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ABSTRACT

Comparing galaxies across redshifts at fixed cumulative number density is a popular way to estimate the
evolution of specific galaxy populations. This method ignores scatter in mass accretion histories and galaxy-
galaxy mergers, which can lead to errors when comparing galaxies over large redshift tange$)( We
use abundance matching in th€DM paradigm to estimate the median change in cumulative number density
with redshift and provide a simple fit (+0.16 dex per ufit) for progenitors oz = 0 galaxies. We find that
galaxy descendants do not evolve in the same way as galaxy progenitors, largely due to scatter in mass accretion
histories. We also provide estimates for therange of cumulative number densities corresponding to galaxy
progenitors and descendants. Finally, we discuss some limits on cumulative number density comparisons,
which arise due to difficulties measuring physical quantities (e.g., stellar mass) consistently across redshifts. A
public tool to calculate cumulative number density evolution for galaxies, as well as approximate halo masses,
is available online.

Subject headinggalaxies: evolution

1. INTRODUCTION galaxy cumulative number densities. Here, we use abundance

Galaxy surveys spanning a range of redshifts (see, e_g_,matching to identify galaxy cumulative number density with
Grogin et al. 2011; Coil et al. 2011; Whitaker et al. 2011 dark matter halo cumulative number density. Using merger
McCracken et al. 2012; Muzzin et al. 2013b) have allowed rates in dark matter simulations, we estimate the redshift evo-
self-consistent studies of galaxy evolution over cosmic time. lution in the median anddLrange in cumulative number den-

Yet, comparing specific populations of galaxies across red-Sity for any co-evolving galaxy population. We discuss de-
shifts to determine the properties of their progenitors and de-{@ilS of the method in 82, results in 83, interpretations in 84,
scendants requires an assumption for how galaxies evolve2nd conclude in 85. In this work, we assume a fleaCDM
An easy and popular approach is to compare galaxy prop-coSmology with parametef3y = 0.27, 2, = 0.73,h = 0.7,
erties at fixed cumulative number density over several red-Ns = 0.95, andrg = 0.82.
shifts (e.g., Wake et al. 2006; Tojeiro & Percival 2010; Bram- 2. METHOD
mer et al. 2011; Papovich et al. 2011; Tojeiro et al. 2012; van ' ) )
Dokkum et al. 2013; Leja et al. 2013 and references therein). 2.1. Abundance Matching Technique
This approach ignores galaxy-galaxy mergers and scatter in To account for mergers and scatter in mass accretion histo-
mass accretion histories, which both affect the median cu-ries, we use abundance matching between galaxies and dark
mulative number density of a galaxy population (Leja et al. matter halos in simulations (see, e.g., Behroozi et al. 2010,
2013; Lin et al. 2013; Behroozi et al. 2013b). Because indi- 2013a,b; Moster et al. 2010, 2013; Trujillo-Gomez et al. 2011;
vidual galaxy merger and star formation histories are notwell- yang et al. 2012; Reddick et al. 2013). Matching galaxies
constrained, more advanced comparisons have used eithep halos means that halo merger trees can be converted into
semi-analytical or semi-empirical galaxy-halo connections to galaxymerger trees (c.f. Hopkins et al. 2010). A full explo-
infer galaxy evolution from simulated dark matter merger his- ration of the information in these trees is beyond the scope
tories (e.g., Conroy&weChSIGr 2009; Leitner 2012; Behroozi of this paper, which we limit to the evolution of the most-
et al. 2013b; Moster et al. 2013; Wang et al. 2013; Lu et al. massive or most-luminous progenitor and descendant galax-
2012; Leja et al. 2013; Lin et al. 2013; Mutch et al. 2013; Lu jes.
etal. 2013, and references therein). . Many ways exist to abundance match observed galaxies to

_Previous work has addressed how cumulative number dendark matter halos in simulations (see Reddick et al. 2013, for
sity changes for median progenitor descendant galaxies a review). We match galaxies in rank order of decreasing stel-
(Lejaetal. 2013; Lin et al. 2013). In this paper, we explicitly |ar mass (or luminosity) to dark matter halos in rank order of
contrast progenitor and descendant galaxy evolution, and alsiecreasing peak historical halo masabundance matching
address the significant scatter in progenitor and descendan this sense has been used successfully to reproduce galaxy

clustering as a function of stellar mass or luminosiand
1 Kavli Institute for Particle Astrophysics and Cosmology; Physics De- redshift, as well as galaxy conditional stellar mass functions

partment, Stanford University; Department of Particle Physics and Astro- (Conroy et al. 2006; Moster et al. 2010; Reddick et al. 2013;
physics, SLAC National Accelerator Laboratory; Stanford, CA 94305 Watson & Conroy 2013)

