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Abstract

The universe we live in is continually expanding, and we have known for almost 15 years
that it the expansion rate is actually increasing. The source of this acceleration was termed
”Dark Energy” by astronomers, and it is thought to comprise over 70% of the matter-
energy in the universe. An important project to learn more about Dark Energy will be
the Hobby-Eberly Telescope Dark Energy Experiment (HETDEX). HETDEX will survey
over 1 million very distant galaxies, looking for their speed away from us and for their
exact distance from us. A crucial part of this survey is the detection algorithms that will
actually acknowledge a lightsource on the telescope chip. An important factor to consider
in detections is signal-to-noise (s/n) cutoff. Signal-to-noise ratio is a measure of how likely
a detection is a real lightsource rather than just background noise. Finding the right cutoff
is an important task in computing the expansion rate of the universe, because the number
of true and false detections affect the accuracy of that measurement. This project has been
to evaluate how the accuracy on this measure changes with s/n cutoff for simulated data
of several set brightnesses. The standard cutoff is s/n=5, and this project indicates some
potential in lowering that requirement, although more analysis will be required between s/n
4 and 5, and at additional brightness levels.
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Background
The expansion of the universe has been known since Edwin Hubble observed that galax-

ies outside our own appear to be moving away from eachother. For more than half a cen-
tury after that, the dominant understanding of the universe was that it is both expanding
and composed almost entirely of matter, with a significant contriubution from radiation
(light). The force of gravity pulls matter together, and an expanding universe of mostly
matter would eventually slow in expansion and possibly recollapse. This can be likened
to a ball thrown in the air: the ball has an initial upwards velocity, but gravity slows it
to a stop in midair, then reverses the direction to bring the balll back down. The relative
densities of matter, radiation, and curvature of the universe affect the expansion rate of the
universe and by extension, its ultimate fate. Below is the Friedmann equation, simplified to
terms of density parameters that represent the relative importance of matter, radiation, and
curvature.[1]

1 = Ωm(t)+Ωr(t)+Ωk(t) (1)

In this equation, Ωm(t), Ωr(t), and Ωk(t) represent the matter density, radiation density,
and curvature density of the universe as functions of time. This model predicts a decelera-
tion parameter described below.[1]

q(t) =
1
2

Ωm(t)+Ωr(t) (2)

Given that matter density and radiation density are both positive, the deceleration pa-
rameter would be positive, and the universe ought to slow down if it was indeed described
well by this model. One problem with this model is that the density parameters do not ap-
pear to add up to 1 in the present day, suggesting that an additional component exists. Fur-
ther indication that something was amiss occured when astronomers in the 1990’s looked
at very distant galaxies, expecting to see evidence that those galaxies were slowing down.
This information could be deduced from Type 1A supernova, which are a specific type of
supernova with a well known spectrum by which to identify them, and a well known bright-
ness by which to judge their distance from us. The redshift on the supernova spectra would
give the recessional velocity, allowing astronomers to draw a connection between distance
and recessional velocity– a trend that was expected to turn over at large distances. Instead,
they found that the farthest galaxies were moving faster away than anticipated, indicating
an acceleration in the expansion of the universe. The source of this acceleration was named
Dark Energy.

Very little is known about Dark Energy, but there are several candidates to explain it.
These include a cosmological constant, quintessence, vaccuum energy, and modifications
to general relativity. The cosmological constant model is often used to express what is cur-
rently known. This involves an altered form of Equation (1), where ΩΛ is the cosmological
constant and has an experimental value of 0.73 given data for present day.[1]

1 = Ωm(t)+Ωr(t)+Ωk(t)+ΩΛ (3)

It is unknown whether this value changes with time, in which case it would not be a
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constant but rather another one of the models would take its place.

Figure 1: This image from the 1998 Reiss et al paper ”Observational Evidence from Supernovae for an
Accelerating Universe and a Cosmological Constant“[2] , and shows the magnitude of the Type 1A supernova
as a function of the redshift, along with three cosmologies representing low and high Ωm(t) and a best fit for
the inclusion of ΩΛ. The lower plot is simply scaled to the Ωm(t) = 0.20 model as a baseline.

The different models have different predictions for the rate of expansion at various
epochs of the universe timescale. Thus, if we can gauge the rate of expansion at vari-
ous epochs, we can constrain the space of possible explanations for Dark Energy. This is
achieved by looking at galaxies of varying distances, because the further a galaxy is from
us, the younger the universe was when the light from that galaxy was emitted. Therefore, a
supernova in a distant galaxy gives information on distance to that galaxy via the brightness
of the supernova, and it gives information about the recessional velocity of the galaxy at
the time of the supernova which is earlier and earlier in the age of the universe the farther
away the galaxy is. HETDEX will observe galaxies of high redshifts (1.8 < z < 3.8) over
a field of 200 square degrees and find the recessional velocities at different epochs of the
universal timescale, since the further away a galaxy is, the younger the universe was when
the light from that galaxy was emitted toward us. Both the locations of these galaxies on
the sky and their distances will be recorded, effectively creating a 3D map of the universe
within that 200 square degree field.[3]

The data analysis system for HETDEX is called Cure, and has many functionalities
related to data simulation, detections, and analysis. An important component of the Cure
system for this project has been the data simluation and detection algorithms. Data simu-
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lation runs on several functions including ”makesource“ and ”simlae,“ and together, these
functions can apply sources of chosen flux (brightness) and random or nonrandom positions
to a relatively blank frame of the sky. The use of the blank frame is to simulate the actual
sky noise that will be present in the survey. It is important to note that this frame will have
some ”real“ sources as well that will be fairly faint but present nonetheless. These sources
will show up in detections with a low enough signal-to-noise requirement. The ”detect“
function allows the user to alter the variables used in the detections, such as signal-to-noise
cutoff, chi2 cutoff, and aperture size.[4]

