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for Probing Lyman- Emitters in the HETDEX Survey

by
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The Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) wi map
the power spectrum of 0.8 million blindly discovered Ly Emitting Galax-
ies (LAE) using a revolutionary new array of massively replated, ber-fed
spectrographs dubbed the Visible Integral-Field ReplicablUnit Spectrograph
(VIRUS). In the era of the Hobby-Eberly Telescope wide- eld upgde, the
current Low Resolution Spectrograph (LRS) must be replacedith a ber
instrument. In this thesis, | discuss the development of theecond genera-
tion LRS (LRS2), which is anR & 1200 multi-channel instrument based on
the VIRUS design and fed by a 287 ber, ® 12°microlens coupled integral
eld unit. | focus on the blue optimized version of the instrument (3720<

(A) < 7000), speci cally on the opto-mechanical design of the VPHrigms.
With the purpose of making the instrument ideal for the follav-up of LAE
in the HETDEX survey, | discuss the science drivers for sel@at) the spec-

tral resolution of the instrument. To test the utility of such an instrument, |
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presentR 2400 spectra of two LAE that were originally discovered in the
HETDEX Pilot Survey (Adams et al. 2011). These data were taken i
the VIRUS prototype spectrograph in a high-resolution mode ahe McDon-
ald Observatory Harlan J. Smith 2.7 m telescope. The Lyline pro les are
constrained by near-infrared observations of rest-frameptical emission lines
from Finkelstein et al. (2011), which set the systemic redghof the galaxies.
| discuss the velocity o sets of the Ly line from the systemic line center and
the implications for the HETDEX survey. | compare the line prdes to theory,
speci cally to those describing dust attenuation, out owsor in ows of neutral
gas on the galactic scale, and attenuation in the intergalac medium. This
study provides an example of how LRS2 can be used to probe Lgmission

in2. z. 3 star-forming galaxies.
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Chapter 1

Introduction

1.1 Ly Emitters

Ly Emitting galaxies (LAE) are some of the youngest and most diant
galaxies known. Since they are likely the star-forming pregitors of today's
L galaxies (Gawiser et al. 2007), they are an important class study and
are useful probes of the high-redshiftz) universe. However, little is known
about their physical nature. At 2. z . 7, the Ly emission from these
galaxies (which can carry an appreciable fraction of a youngplaxy's total
luminosity; Patridge & Peebles 1967) is redshifted into theptical. These
emission line galaxies are discovered in copious numbersway only of their
Ly emission via narrow-band surveys (e.g., Cowie & Hu 1998; Gaer et
al. 2006) and more recently through blind spectroscopic suys, both by
multi-object spectroscopy (e.g. Cassata et al. 2011) andttviintegral eld
spectrographs (IFS: e.g., van Breukelen et al. 2005; Hill et. 2008a; Adams
et al. 2011). In addition to LAE, Ly emission is also detected in 50%
ofz 2 3 Lyman break galaxies (LBG: e.g., Shapley et al. 2003; Steld
et al. 2010), which are highz galaxies selected instead by their continuum

properties.



For both LAE and LBG, the problem of radiative transfer and esape
of Ly photons from the galaxy is not trivial due to Ly 's resonant scattering
property through HI gas, both inside the galaxy from which it$ emitted and
through the intergalactic medium (IGM) after escape. This ppblem has been
widely addressed both analytically (e.g., Harrington 1972Jeufeld 1990; Loeb
& Rybicki 1999; Dijkstra et al. 2006) and numerically, mainy with Monte
Carlo methods (e.g., Adams 1972; Loeb & Rybicki 1999; Dijkstret al. 2006;
Verhamme et al. 2006; Dijkstra & Loeb 2008; Adams et al. 2009h&ng et
al. 2010). Scattering increases a given Lyphoton's path length for escape
from a galaxy's interstellar medium (ISM) and as such, makeds much more
susceptible to absorption (or scattering) by dust than a gen non-resonantly
scattered photon. The presence and varying distributiond dust (i.e., uniform
vs. clumpy distributions) mixed with the HI has also been dealith in the
radiative transfer models (e.g., Neufeld 1991; Hansen & Oh &)Q.aursen et
al. 2009). Despite this work, the exact mechanism for the egme of Ly from
a galaxy and its subsequent transmission through the IGM ontsi journey to

our telescopes is still a highly debated issue.

Much of what we know about the physical nature of LAE and LBG
comes from tting their spectral energy distributions (SED with stellar pop-
ulation models (e.g., Bruzual & Charlot 2003), which can catrain combina-
tions of star formation history, age, composition, dust cdaent, and stellar mass
(albeit with certain degeneracies between various paraness, such as age and

metallicity, for example). Since LBG are typically brighte than LAE, they



have been studied in this manner with more ease. SED tting diBG shows
that for intermediate redshifts (3< z < 6), star formation rates (SFR) are

10 2M yr 1, ages are 1C° Myr, stellar masses are 10'°M , they have
signi cant dust content (e.g., Papovich et al. 2001), and ha evolved stellar
populations (Stark et al. 2009). In contrast, SED tting of LAE shows that
they are less massive by at least an order of magnitude, andviedower SFR
and ages (e.g., Gawiser et al. 2006, 2007; Gronwall et al. 20Binkelstein et
al. 2007; Yuma et al. 2010). Despite evidence of little evaion as compared
to LBG (which implies that LAE may be newly formed galaxies ovesimilar
redshifts; Ono et al. 2010), LAE are found to be somewhat dus{finkelstein
et al. 2009). Among other explanations (such as very low melialties or a
top-heavy initial mass function), evidence of a dusty ISM wh varying degrees
of non-uniformity and varying kinematic properties have ben used to explain
the large measured Ly equivalent widths (EW). Sometimes in excess of the
240A limit signifying a \normal" rate of star formation (Malhot ra & Rhoads
2002), these high EWs are further evidence that LAE are youngas-forming
galaxies (Dijkstra & Westra 2010).

Probing these two classes of galaxies with spectroscopyalges some
of the degeneracies that exist in SED tting. Several studgehave probed the
continuum of LBG (e.g., Steidel et al. 2001; Shapley et al. @8; Steidel et al.
2010) as well as their rest-frame optical emission lines ket al. 2006). While
the spectroscopic detection of the continuum of an LAE has tisufar proved

dicult, the Ly  emission line itself has been used as a diagnostic for the



luminosity function (e.g., van Breukelen et al. 2005; Blanet al. 2011), star
formation (e.g., Adams et al. 2011; Cassata et al. 2011), ISNhkematics, and
Ly radiative transfer (e.g., Tapken et al. 2007). The Ly line in both LAE
and LBG (when detected) is observed to have a characteristity asymmetric
pro le (Rhoads et al. 2003) and can assume one of many compharrphologies
(Verhamme et al. 2008), including asymmetric single peakdpuble peaks,
and P-Cygni proles. In LBG, the peak of the Ly emission is typically
observed to be o set from the systemic redshift (as set typadly by interstellar
lines, particularly in emission from HIl regions) by a few 10 km s * (e.g.,
Shapley et al. 2003; Steidel et al. 2010). This has been usedeaxidence in
support of models describing large-scale, shell-like ootvs (Tenorio-Tagle et
al. 1999; Verhamme et al. 2006, 2008; Dijkstra & Loeb 2008,0®) that can
be invoked to aid in the escape of the photons as they shift oof resonance
due to scattering o of out owing material. Others invoke a dumpy out ow
of material rather than a spherical shell (Steidel et al. 2@). Out ows are
observed ubiquitously among star-forming galaxies (botlotally and at high
z; Heckman 2002; Dawson et al. 2002; Shapley et al. 2003; Rupkeale
2005; Martin 2005), so there is reason to support such a modéldditionally,
velocity elds in the IGM rather than in the galaxy itself have been shown
to reproduce the morphology of the observed line pro les (¥stra & Wyithe
2010; Zheng et al. 2010). As an alternative to invoking a windnd out ow
model, Laursen et al. (2011) have shown using cosmologicadifo-simulations

that the observed line pro les can be reproduced solely by dative transfer



e ects as the photons in the vicinity of Ly are transmitted through the IGM.
On a galactic scale, Laursen et al. (2009) have shown that thg line can be
modi ed non-uniformly across the intrinsic pro le by dust. The interpretation
of Ly line proles from these galaxies is still very much open forebate

(Wyithe & Dijkstra 2011).

For 2. z . 27, the rest-frame optical nebular emission lines (i.e.
H ,[OIll], H , and [N II]) are redshifted into the near-infrared (NIR) and
are observable when not interfered with by telluric lines. &cently, the rst
observations of these lines in a Ly selected galaxy were carried out by McLin-
den et al. (2011) and Finkelstein et al. (2011). The latter sl these data
along with low resolution R = = 800) spectra of the Ly line to de-
tect statistically signi cant velocity o sets in one of theirtwo z 2.3 25
LAE (i.e., Ly has a slightly higherz than systemic, here, by 160 km s1).
They also use the NIR data for the rst time to place a Ly selected galaxy
on the BPT diagram (Baldwin et al. 1981) in which they nd an ekvated
[O )/H ratio. They also determine the dust extinction, Ly escape frac-
tion, SFR from H measurements, and gas-phase metallicity. As can be seen,
these measurements contain valuable information about thedividual galax-
ies which cannot be gathered reliably from SED tting alone.Studies of the
transfer of Ly photons out of the galaxy should thus consider these newly
determined properties. McLinden et al. (2011) observed arsple of three
z 3 LAE, obtaining R 800 Ly spectra and NIR [O Ill] spectra for two of

the three objects. The Ly spectra display asymmetry and signi cant velocity



o sets from the [O 1] determined systemic redshift by& 10 km s . These
authors attribute these o sets to large-scale out ows intmsic to the galaxy's
ISM. Additionally, both of these two mentioned works discusthe e ect of the
rest-frame optical lines on SED tting, where neglecting tkir contribution to
a given passband's ux can result in gross overestimates dékar population
age and mass. With a similar methodology to that employed byifkelstein
et al. (2011) and McLinden et al. (2011), a very recent work byang et al.
(2011) has used higheR optical Ly spectra and NIR observations of rest-
frame optical emission lines to study gas kinematics in Lyblobs atz  2:3.
Although in a di erent physical environment from an individual LAE, these
authors nd striking similarity in the Ly line pro les as compared with the

aforementioned works.

Thus far, a sample of only four LAE and two Ly blobs exist which
have both Ly spectra R < 900 for the LAE; R 2000 for the blobs) and
rest-frame optical emission line spectra. By studying theyL line in detail
with rest-frame optical lines for a larger number of LAE, the pysical nature
of their ISM may be realized in more detail than possible wittSED tting.
Speci cally for this work, knowing the systemic redshift ofthe galaxy from
the rest-frame optical emission lines can help constrainehkinematics of the
ISM and the models of Ly radiative transfer both within the galaxy and in
the IGM. This in turn may have further reaching implications for studies of
cosmological reionization, the star formation history oftte universe, and for

future surveys which aim to constrain dark energy through dshift surveys



using LAE as tracers (Wyithe & Dijkstra 2011).

1.2 HETDEX, VIRUS, and LRS2

Because LAE have a high surface density of 4 arcmin 2 at a ux
limitof 2 10 " erg s! cm ? (as determined from narrowband surveys;
e.g., Cowie & Hu 1998), the Hobby-Eberly Telescope Dark Energxperiment
(HETDEX) will use them as a tracer for large-scale structure. iese observa-
tions will constrain dark energy and its evolution from 9 < z < 3:5 (Hill et al.
2004). HETDEX will plot the power spectrum of 0.8 million LAE asobserved
from a blind spectroscopic survey, thereby probing an enoous volume ( 9
Gpcd). This is made possible by the massively replicated IFS, VIRU& sible
Integral-Field Replicable Unit Spectrograph; Hill et al. 20@). VIRUS, which
is composed of 150 small 1/3 |l factor integral eld units (IFU) using a
densepak-type ber bundle (Barden et al. 1998a), will be mated on the
9.2m Hobby-Eberly Telescope (HET) at the McDonald Observatgrand will
cover 30 arcmir? with 35,670 spatial elements per observation over 3580
(A) < 5500 atR  700. The unit spectrograph is a double-Schmidt cata-
dioptric design (Hill et al. 2008b) utilizing Volume Phase Halgraphic (VPH)
di raction gratings (Barden et al. 1998b). Due to its large botprint on the
sky, VIRUS will require that the HET be upgraded with a new wide-eld

corrector, which will give it a 22 diameter eld (Savage et al. 2010).

The current HET Low Resolution Spectrograph (LRS; Hill et al. 298)

rides on the HET's tracker at the telescope's prime focus andlitbecome obso-



lete after the wide- eld upgrade (WFU). This is because the lger corrector
optics and numerous VIRUS IFUs will occupy all of the available hysical
space and weight speci cations on the new, upgraded trackeAs a result, a
new second generation ber-fed instrument must be built as @placement to
Il the niche between the low resolution of VIRUS and higher redution instru-
ments (i.e., MRS and HRS; Hill et al. 2008c). Currently, LRS cabe operated
in imaging, long slit, or multi-object mode with a eld of 4° square. Using a
suite of four grisms, its spectral coverage is from 4150 (A) < 10100, a
subset of which can be observed at several resolving powdRs< 600, 1300,
1900, or 3300). After the WFU, the imaging capability will be t&en over by
the newly installed acquisition cameras, and the multi-olect capability will
be covered by VIRUS. The single object mode (which is currentihhe most
utilized) with acceptable resolution could be covered by adeployed LRS fed
by a ber IFU. An example con guration in this scenario would bea 200 ber
IFU with 125 m ber cores. This would result in a 8°diameter IFU eld,
which is probably too small for adequate sky subtraction inlhseeing cases
observed at the HET. A redeployment of the current LRS would rese the
grisms and the camera, but require a new collimator assembly would also
roughly maintain the current exibility of having various resolutions at one's
disposal (in this example, the resolution would be comparkbto the current

LRS with a 1%slit).

An alternative and preferred design for the second generatid RS

(LRS2) is based on the VIRUS unit spectrograph design. VIRUS is signed



to be adaptable to various spectral resolutions and wavelgiln coverages and
to be used on telescopes of varying aperture. Hill et al. (201Qiscuss the
prospect of using VIRUS based spectrographs as a cheap alteiveato a
large-scale conventional multi-object spectrograph at fure extremely large
telescopes (e.g., GMT, etc.). In addition to VIRUS-W (Fabriaiis et al. 2008),
a recent adaptation of the VIRUS prototype (VIRUS-P; Hill et al. 2@8b), an
LRS2 design based on VIRUS represents one of the rst such derstrations
of the diversity of VIRUS applications (Hill et al. 2010; Lee et b 2010a).
Such a design can also take advantage of the existing VIRUS im$tructure,
such as the system's cryogenic system (Chonis et al. 2010y aupport struc-
ture (Heisler et al. 2010). An overview of such an LRS2 designgs/en by
Lee et al. (2010a) and reviewed here for reference. LRS2 lshea VIRUS
consists of two VIRUS modules, each containing two spectrogias. Each of
the four spectrographs are optimized for a separate sectiohthe total wave-
length range of 3500 (A) . 10000 at a xed resolving power of 1800.
The module covering the blue half of this wavelength range ealled LRS2-B,

while that for the red half is called LRS2-R.

