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ABSTRACT OF THE DISSERTATION

A WISE Measurement of the 2.4 pm Galaxy Luminosity Function
and its Implications for the Extragalactic Background Light at
3.4 pm

by

Sean Earl Lake

Doctor of Philosophy in Physics
University of California, Los Angeles, 2017
Professor Edward L. Wright, Chair

The measurement of the the Extragalactic Background Light (EBL) has seen some con-
troversy in recent works, with direct and indirect measures conflicting. Specifically, upper
limits based on analyzing the plausible opacity obscuring TeV spectra of blazars suggests
that the density of radiation with wavelengths near 3.4 ym is one third to one half as intense
as direct measures of the same (for example: |Aharonian et al.| 2006; |Levenson et al., 2007}
Matsumoto et al., [2005). The dominant contributor of the EBL at 3.4 um is expected to be
ordinary starlight from relatively local, z < 1, galaxies, so an estimate of the amount of light
emitted by galaxies based on the galaxy Luminosity Function (LF) should provide a useful
lower limit to the EBL. While analyses of this sort have been done by others (Dominguez
et al., [2011; [Helgason et al., 2012), the full sky coverage of the AIIWISE database has made
it possible for us to improve the measurement of both the LF at 2.4 yum and the EBL us-
ing the large public spectroscopic redshift surveys. In order to do so, we had to develop a
mathematical model for the measurement of a generalization of the LF, which is the den-
sity of galaxies per unit comoving volume per unit luminosity, to the Spectro-Luminosity
Functional (SLF), which replaces the density per unit single luminosity, dL, with the den-
sity per luminosities at all frequencies, DL,. Our best combined analysis of the data yields
present day Shechter Function LF parameters of: L, = 6.4 %+ [0.1gat, 0.35ys] X 10" Lo 4 im o
(M, = —21.67 =+ [0.024at, 0.055ys] AB mag), ¢, = 5.8 £ [0.3g4ar, 0.35ys) x 1072 Mpc™3, and
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a = —1.050 =£ [0.0044¢at, 0.03sys); this implies a present day density of galaxies of 0.08 Mpc™3
brighter that 10% Ly 4 ,um o (1073 Mpc ™ brighter than L,) and a luminosity density equivalent
t0 3.8 x 108 Ly 4 pm © Mpc_?’. The net EBL at 3.4 ym that our synthesis model produces from
galaxies closer than z = 5is [, = 9.0 £ 0.5kJysr™! (vI, = 8.0+ 0.4nWm~2sr™1), largely in

agreement with similar LF based estimates of the EBL.
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CHAPTER 1

Introduction

The extragalactic background light (EBL, review: |Cooray, [2016) is, from an observational
perspective, the direction averaged light observed if all light originating within the Milky Way
(foreground) and cosmic microwave background (CMB, background) is subtracted out. From
a physical perspective, it is the intergalactic radiation density accumulated over cosmic time
as emitted by galaxies and active galactic nuclei (AGN) over their entire history. As such
it contains information about the star formation, AGN accretion, and dust accumulation
histories of the universe, even for sources that are too faint to detect individually. The
primary challenge in measuring the EBL directly is the presence of “foregrounds” like the
atmosphere (from ground based measurements), the zodiacal light, moon glow, and light
from sources in our own galaxy. Worse, the foregrounds are frequently as large or large
than the signal, leading to large large uncertainties inherent in subtracting two positive, and
nearly equal, quantities. Because of this there is a need to accurately model what known
components contribute to the overall background as accurately as possible in order to tease
out potentially interesting signals in the EBL; signals like what fraction is light from the
first stars, small nearby galaxies, and the diffuse stellar halos of galaxies. The contribution
of galactic halos, for example, was measured in an analysis of near infrared background
fluctuations using data from the Spitzer Deep, Wide-Field Survey (SDWFS) in (Cooray et al.
(2012)).

Figure comes from Dominguez et al.| (2011) and shows a large number of ultraviolet
to far infrared measurements of the EBL. The most important part of the plot, from the
perspective of this work, is the starlight dominated stretch that covers the optical to near-

infrared (near-IR), roughly 0.5-5um. In that region upper limits based on blazar gamma



ray opacity measurements (particularly the orange line based on |Aharonian et al., 2006) are
in tension with direct measurements (for example: Tsumura et al.| |2013; Levenson et al.
2007; [Matsumoto et al., |2005)), though recent work on gamma ray production by blazar
accelerated protons has lessened the strictness of these bounds (Essey & Kusenko, 2010;
Essey et al., 2011 |Aharonian et al} [2013). Indirect studies of the contribution of all galaxies
by extrapolating from the resolved ones to their total contribution to the background around
3.5 um have had mixed results, ranging from 5.85kJysr~! (4.86nWm~2sr!) in Helgason
et al.| (2012) to 10.8721 kJysr~! (9.075f nWm~2sr™!) in [Levenson & Wright| (2008)).

The goal of the work that went into this thesis is to provide an estimate of the contribution
to the EBL of galaxies and AGN that has a greater fidelity to the underlying physics of
how galaxies’ contribution to the EBL was made than is possible with the extrapolation of
flux histograms, as was done in [Fazio et al.| (2004])), Levenson & Wright| (2008), and Driver
et al.| (2016), provides. That fidelity comes from using luminosity functions (LF's), which are
observed to be well approximated by Schechter functions, as developed in the Press-Schechter
formalism of |Press & Schechter| (1974) and [Schechter| (1976)). A similar approach was taken
by Dominguez et al.| (2011) and |Helgason et al.| (2012), which both used previously measured
LFs from the literature to calculate the EBL that those luminosity functions imply. This
work improves on both of those in terms of both the sophistication of the analysis and the

size of the sample.

The improvement that made this work possible is based on measuring a generaliza-
tion of the luminosity function that is known as the spectro-luminosity functional, denoted
UI[L,|(z). The quantity W[L,|(z) is defined by W[L,|(2)[DL,]dV, being the mean number
of galaxies with a spectral energy distribution in the function space volume, [DL, ], around
L, and in comoving real space volume dV, at the redshift z. W can be factored into an
ordinary luminosity function, ®(L, z), and the conditional likelihood of the normalized SED,
Lsep[L,|(-|L, 2); (L and z are placed after the vertical bar to emphasize that they are non-
random quantities with respect to Lsgp). By modeling the density over the function space
of SEDs it is possible to simultaneously analyze multiple spectroscopic redshift samples that
were selected using different observer frame fluxes, and to do so in a consistent manner with

2



a minimum of auxiliary, nuisance, parameters. Full details of how this is done can be found

in Chapter

In order to make the transition from spectro-luminosity functional to luminosity function
analytically tractable we chose to approximate Lsgp as a Gaussian. This simplified model
fails to reproduce well known features from the study of galaxies, like the split between ‘red
sequence’ and ‘blue cloud’” galaxies in color-magnitude diagrams of optical wavelengths, but
is still a useful approximation. Like any Gaussian, the distribution is characterized by a mean
normalized SED, u,(v), and a covariance of normalized SEDs, ¥(v,v’). The measurement
of these quantities for this thesis are described in Chapter [3| which focuses on how to use
Y (v,v') to calculate the variance added to a luminosity measurement when K-corrections
are involved, and how to approximate »(v,7’) using a finite number of template SEDs.
Ideally this measurement would have been done at the same time as the luminosity function
measurements, allowing a full characterization of how the uncertainties in all parameters are
related. This was not possible due to computational speed limitations. We, therefore, decided
to use the zCOSMOS-10k bright catalog (Lilly et al.. [2009; Knobel et al., 2012)), because
of its combination of depth, simple selection criteria, and available auxiliary photometry to

most tightly constrain u, and .

One of the jobs ¥ does, from a certain perspective, is to incorporate modeling the selec-
tion function into the process of measuring an LF. No selection function model is perfect and,
becuase the number of targets is a function that behaves as a power law in flux with negative
exponent, systematic uncertainties in the selection of faint targets can easily dominate for
many LF related quantities, even for medium sized spectroscopic surveys. Because of this,
we conducted a small, sparsely targeted, one night redshift survey using the DEep Imaging
Multi-Object Spectrograph (Faber et al., 2003, DEIMOS) on the Keck II telescope of targets
in the WISE Preliminary Data Release. The resulting data set is named WISE/DEIMOS.
The selection of targets based on WISE W1 flux should minimize the systematic uncertain-
ties in the LF, as long as the luminosity measured is what the W1 filter observes at the
median redshift of the sample. The systematic effects should be even smaller in the 3.4 ym
background calculated from the resulting LF. A reanalysis of the redshift catalog originally

3



published in [Lake et al| (2012) is in Chapter [4]

With the WISE /DEIMOS survey serving as the anchor, we selected a number of publicly
available spectroscopic redshift surveys that are targeted on observed flux in a single filter to
analyze. The five additional surveys selected (in order of decreasing area/increasing depth)
are: 6dFGS data release 3 (Jones et al., |2009), the main galaxy sample from the Sloan
Digital Sky Survey (SDSS) data release 10 (Strauss et al.), [2002; |Ahn et al. 2014a)), the
GAlaxy and Mass Assembly (GAMA) survey data release 2 (Liske et al., 2015, the AGN
and Galaxy Evolution Survey (Kochanek et al 2001, AGES), and the zZCOSMOS survey.
Full details of the characteristics of each survey, and the steps taken to make the selection

more homogeneous across the different surveys, are in Chapter [5]

The combed data set constructed from multiple redshift surveys in Chapter [5]is compli-
cated, with many potential source of bias. For that reason, and to isolate biases uncovered
in the process, the measurements of the LF parameters in Chapter [] are broken down into
multiple subsamples: six survey specific samples (labeled: 6dFGS, SDSS, GAMA, AGES,
WISE /DEIMOS, and zCOSMOS), and six combined samples (labeled: Low z, High z, High
z Prior, Low z Trim, High z Trim, and High z Trim Prior). Of those samples, the one with
the greatest depth and largest sample size is the one labeled High z Prior - high redshift data
with a prior on the LF’s faint end slope, «, from the Low z sample. The results reported
in Chapter [6] are, broadly, in line with previous results from the literature, with improved

statistical precision on most parameters.

i, from Chapter [3|is combined with the Bayesian posterior Markov Chain Monte Carlo
chains of the LF parameters from Chapter [0 to produce posterior chains of the 3.4 ym EBL
in Chapter [/} The background estimates from the LF chains, affected by a bias of unknown
origin that necessitated the split of the combined samples into High z and Low z subsamples,
show the expected overestimate in the EBL from the very fast LF parameter evolution
measured — in some cases higher than the highest direct measures. The subsamples not
affected by this problem show a trend of increasing background estimate with increasing
depth, so we are confident that the sample with the highest statistical precision, labeled

High z Prior, will agree most closely with even more precise measures that will be made in
4



the future.

Finally, Chapter [§ contains a summation of this work and where it fits in the ongoing

effort to understand the history of the formation of galaxies and the EBL.

The cosmology used in this thesis is based on the WMAP 9 year ACDM cosmology
(Hinshaw et al.| 2013)E], with flatness imposed, yielding: €3, = 0.2793, Q, = 1 — Qy;, and
Hy = 7T0kmsec™ Mpc ™! (giving Hubble time t; = H; ' = 13.97 Gyr, and Hubble distance
Dy = cty = 4.283Gpc). All magnitudes quoted are in the AB system, unless otherwise
stated. In cases where the source data was in Vega magnitudes and a magnitude zero point
was provided in the documentation, they were used for conversion to AB (2MASEﬂ and
AHWISEED. For the surveys without obviously documented zero points (NDWFSﬂ SDWF Sﬂ)
we converted Vega magnitudes to AB magnitudes using those provided in Kochanek et al.
(2012). When computing bandpass solar luminosities we utilized the 2000 ASTM Standard
Extraterrestrial Spectrum Reference E-490-00°] For our standard bandpass, W1 at z =
0.38, we get a solar absolute magnitude of Ms4,m o = 5.337 AB mag, corresponding to
a luminosity of Losyme = 3.344 X 1078 Jy MpCQ. All coordinates are listed in the J2000

reference frame.

'http://lambda.gsfc.nasa.gov/product/map/dr5/params/1cdm_wmap9.cfm
Zhttp://www.ipac.caltech.edu/2mass/releases/allsky/faq.html#jansky
3http://wise2.ipac.caltech.edu/docs/release/allsky/expsup/secd_4h.html#WISEZMA
“http://www.noao.edu/noao/noaodeep/
Shttp://irsa.ipac.caltech.edu/data/SPITZER/SDWFS/

Shttp://rredc.nrel.gov/solar/spectra/am0/
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Figure 1.1: Overview of the EBL from ultraviolet to far infrared wavelengths. The bump peaking
at around 1.5 ym is believed to be dominated by galaxy starlight, and the one near 110 pm is dust
emission from galaxies. This figure comes from |Dominguez et al.| (2011) and is Figure 2 there. For

wavelengths longer than around 400 pm, the CMB (not shown) dominates.



CHAPTER 2

Theoretical Description of the Measurement of ¢

The astronomy community has at its disposal a large back catalog of public spectroscopic
galaxy redshift surveys that can be used for the measurement of luminosity functions. Utiliz-
ing the back catalog with new photometric surveys to maximum efficiency requires modeling
the color selection bias imposed on selection of target galaxies by flux limits at multiple
wavelengths. The likelihood derived herein can address, in principle, all possible color se-
lection biases through the use of a generalization of the luminosity function, ®(L), over the
space of all spectra: the spectro-luminosity functional, W[L,]. Tt is, therefore, the first es-
timator capable of simultaneously analyzing multiple redshift surveys in a consistent way.
We also propose a new way of parametrizing the evolution of the classic Schechter function
parameters, L, and ¢,, that improves both the physical realism and statistical performance
of the model. The techniques derived in this chapter are used in an Chapter [0 to measure the
luminosity function of galaxies at the rest frame wavelength of 2.4 ym using the Widefield

Infrared Survey Explorer (WISE).

2.1 Introduction

The luminosity function (LF), which describes the demography of objects with respect to
their luminosity, is one of the most basic statistical properties that can be measured for
objects observed in astronomy. Because it is so basic, and because luminosities cannot

be measured directly, the number of ways to estimate the LF for galaxies are numerous

9This chapter is based on a paper originally submitted to The Astrophysical Journal in 2016, and currently
on hold pending submission of other papers, by the authors: S. E. Lake, E. L. Wright, C.-W. Tsai, and A.
Lam.



(see reviews: Johnston, 2011; Willmer, |1997; Binggeli et al., 1988)); so numerous, in fact,
that it is traditional for papers measuring a luminosity function for galaxies to use multiple
estimators, at least one parametric and one non-parametric. The most commonly used
non-parametric estimators (refinements of the 1/V., estimator of Schmidt| (1968)) made by
Avni & Bahcall (1980) and step-wise maximum likelihood [SWML] from |[Efstathiou et al.
(1988a))) can be accurately described as a binning of the data with completeness corrections.
The most popular parametric estimators are variations on the one from Sandage et al.|(1979)),

commonly called STY.

This chapter seeks to address three weaknesses in how parametric model fitting is cur-
rently done for the purpose of applying it to real data in Chapter [0} First, the most common
method for addressing incompleteness is not likelihood based and is, therefore, likely to con-
verge more slowly and exhibit higher bias than a more strictly likelihood based one. Second,
the existing techniques in the literature can only cope with data sets that are volume limited,
flux limited in a single bandpass, or that otherwise have a sharp cutoff in luminosity-redshift
space and a constant observation selection probability. Third, the majority also do not

address a bias related to spectral energy distribution variety, explored in |Ilbert et al. (2004]).

This chapter includes the derivation of an estimator that addresses all of these concerns
and can, in principle, handle an arbitrary number of flux selection limits. Each flux limit
requires an additional dimension in the numerical integration of some probability density
function (PDF); for this work that PDF is a multi-dimensional Gaussian. The well known
“curse of dimensionality” places limits on the performance of such deterministic numerical
integrations, so the estimator is presently useful for analyzing surveys with flux limits in
at most two bands. The basis of this new estimator is rooted in a generalization of the
luminosity function that uses functional analysis (calculus of variations) to estimate the
density of galaxies per unit volume, per unit luminosity, per unit spectral energy distribution
(SED) function space volume. This generalization is most naturally called the spectro-

luminosity functional.

The derivation is included to also show the way that many of the most popular estimators

are related to the one defined in this work. Of the parametric estimators, STY and the
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estimator from Marshall et al.| (1983) are approximations of the one from this work. The
following binned LF estimators are also related to the estimator defined in this work: 1/Vax
of [Schmidt| (1968), the binned Poisson estimator of |Page & Carreral (2000), and corrected

Poisson estimator of Miyaji et al.| (2001)).

It has been observed in multiple measurements of the LF that the density (¢,) and
luminosity scale (L,) parameters are evolving with time (Lin et al., [1999; Blanton et al.,
2003b; |[Babbedge et al., 2006 Dai et al., [2009; Loveday et al., 2012;|Cool et al.l 2012)). The
most frequently used parametrizations for the evolution of ¢, and L, are the ones from |Lin
et al.| (1999): L, oc 10°49% and ¢, o< 10°47* with Q and P constants. These parametrizations
work well at the empirical level, as long as the evolution is not extrapolated to very high
redshifts where, depending on the measured values of the evolution constants P and @),
either or both ¢, and L, can become un-physically large at high redshifts. To remedy this,
we propose a similar modified parametrization based on lookback time, instead of redshift,

that also satisfies the boundary condition that at some point in the past L, was zero.

There are a number of physical parameters that are derivable from the LF, including:
galaxy number density (brighter than some cutoff), the specific rate of change in number
density, luminosity density, the specific rate of change in luminosity density, and the nor-
malization of the predicted histogram of extragalactic sources binned by observed flux. This
work contains formulae that relate these parameters to the Schechter parameters, with spe-
cific application to the form they take when applied to the evolution scheme from Lin et al.
(1999) and the one proposed here. There is also a brief discussion of which parameters, from
experience, give less correlated errors when used in a Markov Chain Monte Carlo (MCMC)
characterization of the Bayesian posterior of the maximum likelihood estimator from this

work.

The structure of this chapter is as follows: Section contains derivations of multiple
ways of measuring LFs based on the likelihood, using both binned and unbinned techniques,
Section covers different aspects of describing the evolution of Schechter LF parameters,
offering improvements motivated on both physical grounds and statistical performance, and

Section[2.4] contains a brief discussion on where there is room for improvements going forward.
9



The performance of the estimators on simulated data sets is not examined, because they are
100% likelihood based, and any simulations that can be done quickly would require the same
approximations made in deriving the likelihood. Instead, the tools are applied to real world
data in Chapter [0] to measure the luminosity function of galaxies at rest frame 2.4 um using

WISE in combination with a number of public spectroscopic redshift surveys.

2.2 Luminosity Function Measurement

The basic definition a luminosity function, ®(L), is the number density of sources per unit
luminosity per unit volume. This definition often leads to the treatment of ® as a PDF that
is normalized to the density of sources instead of unity. For galaxies this treatment conflicts
with the fact that the integral of the reported luminosity functions is frequently divergent
(see, for example, the results in Dai et al., 2009)). The contents of the section break down,
by subsection, as follows: Subsection resolves this conflict by more precisely defining
® as a non-normalized density, permitting a rigorous derivation of a corresponding max-
imum likelihood estimator. Subsection [2.2.2] covers the technique used here to deal with
the biases that cosmological redshifting adds to the problem of measuring galaxy luminosity
functions over large redshift ranges. The technique used is to expand the definition of lu-
minosity functions to cover their entire spectrum: the spectro-luminosity functional, W[L,].
Section derives the corresponding maximum likelihood estimator for a binned LF es-
timator, showing how different estimators in the literature correspond to different levels of
approximation. Finally, Subsection gives formulae for estimating the uncertainties in

the binned estimators described in the previous subsection.

2.2.1 Luminosity Function Definition

In this work we choose to define ® rigorously, bordering on pedantically, in order to show
where all of the approximations that leave room for future refinements are, and to show how
where many existing estimators are approximations of the one derived here. The definition
of ® used here is as follows: given a volume, dV;, around the point in space at position &;,

10



and a luminosity interval, dL;, around the luminosity L;, the average number of sources that

exist in that bin around that point in luminosity-location space is:
(my) = ®(Ly, 7;) dL; AV, (2.1)

where the average is taken over an ensemble of universes with different initial conditions,
m; is the actual number of galaxies around (L;, #;) in a particular universe selected from
the ensemble, and 7 is an index that covers all space-luminosity boxes in a given partition
scheme of a particular universe. The homogeneity and isotropy of the universe guarantees
that ® does not actually depend on 7, but it can evolve with time, and, therefore, does
depend on redshift, z. What differentiates this definition from others is that it is explicitly
an average over a hypothetical ensemble of universes, making it conceptually independent of
environment. A similar definition can be arrived at for an environmentally dependent LF,
what we would call a conditional luminosity function, the two most common examples of
which are the field galaxy LF (low density environment) and the cluster galaxy LF (high
density). However, doing so introduces complications to the measurement process related to
correctly identifying the environment each galaxy is in, and how to correctly match those

classifications across cosmological time, that are beyond the scope of this work.

We can assume that m; is Poisson distributed, an approximation that is accurate in the
limit where the volume of the spatial box is (m;) < 1, as is done implicitly in Marshall
et al. (1983). The random vagaries of whether the or not the galaxies in box ¢ are selected
in the observation process can be modeled as a binomial process with probability denoted
S(L;, #;), called the selection function, and a number of trials equal to m;. When the binomial
observation process is combined with the Poisson distribution of m,;, and the number of
unobserved galaxies is summed over, the resulting distribution of galaxies observed, n;, has
probability:

[5i®: dLi AVI[™ _s.0,az,av;

P(n;) =

(2.2)

It is in the next step that the biggest approximation is made. The approximation is to

treat all of the P(n;) as independent, as implied by the cosmological principle (homogeneity
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and isotropy of the universe). Where this fails is that galaxies have finite size, and overlapping
galaxies tend to quickly merge, so no more than one galaxy of any luminosity can occupy
a given region of space for long, and the size of that region depends on the luminosity
of the galaxy. Outside of that effectively excluded volume, however, galaxies tend to be
positively correlated (that is, the presence of a galaxy at one point increases the probability
of finding another galaxy nearby), as measured in works on galaxy clustering (for example:
Zehavi et al., 2005). A full treatment of the impact these factors would have on the true
likelihood of galaxy catalogs is beyond the scope of this work. The cosmological principle
approximation applied to Equation implies that:
In(Peatatog) = Y _ [ni1In (S;®; dL; Vi) — In(n;!)

—S;®;dL; AV, (2.3)

where Peatalog 1s the probability of observing the catalog of galaxies in the bins being summed

over.

Taking the limit that the space-luminosity boxes are small enough that all n; are either
0 or 1 reduces the first term of the sum to be only over those boxes where a galaxy was
observed, the second term vanishes, and the third term becomes an integral. Also trading
the probability, Peatalog, for a likelihood, Leatalog, gives the penultimate form of the maximum

likelihood estimator:
ln(ﬁcatalog) - Z In (S(Lw fz) CI)<L27 Zz))
— /S(L,f)CI)(L, z)dLdV. (2.4)

In the sharply cutoff step function completeness limit, that is S(L,¥) takes on one of two
constant values, 0 and s, Equation becomes identical to the estimator from Marshall

et al.| (1983).

The next refinement to the estimator is to isolate the normalization of ®. That is, if

O = ¢, Po(L, 2), then the likelihood splits into a maximum likelihood estimate for ¢, and a

12



likelihood for ®:
N

d (2.5)

_ S(Li, %) Po(Lis 2)
In(Loanon) = 3 In ( [ S(L, %) ®o(L, z)dL dV) ’ (26)

where N is the total number of galaxies in the catalog, and terms that in the sum that do not
depend on the parameters in ® are dropped as irrelevant. If the selection function, S(L;, %;),
depends only on the observed flux and the differing effect of cosmological redshifting on
galaxies with different SEDs is not significant, then Equation becomes identical to the

estimator in Sandage et al. (1979), called the STY estimator for the authors of the paper.

The original definition of the estimator given in Sandage et al.| (1979)) handled incom-
pleteness in a similar way to what we do here, with a more simplified model for it. Some
time between the review by Binggeli et al.| (1988) and the work of [Efstathiou et al.| (1988b))
the handling of incompleteness changed to weighting the terms of the log-likelihood sum by
the inverse of the selection function, as described in Equation 27 of the review of |Johnston
(2011). Weighting terms in a likelihood estimator with real valued scalars is identical to
placing those same scalars into the exponents of the product of the likelihoods. This can
make a certain amount of intuitive sense, if the weighting is viewed as correcting the num-
ber of observations at each point to be what would have been observed were the data set

complete.

The problem with viewing the use of weights in the sum of log-likelihoods as correcting
the data is that it does not model the statistical behavior of the completeness corrected data,
making estimates based on the weighted sum not likelihoods. While a general demonstration
for any binned data set of independent and identically distributed data is possible, the
steps are fundamentally the same as if we consider a single Poisson distributed quantity, n,
with mean s\. In this case, the completeness corrected data, n/s, will have mean A and
variance A/s. Just dividing the log-likelihood by s, as described, treats n/s as though it were
Poisson distributed with mean and variance . Figure [2.1| shows a comparison between the
distribution of a Poisson distributed quantity, n, with A\ = 4.5 and s = 0.75 in comparison

with how the weighted log-likelihood behaves with n and a Gaussian with matching mean
13



and variance. A detailed analysis of how getting the variance, and all higher order moments,
wrong affects the performance of the estimator is beyond the scope of this work, however it
is not a stretch to say that using a distribution that gets the mean right but the variance
wrong is an approximation that is not even Gaussian level, which gets the mean and variance
right, and therefore likely to exhibit a greater bias than a correct likelihood treatment is.
It is worth noting that we are not claiming that working with completeness corrected data
is not possible, just that doing so should be limited to cases where the number of objects
pre-correction in each bin is large enough that the bin’s distribution can be approximated
with a Gaussian (the limit where x? statistics are a good approximation), permitting correct

treatment of both the bin’s mean and variance.

T T T T T T T T T T T

0.3F i
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P(n) (probability)
<

e
o

Figure 2.1: Comparison of the distribution of a true Poisson variable (black histogram) to a
“completeness corrected” version that has the same mean (blue histogram, offset left) and a Gaus-
sian distribution with matching mean and variance (grey line). The black line has mean \ = 4.5
and completeness s = 0.75, for a combined mean of 3.375. The blue line is the result of taking
the formula for a Poisson distributed variable, P(n) = A\"e™*/n!, completeness correcting it with
n — n/s, and normalizing the distribution to sum to unity. The blue distribution, which is what
current completeness correction techniques implicitly use, is narrower than the black, underesti-
mating the variance of the distribution. The Gaussian distribution with mean and variance 3.375

is provided to show that it more closely matches the black histogram than the blue one does.

The integral in Equations [2.4H2.6] is often only evaluable numerically. As long as the

numerical integration only has to be performed once per calculation of L atalog, and not for
14



every term in the sum, then the computation is usually not too computationally expensive.
With both of Equations [2.4] and [2.6] though, the selection function for a flux-limited sample
will be different for each source because each source has a unique SED, thus requiring the
numerical integral to be evaluated for each source in the catalog. It is the ability to avoid
this burdensome calculation that makes the more advanced estimator derived in Section [2.2.2]

useful.

2.2.2 The Spectro-Luminosity Functional, ¥

The phenomenon of cosmological redshifting combined with the variety of galaxy SEDs
complicates the process of translating flux selection limits into luminosity selection limits,
even for a single band selected survey. In the absence of redshifting, a sharp cut along a
straight line in a flux-distance graph translates into a curved line in a luminosity-distance
graph, but the sharpness of the cut boundary is unaffected. If all galaxies had the same
SED, then the statement in the previous sentence would be unmodified because it would
just mean that the boundary curve would have a different shape. For any real collection
of galaxies, though, each galaxy has a different SED, making the relationship between flux
and luminosity for galaxies overall effectively statistical. Figure illustrates a simplified
situation in which the fundamental mechanisms are the same: a cut in one variable imposes
a smoothly varying completeness in a correlated variable. It is, therefore, necessary to model
the distribution of the variety of galaxy SEDs to accurately reproduce the selection function

needed by the maximum likelihood estimator.

The straightforward approach to modeling the distribution of SEDs is to generalize the
concept of the luminosity function beyond a density of galaxies per unit luminosity, as mea-
sured by a single detector, to the density of galaxies per unit volume in the space of possible
SEDs, that we are calling ¥. One advantage of this approach is that it provides a univer-
sal intermediate form between models that predict the distribution of galaxy SEDs and all
of the different histograms astronomers construct from galaxy luminosities and fluxes (es-

pecially: luminosity functions and color-magnitude diagrams). Most importantly, because
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those predicted histograms are all constructed from the same intermediate, data from dis-
parate surveys with different selection criteria can feed information back into the theory’s

parameters in a consistent way.

This section takes the following approach: define ¥ and its relation to the standard
LF, construct the part of ¥ that extends beyond ® using a Gaussian approximation, and
define an approximation for the Gaussian’s parameters using SED templates to reduce the

parameters from full functions to matrices.

The full details of how probability densities of functions are handled can be found in some
texts on functional analysis, or any text on quantum mechanics or quantum field theory that
covers the path integral approach (for example: Peskin & Schroeder], [2007). In a broad sense,
the calculus of functions is the same as ordinary vector calculus because a function is as an
element of a vector space; the only distinguishing feature is that a limit as the number of

dimensions approaches infinity is implicitly taken.

The definition of ¥ begins similarly to the definition of ® given in the previous section.
The mean number of galaxies within a function space volume, [DL,|;, of the SED L,(v),

and within a real space volume dV; of Z; is given by:
(n) = V[L,](z) - dV; - [DL,];, (2.7)

where the square braces denote that U is a functional of L, and the parentheses denote that
it is an ordinary function of z;. A non-rigorous illustration of a density over function space,
the concept embodied in Equation can be found in Figure 2.3] The lack of specificity
in defining what is meant by a “function space volume” is actually reflective of the current
state of the field of functional integration (see, for example: |Cartier & DeWitt-Morettel 2000}
Nakaharal, 2003; Zinn-Justin, 2009; |Albeverio & Mazzucchi, 2011}, and references therein).

The relationship between W[L,](z) and ®(L,z) is a marginalization (that is, summing

over irrelevant degrees of freedom):

O(L,2) = / [DL,] (L— / L,(v)w(v, 2) du) U[L,)(2), (2.8)

where w(v, z) is a weighting function that, through its units and form, defines what the
16



symbol L means, and §(x) is the Dirac delta function. For example, if the weighting function
depends on redshift in the following way then L is an observer frame flux ready for conversion
to a magnitude:

_ (1+2) v Rv/[1+ 2])
4rDp(2)? [ R(v) Fysa(v) v dv’

w(v, 2) (2.9)

where F), 4q(v) is a flux SED of some standard source, Dy, (2) is the luminosity distance, and
R(v) is the relative detector response to a photon with observer frame frequency v. As the
example equation suggests, the weight functions are meant as a generalization of detector
responses, regardless of whether the response is: narrow, as it is for a pixel in a spectrograph;
broad, as for an imaging filter; or fully bolometric. Performing similar marginalizations with
multiple different weighting functions can produce any color-magnitude diagram, up to a
change of variables and application of a selection function, in observer frame or rest frame

quantities.

2.2.3 VUV in Gaussian Approximation

The use of the calculus of functions makes ¥ extremely general and powerful conceptu-
ally, however concrete predictions require a projection down from a density over infinite-
dimensional function space to one over a finite number of dimensions (a process called
marginalization in statistics). The algorithms for doing this numerically for the general
case are computationally intensive (see, for example, the field of study known as lattice
quantum chromodynamics), so it is important to find a form for ¥ that can be marginalized
analytically. To begin with, in order to make the form of ¥ consistent with what is already
known about @, it is useful to use the ratio of ¥ and ® to define the conditional likelihood

functional of the SED (Lsgp):
U[L,)(2) = Lsup [ﬂLLy] (|L, 2) x ®(L, 2), (2.10)

where Lsgp [f[ 1 L,,} (.|L, z) symbolizes that Lsgp is a functional of the random function 1, L,
and a function of the non-random variables L and z, with the dot there as a placeholder

because there are no random scalars on which Lsgp depends. I | is an operator that adjusts
17



the SED, L,, to satisfy one or more constraints equations of the form:

/ [ﬂLLV} (v) x w(v,z)dv = L. (2.11)

When there is a single constraint, I, can be constructed as a normalization of the SED:

Ll/
JL,(v)w(v)dv

.., =1L (2.12)

This is not the only way to define I, . Factors that affect the form of IT| include: the number
of constraints, whether the weight functions overlap, and whether it is important to maintain
the non-negativity of the allowed SEDs. If the form of Lggp assigns sufficiently low likelihood
to un-physically negative SEDs, and all of the weight functions are linearly independent, for
example, it is possible to treat L, as a vector and construct I1, as a linear projection operator

by performing Gramm-Schmidt orthogonalization on the weight functions.

A more accurate form of Lggp is derivable using the star formation history of the universe,
stellar population synthesis models, dust models, active galactic nuclei (AGN) accretion his-
tory models, and some description of the density fluctuations in the universe. The last is
important because galaxies with red SEDs, indicating “quiescent” star formation, are typi-
cally found in higher density environments than galaxies with the optically blue SEDs that
indicate active star formation, so density fluctuations will affect the spread of possible SEDs
and balance of red and blue types. This work avoids those complications by just approximat-
ing Lsgp as a single Gaussian functional, with the understanding that the approximation can
be improved by either combining multiple Gaussians in Lggp or summing over different lumi-
nosity functionals for different types of galaxy (for example, ¥oyeran = Yaan + Yred + Yhlue)-
Explicitly, let wo(v) be the weight function that defines the rest frame luminosity that is the
argument of ®, and ¢, = L,/ [ L,wydv, then:

N

Det[X]

- exp (—%/ dvdv' [0, (v) — (V)] S5 (v, ) [0, (V) — ,u,,(l/)]) : (2.13)

‘CSED [61/] =

i, (V) is the mean of the normalized SEDs, (v, 1) is the covariance of normalized SEDs,

and A is a normalization factor with a form that depends on the details of how the func-
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tion space is parametrized. If the functions are approximated with M boxcars, for exam-
ple, N = (27)"M/2, $I-U(y,1/) is the functional inverse of X(v,7/), that is it satisfies:
[ S(z,y)2(y, 2) dy = 6(z — z). Perhaps the most familiar example of a functional inverse
in physics is that of the negative Laplacian operator (—V?), called its Green’s function, given
by: G(7,7") = 1/(4x|r"—7"]). Another example specifically from astronomy is implicitly used
in the process of image deconvolution; it is formally the same as treating the image’s point
spread function as the kernel of a linear operator and finding, approximately, that operator’s

inverse.

It may seem like using a single Gaussian for Lggp is too great an approximation because it
cannot produce the most prominent structures seen in color-magnitude diagrams of galaxies:
the “red sequence” and “blue cloud”. Doing so is equivalent to a standard practice of
performing a single LF fit to all of the data to produce an overall LF (for example: Efstathiou
et al. [1988bt [Loveday, |2000; |Cole et al., 2001}, | Kochanek et al., 2001; |Blanton et al., [2003b);
Bell et al., 2003; [Jones et al. [2006; |Babbedge et al. [2006; (Cirasuolo et al.; |2007; Dai et al.,
2009; [Smith et al., 2009; Montero-Dorta & Pradal, 2009; Loveday et al.l 2012; |Cool et al.,
2012)). A further level of refinement is usually, but not always, included where the galaxies
are broken down by type (most frequently: early/red “quiescent” galaxies, late/blue “star
forming” galaxies, and AGN). This would be equivalent to treating ¥ as the sum of three

spectro-luminosity functionals that each have one Gaussian in Lggp.

