4 arcmin corresponds to 50 mm in physical size. In order to fit the maximum number of slits into this 
area, only miniature components could be used. 13 slitlets of 15 arcsec length and fixed 1.3 arcsec width was chosen 
as the configuration for the optimal use of available space. FORS, on the other hand, allowed 19 slits with 22 arcsec 
length and moveable jaws for changing the slit width. The FORS focal plane is 218.4 mm in size, four times larger 
per side than that of the HET LRS. 

The slit length of 15 arcsec was a good compromise between getting enough sky around the object for good sky 
subtraction and maximizing the number of slits in the field. Our configuration is somewhat limited when compared 
to what can be done with customized masks. The nominal slit width of 1.3 arcsec was chosen to match the expected 
typical delivered images from HET once SAMS is installed. The HET site appears to have intrinsic seeing of 0.8-1 
arcsec and the HET optics are designed to deliver 1 arcsec images under the best seeing conditions.15

The CCD on the LRS, 3000 x 1000 chip, is a good format for maximizing the wavelength coverage. We use ~ 750 
pixels out of 3000 and cover nominal wavelength ranges of 407-1170 nm (g1) and 426-730 nm (g2) with each 
grism. This results in a delta wavelength shift of approximately 25% when using the MOS unit. 

The smallest cross-roller bearings available from Schneeberger allowed the slits to be placed on 4 mm centers, 
which gave ~ 20 arcsec slit separation. Cross-roller bearings have lower friction at higher preload than ordinary ball 
bearings and are highly preferred for this high precision application. Due to severe space constraints around the HET 
focal plane, the slits could only be driven from one side. Even if space had been available on both sides, the 
miniature scale of the components would not have allowed sensing for collision avoidance if the slits had been 
driven from both sides. Even a scale the size of FORS does not allow for a foolproof collision avoidance system.16

4. DESCRIPTION OF COMPONENTS 
4.1  Mechanics 

The mechanical design of the MOS unit was driven by the smallest 
available stepper motors (#36 in Figure 5), which were 10 mm in 
diameter. Initially we investigated Epson stepper motors used in printers, 
but in early tests it was discovered that they had insufficient torque for 
our application. For the final design we selected Model AM1020 stepper 
motors (manufactured in Germany by F. Faulhaber GmbH and 
distributed by Micromo in the US) which are 10 mm in diameter by 18 
mm long and incorporate a 16:1 gearbox. By staggering the motors and 
building 2 banks, it was possible to fit them onto 4 mm centers, allowing 
13 slitlets over the FOV. This configuration can be seen in Figure 4. The 
mechanical layout of whole MOS unit is shown in Figure 5. 

The rest of the MOS components are custom designed. The cross-roller 
bearings (#102 in Figure 5) are made by Schneeberger. They 
manufacture the smallest ones available, which have 1.5 mm rollers. The 
torque requirements are very tight for this design, so we needed the 
lowest friction bearings possible.  

The design requires that the slitlet substrates (#1 in Figure 5) be 
extremely parallel to have uniform gaps between them and no contact 
while moving. The total travel of the slits is 40 mm, of which 36 mm is 
used in practice to allow for limit sensing at the ends. In order to meet 
this constraint, custom blocks with v-grooves (#103 and #104 in Figure 
5) were all machined simultaneously. The upper block has 13 grooves machined into hardened steel. Each slide (in 
between #103 and #104 in Figure 5) is separately preloaded from below with springs (#49 in Figure 5) via a set of 
13 individual v-groove blocks (#104 in Figure 5) to sandwich the slides. The design is so compact that we also 
ordered custom components from Schneeberger for the stages, which are designed to exactly fit the slitlet substrates. 
Total motion of the stages is no more than 40 mm with tight space constraints.  

Figure 4.  The stepper motors are shown in the 
center of the image, with the bellows couplings to 
the lead screws just to the left. The lead screws 
attach to the stainless steel slides via brass nuts, with 
the v-groove block and slitlet holders to the left out 
of this view. The homing microswitches can be seen 
below the lead screws. 
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Figure 5. The MOS unit mechanical design. Components are described in the text. 
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The lead screws (#55 in Figure 5) on the stages (from A. Steinmeyer GmbH) highly over resolve the required slitlet motions. 
They are custom designed with 0.25 mm pitch stainless steel threads and brass nuts (#81 in Figure 5) to interface to the 
Schneeberger parts. The resulting motions are 0.8 microns per step. The HET plate scale is 205 microns per arcsec. The lead 
screws are mounted in preloaded ball bearings and mated to motors with miniature bellows couplings (#59 in Figure 5). In 
designing such a miniature system, one has to assume very low efficiency of the lead screws to end up with sufficient torque 
in the final assembly.  

The stages cannot be encoded because of the small scale, so we needed a precise home for each one. We chose MyCom G 
type transistor-based microswitches (#38 in Figure 5), which are accurate to better than 1 micron. These switches are very 
reliable in practice and were also used on the VLT FORS instrument. The end of travel at the fully extended position is 
sensed by plastic physical microswitches (#85 in Figure 5). Tests of slitlet homing with an accurate machine gauge block 
showed better than 1 micron repeatability, as was expected. After many full range motions, the stages repeat to better than 1 
micron, when moved individually. 

4.2  Electronics 

As with the rest of LRS, we chose a simple robust stepper motor driver, the 
Cyberpak Model HS-20. Each $400 board provides 4 stepper motor channels 
and many I/O channels. Up to 16 boards can be used in parallel with the ability 
to move every motor simultaneously. For the MOS unit we use 4 boards and 
custom stepper motor drivers based on the Motorola SAA1042 chip. The motors 
are 2 phase in bipolar mode at 6 V operating voltage. The stepper motor driver 
electronics are housed in a separate box (shown in Figure 6) mounted on the 
LRS below the filter wheel. RS-232 communications and power are passed by 
the main LRS electronics box, a configuration which avoids power supplies 
lying close to instrument. The MOS unit is driven from the box by a special 
ribbon cable and connectors that have a dense pinout and are very reliable.  

4.3  Optics 

Because the MOS slitlets are only driven from one side, the configuration lead 
us to depositing slits onto optical substrates. We used fused silica substrates, 3 x 
3.7 x 52.5 mm in size. Fused silica was chosen for its low coefficient of thermal 
expansion (CTE) and high strength, along with its optical properties. Because of the “match stick” configuration of 
substrates, a high strength material that could easily be polished was essential. The substrates were manufactured by High 
Lonesome Optics, in Ft. Davis, TX. To obtain maximum slit length across the substrate, we specified no edge bevels and no 
chips on the substrates. The dimensional requirements are 3.7 +0/-0.05 mm on the width and 3 ±0.01 mm on the height, 
which made them very difficult optical components to make, but they were successfully manufactured.  

Following a series of slit manufacturing tests, we decided to fabricate them by vacuum depositing aluminum onto the 
substrates with a 0.011-inch diameter wire shadow mask. Following inspection, successful slitlets were overcoated with a 
MgF2 quarter wave antireflection coating on both sides, which also serves as a protective layer for the aluminum. The 
resulting precision of the slit width was < 2% peak-to-peak variations. This surpassed our goal of < 3% rms variation in slit 
width.  

The slitlet substrates are bonded to precision invar holders (#8 in Figure 5), designed to interface with the Schneeberger 
stages. We used Master Bond EP 30 LTE epoxy, which has a low CTE. The substrate and holder were bonded in a jig to 
insure a straight match. Any tilt to the interface would cause the slitlet substrates to come into contact when moving. The 
near zero CTE of the fused silica substrate lead us to choose Invar 36TM for the metal interfacing holders to address the 
concern of small thermal expansions amplifying into movements of the slits. Invar masks (above #1 in Figure 5) are mounted 
to every other slitlet substrate to cover the gaps and to block scattered light between substrates. The width of masks was 
chosen such that scattered light would require 2 bounces to get through. The masks were manufactured by Photo Design of 
Arizona Inc. in Tempe, AZ, by photochemical etching of a 200 micron thick Invar sheet. Various experiments showed that 
the only useful finish was bluing the Invar to dull the surface. These masks are mounted on the slitlet substrates using Dow 
Corning brand silicone sealant. This removable adhesive was used initially to test our mask positioning ability and may be 
replaced with epoxy in the future. The mask was viewed through a binocular magnifier to insure that it aligned properly with 

Figure 6.  MOS controller box. 
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the slit underneath. Three dabs of the silicone were 
used for the bond with short pieces of 300 micron 
thick wire to set the mask height. The assembly 
was cured in a fixture. The final finishing step was 
to use a Testors matte black enamel paint marker 
to blacken all surfaces except in the immediate 
vicinity of slits. This approach seems to have been 
very successful in blocking stray light between the 
slitlets (see Figure 9). Figure 7 shows the 13 
slitlets mounted to their stages in MOS unit. 

5. CONTROL AND INTERFACE 

5.1  Slitlet configuration 

In order to realize the flexibility that the MOS unit 
offers, it is important to have a straightforward 
user interface. The unit is controlled via a 
modified NOAO instrument control environment 
(ICE) interface, as adopted by McDonald 
Observatory for telescope and instrument control. 
Cybervek commands for the Cyberpak controller 
are embedded in the interface. At the highest level, 
the MOS unit is configured using a file from disk, 
which contains offsets of the slits in millimeters from the center of the field. The ICE interface also provides low level 
commands for moving individual slits during engineering tests. When a multiobject observation comes up in HET queue, the 
resident astronomer selects the appropriate configuration file and the MOS unit is configured in a few minutes. The setup file 
is generated by the program Monte, available as a stand-alone program or via a website for registered users. The user inputs a 
list of object coordinates with priorities and Monte outputs an optimal position angle (PA) and configuration file for the MOS 
unit, along with wavelength coverages for each object. A detailed description of the Monte algorithm is beyond this paper, 
but an outline of the setup optimization is given below. 

The positioning of slitlets constitutes a particularly difficult optimization task. If all parameters were to be optimized using
the same method (e.g. central coordinates, position angle, slitlet positions), the number of parameters would be quite large 
and the rate of convergence slow. The quality-landscape (the shape of the goodness in the phase-space of the global solution) 
is very complex: e.g. even a slight shift in the central coordinates can ruin a very good solution. Our technique is to split the 
optimization task into four parts. 

The first part is PA pre-selection. In order to insure that as many slits as possible are used in a solution, the catalogue is first
checked for potentially good position angles using a Fourier analysis of the projected object positions for many position 
angles. This analysis is then used to find a good first guess at the start of the further optimization process. Optimization 
methods for the other parameters which can use this information (e.g. our Monte Carlo method) benefit considerably from 
this pre-optimization. 

The second part is 1-D optimization. For a given set of fundamental parameters (RA, Dec, PA), the position of the slitlets 
along the slit direction, Y_slit, is obtained by projecting the objects onto the slit and performing a simple cross-correlation
with the slitlet mask, using a soft mask in order to keep objects away from the slit edges. 