Each module is fed separately by a refractive IFU feed assdmlwhich
divides the light by an optimized dichroic beam splitter inb the IFUs which
feed each spectrograph. Each feed assembly requires thecepat the HET fo-
cal plane equivalent to the area taken by two VIRUS IFUs. The twodeds will
be located at the center of the focal plane, which facilitagethe highly desir-

able parallel science mode (where VIRUS IFUs gather data of thersounding



eld any time another HET instrument is observing; Lee et al. R10a). The
downside to this feed con guration is that continuous coverge over the entire
spectral range of the array of four spectrographs cannot bewered simultane-
ously. Due to the VIRUS optical design, a larger diameter IFU cabe utilized
than for a redeployed LRS. VIRUS can accommodate 287 170 m core
diameter bers, which results in a 10.8diameter IFU with near unity lling
factor when the ber ends are coupled with a microlens arrayThis technol-
ogy has been utilized successfully by current instrumentg ather facilities,
such as GMOS (Allington-Smith et al. 2002). Since the prelimary input
optical system design can accommodate a®diameter eld, an alternative
format for the IFU is a 7°° 12%rectangular array, which would be su cient
for most small sources in almost all seeing cases and provae adequate
number of sky bers for accurate subtraction. This is a vastmprovement
over the largest IFU that is possible for a redeployed LRS. @g the light is
through the feed and IFU, the spectrograph collimator opticare identical to
VIRUS. In addition to the smaller ber core diameter for LRS2, he VIRUS
VPH gratings must be replaced by VPH grisms (Hill et al. 2003; Bdly et al.
2004), which can accommodate the higher fringe frequencyjugred to achieve
the desired resolution while directing the light properlynto the camera. For
both LRS2-B, the camera optics are identical to VIRUS and takedwvantage
of the same blue-sensitive 2064 2064, 15 m pixel CCDs. LRS2-R will uti-
lize thick, fully-depleted CCDs of the same format from Lavence Berkeley

National Laboratory.
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LRS2 will serve as a low resolution facility-class instrunmefor the HET
and will continue the LRS legacy of excelling in a range of divse science appli-
cations. This includes the follow-up of transients (e.g.upernovae, gamma-ray
bursts, etc.), AGN studies over a large range & brown dwarf identi cation,
and extragalactic studies. In particular, LRS2 in survey mae will compli-
ment the abilities of VIRUS and other instruments at various failities that
are carrying out large-scale surveys (e.g., HETDEX, DES) angsoptic imag-
ing surveys (e.g., Pan-STARRS, LSST), providing a useful mes of quick
follow-up spectroscopy either at a higher resolution or whe not previously
available. Of particular interest in this work is LRS2-B as an ideal follow-
up instrument given the huge sample of new LAE that will be diswered by
HETDEX. These higher resolution observations will help us stly the Ly
line in more detail to answer some of the pressing scienceues outlined in

the previous section.

Since LRS2-B is largely a direct adaptation of VIRUS (i.e., th@nly
modi cations required are a new ber feed, IFUs, and dispemsg elements), the
engineering e ort involved is largely carried out in the dagn of VIRUS itself.
The multiplexing methodology of VIRUS allows for the quick deslopment
and procurement of LRS2; therefore, LRS2-B is planned to beady for the
deployment of the HET WFU. LRS2-R, however, will require an adtional
year of engineering and the funding has yet to be fully secuakeln this work,
| focus on the optical and mechanical design of the VPH grismerfLRS2-B

in which | work down from science requirements to a speci edegign. The

11



opto-mechanical design of the LRS2-B IFU feed is beyond theape of this
paper; as such, | work under the parameters for this comportegiven in Lee

et al. (2010a).

E orts towards HETDEX and its related hardware are well under
way. The VIRUS concept has been demonstrated through the consttion
of VIRUS-P, a prototype of a single VIRUS unit spectrograph that arrently
resides at the Harlan J. Smith 2.7 m telescope at McDonald Olygatory (Hill
et al. 2008b). With VIRUS-P, a blind survey of LAE atR 800 in well
known elds has been carried out over 170 arcmirin which 110 LAE were
discovered by Ly ux alone (the HETDEX Pilot Survey; HPS: Hill et al.
2008a; Adams et al. 2011; Blanc et al. 2011). This sample prdes a useful
and unique data set for studying the physical nature of LAE. A wsample
of the HPS's brightest objects in the appropriate range af have been sup-
plemented here by follow-up, higher-resolution VIRUS-P obsgtions (see the
following chapter) as well as Keck NIRSPEC rest-frame optit@mission line

observations from Finkelstein et al. (2011).

The remainder of this thesis is outlined as follows: in Chaet 2, |
discuss the preliminary observations of two HPS LAE using VIRU®-in its
high resolution mode R 2400). These observations roughly mimic the
type of observation that might be obtained with LRS2-B for tle follow-up of
HETDEX LAE. In Chapter 3, | present analyses of these data. | Idoat the

characteristics of the line proles &3.1, 3.2), their relation to theory %3.3),

12



and their further reaching implications &3.4). In Chapter 4, | discuss the
development of the blue optimized arm of LRS2. This includean estimation
of the required spectral resolution to meet our science nee@4.1), the optical
and mechanical design of the VPH grism dispersergi(2, 4.3), and a discussion
of the instrument's performance X¥4.4). In Chapter 5, | outline the general
conclusions of the thesis. Where appropriate, standard -ODM cosmological
parameters Ho =70 kms *Mpc !, ,,=0:3, =0:7; Spergel et al. 2007)
are adopted. Finally, | use the following vacuum wavelengshin A quoted
from the Atomic Line List v2.04! Ly (1215.670); [O 1] Doublet (3727.092,
3729.875); H (4862.683); [O 111] Doublet (4960.295, 5008.240); H6564.61);
[N 11] (6585.28). All other wavelengths and spectra in this wi are corrected

to vacuum conditions unless otherwise noted.

LAtomic Line List v2.04: http://www.pa.uky.edu/ peter/atomic/

13



Chapter 2

Preliminary Observations and Data Reduction

One of the science drivers for LRS2-B is to obtain follow-ugbservations
of a subsample of LAE discovered in the HETDEX survey at a resdian
where some features of the Ly line can be resolved. With this purpose in
mind, follow-up observations of several HPS LAE with VIRUS-P ints high
resolution mode were obtained which yield data analogous tehat might be

expected from LRS2.

2.1 Target Selection

As discussed inx1.1, di erent models can often well reproduce an ob-
served Ly line pro le for a given LAE. The recent work of McLinden et al.
(2011) and Finkelstein et al. (2011) have allowed at least erfree parameter
to be removed from the models in the determination of the sysmic redshift
of the galaxy. Since the models predict the existence of stture in the line
pro le on scales smaller than the 350 km s? resolution of the Ly spec-
tra in these works, the objects in their sample are used as antwl group for
studying Ly line pro les relative to the systemicz of the galaxy at higher res-

olution. In particular, Finkelstein et al. (2011) studied djects from the HPS

14



with z. 27andaly line ux > 10 ¥ ergs?!cm 2 HPS194, HPS256, and
HPS419 (Adams et al. 2011). Note, however, that only HPS194 and HESH
have reliable detections of the rest-frame optical emissidines. The observa-
tions therefore were focused on these two objects, plus HPSQ%s it was on

target lists for future NIR observing runs.

2.2 The McDonald Observatory 2.7 m and VIRUS-P

Follow-up observations of these targets were obtained ugithe VIRUS-
P instrument (Hill et al. 2008b) on the Harlan J. Smith 2.7 m telscope at
McDonald Observatory on the nights of UT 2010 February 13 and4l As
mentioned inx1.2, VIRUS-P is a prototype of a single VIRUS spectrograph.
As such, it is an IFS fed by a densepak-type IFU with the 246 200 m
bers arranged in a 1/3 |l factor raster pattern. The instru ment is gimbal
mounted at one of the bent Cassegrain ports of the 2.7 m telepe and the
IFU is fed at f=3:65 by a focal reducer. This yields a:I° 1.7° eld with
4.X%diameter bers. The spectrograph was used in a blue sensii{3690.
(A) . 4400), high-resolution mode using the VP2 \Galaxy DynamicsVPH
grating (1.6 A FWHM, or 120 km s ! resolution at 4000A). The spectrum
of the bers (which are arranged at the spectrograph input as pseudo long
slit) are imaged at the focal plane onto a Fairchild 2048 2048 CCD with
15 m pixels. The detector has a read noise of 3& and a gain of 1.0e
ADU !. The reimaged ber diameter is 5 pixels. The data are binned by 2

in the spectral direction only, resulting in a dispersion 0d.685A pixel ! (2.33
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binned pixels per resolution element).

Target acquisition and guiding are provided by an Apogee Alta CD
camera with a 45° 4:5° eld (512 512, 24 m pixel; 0.528%ixel !) equipped
with a B + V lter. The guider is oset  9°to the north of the IFU. By ob-
serving crowded elds in the open cluster M37, the astrometrdescribing the
guider o set was determined to within P°RMS so that the positions of each
ber on the sky are accurately known relative to any ducial sition on the
guider CCD. Exposures during the guiding of science frameseacquired and
saved at a frequency of 0:1 images second so that photometry can be per-
formed on the images for monitoring of the atmospheric coriains throughout

the science exposure.

For basic calibrations, 75 zero exposure bias frames weretanbed
throughout the run, 20 HgCd arc lamp frames were obtained forawvelength
calibration each day, and at least 10 twilight ats were take near the zenith
both at dusk and dawn each night. For ux calibration, two spe&tro-photometric
standard stars (Oke 1990) were observed each night: G191BaBthe night's
beginning and Feige 67 at the night's end. The standard staxgere observed
in a 6 position subdither pattern (with 120 seconds of exposal per dither

position), e ectively double counting the ux (Blanc et al. 2009).

For the science exposures of the LAE, VIRUS-P was utilized e agtly
as a slit spectrograph by placing the target on a single berThis ber was
required to have exceptional relative transmission propiges and be imaged

onto a region of the CCD that is free of known defects. The taegs are no
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larger than the ber diameter (Adams et al. 2011; see also cohn (8) of Table
2.1 in this work), thus the observations are not dithered. Tl unused bers
sample the sky. All science exposures were 1800 seconds Idig. hours of
total integration time on HPS194 and HPS256, and 3 hours on HPS®@nd
HPS419 were obtained. The mean airmass of observation for anlgject is

< 1:2, except HPS095 which had an average airmass of 1.4.

2.3 Data Reduction

The data reduction was carried out using the custom pipelin®AC-
CINE (Adams et al. 2011), which was designed for the HPS but is fjeently
used to reduce VIRUS-P data for more general purposes (e.g.aBt et al.

2009).

All frames are rst overscan corrected; the residual bias, wth is cap-
tured in the average of all overscan subtracted bias framds, also corrected.
After the twilight ats are combined, they are used to locate ad trace each
ber in the spectral direction. This trace is used to extracthe 2-D spectra con-
tained in the combined comparison lamp frames. An independenavelength
solution for each ber is then calculated from the HgCd arc lam exposures
for each night. Unfortunately, the only calibration lamps awilable for the in-
strumental setup used in this work produced just 5 lines foratibration, with
only a single line on the blue half of the imaged spectrum. Fibhg various
order polynomials resulted in residuals in the wavelengtholition which ex-

ceeded 5A. Thus, the arc lamp derived solution was abandoned. Insteathe
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solar spectrum in the twilight ats were used from each nighto determine
the wavelength solution. As noted, two sets of ats were takereach night
(at dusk and dawn). Thanks to its mechanical design (Smith eal. 2008),
VIRUS-P is an extremely stable instrument with the main sourcef instabil-

ity being expansion and contraction through large temperatre swings. The
dawn ats, which never di ered by more than 2.8 C, were better matched
to the temperature of the actual observations. As such, dawnats were used
to correct the data and determine the wavelength solution. df each night, a
model solar spectrum was t to the combined dawn at by allowng it to vary

in the spectral direction according to a fourth order polynmial through 2

minimization for each ber. The best- t polynomial describes the wavelength
solution for that ber. Due to the large number of spectral fatures matched,
the uncertainty in this wavelength solution is expected to & much smaller
than the statistical uncertainties in determining the centoid of the relatively

low signal-to-noise §=N) emission lines that are observed.

With the wavelength solution, the dawn ats were extracted ad cor-
rected for the solar spectral features, the ber spatial prée, and relative
instrumental spectral response. This resulting map of theixel-to-pixel vari-
ations and ber-to- ber relative transmission is used to caect the extracted
standard star and science frames. With these frames, a pmtetpixel error
map is created which encompasses contributions from phot@ounting and
read noise. Background subtraction of the at- elded sciece frames is per-

formed by combining the sky spectrum of the nearest 60 bertthe source
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ber. Since there are few bright night sky lines in the blue gap, background
subtraction can be achieved with a negligible contributiof systematic noise
to the bers containing sources over the observed spectrange. Finally, cos-
mic rays are masked. The resulting 2-D calibrated spectrarfeach ber are
then collapsed in the spatial direction (according to Equabn 1 of Blanc et al.

2009), resulting in a set of 1-D spectra for each on-sky saenexposure.

Before combining the individual science and standard stamxposures
into a composite spectrum for each object, the relative wdigthat should be
given to each is determined from the guider photometry. Theuider frames
are bias subtracted and at elded using standard methods, rd are sorted
by their FITS header time stamps into groups correspondingpteach science
or standard star frame. Using the IRAF apphot task, di erential aperture
photometry was obtained for three stars in each guider setrf@ach object.
These measurement yield a set of di erential magnitudes, wdh can be con-
verted to ux ratios in the normal manner. The normalized ux ratios are the
relative weights to be given to each science frame when these acombined.
In correcting these values for the observed airmass, a measof the variable
atmospheric extinction was obtained. This showed that bothights displayed
favorable conditions with the extinction remaining below @8 mags (however,
there was a spike of 0.2 mag extinction over a one hour period Bebruary 14

due to high clouds).

LIRAF is distributed by the National Optical Astronomy Obser vatories, which is oper-
ated by the Association of Universities for Research in Astonomy, Inc., under cooperative
agreement with the National Science Foundation.
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Using the relative weights calculated above, the individuatollapsed
science exposures for each object were combined by a weidhteean after
ignoring collapsed pixels that were masked for cosmic rayadaclipping the
values that lie more than 3 from the mean. For objects whose data was
gathered in both nights (HPS095 and HPS419), the data were respled? to
a common wavelength scale using a cloud-in-cell reassigminef ux before

combination.

In this work, the data do not require an absolute ux calibraton; the
observed standard stars are used to obtain a relative caldiron in which the
instrument's spectral response is corrected. The standastiars were observed
in a tight six position subdither pattern (see the left panebf Figure 2 in Blanc
et al. 2009). In each of these six frames for each standard rstébserved in
each night, the bers that lie within an 8°radius are selected, resampled to
the wavelength scale of the ber containing the most ux, anch weighted sum
for each pixel in the spectral direction is calculated. Thisalue is then divided
by 2 (since the ux was double counted in the dither pattern; his sampling
correction factor must be determined exactly for an absolatcalibration; see
Blanc et al. 2009 and Adams et al. 2011), corrected for the aiass at the time
of observation, and normalized by the exposure time so thahé spectrum is
given as a count rate. This is then compared to the publishedasmidardized

spectra for the observed standard stars in Oke (1990), whichsults in a set of

2All resampling of spectra in this work is based on a routine witten
by D. Schlegel in the Sloan Digital Sky Survey-lll IDL Utilit ies Library:
http://www.sdss3.org/svn/repo/idlutils/trunk/pro/im  age/rebin_spectrum.pro.
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correction factors as a function of wavelength which are theapplied to each
ber in the science frames. There is a 7% variation in the cagction factors on
average between all four standard star observations overettwo nights. Some
of this variation may be due to the sampling correction factochanging slightly
from observation to observation. Since this variation is fdy small, it may be

possible to obtain an accurate absolute ux calibration fofuture analysis (if
required). For the present work, the average of each set ofrgection factors
determined from the two standard stars observed each nigh applied. The
result is a set of 1-D spectra for each ber in each observedldethat are fully

calibrated and corrected for the instrumental response.

After the above calibrations, the combined spectra of the b on
which the targets were placed are examined. Clear detect®iiS=N & 5) of
the Ly line of HPS194 and HPS256 were made, both of which have NIR data
from Finkelstein et al. (2011). Unfortunately due to the redued exposure
time, no detection for HPS095 or HPS419 was made. However, HPS488
low-z [O 1] emitter in the HPS419 eld, was detected. This detectia will
be used later inx4.1 when estimating the resolution required for meeting the
science needs for LRS2-B. For each of these detections, thevéength scale
is corrected to compensate for the relative motion of the E#r with respect
to the local standard of rest at the time of observation usinghe V sg calcu-
lator.® Additionally, a correction to vacuum conditions using an egmnation of

the atmospheric index of refractiomg,, (Filippenko 1982) at 4000A for the

3Visr Calculator: http://fuse.pha.jhu.edu/support/tools/visr.html
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elevatiorf of the observatory (2076 m) and the average temperature dag the
observations (3 C) was applied. Using these valuesiy,,, = 1:00023. In Table
2.1, the basic properties of these three detections are &dt including relevant
supplementary data from Adams et al. (2011) and Finkelsteintel. (2011).
In Figure 2.1, 75 A subsections of the calibrated spectra for the detected

objects are shown, centered on the emission line.