The mean of the normalized SEDs, u,, is required to compute the spectral comoving

luminosity density (CLD) of the cosmos, py,; it is
) = [1DLI L, WIL)G)
= MV(V)/LCI)(L, z)dL. (2.14)
If pu, depends on luminosity, as is allowed, then it will be inside the integral.

Returning to the derivation of an LF estimator from Equation the Gaussian form
of Lsgp and the linearity of detectors makes the transition from function space to a finite
number of bandpass fluxes and luminosities an exercise in linear algebra that introduces no

new approximations. If there are K luminosities/fluxes of interest, defined by weighting
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functions wy (v, z) with k =1... K, then:

1
L 0}) =
o) = e de )
| K
FOEP <_§ > 1l = wl[E 1506 — Nj]) : (2.15)
ij=1
where 4 = [ 6w (v, 2) dv, I = [ 1 (V)wi(v, 2) dv,
i = [E(w, V) wi(v, 2)w;(V, z) dvdY/, and projecting down from function space to this

K-dimensional space has transformed the functional determinant and inverse into ordinary
matrix ones. Equation works as long as all of the weighting functions, wg(v, z), are

linearly independent functions.

Equation [2.13|is an approximation because physical SEDs are all non-negative, and the
Gaussian form in the equation does not exclude un-physically negative ones. That constraint
could have been satisfied by choosing a log-Normal form for the distribution instead of
Gaussian, but then the projection into a subspace using a set of weighting functions becomes
only possible in terms of spectral quantities, that is wy o< §(v — vx). As long as the value of
the mean exceeds the standard deviation by enough, for example p, (v) > 21/%(v, v), for all
relevant frequencies the approximation should be accurate enough. Finding a more correct

form for Lggp that satisfies this constraint without approximation is left for future work.

2.2.4 Approximating the Mean and Variance of SEDs Using Templates

In principle, p,, and ¥ can be measured directly using the population mean and covariance

of directly observed, normalized, spectra:

Y, V)~ —— Z(ﬁu (V)= 0,W) (V) = 6,1)). (2.16)

=1
If sufficient high resolution spectroscopic data were available to actually measure p, and X
as functions, then it would not be necessary to construct ¥ to measure ®, as ® could be

measured directly. It is, therefore, necessary to further approximate the galaxy SEDs as a
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sum over a set of templates, for example the four templates of |Assef et al| (2010). If there
are Nt templates in the set with SEDs lz,,a, then under the template approximation for each
galaxy ¢, ;(v) = ZiV:Tl fai Uy.a(v). Applying the template approximation to Equations m
yields:

Nt
(V) = Zfa l, o(v), and
a=1

S v)m Y cov(fa f) la(v) Lun(v), (2.17)

a,b=1

where f, and cov(f,, f,) are a vector and matrix of parameters, respectively. It is worth
reiterating that lz,,a are the normalized template spectra, and f,; is the fraction of luminosity

contributed by template a to the wy band pass for the galaxy identified by index 1.

It is possible to include the parameters in Equations , f. and cov(fa, fp), with the
others when fitting the LF to data. Doing so greatly increases the number of free parameters
in the fit, however, with Np — 1 degrees of freedom in f, and (Ny — 1)(Np — 2)/2 degrees
of freedom in cov(f,, f;), consistent with the normalization condition on the luminosity
fractions. It is, therefore, worth it to fix these parameters separately from the measurement

of the luminosity function, if possible.

The final form of the LF likelihood to be used in Chapter [6] can now be written down by
combining Equations [2.4] 2.10] and [2.15}

(L) = Y n(S(Ful, Fo, 7)Lsep(Feet, FolLo)®(Lo, 2))

galaxies

— / S(Fser, Fo, T) Lsp (Fser, Fo|Lo)P(Lo, z) dFye dFy dLg dV, (2.18)

where Fj is the observer frame flux K-corrected to Ly, Lg is the luminosity corresponding
to wy, @ is the position in space of the galaxies, and Fy, is the flux which was used to select
redshift survey targets, assuming it is not the same as F. While the selection function,
S(Fyel, Fo, ©), can be smooth, it is useful to approximate it as flat where it is non-zero,
uniform on the sky within the boundary of the survey, and confined to any appropriate
redshift limits.
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The explicit form of Lggp can be derived from Equation [2.15]

eT1t72 47TDL(Z)2>2
L Fia, Fo|Lg) = .
s Fat, ) = e ((1 D)
2
1
- €Xp <—§ Z [&' - Mi] [U_l]ij . [fj — ,uj]> , and (2.19)

ij=1

/. FinDr(2)%e™
e (1 + Z)LO

where 7; is the optical depth of foreground dust and gas extinction toward the target galaxy.
When numerically computing Lsgp it is important that the matrix ¢ in Equation [2.19) is
invertable. A simple model for the noise to signal ratio in the observed fluxes, F;, added to

the diagonal entries of ¥;; suffices for this purpose (no Einstein summation is assumed):
B;
0i; = Sij + (05 AiF + 07407 5) ity (2.20)

where A and B are noise model parameters derived from an ordinary least squares fit of
In(0%F~2) to In(F), that is a log-space fit of the squared noise-to-signal ratio to the log of
the observed flux. While more realistic models incorporate multiple sources of noise, like
the background or positional jitter, a single power law is often sufficient since the color
covariance, Y;;, is the dominant contribution to o;; at most redshifts. o,; is a way of
including the impact of differences in foreground dust and gas obscuration over the survey
field, if the survey was targeted on fluxes that were not extinction corrected; specifically, it is
the standard deviation of the dust optical depth of the Milky Way for targets in the survey
if selection was based on pre-extinction corrected fluxes. The form of the o,; contribution
to the matrix is set by the fact that each direction has a single E(B — V') that each 7
is proportional to in the extinction model of (Cardelli et al.| (1989), so the uncertainties at

different wavelengths are correlated.
The effective selection function in redshift-luminosity space, the S(L, z) from Section|2.2.1}
is directly derivable from Lggp as:

S(L,2) = / S(Fuar, Fo, %) Len(Fat, Fo| L) dFar dFp. (2.21)

It is to avoid evaluating the integrals in Equation [2.21| numerically for every different galaxy

in a survey that Equation is not recommended as the best LF likelihood estimator.
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It is also arguable that rest frame luminosities, Ly, are not actually directly observable

outside of a narrow range of redshifts. In that light, the expression of the LF likelihood is:

In(2) = 3" In(pu(Fr2)) - / pu(F2) M F AV

—

pu(F,2) = S(F, 2) / Lsep(F|L, 2) ®(L,z)dL. (2.22)

This has all of the computational load drawbacks of Equation It also has the problem
that the normalizing integral, the integral over d™F, is an integral in a high dimensional
space over a finite box, and that further slows numerical performance, even for a Gaussian

function.

2.2.5 Binned Luminosity Function Estimators

The three most popular binned estimators for the LF are: 1/Vi,.x (Schmidt| [1968]), step-wise
maximum likelihood (SWML) (Efstathiou et al., 1988a)), and C'~ (Lynden-Bell, 1971)). C~
is built around estimating the cumulative luminosity function, [ ®(s, 2)ds/ [~ ®(s, 2) ds,
and does not recover the normalization. SWML is based on the STY version of the likelihood,
and ends up with correlated errors between the bins from the technique used to recover
®’s normalization. The 1/Vj,.x estimator has very well explored drawbacks, sensitivity to
clustering (Takeuchi et al., 2000)), and trouble near the luminosity limits (Page & Carrera,,

2000)).

Miyaji et al.| (2001) proposed an estimator they named N°Ps/Nmdl:

obs

(L, z) = @™ Ly, ;) - (2.23)

where ®(L;, z;) is the value of the LF in L-z bin i, “mdl” is short for “model,” &= is
an approximate LF model, N™ is the expected number of observations in bin i according
to approximate model LF ®m4 and NP is the number of objects observed to be in bin
i. Miyaji et al.| (2001) did not include a derivation of this estimator, so one follows here,
including some refinements.

The definition of the luminosity function implies that the mean number of galaxies in a
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bin is:
(N;) = / S(L,2)®(L,z)dLdV. (2.24)

The weighted mean value theorem implies that:

(Ni)

O(L,2) =
L) = 15 dbav

(2.25)

for some (L', 2’) in the L-z bin where the selection function, S, is non-zero. The maximum
likelihood estimator for (NNV;) is the observed number, N; (if the N; are Poisson distributed),
thus:

Ni
i S(L,z)dLdV

(L, ) = (2.26)

In the approximation that (L', 2’) is at the center of the box and S is a step function,
Equation is the estimator from Page & Carrera) (2000), which corrects for the near
luminosity limits problems of the 1/V],.x estimator. Recovering the 1/V},.x estimator requires
(in order): making the step function S approximation, making the bins infinitesimally thin
in the luminosity direction, and finally binning infinitesimal luminosity bins back down into

the coarse bins desired, yielding (for log-space binning):

1 1

O(Li, z) = (2.27)

where j runs over objects in bin i, AV; = V(zpi) — V(210), 2ni is the smaller of the upper
redshift of the bin and z,,y, the maximum redshift at which the galaxy is observable, and
similar in the opposite sense for z,. AV is called Vj, for volume available, in Avni & Bahcall

(1980).

The N°Ps/N™dl estimator of Miyaji et al.[ (2001) comes from using an approximate model
for the LF, ®™4! to correct the estimate from Equation from being accurate at some
unknown point in the bin to being an estimate of ® at the center of the bin. This process is

formally identical to how flux corrections for different SED shapes in astronomy are done:

omdl(L, z) N,
@ L » ~1 1
(Leo2) = Goid( D, 2y ST, z)dLav’
" N,
= dl(Lz7 ZZ) . <de1> (228)
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where the second line undoes the weighted mean value theorem.

The downside of the N°P/N™dl estimator, which can also be described as a corrected
Poisson estimate, is that there is some dependence on the model LF introduced by the
correction. A detailed exploration of this sensitivity is beyond the scope of this work, but
any model closer to the true LF than ®™4 = constant, the model implicitly assumed when
approximating L' and 2’ as being at the center of the bin in Equation [2.26] will give improved

results.

2.2.6 Error Analysis

The uncertainties in the binned estimators can be estimated using propagation of errors and

the assumption that Poisson/shot noise describes all the variance:

1 ? 1
2
01/ Vinax, @ (LlA In Lz) - (SjAV})w an

mdl \ 2
o (2 )y, (2.29)
Nobs/del7 3 <de1> 1 .

The formula for o} Vi COMES from doing propagation of errors in the process of binning
down the estimate in the luminosity direction. Equations [2.29 underestimate the error
because they do not account for a number of factors, including: cosmic variance, redshift
uncertainties, or luminosity uncertainties (including the contribution from the variety of
SED colors discussed in Chapter [3]). How to handle these factors in the presence of smoothly

varying selection functions is beyond the scope of this work.

2.3 Luminosity Function Parametrizations

For galaxies, the standard practice is to model the LF as a Schechter function:

O(L,z) = ?8 (LjZ))a o L/ (2, (2.30)

This form for the LF was derived in [Schechter| (1976) under the assumption that galaxies

build up in luminosity through a process of merging. While mergers are not the only way
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for galaxies to build up in luminosity, the function still works well empirically. Figure [2.4
contains an illustration of the shape the Schechter function takes, in log-log space, including
labels for L, and ¢,, and illustrations of how the shape changes when each of the parameters

changes, as they would for evolution in time.

In principle all three of the parameters in ® could evolve with z, but measuring the evo-
lution in « requires data that is deep over a broad range of redshifts, so most works assume
it is constant. For L, and ¢, the most frequently used parameterizations are those of |Lin
et al| (1999) (L, o< 1049 and ¢, o< 10%4P% with P and @ constants). While these param-
eterizations work fine in a small range of redshifts, they allow for unphysically unbounded
evolution at high z. This work, therefore, introduces the following similar parameterizations

in terms of ¢;,(z), the lookback time at redshift z:
¢* = ¢Oe_R¢tL(Z)7 and

t "
L, — Loe—RLtL(Z) (1 _ —Lt(Z)) ’ (2.31)
0

where Ry is the density evolution rate, Ry, is the luminosity evolution rate, ng is the initial
luminosity index, and ¢, is the lookback time at which galaxies first lit up (some redshift
between reionization and recombination). Given the definitions of the parameters, L,(t; =
tp) = 0 is a boundary condition, requiring that ny > 0. Parametrizing ¢, evolution in
terms of lookback time also guarantees that it will remain finite for all redshifts regardless
of whether R, is positive or negative. The addition of a power law to the evolution of L, is
inspired by the model of star formation rate (SFR) in individual galaxies used in [Lee et al.
(2010) and tested against simulations in [Simha et al.| (2014)): SFR(t) o texp(—t/7), where

t is measured from the onset of star formation.

One advantage of the form for L, in Equation is that the model now contains an
estimate of where the big galaxies hit their peak luminosity, the redshift at which L, has a
maximum, zy:

N
Ry’

Note that L, only has a maximum at finite time if R; < 0; when this condition is not met

tL(Z*) = to + (232)

L, increases without bound for all future time, putting the maximum at z = —1.
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A graph of how our simple model for L,(z) evolves with cosmological time can be found

in Figure 2.5

2.3.1 Derived LF Parameters

A number of physical quantities are derivable from the luminosity function. The first pair
of such quantities are the density of galaxies brighter than some cutoff, the zeroth moment

of the Luminosity function, and its specific rate of change:

ng(L > Lyin) = /L ®(L,z)d L, and (2.33)
Jln(n,)

=— 34

R, o, (2.34)

respectively. But for the low luminosity cutoff, necessary to make n, finite, both quantities
would be universal; that is, independent of the bandpass they are measured in. Because R,
depends only weakly on the parameter Ly, /L, (small for most redshifts), it is approximately
universal, making it extremely useful to compare measurements of LF evolution regardless

of which luminosity was used in the measurement.

For a general Schechter function n, and R, are:

Lmin
ng = ¢, (a +1, 7 ) , and (2.35)

Loin |7 L /L
100, [L_} e L*18L*

* 8t B Lmin * 8t
L r <a + 1, T) L

Rn:_(b

f;:ﬁn/L* r®In(z)e™dz \ §a

T <CY + 17 LLL:]> atL

100 : 0L
N —p = 1 L1 ==
9, atLerm(OHr , 0) L, i

(b(2)- e

+9O(a +1)0(a + 1)) T (2.36)

where I'(a, 2) is the (upper) incomplete gamma function, ¢(*)(z) is the digamma function,

and O(x) is the unit step function (Heaviside). As long as « is (nearly) constant, and
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Lyin < L, the band dependence of R, is vanishingly small, making R, universal at most
times. The time when the universality of R, fails is at early times (high redshifts near
reionization) when L, is near L;,. For the parametrization defined here, and the one

defined in |Lin et al.| (1999), respectively:

R, = R, —min(1 + «,0) {RL + " not } , and (2.37)
0o— 1L
2 ) dz
R, = —=1In(10) (P — min(1 + «,0)Q) —. (2.38)
5 dtr,

For the purposes of fitting a LF to data in a Bayesian framework, it can be useful to
make the substitution R,(0) = Ry — (1 + a)(Ry + noty ') to replace Ry. This substitution
is profitable because we have observed R, (0) to be less correlated with o and L, than Ry

with real data sets.

The CLD, pr, and its specific rate of change are defined as:

oL :/ LO®(L,z)d L, and (2.39)
0
__9ln(p)
R, = o, (2.40)

Applying the definitions to the Schechter function parametrization of ® yields:

pr = ¢.LI(a+2), and (2.41)
_1 00, L_18L*

TR ot Tt o

~yOa+2)20

R = -
r oty

(2.42)

where 1 (z) is the digamma function. When further specialized to the parametrization

defined here and the one from [Lin et al. (1999), Equation m gives:

)

R,= Ry + R + , and (2.43)
lo —tL
2 d
R, = —=In(10)(P + Q)~—, (2.44)
5 dt;

respectively. The redshift at which the CLD hits a maximum, z,, can also be found for the

parametrization defined here by solving for z, in the equation:

+ 2
" Ry+ R
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Like with the Equation [2.32] existence of a solution at finite time to Equation [2.45| requires
the assumption that the present CLD is decreasing, R4+ Ry, < 0, with a maximum at z = —1

otherwise.

The third quantity of interest is closely related to to the flux counts density on the sky,
dN/(d FdQ). It is a well known result that for an infinite Euclidean universe with a static
LF that d N/(d FdQ) oc F~°/2. It is possible to show that the constant of proportionality,
here called k,, can be calculated from the Schechter LF parameters:

¢ LY 5
L= p 2. 2.46
: sty47T1/2 ot 2 ( )

as long as L,, a, and ¢, are assumed constant.

The utility of parametrizing the LF in terms of k, is that, as the LF measurements in
Chapterf6] shows, real data constrains it more than ¢,, making it less correlated to the other
parameters in the Schechter function. Further, when performing a Markov Chain Monte
Carlo analysis of a model, it is important to have reasonable bounds for the parameters
in the data to constrain the search space. For k,, it is possible to produce a histogram of
fluxes in log-log axes, weighted to remove the Euclidean power law slope (—5/2) and the
effects of redshift, and read off a reasonable range of values that x, can take. To remove
the non-evolution effects of redshift it is sufficient to histogram the flux the source would
have if the universe were static and Euclidean, F = L/(4wD>3.(2)), where Dep(z) is the
comoving distance transverse to the line of sight (also called Dy). L, can be similarly
constrained by visual inspection of luminosity histograms. The fundamental definition of ¢,,
®(L,) x ¢, L', means that the value of ¢, is contingent on the value of other observables,

and therefore less straightforward to read off a reasonable range from inspection of a graph.

The models produced here for the evolution of L, and ¢, have the advantage that they
are computationally simple. While their form is based on improving the early cosmic time
behavior of the models compared to the models of Lin et al. (1999), there is much room for
improvement yet. The models in this chapter imply, for instance, that the long time CLD will
exponentially decay to zero. This behavior conflicts with a lower bound on the rate at which

the CLD can decrease implied by at least two stellar population synthesis models. Assuming
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that the CLD is already dominated by stars and not AGN, the fastest the CLD can decay is
the rate it would drop if all star formation were to cease abruptly. Thus the CLD decay rate
is bounded from below by the luminosity decay rate of a simple stellar population (SSP).
Figure [2.6| shows the evolution of an SSP’s absolute magnitude in two infrared bands that
bracket A = 2.4 ym (2MASS K, and WISE W1) with two different initial mass functions
(Salpeter and Chabrier) from two different population synthesis models (Bruzual & Charlot,
2003; Maraston, |2005) as implemented by the EzGal software package (described in: [Mancone
& Gonzalez, 2012)). The different combinations are not labeled because the details are not
important here, only the overall trend that they all decay in luminosity like a power law

(approximately oc £~'/2), which is much slower than an exponential decay.

2.4 Discussion

We summarize the commonly adopted luminosity function estimate processes, including the
estimators from: Schmidt| (1968)), [Sandage et al.| (1979), Marshall et al.| (1983), Page &
Carreral (2000)), and Miyaji et al.| (2001). This work also introduces improvements to the
luminosity function measuring process from the point of view of mathematical rigor, com-
patibility with the physical constraints implied by the current understanding of cosmology,
and raw statistical performance (statistical orthogonality of parameters). While that last
property is not demonstrated here, it will be apparent when the techniques defined here are
applied to the real world data sets of Chapter [5] in Chapter [6] In particular, we will show
that the cuts to the data sets necessary to render the selection functions approximately flat
remove 27-81% of the data in the set, depending on how flat the selection function is required
to be. Making such a cut is not sufficient to relieve the computational burden required to
address the selection biases addressed in this work, however, because determining the shape
of the flat region requires roughly the same effort on the part of the scientist analyzing the

data.

We hope that the decision to present not just the final form of the estimator, but also

its derivation, will make it easier for future users of these techniques to adapt them to their
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specific needs, and even to make improvements as computational techniques and hardware

improve. Areas where there is significant room for improvement in the model include:

e the model does not yet make any allowance for the effect of clustering/cosmic variance,

e the model does not make allowance for the effects of finite galaxy size in relation to

mergers,

e the model does not account for line of sight overlap, coincidental or otherwise (confusion

and collision),

e the long time evolution of L, and ¢, defined here conflicts with the behavior of popu-

lation synthesis models, and

e the Gaussian approximation for Lggp restricts its applicability to a limited range of

wavelengths where the standard deviation of the SED is less than its mean.
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Figure 2.2: Illustration how a sharp cut on one variable imposes a blurred cut on a correlated
variable. The relationships are simplified, but the concept is the same for the relationship between
flux and luminosity with SED variability thrown in. Panel a contains the base, uncut, bivariate
distribution in x and y. Panel b shows the same distribution as a with a cut imposed based on y
with the same color scale. Panel ¢ shows the projected (marginal) distribution in = obtained from
integrating Panel a over all y. Panel d shows the projected (marginal) distribution in z obtained
from integrating Panel b over all y on the same scale as Panel c. Panel e shows the completeness

of the distribution in d with respect to the uncut distribution in ¢ (the ratio of d over c).
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Figure 2.3: Cartoon illustrations of a function space density with the functions approximated by
a sequence of N step functions. The x and y axes represent some measure of a galaxy’s luminosity
and all the other degrees of freedom in the SED, respectively. The value of ®(L)d L can be found

by summing over the uncountably infinite number of axes hidden in the “other luminosities” axis.
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Figure 2.4: Tllustrations of the shape of the Schechter function (times L) in log-log space, and
how that shape changes as the parameters, L., ¢., and «, vary. Panel a is a labeled illustration
with L, =1, ¢4 = 1, and a = —1.25. The vertical dashed line shows L,, and the dotted line shows
the faint end slope (asymptotic power law for faint luminosity, log-log slope in this graph is ac+ 1)
and how ¢, is the y value of where the dashed and dotted lines intersect. Panels b—d show how the
Schechter function changes with Ly, ¢., and «, respectively. The lines are increasingly dark with

increasing magnitude of the parameter being varied.
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Figure 2.5: Illustration of how L, evolves over cosmic time in the model introduced in this chapter.
The value of Ry, used is —StI_{l, the value of ¢y is the lookback time of the redshift of recombination
(z = 1088.16), and the values of ng are 0.5, 1, and 2, in increasing darkness. The circular dots are
placed at the time of peak L, for each curve. The cosmology assumed is based on the WMAP 9
year ACDM cosmology (Hinshaw et al., |2013)).
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Figure 2.6: Absolute magnitude evolution tracks of simple stellar populations using the models
from Bruzual & Charlot| (2003)) and Maraston| (2005), in K5 and W1 bands, and with Salpeter and
Chabrier IMFs. The different combinations are unlabeled because what is important is that the

luminosity decays in a power law like fashion (approximately o 1/ 2), and not an exponential one.
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CHAPTER 3

K-corrections: an Examination of their Contribution

to the Uncertainty of Luminosity Measurements

In this chapter we provide formulae that can be used to determine the uncertainty con-
tributed to a measurement by a K-correction and, thus, valuable information about which
flux measurement will provide the most accurate K-corrected luminosity. All of this is done
at the level of a Gaussian approximation of the statistics involved, that is, where the galaxies
in question can be characterized by a mean spectral energy distribution (SED) and a co-
variance function (spectral 2-point function). This chapter also includes approximations of
the SED mean and covariance for galaxies, and the three common subclasses thereof, based
on applying the templates from |Assef et al. (2010) to the objects in zCOSMOS bright 10k
(Lilly et al., |2009) and photometry of the same field from Capak et al.| (2007)), [Sanders et al.
(2007), and the AIWISE source catalog.

3.1 Introduction

The K-correction was originally defined in the work of Humason et al.| (1956). As initially
defined, it was limited to filter transforms from an observer frame photometric filter to
the same filter in the galaxy’s rest frame. Later work generalized this concept to include
transforms to other rest frame observations (for example, Blanton et al., [2003al). There
is a thorough summary of the state of the art of K-corrections in Hogg et al.| (2002). K-

corrections are primarily useful when a large number of objects need to be characterized and

9This chapter is based on a paper originally published in The Open Journal of Astrophysics in 2016 under
DOLI: 10.21105/astro.1603.07299 by the authors: S. E. Lake and E. L. Wright.

35


https://dx.doi.org/10.21105/astro.1603.07299

there is not sufficient data about all of them to fully specify the spectral energy distribution
(SED) of each object, or when theoretical knowledge of the objects’ SEDs are deficient.
Put in other words, K-corrections are the correct approach to take when the uncertainty
in the predictions of the theoretical model exceeds the uncertainty of performing a filter
transformation on a small number of observations. What has been missing in the literature,
thus far, is an objective specification of which observation frame filter to choose to perform
this transformation when multiple close filters are available, or, even better, how to combine

two or more filters to increase the signal to noise ratio (SNR) of the resulting measurement.

The answer to both of the questions above, how to combine and which filters to choose,
must be informed by an approximation of the contribution of the K-correction process to the
uncertainty of the corrected measurement. It is also important to consider how systematic
differences between fluxes measured using different filters can add differing biases. In par-
ticular, the biases in photometric measurements taken at different wavelengths will usually
vary because of wavelength dependent background and resolution effects. It is also important
to consider whether the post K-correction measurements need to be statistically indepen-
dent (for example, for the construction of color-magnitude diagrams). Assuming systematic
consistency is desirable beyond maximizing the SNR of every individual measurement, the
answer to the question of which filters to K-correct and combine using an inverse variance
weighted average is whichever filters produce K-corrected quantities with sufficiently high
combined SNR for the data set as a whole. Examples of this sort of consideration include:
Sloan Digital Sky Survey (SDSS) i band measurements have significantly higher SNR than
z band ones, so it may yield more precise results for the data set as a whole to K-correct
from observer frame ¢ to rest frame 2z than from z to z, even though the z to z correction

can be smaller for a large number of galaxies.

Including information about the uncertainty added by the K-correction offers an improve-
ment on the present state in the literature where filters are often chosen for K-correction
based only on nearness of filters, regardless of whether the K-correction would move the flux
across a spectral break with a wide range of strengths in galaxies’” SEDs (for example, the
4,000 A break).
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The structure of this chapter is as follows: Section [3.2] contains a short derivation of the
propagation of errors level (Gaussian statistics) uncertainty in the K-correction, Section
describes the data used to measure the SED covariance function on galaxies (overall, red,

blue, and Active Galactic Nuclei [AGN]), and Section summarizes the results of the

measurement.

3.2 Theory

The general form of the K-correction, adapted from Equation 9 of Hogg et al. (2002) by

inverting a fraction and changing variables in an integral, used here is shown in Equation [3.1}

o ! (f%u@wwvx(:f%ﬁwmwg>, 5.1)

L2\ [ 97 (1)QW) J LR (75
where R(v) is the observer frame detector’s relative response to a photon of frequency v (the
Relative Photon Response [RPR]), g%(v) is the spectral energy distribution (SED) of the
standard /zero point source of the observer’s instrument, L, (v) is the rest frame luminosity
SED of the source, and Q(v) is the RPR of the instrument being K-corrected to (often Q
= R). The usual definition of the K-correction is in terms of magnitudes, and in that case
K = 2.5logy(Kratio). The content of Equation can be summarized, in the notation of

functional calculus, as:

oo = 17 (7277) 2

where e and o are added to the subscripts to emphasize that they are calculated in emitted

frame and observer frame, respectively.

Both Lg.[L,] and Lg,[L,| are what are known as ‘functionals’ of L, - functions that
map an entire function to the real numbers. In particular, they fit into the class of linear

functionals that have the general form:

L) = [ @) L) dv. (3.3)

As long as the function w is non-negative, and therefore falls into the class of weighting

functions, then the form and units that w has dictates the interpretation of the functional f.
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If w =1, then f is the bolometric luminosity. If w(v) o< 6(v — v'), then f is proportional to
a spectral luminosity. Most commonly in astronomy the weighting function is a detector’s
response to a photon, w(v) o< R(v)/v. The weight function can also be proportional to r~2,
the inverse square of the distance, in which case all of the aforementioned quantities are

fluxes instead of luminosities.

The important part of the previous paragraph, establishing notation aside, is that the
linearity of Lg, and Lg. combines with the form of Equation to make K, atio completely
independent of the normalization of the SED. For concreteness, we define the normalization

luminosity and the normalized SED, respectively, in terms of wy(v) to be:

Ly E/wN(z/) L,(v)dv, and

(3.4)

Because the K-correction in Equation[3.2]is also a functional of the SED, it is necessary to
adapt standard multi-dimensional propagation of errors to functional calculus to calculate
the uncertainty in K.,.;,. In multiple dimensions the propagation of errors formula that

relates the covariance of some quantities, 7, to a vector valued function of those quantities,

(@), is:

fi (%) Of;
cov(fi, f;) Z éfx (‘J;x COV(Zp, T,). (3.5)

Equation generalizes immediately to functional calculus in an obvious way:

_ [afile] 6f;[0)] , :
cov(fi, fj) = / 50, () (%V(V/)Z(V,l/)dy dv/’, (3.6)

where (v, v') is the two point function of normalized SEDs in the class of galaxies being

K-corrected; symbolically,

(¢,(v)), and
(6 (v) = (V) (L(V) = (V) (3.7)

NV(V)
Y(v, )

where p, (v) is the mean SED.
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The formula in Equation [3.6] is more general than is actually required because all fluxes
and luminosities are linear functions of the SED, not general ones. So, if a set of luminosities

is defined by positive semi-definite weight functions, L; = [ w;(v) L, (v) dv, then:
cov(L;, L;) = L?V/wi(y)wj(l/)Z(V, V) dvdr (3.8)

All of the tools are in place to produce the covariance of multiple K-corrections using

the propagation of errors formalism. First, the variance of a single K-correction is:

Lg) var(Lg) cov(Lg, Lg)
Ko .. — K2 ) VaI'( Q —9 Q> )
Var< ratlo) ratio ( LQQ + L% LQ LR y (3 9)

where the variances and covariance are calculated by applying Equation If multiple
quantities are being K-corrected, then covariance matrix among the K-corrections takes the

form:

cov(Lqi; Lg;j)  cov(Lqi, Lr;)

COV(KZ‘, Kj) = Ksz (

Lqi Lg; Lqi L,
_COV(LRZ‘, LQ]) 4 COV(LRZ', LRj)) . (310)
Lgi Lg; Lgi Lg;
The spectral versions of Equations and are:
Y Y Y
var(Kratio) = Koo ( L VQQ) s Vf) —2 Lo, vr) ) , and (3.11)
l,(vq) t,(vr) ,(vq) € (VR)
Y(vqi, vQj) X(vqis Vrj)
cov(K;, K;) = K;K; ( I — .
’ T\ (wai) b(vo;) (i) 6 (VR;)
— E<I/R’i7 VQ]) E(VRi7 ij) ) , <312)
b (vri) bo(vqi) € (Vi) Lo(VRy)

respectively. It is worth reinforcing that the luminosity used for normalization, Ly, must be
the same for calculating ¢, (v) and 3(v, 1), as is required for the covariance of K-corrections

to be as independent of normalization as the K-correction itself is.

If either () or the observer frame R are proportional to the function that defines the SED

normalization luminosity, then the form of Equation simplifies greatly:

L
Var(Kratio) - Kfatiovallzg )’
N

(3.13)
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with a further simplification when the luminosity L is a spectral luminosity at the frequency

v

var(Kraio) = K2, 2(v, v). (3.14)

ratio

The units in Equation look a little odd because it is being evaluated in the special case
where Kaio < L,/Ly = £,(v), or its multiplicative inverse, and therefore £, (v) is unitless

by construction, making (v, ') unitless also.

The reason for exploring the simplified versions of the variance of K., is that it highlights
the centrality of ¥(v, 1) to the considerations here. Because of this its properties and the
process of measuring it merit closer examination. > has the property, clear by inspection
of its definition, that it is symmetric under interchange of frequencies (v, ') = (v, v).
Less obvious is that X has nodal lines that originate from the fact that all of the SEDs have
to satisfy the normalization condition defined for ¢,(v). If the normalization luminosity is
defined by the function wy(v), then the conditions imposed on the SEDs and ¥, respectively,

are:

1= /él,(z/) wy(v)dy, and
0= /E(u, MNwy()dv. (3.15)
If the normalization luminosity is even approximately spectral compared to the standard

deviation of galaxy SEDs around frequency vy, this condition will produce sharp sign

flips on the v = vy and ' = vy axes in graphs of the correlation coefficient, p(v,v') =
S, )/ VEv,v) S, V).

As with any covariance, ¥(v, V') can be measured by replacing the expectation brackets

in the definition, Equation [3.7 with bias corrected sample averages:

Y(v, V) &~ ﬁ (Z Ci(v) 4, (V') — % [Z éy(y)] : [Z EV(I/')]) . (3.16)

It is usually not practical, however, to measure Y using full spectra. In this common case,
it is possible to approximate Equation by writing each SED as a linear combination

of ny template spectra, ¢,;(v) = z;zl fijly;(v), as were produced in, for example, |Assef
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et al.| (2010) and Rieke et al.| (2009). Note that the templates have to be scaled to match
the normalization condition, and when this is done the coefficients will satisfy Z;Zl fij=1

In terms of the template approximation, Equation becomes:
| XN
= N Z Jijs
jk - Zfzyfzk :ujﬂka and

V) & Z a?k Cop(v) b (v); (3.17)

jk=1

that is, the templates reduce the infinite dimensional covariance function to an np X np

covariance matrix of the template fractions.

3.3 Data and Observations

The measurement of the galaxy SED covariance in this chapter is based on the template
spectra approximation outlined at the end of Section [3.2 The template set used is the one
defined in Assef et al.| (2010). The set consists of four templates that correspond, roughly,
to galaxies that are: red (named Elliptical), moderately star forming blue (Sbc), starburst
blue (Irregular), and active galactic nuclei (AGN). The AGN template, additionally, has a
dust obscuration model parametrized by E(B — V), the extinction excess. Graphs of the
templates, normalized to the WISE W1 filter at a redshift of z = 0.38 (effective wavelength
A & 2.4 pm), can be found in Figure [3.1]

The presence of AGN dust obscuration as a non-linear parameter throws off the math-
ematics behind Equations [3.17 There are multiple ways of getting around this problem,
including replacing the AGN SED with multiple AGN SEDs that have different fixed extinc-
tion values. In order to make the results as simple as possible to produce, we only use one
extinction value: the median E(B — V) for galaxies which had a sufficient AGN contribution
to make the measured E(B — V') meaningful (see below). This means that the covariance
measurement presented here will be an underestimate of the true spread among SEDs, par-

ticularly on the blue side of the spectrum. Estimating how much of an underestimate it is
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Figure 3.1: The template spectra used from Assef et al.| (2010). The red solid line is the template
called “Elliptical.” The purple dashed line is “Sbc.” The blue dash-dotted line is “Irregular.” And

the green dotted line is “AGN,” unobscured.

by looking at the distribution of E(B — V') values will prove inexact, because the effect of the
parameter on individual SEDs is non-linear and the distribution of values observed is highly
asymmetric. With those caveats in mind, we examined the distribution excess extinctions

qualitatively and found it to have a width around 1 magnitude.