The third part is slitlet assignment. Once Y_slit has been determined, the best candidate object available is chosen for each 
slit. “Best” is determined by the product of the slit position (in order to keep the objects centered) and several optional 
factors: object priority (=0 for highest priority objects which must be included, ≥ 1 for normal objects), wavelength coverage 
(so that the desired spectrum is on the CCD), and relative source brightness (in order to avoid a mixture of bright and faint 
sources). 

The fourth part is global optimization, using one of three methods. Parts 2-3 are repeated for many sets of fundamental 
parameters (RA, Dec, PA) and optimized using several standard robust optimization techniques.  

Figure 7. 13 slitlets mounted to their stages. Every other slit, starting with 
the bottom one, has a mask to cover gaps between the slit substrates and to 
stop scattered light.
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1) The Simplex Algorithm uses highmoeba, a maximization routine adapted from the Numerical Recipes minimization 
routine amoeba.17 The simplex can have a difficult time dealing with the multiple solution peaks, but many independent 
tries (≥ 10) and somewhat fewer iterations (as low as 100) usually result in quite adequate solutions.  

2) A Monte Carlo routine can be used for intelligent brute-force searches. This method is our favorite, as it can map out the 
difficult quality-landscape in a reasonable amount of time (measured in the number of function calls) due to the fact that 
each optimization samples a line on the sky. Thus, after 1000 iterations, the sampled solution space consists of 1000 
lines at semi-random position angles, clustered near the center of the catalogue field. This is much more effective than 
plowing through a fixed grid and easily avoids the trap of focussing in on secondary maxima. Also, this method can 
trivially use the information obtained by the PA pre-selection process to avoid PAs which are unlikely to produce 
adequate solutions.  

3) A genetic algorithm has been tried via the evoC package from the Technische Hochschule Berlin. This algorithm uses 2 
populations and 10 children per generation (in evoC-jargon, a (1/1,10) optimization). In principle, this may be the best 
way to find the absolute optimum parameter set, but in practice, the effort may not be worth the small increase in the 
number of slitlets per exposure. 

The Monte Carlo algorithm is our favorite and is the standard choice for use with the Marcario LRS. The optimization engine 
is available over the internet (http://www.uni-sw.gwdg.de/~hessman/Slitlets) to registered sites and the Monte-Carlo stand-
alone program Monte (written in GNU Objective-C) is available to all HET users. A version is also available for the 
VLT/FORS1 and FORS2 spectrographs, both of which have MOS units. 

5.2  Setup on a field 

Setup on a multiobject field is no different than setup for a longslit observation, beginning with slit units and grisms out of
the beam to image the field. The HET has no natural axis, so setting up at an arbitrary PA is no different than setting up at the 
parallactic angle, which is the default. The rotation axis of the tracker is precisely encoded and this information is passed to
the ICE environment and embedded in data headers. Since no rotation adjustments are necessary for configurable slits, as 
often is the case with a punched mask, setup is simply a matter of placing one of the objects onto its slit. Following display of
the initial acquisition field, the resident astronomer identifies the pixel location of one of the objects and uses an ICE-based
utility to offset the telescope the appropriate distance under guider control. Limited experience indicates that it will be 
possible to setup a multiobject field in about 10 minutes. In the observing sequence, the field image and slit image are saved 
prior to moving the grism into the beam for the spectroscopic exposure. 

6. PERFORMANCE 
6.1  Positioning 

The precision requirements for the MOS unit, 0.2 
arcsec = 40 microns, are easily met by the unit. 
Tests during commissioning showed that when all 
13 slits are driven simultaneously, 2 slits do lose 
steps. This behavior is due to the 4 amp current 
required to drive them all simultaneously being 
right on the edge of the supply limit. If slits are 
driven in groups of a few, they are absolutely 
repeatable. The control program currently moves 
the slits individually which is slow, but it will be 
changed to move them in small groups once we 
have sufficient data on position repeatability. 
Before each configuration the unit is homed to give 
precise positions for each slit and remove any 
problems associated with losing steps on the 
previous setup.  

A set of tests that offset the slits in 60 pixel 
increments across the CCD chip was performed 
during commissioning. From these data we were 
able to generate an optical distortion map of the 
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Figure 8. Slit positioning errors due to optical distortions in the LRS. The 
equations are 3rd order polynomial fits to the data. These fits were used to 
correct slit positions in the configuration files to the fields observed by the 
LRS. Note that slit 13 is at the edge and slit 7 is in the center of the field.
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LRS and use fits to slit position offsets to correct for it in the MOS configuration files. This method was very successful and
resulted in accurate setup files for multiobject fields during commissioning. Limited data on slit positioning repeatability 
show that it is within 0.24 pixels, or 0.11 arcsec. A second set of tests, which offset the slits by increments of 3 mm, allowed
us to relate the optical distortions (measured in pixels) to movements of the slits (measured in mm) on the sky via the plate 
scale of the LRS.  

6.2  Imaging Quality 

The slits produce gaussian FWHM profiles 
of 4.6 ± 0.15 pixels over the entire field in 
imaging mode, corresponding to 1.1 ± 0.04 
arcsec. Dispersed spectra of Ne and 
HgCdZn comparison lamps show FWHM 
of spectral elements of 1.21 arcsec, with no 
more than 0.018 arcsec degradation at the 
ends of the spectrum. The glass substrates 
have no effect on the image quality of the 
LRS, as modeled by Cobos.7

6.3  Sky Subtraction 

The HET with its silver mirror coatings is 
designed primarily to operate in the visible 
and NIR, where strong OH- sky lines 
dominate the spectrum. Sky subtraction 
systematics can dominate signal-to-noise 
ratios (S/N) in red spectra due to instrument 
effects such as flexure. Such effects are 
especially important for the HET since it 
has varying pupil illumination during its 
track, which causes the CCD fringe pattern 
to change with time. It is currently not 
possible to completely correct the fringe 
pattern with a flat field. However, a moving 
baffle mounted in the spherical aberration 
corrector will be installed in Summer 2000 

Figure 9.  Open cluster NGC 1496, the first observation of 13 simultaneous objects with the LRS MOS. Cosmic rays have been 
removed, but the sky has not been subtracted. This observation used grism 2 with nominal wavelength coverage of 426-730 nm. Note
the excellent baffling between slits except in one case between slits 10 and 11 (slit 1 is at the bottom). 

Figure 10. Data from the MOS unit obtained during commissioning. The MOS 
was set up on 13 objects in a field within the Coma cluster, with the aim of 
observing faint galaxies that may be low luminosity members of the cluster. Both 
of these galaxies are more distant than Coma, but these data illustrate the quality of 
spectra that can be obtained with the LRS MOS. The exposure time was 30 min in 
3.0 arcsec seeing (the MOS slits are 1.3 arcsec). Figure by I. Jørgensen. 

247



to fix this problem and to suppress scattered light. This effect currently limits the quality of sky subtraction beyond 700 nm,
primarily affecting the low resolution grism (g1). Until this problem is solved, our approach will be to nod the object a small
distance along the slit between exposures in a mode similar to that used in IR spectroscopy. Figure 9 shows an image of 
spectra from the first MOS observation with cosmic rays removed. Figure 10 shows extracted spectra obtained during MOS 
commissioning of two galaxies that were suspected to be low luminosity members of the Coma cluster. They illustrate the 
high quality of spectra and good sky subtraction that can be obtained with the LRS MOS. The exposure time for this 
observation was 30 minutes in 3.0 arcsec seeing with the 1.3 arcsec MOS slits. Neither galaxy turned out to be a Coma 
cluster member. 

7. SUMMARY

After one commissioning run, the LRS MOS unit seems to meet all of its design specifications. High quality data with good 
sky subtraction can be obtained. The throughput of the slits will be matched to the HET image quality when it reaches 
optimal operation with the primary mirror segment alignment maintenance system in the spring of 2001. In the HET’s current 
state slit losses can be significant, but high quality data can still be obtained.  

The MOS unit on the LRS will enter limited use for partner institutions beginning in May 2000, and will be fully available in 
the fall of 2000. We are also anticipating its use with a near infrared extension to the LRS, the LRS-J, beginning in 2001.18

This instrument is quite exciting in that it will provide sky-limited multiobject spectroscopy through the J-band on a 9-meter 
telescope.  
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Appendix D

Low Resolution Spectrograph J-Band

Extension

D.1 LRS-J Initial Design

Tufts, J.R., Wolf, M.J., Hill, G.J., “Hobby-Eberly Telescope Low Res-

olution Spectrograph J-Band Camera,” 2000, SPIE, 4008, 736
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electronic copy may be made for personal use only. Systematic or multiple

reproduction, distribution to mulitple locations via electronic or other means,

duplication of any material in this paper for a fee or for commercial purposes,

or modification of the content of the paper are prohibited.

D.1.1 Abstract

This paper presents the design of a near infrared camera for the 9.2m

Hobby-Eberly Telescope (HET) Low Resolution Spectrograph (LRS), which

will cover the wavelength range 0.85 to 1.35µm. The LRS-J, an upgrade to

the existing LRS, replaces the optical camera with an f/1 camera optimized

for the J-band. The instrument design is strongly motivated by the desire to
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observe galaxies at 1 < z < 2, where the principal strong spectral features

used to measure redshifts are shifted into the J-band. Since we are primar-

ily interested in wavelengths up to 1.35µm, mating the cryogenically cooled

camera to the warm LRS spectrograph does not result in enough thermal back-

ground emission to compromise its performance. LRS-J represents a rapid and

cost-effective way to enable multi-object near-IR spectroscopy on a very large

telescope.

The camera will use a HAWAII 1024 × 1024 HgCdTe detector array

in a dewar cooled by a closed cycle helium refrigerator. A novel feature of

instrument is the use of large Volume Holographic (VH) grisms. VH gratings

have attracted a great deal of interest recently because of their high efficiency,

but they are particularly useful in the near infrared, where their efficiencies

approach ∼ 90%. We will demonstrate the use of large (160mm diameter)

VH grisms as a retro-fit to the LRS grism spectrograph, and in the process

achieve peak efficiencies in the J-band which approach 25% on the sky. The

complete spectral range will be covered by 2 grisms, resulting in an instrument

resolution of R = 1400−2400. The successful application of VH grisms to the

LRS will open up many possibilities for retro-fitting other spectrographs to be

more flexible and efficient.