4A simple functional form of the atmospheric pressure at a gien elevation can be found
at http://www.engineeringtoolbox.com/air-altitude-pres sure-d 462.html.
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Table 2.1. Properties of Detected Targets

Object RA Dec Transition F EW Ly FWHM FWHM Znps Y ZnIR Y
(J2000) (J2000) (10 Y ergs L cm 2) (A) Line (kms 1)  Spatial (%

(1) (2 (3) 4 (5) (6) ) (8) 9) (10)
HPS194 10:00:14.17 +02:14:25.9 Ly 61.0 106 667 4.9 2.2896  2.28689
HPS256 10:00:28.33 +02:17:33.4 Ly 314 188 612 5.4 2.4922 2.49073
HPS438 12:36:56.75 +62:14:19.5 [O Il] Doublet | | 199 55 0.10 52 |

Note. | Columns (2) and (3) correspond to the coordinates of the center o f the ber in which the detection was made. The quoted EW values in
(6) are in the rest-frame of the object. The quoted redshifts in (9) an d (10) are corrected for the relative motion of the Earth with respect to the local
standard of rest at the time of observation. Columns (5)-(9) are det ermined from the Ly line with R 800 VIRUS-P observations (Adams et al.
2011) and (10) is determined from NIR rest-frame optical emission line  observations (Finkelstein et al. 2011).

y Correction to vacuum conditions properly applied; see x3.1 and 3.2. Uncertainties on zyps are 0:0004. For zyr , the uncertainties on
HPS194 and HPS256 are 0:00002 and 0:00006, respectively.



144

|
1 o.8f 1 0.8l 1
§ 0.6
z
[
>
s 0.4}
£ _
[}
o
-1 0.2 J k/ [l 1
N | /W/\(\WW«MWW
G\M/\*W /\‘MW\JJI\VAVMM\\”J\ ! lﬂ!&“ MY Wy,
1-04t . . L L L L L b L . . . L L L
4180 4200 4220 4240 4260 4280 4300 4060 4080 4100 4120 4140 4160 4180

3940 3960 3980 4000 4020 4040 4060
A A (R)

A (A) ¢
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Chapter 3

Ly Line Proles

In this chapter, the optical Ly spectra in conjunction with the NIR
rest-frame optical emission line observations from Finkskin et al. (2011)
are used to probe the Ly emission in the twoz  2:3 LAE. Tapken et al.
(2007) and Verhamme et al. (2008) have completed a similar &ysis of a
sample 2. z. 5 LAE and compared their observations (which were made at
a similar R to the VIRUS-P data presented here) to models of Ly radiative
transfer, speci cally for an out owing ISM around a compactstarburst region.
With the systemic z of the galaxy known from the NIR observations, the study
presented in this thesis has the advantage of having the ldwan of the true
Ly line center g relative to the line pro le; neither Tapken et al. (2007) or
Verhamme et al. (2008) had this information about their objets. Additionally,
McLinden et al. (2011) have performed a similar analysis vhitthe systemic
z of their galaxies constrained from NIR observations of [O [l The data
presented here are at a higheR, and several other physical parameters of
the galaxies that were determined from the detection ahultiple rest-frame
optical emission lines are known. The analysis below will mpliment these

works' results.
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However, it is noted that most LAE related science applicatioswith
LRS2 will require a large numbers of objects; the combinatioof LRS2 and
VIRUS on the HET will makes these sample sizes possible. The doling
science is thus presented with the caveat of being an illuative precursor to

what is planned for when LRS2 is in operation.

3.1 Characteristics of the Ly Line Proles

In this section, the morphology of the two Ly lines are analyzed and
the characteristics of the line pro les are measured, spezally the location of
the Ly peaks, their asymmetry, and continuum levels. The spectraeana-
lyzed in velocity space where is determined from the Keck NIRSPEC rest-
frame optical nebular emission line observations of Finlgtein et al. (2011)
and corresponds to a velocity = 0 km s 1. Finkelstein et al. (2011) did
not correct to vacuum conditions before determining theiredshifts. For con-
sistency with quoted wavelengths in this work, the observe¥ sg corrected
wavelengths (see their Table 2)n,, as determined for an average February
night on Mauna Kea using the method described ir2.3 (Nym = 1:00017), and
the vacuum wavelengths of the relevant transitions given ahe conclusion of
Chapter 1 are used to calculate more re ned redshifts. Thesedshifts, zyr ,
are shown in Table 2.1. While these changes in the calculategtishifts from
that quoted in Finkelstein et al. (2011) are small (on the orer of 20 km s 1),
they are larger than the quoted uncertainties. Theseyr values are adopted

in this work.
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Figure 3.1 shows the line pro les plotted in velocity spaceefative to
the systemic Ly line center. Qualitatively, one can immediately notice seval
interesting features of these spectra, including that thegre morphologically
similar to each other. Both display a prominent emission coponent redward
of v = 0 that is highly asymmetric (i.e., the blue side of this compnent
Is truncated while the red side displays an extended wing). msmetry in
observed Ly line pro les is common among highz objects (e.g., Rhoads et
al. 2003; Dawson et al. 2004; Tapken et al. 2006), and may riédfoom one
or a combination of several physical mechanisms (s&%3). Both objects also
display signi cant ux blueward of v =0. In HPS194, the blueward emission
appears asymmetric as well, but in an opposite sense to thedrpeak. In
HPS256, the blueward emission appears more symmetric. In hatases, the
blueward component is diminished as compared to the redwacdmponent by

at least a factor of two.

In an attempt to quantify the characteristics of the line proles, least
squares ts to the data were performed using an \asymmetric &issian" func-
tion, similar to the method of McLinden et al. (2011). Such aunction is
simply a Gaussian with di erent width parameters (i.e, stadard deviations)
on either side of the peak. Eight total parameters de ne it @r each side of
the curve about the peak, the parameters are the mean, widtlamplitude,
and additive constant). The mean (i.e., line center) for e&cside of the peak
is constrained to be equal, as is theotal amplitude (i.e., the amplitude plus

the constant). The constants for each side are determined liie mean of
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Figure 3.1 - VIRUS-P R 2400 spectra of the Ly line in the two LAE,

HPS194 (op) and HPS256 pottom), plotted in velocity space relative to the
systemic Ly line center (vertical dashed line at v=0kms 1) as determined
by zyir - Also shown are the best- t asymmetric Gaussian functions fdyoth

the red and blue components of each line.
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the ux measured at least 70A from the peak emission. As such, only four
of the parameters are free to be t. The asymmetric Gaussias it to both
the red and blue components of the Ly emission. The resulting ts are seen
superposed on the data in Figure 3.1. The luncertainties on the tted
parameters were determined by a Monte Carlo simulation thaattempts to
recover the input parameters of a synthetic spectrum havinpe same form as
the tted asymmetric Gaussian after noise is added in propeproportion to
the synthetic signal. In this way, the uncertainties are duéo photon counting
statistics and are \photometric" (as termed by Finkelsteinet al. 2011). From
these ts, the velocity o set v of each component fronv = 0 are determined.
Secondarily, the asymmetry of the t components is quanti @ and any trace
of the continuum is searched for by looking for a break at theyL line caused

by IGM absorption.

Each spectrum clearly shows that there are distinct componts o set
from v = 0. The prominent red component for HPS194 and HPS256 are
osetby Veg =170 53 kms?!and 148 54 km s?, respectively. There
is an additional systematic uncertainty term that must be casidered in all
velocity o set measurements due to the o determination from the NIR data.
Quoted from Finkelstein et al. (2011), these are 42 km s and 18 km
s 1 for HPS194 and HPS256 respectively. The blue components areset by
similar amounts on the opposite side of line center. For HPS4@nd HPS256,

Vbiwe = 158 73 kms!and 334 70 km s? plus the systematic term,

respectively. The total o set between the two components ishen Vi, =
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328 90kms!and 482 88 km s!. Note that since the o sets are measured
by locating the peak of the asymmetric Gaussian t, the measament tends
to be biased towards the side of the curve with smaller widthsacompared to
nding the centroid. Of course, if the Gaussian is symmetricthe location of

the peak and the centroid are coincident.

As can be gleaned from Figure 3.1, each component (except foet
blue bump in HPS256) is highly asymmetric, with the truncatedside of the
asymmetric Gaussian ts occurring closer tov = 0. For the red components,
the width of the truncated side of the asymmetric Gaussian islose to the in-
strumental resolution, implying a very abrupt intrinsic cuo of the spectrum
just redward of line center. The extended side is clearly r@sed (by & 3 the
instrumental resolution). Both blue components also appedo be resolved
with all tted width parameters larger than the instrumental resolution by
factors of & 2. For HPS256, no continuum break is convincingly measured
across the line. However, HPS194 displays a 8i erence between the contin-
uum level on the blue side as compared to the red side of LyHowever, this
is attributed to systematics since no break was detected imé¢ lowerR HPS

data (see below).

3.2 Comparison with Low Resolution Observations

There are several studies that look at Ly line pro les at similar reso-
lution to the data presented in this work (e.g., Venemans etla2004; Tapken

et al. 2006; Tapken et al. 2007). However, most are at a lowerspdution,
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typically R . 1000 (e.g., Rhoads et al. 2003; Dawson et al. 2004; Cassata et

al. 2011). Also included is the HPSR  800; Adams et al. 2011) and soon
the full HETDEX survey (Hill et al. 2004). Given the HPS, the higker R line

pro les can be compared directly with those observed at loweesolution.

For each of the two LAE, archival, absolute ux-calibrated HPSdata
were retrieved and all bers in which ux was detected were @xded after
resampling to a common wavelength scale. Additional correohs to V. sg and
to vacuum conditions were applied. Gaussian ts to these spia subsequently
yield the observed line centers and redshifta ps, the latter of which has
been listed in Table 2.1. Note the di erences between the vada ofz for the
two LAE calculated in Table 2.1, Table 1 of Finkelstein et al. 2011), and
Tables 3 and 4 of Adams et al. (2011). In the last of these, the @ience
arises from an inadvertent error in the application o, to the observed
HPS wavelengths (Adamsprivate communication). To properly correct the
wavelengths in their Table 3 and redshifts in Table 4 to vacuu conditions,
one simply multiplies the wavelengths byn.m? (where ng,m = 1:00022 for
the HPS). Additional minor di erences may persist, but these ee due to the
heliocentric correction that was applied to their data; hex, corrections to
the local standard of rest are used instead. In Finkelsteirt al. (2011), the
di erence arises because they do not correct the observed HR&velengths
to vacuum conditions before comparing to the vacuum Lywavelength. They
calculate velocity o sets in HPS194 and HPS256 of v = 162 37 km st

and 36 35 km s, respectively. Given corrections to bottzy;g and zyps,
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these o sets have been recalculated to bev =247 37 kms!and 126 35
km s 1, plus the systematic uncertainty terms. Although the correions to
each redshift individually are small, this shows the impoance of correcting
to vacuum conditions in a consistent manner before calculag the velocity
o sets since the small di erences in each redshift add toge¢r to make a

signi cant di erence.

In Figure 3.2, the ux calibrated HPSR 800 line pro les are shown
for each of the two LAE with respect to the systemic Ly line center. For
comparison, theR 2400 VIRUS-P spectra from this work are also shown,
which have been scaled so that the total area under the asymime Gaussian
ts for each component equals the total ux measured from théower resolution
line (see Table 2.1). One can immediately see that the two cponents of the
Ly line are marginally resolved in theR 800 data, con rming the existence
of the low S=N blue component detected in theR 2400 data. This results
in a deviation from the expected highly asymmetric pro lesypically observed
for LAE at these resolutions (i.e., a truncated blue edge witlan extended
red tail). The measured velocity o sets of theR 800 spectra trace theaed
component o set measured in theR 2400 data. Any di erences between
the o sets measured from each respective data set are smaltean the 1
uncertainties and can be attributed to photometric error de to the low S=N

of the spectra.

With high and low R data in hand, a comparison can be directly made

to the observations of McLinden et al. (2011). For the thre® 800 Ly
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Figure 3.2 -R 800 HPS spectra of the Ly line in the two LAE, HPS194
(top) and HPS256 pottom), plotted in velocity space relative to the systemic
Ly line center (vertical dashed line at v =0 km s ). Also shown are the
best- t Gaussian functions (ed) and asymmetric Gaussian functionsique).
For comparison with the HPS spectra, thd&R 2400 spectra are shown as the
thin histogram. These spectra have been scaled so that thedb ux in both
components of the line matches the total HPS measured ux (s@able 2.1).
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line pro les they obtained, two have o measured from NIR detections of [O
[11] in the rest-frame optical. Both of these LAE display a redvard shift of
the Ly line by 125 17 km s ! and 342 18 km s !, which is similar to the
o sets measured here. Two of the three LAE (one of which has ngsiemic
Z measurement) have symmetric line pro les within the errorand have sim-
ilar observed line widths as the HPS spectra shown in Figure23( 10 A).
However, the object with the larger redward o set is actuallydouble-peaked,
appearing similar in general morphology to thdR 2400 line proles. The
size of the velocity o sets in this object are quite large, asequired to be
resolved at their low resolution. As compared to the doublegaked line pro-
les observed at higherR, their double-peaked pro le has values of Viq,
Vhiwe, @Nd Vi that are roughly twice as large. Additionally, they measure
Vbiue 2 Vieq, Which is consistent with the high resolution HPS256 data,
but not with HPS194. Thus, it would appear that in general, theline pro le
morphology of the McLinden et al. (2011) double-peaked prte is consis-
tent with the R 2400 line pro les. However, there must be some physical

mechanism to account for the much larger velocity o sets.

In Figure 3.2, Gaussian and asymmetric Gaussian ts to the R 800
data are also shown, which indicate that the lines display amsymmetry in the
opposite sense for a typical LAE or are close to symmetric. Taugntitatively
compare with other data taken at similar resolutions, the fitowing asymmetry

statistics from Rhoads et al. (2003) are calculated:

a = % P (3.1)
p 10;b
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R 10;r F d
a = R— (3.2)

p
10;b

Here, , is the wavelength of the emission peak, ando, and i are the
wavelengths where the uxF is 10% of the peak on the red and blue sides of
the peak, respectively. Figure 3.3 shows thg a plane for the two LAE.
Also included are low resolution measurements of the [O 1] éter HPS438
and data from Dawson et al. (2004) for a sample af 1 [O Il] emitters and

z 44 57 LAE observed atR . 1000 in addition to theR 800 data for
the z 3.1 LAE of McLinden et al. (2011).

Note that in Figure 3.3, all points should lie (with some scatr) on the
shown dotted line corresponding to a 1:1 relationship. Olges havingas and
a < 1 are asymmetric with a longer blue tail while> 1 indicates asymmetry
with a longer red tail. By this reasoning, one would expect aigh z LAE to
lie outside of the dotted box located in the lower left corneof the plot. Inside
the box should lie [O 1] emitters, which atR . 1000 are a blend between
the two doublet components. Since the blue component of th® [Il] doublet
is often weaker, especially in environments of lo& density (Osterbrock &
Ferland 2006), the blended line has an extended blue tail. R . 800, one
might expect the [O Il] doublet to appear more symmetric as #instrumental
pro le gets signi cantly larger than the separation of the @mponents. This is
seen for HPS438, which is plotted in Figure 3.3. By this reasog, R 800
LAE with a blue Ly component having a separation from the more prominent

red component large enough to be marginally resolved showdtso lie in the
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Figure 3.3 - Thea; a plane, adapted from Dawson et al. (2004) with the
addition of objects from this work. Shown are their sample dfigh-z LAE and
z 1[0 ll] emitters. Also, thez 3.1 LAE from McLinden et al. (2011)
are shown. Objects enclosed in the dotted box in the lower teff the plot are
asymmetric with an extended blue side. Outside of this rangéhe line pro le
is asymmetric in the red direction. The blue data points are H8194 and
HPS256 as measured from the HPS low resolution data (Adams et 2011).
The red data points are the same objects, but for only the recomponent of
the resolved Ly line. The green data point is the low resolution observation
of HPS438. For the low resolution HPS data, the measured line AWW is
indicated. Seex3.2 for a detailed description of this gure.
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region more characteristic of [O Il] emitters. This is seenene with HPS194
and HPS256. Similarly, the twoR 800 LAE observed by McLinden et
al. (2011) that do not display a blue component appear to lielase to the
location in the as a plane corresponding to symmetry. They also measure
the asymmetry parameter separately for the red component tfeir third LAE.
This component is highly asymmetric, appearing in a more ceistent location

in the diagram with the single component Ly line pro les often observed
at higher redshifts. Similarly, the red component of each dhe two high R

pro les are placed on this plot and also appear highly asymrtrec.