The scatter in observed AGN extinctions will be greater than what is imposed by dust
near the black hole alone because galaxy inclination will change the amount of interstellar
medium that the AGN’s light has to travel through. Inclination will not just affect the
measured AGN extinction, though, because the amount of dust the stellar light must travel
through is also inclination dependent. The model we use in this work does not make any
allowance for extinction within the target galaxy of anything but the AGN, though, so
inclination effects will similarly modify the template fractions assigned to the galaxies in the
fitting process. All of this has the effect of increasing the scatter of observed SEDs compared
to the scatter that would be exhibited by a measure of the underlying physical properties
of the galaxies. Despite these limitations, the work presented here should be sufficiently
accurate for measuring a luminosity function in the near to mid-IR because of reduced dust

absorption in those wavelengths.
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Table 3.1. zCOSMOS Photometry Used

Survey Bands Citation
COSMOS FUV, NUV, u*, Bj, g7, Vj, ...
cort U F814AW, it i 2t J, K, |Capak et al.| (2007)
SDSS-DR10 u, g, r, 1, 2 Ahn et al.| (2014b)
S-COSMOS-DR3 cl, 2, ¢3, c4 Sanders et al.| (2007)
AIIWISE W1, W2, W3, W4 Wright et al| (2010)

Note. — Photometric surveys used for fitting zZCOSMOS sources.

Measuring the f;; of Equations using the |Assef et al. (2010) templates requires
fitting the templates to observed photometry of a collection of galaxies, preferably with
spectroscopic redshifts and a rich collection of filters. The zCOSMOS Bright 10k sample,
described in |Lilly et al. (2009) and [Knobel et al. (2012), is in the COSMOS field and,
therefore, has a very rich set of publicly available photometry. The photometry we used is
summarized in Table The targeting for the survey is based on photometry from Hubble
Advanced Camera for Surveys (ACS) Wide Field Camera (WFC) imaging with the F814W
filter, which is approximately I-band. The version of the data used for this analysis is Data

Release 2.

The photometric surveys were cross-matched to the zCOSMOS data set based on a spatial
cross-match that uniquely assigns a detection to its closest companion in zCOSMOS up to
a maximum search radius that depended on the resolution of the external survey. For most
surveys, the search radius was 1”7, but for AIIWISE it was 3” (half the full width at half

maximum of point sources for the WISE W1 beam).

Selecting high quality redshifts from zCOSMOS is somewhat involved because of the

detailed ‘confidence class’ (cc) system used. The recommendation in [Lilly et al.| (2009) is
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to accept all sources with cc equal to: any 3.X, 4.X, 1.5, 2.4, 2.5, 9.3, and 9.5. Based
on the description of those classes, the analysis here accepted sources that fit in the rec-
ommended classes, but also those with a leading 1 (10 was added to show broad line
AGN), 18.3, 18.5 (both broad line AGN consistent with the photometric redshift), and
rejected all secondary targets (2 in the tens or hundreds digit). This can be done by
accepting sources for which the text string version of cc matches the regular expression
“C([341\..%) | ([12891\.5) | (2\.4) | ([89]1\.3)” and doesn’t match “~2\d+\.”. Finally,
the targets fell into three selection classes, column named i, and ‘unintended’ sources are
rejected by requiring i > 0.

In addition to good redshifts, the sources needed to have a minimum amount quality
of photometry available to make the template fitting reliable. To that end, we limited the
analysis to sources that meet all the following conditions: redshifts satisfy 0.05 < z < 1.0,
the sources have at least five high quality photometric measurements (the number of free
parameters in the SED fit when unconstrained, description follows), and were measured in
S-COSMOS to have a have Fy; > 5ulJy (corresponds to an empirical SNR limit of about
30, about 22.15mag) using a 3" aperture in Spitzer’s IRAC channel 1 (Ao ~ 3.6 pm). The
external photometric measurements were deemed to be of sufficient quality if the photometry
was not flagged as contaminated in the survey, or otherwise marked as obviously invalid by

being less than or equal to zero.

The templates were constructed to be fit to fluxes using y? applied to a linear combination
of the template fluxes with non-negative coefficients, and a search in the 1-dimensional
parameter space for the best AGN extinction excess, E(B — V) = (2.5/1In(10)) - (75 — 7v).

That is, the model has the form:

F,(v,2z) = agFr(v, z) + asFs(v, 2)

+arFi(v,z) + aaFa(v, z, 73 — Tv), (3.18)
Foii— F ..
2 obs1 mod 7
=) (—Ui ) , (3.19)
i€{filters}
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with all a; > 0, and 12 > 75 — 7y > 0. The a; were fit using the SciPy optimize package’s
routine nnls (quadratic programming for non-negative least squares), and 75 — 7 were fit

with the routine brent with fallback to fmin (Nelder-Meade simplex).

There is one modification to that procedure for the fits done for this chapter. The
templates do not include the ability to tune dust obscuration of the galaxy’s stars, so a
dusty starburst that has a detection in WISE’s 12 um filter, W3, will often be best fit with
a galaxy that is dominated by its Elliptical component (to satisfy optical redness) and a
super-obscured AGN (75 — 7y > 12) masquerading as the emission from the stellar dust
component. The problem this creates is that it makes the SED fit the data more poorly
in the most important range for the subsequent uses to which we intend to put this data,
where K-corrections from observer frame W1 to 2.4 um rest wavelength are performed. We
used two techniques to work around this problem. First, we limited the excess in optical
depth as 75 — 7y < 12 (equivalently, E(B — V') < 13.03). Second, when the SED was badly
modeled (x? > max(Ngt, 1) x 100) and unlikely to be an AGN (W1 — W2 > 0.5 Vega mag
with uncertainty, owi_w2 < 0.2 Vega mag), we used the best model with E(B—V) = 0. The
reduced y? criterion was determined by subjective empirical examination, and the color based
selection was found in |Assef et al. (2013)) to select low redshift AGN with 90% completeness.
Overall, 2,604 galaxies were fit using the ‘alternate’ fitting mode where the AGN template
was set at E(B — V) = 0 and 4,621 were fit in the ‘main’ fitting mode where the AGN
extinction was allowed to vary. For the subsets the breakdown is: none of the 268 AGN,

1,139 of the 1,903 Red, and 1,465 of the 5,054 Blue galaxies were fit in the alternate mode.

Limiting the excess optical depth, 75 — 7, to be non-negative introduces a bias to
the parameter estimation of the individual galaxies. It is even physically possible for a
source to appear bluer than expected if the line of sight is unobscured and dust clouds are
reflecting excess blue light into it (that is, the line of sight contains significant contribution
from reflection nebulae in the target). Even so, applying a negative optical depth excess to
dust obscuration models is not likely to produce an accurate spectrum for reflection, and
the magnitude of the negative excess doesn’t have to be large to cause the estimate of the
maximum redshift at which the galaxy could be observed to diverge.
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There is a final detail involved in dealing with AGN obscuration measurements. The
impact of changes in 75 — 7, on the shape of the overall SED depends on what fraction of
the luminosity the AGN contributes. If a minuscule fraction of the luminosity is contributed
by the AGN, then the shape of the SED is insensitive to how obscured the AGN template is,
rendering the value that the fitting process assigns to 75 — 7 meaningless. It is, therefore,
necessary when computing statistics involving 75 — 7, to limit the sample to those galaxies
for which the AGN’s contribution to the shape of the SED is non-negligible. The cutoff used
in this work, set arbitrarily, is that the fraction of 2.4 ym luminosity contributed must be
greater than 0.1%. The cutoff is set low for two reasons: first, the shapes of the template
spectra mean that the ability to measure extinction in the AGN template depends on both
what other templates are present and which wavelengths were observed; and second, we
prefer to make less aggressive cuts to the data when making them without making a rigorous

exploration of their impact on the data.

The resulting data set contains 7,225 galaxies. The template fit parameters of the data
set are included in this work (at ﬁgshare.com[] with a digital object identiﬁelﬂ) in gzippedﬂ
IPAC Table format!, an excerpt from which is in Table [3.2 The normalization condition
chosen for the templates is the luminosity WISE’s W1 filter would observe directly in a
galaxy at redshift z = 0.38 (Aeg &~ 2.4 um), after the effect of AGN obscuration has been
applied to the AGN template. The latter choice ensures that the template fractions sum to 1,
and that each f represents the fraction of 2.4 ym luminosity contributed by the corresponding

component of the galaxy.

We also performed a classification of galaxies into three possible subsets for which SED
means and covariances were measured: AGN, red galaxies, and blue galaxies. The scheme for
how this classification was done is outlined in the flowchart in Figure The dividing line

for whether a galaxy is considered an AGN is if more than 50% of its 2.4 um luminosity comes

Ihttps://figshare.com/articles/zCOSMOS_Template_Fractions_tbl_gz/3804210
Zhttps://doi.org/10.6084/m9.figshare.3804210
3https://www.gnu.org/software/gzip/

‘http://irsa.ipac.caltech.edu/applications/DDGEN/Doc/ipac_tbl.html

46


https://figshare.com/articles/zCOSMOS_Template_Fractions_tbl_gz/3804210
https://doi.org/10.6084/m9.figshare.3804210
https://www.gnu.org/software/gzip/
http://irsa.ipac.caltech.edu/applications/DDGEN/Doc/ipac_tbl.html

from the obscured AGN component. The dividing line for whether a galaxy is “red” was
determined empirically by examining the smoothed M, — M, versus M, that is a standard
rest frame color versus absolute magnitude diagram, shown in Figure [3.3l The rest frame
Sloan filter M, M,, and M, were calculated by K-correcting observer frame Subaru g,
r*, and ¢t fluxes, respectively, from the Capak et al.| (2007) data. We experimented with
a photometric classification scheme for AGN, specifically the Stern wedge from Stern et al.
(2005)), but the reduced sensitivity of the longer wavelength IRAC data meant that the
blue and AGN mean SEDs were nearly the same. The final classification process shown in
Figure resulted in: 266 AGN (3.7% of the sample), 1,906 red sequence galaxies (26.4%
of the sample), and 5,053 blue cloud galaxies (69.9% of the sample).

Galaxy Classification Scheme

faan > 50%

Jut

(o)
M, — M, > —0.0512 M, + 0.703
Sequence

g o

Blue
Cloud

Figure 3.2: Simple flowchart showing how galaxies were classified into AGN, red or blue galaxies

in this work.

3.4 Results

The template parameters for the mean SEDs, 1; in Equations and the median 75 — 7y,
of the different subsamples can be found in Table [3.3] The template covariance matri-
ces, 0;; in Equations [3.17] are in split up into Tables for the overall sample of,
AGN, red, and blue galaxies, respectively. Using the numbers in these tables with the
normalized templates and obscuration models of |Assef et al. (2010) is sufficient to cal-

culate the covariance associated with any set of K-corrections. It is useful to examine

47



"0TEH08E dTeYSSY 6UL/F809 0T IOP UM 0P [IIm
012%08€/2Z8~1q1 suotadeI orerdwe ] SONS0DZ/SOToTaTe/WOD "axeys31T//:sdaay :Je o[qe[reae SI o[qe) [[NJ oY ], "A[oArpoadsar ‘onyg,
pue ‘ pay, ‘‘NOV, 0] . {, 10 ‘Y, ‘Y, JO U0 st pue ‘Axe[es o) 0} PaUIISSe SSB[O o1} S9J0UP SSBTD )X} 9} Ul PaLIOSOP Sk () 0} 198
sem 91 JI  I7e, ‘sseooxd Surjy oyj) ul Area 01 pamo[[e sem AL — gL J1  ureur,, :SON[RA OM) JO SUO UO S$8e) Je() JULIIS I9)0RIRYD ® SI
spolaTd ‘sseooid Surly oY) U0 SHUTRIISUOD Y} AQ PaIde SI AJ[RUOISUSWIIP 9AI)09S ay) Aem o1} Surioust ‘(g snurwr pesn SI9)y Jo
Ioquinu) sseooad Burply oy3 Ul WOPSslj JO seeI3op JO Ioqunu jou oyy st FpN -sseoold Surpiy oy wolyy ,X melr oyy st ibgtyy ‘[epowt
uo0I1RINISO NV U} UT UOIIOUIIX0 §590X0 o) st (AL — 1) ((0T)u] /G'¢) =Augd “A[oaryoadsar ‘sojeidue) NHY PaInosqo pue ‘rendarif
‘oqQ ‘Teonidiqy oY1 Aq pejnquiyuod Ajrsourwun] wrl §'g JO UOIORIJ oY) oIe NHY F PUR ‘III"F ‘OqS™F ‘TTT F 'S00I30p [RWIOOP Ul ‘sjodre)
SOINSODZ °Y} Ul UOI}RUI[DOP pUR UOISULISE JYSLI ()0OZ[ O} oI 98p pur BI "AoAins SOINSOZ 9} Ul 103Iv) oY) 01 USAIS Ioquinu

uoTYedyTJuUapt onbrun o1y ST UWNOd (] Y], "1RUWLIOJ 9[qR], DVJI Ul JIoM SI[} [Y}IM Papnour 39s ejep oy} wolj 3dIedxsy — "9j0N

48

d urewt 4 T0+H0T'6  0SP0'0  €€9T°0 9¥¢T'0 6085°0 TIETO0 988€CT'C  069SCY 0ST  L¥PP00L
d urett 0T ¢0+d20°'T 00000 L080°0 8E€LT'0 TS990 €080°0 0699T6'T  TILITS'6VI  86T00L
ket ureur €1 ¢0+H0S€  Tg60'0 90900 00000 00000 ¥6£6°0 T6T6S8T  LITO6S'6VI  T6C00L
d uret L T0+Hd86'T 00000 TI9IT'0  TI6T'0 00000 LT69'0 9796981  €VLIC66¥VT  $LTO0L
d e 91 €0+H0€'8 00000 00000 00000 00000 0000°T ¥8F¥9T6'T  8STSOEOST  68T00L
d uret 1T ¢O+HLZTT 000000 €¥62°0 9¥FP'0 00000 TT9C'0 9929281  800S0€0ST  8LTO0L
Sewr ° °
SSeTd SPON3ITA FPN IbgTyd Awgd NOV™ ¥ TII°F °qs7F 1T ¥ o8p eI ar

eye(] M1 Jo 3d100Xy  7'¢ S[qRL,


https://figshare.com/articles/zCOSMOS_Template_Fractions_tbl_gz/3804210

2.5
2.0
1.5
1.0

05|

M, — M, (AB mag)

0.0 |

| | | | | | | J. | OO
—15—-16—-17-18—-19-20—-21-22-23

M, (AB mag)

Figure 3.3: Color-magnitude diagram showing the dividing line between the red sequence (above
the line) and the blue cloud (below). The point with error bars shows the standard deviation of

the smoothing kernel applied to the data in the dense region of the plot.

graphs of the diagonal elements of the covariance, /3(v, v), and the correlation function,

p(v, V') = 3S(v, V) /\/S(v, v) S(V, V'), to get a feel for how they behave, and to have as a

reference for quick spectral calculations of K-correction covariances.

Graphs of \/W for the 2.4 ym normalized SEDs can be found in Figure The
standard deviation increases with wavelength distance from 2.4 ym, but there are dips and
jumps around spectral features with a wide variety of strengths, specifically spectral breaks
and lines. Further, the increase in the spread is steeper on the short wavelength side than
the long one, supporting the assertion that simple wavelength distance is not sufficient to
determine which observer frame bands are the best to K-correct from. The scaling on the
graph is linear in y and logarithmic in z, so the large nearly linear stretches in the graphs
represent growth that is logarithmic in wavelength ratio in the standard deviation of galaxy

SEDs. The final notable feature is that the spread of red galaxy SEDs, in panel c, is low,
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as to be expected from the comparative narrowness of the red sequence in color-magnitude
diagrams like Figure|3.3] The comparatively large spread in AGN SEDs, panel b, is surprising
because the AGN selection criterion is that most of the galaxy’s light at 2.4 um, close to the
minimum of the AGN SED, comes from the AGN. This criterion explicitly limits the range
of possible values for the fagn, and implicitly limits the other fractions because they must
sum to 1. The selection criterion does affect the template covariance matrix as expected
(compare the o column in Table to the ones in Tables and [3.7). The most likely
culprit for the variability is how the AGN template is so different from the other three (see
Figure|3.1). The blue cloud galaxies, in panel d, have a higher spread than any of the other
types of galaxies, especially in the spectral lines, other than panel a, which summarizes the

standard deviation for all galaxies.

The non-monotinicity of \/W is actually suppressed in Figure because the nor-
malization luminosity lies in a range of frequencies where most galaxy SEDs don’t show
much variety. A clearer example of the SED variance exhibiting a broad maximum can be
found in Figure where \/W is plotted for all galaxies with a normalization lumi-
nosity in the rest frame B filter instead of 2.4 um. The standard deviation is pinched off
by the normalization near 445 nm and the spread among the SED templates in the 2-5 um
range is intrinsically low, producing a marked peak in the standard deviation in most of the
optical and near-IR. Because the uncertainty in the K-correction requires input from a B
normalized SED and a redshift, it is not possible to say, for sure, that the variance involved
in correcting from B to, say, 4 um is smaller than correcting from [ to 4 um. Even so, real
correlations, like the far IR radio correlation, should show a pattern like this in plots of

/' 2(v, v) that cover the relevant frequency range.

Very few astronomers are interested in K-correcting only to 2.4 ym, and that’s where
the utility of the correlation function, shown in Figure [3.6, comes in. As Equations
and show, by combining the full X(v, v/) with the SED used in generating the K-
correction (normalized to 2.4 um) and the filter curves, any covariance of K-corrections can
be calculated.

The most prominent features in the correlation coefficient graphs related to physics,
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Table 3.3. Mean SED Parameters

Subsample  (fgn)  (fsbe)  (fur) (faen) TB-TV?
all 0.490 0.269 0.114 0.127 0.023
AGN 0.180 0.076 0.078 0.666 0.207
Red 0.823 0.131 0.011 0.035 0.303
Blue 0.380 0.331 0.155 0.134 0.015
Note. — Mean of the 2.4 pm luminosity template fractions, alongside the

median excess extinction on the AGN. Numbers are given to three decimal
places regardless of experimental uncertainty.

2 rp — 7y here means the median of 7 — 7.

as opposed to mathematical artifacts that comes purely from the choice of normalization
wavelength, in the graphs are the thick white lines. For points on those lines, the SED colors
L,(A\)/L,(2.4pm) and L,(\2)/L,(2.4 um) are uncorrelated, meaning that they contain no
mutual information and, therefore, provide maximally independent information about the
shape of the SED. The location of those white lines is determined by where the template
SEDs that dominate the sample diverge from each other. In the case of the red galaxies
(Panel c¢) this happens roughly at the 4, 000 A break. For the other galaxies, the diversity
of SEDs is more broad and the divergence of the templates is more gradual so the main

uncorrelated band is more broad and more difficult to pin down to a single phenomenon.

The other prominent features present as horizontal and vertical striping. Those are caused
by the presence of absorption and emission lines in some templates and not others. The most
prominent emission lines present in the templates are: MgII (279.8 nm), OII (doublet, 372.6
and 372.9nm), OIII (merged 495.9 and 500.7nm), Ha, and PAH lines at A > 3 um. The
absorption lines are primarily a feature of the Elliptical template and that is responsible for

the less prominent striping in the optical.
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Table 3.4. Covariance Matrix of All SED Templates

Parameter o dfEn 3 fsbe 0 frer dfacN
dfEn 0.353 1.000 —0.727 —0.366 —0.373
8 fsbe 0.325  —0.727 1.000 —0.209 —0.224
O frr 0.153 —0.366 —0.209 1.000 0.268
dfaaN 0.163 —0.373 —0.224 0.268 1.000
Note. — The o column contains the standard deviations of the param-

eters, and the rest of the columns are the correlation matrix among the
template fractions. Numbers are given to three decimal places regardless

of experimental uncertainty.

Table 3.5. Covariance Matrix of AGN SED

Templates
Parameter o 0 fEn d fsbe 0 frer dfacn
dfEn 0.162 1.000 —0.459 —0.388 —0.417
3 fsbe 0.118 —0.459 1.000 —0.212 —0.112
0 frer 0.136 —0.388 —0.212 1.000 —0.370
dfaen 0.131 —0.417 —0.112 —0.370 1.000
Note. — The o column contains the standard deviations of the param-

eters, and the rest of the columns are the correlation matrix among the
template fractions. Numbers are given to three decimal places regardless

of experimental uncertainty.
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Table 3.6. Covariance Matrix of Red SED

Templates
Parameter o dfEn 8 fsbe 8 firr dfacN
dfEn 0.260 1.000 —0.941 —0.111  —0.229
d fsbe 0.252 —0.941 1.000 —0.041 —0.070
O frr 0.043 —0.111 —0.041 1.000 —0.046
dfacN 0.079 —0.229 —0.070 —0.046 1.000
Note. — The o column contains the standard deviations of the param-

eters, and the rest of the columns are the correlation matrix among the
template fractions. Numbers are given to three decimal places regardless

of experimental uncertainty.

Table 3.7. Covariance Matrix of Blue SED

Templates
Parameter o 0 fen d fsbe 0 furr dfacN
S fen 0.304  1.000 —0.728 —0.215 —0.189
0 fsbe 0.337 —0.728 1.000 —0.418 —0.375
0 frer 0.162 —0.215 —0.418 1.000 0.346
dfacn 0.128 —0.189 —0.375 0.346 1.000
Note. — The o column contains the standard deviations of the param-

eters, and the rest of the columns are the correlation matrix among the
template fractions. Numbers are given to three decimal places regardless

of experimental uncertainty.
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Y(v,v) (Anorm = 2.4 pm)
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Figure 3.4: Panel a shows the SED standard deviation (/3(v,v)) for all galaxies in the sample,
and Panels b, ¢, and d show the same data for AGN, red, and blue galaxies, respectively. The
vertical dashed line highlights the effective wavelength of the normalization luminosity, and the
dotted lines show the effective rest frame wavelength of WISE’s W1 channel for galaxies at the
redshifts z = 0 and 1. Note the there are no units given for (v, ') because the normalization
luminosity used, Ly, fits the standard practice in astronomy of its weighting function, wy(v),

having the units needed to make Ly a weighted mean of L,, that is wy(v) has units [Hz™1].

3.5 Conclusion

In this work we derived formulae for computing the uncertainty added to an observed flux
when it is K-corrected. We also showed, by approximating the SED covariance function
using template fitting data, that the choice of which observations to K-correct to the rest
frame quantities desired should be informed by information about the variety of the SEDs
of the objects in question. While the discussion in the body of this chapter focused on K-
corrections, they are just a specific type of filter transformation, and the adaptation of the

formulae here to all filter transforms is trivial: just drop the factors of (1 + z).
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An example of a filter transformation that the covariance of observer frame SEDs can
inform is the transformation from broad band filter to a spectral quantity (for example: W1
to 3.4 um). Note how the SED standard deviation plots in Figure have a minimum near
2.4 pm. If the normalization luminosity were actually the spectral luminosity at 2.4 ym that
minimum would be a zero of the function. Because the normalization is actually ®3¥W1, in
the notation of Blanton et al. (2003b) and subsequent works, the function only achieves a
minimum that is close to zero at a wavelength very near 2.4 um. A similar plot of observer
frame SED standard deviation for stars would show a similar minimum at the spectral
wavelength most correlated with the broad band measurement, making that wavelength a

good candidate for labeling as the filter’s effective wavelength.

This study of the galaxy SED correlation function, and the mean normalized SED of
galaxies, is also useful in that it feeds in to a generalization of the luminosity function that
we call the spectroluminosity functional, W[L,]|. We explored the usefulness and mechanics
of measuring W[L,]| in Chapter , and using the data from this chapter and ¥[L,] to measure
the ordinary luminosity function, ®(L), in Chapter [6]

Finally, there are definitely improvements that can be made to the techniques used here.
The templates used are static, and the mean SEDs are not allowed to depend on luminos-
ity. The latter is somewhat justified by the weak index in the power law relating g-band
luminosity to M, — M, color in the cut (—0.0512, see Figure , but it would still be an

improvement to allow for a luminosity dependence in the SED mean.
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Y(v,v) (Anorm = Ap pm)

A (pm)

Figure 3.5: The SED standard deviation (1/X(v,v)) for all galaxies in the sample. The verti-
cal dashed line highlights the effective wavelength of the normalization luminosity, which is the
Johnson-Cousins B filter for this plot only. Note the there are no units given for X (v, ') because
the normalization luminosity used, Ly, fits the standard practice in astronomy of its weighting
function, wy(v), having the units needed to make Ly a weighted mean of L,, that is wy(v) has

units [Hz™1].
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Figure 3.6: SED correlation functions, p(v, V') = S(v, V') /\/E(v, v) Z(V/, V). Panel a shows
p for all galaxies, while b, ¢, and d show p for AGN, red, and blue galaxies, respectively. The
dominant feature in the graphs, the sign flips across the Afj 53 = 2.4 um axes, is due to the choice of
normalizing the SEDs to that wavelength. The impact of spectral features, emission and absorption
lines, in the templates also stand out as horizontal and vertical striping. The final feature worth
noting is the sign flip that corresponds, roughly, to when the wavelengths are on opposite sides
of the point where the template SEDs that dominate the population diverge, generating the thick

white lines where the sign of p flips.
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CHAPTER 4

Description of the WISE /DEIMOS Survey

We report on the results of an optical spectroscopic survey at high Galactic latitude (|b] >
30°) of a sample of WISE-selected targets, grouped by WISE W1 (Aegg = 3.4 pm) flux, which
we use to characterize the sources WISE detected. We observed 762 targets in 10 disjoint
fields centered on ultra-luminous infrared galaxy (ULIRG) candidates using the DEIMOS
spectrograph on Keck II. We find 0.30 £ 0.02 galaxies arcmin? with a median redshift of
z = 0.32 £ 0.01 for the sample with W1 > 120 uJy. The foreground stellar densities in
our survey range from 0.25 & 0.07 arcmin =2 to 1.1 + 0.1 arcmin~2 for the same sample. We
obtained spectra that produced science grade redshifts for > 90% of our targets for sources
with W1 flux > 120 uJy that also had i-band flux = 18 uJy. We used for targeting very
preliminary data reductions available to the team in August of 2010. Our results therefore
present a conservative estimate of what is possible to achieve using WISE’s Preliminary

Data Release for the study of field galaxies.

4.1 Introduction

The Wide-field Infrared Survey Ezplorer (WISE) is an all-sky mid-infrared survey satellite
that NASA launched on December 14, 2009. Operating simultaneously in four bands, cen-
tered at 3.4, 4.6, 12 and 22 um (W1-W4, hereafter), WISE completed its first full coverage
of the sky in late July 2010, its cryogenic mission ended in early October 2010, and the

satellite was put into safe mode in February 2011. WISE will provide an IR atlas of the full

OThis chapter is based on a paper originally published to The Astronomical Journal in 2012 under the
DOLI: 10.1088/0004-6256/143/1/7 by the authors: S. E. Lake, E. L. Wright, S. Petty, R. J. Assef, T. H.
Jarrett, S. A. Stanford, D. Stern, and C.-W. Tsai.
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sky hundreds of times deeper than IRAS containing hundreds of millions of targets (50 point
source sensitivity is equal to or better than 0.08, 0.11, 1 and 6 mJy in the four passbands). A
Preliminary Data Release covering 57% of the sky took place on April 14, 2011. Prior to this
release, the WISE team undertook several programs to characterize the survey, including a

comparison of WISE and Spitzer sources at the ecliptic poles by |Jarrett et al.| (2011)).

We expect that WISE has detected cluster L, galaxies out to a redshift of z ~ 1. This
expectation is based on using a passive evolution model from Bruzual & Charlot| (2003))
that fits cluster luminosity functions to predict the L, flux density in W1 as a function of
redshift. This puts WISE in an interesting position with respect to the publicly available
spectroscopic surveys. The surveys with coverage comparable to WISE are not nearly as
deep, and the deep surveys were not nearly as wide, as shown in Table 4.1} Furthermore, the
targeting for most other surveys rely on mixes of limiting magnitudes in primarily optical
bands, morphologies, and colors, increasing the problem of selection effects in any attempt
to use them to characterize the WISE sources. While using existing spectroscopic databases
is useful for determining the redshifts of numerous WISE sources, it is not possible to
construct flux-limited samples in the WISE bands with complete spectroscopic coverage.
The importance of having such data available is that it greatly simplifies the statistical
analysis of quantities that rely on flux-limited galaxy samples, such as luminosity functions
or correlation functions. In order to characterize the sources selected by the W1 bandpass, we
have carried out a spectroscopic survey of WISFE-selected objects blind to all considerations
but W1 flux. Here we present the design and results from the survey we carried out using
the DEep Imaging Multi-Object Spectrograph (Faber et al.; 2003, DEIMOS) on the Keck IT
telescope on UT 2010 September 14 selected by a W1 flux-classified catalog.

All magnitudes from the Sloan Digital Sky Survey (SDSS) are model fluxes converted to
standard AB magnitudes, and all other magnitudes are given in the Johnson Vega system
used in the WISE database. We made no attempt to adjust our photometry to account for
source morphology or extent. Thus, colors based on combining WISE and SDSS magnitudes
in this chapter will have significant systematic offsets from the actual physical colors, but
are useful nevertheless. We have also not corrected fluxes for extinction.
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Table 4.1. Spectroscopic Survey Characteristics

Survey median(z) Coverage () Ref
(sr)

6dFGS 0.053 5.2 Jones et al.| (2009)
SDSS-DRS8 0.1 2.43 Aihara et al.|(2011)
2dFGRS 0.11 0.5 Colless et al.| (2003)
WiggleZ 0.6 0.3 Drinkwater et al.| (2010)
GAMA 0.2 4.4 x 1072 Baldry et al.|(2010)
AGES 0.31 2.3 x 1073 Kochanek et al.| (2012
zCOSMOS 0.61 5.2 x 104 Lilly et al.| (2009)
This Work 0.33 6.78 x 10~¢

Note. — A sample of redshift surveys showing their area and depth. A more

comprehensive comparison can be found in Figure 1 of |Baldry et al.|(2010). Note
that while the areal coverage of our survey is small the 10 fields are widely dispersed,

minimizing cosmic variance.

4.2 DEIMOS Survey Design

To select our targets, we used the WISE Level 3 operations (L30) preliminary databaseE]. The
Infrared Processing and Analysis Center (IPAC) constructed the L3o database by coadding
WISE frames in a stripe of ecliptic longitude from a single day. Each stripe had a depth near
the center of approximately 12 frames of coverage; roughly equivalent to the depth of the
Preliminary Data Release on the ecliptic. IPAC then extracted the source detections in the
coadded images as described in section IV of the WISE Preliminary Release Explanatory
Supplement, but with earlier versions of all software. The source extractions had a mini-
mum signal to noise ratio (SNR) of 3.5 in one of WISE’s channels — half that used for the
Preliminary Data Release — because reliability of the internal database was less of a concern

than for the Preliminary Data Release.

The main selection criterion for objects in our survey was that the source was in the L3o

database. We sorted these objects into three samples based on fluxes from WISE’s most

"http://wise2.ipac.caltech.edu/docs/release/prelim/expsup/
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sensitive band, W1: 1) the design required WISE sensitivity of 120 uJy (5-0, |[Liu et al.
2008), and 2) the initial estimate of the in-orbit sensitivity of 80 uJy (5-0, Wright et al.|
2010). We will refer to these samples by the following names, inspired by their flux ranges
in pJy, from here on: {> 120}, {80-120}, and {< 80} (includes sources not detected in
W1). The classification based on W1 flux determined the priority in resolving conflicts when
assigning slits on the mask, maximizing our ability to construct complete W1 flux limited
samples. We adopted the profile fit photometry (wimpro) for our flux measurements because
we expect the majority of our targets, stars and field galaxies, to be point-like in the WISFE
beam (6.1” full width at half maximum [FWHM)]).

The only other selection criterion we imposed was that R > 15.0mag, as suggested
by the DEIMOS documentation, to avoid saturation of the detector. Out of a desire to
maintain as wide a pool of targets as possible, we used the Naval Observatory Merged
Astrometric Dataset (Zacharias et al., 2004, NOMAD) to perform this cut. The imprecision
of photographic magnitudes is acceptable here due to the rarity of such bright sources and

the fact that they are already well characterized by extant surveys.

The survey fields all had near their center a WISE-selected high-z ultra-luminous infrared
galaxy (ULIRG) candidate from selection criteria addressed below. Since we expect that
the rest of the field will be filled with objects at much lower redshift, this should not have
significantly biased the survey. The presence of lower redshift contaminants, such as merging
galaxies and AGN, in the color regions used to select these candidates does introduce a
potential source of bias to our survey. We therefore include the ULIRG candidate selection

criteria we used here even though we have found no evidence of such bias.

The WISE Extragalactic Team produced several different selection techniques for select-
ing ULIRGs and Hyper-Luminous Infrared Galaxies (HyLIRGS). One example of which can
be found in the color-space plot in Figure In this figure we used templates from the
Spitzer Wide-area InfraRed Extragalactic survey (SWIRE |Polletta et al.; [2007) augmented
by GRASIL models (Silva et al., [1998) to model the expected structure of the WISE W1—-W2

versus W2 — W3 color space.
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We selected ULIRG candidates based on the results of a previous spectroscopy study
done using the Low Resolution Imaging Spectrometer (LRIS, Oke et al., [1995) at Keck I
that followed up WISE-selected ULIRG candidates (e.g. |[Eisenhardt et al., 2012). Of the 64
targets in the WISE team’s LRIS observations as of August 2010, 18 were confirmed z > 1.5
ULIRGs. We used the WISE colors and magnitudes of these objects to define a region of
color-magnitude space to select the 10 ULIRG candidates for our DEIMOS run. We used the
WISE colors and magnitudes of the previously confirmed ULIRGs to produce the following
limits: 0.3 < W1 — W2 <2 W2—-W3> 15 W3—-W4>2 W1>10, W2 > 10, W3 > 8§,
and W4 > 5.5 mag. The magnitude limits were imposed to bias the selection towards very
red (i.e., 12 and 22 ym bright) z > 1.5 ULIRGs. The details of the LRIS observations are
described in [Eisenhardt et al.| (2012) P

Each DEIMOS mask consists of a rectangular 16.7" x 5’ field from which two corners and
a circular arc along the long side are lost to vignetting, leaving a total area of 68.3 arcmin?.
Each target had a minimum slit length of 5” with 2” between the slits, allowing 70-80 targets
per mask given the source densities in WISE’s L3o database. We designed the masks to have
2.0” wide slits in order to accommodate the astrometric uncertainties of the large number of
fainter sources. As of September 2010, our understanding of the L3o database’s astrometric
accuracy could be found in |Wright et al.| (2010). They measured an astrometric uncertainty
of 0.15” for WISE sources with SNR > 20.0. Extrapolating downward in quadrature as a
means of estimation, this implies a 1-0 1-axis uncertainty of 0.62” for sources with SNR ~ 5.

With a 1” slit that implies a loss rate of 42%, whilst a 2" slit gives 11%.

After positioning each field to contain the ULIRG candidate and 6 bright sources for
alignment (15 < R < 17mag), we assigned slits to objects in each of the categories using the
dsimulator mask design software. Due to the high sampling rate of targets in the {> 120}
category we were able to include the good spectra for the alignment box targets without
significantly biasing our results. All targets in a given W1 flux category had the same

priority and thus the program assigned slits to them in such a way as to maximize the

2Much of this paragraph, and its technical content, was contributed by S. Petty
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number of slits. We then added targets to the mask in order of decreasing category flux,

resulting in the sampling rates given in Table [4.2]

We experienced a higher loss rate than anticipated due to the then-unknown pipeline error
that led to quasi-random errors in declination in excess of the quoted positional uncertainty.
Positions of objects in the WISE Preliminary Data Release may be offset from their true
positions by many times the quoted positional uncertainty. Approximately 20% of the sources
fainter than 491 pJy suffer from a pipeline coding error that biases the reported position by
~ 0.2-1.0" in the declination direction. This error can affect sources as bright as W1 ~ 2mJy.
The effect of this error on slit losses can be mitigated by aligning slits away from an East-
West PA. The Cautionary Notes section of the WISE Preliminary Release Explanatory

Supplement describes the origin and nature of this effect in detail.