D.1.2 Introduction

The J-band extension to the Hobby-Eberly Telescope’s (HET)(6) low-

resolution spectrograph (LRS),(69) which we call LRS-J, is primarily moti-
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vated by the desire to observe galaxies at 1 < z < 2. This redshift regime

is extremely important for studies of galaxy evolution, since galaxies at lower

redshifts appear quite similar to those around us, but at redshifts z > 2 they

have clumpy, irregular structure and may be undergoing mergers at a high

rate. Unfortunately, these galaxies’ principal strong spectral features, which

are used to determine redshift, are shifted into the J-band, beyond the sen-

sitivity of CCD detectors. In this wavelength region HgCdTe detectors have

QE > 50%, and with such detectors it becomes relatively straight-forward to

obtain redshifts of L∗ galaxies (at the knee of the luminosity function) in 1

hour integrations on the HET. Hence, important strides in our understanding

of galaxy evolution can be made using our relatively simple LRS-J camera in

conjunction with the LRS spectrograph in its multi-object mode.

LRS-J is a simple upgrade to the existing LRS as it essentially replaces

the optical camera with one optimized for the J-band. Since we are primarily

interested in wavelengths short of 1.35µm, mating the camera to the warm

LRS spectrograph will not compromise its performance. On the contrary, due

to the thermal background, it would not be possible to extend coverage to the

H-band.(85; 42) Fortunately, the science focus of the instrument is well served

by observations exclusively in the J-band. Furthermore, the multi-object unit

has 13 remotely configurable slitlets giving a very flexible system that can be

reconfigured on the fly. Consequently LRS-J represents a straight forward and

cost-effective way to enable multi-object near-IR spectroscopy on one of the

world’s largest telescopes.
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The LRS-J will have three observing modes covering the 0.85 to 1.35µm

wavelength region: imaging over the 4 arcmin diameter FOV of the HET in

z and J bands; longslit spectroscopy with slit widths ≥ 1.0 arcsec; and multi-

object spectroscopy (MOS) of up to 13 objects at a time with 1.3 × 15 arcsec

slitlets on 20 arcsec centers.

In MOS mode, the exposures will be ∼ 10 minutes and the telescope will

be nodded between two positions ∼ 5 arcsec apart along the slitlet direction

between exposures to provide good sky subtraction. In longslit mode the

nodding distance can be larger, but 5 arcsec is adequate with the expected 1–

1.5 arcsec images once the segment alignment maintenance system (SAMS)(6)

is installed on the HET. As with the optical LRS we will use the imaging

mode for field acquisition and setup. Once the LRS-J camera and grisms are

delivered, we will be able to rapidly extend our surveys in redshift with a

minimum of new software and procedures.

With the LRS-J we also demonstrate the use of large (160mm diame-

ter) VH grisms as a retro-fit to the LRS grism spectrograph, and in the process

achieve peak efficiencies in the J-band which approach 25% on the sky. Fur-

thermore, from an instrument design perspective, the successful application of

VH grisms to the LRS will open up many possibilities for retro-fitting other

spectrographs making them more flexible and efficient.
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D.1.3 Telescope and Spectrograph

Owing to the rather unusual design of the HET, the LRS, mounted in

the telescope’s central obstruction, is an integral part of the HET design. We

will briefly review the HET and LRS so the reader is more familiar with the

constraints their designs place on the implementation of LRS-J.

Room
Main Instrument

Telescope
Pier

Opening
Dome

Telescope
Structure

Primary
Mirror

Alignment Tower
90 ft. Mirror

Building (2,100 s.f.)
Control \& Service

LRS Slit Unit

LRS Filter Unit

PFIP Main

Housing Grisms
LRS Mid Section

Mount Points
LRS Main

Cryocooler
LRS Camera with

Support Framework
Invar Corrector Mirror

Framework
Optical Bench

Feed
Fiber Instrument

Dome Vents

86 ft. Dia. Dome

Tracker Beam

Visitors Gallery

PFIP Mount Ring

Framework

Figure D.1 The HET and the prime focus instrument package (PFIP). The
11 foot tall PFIP which rides atop the tracker beam is home to the LRS. The
LRS-J camera and cryogenic cooling system substitutes for the LRS camera
and cryocooler.

D.1.4 Hobby-Eberly Telescope

The HET (Fig. D.1) is a unique large telescope, based on the tilted-

Arecibo concept, that sits at a fixed zenith angle of 35o. Its 11m hexagonal-

shaped spherical primary is composed of 91 hexagonal ZerodurTM segments

each 1m in diameter. It can be moved in azimuth to access approximately

70% of the sky visible at McDonald Observatory in west Texas.(68; 127)
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The pupil is 9.2m in diameter, and sweeps over the fixed primary as

the x − y tracker follows objects for between 40 minutes (in the south at

δ = −10.3o ) and 2.8 hours (in the north at δ = +71.6o). The maximum track

time, per night, on a single field is 5.6 hours and occurs at δ = +63o. These

times are quoted for an effective 8m aperture since the pupil partially falls

off the mirror near the extremes of the tracks. The HET was dedicated on

Oct. 8, 1997, and is now in early science operations, following the delivery of

the Low Resolution Spectrograph (LRS), the first facility instrument, in April

1999. The HET optics are silver-coated (Denton Vacuum FS99TM enhanced

silver) and, as a result, the telescope’s throughput drops rapidly below 400 nm,

but it has excellent efficiency in the red and near-IR. HET is a collaboration

of the University of Texas at Austin, Pennsylvania State University, Stanford,

Georg-August-Universität, Göttingen, and Ludwig-Maximillians-Universität,

Munich. The Marcario Low Resolution Spectrograph is a joint project of the

Hobby-Eberly Telescope partnership and the Instituto de Astronomia de la

Universidad Nacional Autonoma de Mexico.

The LRS rides in the Prime Focus Instrument Package (PFIP, Fig. D.1)

on the tracker, allowing it to image as well as take spectra. The remaining

facility instruments, the Medium Resolution Spectrograph(76) and High Res-

olution Spectrograph,(163) are located in the spectrometer room under the

telescope, internal to the pier. They are fed by fibers from the fiber instru-

ment feed on the PFIP.

The final remaining commissioning obstacle, the thermally driven de-
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stack of the primary mirror segments, will be overcome with the Segment

Alignment Maintenance System (SAMS) edge-sensor project. At that point

the HET will deliver 1 arcsec images in good seeing and acquire data 100% of

the night.(6) The SAMS project is scheduled for completion in 2001.

D.1.4.1 Low-Resolution Spectrograph

The LRS is a robust instrument with high throughput in order to take

advantage of the limited track time available on any one source (Sect. D.1.4).

Though the PFIP rotates about the corrector axis in order to access different

position angles, during a typical track the rotation will change by a maximum

of 15o when pointed north. Furthermore, the HET sits at a fixed 35o from the

zenith, so there is nearly a constant gravity load along the axis of the LRS.

As a result, flexure during a track is not a concern; a situation comparable to

that for a Nasmyth mounted instrument.

The physical constraints of the PFIP dictated that the LRS design be

linear with a fold, so a refractive collimator and grism disperser were adopted.

(35) The refractive collimator of the LRS consists of a doublet and a triplet.

The triplet is translated axially to focus the instrument. A mirror folds the

collimator to conform to the space envelope. The space between the collimator

triplet and the camera is 330mm to allow room for even the largest echelle

grisms. Two grisms can be carried in the LRS at any one time, and are

inserted into the beam against hard stops by pneumatic cylinders.(70) The

camera is an integral unit which includes the CCD head and cryocooler. Since
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the camera accepts the collimated beam, making its alignment with the rest

of the instrument non-critical, removing it for maintenance or swapping it for

the IR camera is straight-forward.

The optical camera is an f/1.4 catadioptric with all spherical surfaces.

For the LRS, this design is preferred over a refractive design due to the required

fast focal ratio, the ability to tolerate a central obstruction, and the relatively

low cost. Analysis of the throughput of suitable (but slower) refractive designs

indicated that when glass transmission and reflection losses are considered, a

refractive camera would have only a minor throughput advantage, at best.

The LRS has been designed from the start with the aim of extending

coverage to 1.35µm, only requiring the exchange of the camera, grisms and

filters. Grism and filter exchanges are trivial, and we expect to be able to

exchange the cameras with only a 24 hour cycle time (due primarily to the

12-14 hour time for the cryostats to warm to ambient so the gas lines of the

cryocoolers can be disconnected).

D.1.4.2 Multi-Object Spectroscopy Unit (MOS)

This remotely configurable unit is significantly more complicated than

the usual method of mounting punched or etched slit-masks in an instrument.

Despite this, the flexible design of the MOS unit is necessitated both by its

remote location and the queue-scheduling of the HET.

The MOS unit has 13 independent fused-silica slitlets mounted on pre-

cision miniature cross-roller ways and moved by miniature geared stepper mo-
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tors with lead screws. Presently mounted slits are each 1.3 arcsec wide by

15 arcsec long and spaced on 19.6 arcsec (4mm) centers. The gaps between

slit substrates are covered by thin invar sheet masks. We have achieved 1–2%

width variation for the 1.3 arcsec (300µm) wide slits, which are themselves AR

coated with MgF2. The coating also serves as a protective layer and does not

cut down on red transmission. Unfortunately, no scheme could be developed

that would allow variable slit width within the space constraints (the focal

plane is only 50 mm in size), but the chosen solution is certainly robust and

repeatable.

On any given night, a number of multi-object projects may be executed,

and management of the instrument setup to allow for all the possibilities is

a daunting task. Therefore, the MOS unit can be configured in less than

5 minutes, allowing scientists to adjust slitlet coordinates up to the time of

the observation (a web-based MOS setup package has already been written

to allow this if necessary). This level of flexibility would be impossible with

masks.

For a more detailed explanation of this instrument, the reader is referred

to a paper by Wolf, et.al. in these same proceedings.(172)

D.1.5 Design Considerations

Until recently the small format of IR detectors forced observations re-

quiring significant wavelength coverage to be made at low resolution or pieced

together from many individual observations. Poor read-noise also limited de-
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tector sensitivity and thus resolution for faint objects. The current generation

of detectors has both large format and low read-noise. Consequently, resolu-

tion can be increased reducing the fraction of pixels seeing OH− emission lines,

further increasing the signal-to-noise ratio (S/N).

D.1.5.1 Optimal Resolution

The sky background at λ < 1.8µm is dominated by strong OH− emis-

sion lines, but there is also a significant background between the OH− lines,

that would amount to several hundred photons per second per micron for the

aperture of the HET.(104; 156) As a result, increased spectral resolution al-

lows a larger fraction of resolution elements to see a lower background, and

it becomes possible to detect faint objects if the read-noise of the detector is

low. There is, however, a limit to how high a resolution is effective.