This suggests that some higher redshift LAEhay have Ly line pro les
similar to that which are measured for HPS194 and HPS256 Rt 2400, but
with any blueward emission totally attenuated. LAE with symnetric or blue-
tailed asymmetric Ly line pro les at low R potentially could have signi cant
emission blueward of o in the form of a separate emission component when
observed at higherR. The distribution of all HPS discovered LAE on the
a a plane is yet to be investigated. This may be a less expensivest
approximation to the fraction of Ly line pro les containing ux blueward of
the systemic line center. However, highegR Ly pro les with NIR rest-frame
optical emission line determination of the systemiz are really needed to
probe this fraction properly. Determining the fraction of dserved line pro les
displaying the double-peaked morphology (or other morphagies not within
grasp with the current small sample size) may yield insighnhto the physical

mechanisms which form them.
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3.3 Scenarios for Shaping Ly Line Pro les

The line pro les presented here are consistent with those plished in
the literature at similar z and R. The Ly line pro les in the common sample
of Tapken et al. (2007) and Verhamme et al. (2008) contain mg@symmetric,
single-peaked lines as well as a small number of double-pshkro les that are
morphologically similar to the data presented in this work As is often invoked,
these authors use models of galactic scale out ows to explahe observations.
This sample is also relatively inhomogeneous in that it coxe a large range
of z (2.7 to 5), and it lacks knowledge of ;. Venemans et al. (2005) have
spectra of 31 LAE atz  3:1 around a radio galaxy possibly corresponding to a
protocluster of galaxies. Of these objects, 11 galaxies eadouble-peaked Ly
spectra striking close resemblance to the data presentedaak. Once again,
this sample lacks knowledge of the systemic redshifts of bagalaxy. Related
are the observations of two Ly blobs atz 2:3 of Yang et al. (2011). Since
these authors have complementary NIR data of the rest-framgtical emission
lines of one or more of the individual component galaxies (lagments) within
the surrounding Ly nebula, they know the systemic line center of the Ly
line along the line of sight to each respective fragment. Sarsingly, one of the
two blob's Ly spectra closely resemble the double-peaked pro les obssiv
here, both in general morphologynd the magnitude of the velocity o sets of
the components. While there are a range of Lypro les observed at similarz
andR, it is clear that there is some continuity between these di ent samples.

Moreover, additional continuity in di erent samples can beseen in the fact that
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all LAE (regardless of the observe® for Ly ) which have a measurement ofy
(e.g., this work; Finkelstein et al. 2011; McLinden et al. 2I0) display velocity
o sets for the majority of the ux redward by 100 km s?!. The redward
shift as compared to an H determined systemic redshift is also observed in
LBG but with a much larger sample mean velocity o set ( 450 km s 1; Steidel
et al. 2010). In what follows, the theoretical models that aareproduce these

Ly line pro les are brie y reviewed.

3.3.1 ISM Kinematics

As discussed irx1.1, galactic scale out ows are seen ubiquitously among
star forming galaxies. Determined locally, Heckman (2002)dnd that galaxies
satisfying 0:1 (where s the SFR surface density in M yr ! kpc ?) are
capable of driving galactic scale out ows through many ov&pping supernovae
and stellar winds. LAE, even those with lower SFR as compared the entire
class of galaxies, satisfy this criterion thanks to their saill physical sizes.
Additionally, Ly driven out ows are also theoretically possible (Dijkstra &
Loeb 2009). In ows may also exist since many LAE morphologiltg appear to
be small, apparently disturbed knots of star formation, sostimes appearing
to be undergoing some interaction (Tapken et al. 2007). Thelative covering
fractions of the out ows and (or) in ows are currently unknowvn, though many

models of out ow favor nearly spherical ows (e.g., Verhamm et al. 2008).

Evidence of bulk out ows in the neutral gas can often be seen the

blueshifted interstellar (IS) absorption lines (such as iLBG; e.g., Shapley
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et al. 2003). Since many observations of high galaxies cannot probe the
continuum, evidence of in ow or out ow are mostly derived fom the resonant
scattering nature of Ly and its imprint on the line pro le (e.g., Adams et al.
2009; Tapken et al. 2007). This is the case for most all LAE. Thediative
transfer of Ly in a bulk ow is discussed in detail in the various references

given in x1.1.

Consider an ionizing source embedded in a cloud of HI. As a resoil
the ionizing photons, an HIl region will be created from whictoptically thin
nebular emission lines (such as H hail. When an ionized H atom recombines
with an electron, a Ly photon will usually be emitted as the electron cascades
to the ground state. This photon will then resonantly scattein the surround-
ing optically thick HI shell, di using both in physical and frequency space as
random Doppler shifts in each emission and absorption restdom the thermal
motions of the HI atoms. After a number of such scatters, the Ly photon
will di use far enough into the line wing to become opticallythin and escape.
A static HI shell will thus produce the classic symmetric doub-peaked line
pro le (Neufeld 1990) where the width of the peaks (i.e., therttical frequency
required for escape) depends on the column density and temgteire of the
HI. If, by some mechanism, a bulk motion is given to the shellhe emergent
spectrum will change such that, in general, infall resultsiiattenuation of the
red peak while out ow results in attenuation of the blue peak Three possible
modes of photon transfer are possible. An unlikely scenariwlfich becomes

more likely has the bulk ow speed is increased) is that Ly photons directly
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escape the shell. Photons can alternativebcatter through the near side of the
shell with respect to the observer, analogous to resonantastering through a
slab that is moving relative to the source (Neufeld 1990). Fally, Ly photons
can be scattered back into the HIl region, traverse it, and ewtually meet the
far side of the shell. Scattering o the far side results in aextended wing on
the stronger peak, where ux observed far in the wing resulttom photons
that are back scattered multiple times (e.g., out ows restlin attenuated blue
emission and strong red emission with an extended redwardilfasimilar to
that observed in many LAE). This picture is shown neatly in Figre 12 of

Verhamme et al. (2006).

Such models, namely those of Verhamme et al. (2006), are \&ile
enough to be widely used for direct comparison with observans of Ly line
pro les. These models require a large number of input pararess (e.g., the
intrinsic Ly EW and FWHM, Doppler parameter and column density of
neutral out owing material, dust optical depth, and the bulk ow speed) and
many degeneracies exist such that multiple contrived modetan be devised
to match the observations when no information outside of they spectrum
is in hand (Verhamme et al. 2008). With observations of the ajgally thin
rest-frame optical emission lines, some models can be efiated since the true

Ly line center is known.

McLinden et al. (2011) utilized this method to constrain modls that
could potentially be t to their data. While there is general agreement in the

velocity o sets  veq Of the red peak (or single peak) for their objects, they
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do note some discrepancies. Firstly, parameter degeneezcstill exist despite
having knowledge of ¢, speci cally between the column density and Doppler
parameter for the neutral gas. General disagreement alsastg between their
double-peaked pro le and models having a similar morpholgg Speci cally,
the blue emission peak is not symmetrically o set about = 0 and actually has

] Volwe] > Vred, Which is not observed in the out ow models. HPS256 also
displays this  Vpue 2 Vieq behavior with statistical signi cance. Also note
that vy for HPS256 is a factor of 2 smaller than that for the McLinden edl.
(2011) double-peaked pro le. HPS194 has symmetric o sets taeeen the two
emission peaks within the errors, however. Despite that thdouble-peaked
Ly line prole is common among LAE at these redshifts, it is integsting
and likely physically meaningful that there is considerall variation among
di erent objects with the same general pro le morphology. he recent work
of Yang et al. (2011) also utilizes the Verhamme et al. (2006hodels to
search for evidence of out ows. While they claim to constraithe out ow
velocities resulting from the individual fragments of staformation within the
Ly nebulae, multiple models qualitatively resemble the sameyL prole
ranging from quasi-static to an expansion velocity of 100 km s!. Once
again, this demonstrates the need to constrain additionalgpameters of the

models for proper comparison.

An alternative model of Ly line pro le formation in the presence of
an out ow is from Steidel et al. (2010). These authors constd a model

where instead of an out ow of a coherent shell, there are outwing clumpy
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components monotonically increasing in velocity with radis o which Ly
scatters, similar to the scenario presented analyticallyyoNeufeld (1991) and
numerically by Hansen & Oh (2006). Here, it is the velocity of th out owing
component from which the last scattering occurred rather @#n the radiative
transfer that more or less determines the velocity o sets ithe emergent pro le.
Their schematic model can produce a blue component of emissias well, but
for the range of conditions they explore, it is typically 5% of the main red
peak. These authors do note that dust signi cantly e ects tle blue component
as it is produced by photons that are scattered forward towds the observer.
The path length of these photons (and hence the dust absorpti probability)
is increased since the relative redshift of forward scatel photons is less than
for backscattered photons, resulting in an insu ciently lage frequecy shift
away from the line core to allow escape for the same number chtters. As
is evident also from Ly in their composite LBG spectra compared with the
LAE Ly spectra presented in this work, the blue component of emisaiin
LAE is much more substantial. This may not be surprising whenansidering
that LBG are typically a more evolved population. Additionaly, Steidel et
al. (2010) measure o sets of Ly from the systemic redshift of the galaxy
that are much larger than for LAE (by a factor of 2-3 for the mean of their
sample). Note that Steidel et al. (2010) have devised this meldspeci cally for
studying the clumpy \circum-galactic* medium (CGM), and they thus ignore

the details of how the Ly phtoton arrives at the out ow from the Hll region.

Steidel et al. (2010) note, as was found previously by Shayplet al.
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(2003), that there are no signi cant correlations betweengrameters describing
the individual galaxies and velocity o sets of either Ly or the IS absorption
lines. This may not be surprising as such correlations detemed from more
local IR-luminous starburst galaxies tend to atten for 10< SFR (M yr 1)
< 100 (Rupke et al. 2005), which is the observed range of SFR fdBG. Due
to their lower SFR, this may not be the case for some LAE. Sinceaibows
are a nearly ubiquitous feature of star forming galaxies arare often invoked
to explain the Ly line proles, it is clear that the general disagreement be-
tween various out ow models in explaining the newest LAE lingro les with

measures of o warrants further study.

3.3.2 Dust Attenuation

As was mentioned in the previous section, dust plays a role ime
transfer of Ly out of a galaxy, specically due to the resonant scattering
nature of the transition which can increase the total path legth traveled until
escape. For models of out ow or in ow (e.g., Verhamme et al. @6), the dust
optical depth is one of several degenerate parameters. As remed in x1.1,

several works have extensively modeled Lytransfer with dust.

As determined by Laursen et al. (2009) from radiative transfecalcula-
tions in simulated galaxies at moderate redshiftsz( 3), the dust absorption
cross section can a ect the emergent Ly pro le from a galaxy non-uniformly
as a function of wavelength despite that it is almost \gray" {.e., not a function

of frequency). It is such that the presence of dust acts to sppess emission far
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from the line center, narrowing the emergent line pro le. Tis is because dust
is created from stellar evolution processes, and most staase located in re-
gions of higher gas density. As mentioned, frequency di usidn the resonant
scattering process results in Ly photons escaping once in the line wing, with
the critical frequency for escape moving farther from lineeniter with increas-
ing neutral gas density. Thus, most emergent photons far imthe line center
are created in high density regions, also where most of thelaey's dust re-
sides. A spatially integrated Ly spectrum (which is typically observed given
that LAE are often spatially unresolved) from a dusty medium wi therefore

have its line wings suppressed compared to a non-dusty meiiu

For galaxies of relatively low density and metallicity (this, the least
massive galaxies; cf., the mass-metallicity relation), Ly can escape largely
unmodi ed. Thus, the amount of dust in the galaxy has an e ecton the
observed Ly line prole and can even turn relatively symmetric intrinsic
pro les into ones that are more asymmetric (see, for examplé&igure 10 in

Laursen et al. 2009).

By observing the rest-frame optical emission lines of LAE, ¢hdust
content can be directly measured. Currently, HPS194 and HPSR%re the
only LAE that have these measurements (Finkelstein et al. 2@}, although
they are uncertain due to the lowS=N detections of H . Nevertheless, the UV
slope of these two objects implies the existence of dust, Igi@g an extinction of
Ay =0:4 for both objects (Blanc et al. 2011). Additionally, Finkelgein et al.
(2011) found that the H /Ly  ux ratio deviated from the Case B prediction
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by an amount that corresponds to a Ly escape fraction of 60%. Assuming
that the IGM has a minimal e ect on Ly (see the following subsection),
this calculated escape fraction implies the existence of stuin both objects.
Interestingly, these authors also measure that both LAE areuste metal poor
(< 0:3 Z ), despite the fact that SED tting predicts stellar masses onsistent
with the lower end of typical LBG. Both objects also have higliSFR (> 10
M yr Y)and Ly EW > 100 A. Since these objects were picked for NIR
follow-up based on their bright Ly uxes, they do represent a biased sample
of LAE. Obtaining deep NIR data for a more uniform sample of thesobjects
will be extremely valuable, especially if high resolutionpgical spectroscopy
is also obtained to probe the Ly line as the information about the galaxies'

dust content will further constrain models of Ly emission.

3.3.3 IGM Transmission

Consider a nal mechanism: the scattering of Ly out of the line of
sight in the IGM after escape from the galaxy. Typically, thé e ect is either
ignored (e.g., Verhamme et al. 2008) or highly idealized whe&onsidering the

Ly line prole.

Laursen et al. (2011) recently gave an argument for the IGM i -
cantly a ecting the line pro le shape based on radiative trasfer models in a
cosmological hydro-simulation. Due to the Hubble ow, an intinsic Ly line
pro le will gradually redshift out of resonance as seen by iarvening inter-

galactic HI. This results in attenuation of the blue side of tke intrinsic Ly
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spectrum and is the basic reason why only the red Lypeak is often observed
at high z (or, according to Figure 3.3, why lowR observations of highz LAE
display an asymmetry witha; anda > 1). Additionally, Laursen et al. (2011)
claim that this could be one reason why many LAE display only airsgle Ly

peak or a highly diminished blue peak, like the data presemtan this work.

Many consider the IGM to be negligible az  2:5 (which is roughly the
middle of the range ofz where supplementary NIR data can be obtained from
the ground). In rough agreement, the simulations of the IGMransmission
function (i.e., the fraction of transmitted photons as a funtion of wavelength)
by Laursen et al. (2011) show that on average, the fraction ghotons trans-
mitted just blueward of ois 80% at worst. However, the expansion of the
universe is not exactly homologous and HI overdensities exighich causes
signi cant variation of blueward transmission for any single Ly line pro le,
in some cases such that there is ever transmission. Figure 7 of that work
clearly illustrates that this e ect can produce line pro les with striking resem-
blance to the data presented here at similaz, at least in the absence of other
mechanisms. Additionally, some amount of IGM absorption dut the wide
variation in transmission blueward of ¢ can produce the vy, and blue-to-
red Ly ux ratio measurements which vary from object to object as okerved
here and in McLinden et al. (2011). The out ow models of Verhmame et al.

(2006) alone cannot do this.

In addition to modifying the pro le, Laursen et al. (2011) ako discuss

that the resonant scattering of Ly in regions of the IGM close to the galaxy
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where the HI density is locally high (Steidel et al. 2010 wouldefer to this
as the CGM) could result in an extended halo of low surface ightness Ly
emission. Zheng et al. (2010) have modeled this e ect far 5:7 cosmological
conditions and nd signi cant emission due to spatial di uson of Ly photons
in the form of a low surface brightness halo. This has recepmtbeen observed
by Steidel et al. (2011) through deep narrowband imaging oflarge number of
z 2.7 LBG, regardless of their Ly emission properties. These authors claim
that all LBG, if observed to low enough detection thresholdsdisplay such
Ly halos and would thus be classi ed as Ly blobs. Clearly, observing this
di use emission with integral eld spectroscopy would be exemely valuable,
as the Ly line pro le could change as a function of distance from the ¢axy.
Additionally, understanding the CGM around a given galaxy, gpecially at the
moderatez considered in this work, could yield insight on the highesteahsity

region of intervening HI in the line of sight.