In principle a 1” error combined with a 2” wide slit should not present a problem for
sources brighter than ¢ ~ 23 mag with 45 minutes of integration on Keck. When combined
with the astrometric uncertainty inherent in targeting sources with low SNR, though, it can
result in the outright loss of a source. Some of our low SNR sources were as much as 4” away
from the closest SDSS source. There are problems inherent in comparing surveys conducted
at different wavelengths, so we did not perform a detailed analysis of all source offsets from
SDSS counterparts. We were able to better quantify how many sources were lost due to
this problem after the final pass processing is complete. The aforementioned error will be
corrected and the images will have greater coverage depth than the frames used to make the
L3o database. The number of sources without positional matches within 6” to non-artifact

sources in the AIIWISE data release is 13 - 10 in {< 80} and 3 in {> 120}.

The primary focus of our survey was to obtain redshifts for the sources brighter than
80 uJy in W1. We therefore decided to integrate for a total of 45 minutes on each field,
splitting the time into 5-minute and 40-minute exposures to maximize our dynamic range.
This strategy also allowed us to expose the maximum of 10 fields possible with DEIMOS in
the course of a single night. The instrument documentation suggested that this exposure
time would yield an SNR in the range of 3—-7 per pixel for a galaxy with Rap = 21.0 mag.

1

We selected the lowest dispersion grating available in DEIMOS, 600 linesmm™", set for a
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750.0 nm central wavelength with the order blocking filter GG495. This produced a wave-
length range of 495-1015nm for targets near the center line of the mask, and a moderate
resolution. For objects filling the 2" slit we achieved a resolving power of R = A\/AX = 861
at A = 736.9nm. Exploring the resolving power across the wavelength range revealed that

we were slit width limited, as shown by a strongly linear trend of the form R = A\/Ao.

The artifact identification system was not used in the production of the L3o database
we used for target selection, and we deliberately did not pre-reject sources based on visual
identification on the chance that they may have been real sources that were contaminated.
There was, therefore, definitely some contamination of the sample — we later confirmed
9 targets as artifacts by examining the WISE images for targets that showed no optical
emission and eliminated them from consideration in all metrics of the survey. To minimize
the impact of this without introducing any non-flux cuts to the survey we positioned the

fields to avoid very bright stars (W1 2 11.0 mag) that produce large diffraction spikes.

We performed the data reduction using the DEEP2 pipeline, and the analysis using
the SpecPro software package described in Masters & Capak (2011). SpecPro calculates
redshifts based on a cross correlation of templates to the 1-dimensional spectra, but we
required clear identification of matching emission or absorption features to consider the
redshift reliable. We calculated K-corrections using a weighted geometric mean of the low
resolution spectral energy distribution (SED) templates of Assef et al. (2010) as a crude
approximation made for the sake of simplicity. Specifically, we used templates for Elliptical,
Sbe and Im galaxies and assigned them weights 0.5, 0.25, and 0.25, respectively. This
approximation was made because nearly half of our sample did not have enough multi-

wavelength broad-band photometry to perform proper SED fits to estimate K-corrections.

4.3 Results and Discussion

We were able to successfully measure high quality redshifts based on visually identifiable
emission or absorption features for 640 of the 762 targets in the 10 masks not lost to vi-

gnetting. Five of our fields fall within, and three of them partially overlap with, the Sloan
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Digital Sky Survey data release 8 (Aihara et al) 2011, SDSS DRS), as seen in Table [1.2]
We therefore classified the fraction of targeted sources for which we obtained high quality
spectra by flux density using both W1 and SDSS 7 band model magnitudes in Figure |4.2]
This allows us to characterize the performance of our spectroscopic survey relative to the
rest of the WISE survey for W1 and the sources contained in both WISE and SDSS for <.
Our survey successfully classified > 90% of the target list for sources with W1 < 16 mag and

1 < 20.75mag, and > 50% for W1 < 18 mag and 7 < 23 mag.

In the following sub-sections we will discuss the properties of targets we were able to
characterize using spectra such as those shown in Figure 4.3| and attempt to estimate the
composition of those that we could not. If the spectrum produced a science grade classi-
fication and redshift we assigned quality class, @), of three or four. If the spectrum was
inconclusive but confirmed the presence of a source then () is zero, one or two. If there was

no evidence of emission in excess of the sky background anywhere, then () = —1.
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Figure 4.1: Color space regions where different classes of WISE detected sources, both Galactic

and extragalactic, would fall based on SWIRE templates augmented by GRASIL models. Adapted

by its original author, C.-W. Tsai, from the graph published in Wright et a1.| (|2010|).
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Figure 4.2: The fraction of sources with magnitude uncertainty less than 1.0 in each magnitude
bin that had @ > 3 spectra. Panel a) shows the fraction of sources with good redshifts as a function
of ¢ band AB model magnitudes using SDSS photometry. Panel b) shows the good redshift fraction
as a function of W1, with the sample boundaries highlighted using the solid vertical dark grey and
light grey lines (colored blue and red for 80 and 120 uJy, respectively, in the online version). Panel
c) shows the same quantity as a function of W1 —i color. Error bars assume that obtaining a good
spectrum was a binomial random process, with confidence intervals constructed according to the

technique in |[Feldman & Cousins| (1998).
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4.3.1 Stellar Results

Figure [4.4] shows the stellar density for sources with W1 fluxes > 80 uJy on a field by field
basis, compared with the expected stellar contribution based on the Galactic star count
model of Jarrett et al| (1994). The results are in good agreement with the model both
overall and on a field by field basis. The breakdown of our target stars by spectral class
is in Figure [£.5] We also checked our stellar population for the occurrence of statistically
significant color excesses in the longer wavelength channels of WISE. Of the 338 stars we
spectrally identified, none of them presented a color W1 — Wz > 1.0 with the restriction

that SNR > 7.0 in both of the channels used to calculate the color.

4.3.2 Extragalactic Results

One simple measure of a photometric survey is the median redshift of the galaxies detected.
We estimate that WISE detects field galaxies back to the median redshift of at least 0.48 &
0.02 by linearly interpolating the cumulative distribution that corresponds to Figure {4.6,
The reason for referring to this value as a lower limit is due to the fact that we did not
correct for the median lowering bias caused by reduced success rates in measuring redshifts
of galaxies from the fainter samples. A more detailed breakdown of the median redshift
by flux depth and galaxy spectral type can be found in Table In principle, our results
could also have been biased by the different spectral features present on the detector as a
function of galaxy spectral type and redshift. For example, an absorption line galaxy with
z < 0.2 would not have presented visible Ca II H and K lines, leaving us to rely on the
less prominent Na I doublet at 580.3nm and the Mg I line at 517.5nm for measuring the
redshift. The lesser prominence of these lines, however, means that we are more likely to be
able to classify a faint source at higher redshift rather than at than lower, as evidenced by

the absence of {< 80} sources in the three lowest bins of Figure [1.6]

A more important measure of the depth achieved, however, is the redshift to which L,
galaxies are detected in abundance, because this sets the depth to which the survey can

provide constraints on the faint-end slope of the luminosity function. In Figure 4.7| we have
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plotted the luminosity of our sources versus their redshift alongside the simple evolving
model for L,(z) from Dai et al| (2009) (L,(z) = L.10%49* @Q = 1.2 & 0.4), making the
approximation that the Spitzer InfraRed Array Camera (IRAC) channel 1, with effective
wavelength 3.6 pm, is the same as W1. From this function for L,(z) we find that at a W1
flux limit of 80 uJy WISE detects L, galaxies back to z = 0.7103.

Our estimate of the redshift to which WISE detects L, galaxies has a caveat to its
accuracy. The evidence that a caveat is needed comes from the mismatch between the
predicted galaxy densities and the observed densities, seen in Figures [4.4] and [£.6] In total
WISE detects at least (1.9 £ 0.1) x 10% counts deg™? field galaxies with observed W1 flux
> 80 pJy while the prediction from the model is (54 2) x 10% counts deg™?, a discrepancy
of 1.30. Although the mismatch is not statistically significant, it is unlikely to be due to
incompleteness in our survey, but possibly due to the extrapolation of their results to a
flux limit of 80 uJy. The sample used by Dai et al. (2009) was limited to [3.6] > 143 uJy
(< 15.7mag) and their analysis was restricted to z < 0.6. As discussed by Dai et al.| (2009),
the M, evolution they find is faster than that found by other surveys (although at different
wavelengths) and seems to overestimate that of other studies at higher redshifts (see their
Figure 10). Coupled with their assumption of a non-evolving faint-end slope (determined
primarily from their z < 0.2 sample), this could tentatively explain the differences we find.

A detailed study of the WISE-selected mid-infrared galaxy luminosity function is the subject
of Chapter [6]F]

Figures and also provide evidence that our ULIRG candidate targeting did not
introduce a significant bias toward over-dense fields. Both the radial and angular densities
show little evidence for the presence of large clusters. Indeed, the one significant single field
over-density in redshift we found at (z) = 0.2127 £ 0.0006 was in field 6 (b ~ —71°) and the
ULIRG candidate was at z ~ 1.

We have found that the 1.6 yum bump in the typical galaxy SED produces a straightfor-

ward correlation between many of the WISE /SDSS colors and redshift for galaxies without

3Much of this paragraph was originally written by R. J. Assef and D. Stern.
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observed broad-line emission. The correlation is strongest using the g, r, or i filter with W1,
but is apparent when matching any SDSS filter with W1 or W2. We plot an example in
Figure 4.8} using ¢ because it is the SDSS band nearest to the center of our spectra. We fit
In(Fwi/F;) to In(1 + z) using a function of the form y = m(x — zo) + b and a badness of
fit /likelihood:

1 yi —mlr; —x) —0)? 1 9 9 9
—Ej “n (02, L1
2 = [a + [mog)? 4 02 +2 n(ayﬂ—i—[may] +J€Xt) (4.1)

where 0., is the extrinsic scatter in excess of the statistical uncertainty of the measurements
and it, alongside m and b, is a fit parameter on which we optimize £. We set zy as a
free parameter to reduce the off-diagonal terms of the covariance matrix of the main fit

. The

parameters. Specifically, we set 29 = (x;) with weights w; = (07, + [mog,]* + aezxt)fl

resulting parameters can be found in Table [£.4] The implication of this correlation is that
Figure ) gives us a rough estimate of our completeness relative to WISE as a function

of redshift. Specifically, we are 90% complete to z ~ 0.5 and 50% complete to z ~ 0.9.

We present in Tables [4.5] and [4.6] an excerpt of the redshift catalog, which will be made
available as an electronic table with the paper that will be based on Chapter 5| and at at
https://dx.doi.org/10.6084/m9.figshare.3860016.

4.3.3 The Spectroscopically Unclassifiable Population

The breakdown of the spectral qualities by sample can be found in Table [4.7] Table
presents classifications rates as a function of spectrum type and bandpass for sources with
magnitude uncertainties < 1mag. It is clear from the detection rates in Table that the
most complete choice, overall, for analyzing the sample for which we could not get @) > 2
spectra is to match W1 with SDSS r, ¢, or z. Given the wavelength coverage of our spectra,

we choose to use r and 1.

We also provide Figure [4.9] for comparison with Figure [4.1, While there are several stars
outside of the boundary outlined for main sequence stars in Figure 4.9 and this could be
considered indicative of the presence of debris disks (Wolf & Hillenbrand}, 2003), these sources

should be approached with caution. All of them have a W3 SNR in the range (1.7,3.5) and
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Table 4.3. Extragalactic Summary

Galaxy W1 Flux Density median z*  Source
Spectral Type (ndy) (count arcmin~2) count
AbsorptionP > 120 0.16 +0.02 0.32 £ 0.03 82

> 80 0.26 + 0.03 0.37+£0.01 109

>0 0.32£0.03 0.4019:03 121

Emission® > 120 0.14 +0.03 0.32 £ 0.02 69
> 80 0.28 £ 0.03 0.4271952 111

>0 0.69 £ 0.05 0.52+£0.02 191

All Fieldd > 120 0.30 £ 0.02 0.32+0.01 151
> 80 0.54 + 0.04 0.38+£0.02 221

>0 1.01 £ 0.06 049+0.02 313

Broad-lined AGN > 120 0.022 £ 0.007 0.5310 39 11
> 80 0.028 4 0.008 0.83199¢ 13

>0 0.05 + 0.01 0.9419-36 17

2Calculated by linearly interpolating the cumulative counts histogram using the same bins

as in Figure[1.0]

bGalaxies without detected emission lines.

¢Galaxies with detected emission lines that are not obviously broadened.

dUnion of Absorption and Emission galaxies.

Note. — Extragalactic population density and median redshift as a function of galaxy type
and W1 flux cutoff. The densities cannot be obtained by dividing the target count column

by the survey area because of the sampling rate corrections needed.

Table 4.4. i — W1 vs. In(1 + 2) Fit Parameters

y-variable slope (m) y-intercept (b) Scatter (oext) z-offset (zo)
In(Fyi/F;) 4.2+0.2 1.05 £ 0.03 0.33 £ 0.02 0.364
i — W1 4.6 £0.2 mag 3.81+0.03 mag 0.36 £0.02 mag 0.364
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Table 4.6. WISE /DEIMOS Redshift Catalog (Excerpt,
Column Set 2)

ID class SpecProTemplate R cont SpecFeatures
1 Star G Star 1 1 Nal Ha
2 Star M Star 1 1 Nal Bal
3 Star G Star 1 1 Nal Ha
4 Indet NA 1 0
5 Star K Star 1 1
6 Star G Star 1 1 Nal Ha
7 Star M Star 1 1 Nal TiO Bal Ha TiO
8 Star K Star 1 1 Nal Bal Ha
9 Star A Star 1 1 Ha
10 Star M Star 1 1 Nal TiO Bal TiO

Note. — Second set of columns of example lines from the catalog of redshifts
we will be making available based on data gathered with DEIMOS. The first set
of columns are shown in Table ID is repeated here for clarity, but not in the
electronic table. class is the spectroscopic classification of the target, one of: Star,
Gal (galaxy), QSO (broad-line AGN), Indet (spectrum seen, indeterminate), and
Unseen (nothing detected at the right position on the slit). SpecProTemplate is the
template in SpecPro that was subjectively closest to the observed spectrum. R is an
integer that is 1 if the source is ‘real’ (within 6” of an AIIWISE source that is not
flagged as an artifact in W1), 0 otherwise. cont is 1 if continuum flux was visible in
the spectrum, 0 otherwise. SpecFeatures is a list of identified spectroscopic features,

in order of increasing wavelength, by the name given to them in SpecPro.
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the size of the color excess varies nearly monotonically with the decrease in the W2 SNR.
In short, these detections are near the noise floor of W3 and therefore the criterion that
ows < 1.0 is really a lower limit on the uncertainty in the flux in the direction of zero.
Such Gaussian error estimates do not include the asymmetry required by a more rigorous
treatment of the statistics. We also cannot rule out chance alignments with background
objects that are dominating the WISE colors coinciding with a star that dominated the
DEIMOS spectra.

Of the 759 not yet identified as spurious targets in our survey, 461 (60%) are in the
coverage of SDSS DR8. Of those covered, only 56 (12%) did not have a clear counterpart in
the SDSS DRS8 database. From those 56 without a clear counterpart, we were able to get 20
(36%) good spectra. Of the 405 targets with SDSS counterparts we failed to get good spectra
for 20 (5%). This has also given us the opportunity to characterize the sources that were in
Sloan and not characterized by our survey, as shown in the color-color plot in Figure 4.10
There is an obvious bias toward missing targets that are in the predominantly extragalactic
region of the color-color plot. This is consistent with the fact that the missed sources were
overwhelmingly from the faintest sample, {< 80}, and the findings in Jarrett et al. (2011))
that galaxies outnumber stars at the North Ecliptic Pole (b ~ 30°) for W1 2 15.0 mag (W1
flux < 300 pJy). Also of note is that the undetected galaxies are almost entirely from the
region with r — W1 > 4.2 mag, reinforcing the probability that our survey has a bias against

high redshift sources.

We have listed in Table all of the targets which had an SNR > 7.0 in one of the
WISE bands and for which there is no corresponding detection in the SDSS database, no
Two Micron All Sky Survey (2MASS) detection, and no evidence of optical flux in the spectra
we obtained. The purpose of Table is to enable potential further followup of what are,

at present, uniquely WISFE sources.
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Table 4.7.  Spectroscopic Quality by Sample

Q {> 120} {80-120} {< 80}
(Niot = 449)  (Nior = 130)  (Nior = 183)

34 98.9% 84.0% 66.9%
0-2 1.1% 11.5% 16.9%
-1 0.0% 4.6% 16.3%
Note. — The fraction of targets in each spectral quality class

broken down into the W1 flux ranges that defined each sample,

in pJy.

Table 4.8. Spectroscopically Classified Target Detection Rate by Channel

Filter Emission Galaxies Absorption Galaxies Broad-lined AGN Stars
Name (fo>2 [Ntot]) (fo>2 [Ntot]) (fo>2 [Niot]) (fo>2 [Ntot])
u 54.4% [114] 30.3% [66] 91.7% [12] 76.4% [212]
g 76.3% [114] 83.3% (66 100.0% [12] 98.1% [212]
r 83.3% [114] 93.9% [66] 100.0% [12] 99.1% [212]
i 84.2% [114] 95.5% [66] 100.0% [12] 99.1% [212]
2 82.5% [114] 93.9% [66] 100.0% [12] 97.6% [212]
J 5.2% [191] 19.0% [121] 17.6% [17) 80.2% [343]
H 5.2% [191] 19.0% [121] 11.8% [17] 78.7% [343]
K. 5.2% [191] 18.2% [121] 17.6% [17] 65.6% [343]
w1 99.0% [191] 99.2% [121] 94.1% [17] 100.0% [343]
W2 99.0% [191] 98.3% [121] 94.1% [17] 99.7% [343]
W3 72.8% [191] 59.5% [121] 82.4% [17] 56.0% [343]
W4 51.8% [191] 61.2% [121] 70.6% [17] 60.3% [343]
Note. — The fraction of targets with high quality (Q > 2) spectra detected (¢ < 1.0mag) by each

photometric band, with the number of total available targets in brackets next to the fraction in percent. The

photometry used to construct this table came from SDSS DRS8, 2MASS, and WISE.
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4.4 Conclusion

With its ability to detect L, galaxies out to z ~ 0.7 in the areas with fewest repeat ob-
servations and its nearly 47 sr coverage, WISE is able to play an important role in studies
of galaxy populations and cosmic structures at moderate redshifts. Chapter [0 reports on
the 3.4 um luminosity function to redshift z < 1, derived using this data in conjunction
with public spectroscopic data sets. In Chapter [7| we trace the contribution to extragalactic

background light in the mid-IR from galaxies and constrain the stellar mass of galaxies.
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Figure 4.4: Observed versus predicted source densities for sources with W1 flux > 80 uJy. The
black circles are the observed galaxy densities, while the prediction is the horizontal dashed line and
the 1-0 uncertainty in that prediction is the dotted line. The squares are the observed star densities,
and the triangles shifted to the right are the prediction (colored green in the online version). The
predicted star counts are based on a model adapted from Jarrett et al.| (1994]). The predicted galaxy
counts come from integrating a Schechter luminosity function using the parameters measured in

Dai et al. (2009) using the Spitzer /IRAC 3.6 um channel out to a redshift of 1.25.
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Figure 4.5: Relative abundances of the different stellar spectral types. All quantities are attempt
rate corrected. The accuracy of the spectral classification of an individual star is accurate to at
least 4 half a spectral class. The accuracy is better in the case of M-type stars and stars that have

good optical photometry from SDSS DRS.
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Figure 4.6: Stacked bar histogram of the robust spectroscopic redshifts from our survey. The
white bars are the {> 120} sample, the light grey (red in the online version) bars are the {80-120}
sample, and the dark grey (blue in the online version) bars are the {< 80} sample. The height of
each bar was sampling rate corrected on a field by field basis by dividing by the values in Table
The solid line represents the predicted source density based on integrating a Schechter function
with the parameters from Dai et al.| (2009) down to an observable flux limit of 80 uJy. The dashed

lines are the 1-0 confidence band for the prediction.
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Figure 4.7: W1 luminosity, approximated as v L, in units where v L, for Sol is 1, against observed

redshift. The solid line represents the expected vL,(z) for L, galaxies based on the linearly evolving

M, measurement from [Dai et al.| (2009)) using the Spitzer/IRAC 3.6 pm channel. The dashed lines

are the 1-o confidence bands from straightforward error propagation of the uncertainties in the
luminosity function parameters. The dotted lines are vL,(z) for an 120 uJy and 80 pJy source.
The sources that cross into other regions are due to higher SNR photometry that became available

after target selection.
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Figure 4.8: In(1 + z) versus In(Fyw;/F;) (both fluxes in Jy) color for non-broad-lined sources in
our survey that have high quality (Q > 2) spectra, unique source correlation between SDSS and
WISE, and both o;, owi1 < 1.0mag. The circles are galaxies for which we detected emission lines
(blue in the online version) and the squares had only absorption lines (red in the online version).
The solid line is the result of a maximum likelihood fit of color to a linear function of In(1+ z) with
extrinsic scatter for points with z < 1. The dashed, dash-dotted, and dotted lines are the tracks
formed by the Elliptical (red online), Sbc (blue online), and Im (magenta online) templates from

Assef et al.| (2010), respectively.
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Figure 4.9: Our DEIMOS targets with minimally acceptable photometric uncertainty
(ow1, owz, and ows < 1.0mag). Sources marked with an light grey circle (blue in the online
version) are emission line galaxies with measurable redshifts, dark grey squares are absorption line
galaxies (red in the online version), triangles pointing down (magenta in the online version) are
broad-lined AGN, plus marks are stars (green in the online version), and black diamonds are sources
we could not classify to a high degree of certainty based on the spectra we obtained. Regions from

Figure are reproduced, in color, in the online version.
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Figure 4.10: Our DEIMOS targets associated with a single target in SDSS DR8 and having
minimally acceptable photometric uncertainty (o;, o, and ow; < 1.0mag). Sources marked with
an open circle are galaxies with measurable redshifts, triangles pointing down are broad-lined AGN,
plus marks are stars, and diamonds are sources we could not classify to a high degree of certainty
based on the spectra we obtained. We placed the regions qualitatively based on a combination
of the data from this survey and a pseudo-random selection of spectroscopically classified sources

from SDSS DR8 (not shown).
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CHAPTER 5

Description of All Data Used

The WISE satellite surveyed the entire sky multiple times in four infrared (IR) wavelengths
(3.4, 4.6, 12, and 22 um; Wright et al| 2010). This all-sky IR photometric survey makes
it possible to leverage many of the large publicly available spectroscopic redshift surveys to
measure galaxy properties in the IR. While characterizing the cross-matching of WISE data
to a single survey is a straightforward process, doing it with six different redshift surveys
takes a fair amount of space to characterize adequately, because each survey has unique
caveats and characteristics that need addressing. This work describes a data set that results
from matching five public redshift surveys with the AIIWISE data release. The combined
data set has an additional flux limit of 80 uJy (19.14 AB mag) in WISE’s W1 filter imposed
in order to limit it to targets with high completeness and reliable photometry in the AIIWISE
data set. Consistent analysis of all of the data is only possible if the color bias discussed in
Tlbert et al| (2004) is addressed (for example: the techniques explored in Chapter [2). The
sample defined herein is used in Chapter [6], to measure the luminosity function of galaxies at
2.4 pm rest frame wavelength, and the selection process of the sample is optimized for this

purpose.

5.1 Introduction

The astronomy community has an embarrassment of riches when it comes to the depth

and breadth of its publicly available catalog of data, both photometric (Sloan Digital Sky

OThis chapter is based on a paper in preparation for submission to The Astrophysical Journal in 2017,
one of those on which Chapter [2J's paper waits, by the authors: S. E. Lake, E. L. Wright, R. J. Assef, T. H.
Jarrett, S. Petty, S. A. Stanford, D. Stern, and C.-W Tsai.
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Survey [SDSS], Two Micron All Sky Survey [2MASS], Galaxy Evolution Explorer [GALEX],
Widefield Infrared Survey Explorer [WISE], to name a few), and spectroscopic (for example,
6dF Galaxy Survey [6dFGS], SDSS, Galaxy and Mass Assembly [GAMA]). As tempting as it
is to combine all of the available data into a unified measurement of the luminosity function
(LF) of galaxies, there is no single standard for how targets are selected for measurement of
spectroscopic redshifts or how the resulting data is characterized. So any effort to analyze
a data set that is a synthesis of many data sets requires a careful consideration of whether
the target selection processes are sufficiently similar to be modeled in a unified way, and

characterization of the resulting data set after all quality cuts are made.

This chapter contains a description of the sample selection process, and a characterization
of the same, for spectroscopically measured redshift catalogs of galaxies pulled from six
different surveys and crossmatched, wherever possible, to additional photometric information
from SDSS data release 10 (SDSS-DR10), the 2-Micron All Sky Survey (2MASS), and the
AIIWISE Source and Reject Catalogs. The spectroscopic galaxy surveys tapped are: the
6dFGS Data Release 3 K selected sample (Jones et al., 2009), SDSS Main Galaxy Sample
(Strauss et al., [2002; /Ahn et al| [2014a), GAMA data release 2 (Liske et al., 2015), the AGN
and Galaxy Evolution Survey (AGES) (Kochanek et al., 2012), the zCOSMOS 10k-Bright
Spectroscopic Sample (Lilly et al., 2009), and a reanalysis of the WISE/DEIMOS survey
(originally presented in: |Lake et al., |2012). What all of these surveys have in common is
that their target selection processes are driven, primarily, by observed flux in one channel:
2MASS K, SDSS r, SDSS r, Hubble F814W (approximately I), NOAO Deep Wide Field
Survey (NDWFS) I, and WISE W1, respectively. The simple selection process leaves room,
computationally, for the imposition of a further flux cut in W1 for the combined catalog

without significantly increasing the complexity of the selection process.

A measurement of the LF using the data described herein takes place in Chapter [0]
The technique needed to account for the biases in such a diverse group of redshift surveys
simultaneously is to broaden the concept of the LF to be a density over the galaxies’ entire
spectral energy distribution (SED), as described in Chapter [2l Two necessary components
of that process are the mean and spectral covariance of galaxy spectra. This chapter makes
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use of the mean and covariance of galaxy SEDs as measured in Chapter [3] The techniques
developed allow us to address the SED dependent completeness concerns raised in |IIbert
et al. (2004), and make the minimum cuts to the data needed in the process. In this work,
the mean SED is used to cut galaxies that are likely low luminosity outliers in luminosity-
redshift space, caused by contamination, as well as to compute curves bounding the regions

in luminosity-redshift space where SED variety completeness is nearly constant.

The layout of this chapter is as follows: Section [0.2| describes the data sets chosen and all
cuts made to the sets. Each data set has its own subsection where details peculiar to it are
described. The effects of the primary cuts on the data are demonstrated in graphs that are
not completeness corrected in order to show what physical parameters, primarily redshift
and luminosity, measurements based on the data set will be most sensitive to. Section [5.3
contains excerpts from the machine readable tables of the selected data published with this

work. Finally, Section contains concluding remarks.

All magnitudes in this chapter are in the AB magnitude system, unless otherwise spec-
ified. In cases where the source data was in Vega magnitudes and a magnitude zero point
was provided in the documentation, they were used for conversion to AB (2MASSE] and All-
WISEED. For the surveys without obviously documented zero points (NDWFSE], SDWFS?D
we converted Vega magnitudes to AB magnitudes using those provided in [Kochanek et al.

(2012).

5.2 Data Selection and Characterization

The defining data set of this chapter is the WISE W1 selected survey originally described in
Lake et al| (2012) and here in Chapter [4] hereafter WISE/DEIMOS. The biggest advantage
of WISE/DEIMOS is that the target selection function is extremely simple, driven at the

http://www.ipac.caltech.edu/2mass/releases/allsky/faq.html#jansky
Zhttp://wise2.ipac.caltech.edu/docs/release/allsky/expsup/secd_4h.html#WISEZMA
3http://www.noao.edu/noao/noaodeep/

Yhttp://irsa.ipac.caltech.edu/data/SPITZER/SDWFS/
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faint end entirely by the target’s flux at 3.4 um, W1 filter. The disadvantage is that the
sample size is relatively small (N ~ 200). The smallness of the WISE/DEIMOS sample,
and AIIWISE’s sky coverage, is what drove the decision to leverage the existing catalog of
redshift surveys. We imposed a W1 flux limit of 80 uJy (19.14 AB mag) on all surveys to
make the results from the disparate surveys as comparable to the WISE/DEIMOS data set

as possible. The complete list of surveys used is found in Table [5.1]

We cross matched the surveys to the AIIWISE catalog (Cutri et al., [2013) and reject
table using a spatial match with a 6” radius, the full width at half maximum (FWHM)
of the WISE beam, keeping only the nearest matching source. We then traversed the list
again to ensure that each source from AIIWISE was associated with only one target from the
redshift survey, assigning the AIIWISE source to the closest target in cases where multiple
targets matched a single source. The reason for this choice is that the target closest to the
photo-center of the AIWISE source is likely the one providing the dominant contribution
to the detected flux. While an ad-hoc deblending procedure could have been developed, the
issue was infrequent enough to make addressing it in this fashion not worthwhile; less than

3% of sources in zCOSMOS-10k, the deepest, and narrowest, survey in this work.

Performing the initial search out to 6” allowed us to examine how the match radius af-
fected both the completeness and purity of the sample. In that analysis we decided that
keeping only sources with a match within half of the WISE beam’s FWHM (3") was, sub-
jectively, an adequate compromise among all of the sample completeness and purity factors,
since the target likely contributes the majority of the flux in the WISE measurement. Sources
with matches between 6” and 3” that pass all other tests are regarded as lost to contam-
ination, and are treated as a reduction in completeness for the survey. The same is done
for sources which are flagged as having contaminated photometry in W1 in the AIIWISE
database (wlccmap # 0). The fraction of points lost to contamination by these criteria are:
9.2% for 6dFGS, 4.1% for SDSS, 3.8% for GAMA, 3.0% for AGES, 11.8% for zCOSMOS,
and 1.4% for WISE /DEIMOS.

The large WISE beam means that the vast majority of galaxies detected in the All-

WISE data release are unresolved and well characterized by the point-spread function (PSF)
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http://www.6dfgs.net/
http://classic.sdss.org/dr7/
http://www.gama-survey.org/
http://iopscience.iop.org/article/10.1088/0067-0049/200/1/8/meta
http://www.eso.org/sci/observing/phase3/data_releases.html#other_programmes

Table 5.2. Photometric Surveys Used by Spectroscopic Survey

Spectroscopic Survey Photometric Survey Bands Citation
WISE /DEIMOS® GALEX gr7 FUV, NUV Martin et al.| (2005)

2MASS J, H, Ky |Skrutskie ot al) (]2006[)

SDSS-DR10 U, g, Tyt 2 IAhn et al.l (l2014al)

AIWISE W1, W2, W3, W4 Wright et al. (2010
6dFGS GALEX g7 FUV, NUV Martin et al. (2005

IMASS J, H, K, |Skrutskie et al (2006

ALIWISE W1, W2, W3, W4 Wright et al. (2010)
SDSS SDSS-DR10 u, g, T, 4 2 |Ahn et al.| (12014bb

2MASS J, H, Ks |Skrutskie ot al| (]2006[)

AIIWISE W1, W2, W3, W4 Wright et al.| (2010)
GAMA GAMA FUV, NUV Liske et al.(2015)

SDSS-DR7 u, g, T, i, 2 |Abazajian et al.| dQOOQb

UKIDSS LAS Y, J, H, K Lawrence et al.| (2007)

AIIWISE W1, W2, W3, W4 Wright et al| (2010)
AGES SDSS-DR10 u, g, 7, i, 2 |Ahn et al| (2014b)

NDWFS-DR3 Buw, R, I, K |Jannuzi & Dey| (1999

SDWFS-DR1.1 cl, 2, ¢3, cd |Ashby et al (2009)

AIWISE W1, W2, W3, W4 |Wright et a1.| 42010[)
2COSMOS COSMOS FUV, NUV, u*, Bj, g*, V;,

r+, F81AW, it i*, 2T, J, Ko

SDSS-DR10 u, g, i, 2

S-COSMOS-DR3 cl, c2, c3, c4

AIWISE W1, W2, W3, W4 |Wright et a1,| 42010[)

Note. — Photometric surveys used for fitting SEDs to sources, in order of increasing wavelength.

2 Not all sources have all data available, whether it was a question of coverage or depth, so roughly half of the sources

were only characterized by WISE data.
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http://galex.stsci.edu/GR6/
http://www.ipac.caltech.edu/2mass/
http://www.sdss3.org/dr10/
http://irsa.ipac.caltech.edu/Missions/wise.html
http://galex.stsci.edu/GR6/
http://www.ipac.caltech.edu/2mass/
http://irsa.ipac.caltech.edu/Missions/wise.html
http://www.sdss3.org/dr10/
http://www.ipac.caltech.edu/2mass/
http://irsa.ipac.caltech.edu/Missions/wise.html
http://www.gama-survey.org/
http://classic.sdss.org/dr7/
http://www.gama-survey.org/
http://irsa.ipac.caltech.edu/Missions/wise.html
http://www.sdss3.org/dr10/
http://archive.noao.edu/ndwfs/
http://irsa.ipac.caltech.edu/data/SPITZER/SDWFS/
http://irsa.ipac.caltech.edu/Missions/wise.html
http://irsa.ipac.caltech.edu/Missions/cosmos.html
http://www.sdss3.org/dr10/
http://irsa.ipac.caltech.edu/Missions/cosmos.html
http://irsa.ipac.caltech.edu/Missions/wise.html

photometry stored in the w?flux columns of the database. While there were not enough
resources to perform a full and independent extended source analysis of the WISE survey,
the team was able to place elliptical apertures on sources that are already identified in the
2MASS Extended Source Catalog (XSC). Figure[5.1|shows the trend in L, (2.4 ym) computed
by K-correcting SDSS r model fluxes (profile fit flux measurements) versus using WISE W1
fluxes as a function of the reduced x? of the W1 PSF fit on sources from the SDSS survey.
Panel a shows the trend when using W1 PSF photometry, and panel b shows the trend
when using the W1 elliptical apertures. While both sets of data have a trend, the elliptical

aperture has a smaller trend at large y2.

The hazard of using only PSF fluxes for resolved sources (even for only marginally resolved
ones) is twofold: first, L, will be underestimated for low redshift galaxies; leading to the
second, that the evolution in L, will be overestimated. This bias will have further effects on
the values observed in other LF parameters. k,, the normalization of flux counts, should be
slightly decreased because the bias is a blunting of the flux counts histogram at the bright
end. Because the definition of ¢, makes its value dependent on L,, both its value and the
evolution of that value will be strongly affected. We therefore attempt to minimize this bias
by using the elliptical aperture flux when w?rchi2 > 3, if it is not an upper limit and if the
source is within 5” of the XSC source (xscprox < 5). As the measurements in Chapter [f]

show, this effort was not entirely successful.