Keith Thompson has analyzed the advantages of higher resolution,(156)

and he kindly ran some simulations of the LRS in the J-band to define an

optimum resolution for the instrument. We considered 1.0 and 1.5 arcsec wide

slits and a variety of dispersions, for a total integration time of 3600s. When

the galaxy spectral features we are interested in are resolved, the advantages

of higher resolution begin to diminish. We found that most of the advantage of

higher resolution is had by R ∼ 2300. There is very little gain in doubling the

resolution from there. On the other hand there is a significant gain between

R ∼ 1000 and R ∼ 2300 where average noise is decrease by 30% for a 1 hour

integration. So we conclude that the optimum resolution is R ∼ 2000, but
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that R ∼ 1600 is adequate to reach faint limits for the majority of the pixels.

When SAMS is installed, image quality will increase dramatically, but

will still only deliver 1 arcsec images under the best conditions. For this reason

we have chosen 1.3 arcsec slits for the MOS. These represent a safe estimate

of average image quality once SAMS is installed.

The limiting magnitude between the OH− lines is relatively insensitive

to resolution for 1000 < R < 2500, and is J ≈ 22 for 1 hour integrations,

but the fraction of pixels affected by OH− emission (and hence having higher

noise) decreases with increasing resolution. The higher resolutions are not

needed below λ ∼ 1µm where the OH− lines are much weaker and R ∼ 1000

is adequate.

D.1.5.2 Detector Choice

To make full use of the multi-object advantage and to get adequate

wavelength coverage at high enough resolution, a large format detector is nec-

essary. Since we are focusing on the J-band and wish to keep the instrument as

simple as possible, HgCdTe detectors rather than InSb are favored despite the

QE advantage of InSb (90% vs. 50%) and the residual memory effects in the

dark count of HgCdTe arrays. We will minimize the residual memory effect,

which decays with an exponential time-constant of about 50 s, following sig-

nificant saturation on bright objects, by reading the array for 2 minutes prior

to starting a spectroscopic integration. We will save the data accumulated

during this time as a record of any residual images.
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The large format HgCdTe options are the Rockwell HAWAII array

(10242×18.5µm pixels)(101) or the HAWAII-2 array (20482×18µm pixels).(92)

Since the 4 arcmin diameter HET field-of-view can be made to fit easily on ei-

ther chip, the choice is primarily driven by wavelength coverage at the desired

resolution. For the HAWAII-2 array, a camera design very similar to the opti-

cal one at f/1.4 could be used. It would yield 0.3 arcsec/pxl with wavelength

coverage, at R ≈ 2300, of 0.85 to 1.35µm in two overlapping exposures. In

order to use the HAWAII array, a faster camera is needed. Note that Rock-

well HgCdTe arrays have a sapphire layer (n = 1.77) which is bonded to the

HgCdTe (n = 3.5). We have analyzed the reflectivity of this combination and

find total reflection at ≈ 57o (f/0.65). On the other hand the 45o incidence

present in an f/1 system has reflection of 12% compared to 15% at normal

incidence.

The original LRS camera is a Cuevas-Maksutov variant designed at

IAUNAM (Mexico City) by F. Cobos and C. Tejada.(35) We have investigated

how fast this design can be pushed for a chip the size of the HAWAII array,

and have reached a limit at ∼ f/1. Such a camera is possible, but f/0.7 (to

give the same wavelength coverage as for the HAWAII-2 array) is not.

Sacrificing some wavelength coverage the f/1 performs well (Sect. D.1.6),

and the tolerance analysis confirms that the relative insensitivity of the slower

optical camera to alignment errors is preserved in the faster design.With this

design, at f/1, the HAWAII array would have 0.42 arcsec/pxl, providing good

sampling of the 1–1.5 arcsec images of the HET.
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The primary advantages of the HAWAII array over the larger HAWAII-

2 array are significantly lower cost ($250K less, including the electronics, see

Sect. D.1.8 for details), immediate availability, and significantly lower obstruc-

tion of the detector head assembly which sits in the light beam within the

camera. The HAWAII-2 ZIF socket and chip carrier are bulky and our ex-

ploratory layouts show that the detector head would present a ∼ 40% areal

obstruction, while the HAWAII array package would fall mostly within the

28% central obstruction of the HET.

The resolution arguments presented above do seem to argue for the

larger detector, with the trade-off being one of wavelength coverage: at a

given resolution the HAWAII array at f/1 covers 66% of the wavelength range

of the larger detector. However, the smaller obstruction of the HAWAII array

results in 25% higher throughput for the instrument, indicating the HAWAII

array would require only ∼ 1.6 times the integration time to get the same

resolution and wavelength coverage). Given the above arguments, we feel that

the practical advantages of the HAWAII array outweigh the ∼ 1.5 larger wave-

length coverage that the HAWAII-2 array would deliver at the same resolution,

thus our design is developed around the smaller detector.

D.1.5.3 Thermal Background

The camera in this instrument will be cooled, but the existing LRS

will not. Since the detector will see a grism and other optics at ambient tem-

perature with an emissivity, ε ≈ 1, the thermal background limit becomes
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important for high resolution observations, even in the J-band. The desire is

to keep the thermal background shot noise in typical exposures below the read

noise of the detector, which is expected, with multiple reads, to be 6 e−/pixel

on the HAWAII array. The thermal background rate, in e−/sec/pixel, is cal-

culated with the equation,

Ṅ = 2cAΩ

∫ λ2

λ1

ηFλ−4 exp

(

1 −
hc

λkT

)

dλ

where c is the speed of light, A is the pixel area (18.5µm pixels), Ω is the

solid angle at which a pixel sees the ambient background (0.66 str for f/1), η

is the efficiency of the detector and cold optics (0.5 assumed), F is the cold

filter transmission (unity assumed), and T is the ambient site temperature

(283K (50oF) assumed). With the long wavelength cutoff, λ2 = 1.35µm, the

thermal background noise,
√

N , in a five minute integration is 5 electrons.

This significantly below the expected sky background between OH− emission

lines.

For R = 2300 the noise floor per pixel is about 30 e− in an hour integra-

tion, compared to 17 e− in the thermal component, so the thermal background

is negligible compared to the ambient background at all wavelengths in the J

band. The same is true in the z band. Hence the design will provide back-

ground limited performance at R = 2300 in the z and J bands, and coverage to

1.35µm. This is not the case in the H band, however, so we do not intend to

extend coverage to longer wavelengths, which would compromise performance

at all wavelengths.
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D.1.6 Optical Design

LRS-J optical design is composed of two separate components: the

camera’s imaging optics and the spectrograph’s dispersing optics (VH grisms).

We chose this design plan to demonstrate that it would be possible to retrofit

other grism spectrographs with efficient VH dispersion elements.

D.1.6.1 Imaging Optics

The optical design of the LRS-J camera is based on the successful de-

sign of the existing LRS camera, and has been optimized by the same designers

(Sect. D.1.10). The camera is composed of all spherical elements as indicated

in Fig. D.2. For reference, the large optics are 185mm diameter, and the pupil

is 142mm diameter. The physical spacing between the negative corrector

lens and the backside of the detector is 50mm, adequate space for electron-

ics. This space will be adjusted in conjunction with the header board design

(Sect. D.1.8.1) but will not need to be increased.

The larger, outer biconvex element of the corrector doublet will serve

as the cryostat window, and we will design it to include the deflection caused

by the pressure difference across it (Sect. D.1.7.2). The last elements before

the chip are a planar blocking filter designed to cut off sharply at 1.35µm and

the field flattener. Glass choice and coatings on these final two cold optics

will provide the sharp cut off and long wavelength opacity needed to block the

thermal background.

Impressively, due to the smaller field angle and the limited wavelength
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range, the design delivers images which are better than the optical camera. In

the spot diagram (Fig. D.4) the indicated box size, 43µm, represents 1 arcsec

(2.3 pixels) while the 1.3µm slits correspond to3.0 pixels. We point out, for

any wavelength in z and J, 80–90% of the incident light falls within one pixel

of the array.

D.1.6.2 Dispersing Optics

We design the grisms around the primary features we wish to detect:

redshifted [OII] (λ = 3727 Å), the 4000 Å break and the G band (λ = 4300 Å).

We consider the following to be a good compromise between wavelength cov-

erage and resolution for the HAWAII array in LRS-J:

• one grism covering 0.85 to 1.1µm at R ∼ 1900 (1.0 arcsec slit)

• a second grism covering 1.09 to 1.35µm (the entire J-band) also at R ∼

2100

The first grism covers redshifts z = 1.3 − 1.5 for all features, and when com-

bined with the latter, the pair extends coverage to z = 2.1 for all three features.

Also, since the (J − K) color of a galaxy is a good redshift discriminator, an

educated assumption about the appropriate grism can be made prior to the

observation.

Volume Holographic (VH) gratings have received a great deal of atten-

tion recently, primarily because of their high efficiency and the potential to
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Table D.1. VH Grism Properties

Grism λ coverage Fringe freq. λc (µm) R(1arcsec) tgel (µm) ∆n Bragg angle Prism angle

VHG 1 0.87–1.10µm 520 l/mm 0.985 1900 10 0.04 10.0 22.8
VHG 2 1.09–1.35µm 450 l/mm 1.22 2100 12 0.05 15.0 24.5

design compact spectrographs of high resolution around them.(3) They uti-

lize Bragg diffraction in a thin (∼ 10µm) dichromated gelatin layer with a

1-dimensional refractive index modulation. VH gratings have been used for

many years in military applications, and there are currently several astro-

nomical instruments under development which will utilize them.1 While these

instruments will have movable cameras to change the wavelength range and

order being observed, it is possible to retrofit conventional grism spectrographs

with VH grisms. We will adopt these grisms for the LRS-J for a number of

reasons:

• potential of much higher efficiency (80–90%) than conventional grisms

(typically 60–70% depending on the resolution),

• the wavelength range and resolution can be selected to match require-

ments, whereas few ruled grating masters exist for IR applications,

• they are available in large enough format for the LRS and cost no more

than conventional grisms of similar size (the LRS-J will be the first time

such large VH gratings have been used in an astronomical setting),

1OSIRIS for GranTeCan for example
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• and they do not suffer from the same limitations on maximum groove

density. Conventional grisms are limited to groove frequencies of less

than about 600 lines/mm, due to efficiency, whereas VH gratings can be

made with more than 10 times that number.

The gratings are exposed in a thin layer of dichromated gelatin which is

sandwiched between two optical quality BK7 flats. In order to use VH gratings

as grisms, we sandwich the VH grating between two SF2 prisms designed to

refract the light such that it is incident onto the grating at the Bragg angle.

We will bond the prisms using Dow Corning QZ-3067 optical couplant, which

we have successfully used on the multiplets in the LRS.

See Barden, et.al.(3) and Ralcon Development Lab(126) for details of

the equations governing the design of VH gratings. We have used a semi-

coupled wave calculation in Mathcad to calculate S and P polarization effi-

ciencies for a number of gratings that fit our requirements for dispersion and

wavelength coverage. The variables are the gelatin thickness (tgel up to 20µm),

the modulation amplitude of the refractive index of the fringes (∆n = 0.02 to

0.1), in addition to the fringe frequency.