3.4 Implications

In reality, it is likely that all of the mechanisms discusseth the previous
section for forming a given emergent Ly line pro le are at work simultaneously
in some form. How does one disentangle their non-trivially otined contri-
bution to the formation of the emergent Ly spectrum? This is an important
question to address, as it will push our understanding of Lyradiative transfer

in various physical environments as well as galaxy formaticand evolution.

In the last decade, Ly has become an increasingly important tracer of
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galaxies and star formation in the higle universe. New surveys will use Ly to
trace galaxies at a range at and thus probe the baryonic matter distribution
in the universe to constrain cosmological parameters (e.¢dETDEX). As has
been seen ubiquitously so far, Ly rarely traces the systemic redshift of the
galaxy from which it is emitted. Wyithe & Dijkstra (2011) have recently
explored this e ect on the accuracy of such cosmology expments due to
the non-gravitational clustering of LAE from radiative transfer e ects within
the galaxy and in the IGM. They conclude that such surveys caot reach
their full potential unless these e ects are taken into acamt. Since the range
of observed Ly spectral distributions is clearly not understood, the need
for further study into the shaping of observed Ly line pro les is explicitly

demonstrated.

There are additional implications due to the asymmetric lia pro les.
Speci cally, the discussion inx3.2 shows that asymmetry is not a good criteria
for di erentiating between LAE and low z interlopers in the HETDEX survey
(note that this was not employed in the HPS due to the lowS=N of most
detections). Additionally, isolating and characterizing g&rburst driven out ow
signatures in the Ly line proles can help to understand gas mass loss, an
important feedback mechanism which possibly acts to sup@®star formation.
With knowledge of the galaxy's metallicity, constraining at ows can also help
our understanding of IGM enrichment. Additional implications of asymmetric
Ly line proles, including those for Ly based tests of reionization (e.g.,

Malhotra & Rhoads 2006) and on the evolution of the Ly luminosity function
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(Cassata et al. 2011), are discussed in McLinden et al. (2011

3.5 The Future: Ly Line Prolesat 2. z. 27

The above discussion makes clear the need for obtaining mampre
Ly line pro les at resolutions high enough to split potential enission compo-
nents. Additionally, the pending upgrade to the HET and the ne@&to re t the
current LRS instrument yields the opportunity to build a redacement that is

optimized for such follow-up study (see the following chapt).

Above, | have outlined the utility of having NIR rest-frame opical
emission line data in aiding in the interpretation of the Ly line pro le. Thus,
a unique sample having 2 z. 2:7 will be constructed so that the redshifted
optical emission lines are observable from ground-basedifdies. With NIR
data and corresponding optical Ly line pro les, one has the ability to: 1) mea-
sure the systemic Ly line center, 2) constrain the dust content in the radiative
transfer models, and 3) explore correlations of Lyline pro le morphologies
with other properties of the galaxies. For a sample in thisriited range of
relatively low z, the average e ect of IGM absorption is minimized which hekp
to isolate yet another unconstrained line pro le altering nechanism. Residual
variable IGM absorption due to di erent sight lines can potatially be char-
acterized by: 1) choosing targets near known background & sight lines
(this might allow one to measure the IGM absorption in the Ly forest in the
vicinity of the galaxy of interest), and 2) measuring extened Ly emission

which characterizes the CGM where much of the scattering ags due to the
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higher HI densities (though this may be di cult on an individual galaxy basis
due to the low surface brightness of the emission). Such a gamwould by far

provide the best constraints on the models thus far for Ly selected galaxies.

In addition, a large sample of LAE spectra (especially thoseitlv the
systemic galaxy redshift known) allows stacking, a methodommonly em-
ployed for LBG samples. This would allow one to probe the canuum which
allows one to have a direct comparison with LBG samples. If gt enough
guality spectra can be obtained, additional information orthe out owing ma-
terial can be gleaned from the IS absorption lines. Additiorlg, one can bin
the data by common Ly line pro le morphologies and search for additional

trends.

Additional data (both NIR and optical) are currently being obtained
with available instrumentation. Further objects will continue to serve as pilot
studies for what will be carried out in larger numbers in theuture with the
new instrumentation on the HET. In what follows, | discuss thedevelopment
of LRS2-B, the instrument which will facilitate the observéion of LAE at high
resolution, thus making the sample sizes required for undg¢anding the Ly

line pro les possible.
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Chapter 4

Morphing VIRUS into LRS2-B

The previous section outlined an example of the type of folleup ob-
servations and science that will be obtained in the future wh the HETDEX
sample and the UV optimized spectrograph of the LRS2-B moduleUsing
this as a speci c science driver along with the additional ewtraints of the
HET community's needs, | outline the optical and mechanical esign of the
two LRS2-B spectrographs, speci cally the modi cations toVIRUS for ac-
commodating the new dispersing elements. Hereafter, | refierthe bluer and
redder optimized LRS2-B spectrographs as the UV arm and the @mge arm,

respectively.

4.1 Determining the Spectral Resolution

The spectral resolution () of LRS2-B is roughly set by the needs of
the general HET community in the requirement that it act as a satnd-alone
low-resolution instrument without LRS2-R (it will certainly have to perform
this task while LRS2-R is under development in the rst year tier the WFU).
As such, it must be able to observe the most important opticalransitions.

However, since LRS2 is built around the existing VIRUS opto-mbanical de-
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sign, the range of resolution and spectral coverage comuioas is constrained
for a single spectrograph. There is a strong desire to haveetlOrange arm
be able to observe the H and H transitions simultaneously atz = 0. This
roughly sets the transition region between the UV and Orangemas to around
4600 A, just below H . Therefore, the highest resolution possible will be
selected that will allow H to tin the spectral range given this minimum
wavelength, in, for the Orange arm. Allowing for a redshift window, 7008
(which yields observations of H to z  0:067) is a natural place to make the
transition to LRS2-R. Allowing for a 100 A overlap region, the upper wave-
length nax for the UV arm is then 4700A. For the UV arm, ., iSs somewhat
of a free parameter, so the resolution can be adjusted accimgito the specic
science goals for the follow-up of HETDEX detected LAE. Sinceng [O ll]
transition around 3728A is a useful tracer of star formation (Kewley et al.
2004) and other interesting physics (i.e.e density; Osterbrock & Ferland
2006), it would be ideal to place it within the UV arm's spectrbcoverage for

z=0.

4.1.1 First-Order Estimation of Instrumental Parameters

Within the framework of the VIRUS opto-mechanical design, th&PH
di raction gratings will be replaced by VPH grisms (Hill et al. 2003) for LRS2.
This allows for higher fringe frequencies while maintaingithe original beam
deviation. Baldry et al. (2004) derive a general expressidtneir Equation A6)

for R of an immersed VPH grating in which the immersion substratesave
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an arbitrary wedge angle. Their expression for can be simpli ed in terms
of parameters which can be easily extracted from or input intsequential ray

tracing models of the optical system:

) f(:;l Cosc(:ols : a) natmmc‘:.:los i (1)
Here,d; is the ber core diameter (170 m), f .o is the collimator focal length
(424.32 mm), o is the beam angle at the air-glass interface relative to the
normal of the rst prism surface, ; is the angle of incidence relative to the
normal at the VPH layer, , is the wedge angle of the front prism (although
not used here, note that ,, represents the wedge angle of the back prismj

is the di raction order (1 for LRS2), and g is the fringe frequency. o and

can be derived from the VIRUS optical geometry. From Figure 4,1t can be

seen that:
0~ a grism (4.2)
_ .1 Nam . )
1= a Sin sin g (4.3)
Nglass

Here, g4ism Is the tilt angle of the grism (measured as the angle betweehet
normal to the VPH layer and the collimated beam; note that the dection
of the collimated beam is an angle 2, = 24:3 from the optical axis of the
collimator) and ngass is the index of refraction of the prism glass. Note that
these equations ignore di erential refraction (i.e., theyassumedngass=d = 0;
not making this simpli cation slightly decreases  and requires a numerical
solution). In this simpli cation, the linear dispersion P (in units of length per

pixel) at some wavelength within the spectral range is given by the standard
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equation:

Wpy COS
Pp= 2" 4.4
g mfcam ( )

wheref can is the camera's e ective focal length (156.55 mmy,y is the pixel
size (15 m), and the diracted angle is given as follows from the standard

grating equation:
1 gm
r]glass

= sin

sin 1 (4.5)

These equations are used to help estimate rst-order paramegs to
input into the model of the optical system for later optimizéion. As can
be seen, gism, a, b Nglass, and g are the only parameters that are not
constrained by the VIRUS design. For the rst-order calculabns, | assume

grism = 12:15 and ngass = 1:5. | also assume, = , = (i.e., the prisms
are symmetric, resulting in a Littrow con guration). Thus, the driving free
parameter isg to which is coupled in order to maintain the proper beam
deviation. Note that the diraction e ciency of the VPH layer h as not yet
been taken into account. Here, the goal is to determine whiap will give
an appropriate . Later, gism, a, and p will be tuned to maximize the
di raction e ciency and avoid ghosting. Additionally, the s peci c glass used

will set the actual value ofngjass.

Given the rough spectral coverage for each arm previouslysdussed,
the corresponding values off , , and are calculated. ZEMAX optical

design software was used to modify the most recent VIRUS ray tiag models

1ZEMAX: http://www.zemax.com
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VPH Layer
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Figure 4.1 - Schematic side view of the LRS2 optical system d&l on the
VIRUS design in which the individual optical components and gemetric terms
used in Equations 4.1 - 4.5 are labeled. The symbols are dechm the text.
The optical components are as follows: (1) ber pseudo sli(2) collimator
mirror, (3) folding at mirror, (4) VPH Grism, (5) camera Schmidt corrector
plate, (6) camera mirror, (7) eld attener, (8) CCD detector. Solid lines show
surface normals while dotted lines indicate example rays.oBvoid clutter, the
inset shows quantities de ned inside the grism. Here, the kil lines de ne .
The green circle indicates the interface where Snell's Law applied to derive
Equation 4.3. The blue lines de ne ;, the angle of incidence onto the VPH
layer, while the red lines de ne , the angle of di raction from the VPH layer
toward the back face of the prism. Note that ray traces within lhis framework
can be seen in Figure 4.6. The adopted coordinate system éméd to inx4.2.3
and x4.3) is indicated in the lower right corner.
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(Lee et al. 2010b) to include the grism, as seen in Figure 4th¢ details of the
models will be outlined inx4.2). Assuming the dispersion is linear, the Orange
arm (4600< (A) < 7000) hasP = 1:163A pixel 1. The ZEMAX model of
such a con guration givesg = 782 lines mm ! and = 1:92. Equation 4.1
yields =5:019A, or R 1160 at the central wavelength. Similarly for the
UV arm (assuming 371 (A) < 4700, the minimum of which is just below
[O ] for z=0), P =0:477A pixel 1, g =1800 lines mm?, and =18:52,
yielding =2:149A, or R 1960.

4.1.2 UV Arm Resolution Criteria

For the UV arm, should be small enough to resolve as much detalil
in the Ly line as possible. There is theoretical uncertainty on the tnnsic
Ly line prole (see Chapter 3) and a wide range of line pro le mghologies
are observed (e.g., Tapken et al. 2007). As seen from tRe 2400 LAE
observations, interesting structure (i.e., the double-faked pro le) that is not
fully understood can be resolved. For the UV arm, it is desirdé to at least be
able to resolve this type of structure given the observed ity separation of
the line components as it is likely critical to our understading of the physical
processes that form the line prole. A good surrogate critea for directly
determining a minimum UV arm resolving power is that the [O IlJdoublet (a
common lowz contaminant in LAE surveys; Adams et al. 2011) is resolved
su ciently to di erentiate it from certain observed Ly = morphologies with

which it might be confused. Additionally, the ability to recover the spectral

57



parameters for each [O IlI] component may be useful for extgalactic work at

lower z.

The latter criteria is tested by simulating observations otthe [O 1]
doublet at arbitrary z for varying S=N ratios and spectral resolutions. The
intrinsic [O 11] line pro le is modeled as two Gaussian fundbns centered on
rest-frame 3726.3A and 3729.0A (note that for the purposes of the simulation,
the [O 1] component wavelengths are used in the atmosphenegt vacuum).
Each has the same intrinsic width and xed amplitude ratio. The width used
is on the order of the thermal motions of O in a typical HIl regia ( 10
km s 1) and the ux ratio is 3729 3726 = 15, corresponding to the low
density limit (Osterbrock & Ferland 2006) which is typical d extra-galactic
HIl regions (Guterrez & Beckman 2010). This intrinsic spetrum is convolved
with a Gaussian instrumental pro le (where the quoted is equal to this
pro le's FWHM) and the result is binned down to the corresponthg P for
the instrument being simulated. Here, it is assumed that theliservations are
photon starved; since =(2P) > 2, binning by 2 in the spectral direction can
be done without undersampling the data. ThusP is taken to be half of that
quoted in the previous section. Gaussian noise correspamglito the detector
read noise and from bias subtraction is then added to this ceolved pro le.
Additionally, Poisson noise is added that results from the lwkground sky and
the emission lines themselves. The relative contributiorf ¢hese noise sources
was set to match that of the VIRUS-P observations and thus corspond to

typical sky-noise dominated observations in dark-time. Gmof the inputs for
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the simulation is the S=N per resolution element of the 3729 component. As
such, the strength of the emission line relative to the noise determined by
solving the CCD equation (Howell 2006). Finally, the simulad spectrum is
randomly shifted relative to the simulated pixel centers byl/10 of a resolution
element, which is the speci ed stability of the instrument die to temperature
uctuations throughout the night. The output is a 1-D simulated spectrum
plotted over a 40A range near the center of the redshifted line. To see how well
the input intrinsic parameters of the doublet are recoveredbr a given S=N
and , aleast-squares t to the simulated data is performed. Theuhctional
form of the tis the sum of two Gaussians with a xed separatio. The free
parameters for the t are the Gaussian FWHM (although each coponent's
width is constrained to be identical), 3729 amplitude, relative strength of

3726, and 3739 line center.

To test the simulation, the observation of HPS438 is modeled/lusing
the parameters that correspond to VIRUS-P in the con gurationdescribed in
x2.2. UsingS=N = 15 per resolution element, =165A, P =0:685A
pixel !, and z = 0:1052, the observations are qualitatively reproduced. Siac
this simulation considers the emission line only, the compaon is made after
subtracting the continuum averaged over the range 4099 (A) < 4110
from the observed spectrum. A comparison for an example rization of the

simulation is shown in Figure 4.2.
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Figure 4.2 - A comparison of the simulations of the [O 1] lingvith the VIRUS-

P observations of the [O Il] emitter, HPS438. Shown is the canuum sub-
tracted VIRUS-P spectrum (plue; here, a correction to vacuum conditions has
not been applied), one realization of the simulated [O II]ie (green), a least
squares t to the simulation (red), and the 1 noise level in the simulation
(dashed black
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Figure 4.3 - Results of the [O Il] emission line simulation fathe LRS2-B UV arm for 3 < S=N < 30
and 15 < < 3:1 A. Shown are< o > (upper left) which is the mean residual between the
t line center and the input line center, the 1 uncertainty in that quantity . ., > (upper right), the
1 uncertainty in the residuals of the ratio of the [O Il] doublé¢ components {ower left), and the 1
uncertainty in the residuals of the line width (ower right).



This simulation allows one to test the ability of the LRS2-B UVarm to
successfully recover the intrinsic properties of the [O Itloublet. Using the sim-
ulations, 50 realizations over combinations of 18 valuestiseen 3< S=N < 30
and 22 values between:% < (A) < 3:1 are generated, resulting in 19,800
total realizations ( and correspondingP were calculated according to the
description in x4.1.1). Each of these simulated spectra are t by the least-
squares method described above, and the results are dirgatbmpared with
the input parameters. Typical 2 values of these ts are between 0.8 and 1.3.
Speci cally, the residuals of the line center position (irA), the line width (in
A; the tted value is deconvolved with the instrumental pro | e before compar-
ison), and the 3723 3726 ratio are examined. The distributions of the ratio
and width residuals are centered on 0, while the residuals thfe line center
position are not. In Figure 4.3, | show the mean residuals irhé line center
< it o >, and the 67% con dence interval in the residuals for the line
center, ratio, and width ( < , >, raio, @and ign , respectively) as func-
tions of and S=N. To nd a suitable resolution upper-limit for recovering
the input [O I1] line parameters, | look for where the 1 uncertainties become
mostly functions of only S=N and where< o > converges to zero. It
can be seen that foiIS=N & 10 and . 2.2 A, the parameters of the input

spectrum are well recovered.