In the future, the ideal solution would be to generalize the photometry software used
in producing the AIWISE catalog, WPHOT’] to process the images used to generate each
survey’s target list at the same time as the WISE images using a profile model for the

galaxies; similar to what was done in Lang et al.| (2014).

Model fitting techniques that correct for model completeness using a smoothly varying
selection function, as we applied to this data set in Chapter [6] tend to make the model
parameters particularly sensitive to outliers that are in low completeness regions. The most

prominent example of this outlier effect in this work are objects which pass all of the selection

Shttp://wise2.ipac.caltech.edu/docs/release/allsky/expsup/secd_4c.html
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Figure 5.1: Plots of L, 2.4 m/Lwi—2.4um versus the reduced x? of the W1 PSF photometry fit.
Panel a uses the PSF photometry for W1, and Panel b uses the elliptical aperture fluxes. The data
used is described in Section [5.2.3] with the additional restriction that points have non-upper limit
elliptical aperture fluxes. The vertical line at reduced x?> = 3 shows the separation we adopted
between data for which the PSF flux was preferable and that for which the elliptical flux was

preferable.

flux cuts, but are in a position in the luminosity-redshift plane that has an extremely low
selection probability assigned to it by the model. The two most common reasons for this
are: sources with contaminated optical photometry; and sources that are marginally resolved
by WISE, but which do not have elliptical aperture photometry available. We calculated
L,(2.4um) from the WISE photometry and, if it isn’t contaminated to the same extent
as the optical selection photometry, then the source can be an outlier on the low side in
a luminosity-redshift graph. Low luminosity outliers are in a region that the completeness
model assigns a low probability of having been selected. This causes a large swing in the
estimate of the LF model parameters in order to get a finite density at the position of the
outlier. An example of a source with contaminated targeting photometry can be found in
Figure |5.2] and one that lacks an elliptical aperture in AIIWISE but the psf flux is improper
is in Figure |5.3] Because the apparent radius of a galaxy is correlated to both its luminosity
and redshift, and the probability of significant contamination varies inversely with flux and
with the area subtended on the sky by the source, these lead to selection effects and biases.

In principle these effects can be modeled if a radius-luminosity relationship is added onto
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the overall model, but that would require a set of radius measurements that is consistent

across surveys, and that also has an accurate determination of the effect of seeing.

The factors discussed in the previous paragraph make it necessary to cut data with low
selection probability and low luminosity as outliers. For that reason, a reduced maximum
redshift was applied to 6dFGRS, SDSS, and GAMA, as shown in Table [5.1f Further, the
minimum selection fluxes were extrapolated into luminosity cuts using the mean SED for
all galaxies measured using the data from Chapter The fractions of 2.4 ym luminosity
contributed by each of the templates from |Assef et al.| (2010), with the median AGN obscu-
ration, can be found in Table [3.3| and a graph of the mean SED, with a 1-0 type variance
band around it, is in Figure 5.4 For AGES and WISE/DEIMOS, surveys with a tiered
target selection strategy, each survey was treated though it were comprised of two fully inde-
pendent surveys for this cut, with the division line set by the intermediate magnitude limit
in Table 5.1} Finally, if the survey documentation did not explicitly cite a maximum flux
limit, then one was imposed that cut the brightest few sources in order to ensure an accurate

upper flux limit for the survey.

The WISE All-Sky data release had a known and documented?| overestimation of the
background, leading to an underestimation of the flux for faint sources. The AIIWISE release
remedied most, but not all, of the problemﬂ We, therefore, added a small flux to correct
for the over-subtraction in the PSF photometry, on average, in W1 and W2. The values
added are 1.5 uJy and 7 puJy in W1 and W2, respectively, as shown in Table 6 of the catalog
completeness section of the AIIWISE Explanatory Supplementﬂ The aperture photometry
was not affected by this issue, so when elliptical aperture photometry was used in this work

it was unaltered.

Targets from each survey were also matched to other photometric surveys using a 1” spa-

tial match in order to obtain more photometric points to use in modeling the spectral energy

Shttp://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec6_3c.html#flux_under
"http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_2.html

Shttp://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_4a.html
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Figure 5.2: Panels show a source with contaminated optical photometry that causes a source that

should not have been selected for the redshift sample to be included. Panel a is centered on the
target source with SDSS gri mapped to blue, red, and green, respectively, in a linear scale with the
scale of each channel set to fit the source. The green streak is a likely cosmic ray hit. The outer
circle is the Petrosian photometry aperture, used to measure the flux in determining targeting, and
the inner circle is the aperture that contains half of the flux of the outer one. Panel b shows the
same field, as imaged by WISE, with W1 mapped to yellow, and W2 to red. The green circle on
this panel shows the twice the FWHM of the native WISE W1 beam. The coordinates of this
source are: 138.33114°, 19.70335° in J2000 right ascension and declination.
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Figure 5.3: Panels show different views of a source that is large enough for WISE psf flux
measurements to miss a significant portion of its flux. This particular example happens to have
been divided into four different sources by the WPHOT pipeline. Panel a shows the galaxy as seen
in the Digital Sky Survey 2, with B, R, and I mapped to blue, green, and red. Panel b shows
the 2MASS view, with .J, H, and K, mapped to blue, green, and red. The 33.3” circle shows the
radius out to which the radial profile was integrated to calculate the flux used in selection. Panel c
shows the same galaxy as shown in the AIWISE coadd atlas, with W1 mapped to yellow, and W2
to red. The green circles have 3.1” radii, and show the sources into which the galaxy is divided in
the AIIWISE database. The coordinates of this source are: 24.48083°, —50.36086° in J2000 right

ascension and declination.
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vE,[[vF,,] (Ao = 2.4 um)

Figure 5.4: The mean SED of galaxies in the redshift range 0.05 < z < 1, as measured using the
data and SED fits from Chapter [3] The solid grey lines show the 1-o type variance band around
the mean SED, the dashed vertical line is at 2.4 ym and the vertical dotted lines show the effective

wavelengths of the WISE W1 filter for galaxies at the extreme redshifts of the sample, z =0, 1.

distributions (SEDs) of the galaxies. The SED models were made using the four templates
from |Assef et al.| (2010). The set of templates contained four basis galaxies, identified as
Elliptical, Sbe, Trregular, and Active Galactic Nucleus (AGN). All of the models are normal-
ized to be 10'° L in the wavelength range 0.03-30 um. The AGN template, additionally,
has a dust obscuration model parametrized by E(B — V). The models, normalized to unit

luminosity at 2.4 pm with the AGN unobscured, can be found in Figure [5.5]

The templates were constructed to be fit to fluxes by minimizing x? with respect to to a
linear combination of the template fluxes with non-negative coefficients, and a search in the 1-
dimensional parameter space for the best AGN extinction, E(B—V') = (2.5/In(10))-(tg—7v).

That is, the model has the form:

F,(v,2z) = agFr(v, z) + asFs(v, 2)

+arFi(v, z) + aaFa(v, 2,78 — Tv), (5.1)
Fupei — Fouodi
2 obsi mod @
eo 3 (Fms ) (52)
i€{filters}

with all a; > 0, and 12 > 75 — 7 > 0. The a; were fit using the SciPy optimize package’s

routine nnls (quadratic programming for non-negative least squares), and 75 — 7, were fit
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Figure 5.5: The template spectra used from Assef et al.| (2010). The red solid line is the template
called “Elliptical.” The purple dashed line is “Sbc.” The blue dash-dotted line is “Irregular.” And

the green dotted line is “AGN,” unobscured.

with the routine brent (Brent’s algorithm) with fallback to fmin (Nelder-Meade simplex).

There is one modification to that procedure for the fits done for this work. The templates
do not include the possibility of adjustable dust obscuration of the stellar population, so a
dusty starburst that has a detection in WISE’s 12 um filter, W3, will often be best fit
with a galaxy that is dominated by its Elliptical component (to satisfy optical redness) and
a super-obscured AGN (75 — 7y > 12) masquerading as the emission from the stellar dust
component. The problem this creates is that it makes the SED fit the data more poorly in the
most important range for work on the 2.4 ym luminosity function, where K-corrections from
W1 to 2.4 um are performed. We used two techniques to work around this problem. First,
we limited the excess in optical depth as 75 — 7y < 12 (equivalently, E(B — V') < 13.03).
Second, when the SED was badly modeled (x* > max(Ny, 1) X 100) and unlikely to be
an AGN (W1 — W2 > 0.5 Vega mag), we used the best model with an unobscured AGN,
E(B—V) = 0. The reduced x? criterion was determined by subjective empirical examination,
and the AGN selection was found in |Assef et al.| (2013) to select low redshift AGN with 90%

completeness.

Limiting the excess optical depth, 75 — 7/, to be non-negative introduces a bias to the
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parameter estimation of the individual galaxies. It is even physically possible for a source to
appear bluer than expected if the line of sight is unobscured and dust clouds are reflecting
excess blue light into it (that is, the line of sight contains a significant contribution from
reflection nebulae in the target galaxy). Even so, applying a negative optical depth excess to
dust obscuration models is not likely to produce an accurate spectrum for reflection (since
obscuration models both reflection and absorption), and the magnitude of the negative excess
doesn’t have to be large to cause the estimate of the maximum redshift at which the galaxy

would be included in the sample to diverge.

The AIIWISE data release also has an issue where the flux uncertainties in W1 could
be overestimated, or even missing, in the ecliptic longitudes covered by the “3-band cryo”
portion of the surveyﬂ. The flux uncertainties are needed to model SEDs using Equation ,
so we substitute an uncertainty calculated from wisigp2, the uncertainty in the mean flux
measured from individual calibrated frames by the WISE photometry system, in magnitudes.
This quantity differs from, and is usually less reliable than, the standard flux and uncertainty
columns. This is because the standard uncertainty is calculated by simultaneously fitting
all of the frames at the same time, and wilsigp2 is calculated measuring the flux on each
frame individually. Therefore the standard columns are to be favored if there isn’t strong
evidence that the standard flux uncertainty is overestimated. Empirically, the substitution

was justified when the following equation is satisfied:

owr > 24/ (0.02Fw1)? + oy (5.3)

with owipe = 0.41n(10)[wisigp2] Fyw,10704¥1m2ePl  The relationship between wimagp, the
mean flux (in magnitudes) for which wisigp?2 is the uncertainty, and wisigp2 is more tightly
correlated in the same way that the standard W1 flux and uncertainty columns are, making

the use of wimagp in the conversion from magnitude to flux uncertainties preferable.

The template models were used to generate K-corrections from W1 flux to 2.4 um rest
frame luminosities using the equations from |Hogg et al.| (2002) and Blanton et al.| (2003al).

We corrected to 2.4 um rest frame luminosity in order to minimize the errors associated with

Yhttp://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_2.html#wisat
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K-correction for the overall sample in the same fashion as was done in [Blanton et al.[ (2003b)).
In other words, W1 fluxes were K-corrected to the wavelength W1 samples at the median

redshift of sources with Fy; > 80 uJy from WISE /DEIMOS, z = 0.38.

Details of how each survey was processed that are peculiar to each survey, and what
auxiliary photometric data was used, can be found in the following subsections, starting
with this work’s defining survey, WISE/DEIMOS, and then in decreasing order in survey

area on the sky.

5.2.1 WISE/DEIMOS Details

WISE /DEIMOS consisted of a one night survey performed on the Keck II telescope using
the DEIMOS instrument (Faber et al. 2003, with resulting data reduced using the DEEP2
spec2d pipeline (Newman et al., [2013; Cooper et al., [2012), and analyzed using SpecPro
(Masters & Capak, 2011). WISE/DEIMOS included observations of 10 different slit masks
at disparate positions with high galactic latitude (b > 30°). So, while the net area covered
by those 10 masks is small, 5.78 x 1075 st = 0.190 deg?, the sample is less affected by cosmic
variance than one might naively expect because the fields are non-contiguous. Because the
source density varies with galactic latitude, the targeting completeness varies from field to

field, necessitating the use of a selection function that varies by field.

A small number of sources, about 5, in Lake et al| (2012)) had incorrectly measured
redshifts, or lack thereof. This is based on a closer reanalysis of the data with more consistent
standards for when a redshift is to be assigned, as will be explained below in the discussion
of quality codes. An excerpt from the machine readable table can be found in Tables
and [4.6

The reanalyzed data contains four main columns relevant for selecting subsamples. The
column TG, short for ‘Target Group,” contains an integer encoding which group of targets
the source was in. The values TG takes are: 1 for the central source of the DEIMOS slit
mask, 2 for W1 bright sources (Fyw; > 120 uJy, in the WISE Preliminary Release), 3 for

W1 intermediate sources (120 uJy > Fywy > 80 uJy), 4 for W1 faint or non-detected sources
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(80 uJy > Fw1), and 5 for targets that serendipitously fell on the slit of a target. For analysis
of pseudo-randomly selected galaxies with well known selection completeness, targets with
1 < TG < 5 should be used. In order to have good completeness of the initial detections we

recommend further limiting the sample to TG < 4, as is done in Chapter [6]

The quality of the redshift is encoded in a column of integers named q_z, and takes on
the values: —1 for sources with no detected flux in the spectrum, 0 for sources that have a
spectrum but for which it was not possible to even estimate a redshift, 1 for targets where
a redshift measurement was possible but no spectral features could be identified (blunders
could not be ruled out, confidence < 50%), 2 for targets where the redshift is better but
still uncertain (confidence < 95%), 3 for targets that have a secure redshift with at least one
clearly identifiable spectral feature or more of lesser quality (absorption or emission lines),

and 4 for targets with multiple clearly identifiable spectral features.

The analysis of the spectra allowed the targets to be broken up by classification, class.
class takes on four possible values: “Gal” for ordinary galaxies, “QSO” for broad-line AGN,
“Star” for stellar spectra, “Indet” for spectra of indeterminate type, “Unseen” for sources
without any detectable flux in the spectrum, and “Lost” for sources lost to instrument

constraints. Naturally, an analysis of extragalactic targets must be limited to “Gal” and

“QSO” targets.

The last selection relevant column is R. R stands for “Real” and takes the value 1 if the
source produced a spectrum or can be associated with a non-artifact source in the AIIWISE

database, and 0 otherwise. Only targets with R = 1 are relevant.

The completeness of the W1 faint sample is much lower and more poorly defined compared
to the brighter two, as can be seen by comparing the spectroscopy completenesses (fo>3)
in Table [4.2] so the combined sample defined in this work is limited to only targets with
Fywi1 > 80 puJy for all surveys. This was done in order to make the results from all the surveys
as comparable as possible. The following subsections contain plots showing the distribution
of primary selection flux of the survey versus Fyw;. They show that the effect of both cuts

must be accounted for when analyzing all surveys deeper than SDSS.
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Figure [5.6] is a scatter plot of redshifts versus luminosity, alongside the marginal his-
tograms in redshift and log-luminosity for the sources used in the analysis herein. The plots
are meant to show the raw quantity of data available at each redshift and luminosity, and
thus contain no completeness corrections, and are normalized to the total number of data
points. Of particular note, WISE /DEIMOS contains few redshifts z > 1, and only one with
z < 0.05. Given that the slit mask targeting avoided large resolved galaxies, the survey has
a selection bias against redshifts lower than this, so we have limited the sources included

from all surveys to be both low redshift (z < 1), and have z > 0.05 for small area surveys or

z > 0.01 for large area ones (6dFGS, SDSS, and GAMA).

Figure |5.6| panel a, also contains blue curves bounding regions where the color variety
completeness is approximately constant (to within 2% for the light blue curve, and 5% for
the dark blue curve). Color variety completeness is defined by:

<S<Fse17F07f)>£SED (54)

L =
Scolor( 7Z) max(S(Fsel,Fm'f))’

where S(Fy, Fo, ¥) is the selection probability (completeness) for a galaxy at real space
position Z (for example, «, ¢, and z) with two observer frame fluxes at different wavelengths,
Fy and Fy. The average in the numerator is weighted by the likelihood that a galaxy at
redshift, z and with (spectral) luminosity L will be observed to have fluxes Fy, and Fj
(called Lggp, see Equations , including both color variety and a model for measurement
noise. The denominator is the maximum value that S(Fy, Fp, ¥) takes, removing factors like
intentionally sparse sampling from Seoor(L, 2). The faint sample is automatically excluded

from these regions because it is too narrow to provide a flat selection region.

The reason for including the blue curves in the plot is that they show the regions where
the likelihood model defined in Chapter |2 can be neglected. In the case of WISE/DEIMOS,
the 95% curve leaves 91 sources (43.8% of the pre-cut data), and the 98% curve leaves 40
(19.2% of pre-cut).

The photometry from outside sources available for WISE /DEIMOS was non-uniform, as
mentioned in Table[5.2] In total, roughly half of the sources have some photometry outside of

AINIWISE available, but that leaves only W1 and W2 photometry for the majority of the other
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half. This is not a problem for the accuracy of the K-corrections used in this work, shown in
Figure because non-AGN galaxy SEDs are remarkably uniform in the wavelength range
of interest (1.7-3.4 ym, see the 1-o varience band around the mean in Figure[5.4). This is why
Assef et al. (2013)) were able to show that this one color is remarkably good at picking out low
redshift AGN, and therefore sufficient for narrowing the SED model in the wavelength range
of interest. This fact also makes it extremely difficult to photometrically split the galaxies
into red and blue types, as is done for most works on the galaxy luminosity functions. This
is a problem because red cluster member galaxies typically have a different LF than bluer
field galaxies, not to mention AGN. For that reason, most studies of the LF will remove
AGN entirely, and perform two analyses on the ordinary galaxy data: one analysis with a
single luminosity function, and one where the red and blue galaxies are modeled separately.
The WISE /DEIMOS data could be split by spectroscopic characteristics, but only broadly
(for example, by the presence of emission lines), and performing a comparable analysis on

the other surveys would have been prohibitively time consuming.

5.2.2 6dFGS Details

The 6dF Galaxy Survey (6dFGS) was originally defined in |Jones et al.| (2004), and the
final data release used in this chapter is described in Jones et al. (2009). 6dFGS contains
several sub-samples selected using different techniques, but the sample of primary interest
to this chapter is the one selected from the 2 Micron All Sky Survey (2MASS) extended
source catalog using the K -band flux. This subset is designated as having PROGID = 1, and
satisfies Ky < 14.49 AB mag. The reason the K, selected sample is the most relevant to
this work is because K is adjacent to W1 in wavelength, and so subject to less potential
selection bias than surveys that were selected optically, as the flux-flux graph in Figure [5.8

shows.

Selecting the subset of redshifts with high confidence is relatively straightforward with
6dFGS. Those targets with 3 < quality < 6, where ‘quality’ is the name of the column of

integers classifying redshifts by the quality, selects for targets with science quality redshifts
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(quality > 3) and removes those that are Milky Way sources (they have quality = 6).

The 6dFGS survey is relatively shallow, as can be seen by the luminosity-redshift graph
in Figure[5.9] and its marginalized histograms therein, but the coverage is enormous, 4.17 sr
after imposing a § < —11.5 cut to eliminate overlap with SDSS, so the sample size after all
limits are imposed is 27,091. Because of this wide coverage, the analysis here covers galaxies
as low as z = 0.01, but the shallow depth requires an upper limit on the redshifts at z = 0.2.
The bright limit imposed on this survey is K, > 11.25 AB mag.

The blue curves in Figure |5.9|are defined by constant values of the color variety selection
function, Seoor(L, 2) (see Equation , and bound regions where it is greater than 98%
(light blue) and 95% (dark blue). They demarcate the regions where the selection function
is close enough to constant that the likelihood model defined in Chapter [2| can be neglected.
For 6dFGS, 95% 17,571 sources (64.9% of the pre-cut data), and the 98% curve leaves 15,652
(57.8% of pre-cut).

The photometric data used to model galaxy SEDs and define K-corrections, shown in
Figure [5.10} is summarized in Table The shape of the data distribution in Figure [5.10
is consistent with Figure 4 from Dai et al.| (2009), which used the same set of templates for
SED fitting, and Figure 4 from Blanton et al.| (2003b)). The characteristics of the distribution
can be explained as the majority of galaxies being fit primarily by the elliptical, Sbc, and
irregular templates from Figure[5.5] that all have nearly the same shape in the region between

1.7-3.4 pm, with a long tail of outliers that are dominated by the AGN template.

5.2.3 SDSS Details

The Sloan Digital Sky Survey (SDSS) data release 7, as described in |Abazajian et al. (2009)),
contained three main extragalactic spectroscopic samples: the main galaxy sample defined in
Strauss et al.| (2002)), the red luminous galaxy sample defined in Eisenstein et al. (2001), and
the quasar sample defined in Richards et al.| (2002). While it would have been nice to be able
to use all three samples, the latter two samples are defined using both flux and color cuts,

which the model described in Chapter [2| cannot yet accommodate in a timely fashion. Only

106



the main galaxy sample is defined in terms of flux (r < 17.77 mag, Petrosian) and surface
brightness (us0 < 24.5mag arcsec™2) in one channel, after extinction correction based on the
dust maps from [Schlegel et al.| (1998). The analysis in this work is therefore limited to the
main galaxy sample, with 476, 744 sources after all limits are imposed. These limits included
cutting out around the survey footprints of the three surveys with significant overlap that

were deeper than SDSS, as listed in Table There was no overlap with WISE /DEIMOS.

Explicitly, in terms of the columns of the SDSS dr10 CasJobﬂ database, the selected
galaxies had to have: class set as either “GALAXY” or “QSO,” zwarning = 1,
(legacy_target1 & 0x40) # 0 (that is, the Main Galaxy Sample flag is set), sdssPrimary =
1, and legacyPrimary = 1.

The flux-flux plot is in Figure|5.11], and it shows that the optical flux limit is the relevant
limit for the vast majority of the sources, but not 100% of them. Like 6dFGS, SDSS has a
large area on the sky (2.40 sr, after de-overlapping) and so it, too, has a lower redshift limit in
this work of 0.01. Likewise, SDSS’s shallow depth required upper redshift limit at z = 0.33,
and a bright magnitude limit at » = 13.0mag. Also in Figure is a density plot that
shows the relationship of the data to the surface brightness limit, defined as the mean surface
brightness within a circle that contains half of the source’s Petrosian flux. Ideally any analysis
would include the surface brightness limit in the selection function model. Practically, the
surface brightness limit is far from the main body of the data and incorporating it would
require an additional measurement of a luminosity-radius relationship that is beyond the

scope of the model described in Chapter [2|

The luminosity-redshift graph is in Figure along with its marginalizations into his-
tograms. The K-corrections applied to calculate those luminosities are shown in Figure [5.13]
and the auxiliary photometric information used to fit the SED models and calculate K-
corrections is outlined in Table The shape of the data distribution in Figure [5.13| is
consistent with Figure 4 from Dai et al.| (2009)), which used the same set of templates for

SED fitting, and Figure 4 from Blanton et al.| (2003b)). The characteristics of the distribu-

Ohttp://skyserver.sdss3.org/casjobs/
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Table 5.3. SDSS Cutouts for Deeper

Surveys
Survey a > a < 6> 6 <
o o o o
GAMA 129.00 141.00 —1.00 +3.00
GAMA 174.00  186.00 —2.00 +2.00
GAMA 211.50  223.50 —2.00 +2.00
AGES 216.11  219.77 +32.80 +35.89

zCOSMOS  149.45 150.78 +1.60 +2.86

Note. — J2000 right ascension (a) and declination ()
limits for data removed from SDSS for the data described in

this work in order to prevent double counting of any sources.

tion can be explained as the majority of galaxies being fit primarily by the elliptical, Shc,
and irregular templates from Figure [5.5] that all have nearly the same shape in the region

between 1.7-3.4 um, with a long tail of outliers that are dominated by the AGN template.

The blue curves in Figure [5.12| are defined by constant values of the color variety selection
function, Seotor(L, 2) (see Equation[5.4)), and bound regions where it is greater than 98% (light
blue) and 95% (dark blue). They demarcate the regions where the selection function is close
enough to constant that the likelihood model defined in Chapter [2| can be neglected. For
SDSS, 95% 162,916 sources (34.2% of the pre-cut data), and the 98% curve leaves 105,835
(22.2% of pre-cut).

5.2.4 GAMA Details

The Galaxy And Mass Assembly (GAMA) survey was originally defined over three fields for
the first data release, described in Baldry et al,| (2010), and later expanded to 5 fields, as
described in the second data release paper, |Liske et al.| (2015)). After the final data release
the depth at which the data is complete will vary depending on the field. For the second

data release, all of the fields are complete down to at least » = 19 mag, extinction corrected
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Petrosian, and so that is the limit used for the selection in this work. Selecting science
quality redshifts from GAMA is relatively straightforward, as the GAMA team supplies a
‘normalized quality’ integer, NQ. The high quality redshifts satisfy: NQ > 2.

As can be seen in Figure[5.14] the optical limit is the controlling one for the vast majority
of sources, but the W1 flux limit is relevant for a sizable fraction of the galaxies in GAMA.
Like SDSS, GAMA imposes surface brightness limits, both high and low. Their relationship
to the data can be found in Figure [5.14] and just like in the analysis of SDSS, it is beyond
the scope of the model described in Chapter [2] to account for these limits. After all limits

are imposed, this survey contributes 44,495 sources to the analysis.

The luminosity versus redshift density plot, found in Figure[5.15|with its marginalizations,
shows that GAMA is the shallowest survey to significantly sample galaxies from the median
redshift of the WISE /DEIMOS survey. It is also the narrowest survey for which the selection
defined in this work covers redshifts down to z = 0.01, and for which a low maximum redshift

was imposed at z = 0.43. The bright limit imposed here was at r = 14 mag.

The blue curves in Figure|5.15| are defined by constant values of the color variety selection
function, Seolor(L, 2) (see Equation, and bound regions where it is greater than 98% (light
blue) and 95% (dark blue). They demarcate the regions where the selection function is close
enough to constant that the likelihood model defined in Chapter [2[ can be neglected. For
GAMA, 95% 15,659 sources (35.2% of the pre-cut data), and the 98% curve leaves 9,641
(21.7% of pre-cut).

The K-corrections applied to calculate the luminosities are shown in Figure [5.16, and
the photometry used to fit the SEDs used to calculate the K-corrections are summarized
in Table 5.2l The shape of the data distribution in Figure [5.16| is consistent with Figure 4
from Dai et al. (2009)), which used the same set of templates for SED fitting, and Figure 4
from Blanton et al. (2003b)). The characteristics of the distribution can be explained as the
majority of galaxies being fit primarily by the elliptical, Sbec, and irregular templates from
Figure [5.5] that all have nearly the same shape in the region between 1.7-3.4 um, with a
long tail of outliers that are dominated by the AGN template.
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5.2.5 AGES Details

The AGN and Galaxy Evolution Survey (AGES), described in [Kochanek et al. (2012)), is
a spectroscopic redshift survey targeted using photometry from the NOAO Deep, Wide-
Field, Survey (NDWFS) and the Spitzer Deep, Wide-Field, Survey (SDWFS). Kochanek
et al.| (2012) defines a lot of subsamples with different flux-limits. The analysis in this
work uses the main [-band selected sample, defined with (code06 & 0x80000) # 0 (& is
the ‘bitwise and’ operator, and 0x80000 is a hexadecimal integer equal to 22 in base 10)
in Kochanek et al| (2012), which is defined by I-band flux limits to be complete brighter
than I = 18.9mag, and 20% complete below that down to I = 20.4mag. The AGES data
with well analyzed completeness is limited to a set of 15 overlapping circular fields, but the
released redshifts cover a larger area. Limiting the analysis to just those redshifts in the

canonical fields requires selecting sources with field > 0.

The relationship of the data to the flux limits are shown in Figure[5.17] This is the survey
for which taking into account both the optical and W1 flux limits is most important because
the locus on which most galaxies are found goes into the corner defined by the flux limits.
AGES is narrow enough that the analysis in this work only includes data with redshifts
z > 0.05 and deep enough for redshifts out to z = 1. The bright limit we imposed is at
I = 15.5mag. After all limits are imposed, AGES contributes 6,588 galaxies to the analysis

in this work.

The NDWEFS astrometry has a known astrometric offset relative to other major surveys.
So before performing the final 3” distance match cut, we calculated the mean offset of
nearest neighbors and used that offset to correct the distance between the AIWISE source
and the NDWFS sources. The offsets we found were:—0.29” in right ascension, and —0.14"

in declination.

The density plot showing the luminosities versus redshift is in Figure [5.18] alongside
its marginalizations. The blue curves in Figure [5.18§ are defined by constant values of the
color variety selection function, Seoor(L, 2) (see Equation , and bound regions where it
is greater than 98% (light blue) and 95% (dark blue). The faint sample is automatically

110



excluded from these regions because it is too narrow to provide a flat selection region. They
demarcate the regions where the selection function is close enough to constant that the
likelihood model defined in Chapter [2| can be neglected. For AGES, 95% 2,096 sources
(36.5% of the pre-cut data), and the 98% curve leaves 1,664 (29.0% of pre-cut).

The K-corrections used to calculate luminosities for AGES galaxies are shown in Fig-
ure [5.19 and the photometric data used to fit the SEDs for calculating the K-corrections is
summarized in Table[5.2] The shape of the data distribution in Figure [5.19]is consistent with
Figure 4 from Dai et al.| (2009)), which used the same set of templates for SED fitting, and
Figure 4 from Blanton et al.| (2003b). The characteristics of the distribution can be explained
as the majority of galaxies being fit primarily by the elliptical, Sbe, and irregular templates
from Figure that all have nearly the same shape in the region between 1.7-3.4 um, with
a long tail of outliers that are dominated by the AGN template.

The photometry published with the main AGES paper, [Kochanek et al.| (2012), did not
include uncertainties, so we performed a cross-match against NDWFS and SDWFS (the
combined epoch IRAC cl driven extraction stack only). The AGES sources didn’t always
have a counterpart in the NDWFS and SDWEFS catalogs. In the case of SDWFS, that is
because the data release used here is newer than the one used for AGES and this work only
used the cl stack catalog. Noise models were, therefore, also fit to the data to produce model
uncertainties when a catalog uncertainty was unavailable. The noise model takes the form

of a smoothly broken power law:

sign(B) /s
FAN\“(1 1 [ F 7P\
F) = — ) [ =+=- .
0( ) Oknee (Fknee) <2 + 2 |:Fknee:| ) 9 (5 5)

where Fiee is the location of the break, or knee, in the power law, oypee = 0(Finee), @ 18

the faint end slope, [ is the change in slope at Fi,ee, and s is a positive parameter setting
the sharpness of the break. For s — 0 the break becomes infinitely wide, and for s — oo it
becomes infinitely sharp (that is, a corner). The noise model parameters found from fitting

individual bands, after trimming outliers, are listed in Table [5.4]
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Table 5.4. AGES Error Models

Band Finee Oknee o B s
wly wly
By 0.13 0.017 0.51 -0.39 6.5
R 0.76 0.010 0.58 -0.47 8.3
1 1.3 0.15 049 -0.38 14
K 48 8.3 0.80 -0.56 5.9
cl 5.3 0.99 0.67 -0.59 6.7
c2? 1 1.3 0.10 0 0
c3? 1 7.3 0.042 0 0
c4? 1 7.8 0.025 0 0
Note. — Noise model parameters used to compute flux

uncertainties in the absence of uncertainties from NDWFS

or SDWFS, as defined in Equation

2The data for this channel did not exhibit a knee, so a

power law fit was used instead.

5.2.6 zCOSMOS Details

The analysis in this work uses the subset of the zZCOSMOS survey known as the “10k-Bright
Spectroscopic Sample,” is described in [Lilly et al| (2009) and |[Knobel et al. (2012). The
COSMOS field has been the subject of an intensive campaign of imaging by many groups,
as described in Scoville et al.| (2007)). zCOSMOS based its targeting on photometry from
Hubble Advanced Camera for Surveys (ACS) Wide Field Camera (WFC) imaging with the
F814W filter, which is approximately [-band. The 10k, data release 2, subset of the survey
is 62% complete for compulsory targets, and 30% complete for the rest. Selecting high
quality redshifts from zCOSMOS is the most involved of the surveys used here because of
the detailed ‘confidence class’ (cc) system used. The recommendation in Lilly et al. (2009) is
to accept all sources with cc equal to: any 3.X, 4.X, 1.5, 2.4, 2.5, 9.3, and 9.5. Based on the
description of those classes, the analysis here accepts sources that fit in the recommended
classes, but also those with a leading 1 (10 was added to show broad line AGN), 18.3, 18.5,

and to reject all secondary targets (2 in the tens or hundreds digit). This can be done by
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accepting sources for which the text string version of cc matches the regular expression
“([341\..%) | ([12891\.5) | (2\.4)1([89]1\.3)” and doesn’t match “~2\d+\.”. Finally,
the targets fell into three selection classes, column named i, and ‘unintended’ sources are
rejected by requiring i > 0.

As Figure [5.20[ shows, even zCOSMOS is affected by the need to use both W1 and I-band
limits in the analysis of the data. Like AGES, the narrowness of zZCOSMOS means that the
analysis herein is limited to redshifts z > 0.05. After all limits are imposed, this survey

contributes 1,267 galaxies to the analysis.

The density plot showing the data in luminosity-redshift space is in Figure [5.21] alongside
its marginalizations. The blue curves in Figure [5.21] are defined by constant values of the
color variety selection function, Scor(L, 2) (see Equation , and bound regions where it is
greater than 98% (light blue) and 95% (dark blue). They demarcate the regions where the
selection function is close enough to constant that the likelihood model defined in Chapter
can be neglected. For zCOSMOS, 95% 890 sources (72.7% of the pre-cut data), and the 98%
curve leaves 763 (62.3% of pre-cut).

The K-corrections used to calculate those luminosities are shown in Figure [5.22) and
the photometric information used to fit the SEDs used to calculate the K-corrections are
summarized in Table [5.2, The shape of the data distribution in Figure [5.22| is consistent
with Figure 4 from Dai et al.| (2009), which used the same set of templates for SED fitting,
and Figure 4 from Blanton et al. (2003b). The characteristics of the distribution can be
explained as the majority of galaxies being fit primarily by the elliptical, Sbec, and irregular
templates from Figure that all have nearly the same shape in the region between 1.7-
3.4 pm, with a long tail of outliers that are dominated by the AGN template.

5.3 Post Selection Data Tables

Each cross-matched survey has its own layout, but the general layout is as follows: tar-
get coordinates in decimal degrees (J2000 right ascension and declination), the unique ob-

ject identifier from the redshift survey (if provided), the identifiers from the photometric
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surveys to which the object successfully matched, the parameters from the template fits
(including the x? of the fit and the formal number of degrees of freedom; ignoring the
impact that the constraints on the parameters have on that number), and the boundary
redshifts for inclusion in this data set (including an intermediate redshift, z mid, for sources
in WISE/DEIMOS or AGES to account for the intermediate flux cuts of those surveys).
In order to keep file size down, that is the extent of the information published with this
work. The rest of the information, like the redshift and photometric properties, is available
from the various original sources referenced in the tables of Section 5.2l The tables will be
published with the paper based on this chapter and under the digital object identifier (DOI)
10.6084/m9.figshare.4003680 in gzipped [PAC table format when the paper based on this
chapter is published. Excerpts from the machine readable tables can be found in: Tables|[5.5
and for WISE /DEIMOS, Tables and for 6dFGS, Tables and for SDSS,

Tables and for GAMA, Tables and for AGES, and Tables and
for zZCOSMOS.