D.1.7 Mechanical Design

Our initial design is based on a closed cycle cryocooler; it is presented

here, but we are still evaluating other configurations. Among those are a dual

LN2 dewar system, and a combination system based on our current cryocooler

which could significantly increase the nitrogen hold time.
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D.1.7.1 Thermal Design

Due to its compact size and cooling capabilities, we plan to use a CTI

Cryogenics Cryodyne two-stage, closed-loop helium cooler for the camera s

cryogenic system. The Model 22 refrigerator can typically provide 8 Watts

of cooling at 85 K on its first stage, and 2 Watts of cooling at 30 K on its

second stage. The first stage will be tied to a radiation shields inside the

camera cryostat and the second stage will cool the cold arm leading to the

detector. The temperature of the detector is tuned with the connection of

braid between the second stage cooler and the cold block, and maintained by

an internal heater.

The camera dewar will consist of a stainless steel cylindrical outer case.

Steel is chosen to minimize thermal expansion focus changes (any residual will

be taken out by focusing the collimator). The bottom of the cylinder will

be closed, with feed-throughs for primary mirror adjusters, and the top will

accommodate the pair of corrector lenses, the outer of which also serves as

a vacuum window. A thin aluminum radiation shield will reside just inside

the steel case, attached to the outer wall via three G10 insulating tabs. The

shield, which serves the dual purpose of limiting the solid angle seen by the

detector and limiting the thermal radiation load on cooling system, will be

gold coated on the outside and painted flat black on the inside. We plan to

use a special baked-on paint with an emissivity of 0.97-0.98, made by IITRI

Research Institute that has previously been used in high vacuum systems. The

cold arm leading from the second stage of the cryocooler to the detector will
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be surrounded by a second radiation shield, black on the outside and gold on

the inside.

The temperature of the detector and cryocooler stages will be mon-

itored with RTD (resistive thermometer detector) components, and heating

resistors in the cold block will be used to raise the temperature to about 78K

(a value that will be tuned for optimum QE/dark count). This temperature

maintenance is identical to that used on our CCDs and will utilize a standard

McDonald Observatory temperature controller. Copper braid will connect the

second-stage head to the detector cold block, isolating the detector from vibra-

tion, and providing the thermal resistance in the closed loop cooling circuit.

The temperature difference (50-60K) between the cold stage of the cryocooler

and the cold block is similar to that used for the optical LRS cryostat, with

a thermal link resistance of 40 K/W and a heater power of 0.7 W. We expect

a similar heater power for the LRS-J cold block. Thermal load estimates for

the system indicate that the Model 22 cooler will be adequate for our cooling

requirements, even at a very conservative 300K (80 F):

An evacuated cryocamera is dictated to minimize obstruction and by

the thermal background analysis above. The basic design is similar to the

optical camera (Fig. 4), but the design is probably simpler than for the optical

CCD cryostat, due to the harsh obscuration constraints applied to that system.

• Only the detector, field lens, blocking filter, and radiation shields will

be cooled because the camera accepts thermal emission from the ε = 1
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Table D.2. Estimated thermal load on cooling system

Source Load

Radiation from steel outer case (300K) to gold-coated radiation shield (200K) 1.3W
Radiation from gold-coated cold arm shield (200K) to gold-coated cold arm (20K) 0.01W
Radiation from corrector lens (300K) to black-painted cold arm shield (200K) 3.8W
Radiation reflected by primary mirror (300K) to black-painted cold arm shield (200K) 0.9W
Gas conduction from outer wall to radiation shield (10−5 torr) 0.04W
Conduction through stainless steel vanes on detector mount and signal wiring 0.6W
Conduction through three G10 mounts on radiation shield 0.5W
Thermal heating from temperature controller to detector < 1W

Total on 1st Stage (8W at 85K capacity) < 7.1W
Total on 2nd Stage (2 W at 30K capacity) 1.01 W

warm spectrograph, so cooling the mirror or corrector lenses is pointless.

• So, we can use three feed-throughs to align the mirror without worrying

about heat conduction.

• The corrector lenses can be any material with an efficient multi-layer

AR coating since their emissivity will not matter. The cold shielding

restricts the solid angle seen by the detector.

• Thermal cooling of the corrector lenses by radiation to the cold surfaces

will not result in condensation on the outer element because both el-

ements are tied to the ambient temperature through the outer casing.

Additionally, the interior of the LRS is purged with dry air.

D.1.7.2 Physical Layout

Preliminary layouts indicate that a detector mount and cold block

scheme similar to that for the CCD can be used for the HAWAII array. The
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detector head package will be suspended within the camera body with four

stainless steel vanes tied to the cryostat wall. The cold head of the CTI Model

22 cryocooler and its radiation shield will protrude into the beam and a copper

braid will link it to the detector cold block.

The fast mirror of the camera will be ZerodurTM, and can be aligned

to the detector in tip, tilt, and piston with three feed throughs at the back

of the camera body. This element need not be cooled, so these adjusters will

not affect the heat load. The detector package will be used as the alignment

reference, so it need not be adjustable. The two large corrector lenses need

only be aligned to ∼ 0.5mm to meet the image quality requirements, which is

trivially done with machining tolerances. As stated above, the optical design

is insensitive to alignment errors and we expect the IR camera to be as easy

to set up as the optical one.

With the exception of flexure in the dewar window, all other known

mechanical difficulties have been solved during the commissioning of the LRS.

We have now demonstrated that instrumental flexure is not an issue within the

time of a single track, furthermore the LRS-J has no moving components since

the camera shutter is part of the LRS collimator. The one major mechani-

cal difference, evacuation of the camera in the LRS-J, will result in moderate

flexure in the dewar window. The pressure differential on this window moti-

vates, to an extent, our choice of SF10 as its optical glass. We intend to use

finite element analysis software to model the flexure of this lens. We will then

specify the optic such that it has the desired shape under the one-atmosphere
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pressure differential.

D.1.8 Electronics

As all hardware control systems of the LRS are currently in place and

working, the LRS-J camera readout electronics are the only control component

not yet built. We divide the system into two components: the array header

board, which we will design and manufacture, and the readout electronics,

which we may purchase.

HAWAII arrays are straight forward to run (compared to CCDs), hav-

ing 4 outputs and readout rates of 1 Mpxl/second/output (0.25 sec to read

the array).(131) Electronically, they are quite similar to the familiar NIC-

MOS3 arrays, also fabricated by Rockwell. The major difference being a line

reset on the HAWAII arrays vs. a pixel reset on the older NICMOS3 arrays.

This difference reduces the read noise of a pixel to a mere 6 e− (with double-

correlated sampling). Designing a control system from the ground up is a

daunting task, so we are considering two alternative options. The first and

most desirable option is to design a module which would allow us to integrate

this array with McDonald Observatory’s current detector controllers. The

second option, which will require new undeveloped software, is to purchase a

commercial system. In either case, header electronics will need to be custom

designed and built in house.
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D.1.8.1 Header Electronics

As we already have a custom NICMOS3 system in place at McDonald

(ROKCAM(87)), we are already familiar with some of design requirements

of an array similar to the HAWAII. Other than the array itself, the LRS-J

header board will be populated completely with passive components. The

header board will, for a fully working scientific array, require no more than 13

separate filter circuits, each of which will consist of two tantalum capacitors

and a single precision resistor. Precision resistors are desirable because of

their relative stability with changing temperature. With high charge density

components like tantalum capacitors, it should be possible to design a board

such that all passive components are on the opposite side from the detector.

We would like to keep the header board small enough that it does not add to

the central obstruction.

D.1.8.2 Readout Electronics

The readout electronics are significantly more complex, but with ROKCAM

we have a system that can put us on line as soon as the camera hardware is

completed. The differing reset requirements of the HAWAII array amount to

a microcode modification in the ROKCAM system. Since the ROKCAM elec-

tronics are much slower, this is not the optimal solution, but it is guaranteed

to get us online with 6 s readouts soon.

With this system as a backup, we can consider an optimum design for

the HAWAII array. At this point we are considering a unit which attaches to
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the LRS-J which we call the penthouse, this unit will house four independent

preamplifier circuits (one for each quadrant), all necessary power supplies, and

an analog multiplexer. This system could potentially interface to McDonald’s

next generation CCD controller, which will already be in place controlling the

LRS CCD. This system is capable of 1Mpxl/s readouts which is well within

the limitations of the array itself.

D.1.9 Summary

The optical LRS achieves peak efficiencies around 600 nm of 20 to 25%

on the sky depending on the resolution. The model for the LRS has been borne

out by 6 months of observations. LRS-J will have a predicted peak efficiency

of over 20%, since the increased VHG efficiency counteracts the decreased

detector QE (around 50%) (Fig. D.3). This compares to only a few percent

for the optical LRS for R ∼ 1000 at 900 nm, dominated by the low CCD QE.

Clearly the LRS-Jrepresents a dynamic improvement in sensitivity over the

optical LRS in the region beyond 900 nm.
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100mm

Spherical mirror (ZerodurTM)

Field flattener (IR fused silica)

HAWAII 1024× 1024 Array

Header board

Corrector doublet

VH grism on BK7 substrate

Collimated light from LRS
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SF10

SFL57
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Figure D.2 Preliminary design of the LRS-J band camera. Collimated light
enters the grism from the top.
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Figure D.3 On the left is predicted VHG Efficiency. On the right is our pre-
dicted overall on sky efficiency of LRS-J. It is worth noting that in general
predicted efficiencies of VH gratings are close to actual measured values.
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Figure D.4 Spot diagram at the plane of the HAWAII array. Field angle is
plotted on the horizontal axis while wavelength is on the vertical axis. The
box size is 1.0 arcsec, and the wavelengths correspond to the range for VHG 2.
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D.2 Volume Holographic Gratings for LRS-J
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Volume Phase Holographic (VPH) Grisms for Optical and 
Infrared Spectrographs*
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USA

ABSTRACT
Highly efficient Volume phase holographic (VPH) gratings do not lend themselves to use in existing spectrographs 
except for grism spectrographs where VPH grisms can be designed that disperse but do not deviate the light.  We 
discuss our program to outfit existing spectrographs (the Imaging grism instrument (IGI) on the McDonald 
Observatory Smith Reflector, and the Hobby-Eberly Telescope Marcario Low Resolution Spectrograph (LRS)) with 
efficient VPH grisms.  We present test data on sample gratings from Ralcon Development Lab, and compare them 
to theoretical predictions.  We have created a simple test bench for efficiency measurements of VPH gratings, which 
we describe.  Finally we present first results from the use of VPH grisms in IGI and the LRS, the latter being the 
largest grism ever deployed in an astronomical spectrograph.  We also look forward to using VPH grisms in the 
LRS infrared extension, which covers the wavelength range from 0.9 to 1.3 microns. 