For this resolution, Figure 4.4 shows that the multiple compnents of
the Ly line in the two LAE observed with VIRUS-P at R 2400 are still
cleanly resolved. Here, the HPS 194 and HPS 256 spectra are srhedtwith a
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Figure 4.4 - The high resolution VIRUS-P spectra of HPS194 and HRS6
convolved with a Gaussian kernel to result in an e ective redution of 2.17A.

This e ective resolution matches that of the LRS2-B UV arm neessary for
recovering the [O Il] doublet atS=N & 10. The spectrum has additionally
been binned to 0.95A pixel !, corresponding to 2 1 CCD binning at this

e ective resolution.

Gaussian kernel to an e ective resolution of 2.1A& and binned to a dispersion
of 0.95A pixel 1. This matches the parameters for the LRS2-B UV arm
that satisfy the above criteria for recovering the spectraparameters of the
[O 1] doublet (see Table 4.1). The spectra are shown as obged before any
correction to the wavelength scale. Given the ability to sglthe components
of the Ly line and to recover the [O Il] doublet, | conclude that a resation of
2:2 A is adequate for medium resolution follow-up of LAE in the HETIEX

survey and for satisfying the general needs of the HET commii
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4.2 VPH Grism Optical Design

In the subsections that follow, the baseline parameters cailated for
the LRS2-B VPH grisms given above are re ned. | take into accaouithe prop-
erties of the VPH layer and give di raction e ciency estimations. With the
image quality, this is used to set the criteria by which the pysical properties of

the prisms and the orientation of the grism in the instrumentre determined.

4.2.1 VPH Layer Design and Di raction E ciency

With the values of g calculated in x4.1.1 that minimize within
the spectral range of each arm, the value of; that maximizes the di raction
e ciency can be calculated. In a VPH di raction grating, the di raction takes
place in a holographic material (typically dichromated geitin for visible and
NIR applications; DCG) of nite thickness which has a periodially varying
index of refraction and is sandwiched between glass subsas The properties
of this layer must be determined as they control how e cienty and over what
spectral range the diraction occurs. As was assumed in the egtions of
x4.1.1, the index of refraction modulation is perpendiculatio the plane of the
grating (i.e., the fringes are unslanted). An overview of hoWwPH gratings are
fabricated can be found in Barden et al. (2000). Good revieves the basic
physics of VPH gratings (the relevant aspects of which will beovered below)
are discussed in Barden et al. (2000) and Baldry et al. (2004fperformance
gains over conventional surface relief gratings and additial bene ts are given

in Arns et al. (1999) and Barden et al. (2000).
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Di raction in the thick VPH layer diers from diraction in su rface
relief gratings in that it is analogous to Bragg di raction d X-rays in a crystal
lattice. High diraction e ciency can threrefore occur when ; =  (i.e,,
when the light is e ectively re ected o the plane of the index of refraction
modulation). Inserting this relation into the standard grding equation and
solving for the angle of incidence yields:

m
=gin ¢ 9M Bragy . 4.6
1 Mocc (4.6)

This particular angle of incidence is called the \Bragg angl'. Here, gagq

is the \Bragg wavelength” where the di raction e ciency is t o be maximized
and npcg is the average index of refraction of the DCG layer after pressing.
As was implicit in Equation 4.5, it is assumed thathpcg  Ngass (Barden et
al. 2000); after processingipce can be made to bes 1.5 (Rallison & Schicker

1992).

Besides the Bragg angle, the diraction e ciency is strongy depen-
dent on the properties of the VPH layer, speci cally the DCG tlicknessd and
the index of refraction modulation npce Which is approximately sinusoidal
(this quantity is half of the peak-to-trough amplitude). Cdculations of the
di raction e ciency for a thick holographic grating were r st given for rst-
order diraction by Kogelnik (1969) using Coupled Wave Analgis (CWA).
CWA is used to describe the propagation of waves in a medium wge dielec-
tric polarization is slightly perturbed from a scenario wih known solutions

(Dandliker 1997). In this way, Kogelnik (1969) considerea single di racted
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wave atm = 1 and ignored second-derivatives in the wave equations tedve

the following approximate e ciencies for the two polarizaton planes:

s = Sin2 w : (4_7)
Bragg COs 1
p = sCOS(21): (4.8)

The e ciency for unpolarized light  (which will be used throughout the
remainder of this thesis) is approximated by the average ohése two val-
ues. These approximations are valid at the Bragg wavelengtivhen 10 <
(29  Braggd)=Npcc. In Kogelnik's approximation, the diraction e ciency
is obviously maximized when the argument of the sine functioin Equation
4.7 is =2; for small values of 4, it can easily be shown that this results in

the following condition for high e ciency:

Bragg 2d Npce - (4-9)

So far, only light at g.agg has been considered. Since all wavelengths of
light in the spectrograph optical train will have the same ; (assuming proper
collimation), wavelengths that are less than or greater tha gragq Will not
exactly satisfy the Bragg condition (Equation 4.6) since th grating equation
governs ( ). Thus, there will be an \envelope" surrounding gragg for which
the diraction e ciency will be high, but not optimal. The FW HM of this
envelope is approximated by:

Bragg cot 1,

T (4.10)

FWHM
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Sincem =1 always in LRS2, Kogelnik's approximation (Equations 4.6 4.10)
can be used to give reasonable estimations of the VPH layersacacteris-
tics. Note that exact calculations of the diraction e ciency of thick holo-
graphic gratings can be carried out using Rigorous CWA (RCWAYlagnusson
& Gaylord 1978) where many di racted waves are considered drigher order
derivatives in the wave equations are not ignored. RCWA is pically used in
modern computational calculations of the diraction e ciency (Moharam &

Gaylord 1981).

For the UV channel, the aim is to design the VPH layer to achieve
high e ciency throughout the entire spectral range, espeaily at the bluer
wavelengths. This is because all components of the opticgstem (including
the telescope itself and the atmosphere) become less e ciest the bluest
wavelengths and the VIRUS CCD quantum e ciency (QE) drops bela
90% around 4025A. Transmission losses in the grism are minimized by using
properly coated UV-grade fused silica glas®i{.ss = 1:47 at 4200A). Setting

Bragg 10 be  4000A (i.e., the e ciency is maximized for the bluest 30%
of the spectral range) and using Equation 4.6,, = 14 . From Equation
4.10, it is clear that a wider envelope is achieved for a smalj an 2600
A FWHM can be achieved withd = 3:5 m. Using the relation in Equation
4.9, the index of refraction modulation must then be 0.059. d@&h of thesed
and npcg Vvalues are well within the abilities of most capable VPH gratig
vendors (Barden et al. 2000). Using Equations 4.7 and 4.8, seVPH layer

parameters result in an unpolarized e ciency in the Kogelrk approximation of
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94% at gragqg. FOr the Orange arm, optimizing any one particular region
of the spectral range is less important. However, in order tochieve a high
e ciency over the spectral range, a large rwnm IS required. Since gyagg
will be higher (5800A for the center of the Orange arm spectral coverage),
achieving a large bandwidth should be possible without hawj d be too small.
For 5800A using BK7 glass Qgass = 1:52), 1 =8:7. An  8100A FWHM
can be achieved usingl =6 m and npce = 0:047. This gives 98%,
but a several % deviation from this estimation is expectedrste the Kogelnik
approximation criteria is not quite satis ed. These estimdons have been
veri ed for both arms and the di raction e ciency curves over each respective
spectral range were calculated an using RCWA These e ciency plots can
be seen in Figure 4.5. Additionally, the determined VPH layer noperties are
tabulated in Table 4.1. Note that the plots and calculations b here do not

take into account losses at the air-glass interfaces of theigms.

2The software for calculating di raction e ciencies with RC WA was provided by Dr.
Chris Clemens of Syzygy Optics, LLC and the University of Noth Carolina at Chapel Hill,
Dept. of Physics & Astronomy.
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Figure 4.5 - Plots of the VPH layer diraction e ciency calculated with
RCWA for the UV Arm (top) and Orange Arm (bottom). Also shown is the
VIRUS CCD QE (dashed curvegfor each arm's respective spectral coverage.
The calculation of the parameters for the VPH layers shown ar@bulated
in Table 4.1. Here, considers the VPH layer only and does not take into
account losses at the air-glass interfaces of the prisms.

69



4.2.2 Ray Tracing Models and Image Quality

Using the calculated grism properties in Table 4.1, sequeatiray trac-
ing models were constructed in ZEMAX by modifying the existig VIRUS
models (Lee et al. 2010b). As in the VIRUS models, those for LR®have
the VPH layer coincident with the system pupil. The aperture bthe VPH
layer has a diameter of 136 mm. The grisms are modeled in a daniway as
their fabrication: since the UV arm grism must have a prism on dth sides
of the VPH layer, its fabrication will require the initial construction of a con-
ventional VPH grating (i.e., the VPH layer is sandwiched betwen two at
substrates). After this grating is complete, the prisms wilbe bonded to the
substrate using an index matching optical couplant. In the mdels, the at
substrates and the thinnest side of the prisms have an 8 mm thkiness. Since
the Orange arm grism has a at front face, the VPH layer can be faicated
directly on the front substrate and subsequently sandwickleby the back side
prism. Both grisms require a small o set as compared to the gting in the
VIRUS model to ensure that the collimated beam is properly ceeted on the
VPH layer aperture. This is only prominent in the UV arm and is beause of
the additional deviation of the beam due to the front prism ad the di ering
value of gism . Since the ray tracing is sequential, the position of the cagma
optics after the addition of the grisms is veri ed to be the sae as the VIRUS
model since the positions of these optical elements relaito the collimat-
ing optics remain mechanically xed. Note that ZEMAX takes inb account

dngiass=d for the prisms, which is neglected in previous analytic caltations.
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Table 4.1. LRS2-B Calculated Grism Properties

UV Arm Orange Arm Units
VPH Layer
g 1790 782 (linesmm 1)
Bragg 3975 5880 (A)
1 14.00 8.70 ()
Npce 0.059 0.047 |
d 35 6.0 (m)
FWHM 2540 8190 (A)
Grism
grism 13.00 13.30 ()
a 16.10 0.00 ()
b 25.17 3.89 ()
0 3.10 -13.30 ()
Nglass 1.47 152 |
System
min 3720 4600 (A)
max 4700 7000 (A)
P 0.475 1.163 (A pixel 1)
2.170 4.986 (A)
R 1940 1160 |
Resolution Element 4.57 4.29 ( pixels )

Note. | Symbols de ned:

g - grating fringe density
Bragg - Bragg wavelength (Equation 4.6)
1 - angle of incidence on VPH layer (Equation 4.3)
npce - DCG layer modulation amplitude
d - DCG thickness
FwHwMm - Bragg envelope FWHM (Equation 4.10)
grism - physical tilt of grism VPH layer with respect to collimated beam
a - front prism wedge angle
p - back prism wedge angle
o - angle of incidence on front prism face (Equation 4.2)
Ngiass - Prism glass index of refraction at center of spectral coverage
min - lower bound of instrumental spectral coverage
max - upper bound of instrumental spectral coverage
P - binned 1 1 dispersion at the CCD detector (Equation 4.4)
- instrumental resolution (Equation 4.1)
R - resolving power at the center of the instrumental wavelength coverage
Resolution Element - dispersion width of a binned 1 1 resolution element
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Figure 4.6 - ZEMAX ray tracing of the LRS2-B UV arm ¢op) and Orange arm
(bottom) using the grism properties listed in Table 4.1. Individuatomponents
are labeled in Figure 4.1. Vignetted rays (i.e., those that doot terminate on
the CCD detector focal plane) are not shown. On the left sidef @ach panel,
the color coded wavelengths are indicated iA.

While this has a minimal e ect on the Orange arm (since the arlgs and light
travel distances in the glass are small), it is somewhat sigrant for the UV

arm. After using ngass for fused silica and taking into accountdngass=d ,
the dispersion changed such that the [O I1] doublet shiftedub of the spectral
range. To reduce the dispersiong is reduced slightly to 1790 lines mmt,
which requires that ., = 3720 A. This slightly increases  calculated by
Equation 4.1 to 2.17A (R 1940) and makesP = 0:475A pixel 1. The

resulting ray traces for each arm can be seen in Figure 4.6.
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In Figure 4.7, an array of 25 spot diagrams are shown at varisipo-
sitions on the focal plane of both arms. The spots are geneedt for point
sources located at ve positions along the entrance pseudit,sncluding the
positions of the most extreme bers. Five wavelengths are s used, in-
cluding min and nax for each arm. This yields the spot diagrams at the
corners of the CCD chip. These positions correspond to theroers of the
spot diagram matrices in Figure 4.7. The image quality is juged based on
the relative spot size compared to the reimaged ber diameate The latter
is given by di fcam=Ffcon = 62:73 m or 4.2 pixels (the focal reduction factor
feon=fcam = 2:71; the reimaged ber size is indicated by the circle in Figer
4.7). This criteria results from the need to be able to cleaplseparate the
spectra of each ber on the CCD for proper extraction of the idividual 2-D
spectra. Assuming the IFU feed has the parameters of Table 2 liree et al.
(2010a), 287 bers must be accommodated on the CCD chip. Talg into
account the appropriate large gaps in the ber positions (sth as a deliberate
gap running along the center of the CCD to separate the speatonto sections
of the chip which are read out by separate ampli ers) and theuwvature that
occurs in the spatial direction for the bers positioned awafrom the center
of the pseudo slit, the separation of the ber centers at theotal plane is 7
pixels, similar to the spacing of bers in VIRUS-P (Hill et al. 2@8b). This
leaves 3 pixel gaps between the spectra. Given this large ber segion, the

spot sizes indicated for all elds and wavelengths in both ars are adequate.

The camera was designed for a wavelength range that is clos@that
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of the UV arm; as such, its image quality is especially excalle For the most
extreme elds in the Orange arm, however, the spot size negréxceeds half
of the ber diameter. While this is acceptable for the currehcon guration of
287 170 m bers, it is possible that the ber size may need to be adjusd
from its current value (e.g., to optimize the coupling of theber core to the
micro-pupil image formed by the IFU feed optics) or that addional bers may
be added to the IFU. In these cases, the ber spacing may be remhd, which
could possibly necessitate a smaller spot size for the mostreme elds of
the Orange arm. This can be achieved by replacing the asprereld attener
and (or) the Schmidt corrector plate with components that ae& customized

speci cally for the Orange arm's spectral range.
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Figure 4.7 - Matrix spot diagrams at the focal plane for the UV Am (left) and Orange Arm (right).
Shown for ve wavelengths spanning each arm's spectral ram@re the spot diagrams resulting from point
sources launched from ve equally spaced positions spangithe length of the entrance pseudo slit. The
wavelengths (inA) are shown above each column and the position along the pseuslit (in mm) is indicated
to the left of each row. Thus, the corners of the matrix represit the spots located at the corners of the
CCD detector. The circle indicates the size of the reimagedQ m ber (62.73 m, or 4.2 pixels). A2 2
pixel box is also shown at the center of each matrix for referee.



These ray tracing models will be used in the near future to ahee the
e ects of ghosting in the optical system. In particular, Bugh et al. (2007)
discuss a series of ghosts that a ect VPH based spectrograpbgerating in
a near Littrow con guration that occur when a small fraction of the incident
light is re ected o the detector substrate rather than being absorbed by
it. After such a re ection, the dispersed light is recollimaed by the camera
and subsequent combinations of re ections and (or) additial dispersion or
recombination in the dispersing element assembly can be @iged on the CCD
after a third pass through the camera. Dierent types of ghds can occur
for the recombination of the dispersed light in di erent spetral orders. Such
ghosts have been observed in VIRUS-P (Adams et al. 2008) and attets
to avoid them have been made in the design of the VIRUS gratingsAs
discussed by Burgh et al. (2007), the use of prisms rather thaat panes
for the VPH immersion substrates can help to mitigate the e es of certain
ghosts; however, grism based instruments can still be aem. As such, an
analysis of the e ect of ghosting for the LRS2 grism setup wibe carried out
with ZEMAX by sequentially retracing the light path after a re ection o the

focal plane.