5.4 Discussion

The data gathered and characterized here was collected primarily to use in measuring the
2.4 pm luminosity function of all galaxies back to a redshift of z = 1, as is done in Chapter [6]
The main purpose of this work is to describe, in detail, the cuts made to the data and the
characteristics of the resulting set. This process is an essential component in evaluating the
sensitivity of the measurements carried out in Chapter [f] and in making the data presented
here both auditable and extendable. The multi-wavelength data sets available for most of
the surveys covered here are extensive, and a more sophisticated spectro-luminosity func-
tional analysis than what is in Chapter [6] should be possible if a fast and deterministic high

dimension Gaussian integrator can be developed.
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Table 5.7.  Excerpt from 6dFGS Extended Data, Column Set 1

Ra Dec 6dFGS_ID GALEX_ID Al11WISE_ID
o o
359.499210  —28.958080 7 6380767410811569507  0000m288_ac51-016147
359.369120  —29.047580 11 6380767411885310513  0000m288_ac51-013523
358.042580  —29.079060 19  6380767412959052516  3582m288_ac51-016561
358.872330  —27.883440 37 6380767402221635495  3583m273_ac51-000009
359.041330  —27.466580 39  6380767391484215299  3583m273_ac51-024746
0.059370  —26.730940 52 6380767390412573430 0000m273_ac51-059368
Note. — First set of 6dFGS extended data columns. The first two columns are the right ascension

and declination, in J2000 decimal degrees. The 6dFGS_ID column is an integer index uniquely assigned to
targets in the 6dFGS survey. GALEX_ID is a uniquely identifying integer assigned in GALEX gr7 to the
source (null if not matched). AL1IWISE_ID is the |source_id assigned to the source in the AIIWISE survey.
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Figure 5.6: Panel a contains a scatter plot showing the range of luminosities and redshifts sampled
by the WISE/DEIMOS survey. The dashed lines show luminosity cuts based on the mean SED
from Chapter [3} any source in the bright sample that falls below the long dashed line is cut, and
any source in the faint sample that falls below the dashed line is cut. The blue translucent lines
show where the SED variety completeness is 95% and 98%, in order of increasing lightness. Panels
b and c contain histograms of the data in redshift and luminosity, respectively, after the cuts in
panel a are applied. No completeness corrections are applied, and the distributions are normalized

to the number of data points the set contributes, N = 222 in a and 208 in all other panels.
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Figure 5.7: Scatter plot of K-corrections from W1 to rest frame 2.4 ym applied to WISE /DEIMOS
data. The vertical dashed line at z = 0.38 marks the fiducial redshift used in this work, where the

K-correction is only the bandwidth scaling by 1 + z.
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Figure 5.8: Density plot showing the measured fluxes in relationship to the selection limits
imposed by the 6dFGS survey (14.49 > Ky > 11.25) and our analysis (Fywi > 80 uJy). Note how

the additional WISE limit eliminates no data.
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Figure 5.9: Panel a contains a density plot showing the range of luminosities and redshifts
sampled by the 6dFGS survey. The dashed lines show luminosity cuts based on the mean SED
from Chapter 3} any source lower than either line is cut. The blue translucent lines show where the
SED variety completeness is 95% and 98%, in order of increasing lightness. Panels b and ¢ contain
histograms of the data in redshift and luminosity, respectively, after the cut in panel a is applied.
No completeness corrections are applied, and the distributions are normalized to the number of

data points the set contributes, N = 47,335 in panel a, and 28,232 in all other panels.
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Figure 5.10: Density plot of K-corrections from W1 to rest frame 2.4 um applied to 6dFGS data.
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Figure 5.11: Panel a contains a density plot showing the measured fluxes in relationship to the
selection limits imposed by the SDSS survey (17.77 > r > 13.0) and our analysis (Fyw1 > 80 uJy).
Note how the additional WISE limit eliminates a small fraction of data. Panel b contains a density
plot showing the measured fluxes in relationship to the selection limits imposed by the SDSS survey
(17.77 > r > 10.5) as the vertical dashed lines and surface brightness within the radius containing
half of the Petrosian flux (0.5F, > Syinm02, —2.510g10[Xmin/3631 Jy] = 24.5 mag arcsec™2) as the

diagonal line in the upper left hand corner of the plot.
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Figure 5.12: Panel a contains a density plot showing the range of luminosities and redshifts
sampled by the SDSS survey. The dashed lines show luminosity cuts based on the mean SED from
Chapter any source lower than either line is cut. The blue translucent lines show where the

SED variety completeness is 95% and 98%, in order of increasing lightness. Panels b and ¢ contain
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histograms of the data in redshift and luminosity, respectively, after the cut in panel a is applied.

No completeness corrections are applied, and the distributions are normalized to the number of

data points the set contributes, N = 626,007 in panel a, and 476, 868 in all other panels.
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Figure 5.13: Density plot of K-corrections from W1 to rest frame 2.4 ym applied to SDSS data.
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Figure 5.14: Panel a contains a density plot showing the measured fluxes in relationship to the
selection limits imposed by the GAMA survey (19 > r > 10) and our analysis (Fywi > 80 uJy).
Note how the additional WISE limit eliminates a noticeable fraction of the data. Panel b contains
a density plot showing the measured fluxes in relationship to the selection limits imposed by the
GAMA survey (19 > r > 14) as the vertical dashed lines and surface brightness within the radius
containing half of the Petrosian flux (Xpaxmd? > 0.5F, > Spinm02, —2.5logo[Smin/3631 Jy] =
24.5 mag arcsec™ 2, —2.510g;0[Emax/3631Jy] = 15 magarcsec™2) as the diagonal line in the upper

left hand corner of the plot.
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Figure 5.15: Panel a contains a density plot showing the range of luminosities and redshifts
sampled by the GAMA survey. The dashed lines show luminosity cuts based on the mean SED
from Chapter any source lower than either line is cut. Panels b and c contain histograms of
the data in redshift and luminosity, respectively, after the cut in panel a is applied. The blue
translucent lines show where the SED variety completeness is 95% and 98%, in order of increasing
lightness. No completeness corrections are applied, and the distributions are normalized to the

number of data points the set contributes, N = 52,773 in panel a, and 44,604 in all other panels.
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Figure 5.16: Density plot of K-corrections from W1 to rest frame 2.4 um applied to GAMA

data. The vertical dashed line at z = 0.38 marks the fiducial redshift used in this work, where the

K-correction is only the bandwidth scaling by 1 + z.
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Figure 5.17: Density plot showing the measured fluxes in relationship to the selection limits
imposed by the AGES survey (20.4 > I > 15.5 with 20% completeness setting in fainter than
I = 18.9) and the analysis here (Fyw; > 80 uJy). Note how this is the first survey for which the

main locus on which galaxies lie intersects the WISFE limit imposed here.
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Figure 5.18: Panel a contains a density plot showing the range of luminosities and redshifts
sampled by the AGES survey. The short dashed lines show luminosity cuts based on the mean
SED from Chapter [3} any source lower than either short dashed line is cut, and any source brighter
than I = 18.9 AB mag and below the long dashed line is cut. The blue translucent lines show where
the SED variety completeness is 95% and 98%, in order of increasing lightness. Panels b and ¢
contain histograms of the data in redshift and luminosity, respectively, after the cut in panel a
is applied. No completeness corrections are applied, and the distributions are normalized to the

number of data points the set contributes, N = 6,603 in panel a, and 6,553 in all other panels.
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Figure 5.19: Density plot of K-corrections from W1 to rest frame 2.4 um applied to AGES data.
The vertical dashed line at z = 0.38 marks the fiducial redshift used in this work, where the

K-correction is only the bandwidth scaling by 1 + z.
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Figure 5.20: Density plot showing the measured fluxes in relationship to the selection limits
imposed by the zCOSMOS survey (22.5 > I > 15.0) and here (Fyw1 > 80uJy). Note how the
majority of the data is eliminated by the WISE limit we imposed, though the data is still near the

intersection of the limits.
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Figure 5.21: Panel a contains a density plot showing the range of luminosities and redshifts
sampled by the zZCOSMOS survey. The dashed lines show luminosity cuts based on the mean SED
from Chapter 3} any source lower than either line is cut. The blue translucent lines show where the
SED variety completeness is 95% and 98%, in order of increasing lightness. Panels b and ¢ contain
histograms of the data in redshift and luminosity, respectively, after the cut in panel a is applied.
No completeness corrections are applied, and the distributions are normalized to the number of

data points the set contributes, N = 1,301 in panel a, and 1,231 in all other panels.
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Figure 5.22: Density plot of K-corrections applied from W1 to rest frame 2.4 yum to zCOSMOS
data. The vertical dashed line at z = 0.38 marks the fiducial redshift used in this work, where the

K-correction is only the bandwidth scaling by 1+ z.
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Table 5.9.  Excerpt from SDSS Extended Data, Column Set 1

Ra Dec SDSS_ID A11WISE_ID
] o
54.936790 0.216800 468504134002173952  0544p000_ac51-047826
57.025340 0.208850  1398488404370417664  0574p000_ac51-036206
57.296590  0.185310 1398496375829719040  0574p000-ac51-036226
57.442290 0.158840  1398494451684370432  0574p000_ac51-038743
57.452670 0.044340  1398499399486695424  0574p000_ac51-027223
57.490400 0.074350  1398501598509950976  0574p000_ac51-027204
Note. — First set of SDSS extended data columns. The first two columns are the

right ascension and declination, in J2000 decimal degrees. The SDSS_ID column is an in-
teger index uniquely assigned to targets in the SDSS survey (comes from spec0bjID col-
umn of the SpecObj table in the SDSS data release 10 context of CasJobs). A11WISE_ID

is the source_id| assigned to the source in the AIIWISE survey.
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Table 5.11. Excerpt from GAMA Extended Data,
Column Set 1

Ra Dec GAMA_ID A11WISE_ID

o o
174.022810  0.705940 6806  1739p000-ac51-051576
174.100730  0.658910 6808  1739p000-ac51-051657
174.184930  0.709040 6826  1739p000-ac51-049388
174.302790  0.789990 6837  1739p015_ac51-002444
174.346900  0.696450 6840  1739p000-ac51-049335
174.396030  0.820770 6844  1739p015_ac51-002401

Note. — First set of GAMA extended data columns. The first two

columns are the right ascension and declination, in J2000 decimal degrees.

The GAMA_ID column is an integer index uniquely assigned to targets in

the GAMA survey. A11WISE_ID is the |source_id| assigned to the source
in the AIWISE survey.
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Table 5.13. Excerpt from AGES Extended Data, Column Set 1

Ra Dec AGES_ROW NDWFS_ID SDSS_ID Al11WISE_ID
o o
216.393850  32.806960 6 346042  1237662684146041043  2159p333_ac51-002610
216.548230  32.807660 11 346533  1237662684146106652  2159p333_ac51-002915
216.818990  32.809900 26 348131 null  2159p333_ac51-000046
216.245250  32.812800 53 350281  1237664852570800769  2159p333_ac51-002806
217.374410  32.814140 64 351325  1237664853108064555  2177p333_ac51-008367
216.179020  32.814450 68 351568  1237664852570800403  2159p333_ac51-005461
Note. — First set of AGES extended data columns. The first two columns are the right ascension and declination,

in J2000 decimal degrees. AGES does not have an identifier for its sources, but the plain text tables in [Kochanek
et al.|(2012) have corresponding rows. AGES_ROW column contains the identity of the row the galaxy was published in,
starting from 0. NDWFS_ID is a uniquely identifying integer assigned in NDWFS to the source (null if not matched).
SDSS_ID is a uniquely identifying integer assigned in SDSS to the matching source (null if not matched). AL1IWISE_ID

is the |[source_id| assigned to the source in the AIIWISE survey.
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Table 5.15.

Excerpt from zCOSMOS Extended Data, Column Set 1

Ra Dec zC0S_ID C0S_ID SCO0S_ID SDSS_ID A11WISE_ID
o o
150.502790  1.877650 700137 507130 null null  1497p015_ac51-048699
150.280590  2.021280 700529 null null  1237653664722125224  1497p015_ac51-051213
150.122600  2.108540 700585 768236 null null  1497p015_ac51-054126
150.183040  2.028990 700587 null 128673 null  1497p015_ac51-053799
150.393000  2.342770 701269 1213568 199260 null  1497p030-ac51-000271
150.653290  1.625360 800270 67120 41381  1237653664185385269  1512p015_ac51-036648
Note. — First set of zCOSMOS extended data columns. The first two columns are the right ascension and declination, in

J2000 decimal degrees. The zC0S_ID column is an integer index uniquely assigned to targets in the zCOSMOS survey. COS_ID
is a uniquely identifying integer assigned in |Capak et al.| (2007) to the matching source (null if not matched). SC0S_ID is a
uniquely identifying integer assigned in SCOSMOS to the matching source (null if not matched). A11WISE_ID is the source_id
assigned to the source in the AIIWISE survey.
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CHAPTER 6

Measured Values of Luminosity Function Parameters

The WISE satellite surveyed the entire sky multiple times in four infrared wavelengths (3.4,
4.6, 12, and 22 pm; Wright et al., 2010). The unprecedented combination of coverage area
and depth gives us the opportunity to measure the luminosity function of galaxies, one
of the fundamental quantities in the study of them, at 2.4 ym to an unparalleled level of
formal statistical accuracy in the near infrared. The big advantage of measuring luminosity
functions at wavelengths in the window = 2 to 3.5 um is that it correlates more closely to
the total stellar mass in galaxies than others. In this chapter we report on the parameters
for the 2.4 pm luminosity function of galaxies obtained from applying the spectroluminosity
functional based methods defined in Chapter [2| to the data sets described in Chapter
using the mean and covariance of 2.4 ym normalized SEDs from Chapter In terms of
single Schechter function parameters evaluated at the present epoch, the combined result is:
¢r = 5.8 £ [0.341at, 0.3g5s) X 1073 Mpc ™, L, = 6.4 & [0.15at, 0.3ys) X 10 Lo g o (M, =
—21.67 £ [0.024a¢, 0.055s] AB mag), and a = —1.050 % [0.004ga¢, 0.034ys], corresponding
to a galaxy number density of 0.08 Mpc™® brighter than 10% Ly 4 um » (1073 Mpc™ brighter
than L,) and a 2.4 um luminosity density equivalent to 3.8 x 10% L 4 ym o Mpc~>. The high
statistical accuracy is achieved by combining many large public redshift surveys with the wide
coverage from WISE, and the unevenness in statistical accuracy is a result of our efforts to
work around biases of uncertain origin that affect resolved and marginally resolved galaxies.
With further refinements, the techniques applied in this chapter promise to advance the

study of the spectral energy distribution of the universe as a whole.

OThis chapter is based on a paper in preparation for submission to The Astrophysical Journal in 2017,
one of those on which Chapter [2J's paper waits, by the authors: S. E. Lake, E. L. Wright, R. J. Assef, T. H.
Jarrett, S. Petty, S. A. Stanford, D. Stern, and C.-W Tsai.
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6.1 Introduction

The luminosity function (LF') is one of the most basic statistical properties measured for any
class of objects in astronomy. The fundamental nature of the LF means that it has been
measured for galaxies many times, in many different bandpasses (a small sample: Bell et al.|
2003; Blanton et al., |2003b}; |Cool et al., 2012} [Dai et al., 2009; Jones et al.l 2006; Kelvin
et al., 2014} [Kochanek et al. 2001; [Lin et al. |1999; Loveday et al., 2012; Loveday, [2000;
Montero-Dorta & Pradal, 2009; Smith et al., [2009).

The release of the AIIWISE catalog generated from the data gathered by the WISE
satellite, described in [Wright et al.| (2010) and |Cutri et al| (2013)), marks the availability of
3.4 pm (W1) and 4.6 um (W2) photometric data that is better than 95% complete over the
vast majority of the sky down to 44 and 88 uJy, respectively. This new data set presents the
opportunity to utilize the large number of public redshift surveys, in tandem with a small
WISE-selected survey of our own, to measure the near-IR luminosity function of galaxies
at 2.4 ym to unprecedented accuracy. The advantage of measuring the luminosity function
in this range of wavelengths is that fluxes suffer from minimal dust extinction in both the
target galaxy and the Milky Way, according to dust extinction models like the one from
Cardelli et al.| (1989). Further, near infrared light traces the target galaxy’s stellar mass
in evolved stars more faithfully than optical wavelengths (Loveday, 2000), as long as the
contribution of thermally pulsing asymptotic giant branch (TP-AGB) stars can be correctly
accounted for in the population synthesis models (for example: Bruzual & Charlot, 2003}
Maraston, [2005). We measure the luminosity function at 2.4 ym, in particular, because it
is the wavelength directly observed by W1 for galaxies at the median redshift, z = 0.38, of
galaxies with Fy; > 80 pJy in |[Lake et al.| (2012).

The new opportunity presented also presented new challenges. First, even limiting the
redshift surveys to those that are publicly available and that are, primarily, selected by flux
at a single wavelength meant that there were a lot of details that needed to be addressed in
the characterization and selection process for the six surveys used here. Because of this, the

primary characterization is done separately in Chapter 5] Second, we limited the surveys to
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be well above the sensitivity limits of the AIIWISE data set, a minimum flux of 80 uJy in W1
(19.14 AB mag), in order to minimize the additional incompleteness from the cross-match
and to match the properties of Lake et al| (2012)) as closely as possible. This means that
the surveys have flux limits at two wavelengths. The two flux limits, combined with the
wide range of redshifts included in the analysis, 0.01 < z < 1.0, meant that the existing
luminosity function measurement tools were not adequate to the challenge of analyzing the
collected data set. For this reason, a new estimator based on analyzing the likelihood of a
galaxy’s entire spectral energy distribution (SED) is derived in Chapter [2l The likelihood
estimate used in this work is based on the mean and covariance of SEDs as measured in

Chapter

The structure of this chapter is as follows: Section summarizes properties of the
data used to measure the 2.4 um luminosity function described in Chapter [5], Section [6.3
summarizes the estimators used in this paper to perform the measurements, Section [6.4] goes
over the results of the analysis, and Section contains the conclusions drawn from the

analysis.

6.2 Data Summary

The full description of the data sets used in this work can be found in Chapter 5| For
convenience, the table summarizing the properties of the spectroscopic surveys used from

that chapter is reproduced here in Table [6.1]

As described in Section [2.2.4] the parametric model used here requires models for the
relationship between noise and flux. Because the flux selection cuts are all relatively bright

a single power law of the form

B
ofp 2 F
=) == 6.1
(7= (%) 61
was adequate. The model also requires an estimate of the mean, (7), and standard devia-
tion, o,, of the dust obscuration for each selection filter in the field of the redshift survey.

Table contains the parameters measured for each survey, with separate values for the
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optical selection filter and W1. The calculation of the incompleteness due to flux variety
also use the parameters in the table to calculate the selection function in redshift-luminosity
space, S(L, z).

There is one additional plot set not in Chapter |5| that are necessary for understanding
the choices made about how to analyze the data, found in Figure[6.1] It shows that wirchi2
behaves about as one would expect for galaxies with z < 1 where, even if galaxies in the past
were the same size as today, the increasing angular diameter distance gives them, overall,
a smaller radius on the sky. The vertical line at z = 0.2 is placed there after trial and
error as a dividing line between samples that are significantly contaminated by resolved and
marginally resolved objects (z < 0.2), and those that are sufficiently point-like to render
resolution concerns moot (z > 0.2). In this work we describe the set of all galaxies that
come from below z = 0.2 as the low z sample, and those from above the line as the high z

sample.

As a check on the impact the new analysis techniques from Chapter [2 we have also
analyzed high and low redshift subsamples that had completeness above 98% of the maximum
value for the survey, as defined by Equation 2.21], and as shown by the light blue contours
on the luminosity-redshift plots in Chapter [f] These samples, called the ‘trim’ simples,
have significantly lower numbers of galaxies with the accompanying increase in statistical
uncertainty, but also reduced systematic uncertainty from the constancy of the selection

function.

The number of sources each survey makes to the combined samples, as well as their

overall sizes, can be found in Table

6.3 Analysis Methods and Models Summary

The analyses in this work are centered around maximum likelihood estimates of the quantities
related to the LF. As is customary in most works on the LF, we analyze the data using both
binned and parametric estimators. The full description and derivation of the estimators used

here is in Chapter [2l Two standard binned estimators were adapted for this work: 1/Viax
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Table 6.3. Combined Samples Sizes

Sample Nearas  Nspss  Neama  Naces Nwp®  Nuc®  Niot
Low z 27,071 450,731 28,619 2,000 36 133 | 508,590
High 2 0 26, 556 15,872 3,741 171 1,091 47,431
Low z Trim 15,891 106,003 9,513 1,212 25 116 | 132,760
High z Trim 0 21 125 452 17 647 1,262
Note. — Number of sources contributed by each survey to the combined samples named in the first

column. The last column contains the total number of sources in each combined sample.
2 WISE /DEIMOS

PzCOSMOS

from [Schmidt| (1968)) as modified by Avni & Bahcall (1980)); and Nops/Npar from Miyaji
et al.| (2001). The adaptation was to handle situations where the selection function varies
significantly over the bin in luminosity-redshift space. For the 1/V},., estimator, the varying
completeness corrected version of the estimator, with log-spaced bins in luminosity, is given
by:

1 1

o Li? i) = ’
( Z) S(LI,ZI)LZAIDLI P AV}

(6.2)

where the redshift-luminosity bin is labeled by the index i, ®(L;, 2;) is the constant estimate
of the luminosity function for that bin, the sum is over sources that fall into the bin, and
AV} is the volume available to the source to still be in both the bin and the selection criteria

of the survey.

The varying completeness corrected version of Nyps/Npar is, formally, much closer to the
form of the original estimator from Miyaji et al. (2001)):
N;

(N
(L, %)
~ [ @md(L, 2) S(L, z) dLdV

O(Ly,zi) = (I)mdl([m zi) -

N, (6.3)

where @M (L, 2) is an approximate (‘model’) luminosity function that brings the estimator

closer to evaluating the luminosity function at the center of the bin, (z;, L;), as long as
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dmdl([, 2) is closer to the true luminosity function than the implicitly assumed ®™4(L, 2) =
constant of an uncorrected estimator. For these purposes, this work assumes ®™4(L, 2) is a
Schechter function that has a faint end slope @ = —1 and M, = —22mag (near the peak of

the luminosity histograms in Chapter |5)).

The parametric estimator used in this work is based on the spectro-luminosity functional,
V. The final estimator of the likelihood of the data is a little complicated, requiring a few
nested equations to express. The outermost equation is given by:

lﬂ(ﬁ)z Z IH(S(FsehFO,f)£SED(Fse1,FO\LO)CI)(L(),Z))

galaxies

- / S(Frat, Fo, &)Lt Fuat, Fo| Lo)®(Lo, ) d Flat dFy d Lo AV, (6.4)

where the selection function, S, calculates the probability that a source with given observed
fluxes, Fi and Fy, and at spatial position 7 is selected for inclusion in the survey. This flux
selection function is assumed to take only two values: 0 for excluded regions, and 0 < s < 1
for sources in selected regions (s is the overall completeness). Basically, its primary purpose

is to set the limits of the integration.

Lsgp is the likelihood for a galaxy to have a particular SED given it has 2.4 ym luminosity
Ly, projected down from the full function space to the fluxes Fy, and Fy. In this work we
approximate the full Lsgp as a Gaussian and incorporate an uncertainty model for the fluxes

and dust extinction to get:

emtT2 Dy (2)2\ 2
Lsep(Fua, Fo|Lo) = ( L())

(2m)2det(s) \(1+2)Lo
© €Xp <—% Z [ — i) (o™ is - 165 — Mﬂ) , and (6.5)

i.j=2

/- FiAnDp(2)%e™
v (]_ —|— Z)LO

7; is the optical depth due to dust in the Milky Way present for flux in filter i, when the
selection fluxes weren’t extinction corrected, 0 when they were. Dp(z) is the luminosity
distance to the source. The F; are one of F, or Fj and are the measured fluxes. p; is the

mean value /; takes, as predicted from the mean SED. ¢ is a covariance matrix that takes
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the following form (no summation):
oij = Sij + (0 AFP + 07000 5) papy, (6.6)

where A and B are model parameters fit using ordinary least squares in log-space of 0% F 2
to I, o,; is the standard deviation of the optical depth present for fluxes in channel 7 over
the survey targets, and X;; is the covariance of SEDs projected down to apply to the space
spanned by Fi and Fp, similar to the calculations described in Chapter [3] The optical
depths are calculated from the dust extinction model of (Cardelli et al. (1989) using the
E(B — V) dust maps from |Schlegel et al.| (1998)).

®(Ly, z) is a Schechter luminosity function, originally defined in [Schechter (1976)),

(L, 2) = % (L£> e b (6.7)

The parameterization for evolution in ¢, and L, are:
6. = doe ), and

t "o
L* — Loe—RLtL(Z) (1 _ L(Z)> , (68)

to
where t1,(2) is the lookback time of a source at redshift z, R, is the specific evolution rate in
¢ and is assumed to be constant, Ry is the luminosity evolution rate, ¢y is the time of first
light (set here to to = t1(Zecom) Since our data cannot meaningfully constrain it), and ng is

the power law index for the early time increase in L.

As explained in Chapter 2 the actual fitting was done using derived parameters that
proved to be more statistically orthogonal than the ones given above. In terms of the

parameters from Equation [6.8] they are:

R, = Ry — min(1 + o, 0) [RL + ?] , and (6.9)
0
/2
oL 5
L= %% p 2 6.10
k sty47T1/2 o+ 2 ( )

which are named the specific rate of change in galaxy number density at z = 0, and the
normalization to the source flux counts distribution. If the luminosity function were a static

Schechter function in a static Euclidean universe of infinite radius then d?«“ﬁg =k, 02
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6.3.1 Error Analysis Details

The statistical uncertainty in the binned estimators is assumed to be fundamentally Poisson
combined with propagation of errors that assumes all factors other than the number of
galaxies in a bin are constants, as described in Chapter [2 For the parametric estimator in
Equation its complicated form makes performing a second order expansion about the
maximum likelihood parameters, as is done in frequentist statistics, to find the uncertainty
in those parameters tedious and error prone. Further, when there is any region of the
parameter space where the likelihood becomes unusually flat, as happens frequently when
selection functions are involved, the Taylor expansion must be carried out to higher order
to get an estimate in the parameters’ uncertainties. These conditions make the work done
here an ideal case for the application of a Bayesian analysis using Markov Chain Monte
Carlo (MCMC) to estimate the uncertainties in the parameters. The software tool used to
perform this error analysis is the Python package known as emcee version 2.1.(ﬂ described
in Foreman-Mackey et al.|(2013), an implementation of the stretch-move algorithm proposed

in (Goodman & Weare, (2010)).

When doing any MCMC analysis the algorithm needs to run for a number of steps before
it starts to provide an accurate and uncorrelated sample of the posterior. This process is
called ‘burn in.” If the initial point is far from the mode of the posterior, then this first step
is dominated by a pseudo-random walk toward that mode, effectively making it an inefficient
optimization algorithm. This process is even less computationally efficient for emcee because
it uses an entire ensemble of independent walkers. To short circuit this process, we started
the walkers in a ball around an extremum found using the optimize package of SciPy. When
fitting models as complex as the ones used here, there is the added downside that there are
frequently multiple local extrema. This factor causes a tradeoff in the usage of emcee and
how spread out the initial positions of the walkers are: if the spread is large then the odds
of finding a better minimum than the current guess goes up, but walkers will also get stuck

in local minima that are uninteresting outliers; if the spread is small, then all of the walkers

'http://dan.iel.fm/emcee/current/
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are characterizing the minimum of interest, but it takes much longer to find any possible

lower minima.

In principle, it would be possible to design an algorithm that was mostly emcee, but that
periodically trimmed outliers and started new walkers at large distances to search for possible
new minima. In practice, it is easier to break the process up into different steps. In minimum
finding mode, the initial spread of the walkers is large, centered on the minimum found by
a comparatively efficient algorithm, and it restarts any time a new minimum is found that
is lower than the initial one. The software then switches to minimum characterizing mode
where the initial spread is small, and after a number of burn in steps that are discarded the
final sample is produced. If a new minimum is found during minimum characterizing mode,
then the minimum characterizing process begins again from the beginning, but the switch is
not made back to minimum finding mode under the assumption that the improvement from

doing so is marginal.

With any Bayesian analysis the prior must be described. Table contains the explicit
descriptions of the ranges of the parameters, and the priors assumed on the parameters, for
the LF. In most cases the priors are flat in the given parameter, and the majority of the
remainder are flat in the logarithm of the parameters. The exceptions to this are the faint
end slopes, «, and the initial luminosity index, ng. Because a = —2 gives an unphysical
infinite background radiation, we chose to impose a mildly informative prior with a beta
distribution shape that excluded the end points of the allowed interval. With ng the buildup
of L, should neither be discontinuously fast, so ny > 0, nor should it be much slower than
the integral of a linear accretion rate, so ng < 10. Further, the data used here does not
constrain the buildup of L, directly, so an informative prior that constrains the value of
ng is used. Explicitly, it is expected that their initial luminosity is proportional to the gas
accretion rate, and should therefore be reasonably near linear, so we impose ng = 1 4+ 0.2

with a log-normal distribution.
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Table 6.4. LF Parameter Priors

Param Min Max Units Prior Notes

K 10—3 102 Jyg/2 sr1 Kyt a
Ruo —50 50 ty flat b

Lo 10° 108 Losum o Lyt e

Ry —50 50 ty flat

et —2 0 — —a2+ )

no 10—15 10 o no—167251n(n0)2/2 d

Note. — Parameter (Param) ranges (from Min to Max) and priors used in fitting

the luminosity function. Priors are given in unnormalized form.

2 Normalization to the static Euclidean number counts. Its relationship to stan-
dard Schechter function parameters can be found in Equation |6.10]

b Specific rate of change of the galaxy number density at z = 0. Its relationship
to standard Schechter function parameters can be found in Equation

¢ Loaum o = 33.44nlJy Mpc2 < M2.4um @ = 5.337mag AB absolute.

d This prior has mean 1 and standard deviation 1/5.

6.4 Luminosity Functions

Running emcee produces a sequence of model parameters that are distributed as though
they were samples taken from the posterior distribution. The sequence of parameters is,
therefore, the result of the analysis from which all other results are derived. The chains
will, therefore, be published with the paper based on this chapter and at www.figshare.com
under the digital object identifier (DOI) |10.6084/m9.figshare.4109625| in gzipped [PAC

table format. An few example lines from one of the chains can be found in Table [6.5]

The content of that file set is as follows: there is an individual chain for each individual
spectroscopic survey (with file names matching the names of the survey), one for each merged
subsample described in Table|6.3|with matching names, and two chains, labeled ‘High 2z Prior’
and ‘High z Trim Prior’, where the High 2z samples were analyzed with the mean and standard
deviation in « from the matching Low z samples used as additional Gaussian priors in the

analysis. The reason for only using the faint end slope as a prior is discussed in Section [6.4.1
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Table 6.5. Example Lines from MCMC Chains

StepNum  WalkerNum 1n_KappaStar Rn In Lstar RL alpha 1n n0
— — In (Jy3/2 sr’1> Gyr~?! In (Jy Mch) Gyr~ ! — —

0 0 2.0414 —0.056289 8.7190 —0.13463 —1.5071 —0.30514
0 1 1.8404 —0.013686 8.2423 —0.19569 —1.2721 —0.03764
0 2 2.1309 0.224666 7.6358 —0.29812 —-0.9931 —0.01672
0 3 2.5518 0.095079 8.6992 —0.22876  —1.4027 0.41558
0 4 1.8430 —0.007250 8.2185 —0.21643 —1.3473 0.03394

Note. — Example lines from one of the chains produced by emcee in the tables under DOI|10.6084/m9.figshare.4109625|
Floating point values truncated here for brevity, but not in the downloadable tables. StepNum is the zero in-
dexed step number that the ensemble was at in the chain, and WalkerNum is the number of the walker which
was at the position defined by the row for that step. 1n KappaStar is the natural logarithm of k4 in Jy?’/2 sr1

(see Equation [6.10). R is the specific rate of change of the galaxy number density evaluated at the present

time in Gyr~! (see Equation . 1n Lstar is the natural logarithm of L, in JyMpc? evaluated at z = 0
- Ly ~ L, H
(M* = 713—150 In [3631 Ty ar10=10 MpCZ} ~ —1.086 In [Jy Mpc2] — 13.352 for AB absolute mag). R_L is the long term decay

—1

constant in L, in Gyr™". alpha is the faint end slope of the luminosity function. 1n_n0 is the natural logarithm of the early

time power law index of the evolution of L. (see Equation
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Of all of the analysis chains produced, High z Prior is the canonical one for this work based
on a subjective evaluation of statistical accuracy and bias. A comparison of the Nyps/Nmar
binned estimator using all of the data to the LF with the mean parameters from the High z
Prior chain can be found in Figure|6.2] The solid red lines, of varying opacity and brightness,
are the result of evaluating the High z Prior LF model at five equally spaced redshifts from
0.01 to 1 (0.01, 0.258, 0.505, 0.743, 1). The three 3.6 yum LF's from Dai et al.| (2009), color
corrected to 2.4 um using the mean SED from Chapter [3] are plotted at z = 0.38 using black
dashed (‘all’), red dotted (‘early’), and blue dash-dotted (‘late’) lines.

Two features stick out most prominently in Figure |6.2] First, the parametric estimator
places the value of ¢, a factor of about 1.7 higher than the binned estimator, though this
is within the statistical uncertainty in ¢, for Hi z Prior. Second, the falloff at the bright
end appears to be better described as a power law than exponential. The former is likely
caused by the fact that the data content of Figure [6.2]is drawn from all the samples, without
restriction on redshift, while the plotted LF is of the mean parameters from the High z Prior
chain. The cause of the latter is uncertain. Averaging the evolving fit LF over different
redshifts using the observed redshift distribution did not produce the observed power law
shape. Further, limiting the plot to data in the High 2z sample does not alter this feature
significantly, either, so it is unlikely to be an artifact related to photometry of resolved
sources. The explanation that, qualitatively, seems most likely to cause the feature is the
presence of AGN in the sample, which are observed to have a power law falloff to the LF
on the bright end (see Equation 5, and surrounding discussion, in [Richards et al., 2006]).
While this means that the fit LF doesn’t match all of the details of the real LF, this was an
expected consequence of using a single Shecther function for the LF and not separate LFs
for different galaxy types. The global properties of the LF, like predictions of galaxy count
and luminosity density, should still correspond with the observable values in the same way
that a Gaussian fit to a data set will reproduce the mean and standard deviation, even if

the data are not Gaussian distributed.

Detailed analyses of the different posterior chains is done in Subsection [6.4.1] including
an examination of the necessity of splitting the combined samples by redshift, and evi-
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dence for luminosity uncertainty contributing to the softening of the high luminosity falloff.

Comparisons with the results of other measurements of the luminosity function is done in

Subsection [6.4.2]

6.4.1 Internal Comparisons

Because the parametric estimator used in this work is new, it is important to analyze mul-
tiple data set that all have different selection criteria and compare the results to see if the
systematic biases have been correctly managed. The mean parameters from each of the pos-
terior chains can be found in Table[6.6] and parameters derived from those mean parameters

are found in Table [6.7].

All of the uncertainties given in the tables are purely statistical uncertainties derived from
the Bayesian posterior of the data. They do not include sources of error that are, for the
purposes of this work, systematic, including: the accuracy of the cosmological parameters
(~ 3%), the peculiar velocity the Milky Way (& 0.6%), the accuracy of the completeness
assessments of the different surveys (= 2%), selection effects not modeled, cosmic variance
(assumed small), the accuracy of the AIWISE W1 photometric zero point (1.5%, |Jarrett
et al., 2011), and the accuracy of the numerical integration algorithms used (= 2%). The
combination of these effects implies 5.0% systematic uncertainty in the determination of L,,
3.4% in k,, 6.0% in ¢,, an assumed e-fold per Hubble time in the evolution rate parameters,

and an assumed 3% in a.