Keywords: Astronomical instrumentation: Optical and Infrared Spectrographs; Volume Phase Holographic 
Gratings 

1. INTRODUCTION AND MOTIVATION 
Volume phase holographic gratings1,2 have recently come to the attention of the astronomical community, though 
the technology has been around for a couple of decades and has been used in Raman spectroscopy for a decade (see 
refs 1,2 and references therein).  They offer the potential of significantly higher efficiency and low order dispersion 
when compared to the surface relief gratings (either ruled or holographic) in standard use in astronomy.  Refs 1,2 
present the theory of, and test results on, VPH gratings and discuss astronomical applications.  VPH gratings 
disperse light by Bragg diffraction from the periodic modulation of refractive index in a thin layer of processed 
dichromated gelatin (DCG). 

The classical grating equation applies to VPH gratings, but the diffraction must also obey the Bragg condition, 
leading to maximum efficiency when the incident angle and wavelength match the Bragg condition.  Since these 
quantities are related in a continuum, a given VPH grating will diffract different wavelengths (and orders) as it is 
tilted with respect to the incident light.  If the camera then follows with twice the tilt of the grating, the spectrograph 
can be tuned to a range of wavelengths and resolutions with the same grating.  This feature has been seized upon in 
the design of several upcoming spectrographs3, though the design of articulating cameras does present significant 
mechanical engineering challenges.  Here, instead, we consider the simpler problem of retrofitting existing grism 
spectrographs with VPH grisms, and present successful examples from McDonald Observatory. 

                                                          
* Based on observations obtained with the Marcario Low Resolution Spectrograph which is a joint project of the 
Hobby - Eberly Telescope partnership and the Instituto de Astronomía de la Universidad Nacional Autónoma de 
México (IAUNAM). The Hobby – Eberly Telescope is operated by McDonald Observatory on behalf of the 
University of Texas at Austin, the Pennsylvania State University, Stanford University, Ludwig-Maximillians-
Universität München,and Georg-August-Universität, Göttingen 

† G.J.H.: E-mail: hill@astro.as.utexas.edu 
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2. VOLUME HOLOGRAPHIC GRISMS TO RETROFIT EXISTING SPECTROGRAPHS 
While one gives up the tunability of VPH gratings if they are used in fixed-format traditional spectrographs, VPH 
gratings offer higher resolution and significant advantages in tuning the grating to a particular application, when 
used as grisms in existing imaging spectrographs. The advantages are particularly important in the red where few 
suitable physical grating masters exist for transmission gratings.  Classical surface relief diffraction transmission 

gratings have an upper limit to the groove density of about 600 l/mm for high efficiency, due to the irregularity of 
the grooves, which causes scattering of light out of the order.  This is a serious limitation for spectrographs on the 
largest telescopes, where beam size must be increased at a given image quality to gain spectral resolution.  The 
advantages of grisms are of course the ability to create efficient imaging spectrographs (e.g. EFOSC4, FORS5, and 
LRS6) that are also good imagers with a simple linear format, where the insertion of the grism into the collimated 
beam changes the instrument to spectroscopic mode.   

The first example of the use of a VPH grism in an existing spectrograph that we are aware of is in the LDSS++ 
instrument for the AAT7. In this case, the VPH grating was blazed (by tilting the fringes so they present the Bragg 
angle to the incident light).  This geometry is shown in figure 1a.  Other instruments that have VPH grisms are 
Taurus++ on the AAT8, FORS-1 on the VLT9, MARS on the Mayall 4 m at KPNO10, and our own IGI and LRS 
spectrographs (as reported here).  These spectrographs all use a format where the VPH grating is sandwiched 
between two prisms that refract the light to be incident at the Bragg angle onto the grating, and then refract the 
diffracted light back onto the spectrograph axis (figure 1b).  This Littrow configuration minimizes the camera 
aperture required, because it avoids the anamorphic magnification evident in the asymmetrical case (figure 1a). 

2.1 Design of Volume Holographic Grisms 
We will not discuss the theory of VPH gratings here, as this has been covered in refs 1,2.  We have used a model in 
MathCADTM adapted from one created by R. Rallison to design VPH gratings. It is not a fully rigorous coupled-
wave analysis, solving only to 2nd order, which is the Kogelnik approximation11.  It is in any case not possible to 

Figure 1. Examples of  VPH grisms with tilted fringes (above, 1a), and fringes 
at Littrow (below, 1b).  Both gratings are 930 l/mm blazed at 600 nm.  For 

reference, the size of the beam, paraxial camera and focal surface are the same. 
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control the manufacturing process of VPH 
gratings to exactly produce the predicted 
efficiency curves, so our approach is 
adequate for the grating design.  

As shown in figure 1b, the symmetric 
grism with untilted fringes is simple to 
design.  Here we consider the limits in terms 
of dispersion and glass choices for the 
prisms. Figure 1 shows a typical application 
for a low dispersion grism that does not 
present significant design challenges.  For 
VPH gratings used in spectrographs with 
articulated cameras (for example), Bragg 
angles of 45 degrees and fringe frequencies 
of 6000 fringes per mm are quite feasible1,2.
If we try to design a symmetric grism around 
such a VPH grating, we are forced to use 

high index glasses and extreme prism angles that approach total internal reflection.  Figure 2 shows the toy design 
of a VPH grism consisting of  a grating with 3000 l/mm sandwiched between SFL57 prisms with internal angles of  
56 degrees.  When high index is required, we use SFL57 due to its high index (n = 1.85) and relatively low weight 
(density = 3.55 g/cm3).  SFL57 is a rather soft glass that is not as easy to figure compared to BK7, and it has the 
drawback  that it tends to stain when exposed to air.  However, we have found that the amber surface stain can be 
removed with isopropyl alcohol from uncoated surfaces, and coated surfaces do not stain.

As demonstrated in fig. 2, the grism needs to be larger due to the refractive magnification of the beam size, and 
needs to be offset in the direction of the refraction to prevent vignetting.  Vignetting is a problem for tight clear 
apertures, even for quite low dispersion grisms (e.g. 700 l/mm, as implemented in HET LRS, below).  The grism in 
figure 2 would be manufactured with prisms cut to minimize weight and space requirements, but practical 
constraints of space envelopes probably limit the resolving power in an existing spectrograph. Note that the grism in 
fig. 2 has a diameter and length about 2x and 4x the pupil diameter, respectively, which gives a sense for the space 
required. 

2.2 Tests of VPH gratings manufactured by Ralcon Development Labs 
Our development thrust has been towards manufacturing large (170 mm diameter) VPH gratings for use in the HET 
LRS, which has a 142 mm diameter pupil.  The only vendor currently able to produce gratings of this size is Ralcon 
Development,12 and we have worked with R. Rallison to design and manufacture gratings to our requirements.  The 
first phase of development was to procure small test gratings with properties spanning the range of interest and to 
test their efficiencies against predictions.  While the MathCAD program allows optimization of fringe density and 
other parameters, in practice one aims to produce a grating in the Kogelnik regime and specifies the Bragg angle, 
fringe frequency, wavelength of peak efficiency, and expected bandpass.  During manufacture, it is possible to play 
bandpass off against peak efficiency, to some extent, but the gratings delivered are each unique and have efficiency 
curves that tend to depart somewhat from predictions.  Typically, we have found that the bandpasses have been 
wider than expected at the expense of a small loss in peak efficiency. We have also found very good second order 
performance when we have looked at it, which is contrary to the expectation in the Kogelnik regime, where the aim 
is for the majority of the light to be diffracted into the first order. 

We created a simple test-bench from scavenged parts (e.g. an old bulky monochrometer once owned by the U.S. 
Air Force), and created a detector system with Si and Ge photodiodes coupled to a model 34401A multimeter from 
Agilant. The multimeter has an integrating mode to increase signal-to-noise ratio, and in the future will be 
connected via RS-232 to a computer for automatic measurements with existing software.  Currently, we are 
operating the test setup manually.  The light source is a quartz halogen bulb powered by an Agilant E3634A power 
supply in constant current mode, resulting in extremely stable power output after a few minutes warm-up, required 
to get the Tungsten-Halogen cycle in equilibrium. A monochromatic collimated beam stopped down to 25 mm 
diameter is created with a doublet and passes through the test grating, which is located at the center of rotation of an 

Figure 2. VPH grism with dispersion close to the maximum 
possible. The glass is SFL57 and the grating has 3000 l/mm and 

a Bragg angle of 27 deg. The grism is designed for a central 
wavelength of 600 nm. Note the shifts of prisms and grating. 
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arm that mounts a second doublet, a Fabry lens, and the detector. The optical system is designed to image the pupil 
onto the detector to make the setup as stable as possible.   

Measurements are made in a differential manner.  With the detector arm aligned with the optical axis and no 
grating in the beam, a series of measurements are made by stepping through the wavelength range of interest, and 
interspersing measurements of the “dark” ambient light with the light source shuttered off.  It is necessary to make 
measurements in a darkened room to keep the contrast in count-rate high.  Then a series of light-dark pairs are taken 
with the grating and detector arm tilted so the light is incident and is diffracted at the Bragg angle. The setup is 
again stepped through the wavelength range.  This mimics the use of the grating in a spectrograph, and measures the 
response for a fixed setup, rather than the “superblaze” (peak efficiency as a function of wavelength2).  The 
procedure is laborious, but we have found very repeatable results.  We aim to automate the test bench when time 
allows. 

Table 1 presents the properties of the gratings that we have tested. Note that our emphasis has been mainly on 
intermediate dispersion far red (600 to 1300 nm) gratings, and the range of the monochrometer was set for this, 
which prevented measurements blueward of 550nm.  In particular we have been investigating gratings for the 900 to 
1300 nm region for use in the LRS infrared extension13.  Table 1 gives the basic parameters specified when we 
ordered the gratings.  The thickness of the DCG layer in which the hologram is exposed and the index modulation 
are suggestions, rather than quantities that are specified strictly. 

Table 1. Test gratings from Ralcon Development Inc. 