4.2.3 Optical Tolerances

Using the ZEMAX ray tracing models, the basic tolerances of thgrism
are determined. These speci cations can be divided into twsubgroups: those

for the bulk position of the grism assembly in the instrumenithese toler-
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ances a ect the mechanical design for mounting the grism)nd those for the
individual optical subcomponents of the grism (these tolances de ne the re-
quirements that will be supplied to the vendor who fabricatethe grism). Note
that since there is no optical power in the grism, the spot stzwill not be sig-
ni cantly a ected by changes in its parameters. The main citerion by which

the tolerances of the grism are determined is the location thfe spectra on the
detector: it is required that the bers and wavelengths at tle most extreme
elds do not fall o the CCD chip. Speci cally for the UV arm, it is desirable
to preserve the [O I1] doublet, which is already near the edg# the CCD in

the spectral direction. The tolerances of the UV arm will be s that any loss
of spectral range occurs on the red side in the overlap regiatith the Orange

arm. Since the sharpness of the dichroic cuto s in the IFU fels are not yet
known, the red side cuto may not be the nal solution. It may end up being
necessary to instead drop the resolving power slightly to eén the spectral

range to preserve [O Il] and give adequate overlap betweerettwo channels.

Due to the large number of dimensions which require specitian
(some of which are coupled), the optical tolerance would kdse determined
with a Monte Carlo method. For the present work, the toleranes are illus-
trated simply by individually manipulating each relevant quantity in the ray
tracing model around the nominal parameters and evaluatintpe focal plane
or beam footprint at the relevant surface accordingly. As ighe current ray
tracing models are not optimized for tolerance analysis. Me work is needed

in the setup of the coordinate systems to allow all componento move with-
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out a ecting subsequent surfaces. In the future, these moldewill consider the
optical tolerances of the collimator and camera as predeteined for VIRUS
(Lee et al. 2010b). Additionally, the more stringent tolerane criteria used
in that work will likely be adopted, speci cally that the image on the CCD
cannot move by more than a resolution element (100 m). As is, the fol-
lowing tolerance values and speci cations should only beeseas illustrative
since they have not been determined rigorously. Note that tHellowing speci-
cation and tolerances will refer to the coordinate systemt®wn in Figure 4.1

(and later in Figure 4.11).

4.2.3.1 Grism Subcomponent Speci cation

In Table 4.2, the tolerances and speci cations required fdabrication of
the grism subcomponents are presented. A table similar toighwill be supplied
to the grism vendor when quotes for pricing are requested. &ke speci cations
are given about the nominal values by which the ZEMAX ray tracig model is
de ned. In Figure 4.8, 3-D solid models of the grism asseméd for the LRS2-
B UV arm and Orange arm are shown in which individual subcompemts and
other points of reference are de ned. In Figure 4.9, the nomal dimensions
of the prisms are de ned. Note that non-symmetric tolerancesxist in order
to preserve the [O 1] line within the UV arm'’s spectral range ad minimize
the further reduction of the overlap region between the twohannels in the

Orange arm.
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4.2.3.2 Grism Positional Speci cation

In Table 4.3, the bulk positional tolerances of the grism inhe in-
strument are presented. These values somewhat depend onggresented in
Table 4.2 (some of which may be de ned by manufacturing limétions). Thus,
the positional tolerance takes into account that small midnments intrinsic
to the fabrication process must be compensated for in the halignment of

the grism during assembly of the instrument.

The positional speci cations are given about the nominal Jaes by
which the ZEMAX ray tracing model is de ned. Note that the anguér toler-
ances are given about the center of the VPH layer. These posital tolerances
de ne the range of adjustment the mechanical design of theigm mount must
accommodate (see the following section)X, Y, and Z centration tolerances
are based on the accuracy needed to allow the beam to fully pathrough
the VPH layer's clear aperture (which is in turn based on the terances of
the fabricated grism). The tightest of the angular toleranes is on ; because
such rotational inaccuracies change the axis of di ractianThe focal plane is
not sensitive to inaccuracies iny, and the tolerance on x = gism IS Mainly
determined by keeping the predetermined spectral range ohe CCD while

also closely maintaining the Bragg angle.
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Table 4.2. Grism Fabrication Tolerances

Parameter Speci cation/Tolerance Units Comment
Uv Arm Orange Arm
VPH Layer
g +3, 1 +3, 1 (lines mm 1)
Fringe Alignment 0.5 0.5 ( ) Parallel to physical edge
Clear Aperture 136 136*2 ('mm) Diameter of circular VPH di raction layer
Centration 1 1 (mm) For x,y on plane of substrate
Mode Transmission Transmission | Di raction order m=1
Polarization Unpolarized Unpolarized |
Di raction E ciency Within 5 Within 5 (%) Including glass tr ansmission; see Figure 4.5
Prisms/Substrates
Material UV Grade Fused Silica BK7 |
Surface Finish 60/40 60/40 Scratch/Dig
Surface Figure <2 <3 ( Waves ) P-V at 632 nm over clear aperture
o (AOI) +0 :5, 0:0 0.5 ( ) With respect to prism face a normal
Angle of Diraction (AOD) 16 :5*00::(_3) 73 05 ( ) With respect to prism face b normal (i.e., not )
AR Coating Re ection <1 <1 (%) External surfaces for AOI and associated AOD in coverage
Substrate Dimensions 150 150 8 ( 1) 150 150 8 ( 1) (mm) Height Width Thickness; tolerance for all dimensions
Prism Linear Dimensions 1 1 (mm) See Figure 4.9 for dimensions
a +0:00, 0:25 | ( ) Total (i.e., includes substrate wedge ? to fringes)
b +0:00, 0:25 +0 :00, 0:25 « ) Total (i.e., includes substrate wedge ? to fringes)
Wedge k to Fringes <10 <10 ( 0 ) Total (i.e., includes substrates and prisms)
Prism Centration 1 1 (mm) For x,y on plane of substrate
Prism Alignment 0.5 0.5 ( ) Parallel to physical edge

Note. | Parameters that list tolerances only may have their n

ominal values speci ed elsewhere

in this paper.
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Figure 4.8 - 3-D solid models of the VPH grisms for the UV armidft) and the Orange arm (ight). Each
grism is oriented in the gure such that the front side is fagig up. The respective components are labeled
to clarify the tolerances in Table 4.2. Additionally, the redarrows indicate the direction perpendicular to
the VPH layer fringes while the blue arrows indicate the diré¢on parallel to the fringes.



8

Figure 4.9 - Dimensioned cross sectional sketches of eacthefthree di erent prisms used in constructing
the two grisms. Each prism has a square base-footprint wittb@ 150 mm dimensions. Since prisra of
the UV arm has a large , it has been modi ed from a simple wedge to allow it to t within the space
available in the instrument. Realizations of prismb that are much larger than this cannot realistically be
accommodated in the current VIRUS design. Tolerances on thengiensions given here are shown in Table

4.2.



Table 4.3. Grism Positional Tolerances

Parameter Tolerance Units Comment
UV Arm  Orange Arm

X Centration 2 2 (mm)

Y Centration 2 2 (mm)

Z Centration 0.5 0.5 (mm)
X 0.25 0.5 () Equivalent to  gyism
v 1 1 ( ) Rotation about the Y axis
z 0.1 0.1 () Rotation about the Z axis

Note. | See Figure 4.1 or 4.11 for the adopted coordinate sysem.

4.3 Mounting the Grisms: A Mechanical Concept

In this section, | present a very preliminary, conceptual nahanical
design for the grism mount. Such a design must cleanly intade with the
structural framework of the VIRUS collimator assembly. A basi overview of
the VIRUS mechanical design can be found in Vattiat et al. (203CGand also

in the illustration shown in Figure 4.10.
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Figure 4.10 - 3-D solid model of VIRUS right) with major subassemblies labeled. For mounting the
LRS2-B grisms in the VIRUS mechanical design, modi cations Wihappen to the collimator assembly.
The green circle denotes the location of the collision of tlggism with the current V-shaped support strut.
The red square corresponds to the location of the detailedset (left) showing the grating mount coupled
to the collimator baseplate via a kinematic mount with threecoupling points (ed circles). The LRS2
grism mount must conform to this mounting footprint. The VIRUS section view is courtesy of B. Vattiat
(private communication).



A rst goal was to ensure that such large dispersing elementsould
t within the collimator assembly without major modi catio n. This is tested
by exporting the optical surface prescription from the ZEMAXmodels and
importing this data into SolidWorks,® the 3-D CAD software in which the
VIRUS mechanical design has been constructed. For a grism agkaas that for
the UV arm, only a single collision point was found (with a calinator support
strut; see Figure 4.10). Luckily, the strut with which the gism interferes is
for added stiness and is not load bearing, so it is easily modd to allow
ample room for the grisms. This modi cation may be includedn the VIRUS
production design to accommodate future higher resolutiompgrades to select

VIRUS units (Hill, private communication).

Figure 4.10 shows the VIRUS grating housing mounted on the fqutnt
to which the grism mounts must conform. Like for VIRUS, the disprsing
elements for LRS2 will be permanently mounted in their celland held in
place with room temperature vulcanizing (RTV) adhesive. Tt provides an
extremely rigid coupling to the mechanical structure of thenounting cell.
The VIRUS gratings are adhered axially to the underside of theange on the
cell which also acts as a stray light bae. Due to the LRS2 grisi's square
footprint, it will be easier to adhere the grism to the cell bythe at sides
perpendicular to the optical faces. Their large sizes alsoake the VIRUS
production line method of grating alignment and mounting (®©llins et al.

2010) inapplicable for LRS2, so a custom set of alignment nmanisms will be

3SolidWorks: http://www.solidworks.com/
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Figure 4.11 - Mechanical concept of the LRS2 grism mountinghe UV arm's
grism and cell are shown). The black arrows indicate the lowan of the gaps
where RTV adhesive bonds the grism to the cell's side plateshe bond should
cover most of the available surface area. The axes shown egpond to that
in Figure 4.1 which de nes the coordinate system for the pdgnal tolerances
in x4.2.3.2.

needed.

In Figure 4.11, a conceptual design for the UV arm mounting debk
shown. The design consists of an annular disk-shaped mourtse with three
extruding tabs containing hole patterns identical to that & the VIRUS grating
cells. The tab's central hole is for press tting a tooling bl which will mate
with vee-blocks on the collimator baseplate while the outdwo holes on each
tab are for the securing M3 screws. Each of the two side platesovide a
large amount of surface area by which RTV can provide adhesito the optic.
Although not shown, the actual design will incorporate sevaf locations in
the side plate where the RTV can be injected into the gap betwa the inner
surface of the wall and the prism surface (arrowed in Figure}l). In addition

to surface area for adhesion, the side plates provide ampéeral support for
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the grism. Due to space constraints, VIRUS modules will be motad in the

enclosures attached to the HET with an 20 forward tilt resulting in the

grism mount in the instrument rotated 110 from the vertical orientation

shown in Figure 4.11. The actual orientation of the instrun@ is shown in

Figure 4.12 with the LRS2 cell and UV arm grism installed. As cabe seen,
lateral support of the grism is not critical while the adhesin and shear support
from the cured RTV against the gravity vector is important. Due to the high
tensile strength and lap shear of the RTV, the shear support isot expected
to be an issue. However, the grism and cell will likely be asskled in the

vertical orientation and then rotated into position after the RTV cures (see
below), so clever ways of modeling the RTV adhesive layer mag employed
to characterize the magnitude of the resulting de ection. Tis analysis should
also characterize the temperature response of the cell andumted grism to
ensure that the positional tolerance is maintained. The mbanical design
also incorporates stray light ba es. The mount base clear agrture mimics
the shape of the camera corrector ba e, which is appropriatér the collimated

light taking into account the dispersion. Additionally, a mask is placed on the
top of the side plates parallel to the front surface of prisra which conforms to
the collimated light's footprint projected onto the tilted optical surface. For
safety, the underside of the mask will contain small pads onhich the grism
could rest if the RTV bond between the side plates and grism weeto suddenly

break.
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Figure 4.12 - 3-D solid models of the LRS2-B UV arm grism and mouinstalled in the VIRUS spectro-
graph. Shown is the instrument in its actual orientation wha mounted on the telescopeléft). Also shown
is a di erent view (right) to illustrate the relative sizes of the UV arm grism and the VIRJS grating cell,
which has been left in place in both views. The modi ed Y-shaplesupport strut is arrowed.



The alignment of the grism in the cell before injecting the RV will
likely involve utilizing gravity by assembling the unit in the vertical orienta-
tion. As in x4.2.3, the following discussion refers to the coordinate stgm
shown in Figures 4.1 and 4.11 wheré, Y, and Z are linear coordinates and

i is the rotational coordinate about thei = X, Y, or Z axis. For the less
stringent positional tolerances (speci cally for theX andY centration and v;
seex4.2.3.2), adequate placement of the optic can easily be ambed with ma-
chined alignment features. For the tighter tolerances, neaadjustment should
be worked into the design. Although it has not yet been modeled pivoting
block could be attached to the mount base which supports theottom of the
thick side of the grism. The pivot would provide ; adjustment via manual
actuators® installed on the side plates at the other end of the grism. Cur
rently, the spacing of the side plates which accommodatesetiRTV is enough
to allow 2 of ; adjustment, which is more than necessary. Note that a
pivot o of the center of the grism results in a coupled lineamotion in the X
direction (and alsoY, but this is ignored for such small angular adjustments
given the large pivot radius). This is not likely to be an isse due to the small
magnitude of the adjustments and the large tolerance on th& centration.
A machined feature on this block could also provide a fulcrurpoint for the

grism to allow ne adjustment in x via another manual actuator installed on

4An example of a suitable manual actuator is model AJS100-0/% from Newport Corp.
(http://www.newport.com ). Each actuator is equipped with a spherical tip, on which a
custom captive te on pad is placed which distributes the pressure on the glass and allows
the grism to slide freely as the linear actuation results in @ angular movement.
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a jig which would reside on the opposite end of the mount bas&he tighter
Z centration tolerance could be achieved by adding a ne adjtraent to the
height of the pivot block (although this would result in a copling of the Z
height adjustment and x rotation). However, meeting this tolerance may
also be possible by simple machining of the blockn summary, the x and
z tolerance are the driving adjustments in the alignment of te grism and
could be provided by small alignment mechanisms temporarilattached to
the mount base. Once aligned, the RTV will be injected and cad after which
the alignment mechanisms would be removed from the mount asThe grism
is then supported only by the adhesion to the side plates. Awile schematic

of the alignment mechanisms is shown in Figure 4.13.

Although not shown, the Orange arm grism mount currently has a
similar conceptual basis as that described above. The deasigf the grism cell
is currently in its infancy. More detailed work (speci cally on the adjustment
mechanisms, alignment methodology, and RTV modeling) wilhke place once

the grism positional tolerance is more rigorously de ned.
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Figure 4.13 - A very crude schematic of the alignment mechams used for aligning the grisms inside of
their cells. Red arrows indicate the location of manual actiors (note that one of the actuator arrows on
the top view should be a bumper or spring loaded screw so thatlg a single actuator is needed to probe
z). The green dot is the pivot point while the green square is ghfulcrum, both of which are features
on the pivot block (not shown). Black arrows and lines indida the motions induced by actuators. Note
that adjustments for X, Y and y are not included as tolerances on these quantities are suantly large
to allow them to be set by machined features. Induced motione X and Y by angular adjustments are

within their positional tolerance.



4.4 Predictions of Performance

As outlined in Chapter 3, a large number of LAE will need to be fel
lowed up at higher resolutions so that the Ly line pro le can be studied in
detail. The rst targeted objects will be the brighter LAE in the HETDEX
survey that have Ly line uxes similar to that listed for HPS194 and HPS256
in Table 2.1. Spectra that are of much higher quality than thee presented
in this work will be required, preferably with S=N & 10 per resolution ele-
ment. What exposure times will such observations require thi LRS2-B on
the HET? This is important to quantify since the exposure timerequired for
a single object ultimately sets the nal number of LAE that canbe followed

up given a reasonable allocation of telescope time.

Given a spectrumF , it is straightforward to show that the number of
photons N detected in an ideal optical system from wavelength to +
is:
Z
At~ 7 At

- "t 0 nt .
N = he * d he Fr: (4.11)

Here, h is Planck's constant,c is the speed of lightt is the integration time,
A is the collecting area of the telescope, arfek is the ux in the resolution
element. The units of these quantities are standard CGS. Thapproximation
holds for small ~ so that can be considered constant; this is applicable for
the resolutions considered in this thesis. In real obsergrsituations however,
photons are lost in the atmosphere, telescope optics, andtime instrument.