All of the parameters on a given line in Tables and are correlated, to greater
or lesser degrees. Including tables or plots of the correlation among the parameters would
take up a prohibitive amount of room, so this work only contains a single example of the
covariance matrix among the primary parameters constructed from the High 2z Prior chain
in Table[6.8 It should be noted that the full correlation among parameters is not necessarily
encapsulated by a covariance matrix, particularly the correlation between Inng and R,,. A
closer examination of the correlations in the High z chain, and a comparison between how

correlated the parameters using different parameterizations are, can be found in Appendix B}
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The biggest trend in Table is in R,,, with the lower depth surveys consistent with
the number density of galaxies currently declining and the higher depth surveys with the
opposite. While it is possible that this is a real feature of the data, whether from a turnover
in the comoving number density of galaxies or cosmic variance from the Milky way existing
in an low density region, selection biases must first be ruled out. A preliminary analysis
of the SDSS subset with a W1 flux maximum of 2mJy (15.65 AB mag) suggested that this
effect was being driven by the galaxies with high apparent flux, and not the faint galaxies
that dominate number counts for samples with minimum luminosity significantly lower than
L,. Because faint galaxies dominate the number density of galaxies, it is unlikely that a
trend driven by the presence of bright objects in the sample is a real phenomenon, neither

cosmic trend nor cosmic variance.

As the error bars on R,, show, this parameter is poorly constrained by the data, so a small
bias in a correlated parameter, even a weekly correlated one, can drive a big change in R,,.
Since bright galaxies are also more likely to be resolved or marginally resolved, we decided
to work around the problem by dividing the combined samples at z = 0.2 where the number
of galaxies with high wirchi2 fell to a level low enough to be negligible (see Figure .
The advantage of a redshift split instead of a flux cut is that it does not increase the impact
of the systematic uncertainties inherent in the the final estimator used. The only parameter
from the low redshift sample that the analysis with lower maximum Fyy; that is plausibly
not affected by a bias affecting resolved sources is the faint end slope. Given the luminosity
range covered by the Low z samples makes it the strongest constraint on « available, we use
the mean and standard deviation of a from the corresponding Low z samples as Gaussian

priors on the High 2z Prior samples.

In order to estimate the possible systematic impact the Trim samples were constructed.
The Trim samples are identical to their corresponding combined samples, but each survey is
limited to the region in luminoisty-redshift space where the completeness is at least 98% of
its maximum value; the regions enclosed by the faint blue lines in the L-z plots of Chapter [5]
This substantially reduces the size and depth of the sample, so it is more vulnerable to cosmic
and statistical variance. The Low 2z and Low z Trim chains agree within the statistical
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Table 6.6. Luminosity Function Bayesian Mean Parameters

Survey Kox Rp? L,> Ry, e no
_ Jy3/2 g1 t;{l 1010 Ly 4 i 0h 2 t;{l o -
6dFGS 2.944+0.07 —-49£0.8 3.15£0.07 -34+£03 —0.91+0.02 0.9+0.2
SDSS 4.06 £0.03 —3.55+0.09 3.34£0.03 —24+£0.2 —-0.957+0.006 1.0+0.2
GAMA 4.0+£0.1 0.24+0.2 2.67 £ 0.09 —12.74+£0.8 —0.9540.02 8.3+0.6
AGES 54403 1.8+£0.3 22402 —5.0£0.7 —0.57+0.06 1.8+04
WISE /DEIMOS 8+ 2 1+2 5+2 -3+£1 —1.14+0.3 1.0+£0.2
zCOSMOS 4.4+0.5 1.84+0.8 2.6 £0.5 —4.5+0.5 —-09+0.1 09+0.2
Low z 3.11+£0.02 —7.47+0.09 3.41+£0.02 —-1.5+£0.2 —-1.059+0.004 0.8+0.2
High z 5.0+0.2 0.6 +0.2 2.66 £ 0.05 —28+0.1 —0.68£0.03 0.56=£0.08
High z Prior 5.7+£0.2 0.1+0.2 3.12+£0.05 —2.6+0.1 —1.050=+£0.004 0.50+£0.07
Low z Trim 3.244+0.03 —-7.7+0.2 3.62 £ 0.04 —04+£0.2 -0.972+0.008 0.9+0.2
High 2z Trim 9+1 —-0.8+£0.7 3.9+04 —48+05 —1.93+0.04 1.0+0.2
Hi z Trim Prior 5.0£0.6 1.94+0.7 29+0.2 —43+£04 —-0.935+0.008 1.0+0.2
Note. — Mean parameters from the Bayesian posterior functions. The top half of the table is broken down by survey, and the

bottom half is one of the combined analyses of all data sets. r, is the Euclidean flux counts normalization (see Equation [6.10]).
Ry, is the specific rate of change of the numeric density of galaxies (see Equation . Ry, is the long time decay constant in
L, and ng is the initial luminosity index (see Equation . For k4, Ly, and np the means are geometric means, in keeping

with the values published in the posterior chains.

2 Parameter evaluated at z = 0.

uncertainties, with the exception of L,. Even though the effects on the High z samples
was more dramatic, this is to be expected given the reduced effective depth and loss of
low luminosity sources, especially in the AGES and WISE/DEIMOS samples. When the
power law part of the LF is not directly sampled, where the LF is linear in a log-log plot,
the information about « is encoded in the higher order moments of what was observed,

increasing sensitivity to statistical and cosmic variance fluctuations.

The numerical comparisons discussed above provide a nice overview of the behavior of
the different sets, but no work is complete without graphical comparisons of the fit models
to binned estimators for the data. The comparisons of the unbinned ML fits with two binned
estimators, 1/Vyax and N°P /N4 can be found in Figures , , and The first no-
table feature of the grid of plots in Figure is that the N°P /Nmd! agrees better with the
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Table 6.8. Hi z Sample with Low z Prior Luminosity Function Bayesian Parameter

Posterior Covariance

Parameter o 0ln Ky ORnty d1n L, (0) SRty da dIlnng

6ln Ky 0.03029 1.000 0.9023 —0.5915 —0.1510 —0.04423 —0.2330

SRnty 0.2040 0.9023 1.000 —0.8257 —0.4389 0.06990 —0.02677

01n L, (0) 0.01524 —0.5915 —0.8257 1.000 0.7285 —0.1243 —0.2852

SRpty 0.1210 —0.1510 —0.4389 0.7285 1.000 —0.009374  —0.8508

da 0.004266 | —0.04423 0.06990 —0.1243 —0.009374 1.000 —0.009308

éInng 0.1431 —0.2330 —0.02677  —0.2852 —0.8508 —0.009308 1.0000

Note. — The o column contains the standard deviation of the parameters, and the remaining rows and columns

comprise the matrix of correlation coefficients between the parameters, considered pairwise. All values given to four

significant figures.

fit luminosity functions than the 1/V,,., estimator. This is to be expected since N°b/N=d! jg
closer to a maximum likelihood estimator, and the fits were done using unbinned maximum
likelihood. In particular, the N°*/N™d outperforms 1/V,,.x where the approximation that
the selection function is constant with redshift is a bad one. The difference is particularly
stark for panel b, SDSS, where the shallow optical selection makes SED variability particu-
larly relevant. The next obvious feature is the disagreement of the fitted faint end slope with
the binned ones in panel d, AGES. There is a local minimum in the likelihood with a faint
end slope closer to a = —1, but it is not a global minimum. There are two reasons this fails
to be a global minimum: the low faint end completeness of AGES giving the less luminous
galaxy bins bigger error bars, and a fluctuation in the data. These facts are more apparent
in an examination of the first row of Figure [6.5 where the apparent disagreement vanishes.

The final feature of note in the luminosity function plots is the upturns at the faint ends
of panels b (SDSS) and ¢ (GAMA). It is likely the same feature that caused |Loveday et al.
(2012) and Kelvin et al.| (2014)) to use a double luminosity function to fit the data. While
a double LF would provide better agreement to the data, it is unclear without a deeper

examination of the data the extent to which the additional LF is modeling a fundamental
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feature of the universe (for example, the split between red and blue galaxies) or a cosmic
variance fluctuation in the data. One example of an even bigger fluctuation can be seen in
panel ¢ of Figure of Chapter [f] There is a significant over-density in the Sloan data
near its peak at around z = 0.75. The over-density that causes that bump goes by the name
the Sloan Great Wall, discovered in (Gott et al.| (2005)), and it is a good example of how large

cosmic variance can get.

It is also profitable to compare the observed redshift histograms against the predictions
based on the luminosity function and selection function; plots containing such comparisons
can be found in Figure . The power of this comparison is that, unlike the binned /unbinned
LF comparisons in the earlier figures, the data in this figure need not be limited to sources
with measured WISFE fluxes. Thus, the comparison between the black histogram and darker
lines is not one of a fit with the data it was fit to, but the extrapolation of the LF and
selection function with new data. The first noteworthy feature of the plots in Figure is
that the High z Prior LF (blue dashed lines) provide more accurate extrapolations, overall,
than the individual survey fits (solid red lines). That said, the extrapolations over-predict
the number of galaxies in the high redshift tails of panels b and ¢ (SDSS and GAMA), and
badly under-predict the high redshift tails of panel a (6dFGS). It is impossible to say what
combination of the following this is due to: the galaxy types of the samples changing with
fainter luminosity limits, the mean SED evolving with redshift, and the functional form of
L, evolution being wrong. The changing sample content is a direct consequence of the well
known fact that the brightest galaxies are red, so the higher the luminosity limit of a survey
the redder its galaxy sample will be, thus affecting the mean SED and, through that, the
selection function. The mean SED is also certain to evolve with redshift, with galaxies being
bluer in the past than they are now, and no such evolution was modeled for this work. The
extra sources in the high redshift tail of the 6dFGS graph is, possibly, a result of confusion

boosting the flux estimate of sources that would, ideally, have not met the survey’s flux limit.
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Figure 6.1: Illustration of the trend in wirchi2 with redshift. Each graph has its own maximum
value for the color bar scale, labeled on the plot as the parameter s. The vertical line at z = 0.2
illustrates the dividing line between the low z and high 2z subsamples. Panel a is made using the

6dFGS sample, b SDSS, ¢ GAMA, d AGES, e WISE/DEIMOS, f zCOSMOS.
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Figure 6.2: Binned Nyps/Nyal estimate of the LF compared with fit LFs. Broad agreement among
the estimators is apparent, with details emerging that the parametric model does not capture. The
grey histogram with error bars is the Nops/Nmqr estimator applied to the combination of all data.
The solid red lines of varying opacity and darkness are the LFs from the mean parameters of the
High z Prior chain (see Table evaluated at equally spaced redshifts between z = 0.01 and 1.0
(0.01, 0.258, 0.505, 0.743, 1), inclusively, with the opacity decreasing as z increases. The remaining

lines are based on 3.6 um LF fits from |Dai et al.| (2009) evaluated at z = 0.38 and adapted to 2.4 um

using the mean SED from Chapter [3| with the black dashed line corresponding to their ‘all’ sample,

the red dotted line to their ‘early’ sample, and the blue dash-dotted line to their ‘late’ sample.
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Figure 6.3: Above is a grid of plots comparing luminosity function fits (lines) to binned estimators
(steps) for the luminosity function over the entire redshift range noted in the panel. The solid red
lines are the LFs fit to the data used to make the panel (not to histograms in the panel), and the
dashed line is the mean LF of the High z Prior chain. The combined LF's are evaluated at the middle
redshift of the interval in the panel, and the red lines are evaluated at 5 equally spaced redshifts in
their panel’s redshift interval (inclusive of endpoints). The black histogram is from the N°Ps/Nmdl
estimator, and the blue is the 1/Vjyax offset to the right for clarity. Panels a through f are from
the surveys: 6dFGS, SDSS, GAMA, AGES, WISE/DEIMOS, and zCOSMOS, respectively.
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6.4.2 External Comparisons

In order to make the Schechter parameters in other papers comparable to the ones measured
in this one it was necessary to use the mean SED from this work to color correct their values
of L, and, wherever possible, use the evolution measured in the other papers to bring them
all to redshifts 0, 0.38, and 1.5. The literature parameters can be found in Table[6.9(alongside
the mean High z Prior parameters from this work. Further, the external works often have
measurements of the LF in multiple filters; when that is the case, the observation filter with
wavelength closest to the W1’s 3.4 um was used for the primary parameter comparisons. On
the whole, this work’s estimate of L, is lower than the literature and its estimate for ¢, is
higher, but not radically so, especially compared to the spread among the literature values.
The values for L, at high redshift (z = 1.5) have a much larger spread, making this epoch

ripe for studies based on deeper imaging surveys.

The spread in measured specific evolution rates, shown in Table [6.10] is considerably
larger than the primary parameters. The uncertainties are not included in the table, but
they’re generally more than 0.1¢5' and less than 1¢;'. The most directly comparable values,
the ones at %'z, [3.6], and 2.4 um, are all largely consistent. Most importantly, the specific
rate of change in the density of galaxies, R,,, should be the same for all the different surveys in
all bandpasses. That the spread is so large is likely attributable to a combination of selection
effects, the inadequacy of a single Schechter function to describe all types of galaxies in all

bandpasses, and the fact that R,, is one of the least well constrained parameters by the data.

The final comparison is a graphical one of the models for the evolution of L, and pr2.4,um
from this work to an empirical models from Madau & Dickinson| (2014)) and |Scully et al.
(2014) in this work’s Figure[6.7] The model from the review in [Madau & Dickinson| (2014)
is for the evolution of the cosmic star formation rate density, 1) (Equation 15 there), and the
the model from [Scully et al.| (2014)) is a 1-¢ variability band in luminosity density evolution
for the K filter (A &~ 2.2 um) scaled using the mean SED (Lg /L, (2.4 pm) = 1.199). The data
used to produce the empirical model from Madau & Dickinson| (2014) was, essentially, scaled

luminosity densities measured in the far ultraviolet and far infrared. Most importantly, the
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Figure 6.6: Above is a grid of plots comparing simple histograms of observed targets with redshift
to the predicted counts from the combination of selection function and LF. The grey histogram
is the WISE detected subset used in measuring the luminosity functions, and the black contains
every high quality source in the survey. The solid red lines are the predicted count density, times
bin width, from the LF for the panel’s survey, and the dashed blue lines are the combined LF. The
light lines are models for the grey histogram, and the dark lines are for the black histogram. The
survey, x-axis scale, and y-axis scale for each panel, a—f, are: 6dFGS, 0.02, 541.3; SDSS, 0.033,
2922.8; GAMA, 0.043, 537.2; AGES, 0.1, 158.8; WISE/DEIMOS, 0.1, 3.3; and zCOSMOS, 0.1,

82.1, respectively. 165



measurements used to produce the empirical model for ¢ spans the range of redshifts from
0 to 8, so their estimate would place the peak of the luminosity density somewhere between
redshifts 1.3 and 2.5 based on data. The data on px evolution from Scully et al| (2014) is
primarily below redshift 2, and based on statistically interpolating measured values from the
literature, and constructing the band from an ensemble of such interpolations. Considering
that all of the data used in this work has a redshift below 1, and most of that less than 0.5,
the crude evolution model used here does surprisingly well at locating the epoch where L,
and pro4,m peak. Figure also shows that the peaks in L, and p, are, possibly, too broad,

but this is not surprising given the simplicity of the model and limits of the data used.
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Figure 6.7: Luminosity Evolution
Graphs of empirical models for the evolution of the luminosity of galaxies. Black lines in
panels a and b are a plot of models from this work, the light blue region in panel b is a
1-0 confidence band from a meta-analysis in Scully et al.| (2014)) (K-band scaled with the
mean SED, data primarily from |Arnouts et al., 2007)), and panel c is the empirical model
for the star formation rate density reviewed in Madau & Dickinson| (2014)). In panels a and
b the identities of the lines are: the dotted line is the fit to the WISE/DEIMOS sample,
the dashed line is to the High 2 Trim Prior sample, and the solid line is to the High z Prior

sample.

6.5 Discussion

The consistency of the results in this work with the literature shows that, while the goal of

increasing the statistical accuracy of the LF measurements has been met, that increased ac-
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Table 6.10. Evolution Rate Comparisons

Paper 20 Band 9InL./0t Ry Ry R,

ty ty oty oty
Blanton et a1.| 4200319[) 0.1 0-1q -34 -2.6 | —2.3 -5.9
0-1g -1.6 -03 | -0.1 -1.9
0.1y -1.3 -0.1]-0.2 —1.4
0.1 -1.3 -0.5| —-0.5 —1.8
0.1, —0.6 -1.8| -1.9 -24
Dai et al. @ 0.25  [3.6] —0.8 0* | —0.1 —0.8
[4.5] —0.7 0 0.0 —0.7
Cool et al.| (12012[) 0.3 Olp —-1.0 04| 04 —05
Loveday et al,| 42012[) 0.13 Oly 48 65| 61 1.8
0.1g —2.2 1.2 09 -1.1
0-1p —0.5 14| -15 =19
0.1 —1.1 0.0 | —0.1 —1.2
0.1, -1.3 04| 03 -0.9
Loveday et a1.| 42015[) 0.2 0-1p —0.7 —0.7 ] —0.9 —1.4
This work 0.38 2.4pum —1.8 0.2 0.1 -—-1.7

Note. — Paper is the work from which the measurements came, in chronological

order. zg is the mean or median redshift of the data in the work, and is the redshift

at which the parameters were evaluated to make this table. Band is the passband in

which the luminosity function was measured. d1ln L, /0t is the specific rate of change

of L, measured in units of inverse Hubble times. Ry is the specific rate of change
of ¢« (see Equations [2.31)), R, is the specific rate of change in the number density
of galaxies (see Equation [2.34)), and R, is the specific rate of change in the 2.4 pm

luminosity density (see Equation [2.42)

2This parameter was set to this value, not measured.
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curacy has not, yet, uncovered any new facets of galaxy evolution. The internal comparisons
show that there is still room for improvement in the techniques used here. In particular, closer
attention paid to ensuring that the full flux of resolved galaxies is measured without contam-
ination from foreground stars will permit a further large jump in sample size. Improvement
in the performance of numerical integration of arbitrary high dimensional Gaussian functions
over rectangular regions would make spectro-luminosity functional, ¥, based techniques able
to analyze samples constructed using the sort of complicated color selection done for DEEP2
(Newman et al 2013)), the SDSS luminous red galaxy sample (Eisenstein et al., [2001), and
the SDSS quasar sample (Richards et al., [2002).

Improvements in the form of ¥ that could allow it to fit the data more closely need
a little more thought to the overall approach of the analysis before implementation. The
primary approach used in the measurement of LFs is to classify galaxies into types and
measure separate LFs for each type. It is not obvious, but the improvements suggested in
Chapter [2], where the total ¥ is written as a sum over components, falls into the classification
category. The way that the sum over components with ¥ becomes a classification scheme,
effectively, is because the fluxes measured for each source will place it closest to one mean
SED. If we define the square distance to the SED as the exponent in Lsgp then the majority
of sources will most strongly affect the the LF parameters that correspond to the SED to
which they are closest by that distance measure — with a few in a boundary region dividing
their influence among the terms. Thus, especially if the mean SEDs are fixed, the model
effectively classifies the sources by which term in the total spectro-luminosity functional
the source has the greatest impact on. The more fluxes per source brought to bear in the

analysis, the sharper that divide between source types is.

The less common approach would be to, instead of classifying galaxies, analyzing their
composition. Think of it as the difference between deciding whether a galaxy ‘is a’ versus
how much the galaxy ‘has a’. The advantage of the composition approach is that it addresses
an ambiguity not dealt with directly by the model for estimating ¥ developed here: how
many galaxies does each source represent? We know from images of local galaxies that the
moderate to large galaxies have smaller galaxies in their halos (for example: the Large and
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Small Magellanic Clouds). As distance increases, the light from any satellite galaxies must,
inevitably, be merged into the light from their primaries. The hallmark of a compositional
approach is that it does not just assign probabilities to a source being in different classes,
it divides the source’s luminosity among them. So, for example, it could be possible to talk
about dividing the ¥ into massive stars (say O, B, and A), intermediate stars (F and G),
light stars (K, M, and lighter), stellar and supernova remnants, nebular emission, and AGN.
The primary challenge would be to figure out what form the base luminosity function, ®, of
each of these should take. While it would seem that an increased richness of photometric
data would also be required in order to analyze the composition of each galaxy, it isn’t
necessary to get a detailed analysis of every galaxy to get an accurate picture of the average

composition of galaxies that is encoded in W.

One question that is answerable by improving the techniques developed here, and adding
data for galaxies in the redshift range of 1 to 3 is: which peaked first, L, or p;? The reason
this question is of interest is because it encodes information about the comparative rate
of star formation versus galaxy mergers; the former boosts both quantities, the latter only
boosts L,. We would, for example, expect L, to peak first in a universe where star formation
continued in small galaxies after it and collisions slowed down for large ones. The converse
would be the case if star formation was a relatively short epoch that cut off in most galaxies
and the majority of individual galaxy luminosity growth was through accretion. The data
and simple evolution models used here cannot answer this question, though they hint that

L, peaked first.

Another question that will require even greater care to answer is: when did (or will) the
number density of galaxies peak? The question is equivalent to asking when R,, = 0. Though
that is an equation that can, in principle, be solved using the parameters in this work, the
spread in values produced are so large as to make the answer meaningless. It would take
an evolutionary model with greater physical fidelity combined with more data to provide an

answer worth examining.
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6.6 Conclusion

The combination of the six different redshift surveys described in Chapter [}, made possible
by the analysis techniques derived in Chapter [2, has produced measurements of the Schechter
LF parameters that are comparable to the literature in terms of statistical precision for ¢,,
and a marked improvement for L, and «. The parameters describing the evolution of L, and
Ox, R, and Ry, are less well constrained, but still comparable to the literature. Improving

the constraints will require refinements in the process from end to end.

The photometry of bright, resolved and marginally resolved, galaxies requires improve-
ments that bring them in line with the quality of our photometry for point source. In the
ideal case, a photometric survey with sufficient sensitivity to resolve the wings of the Airy
profile produced by even the largest galaxies, and the software tools needed to remove fore-
ground contamination from stars, would guarantee that close enough to all of the light in
the galaxy has been directly observed to measure accurate luminosities and colors for each

whole galaxy.

The accuracy of the spectro-luminosity functional, W[L,|(z), can be improved in the
straightforward way: writing it as a sum of spectro-luminosity functionals, each with its
own LF and Gaussian Lsgp. It may also be possible to improve the performance of ¥ by
a rethinking how the LF is defined — instead of classifying galaxies into mutually exclusive
categories, split into constituent parts with their own luminosity. The upside of a such an
approach is that it naturally handles cases where multiple unresolved galaxies are contained

in the same object.

Perhaps more important than increasing the fidelity of ¥ is adding a model of the effective
radius of galaxies so that surface brightness limits on galaxy selection can be modeled.
Likewise, re-deriving an approximation of the estimator for the likelihood of observing an
entire catalog so that it includes the effect of galaxy environment. Adding the effect of
environment, for example using the two point function (£(r)), in the likelihood of the catalog

is the most natural way to introduce cosmic variance to the process.

Finally, measuring fluxes and redshifts for even fainter galaxies using instruments like the
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Multi-Object Spectrometer for Infra-Red Exploration (MOSFIRE) on the Keck II telescope,
and the James Webb Space Telescope (JWST), will allow for explorations of the evolution
of the faint end slope of galaxies, better constrain the evolution of ¢, and L, with more high
redshift data, and even, potentially, find a downturn in the LF at faint luminosity where

galaxies and star clusters overlap as gas accreting gravitationally bound systems.
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CHAPTER 7

The Extragalactic BackGround Light

The study of the extragalactic background light (EBL) in the optical and near infrared has
received a lot of attention in the last decade, especially near a wavelength of A ~ 3.5 um,
with remaining tension among different techniques for estimating the background. In this
chapter we present a measurement of the contribution of galaxies to the EBL at 3.4 um that
is based on the measurement of the luminosity function in Chapter [6] and the mean spectral
energy distribution of galaxies in Chapter [3] The mean and standard deviation of our
most reliable Bayesian posterior chain gives a 3.4 um background of I, = 9.0 £ 0.5kJysr—!
(vl, = 8.0+ 0.4nWm 2sr!), with systematic uncertainties unlikely to be greater than
2kJysr~!. This result is higher than most previous efforts to measure the contribution of

galaxies to the 3.4 um EBL, but is consistent with the upper limits placed by blazars and

the most recent direct measurements of the total 3.4 um EBL.

7.1 Introduction

The extragalactic background light (EBL) is another name for a fundamental component
of the cosmos - the overall spectrum and density of photons in the universe. In terms
of both quantity of energy and photons the dominant component of the EBL is the cosmic
microwave background (CMB). While the study of the CMB provides a wealth of information
about both the universe at the time those photons were emitted and how the evolving

universe has modified those photons, there is a lot to be learned from the study of the

9This chapter is based on a paper in preparation for submission to The Astrophysical Journal in 2017 by
the authors: S. E. Lake, E. L. Wright, R. J. Assef, T. H. Jarrett, S. Petty, S. A. Stanford, D. Stern, and
C.-W Tsai.
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EBL frequencies that are dominated by photons emitted at different epochs. Studies of the
whole of the EBL have revealed that there are, broadly speaking, four peaks in its spectral
energy distribution (SED): the CMB in the rough wavelength range 320 um to 22mm, a
dust emission of galaxies peak from 64 to 700 um, a stellar photospheric peak from 0.15 ym
to 4 um, and an active galactic nuclei (AGN) and stellar remnant peak in X-rays from 4 to

580 pm. This characterization is based on Figure 1 of the review |Cooray| (2016).

While the energy content of the radiation field (of which the EBL is a part) has had
a sub-dominant impact on the evolution of space-time, itself, since the redshift of matter-
radiation equality (around z = 3000; Hinshaw et al. 2013), its spectrum encodes useful
information about the history of star and structure formation in the universe. With the
exception of high energy photons (energy roughly higher than the Lyman-« transition), once
the intergalactic medium achieved full reionization the universe became transparent. The
primary consequence of this is that once a photon escapes from the dense matter in a galaxy
halo it has a low probability of ever scattering again, leaving it to eventually be redshifted
into oblivion by cosmic expansion. In the meantime, this means that when we sample the
small fraction of the EBL that reaches our detectors, we are sampling an integrated record

of all the light the universe has emitted, the accumulated SED of the universe as a whole.

The primary challenge in directly measuring the EBL is removing the large glare of
foreground light sources, especially the reflected sunlight from dust in our solar system
known as the zodiacal light (studies using this approach include: |Gorjian et al., [2000;
Wright & Reese, 2000; Wright & Johnson) 2001; [Matsumoto et al., 2005; Levenson et al.|
2007; | Tsumura et al., 2013; Sano et al., [2016). It is for that reason that two other techniques
have come to the fore in the attempts to study the EBL in the optical and near-infrared.
The first is to study resolved galaxies, directly, and extrapolating to the unresolved galaxies
to estimate how much light galaxies have released into the EBL (for example: [Fazio et al.|
2004; |[Levenson & Wright|, [2008; [Dominguez et al.|, 2011; Helgason et al., [2012} Driver et al.,
2016; |Stecker et al., [2016). The challenge with this technique lies in the accuracy of the
extrapolation technique used. The second is to leverage the fact that low energy photons
can pair produce with very high energy photons, providing opacity to them (for example:
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Aharonian et al., 2006; Mazin & Raue, 2007)). Ideally this means that high energy gamma
rays produced by blazars, typically in the TeV range of energy, are sampling the EBL directly
in intergalactic space. The catch that limits the accuracy of this technique is the limit of
our ability to determine the gamma ray spectrum pre-extinction, including the production

mechanisms and location (see, for example, Essey & Kusenko, 2010).

There is a small controversy in this field in the measurement of the background around
3.5 pm, where direct measures are higher than the upper limits from gamma ray blazars by
about a factor of 2, and the lower limits from extrapolating number counts are not definitive.
With the goal of providing more information relevant to the discussion, this work is based on
the extrapolation technique. Rather than extrapolating the flux histogram, as was done in
Fazio et al.|(2004); Levenson & Wright| (2008)); Driver et al. (2016]), this work uses an approach
based on extrapolating the luminosity function, as was done in [Dominguez et al| (2011));
Helgason et al.| (2012)); [Stecker et al.| (2016). Rather than harvesting luminosity functions
from the literature, though, the measurement in this work is based on a measurement of the
luminosity function from scratch that leveraged large public spectroscopic redshift databases
and the AIWISE photometry database to construct an luminosity function (LF) and mean
galaxy SED optimized for measuring the contribution of galaxies to the EBL at 3.4 um. The
reliance on spectroscopic redshifts reduces the exposure to systematic uncertainties inherent
in photometric redshift surveys, and the measurement of a new LF from scratch permits us
to feed forward all of the information about the significant correlations among estimated LF

parameters into the background estimates.

The structure of this paper is as follows: Section covers the equations that relate
the LF and mean SED of galaxies to the source flux histogram and integrated background,
Section contains a short summary of the results from previous chapters used to measure
the background and its uncertainty, Section presents estimates of the 3.4 ym background
and flux histograms at various wavelengths, and Section discusses the relation of this

papers results to the existing science.
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7.2 Theoretical Tools

Chapter [2| contains a fuller treatment of a mathematical object called the spectro-luminoisty
functional, denoted W[L,|(v). One property of U is that the comoving spectral luminosity
density pr, (L, per unit comoving volume, related to the spectral emission coefficient of

radiative transfer, j,, by a factor of 47), is the first moment of it:

pr. = [IDLILYILC). (7.1)

Splitting W[L,](z) into the traditional luminosity function, ®(L, z), and the likelihood of a
galaxy having an SED given that a normalization luminosity is fixed (the normalized SED

is £, (v) = L,(v)/La.4 um here) gives:

PL, = / dL2.4,um /[Dgu] gu ESED [gu]("LQA/,Lma Z) L2.4,umCD<L2.4,um7 Z)

:/dL2.4ymﬂu(L2.4pm>Z) L2.4,um(1)(L2.4,um72)7 (7-2)

where Lsgp[0y](.|L2.4 um, ) is the likelihood that a galaxy at redshift z with 2.4 gm luminosity
Ly 4 ym will have the normalized SED given by ¢,. The dot and vertical pipe character, ‘|’,
are there to emphasize that Ls4,m and z are treated as non-random variables for Lggp, in
the same way the notation is used for conditional probabilities. This is relevant because it
affects what units Lggp has, that is it is a density with respect to the random variables, and
not the non-random ones. The second line of Equation is an application of the definition

of the mean normalized SED, p, = (¢,).

The transition from spectral luminosity density to the background is achieved by treating

each infinitesimal comoving volume element, dV,., as a galaxy with SED L, = p;, dV, that

dF,
7 dQ

subtends a solid angle df). The relationship between observed flux surface brightness

I,,, which is the physical quantity that defines the EBL, then follows from the definition of
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luminosity distance, Dy (2):

Lu(Vrest> dVrest
47TD%(Z)
dh(v) _ pr, ([l +2v) ( dVC) 1
dz 4[l + 2] D% (2) \ dz ) Q
_ oL, ([1+ z]v) ( ch)
Quy[1 + 2] dz )’

FI/(VObS) dVobs =

sky

(7.3)

where D, is the radial comoving distance at redshift z.

Combining Equations and gives the contribution to the background per unit

luminosity per unit redshift:

d?I, wo([1+ 2]y, Ly, 2) ( dD.

- L,®(L,, 2). 4
dzdL, Oy [1 + 2] dz> (Lv:2) (7.4)

Note that the more familiar K-correction can be written in terms of u, as

K = —2.5logyo ([1 + 2] - 1) The quantity in Equation is useful enough to assign it a

— d%1
— dzdL~

symbol of its own, since it is the density of contribution to the background, B,(v)

Equation [7.4] can be integrated directly to calculate the predicted background at any
frequency, but since the EBL can also be calculated from the integral of the flux times the
density of sources per unit flux per unit solid angle,

> AN
I, = dF, F, ———, .
/0 dF,dQ (7.5)

it is worthwhile to derive an expression for the source counts in order to provide a more
detailed check on the LF model in comparison to data not used in the measurement. The
number of galaxies per unit observed flux per unit solid angle on the sky is given by:
d*N 1 Lo, (v[1+2])\ dV,
= d dL,o | F, — P(Ly,
dF,dQ ~ Quy / ‘ / ( L+ D)) e TLe?)

0 (i) (B )

(7.6)

where D.r(z) is the comoving distance transverse to the line of sight (also called D), for

‘proper motion’ distance).
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7.3 Summary of Results Used

As Equation [7.4] shows, the two necessary quantities for calculating the EBL are the mean

SED of galaxies and the LF. For the mean SED, this work uses the overall mean from

Chapter [3| that was constructed from fitting templates from Assef et al. (2010) to targets in

the zCOSMOS survey described in [Lilly et al.| (2009) and Knobel et al. (2012). The resulting

mean SED is shown in Figure[7.1} The plot also contains the 1-0 band of SED variety around
the mean SED because where the width of that band compared to the position of the mean
SED becomes too great determines where the Gaussian approximation Lggp begins to break

down. The vertical lines are guides to where particular parts of the mean SED contribute

to the 3.4 um EBL.

2.4 pum)

vE, [[voFy,] (Ao

A (pm)

Figure 7.1: The mean SED of galaxies as approximated using fits to the templates in [Assef et al.
(2010) done in Chapter (3| The grey lines show the band of 1-¢ in SED variety, and the accuracy of

the Gaussian approximation is limited to regions where that band is sufficiently narrow compared to
the mean SED. The vertical lines are guides to the parts of the mean SED that galaxies at particular
redshifts contribute to the 3.4 um background. The vertical dashed line shows the effective rest
frame wavelength of W1 for galaxies at z = 0.38 (A &~ 2.4 um), the vertical dotted lines shows the

same for galaxies at z = 0 and z = 5, and the vertical dash-dotted line is for galaxies at z = 1.
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For the LF this chapter uses the set of Markov Chain Monte Carlo (MCMC) chains that
sample the posterior probability of LF parameters from Chapter [6]and available under digital
object identifier (DOT) 10.6084 /m9.figshare.4109625. The measurement that produced the
chains is based on a combination of several spectroscopic redshift data sets with public
photometric databases, especially the AIIWISE data release. The LF that the chains have
parameters for is a Schechter LF":

o= 381 ()

The evolution models for ¢, and L, are similar to the commonly used |Lin et al| (1999,
modifed to use lookback time, ¢1,(z), instead of redshift and to set

L,(to) = 0 at some lookback time ty. The exact parameterizations are:

¢.(tr) = goe~ ", and (7.8)

.\
L,(ty) = Lge frt (1 — t—L) , (7.9)
0

where ¢g, Ry, Lo, Rr, a, ng, and ¢, are all constants. The only constant not, in some
way, measured is ty which is set to the lookback time of recombination, equivalent to the
redshift ziecomp = 1088.16 according to the WMAP 9 year ACDM parameters matrixﬂ (giving
to = 0.9828ty = 13.73Gyr). Full details of how to extract these parameters from the

contents of the chain files are given in Chapter [6]

For every set of parameters in the LF chains two backgrounds are calculated: the back-
ground from sources with z < 1 and z < 5. The first redshift limit is set to match the upper
limit on the data used to measure the LFs, and so marks the lower edge of model validity.
The upper limit at z = 5 is set to capture as much of the background predicted by the
model as possible without relying on the parts of the mean SED where the size of the SED

covariance makes the Gaussian approximation of Lggp invalid.