Grating 
name

fringe
frequency

design
wavelength 

Bragg angle DCG 
thickness

Index
modulation

Notes

 fringes/mm nm degrees microns   

V930 930 550 10.53 10 0.026 for IGI 

R454 454 800 7.45 15 0.026 for IGI 

R700 700 800 11.54 12 0.032 for LRS, IGI 

Z520 530 985 10.54 12 0.04 for LRS-J 

Z590 590 1010 12.75 12 0.043 for LRS-J 

J575 575 1200 14.78 12 0.051 for LRS-J 
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Figure 4. Predicted efficiency curves for a variety of 
VPH gratings in the visible to near IR wavelength 
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Predicted efficiency curves for first order are shown in figure 4.  Measurements were made of test gratings to 
compare actual performance with predictions. Figure 5 shows the measurements for the R700, Z520, Z590, and 
J575 VPH gratings.  The R700 and J575 gratings have performance close to predictions, while the other two have 
peak efficiencies significantly bluer than the requirements.  The Z520 grating was manufactured for the first round 
of tests. It seems the sample was optimized by testing throughput with a laser at a shorter wavelength than required, 
so we consulted with R. Rallison and he procured a 1.3 micron wavelength laser for testing the subsequent gratings.  
The success of the J575 grating showed that these gratings can be manufactured with high efficiency, so we have 
ordered and just received the full size gratings for LRS-J.  These will be tested shortly.  We are hopeful that the 
Z590 grating will perform as well as the J575 in the final implementation.  The R700 grating was so successful in 
the initial tests that we ordered a full-size grating for use in the HET LRS and this has already entered the 
commissioning phase on the telescope (see below).  The V930 test grating has been installed in the IGI instrument 
(below).

3. SCIENCE APPLICATIONS AT MCDONALD OBSERVATORY AND THE HET 

3.1 The Hobby-Eberly Telescope Marcario Low Resolution Spectrograph (LRS) 
The design of LRS initially had three replicated grisms. Grism G1 (300 l/mm) covers 420 to 1100 nm at low 
resolution, while grism G2 (600 l/mm) covers 430 to 720 nm at intermediate resolution. Both of these grisms are 
from Spectronic Instruments Richardson Grating Lab masters.  The third grism was intended to cover 600 to 900 
nm at intermediate resolution, complementing G2, and was intended to use the Hyperfine Inc. master ruled for the 
SDSS spectrographs. However, the performance of grating R700 was so good that we elected to use a volume 
holographic red grism instead, designated G3, and Ralcon delivered 170 mm diameter gratings for this purpose.  

LRS presents particular design issues for VPH grisms.  Because of very tight space constraints, the clear 
apertures of the optics in LRS are 95% of the physical diameters of the elements. This means that if we simply 

Figure 6. HET LRS Volume holographic Grism 3 mounted in its 
cell. The scale in front is 6 inches long. The grism is 170 mm 

diameter, which is the largest so far deployed in an astronomical 
spectrograph. 

Figure 7. Grism R700 shown with 
the HET LRS f/1.4 camera.  Note 
the 7 mm shift of the grism to the 
left, which prevents vignetting. 
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replace the regular grisms with VPH grisms, there will be vignetting of the beam unless the VPH grisms are 
translated as described in section 2.  In LRS, the shift is 7 mm, and is achieved with manually set adjustable stops 
added to the main LRS framework. 

G3 has now been installed in LRS for initial commissioning tests.  The wavelength coverage is 630 to 900 nm at 
R~2000 in first order. This grating (figure 6,7) has 700 fringes per mm and is used at a Bragg angle of 11.5 degrees. 
This angle of incidence (and diffraction) is achieved by sandwiching the grating between two identical 18.8 degree 
prisms of SFL57 with magnesium fluoride-AR coated outer faces. The grating is sandwiched between 10 mm cover 
plates of Starphire glass, and has 170 mm diameter, cut from a larger grating so the hologram goes all the way to the 
edge of the grating. This was necessary to avoid vignetting since the tight space constraints in the LRS force optic 
diameters barely larger than the clear apertures. It is necessary to seal the edges of the grating to prevent damage to 
the hologram due to hydration of the DCG.   

First commissioning observations with this grism have confirmed its high throughput and have offered the 
opportunity to test the full wavelength range of the LRS for the first time. Grism 3 has high efficiency in second 
order as well, so using the B filter as a blocker, we were able to check the image quality of the LRS optics close to 
their lowest wavelength of 360 nm. Without any refocus, we obtained identical point spread functions for 
wavelengths between 3727 Å and 1 micron observing both calibration lamps through 0.5 arcsec diameter pinholes 
and the bright Cat’s Eye Planetary Nebula (NGC 6543). These observations confirmed the pan-chromatic image 
size of 0.35 arcsec FWHM for the LRS spectrograph. 

3.2 The Infrared Extension of the HET LRS (LRS-J) 
An extension of the wavelength coverage of the LRS to 1.3 microns has always been planned, and we are 
developing a cryogenic  f/1 camera to replace the LRS optical camera1415.  LRS-J will use two VPH grisms to cover 
the range 900 to 1300 nm in two exposures.  The gratings Z590 and J575 are the test gratings for this application.  
VPH grisms are particularly suited to this application because we need to cover the 0.9 to 1.3 micron wavelength 
range in two exposures in order to give a high-enough resolving power to achieve good sky subtraction. This 
requirement is R ~ 2000, which we will achieve with these grisms and the 1.3 arcsec wide slitlets in the LRS multi-
object unit16.  The VPH gratings are individually manufactured without the need to rule masters as with surface 
relief gratings, so VPH technology has really enabled this instrument to be built.  It will be commissioned this 
spring, and will provide multi-object spectroscopy for the HET into the J band.  The VPH grisms are used warm, so 
the instrument cannot work at longer wavelengths than 1.3 microns as the thermal continuum would dominate the 
continuum between the OH- night-sky emission lines, and would hence limit sensitivity.  We expect LRS-J to have 
peak throughput approaching 30% on the sky once the HET mirrors are re-coated17.

3.3 The Imaging Grism Spectrograph (IGI)
The IGI is a small imaging spectrograph completed in 1991 that has become a work-horse instrument on the 
McDonald Observatory 2.7 m Smith Reflector and the 2.1 m Struve Reflector.  It has not been described in any 
publications so we give a summary of its properties here and then describe its performance with a new VPH grism.  

Figure 8. Optical layout of the Imaging Grism Instrument with the 930 l/mm VPH grism. The 50 mm Canon 
camera lens is indicated by a paraxial lens surface, since the prescription is proprietary. For reference, the singlet 

field lens is 95 mm diameter. 

285



0

2000

4000

6000

400 500 600 700 800
wavelength (nm)

flu
x 

/1
0-2

0  e
rg

/s
/c

m
2 /A

Figure 9. Spectrum of TOOT08s_046 at z=0.360, obtained with IGI 
and the VPH930 grism in 30 minutes exposure time on the Smith 2.7m 
reflector. The magnitude is R=18.75, indicating a limiting magnitude in 

1 hour of R=21 at S/N ratio = 3. 

IGI is a simple focal reducer grism 
spectrograph based on commercial 
optics (fig. 8), designed to provide 
much better sensitivity for low-
resolution spectroscopy than any other 
spectrograph at McDonald 
Observatory.  It was completed in 
about 6 months, for a cost of about 
$5000 plus about 4 man-months of 
effort.  Table 2 summarizes its 
properties.  The imaging quality of the 
optics is quite good considering their 
low cost, but they do show coma in 
the outer 20% of the field.  IGI mounts 
at the f/9 bent Cassegrain focus of the 
Smith Reflector, or at the f/11 straight 
Cassegrain focus of the Struve 
Reflector.

IGI is designed for visible-red use. 
Below 450 nm the AR coatings on the 
camera lens reduce efficiency 
significantly.  Two stages provide 
some remote control of the instrument.  
The two-position slit stage at the 
telescope focal plane is just in front of 
the field lens, and accommodates a 
selection of fixed slit inserts or two filters.  The slits were manufactured simply by gluing razor blades to the inserts 
with epoxy.  By offsetting some of the slits perpendicular to their lengths (i.e. along the dispersion axis), the 
wavelength range can be tuned by up to +/-10% of the total range shown in table 2.  Typical slit widths are 2 or 2.5 
arcsec, giving resolving powers between 500 and 850, depending on the grism (table 2). Multi-object observations 
are obtained using slitlet masks fabricated of stainless steel (CHECK) by photochemical etching.  The masks mount 
in holders that have registration pins to ensure repeatability, and we adjust the rotation of the instrument on the sky 
only once in a run.  There is no separate stage for filters, but we have not found this a problem for the typical 
applications of IGI.   

The grism is mounted in a two-position stage in the collimated beam between the collimator and camera.  
Pneumatic cylinders actuate the stages.  The instrument can be reconfigured from imager to spectrograph with the 
insertion of the slit and grism, so it is used as an imager to set up the object on the pixel that corresponds to the slit 
center.  Telescope offsets are made with offset guiding, and software has been developed that allows setup on a new 
target within 5 minutes. This is also true for multi-object observations, and makes for very efficient observing since 
typical integrations are 30 minutes to an hour. 

IGI is a very stiff instrument (< 1 pxl flexure over the sky), so calibrations are made against spectral and flat 
field lamps reflected off the dome, and typically only need to be taken once per run.  We have found that a 
combination of neon and cadmium discharge lamps provide good coverage of the wavelength range without having 
too great a density of lines, and are bright enough that integrations of 1 minute or less are required.  We also usually 
take an exposure of Argon once a run, but this requires 30 minutes, as the useful blue end is very faint.  The quartz 
halogen flat-field lamp illuminates the dome from the sky side of the telescope’s secondary mirror cell. 

We have implemented one VPH grism in IGI, called VPH930, as shown in fig. 8. It uses the V930 test grating 
listed in table 1.  Initial results have been very good.  The throughput of the instrument is noticeably improved by a 
factor of 1.5 over grism G600, and peaks around 20% (including telescope and atmosphere). This translates into an 
instrumental throughput of about 30% at 600 nm, including slit losses.  The blue response of the instrument is 
particularly improved. We have seen the result of this in a program to obtain redshifts of many radio galaxies with 
redshifts up to z ~ 0.5. An example spectrum is shown in fig. 9, which is a z=0.360 NVSS radio galaxy with R = 
18.75, obtained in 2x900s exposures with IGI on the 2.7 m Smith Reflector.  The S/N ratio at 650 nm is 15 per 
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resolution element, indicating a limiting magnitude of R ~ 21 in 1 hour at S/N = 3 in the continuum, per resolution 
element.  We have found that for this program, IGI is competitive with the ISIS spectrograph on the 4.2 m WHT, 
indicating the gains to be had with VPH grism retrofits on existing spectrographs. 

4. SUMMARY 
We have presented an update on our program to install volume phase holographic grisms in existing spectrographs 
at McDonald Observatory and the Hobby-Eberly Telescope.  The 700 l/mm VPH grism in the HET LRS is the 
largest yet deployed in an astronomical spectrograph.  We have undertaken a program to test small VPH gratings.  
Our test setup is still crude but gives reliable results and can be upgraded to automatic operation when time allows. 
VPH gratings delivered by Ralcon Development Inc. have proven to have good performance, in many cases 
approaching the theoretical predictions.  We are continuing to procure test gratings to understand which areas of 
theoretical parameter space result in successful gratings, with an emphasis on the near infrared, up to the red edge of 
the J band.  We expect to deliver efficient VPH grisms into operation with the LRS-J spectrograph on the HET 
within 6 months. 