Signal-to-noise ratio is a measure of how likely a given cluster of bright pixels is actu-
ally a real lightsource rather than just a chance collection of white pixels in the background
noise of the sky. By implementing a higher s/n cutoff, we can be more confident that a
detection is actually a real source, but we lose real sources that do not appear as brightly.
Conversely, but implementing a lower s/n cutoff, we can see more of the real sources, but
with more false detections thrown in as well. Finding the right cutoff is important, as the
accuracy on any measured value of the expansion rate, H(t) depends on the integrity of the
data. This accuracy scales linearly with the negative of the number of false sources, and it
scales as the square root of the number of true sources.

accuracyH ∝ (
√

percent of true sources found)× (percent of detections that are false)
(4)

This project has been to evaluate how the accuracy on this measure changes with s/n
cutoff compared to the standard cutoff of s/n=5.

Results

To find the accuracyH as indicated by the equation above, it is necessary for each sim-
ulated frame the following information:

- number of input sources

- number of input sources that were found by ”detect“

- number of sources detected

- number of sources detected that were merely noise

The fact that simulated data must be put onto actual frames means that there will be
faint continuum sources, and detections of these sources will count as false-positives when
attempting to find the number of detections that were merely noise. It means you cannot
simply run ”detect“ on the blank frames, and subtract the number of detections from the
number of detections on the frames with simulated data. Instead, a more complicated
approach is required.

Running the detection algorithm on the blank frames returns a file with detections that
are either continuum sources or simply noise. However, the continuum sources will all
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Figure 2: This graph shows the number of detections in a given frame as a function of the s/n cutoff used to
detect that frame. The blue function and dots represent the detections in negative of a blank frame, which, if
the noise were symmetric, would be a true measure of the number of noise sources. The orange represents
the detections in blank frames. The red, green, and purple indicate the detections on frames with simulated
data at flux 500, 1000, and 2000, respectively. It is clear that for lower fluxes, the ”detect“ function does not
discriminate as well between noise and simulated data. It is also clear that the blank frames have significantly
more detections than the negative of the blank frames. Many of the detections missing from the negative
frames but present in the blank ones can be considered to be detections of actual continuum sources.

have similar XY positions on the data frame, and can therefore be systematically removed
from the pool of detections. I used an XY distance radius of 0.5 as the boundary: if two
detections were within 0.5“ of eachother, I considered that the same source and removed
both of them from the number of noise detections on the blank frame at a given s/n cutoff. I
chose this distance by looking at known continuum sources on the blank frame and finding
the largest XY discrepencies I could find for various wavelengths of the same source.

Once these continuum sources were removed, the remaining detections on the blank
frames could with relative confidence be said to result purely from noise (there was a chi2

cutoff of 2, preventing the few cases of cosmic rays or similar phenomena from counting
as detections). With the number of purely noise detections at each s/n cutoff for the blank
frames, it is possible to find the number of correct detections on each frame of simulated
data. This is done simply by subracting the number of blank detections from the number of
simulated data detections, and what remains is (to a good approximation) solely the result
of the simulated data. Our equation for accuracyH given these terms is then:

accuracyH ∝ (

√
ndetections −nnoise

ninput
)× (1− nnoise

ndetections
) (5)
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Figure 3: This is an image created by the ”detect“ function in Cure, and illustrates the various types of
detections we must be concerned with for evaluating the accuracy on H as a function of s/n cutoffs. The
y-axis here represents XY position on the chip, and the x-axis here represents the wavelength (λ). All the
points within the small blue circles are detections found by the code. The bright rows of dots are actually one
set of simulated data, all at the same position but for different wavelengths (notice only one of these rows was
detected, because detecting both would result in duplicate detections of the same data). The area circled in
green is a cluster of detections that result not from simulated data but rather from a continuum (actual) source
on the ”blank“ frame. The boxed detections are clearly noise detections, and the detection indicated with the
area may also be noise, but it is difficult to be certain, especially to a computer program removing sources of
similar XY positions.

Figure 4: This is a graph of the accuracy on H as a function of the s/n cutoffs between 4 and 6 for several
fluxes, as compared to the baseline case of s/n 5 (the black dot) for each flux. All three sets of points are fitted
to parabola.
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Discussion
As can be seen in Figure 4 above, the flux 500 curve has its peak at a lower s/n cutoff

than the flux 800 or 1000 curves. In fact, it would seem that the point s/n=4.75 is suspi-
ciously low, and may be due to some systematic error in subtracting blank frame detections.
Regardless, there is potential for finding an improved s/n cutoff with further exploration of
the space between s/n =4 and s/n=5 for lower fluxes between 200 and 800. This could
potentially increase the accuracy in the calculation of the expansion rate, H, at the various
epochs of the universe under study in the HETDEX survey.

Some potential problems in this analysis include the error introduced by choosing an
XY-proximity of 0.5 arcseconds or less to be indicative of the same location. This number
was gleaned by testing extremes in the data, and may be too high. It is possible that two
noise sources could appear at the same location but different wavelengths, and the present
method would remove both of those detections from the pool of purely noise detections.
Another source of error is that the analysis for separating continuum detections from noise
detections was only performed on the blank frames, and the resulting numbers were then
applied to the detections of simulated data. It is possible that some simulated data happened
to be placed on top of a noise detection in the blank frame, in which case the simulated data
detection would be mistakenly discarded as noise.

Further work could include rigorous error analysis, more complete exploration of the
accuracy vs. s/n cutoff vs. flux surface, and testing how aperture size and other available
variables in ”detect“ affect the completeness of the detections.
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