'https://lambda.gsfc.nasa.gov/product/map/current/params/lcdm_wmap9.cfm
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7.4 Backgrounds and Number Counts

The backgrounds that correspond to the posterior MCMC chains from Chapter [6] will be
published under DOI:10.6084 /m9.figshare.4245443 when the paper based on this chapter is
published in a peer reviewed journal. Each posterior LF chain has a corresponding file con-
taining the backgrounds calculated for each element in the LF chain. Examples of histograms
constructed using the posterior chains can be found in Figure[7.2] While the shallowest data
set plotted, the black lines of Panel ¢ are visibly asymmetric, all of the distributions are

visually similar to log-normal distributions.
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Figure 7.2: Histograms of EBL posteriors that correspond to different LF posteriors from Chap-
ter @ The dashed lines are histograms of the z < 1 predictions and the solid lines are of the z < 5.
Panel a is based on the High z Prior chain, Panel b is based on the High z Trim Prior chain, and
Panel ¢ uses the survey specific chains from WISE/DEIMOS (black) and zCOSMOS (red). Each

posterior chain contains a total of 210,000 samples.

The symmetry of the histograms in log-space makes a description of each result as a log-
normal distribution, parameterized by its geometric mean, (log,, I,,), and logarithm standard
deviation, ((logyo 1, — (logyg I,,))2>, a good approximation of the whole distribution. The
means and standard deviations for all of the log-background posterior chains can be found

in Figure [7.3) with the blue bar highlighting the official result for this chapter, I,(A =
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34pm) = 9.03 0 kJysr! (7.967533 nWm—2sr!). The full details of what defines all of
the samples that fix the model parameters can be found in Chapter [} The survey specific
samples (above the dotted line) are sorted in order of increasing depth (defined as median
redshift) with shallowest on top. The combined samples (below the dotted line) are Low z
when the data is limited to redshift z < 0.2, High z when 0.2 < z < 1.0, Prior when the
faint end slope («) of the LF is constrained using the mean and standard deviation of the
faint and slope of the corresponding Low z sample, and Trim when the contributions of each
survey are limited to areas in the luminosity-redshift plane where the survey is more than
98% of its maximum completeness. In sum, the Trim samples sacrifice sample size and depth
for reduced systematic uncertainty, and the Prior samples combine the aspect of the Low z

samples least affected by a bias of uncertain origin that affects bright sources.

The important features to note in Figure are: the samples most affected by the un-
known bias identified in Chapter@ (6dFGS, SDSS, Low z, and Low z Trim) have the expected
backgrounds so high they can accurately be described as outliers, and there is an increasing
trend in the predicted background with survey depth (GAMA, AGES, WISE /DEIMOS, and
zCOSMOS, in order). The presence of the High z Trim sample in the category of outliers
is a consequence of that chain having a mean faint end slope of & = —1.93 + —0.04, nearer
the point where the LF estimate diverges at a = —2 than the other samples which all have
a nearer to —1. It is likely that the same fluctuation that makes the o of the High z Trim
sample so negative was displaced into a faster comoving number density evolution; one that
implies galaxies are presently increasing in comoving number density at 1.9 + 0.7 e-folds per
Hubble time, reducing the estimated background. For all of these reasons, and because it has
the greatest statistical precision, the High 2z Prior is most likely to prove the most accurate

when compared with even better, deeper, measurements made in the future.

The priors imposed on the LF parameters in Chapter [6] were chosen to be analytically
calculable and minimally informative, with the exception of the parameter that defines the
poorly constrained early time behavior of L,, ng. These priors induce an implicit prior on
the backgrounds calculated here that is, essentially, impossible to calculate analytically due
to complexity and reliance on numerically defined SED templates. For that reason, the data
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Figure 7.3: All of the 3.4 um EBL predictions made using the posterior chains from Chapterla
The grey points are the z < 1 backgrounds, and the black points are the z < 5 ones. The dotted
lines divides the survey based samples (above) from the combined samples (below). The blue bar

highlights background based on the canonical chain from Chapter @

set published with this work also includes an MCMC chain describing the background prior.
A histogram of that chain can be found in Figure[7.4] The black line is the histogram of the
z < 5 background, and the grey line is of the z < 1 background, offset to the right by 1%,
for clarity. The prior is clearly not flat in either I, or In [, in the region of interest. It is,
in fact, slightly biased to the low side. Given that the response of a log-normal distribution,
f(In(z)) o< exp(—[lnz — p)?/[20?]), to a prior that is approximable as z* (here k ~ —0.5 for
most of the range of interest) is to shift it by an amount that depends on the width of the
distribution, du = ko?. Because |ko| < 1 for all of the posteriors produced here, the shift
will be less than ¢ in all cases; for the High z Prior result, in particular, the shift in the

mean caused by the prior is the same as dividing the mean [, by 0.998.
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Figure 7.4: Prior induced on the EBL posterior by the priors on the LF parameters in Chapter@
zoomed in to the range most relevant to the EBL estimate in this work. The black line is the prior
for z < 5 backgrounds, and the grey line is for the z < 1 backgrounds. The grey line is shifted to the
right by 1% of the width of the plot. The chain used to construct this histogram contained 322, 560
samples, in total, and the error bars are approximated by assuming Poisson statistics. Note that
the black and grey lines are not independent, since they were calculated using the same MCMC

LF parameter chains.

7.5 Discussion

The models used to calculate the 3.4 yum EBL in this work have two shortcomings most
relevant to the EBL estimate. First, the mean SED did not evolve with luminosity or
redshift. Second, the faint end slope of the LF was also a constant. Figure contains a
plot highlighting where in redshift-luminosity space the 3.4 um EBL originates. As expected,
the model predicts that the EBL is dominated by low to moderate redshift objects with
luminosities near L,. Studies of the high redshift universe consistently show that galaxies in
the early universe have optical and ultraviolet spectra dominated by high mass stars, making
them, on average, more blue than low redshift galaxies. Bouwens et al.| (2009)) and |Bouwens

et al.| (2014), for example, found that galaxies exhibited a trend of bluer ultraviolet slope,

dlnL)\
dlnX "’

decreasing 3 = for both increasing redshift and decreasing luminosity. Similarly,

studies of the mass function of galaxies show a trend of decreasing o with increasing redshift
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(see the compilation in Table 1 of |Conselice et al.l 2016) to a minimum around the —2

predicted by the ACDM models in |Jenkins et al.| (2001]).

Both color evolution and faint end slope evolution suggest that the EBL measurements
produced here are underestimates. The former would tend to increase size of the high redshift
tail of the bottom plot in Figure [7.5] and the latter would increase the low luminosity tail of
the left hand plot in the same figure. These factors are counter-balanced by the fact that the
model has slower evolution in L, at high redshift than would be suggested by comparisons

with Figure 9 of Madau & Dickinson| (2014)), which would narrow the high redshift tail.

It is difficult to predict how these competing factors will work out when more accurate
measurements are available. The SED evolution is unlikely to contribute more than a factor
of 10 to the thickness of the high redshift tail. Evolution in L, is likely to be of a similar
size. The interesting challenge is presented by the evolution in o, where measurements with
a < —2 require the explicit addition of a low luminosity cutoff to the LF to produce a
finite contribution to the background. This means that fully constraining the contribution
of galaxies to the EBL will require measuring galaxies on the faint end slope of the LF to
either eliminate o < —2 or to find the LF’s faint end cutoff. Interestingly, the presence of
a faint end cutoff, L,;,, with a steep faint end slope, a < —2, increases the impact that
L, evolution has on the predicted EBL because L,,;, enters into EBL calculations in a ratio

with L.

Figure [7.6| shows how the primary estimate in this work compares with values from the
literature from wavelengths in the range 3.4 to 3.6 um, adjusted to 3.4 ym assuming [, is
approximately a constant with wavelength. Points in Figure include direct observations
of the EBL (Sano et al., 2016; T'sumura et al.| [2013; Levenson et al., 2007; [Matsumoto et al.
2005; [Wright & Johnson| 2001; |Wright & Reese, |2000; |Gorjian et al., 2000)), upper limits
based on the examination of the extinction of TeV gamma rays from blazar spectra (Mazin
& Raue, 2007; |Aharonian et al., 2006]), estimates of the contribution of galaxies based on
extrapolating galaxy source flux counts (Driver et al., 2016; |Levenson & Wright|, |2008; Fazio
et al., 2004)), and other LF based estimates (Stecker et al., 2016; Helgason et al., 2012}

Dominguez et al., [2011)). What can be seen from the comparisons is that, while the 3.4 ym
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EBL measured here is higher than measurements from most comparable works, it is still
consistent the blazar limits and the direct measurements. Judging by the relationship to
the literature measurements, any modification from the true value caused by the systematic
limitations in this work is unlikely be more than about 2kJy s~ (1.8nW m~2sr™!) in either

direction.

Further confirmation of the basic accuracy of the model used to predict the EBL can
be found from comparing observed source flux counts to predicted ones across different
wavelengths. Figure contains comparisons of the observed source flux histograms (black
lines) to the predicted contribution of galaxies based on the mean LF of the posterior chains
produced from the High z Prior, High z Trim Prior, and WISE /DEIMOS samples (red, blue,
and grey dashed lines, respectively). The top row contains comparisons to the AIIWISE flux
counts for all source with in the northern galactic cap (b > 30°) with no artifact flags set
and a signal to noise ratio (SNR) at least 4 in the plotted band. The plotted flux is the
standard point spread function (psf) flux, so it will have inaccuracies at the bright end.
Those inaccuracies are unobservable, though, because no effort was made to separate stars
from galaxies and the star counts dominate there. No completeness corrections were applied
to any of the data, either, so the faint end of the observations is expected to undershoot the

predictions.

The next two rows are counts from the Sloan Digital Sky Survey (SDSS) data release
10 database table named PhotoObj. The SDSS sources are limited to two circular re-
gions with 3° radius that are antipodes — centered at J2000 right ascension and declination
(163.56309°,7.27216°) and (343.56309°, —7.27216°). A source is excluded if it has any of
the following flags, as explained in the SDSS database schema browsei set for the band
in question (column named flags_[band letter]): EDGE, BLENDED, NODEBLEND, SATURATED,
TOO_LARGE, MOVED, MAYBE_CR, and MAYBE_EGHOST. Each source also had to have an SNR > 4,
just like the AIWISE sources. The plotted fluxes are the modelFlux_[band letter| columns,

so they won’t describe stars accurately, but that shouldn’t matter for the same reason the

Zhttp://skyserver.sdss.org/dr10/en/help/browser/browser .aspx#&&history=enum+PhotoFlags+
E
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psf fluxes do not meaningfully affect the AIIWISE plots.

What the plots in Figure [7.7 show is that the model used here performs better than
expected in predicting the number counts at wavelengths where the Gaussian approximation
of Lsgp is no longer valid (particularly SDSS ¢ and w). In all wavelengths and for all
of the predictions plotted, the flux counts predictions are reasonably close to the observed
histograms. The comparison makes clear how, using flux counts alone or using LF's measured
at different wavelengths, it would be easy to get an estimate of the 3.4 ym background to be
closer to the 5 & 1kJysr—! of the High z Trim Prior based estimates, plotted in blue, than
the High 2 Prior based estimate, plotted in red, depending on the how strict the definition
of ‘galaxy’ is and how incompleteness at the faint end is modeled. The comparisons also
show that there is still untapped information that can be used to more tightly constrain the
full spectro-luminosity functional in future works. The over-prediction at the faint end of
the W1 plot is to be expected because of incompleteness from both the limit of photometric

sensitivityﬁ] and confusionﬁ.

7.6 Conclusion

We showed from analyzing the mean SED of galaxies using more than a thousand galaxies
with an average of more than 5 photometric observations of each galaxy, and the 2.4 ym
LF of galaxies using more than half a million galaxies with spectroscopic redshifts, that
the contribution of galaxies to EBL at 3.4um is I, = 9.0 + 0.5kJysr™! (vI, = 8.0 &
0.4nWm2sr!), with systematic uncertainties unlikely to be greater than 2kJy sr—!. This
value is consistent with both direct measures of the background and constraints based on
blazar spectra. Recent work on the production of gamma rays by blazar protons relaxes the
strength of these constraints (Essey & Kusenko| 2010; [Essey et al., 2011; Aharonian et al.|
2013), leaving room for contributions from extended galaxy halos (discussed in|Cooray et al.|

2012)) and from a large faint galaxy population implied by the steepening faint end slope of

3http://wise2.ipac.caltech.edu/docs/release/allwise/expsup/sec2_4a.html

Yhttp://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec6_2.html#brt_stars
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the mass function (compiled in |Conselice et al., 2016). Settling the contribution from high =
faint galaxies will require deeper redshift surveys, to more firmly establish the steepness of
the faint end slope, and work to establish how the faint end of the LF cuts off. Two examples
of possible mechanisms that can provide a faint end cutoff to the LF are: an intrinsic lower
bound to the halo mass function, and a deviation in the halo mass to light conversion factor
(caused, for example, by a lower limit on the halo mass capable of accreting and cooling

baryons from the inter-galactic medium into star forming clouds).
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Figure 7.5: Bivariate density of contributions to the 3.4 yum EBL by galaxies according to the
mean model from the High z Prior MCMC posterior chain, with the marginal densities abutting.
The blue dotted line on the bivariate density shows the evolution of Ly, the red vertical dashed
line highlights the extent of the data the models were fit to, and the green dash-dotted line marks
1010L5 4 ymo (where the galaxy’s spectral luminosity, L,, at wavelength A = 2.4 ym is the same as
L, at the same point in the spectrum as 10'° suns). The total 3.4 yum background in this plot is
9.06 kJysr—! (7.99nW m~2sr).
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Figure 7.6: Comparison of different values measured for the EBL for wavelengths near 3.4 um
ordered by year of publication then first author last name. The points plotted as blue circles are
direct observations of the EBL, the green triangles are based on integrating extrapolated galaxy
flux histograms to 0, the red inverted triangles are upper limits from blazar extinction models, and
the black triangles are luminosity function based estimates of what galaxies contribute to the EBL.
Points without error bars (Fazio et al., [2004; Helgason et al. [2012) did not include error estimates

in the original work.

189



W1 (AB mag) W2 (AB mag) W3 (AB mag)
21 19 17 15 13 11 21 19 17 15 13 11 17 15 13 11
— T T T T T E_| T T T T T T T T T 5 104
li;j‘ E
b 3 {10°
(<] E
kS E
£ ]
e {10?
H ;
=) : {10!
10! 102 103 10* 10°10! 102 103 10% 10° 103 10* 10°
Fwi (pdy) Fws (pdy) Fys (pdy)
g (AB mag) r (AB mag) i (AB mag)
24 22 20 18 16 14 22 20 18 16 14 22 20 18 16 14
Py 108 N 1 1 1 1 1 [\ 1 1 1 1 4
T N d) 3 {10
o ]
0 A A
" A ]
.-§ 107 2 ] : 103
E 7
=
e _
6
:‘: 10%¢ Hf E E 102
- \ ] ]
& sl el N el R ]
100 10t 102 10® 104 101 102 103 10* 10! 102 103 104
Fy (pdy) Ey (ndy)
u (AB mag)
24 22 20 18 16
o108 PN o N Lir 108 104
PR g 1" %
— N % —
| | N |
g o p A 107
2 3 110° 1, 3 F 10°%
= i ] < EF
3 2 3
S i 2 =
6 =) 6
Er: 10 é_ . . 102 8 E 10° E 102
g [ ! |\ ! g [ 1 0 1
100 101 102 103 101 102 103 104
Fy (pny) F, (uJy)

(counts deg™? mag ")

“2mag™!)

(counts deg

“2mag™!)

(counts deg

Figure 7.7: Comparisons of the predicted source flux counts, g(f) = %, from the MCMC

chain mean models of Chapter [6] to observed flux counts in AIIWISE and SDSS bands. No effort

was made to separate stars from galaxies in the observed fluxes, so the observed histograms (black

lines) should be greater than the predictions at all fluxes where the survey is complete. The three

predictions plotted are based on the mean LFs from the samples Chapter [f] labels as High 2z Prior

(red line), High z Trim Prior (blue line), and WISE/DEIMOS (grey dashed line).
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CHAPTER 8

Conclusions

This project began with the goal of measuring the 3.4 um EBL through measuring the LF of
galaxies using several public redshift surveys, and one small one carried out to ensure that
we had proper control of the observational biases, combined with the all sky survey carried
out by the WISE satellite and team. In the process, we discovered that the mathematical
tools developed to measure the LF to that point were not adequate to analyzing a sample of
galaxies that had a smoothly varying selection function in the redshift-luminosity plane. Such
a smoothly varying selection function is an inevitable consequence of measuring luminosities
either with a fixed rest frame definition or on galaxies that have multiple observer frame flux

limits imposed.

To remedy the limitations, we explored the concept of a spectro-luminosity functional,
U[L,](z), a mathematical structure from which it is possible to construct every color-color
plot, color-manitude diagram, and luminosity function possible. This exploration yielded
fruit in terms of a Gaussian approximation to the uncertainty added to a measurement
when a K-correction, or any other filter transformation, is applied to a flux measurement,
a new way to estimate a galaxy’s selection function in redshift-luminosity space, and a
new unbinned likelihood for estimating the parameters of the ordinary luminosity function,
O(L, z).

The effort in developing W[L,](z) based estimators payed off, mostly, with estimates
for the faint end slope, & = —1.050 £ [0.004g¢a¢, 0.03sys), and the characteristic luminosity,
L,(z=0) = 6.4 % [0.1ga1, 0.3gys] X 101°Lo 4,1 o
(M, = —21.67 £ [0.02¢a, 0.054ys] ABmag), that have improved statistical precision over

the literature in this wavelength range, and comparable precision for the characteristic
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number density, ¢.(z = 0) = 5.8 £ [0.3ga1, 0.3y X 1072 Mpc3, and the evolution pa-

rameters for ¢., Ry = 1 & [lgat, Tsys) X 1072 e-folds Gyr‘l, and Ly, ‘(g“t* o = —0.147 +

[0.005¢at, 0.07gys) e-folds Gyr~'. The primary feature of the data that prevented the tech-
niques from reaching their full potential is a bias of unknown origin that affected bright, low
redshift galaxies. Possible origins for this bias include flaws in the photometry of resolved
and marginally resolved sources, and the position of the Milky Way in a relatively under-
dense region of the large scale structure of galaxies (cosmic variance), though the former is

more likely than the latter.

We then used the MCMC parameter chains of the LF posterior to calculate the 3.4 um
EBL, I, they implied. The resulting estimate for the contribution of galaxies closer than
z=>5is I, = 9.0+ 05kJysr (vI, = 8.0+ 04nWm2sr!'). This value is higher than
most estimates of the contribution of galaxies to the 3.4 yum EBL, and lower than both direct
measures and the constraints from inferred extinction of TeV blazar spectra. There is outside
evidence to suggest that the model that lead to our EBL result is an overestimate (L, too
high at high 2) and that it is an underestimate (a too high and SED color too red at high

There is still a lot of room for improvement in the results produced here, and the re-
mainder of this chapter is spent discussing the improvements to the theoretical tools and the

experimental data

8.1 Theoretical Improvements

The easiest improvement that can be implemented would be a change in how the LF pa-
rameters evolve with time. The parameterization used here was chosen to be similar to
a common parameterization used in the literature, and not for any fidelity to the physi-
cal processes galaxies undergo. Galaxies are observed to undergo two processes relevant
to the evolution of the luminosity function: merging in collisions, and accretion of gas to
fuel quasars and form stars. It is not obvious how these processes should affect L, and ¢,.

Luminosity density and number density, however, should be unchanged by mergers and gas
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accretion, respectively, so it may be more accurate to model their evolution and calculate the
corresponding values of L, and ¢,. Another approach that could be interesting to explore
would be to model the halo mass function and couple that to an empirical model for a halo’s
ability to accrete and cool gas at a given redshift in order to produce an evolving minimum

luminosity and faint end slope of the LF.

The next improvements to implement would be ones that improve the fidelity of W[L,](z)
to observed statistics of galaxies. One improvement that would be an obvious extension of
the work done in the text would be to break up ¥ into a sum of spectro-luminosity func-
tionals, with one for each class of galaxy (usually: red sequence, blue cloud, and AGN).
The mathematics of that process makes it equivalent to classifying the galaxies by whichever
SED they’re closest to, with the exception of edge cases, especially if more observed fluxes
than the selection fluxes are fed into the fitting process. In contrast to an ‘is a’ (classifi-
cation) approach, it may be possible to break down galaxies into component parts, a ‘has
a’ (composition) approach. The primary difference between the approaches is that under a
classification system all of the luminosity is, effectively, assigned to the selected class, while
under a composition approach the luminosity gets split among the component parts. Either
approach can handle the evolution of the SED shape with magnitude in a natural way, since
galaxies with different SEDs will have different LFs, but the evolution with cosmological

time is a topic that would require more careful thought.

Another obvious extension would be to increase the number of template spectra, including
the possibility of modifying their types. Care must be exercised in balancing fidelity with
computational load, though, because the covariance matrix among the templates grows in
size as the square of the number of templates. Even so, increasing the number of templates
may, ultimately, be the most computationally tractable way to address dust extinction and
emission. Another way that may work would be to produce a vector of parameters that fix
the entire SED (for example: metallicity Z, mean stellar age, effective radius, and halo mass),
call them p, and add their distribution, f(p), to the model by multiplying it by W. In that
case, Lsgp would be a delta functional, though smoothing it to a finite width distribution
would be a possibly useful option. Adding radius in this way would have the added benefit
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of bringing surface brightness cuts into the scope of the model.

Perhaps the most important improvement would be to find a way to add considerations
based on galaxy environment to the model. This improvement may also prove to be the most
difficult to implement correctly, because it requires both a rethinking of the physics (how
environment affects galaxy SED), and a reworking of the statistical approach that constructs

the likelihood of the entire catalog of galaxies in a galaxy by galaxy fashion.

From a purely computational perspective, the model is presently constrained by the lack
of algorithms that integrate an arbitrary Gaussian function in more than two dimensions over
a rectangular region in a deterministic fashion, quickly. Without the deterministic require-
ment, the current state of the art in Gaussian integration is to use a Monte Carlo algorithm
in order to avoid the ‘curse of dimensionality’. The requirement for a deterministic algorithm
comes from the fact that most function optimization routines available in libraries assume
that the function returns deterministic results. Using a Monte Carlo integrator would, there-
fore, require adapting at least one optimization routine to handle non-deterministic behavior
in the likelihood function. It may be possible, though, to exploit the fact that the integrand
is separable with a change of variables that alters the rectangular integration region into a
parallelotope (high dimensional parallelogram). Doing that reduces the number of expensive
function calls to scale proportional to d, the number of dimensions, instead of exponentially,
with the large number of multiplications and sums remaining in the integral amenable to

parallelization on a computer graphics card.

8.2 Experimental Improvements

The least expensive improvement to the data would be to produce a proper extended source
catalog for the AIIWISE image atlas. Doing so would, hopefully, address the bright source
bias that reduced the statistical precision of the results in the work presented here. Even
better would be to advance the process of measuring the total flux of extended objects. Doing
so would improve the longevity of old photometric surveys, reducing the need for aperture

matching, or forced position reanalyses when new data sets become available.
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Beyond new techniques, the standard astronomer’s answer applies: more observations.
More photometric surveys, with higher resolution, and greater depth are always helpful,
but the key improvement for constraining the contribution of galaxies to the EBL will be to
obtain more spectroscopic redshifts that meet the following criteria: widely spaced on the sky
to minimize cosmic variance, selection criteria that are simple to model, luminosities fainter
than local L, by at least a factor of 10, a large number (N 2> 10%), and, most importantly, in
the redshift range 1 to 3. All of these requirements are ideally achieved with a space telescope
in the 2-plus meter range that isn’t limited to the near infrared atmospheric windows ground
telescopes are, and that is capable of measuring the redshifts of many galaxies at once. It
should be possible, though, to constrain the background adequately using The James Webb
Space Telescope (JWST) in concert with ground based instruments like the Multi-Object
Spectrograph for Infra-Red Exploration (MOSFIRE) on the Keck I telescopeﬂ7 and the next

generation of thirty meter class ground-based telescopes.
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APPENDIX A

Mathematical Derivations

This chapter contains more detailed derivations of some important mathematical identities,

especially from Chapter

A.1 Marginalization of Gaussian Functionals

A.1.1 Theorem:

If {|w;)} is a set of N linearly independent non-Euclidean normalized weighting functions (eg

bandpass filters), and X is an invertible linear Hermitian operator on function space then:

O(L;) = /[Df] [<H5(Lz - <wz|f>>>

N 1 -1
e (-3 1 - thl= 1 - |fo>])]

1
- (@2m)N2y/det([{wil S[w))])
- exp (-% Z [L; — { folw:)] [{we| Slwy)];) [L; — (wj|fo>]) (A1)
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A.1.2 Proof:

Let d(x) — lim, o ——= exp (—[z[*07?/2), then:

N 1 -1
®(L.0) = [[Df e (——[<f|—<fo|]z 1) = 1o}

57 22 b= (il |2>
= ...exp (—% [AIETHEY = olZ7H ) = (FIZ fo) + (fol =71 fo)

) . (A.2)

Letting [v) = SN, Lijw,), W = 20| Jwi)(w;|, and [v/) = (k + Wo=2) " (07 2|v) + &l fo))

b Sl lf) — Ll ) = Laf o) + 12

produces:

o= o0 (-3 (54 )i - (e + S
1 (71 + gl ) + LAl L)+ )3 ﬁ—] )
— o (- [ @ (37w ) an+
~(E7 4 W) )+ Gl )+ > f;—])
- o o (-% ~w1 (27 W) ) + Gl ) + D ﬁ—])
NV [12flexn (~5 461+ W (574 + 5w ) 40 + 1)
— e o <_% [— <<fo|z—1 " %m) (2—1 + éw) B
(57100 + 5100 ) + (Al 1) +Zf;—])

| J (s[5 2w] ) a9

Now let II be the projection operator that projects function space onto the space spanned

by {|w;)}, and let I, project onto it’s orthogonal compliment in function space, implying
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M+10, =1d, 2 =11, 12 =TI, WII = W, and WII, = 0. Thus:

Id+XWo 2 = (I +11)(Id + XWo2)(I1 + I1)
=T(Id +XWo )+ I (SWeH)IT + 1,11, =

Det(Id + XWo2) = Det, (I1,) - det(Id + [ISWo2), (A.4)

where det is an ordinary determinant on an N x N matrix and Det  (IT}) = 1.

Using an ordinary inverse for (X7!+TWo™2)~! is not possible because W is singular. The
calculation is possible to carry out using a pseudo-inverse, however, which can be done using

a similar breakdown to what was used above. Thus:

E - Woe D) =M+ (S +Wo (T +11)

(S + Wo DI+ IS I, + L, ST+ 1,5 (A.5)

Equation is a block-wise decomposition of (X! + Weo™?), permitting application of a
block-wise matrix inversion algorithm:

-1
A B

C D

(A—BD10)"! —(A—BD"'C)"'BD"!

(A.6)
—D-'C(A-BD'C)"! D14+ D-'C(A—BD"'C)"'BD"!

Applying Equation and assuming WW ! = II then performing an expansion in o to

minimum needed order:

X4+ Wo ) Ml = (IS + Wo Il - X I, B e !
=W+ OE 1+ S I ) s W —te?)
~ W HId — 27+ NI L) ST W e ?)

+ O(a%)
S+ Wo ) I = WIS NI 2L ™ + O(>0?)
L (S 4+ Woe ) = —o?(TL.2 L) 'V + O(0?)

(S +Woe ) = (IS~ + O>6?). (A7)

It is now possible to calculate the exponent from Equation to zeroth order in o,
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keeping in mind that II, |v) = 0:

B=— (s + 00) (57 + W) (571 + i)
U Y

(2

~ (fol[B7" = ST IS TS o)
— (W R = 2N LR T ) T [ fo)
— {(fol[E™" = SIS L) T ST W o)
+ (WS = ST LS L) T ST W )

1 _ 1
— (oW o) +§ZL?+O(U2) (A.8)

Two quick lemmas are needed to complete the proof.

A.1.2.1 Lemma: Block-wise Decomposition of ¥~ — S~ 1(II, X711, )~ 1¥!

DI SRnt 0§ > § N1 B i) V NEESD s | FEED Sl ( 1§ Sl ) B V A O 0
=Y, -7 =0
L -1 ') 'S =1L, - IL 2 (L 2 ) e
=1, -1, =0=
D ) 1D Vi | W I SR F () SR Sl N M § N I Va1 B (A.9)

Equation and Equation combined imply:

—1
»l oy NI L) i = ([2*1 - zfl(mzﬂm)*lzfl]”)

=[xt (A.10)

A.1.2.2 Lemma: W = V'V, V Invertible

Let {|w})} be an orthonormal basis of span({|w;)}), perhaps requiring a regularization of

some of the |w;) (eg w(v) =1 =limy_o, 1 — O(v — b), with O(z) the Heaviside function, for
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a bolometric luminosity). Then IT = ). |w})(w}| and:
W= Z |wi) (w]
= 3 )t
ij
= (Z |’wi><w§|) (Z !w§>(wj!>
i J
=Vv. (A.11)

The invertability of V' follows immediately from the linear independence of {|w})}.

Combining Equations [A.3], [A.7], and [A.§ with the preceding lemmas gives:

O(Li,0) = [det (o21d + TISW)] 2

(2m)N/2
cexp (= [RITEM) g = (ol

(I W )+ o () )
-exp(0(c?)) =

(I)(Ll> = ili)r(l) (I)(L“ U)

_ (%—im [det (IS 712
exp (= (0] = IS o) - WA ). (A12)
To complete the proof, we let |L) = Y, L;jw}) = |v) = VI|L) to get:
1 ~1/2
D(Li) = Gpys [det (ISVIV)] /

- exp <—% [((LIV = (folVIV)(VIVEVIV)"H(VT|L) — vTV|f0>)])
1
[

—-1/2

det (VZVT)]

exp (=3 (0621 = Gl DSV () - Vi)
1

— [det ([(wi|2|wj>])]—1/2

- exp (‘% Z [(L; — <f0|wi>)[<wl|2|wm>]i_,j1(Lj - <wj|fo>)]) ; (A.13)
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APPENDIX B

Example Covariances from Posterior Chains

One of the primary reasons given for using «, and R,, in measuring the luminosity function
(LF) is that the parameters have a lower correlation in the resulting posterior. The actual
amounts of inter-parameter correlation depends on the depth of the survey, at least partly
because of the choice of standard redshift, ziq = 0.38 for this work. It is possible for the
prior in «v imposed on the chains labeled with the term “Prior” to affect the level of apparent
correlations, so this chapter presents a comparison of the correlations in the High z chain in
the standard parameterization presented in this work, using «, and R,,, with the correlations
using the more standard ¢, and ;. The relationships between the parameters are given in
Equations and of Chapter [2, and recreated here for convenience:

bu(z = 0)[L,(z = 0)]3/2 5
e G,

2

R, = Ry — min(1 + o, 0) {RH 1o }
to —t1

Figure [B.1] contains a table of plots that show how the density of the parameters in the
High z chain, considered pairwise; the relevant plots are in the first two columns. Table
contains the covariance matrix of the same set of parameters, which is both more precise
about the covariance of the parameters, and less informative for the parameters that have
non-Gaussian covariance (primarily the Inng-R; correlation). Figure and Table
contains the same information about the same chain where the Ink, and R, parameters
have been replaced with In ¢, and R,. One example where the correlation is particularly

reduced is between In L, and Ink, (p = —0.2308) versus In L, and In ¢, (p = —0.6605).

One global measure of how correlated the variables are, as an ensemble, is the mutual
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Table B.1. Hi z Sample Luminosity Function Bayesian Base Parameter Posterior

Covariance

Parameter o d1ln Ky ORnty d1n L (0) ORpty da dIlnng
Oln Ky 0.03060 1.000 0.8073 —0.2308 —0.01338 —0.2757 —0.2725
SRnty 0.2001 0.8073 1.000 —0.7170 —0.4081 0.1424 0.004816
01n L, (0) 0.01896 | —0.2308 —0.7170 1.000 0.6566 —0.6221 —0.3179
SRpty 0.1351 —0.01338 —0.4081 0.6566 1.000 —0.1427 —0.8863
[)e" 0.02980 | —0.2757 0.1424 —0.6221 —0.1427 1.000 0.06147
dInng 0.1457 —0.2725 0.004816  —0.3179 —0.8863 0.06147 1.000

Note. — The o column contains the standard deviation of the parameters, and the remaining rows and columns

comprise the matrix of correlation coefficients between the parameters, considered pairwise. All values given to four

significant figures.

information. For a multivariate Gaussian distribution, this is:
1
16x) = —5 ol (B.1)

where |p| is the absolute value of the determinant of the correlation matrix of the random
variables, x, and the result here is in “nats” (for bits, substitute In — log,). In the special
case where x is two-dimensional with a single correlation coefficient, py, I = —In(1 — p3)/2.
The closer to 0 the mutual information is, the more statistically independent the variables
are. For the chain with s, and R, the mutual information is 4.7 nats (5.8 bits), and for the

chain with ¢, and Ry it is 5.0 nats (7.3 bits).

The plots in figures and were produced using the Python module corner.py

version 1.0.2.
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Table B.2. Hi 2 Sample Luminosity Function Bayesian Schechter Parameter

Posterior Covariance

Parameter o 61n ¢, (0) 0Ryty d1n L, (0) ORLtH do dlnng
d1ln gy 0.04541 1.000 0.9185 —0.6605 —0.3925 0.008575 0.003534
ORyty 0.1913 0.9185 1.000 —0.3765 —0.1510  —0.2465 —0.2155
61n L. (0) 0.01896 | —0.6605 —0.3765 1.000 0.6566 —0.6221 —0.3179
SRty 0.1351 —0.3925 —0.1510 0.6566 1.000 —0.1427 —0.8863
da 0.02980 0.008575  —0.2465 —0.6221 —0.1427 1.000 0.06147
dlnng 0.1457 0.003534 —0.2155 —0.3179 —0.8863 0.06147 1.000
Note. — The o column contains the standard deviation of the parameters, and the remaining rows and columns

comprise the matrix of correlation coefficients between the parameters, considered pairwise. All values given to four

significant figures.
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Figure B.1: Corner plot of pairwise distributions for parameters in the High z posterior chain.

The parameters are: Ink, where k4 is the normalization of the z = 0 Euclidean flux counts
(% = k% 2) in Jy3/?sr=1, R, is the specific rate of change in the number density of galaxies

at z =0, L, is the 2.4 um luminosity scale in the Schechter function at z = 0 in Jy Mpc?, Ry, is the
long time exponential decay constant in L, « is the faint end slope of the LF, and ng is the early

time power law exponent of L, buildup.
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Figure B.2: Corner plot of pairwise distributions for parameters in the High z posterior chain,
modified to use default Schechter parameters. The parameters are: In ¢, where ¢, is the value of
the LF evaluated at L, times L, (¢, = L,®(L.)), Ry is the specific rate of change in ¢, at z = 0,
L, is the 2.4 ym luminosity scale in the Schechter function at z = 0 in Jy Mpc?, Ry, is the long
time exponential decay constant in Ly, « is the faint end slope of the LF, and ng is the early time

power law exponent of L, buildup.
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