Considering these areas of potential loss, the detected noen of photons per
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second per resolution element is:
Ne¢ = 5:034 10" fgmfuer flrs2 AF r(; ) (4.12)

Here, Equation 4.11 has been recast with the constants evatled. A is the
unobstructedcollecting area in units of id, and is in A. Additionally, f m

is the fraction of the ux transmitted through the atmosphere, fyet is the
throughput of the HET, and f  rs » is the throughput of a given LRS2 channel.
All of these three quantities are functions of . Note that the ux variable has
been relabeled a&r(; ). This is because the LRS2 IFU slices the observed
eld with a near unity |l factor into spatial elements whose centers are located
at discrete right ascension and declination coordinates on the sky. In all
cases, the seeing disk will be larger than a spatial elemeas such, the ux
entering a given microlens that is coupled to a ber feedinghe spectrograph

will only be a fraction of the object's total spatially integated ux.

Given the photon detection rateNs, the S=N ratio per resolution ele-
ment in the spectrum of a given spatial element is given by treandard CCD

equation (Howell 2006):

s _ Ny t _
. : (4.13)

) t(Ne + Ng) + npR§

where Ng is the photon detection rate from the sky per resolution eleemt,
Nex IS the number of pixels per resolution element, anRy is the read noise
per pixel of the detector. The calculation is to be performed units of e .

In this equation, it is assumed that the detector dark noisesinegligible and
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systematic errors that can be introduced in the data reduatn process (e.g.,
from sky subtraction) are ignored. Additionally, it is assured that the CCD
converts each photon reaching it into a single electron-repair (Howell 2006).
Since 1 photon = 1e , Equation 4.12 can have units ok second?! per
resolution element with this implicit conversion factor ad be used directly in
Equation 4.13, as the notation indicates. So far, only a sitegspatial element
has been considered, but th&=N as given in Equation 4.13 is implicitly a
function of and . In a photon starved situation, one may desire to sum the
individual spatially resolved spectra over the entire obg. In this case, the

total S=N ratio of the coadded spectrum is given by:
" X X #

S S
5= S (4.14)

tot i j

N|=

Here, it has been explicitly indicated thatS=N is a function of the spatial
element location with the indices andj identifying a given microlens element
of the IFU with a center on the sky at coordinates ; and ;. Note that

the mapping ofi and j to specic microlens element locations on the IFU
is currently unknown since the shape of each lenslet and th@al number of

bers in the IFU are not con rmed.

To calculate N¢ or N5, one must know the wavelength dependent ef-
ciency factors f 4m, fher , and f rs». These are calculated with additional
new input from this work using a model from Hill private communication)
that was published in Lee et al. (2010a). In this modef, is simply given by

the measured atmospheric extinction as a function of wavelgth at an airmass
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of 1.22 (the mean airmass of a HET track) for a typical night at MDonald
Observatory. Additionally, f gt is the product of the primary mirror re ec-
tivity for typical clean, recently aluminized conditions axd the speci cation
on the transmission of the new upgraded corrector (Burge et. a&2010). Also
considered is the large 4:5 m e ective obstruction which takes into account
the new tracker, prime focus imaging package, and the gapstlween the mir-
ror segments (note that the obstruction is considered at theenter of a track;
it is e ectively larger o the center of a track as the pupil is limited by the
edge of the mirror). The HET throughput with the atmospheref 4 fhet IS
shown in Figure 4.14. Forf gs», one must consider the IFU feed optics, the
IFU itself, and the instrument. Here, it is assumed that all tansmissive optics
have good anti-re ection (AR) coatings and transmit 99% of tle light through
two optical faces. This high e ciency is also assumed for thee ective optics.
For the IFU feed (Lee et al. 2010a), two doublet lenses and aatrsmission
or re ection for a dichroic beam splitter are considered. Té dichroic is as-
sumed to have an e ciency of 97%. One of the channels also cams another
re ection from a fold mirror. For the IFU itself, the transmission through a
singlet microlens, 22 m of ber optics, and a normalizer lenat the pseudo
slit is considered. | assume a coupling e ciency to the ber®f 85% (this will
need to be measured once the IFUs are constructed). In the inginent, three
re ections and two transmissive components are considerésee Figure 4.1 or
4.6). Additionally, the diraction e ciency curves from x4.2.1 are included

after considering transmission through two AR coated prismusfaces. For the
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UV arm, the standard VIRUS CCD QE curves are used. While the Orarmg
arm CCD is the same as that used for the UV channel, a custom AR dog to

hold the QE above 90% for the majority of the instrument's spetral coverage
is planned; the QE curve for the VIRUS CCD with such a coating issed for
the Orange arm. Finally, a vignetting factor taking into acount the obstruc-
tions within the instrument is used. For the central eld andwavelength, this
factor is 77% as measured with the ZEMAX models4.2.2). For an extreme
corner eld, this factor is at worst 60%. The resulting throghput f gs2 is
shown in Figure 4.14. The total throughput, which is the prodct of all three

e ciency factors, is also plotted.

Using the above framework, an estimate of the necessary exjpastime
for reachingS=N 10 per resolution element can be made for a typical bright
LAE in the HETDEX sample for which we could obtain observationswith
the LRS2-B UV arm. For the VIRUS CCD, it is assumed that the read
noise is 4.0e pixel ' and that the chip is binned by a factor of 2 in the
spectral direction. This e ectively makes the read noise pebinned pixel
Ry = 2:83 e . A resolution element having a spectral width = 2:17
A and a spatial size of 62.73 m coversny, = 15 pixels (where the fractional
number of pixels in each spectral and spatial direction hasebn rounded up
to the nearest integer). The unobstructed collecting areaf the center of an
HET track is assumed to beA = (D=2)?, whereD is the diameter of the
pupil after the WFU (10 m). For the sky brightness, a spectrdy and spatially

uniform B band estimate of 22.7 mag arcset is used from Kalinowski et
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Figure 4.14 - The throughput of LRS2-B. The black solid curveshows the
combination of the HET throughput f yjer and the transmitted fraction of the
ux through the atmosphere f 5, at an airmass of 1.22. The dashed colored
curves represent the throughput of the instrument s, including the IFU
and ber optics. The solid colored curves represent the totahroughput of
the entire optical system and atmosphere, and can be used iguation 4.12
to calculate the detected photon count rate. Blue curves arfer the UV arm
while orange curves are for the Orange arm.

97



al. (1975), typical at McDonald Observatory under dark and rfansparent
conditions. Considering a microlens pitch of 0.62(Lee et al. 2010a) and
assuming square lenslets, each IFU spatial element corresds to an area
on the sky of 0.38 arcséc Using this area, the total magnitude from the
sky covered by a single lenslet is found. This Vega-based magde is then
converted to the AB system (Oke 1974) and further to a ux in CGS units.
This yieldsF =2:042 10 ®ergs!cm 2 A 1! forthe sky in a single spatial
element of the IFU in theB band. The B band e ective central wavelength
is 4450A,; for this calculation, | assume a hypothetical Ly line center also at
this wavelength, corresponding to @ = 2:66 LAE. It is assumed that the LAE
is unresolved (as indicated in Table 2.1 by the spatial FWHM nasurements
that are comparable to the VIRUS-P ber diameter), with a Gausgn surface
brightness pro le having a FWHM of 1.%° This FWHM is comparable to
the HET image quality in typical seeing conditions. Additiondly, a total Ly
line ux of F, =30 10 *" erg s! cm 2 is assumed, which is similar to
HPS256 (note that 60% of the HPS LAE are below this value; Adams et.a
2011). Assuming a spectral shape similar to that shown in Figa 3.2 for
HPS256, such an LAE would have a spatially integrated ux per LB2-B UV
arm resolution element at the brightest point of the line ofg =9:230 10 Y/
erg s ' cm 2. Consider the central 8% 6:2°0f the IFU, which corresponds

to an array of 10 10 square lenslets. For each spatial elemeritl; and

SConversion from Vega-based Johnson magnitudes to AB magnides:
http://www.astro.utoronto.ca/ patton/astro/mags.html .
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Ns are calculated using Equation 4.12 with the parameters listl above and
the e ciency factors shown in Figure 4.14. Subsequently, # S=N of each
spatial element is calculated using Equation 4.14 an&€N),, for the resulting
coadded 1-D spectrum is found through Equation 4.15. Adjustemts tot are
then made until (S=N) 10 for the bightest resolution element over the

line.

The resulting total exposure time from the above calculatiis a mere
5 minutes! However, | caution that an extremely optimistic dgmation has
been made for a fairly bright LAE. Firstly, a clear, dark, and tansparant sky
under good seeing conditions was assumed. | have also beamusgtic about
the HET itself, speci cally that the primary mirror is in a newly aluminized
condition, that the observation was made at the center of a &ck where the
full 10 m pupil is illuminated, and that there are no trackingerrors. An
optimistic assumption of the coupling e ciency of the bersto the microlens
array was made, and | assumed that the bers are imaged in theamera
such that the minimum amount of vignetting occurs. For the gsms, one can
realistically expect a several % deviation from the theorigal VPH di raction
grating e ciency curves presented inx4.2.1. The combination of less optimistic
estimations of these parameters could potentially combirte yield a factor of
up to 4 worse total throughput than shown in Figure 4.14. Even so, thgoal
of S=N & 10 per resolution element could be reached in 20 minutes f&r law

as 4% total throughput.

This is a signi cant improvement over the R 2400 VIRUS-P ob-
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servations presented in Chapter 2 and makes a large, mediussolution Ly
selected sample possible. Using the framework in this seati@a total through-
put of 4% is estimated for our 2.7 m VIRUS-P observations based on the
measured photon count rate for the sky. The reason for such aw total
throughput is not currently understood, but it does explainthe excessively
long exposure times required to reach th8=N of the observations. Despite
the 10 greater collecting area of the HET and the slightly lower regation,
the design of LRS2 has a signi cant advantage compared to VIRUS on the
2.7m. This advantage lies in the unresolved nature of the LAEnd the size of
the spatial element. For example, the large 4°%iameter bers for VIRUS-P
collect a large number of photons from the sky compared to theimber from
the unresolved source. In LRS2, the spatial sampling is mucher (smaller
than the unresolved source). Thus the ratio of photon countates from the
sky to the source is much lower in LRS2, which will make achieyg a higher

S=N easier for the same detector read noise.

The performance of LRS2-B as illustrated here for the UV arm Wi
greatly facilitate the study Ly emission in LAE. Currently, observations in
this spectral range atR 2000 are observationally expensive, as illustrated by
our VIRUS-P observations and the fact that only on order of seval dozen such
spectra exist in the literature. Obtaining a large sample dfy emission line
pro les (e.g., several 10 LAE) will become possible, signi cantly increasing
the existing sample size at these resolutions. This will aliv statistical studies

of line pro le morphologies. Along with NIR rest-frame optich emission line
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data, a statistical sample of line pro les may help to di eratiate between the
model of Ly transfer most dominantly a ecting the line pro le and allow for
the search of correlations between the Lyemission and other properties of
the emitting galaxy. Additionally, the ne spatial sampling of the LRS2-B
IFU with the ability to reach acceptable S=N in realistic exposure times will
allow the detailed study of individual spatially extended IAE and Ly blobs
(e.g., Steidel et al. 2000; Matsuda et al. 2011; Yang et al. 20).

45 Future Work and Schedule

The work presented here describing the current snapshot oRS2-B's
development is not yet complete. Assuming the IFU and feed paneters from
Lee et al. (2010a), | have designed a grism for each of LRSZBhannels that
can ful ll several properties desired by the HET community ad for carrying

out the full version of the pilot science project presentedhiChapter 3.

To nalize the optical design of the grism, the nal parametes for the
IFU must be known, speci cally the ber core diameter. The sie of the ber
is largely driven by the need to couple the bers to the lensis of the microlens
array with high e ciency. This test needs to be carried out, aad may result in
the need for a larger ber, thus a ecting the grism design neked to achieve
the desired resolution. Another uncertainty of the IFU is thenumber of bers,
which is also dependent on the nal ber size used. This driveethe image
quality requirement, which may or may not necessitate a neweld attener or

corrector plate for the Orange arm if the number of bers is tde increased.
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Once the IFU parameters are nalized, the grism design can lseibmit-
ted to diraction grating vendors. The submitted design wil include a set of
tolerances similar to that given inx4.2.3.1 and 4.2.3.2, but will be determined
rigorously using a full Monte Carlo analysis of the whole sp&ograph utilizing
the optical tolerances for the collimator and camera from VIRS (Lee et al.
2010b). Additionally, the IFU feed design presented in Lee al. (2010a) must
be modi ed since each LRS2 module now has its own feed. This dncation
will include a custom design of the dichroic beam splitter. @ce this optical
design is nalized, a mechanical design for the feed opticslMalso need to be

produced.

While a conceptual design for the mechanical grism mount as@vn in
x4.3 has been devised, the design is not yet complete. Speally, the abil-
ity of the RTV adhesive must be evaluated and the sti ness oftte collimator
baseplate must be veri ed to maintain the position of the gem within the
positional tolerances in the mount after alignment since wvill be subject to a
large change in the gravity vector's direction during instiation. Mechanical
components and optics for VIRUS are currently being procuredylcollaborat-
ing institutions and vendors. One set of mechanical compants and camera
and collimator optics will be reserved for LRS2-B, and the ostruction will

begin in the fall of 2011.

The time line for completing LRS2-B is set by the need to haveleady
for commissioning soon after the HET WFU is deployed, which expected to

be by the middle of 2012. To meet this goal, we aim to have theigm designs
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submitted to an optics vendor by the fall of 2011 since they Whave the longest
lead-time of any custom procured component in the modi ed strument. As
mentioned, construction of the mechanical components wadbon begin and a
camera and collimator can be ready for alignment by the end @11. Work
will also begin on characterizing and aligning the detecterafter a camera
iIs constructed. The constructed camera and collimator undehe current
alignment methodology will be necessary for installing thgrism in its cell.
We hope to have a full set of lab tests for the instrument (inading the IFU

and feed) by early 2012.
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Chapter 5

Conclusions

| have presented new follow-up optical observations of two 2:3 LAE
at R 2400 from the HPS with the VIRUS-P instrument at the Smith 2.7 m
telescope of the McDonald Observatory. Probing the restdme UV, | show
that at such a resolution, the Ly line is split into two distinct emission compo-
nents. Using the NIR observations of the rest-frame optical assion lines from
Finkelstein et al. (2011) for these two objects, | have detarined the systemic
redshift of the emitting galaxy and show that there is a signtant emission
component blueward of the Ly line center. Comparison with the lonR HPS
data shows that if observed at su cient resolution, many syrmetric or asym-
metric (with an extended blue tail) Ly line pro les will display this blueward
emission. With an additional double-peaked pro le with a kown systemic
redshift from McLinden et al. (2011), it is clear that there $ some amount of
continuity between the observations at similaz, but that the range of velocity
o sets of the respective emission components is not in totalgreement with
models describing the radiative transfer of Ly in an out owing coherent shell.

| mention additional factors that could account for this digrepancy.

Noting that the sample size in this work is quite small, | prese the
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prospect for carrying out medium resolution R~ 2000) observations for a
unique sample of Ly line pro les which will be supplemented by NIR obser-
vations of the rest-frame optical emission lines in an atteph to break degen-
eracies in the models and isolate various e ects that couldter the intrinsically
emitted Ly spectrum from HII regions in LAE. Such a sample will follow-up
objects from the HETDEX survey and utilize the new, second geration Low
Resolution Spectrograph at the HET. | present the current stas of the design
of LRS2 and the transformation of a VIRUS unit spectrograph toexve this
need. In particular, an opto-mechanical design for the dispsing elements of
the instrument is presented, speci cally for the UV optimizé channel that will
be well suited for carrying out these observations. With itanity |l factor
IFU and 0.6X°spatial elements, LRS2 will also make it possible to explore
extended Ly emission in Ly selected galaxies and provide an e cient way
of obtaining a large number of rest-frame UV spectra of LAE whiccan be
stacked to probe their continuum emission. The prospect fabserving such
a sample with LRS2 and obtaining NIR follow-up is promising fothe under-
standing of Ly line proles. This has wide reaching implications for galax
formation and evolution, IGM physics, and for surveys (suclas HETDEX)

that use Ly selected galaxies as tracers of large-scale structure.
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