Table 2. Properties of the McDonald Observatory Imaging Grism Spectrograph (IGI) 

Field lens 301 mm f.l. Melles Griot LPX309 singlet Magnesium fluoride AR coating 

Collimator lens 260 mm f.l. Melles Griot LA0238 doublet Magnesium fluoride AR coating 

Collimated beam-size 30 mm pupil located at the grism  

Canon 50 mm f/1.4 5:1 reduction 

Canon 85 mm f/1.8 3:1 reduction 

Camera lenses 

Canon 135 mm f/2.8 2:1 reduction 

Multi-layer AR coating with  

approximate coverage from  

400 to 950 nm 

G600 600 l/mm RGL 54-*-660 on 34 o  BK7 prism Grisms 

VPH930 930 l/mm VPH grating sandwiched between two 45o

BK7 prisms 

Field of view 50x50 mm 7.0 x 7.0 arcmin Vignetting in corners 

1.0 arcsec/pxl  with 50 mm camera lens 

0.62 arcsec/pxl  with 85 mm camera lens 

Plate scale 

0.41 arcsec/pxl  with 135 mm camera lens 

G600 430 – 830 nm  at 3.9 Å/pxl  with 85 mm camera Dispersion & coverage 

VPH930 430 – 810 nm  at 3.7 Å/pxl with 50 mm camera 

G600 12 Å R=500 at 600 nm Resolving power with 
2.0 arcsec wide slit VPH930 7 Å R=850 at 600 nm 
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D.3 Simulated Performance for LRS-J

Wolf, M.J., Hill, G.J., Tufts, J.R., “An Instrument for Studying Galaxy

Evolution on the 9.2-m Hobby-Eberly Telescope,” Proceedings of UMass/INAOE

Conference on Deep Millimeter Surveys: Implications for Galaxy Formation

and Evolution, June 2000, p. 82.

D.3.1 Abstract

We present the description of a near infrared extension to the 9.2-m

Hobby-Eberly Telescope (HET) Low Resolution Spectrograph (LRS), which

will cover the wavelength range of 0.87 to 1.35 µm. The LRS-J, an upgrade to

the existing LRS, replaces the optical camera with an f/1 camera optimized

for the J-band. The instrument design is strongly motivated by the desire

to observe galaxies at 1<z<2, where the principal emission lines indicative

of star formation are shifted into the J-band. The cryogenically cooled cam-

era will be mated to the warm LRS spectrograph, which does not result in

enough thermal emission background to compromise its performance since we

are primarily interested in wavelengths up to 1.35 µm for redshifts up to z=2.

LRS-J represents a rapid and cost-effective way to enable multi-object near

IR spectroscopy on an 8-meter class telescope. The camera will use a Hawaii

10242 HgCdTe detector array in a dewar cooled by a hybrid closed cycle he-

lium refrigerator and LN2 tank. A novel feature of the instrument is the use

of large volume holographic (VH) grisms, which will approach efficiencies of

90% in the near IR. The complete instrument will achieve peak efficiencies
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in the J-band of 25% on the sky. The spectral range will be covered by 2

grisms, resulting in instrument resolving power of R=1400-1600. Simulations

of predicted instrument performance and planned galaxy evolution studies are

presented.

D.3.2 Introduction

The J-band extension to the Hobby-Eberly Telescope (HET)(127) Low

Resolution Spectrograph (LRS)(69),(71), LRS-J(162), is primarily motivated

by the desire to observe galaxies at redshifts of 1<z<2. This regime is ex-

tremely important for studies of galaxy evolution, as it appears to be a tran-

sition epoch from irregular galaxy structures, that may suggest a high merger

rate, to the more ordered morphologies seen locally. Unfortunately, useful

spectral features of galaxies in this epoch are shifted into the J-band, beyond

the sensitivity of the CCD detectors in most multi-object instruments, so this

region has not been extensively studied. In this wavelength range, HgCdTe de-

tectors have QE >50%, which makes it moderately straightforward to obtain

redshifts of L* galaxies in 1 hour integrations on the HET. Hence, important

strides in our understanding of galaxy evolution can be made using our LRS-J

camera in conjunction with the LRS in its multi-object mode.2

2The Marcario Low Resolution Spectrograph is a joint project of the Hobby-Eberly Tele-
scope partnership and the Instituto de Astronomia de la Universidad Nacional Autonoma
de Mexico. The Hobby-Eberly Telescope is operated by McDonald Observatory on behalf of
The University of Texas at Austin, the Pennsylvania State University, Stanford University,
Ludwig-Maximilians-Universitaet Muenchen,and Georg-August-Universitaet Goettingen.
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D.3.3 Instrument Overview

LRS-J is a simple upgrade to the existing spectrograph, as it replaces

the optical camera with one optimized for the J-band. Spectral coverage for

this instrument is limited to 1.35 µm for sky-limited operation due to the

thermal background, because the cryogenically cooled camera will be mounted

to a warm spectrograph. However, because we are primarily interested in

wavelengths short of 1.35 µm for galaxies at z=1-2, this will not compromise

performance. The science focus of the instrument is well served by observations

extending through the J-band. The current design accesses the entire J-band

with one volume holographic (VH) grism, and the 0.85-1 µm range with a

second grism. Both grisms can be carried in the LRS concurrently.

The instrument will have three observing modes covering the 0.85 to

1.35 µm wavelength region: imaging over the 4 arcmin HET field of view in

z and J bands; longslit spectroscopy with slit widths ≥1 arcsec; and multi-

object spectroscopy (MOS)(172) of up to 13 objects simultaneously with 1.3 x

15 arcsec slits on 20 arcsec centers. In spectroscopy mode the exposure times

will be approximately 5 minutes and the telescope will be nodded between two

positions on the slit to provide improved sky subtraction. As with the optical

LRS, the imaging mode will be used for field acquisition and setup.

Optimal resolution is an important design consideration for an instru-

ment operating in the J-band where strong atmospheric OH− emission lines

can adversely affect the signal-to-noise ratio (S/N) of observations. High spec-

tral resolution can allow a large fraction of the resolution elements to see a
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lower background in between these OH− lines, but there is a limit to how high

a resolution is effective.(156) Simulations for LRS-J show that our optimum

resolution is R∼2000, but that R∼1600 is adequate to reach faint limits for a

majority of the pixels. A resolution of R∼1600 also allows the entire J-band

to be observed with one grating. Higher resolution gratings may be added to

allow measurement of galaxy dynamics.

We predict an on sky peak efficiency of the whole instrument (includ-

ing the HET) of 25%. Preliminary simulations indicate a limiting continuum

magnitude of J≥21 in a 4 hour integration.

D.3.4 Simulated Performance

Simulations are being run to estimate the performance of LRS-J. Ar-

tificial data were created with the IRAF artdata package. Night sky OH−

emission line intensities and continuum levels between lines were taken from

Maihara(104) and Osterbrock.(117),(118) An input Sb galaxy with emission

lines (NGC-6181) from Kennicutt(90) was redshifted to z=2, scaled to various

J magnitudes, and added to the sky backgrounds. Noise was added in the

following manner: 25 e− for thermal background in a 5 minute exposure, 6 e−

detector read noise, and Poisson photon noise for each exposure. A number

of 5 minute exposures were generated for two locations on the slit to simulate

nodding, the sky was subtracted, and they were coadded to give 1, 2, and 4

hour total exposures. The spectra were extracted using apall in IRAF and the

S/N was measured with splot.
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The simulations have resulted in a limiting magnitude of J∼21 in 4

hours for 5σ per resolution element, smoothed to a resolving power of R=300.

Figure 1 shows an example of the data. An extracted spectrum is shown in the

left panel for an Sb galaxy of J=21 at a redshift of 2 for a 4 hour integration.

Approximately 20% of the pixels have residual sky noise on the 5σ level due to

inadequate subtraction of strong emission lines. The same spectrum is shown

in the right panel after it was median filtered (corresponding to smoothing from

R=1600 to R=300), along with the input galaxy template. We are developing

masking techniques in software to block pixels containing strong OH- emission

features, which should help cut down the number of spurious features in the

filtered spectra, but may result in the loss of data if a galaxy emission line

falls on a strong OH− line. Thus far, atmospheric absorption has not been

included in the simulation, but will be added in the next iteration.

D.3.5 Planned Science Projects

Galaxy evolution studies using LRS-J are planned for both field and

cluster galaxies at redshifts of z∼1-2. A J-band galaxy survey will be con-

ducted on fields of interest. The star formation history of field galaxies will be

extended into this epoch by measuring Hα and [OII] emission lines. K-band

luminosities of the galaxies will be used to normalize the star formation rates

(sfrs) to galactic stellar mass, while FIR and submm observations will provide

estimates on the dust mass in the galaxies. Other methods for measuring gas

mass will be investigated so that the sfrs can also be normalized to gas mass.
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Figure D.5 The left panel shows a simulated extracted spectrum of a J=21,
z=2, Sb galaxy with 4 hours of integration time. The right panel shows the
same spectrum after median filtering (R=1600 to R=300) with 5σ clipping.
The dotted spectrum is the input galaxy template. The average S/N=17.2 for
the whole spectrum, and is higher in regions with less residual sky noise.

If morphological information is available, then a distribution of specific sfrs of

galaxies of different types will be compiled for this epoch.

LRS-J will also be used to spectroscopically verify high redshift galaxy

clusters. New search techniques and satellites, such as Chandra, are producing

high redshift cluster candidates. Clusters at redshifts of z>1 are ideal targets

for LRS-J.
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abe, M., Hennessy, G., Ichikawa, T., Kunszt, P.Z., Lamb, D.Q.,

McKay, T.A., Okamura, S., Racusin, J., Sekiguchi, M., Schnei-

der, D.P., Shimasaku, K., York, D., 2001, AJ, 122, 1861

[151] Suntzeff, N.B., Schommer, R.A., Olszewski, E.W., Walker, A.R.,

1992, AJ, 104, 1743

[152] Tantalo, R., Chiosi, C., 2004a, MNRAS, 353, 405

[153] Tantalo, R., Chiosi, C., 2004b, MNRAS, 353, 917

[154] Thomas, D., Maraston, C., Bender, R., 2003, MNRAS, 339, 897

[155] Thomas, D., Maraston, C., Bender, R., Mendes de Oliveira, C.,

2005, ApJ, 621, 673

[156] Thompson, K.L., 1999, MNRAS, 303, 15

[157] Thompson, R.I., Weymann, R.J., Storrie-Lombardi, L.J., 2001,

ApJ, 546, 694

311



[158] Trager, S., Worthey, G., Faber, S., Burstein, D., Gonzalez, J.,

1998, ApJs, 116, 1

[159] Trager, S.C., Faber, S.M., Worthey, G., González, J.J., 2000a,
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