2 Department of Physics and Astronomy, Tufts University, Medford, Our technique can be summarized as follows:

MA 02155
3 Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Lei-
den, The Netherlands 6 Because dark matter is stripped from satellites more rapidly than stars, a
4 Department of Physics and Astronomy, Texas A&M University, Col- halos’ peak historical mass is a better proxy for the associated galaxy stellar
lege Station, TX 77843 mass than is its current mass(Reddick et al. 2013).
5Physics and Astronomy Department, University of Missouri, 7 Excluding bands which correlate more with the galaxy’s star formation
Columbia, MO 65211 rate than its stellar mass, such as rest-frame B-band or UV.
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1. Convert a galaxy cumulative number density at redshift 10° P ol 220 Cotomias
7 to a halo mass with equal cumulative number density, ? 10° M
using peak halo mass functions from Behroozi et al. 107 e — —10" Mg
(2013b). — I

! -2

2. For halos at that mass at, record the masses of the é 10
most-massive progenitor (or descendant) halas aic- = 3
cording to the halos’ mass accretion histories (Behroozi 3 10
etal. 2013d). s

A 107t

3. Convert the median halo progenitor/descendantmass at ©
2, along with the 68-percentile & 1¢) range of pro- 107° gl
genitor/descendant halo masses, into cumulative num- | U

ber densities using the halo mass function at redshift 107°
2. 0 1 2 3 4 5 6 7 8

This method takes as input an initial cumulative number o , _ _
FIG. 1.— The evolution in median cumulative number density efito-

density, an initial redshift, and a final redshift. The réiag . . .
’ ’ . N enitorsof 10°, 101, 10*, and 16'5M, galaxies az=0.1. The change in
final cumulative number den3|ty therefore does not depend Or'Eumulative number density for the three lower-mass gadaigsiexcellently fit

any additional properties of the initial galaxy populatisach by (0.16A2) dex. The 68-percentile range of the corresponding progenitor
as stellar mass or luminosity. That saidferred properties cumulative number densities (error bars) grows more raidilarger halos.
such as the change in the galaxies’ stellar mass or lumyjnosit
will depend on the stellar mass or luminosity functions used
(see §4.2).

We provide a public implementation of this technidue. r
As this process converts galaxy cumulative number densi- WP
ties into halo masses, our implementation also prints theses—
out for convenience. We currently do not consider scatter in '3
stellar mass/luminosity at fixed halo mass; to the extertt tha >
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Descendants of 10'® Mg Galaxies

10—3:_ LU B | F e _ z=1.15

—_————2z=2

. e . N i z=3.5
merger rates per unit halo and specific mass accretion naes a C 421111 T I’Hﬁq— oo 2=6
weak functions of halo mass (Fakhouri & Ma 2008; Fakhouri r
et al. 2010; Behroozi et al. 2013b), this scatter represents x -+ .
a second-order correction to the median cumulative number & T TR
density evolution. For the #8percentile range in progeni- 3 T HHH
tor/descendant cumulative number densities, this scatgr I
be more important, which is discussed;#h?2. 10-°
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2.2. Dark Matter Simulation

We use theBolshoisimulation (Klypin et al. 2011)’ which FIG. 2.— The evolution in median cumulative number density efdb-
used theArT codgl(Kravtgsov etal. 1_997) to SImUI_ate a dark scendantof 101°M, galaxies at four separate starting redshits: (L.15,
matter-only (250 Mpc)® cosmological volume with 2048 2, 35, and 6). Contrast with the cumulative number density eianiuof
(~8.5 billion) particles (1.73< 10®°M, each). The assumed Pprogenitors above.
cosmology was a flatACDM with parameter€)y = 0.27,
Qp=073,h=0.7, ng = 0.95, andog = 0.82, similar to the

WMAP9 best-fit cosmology (Hinshaw et al. 2012)Ha- ' IDescendlqnts of 1b'° Mo Gc;lcxies
los were found with the BCKSTAR phase-space halo finder 0.5 3
(Behroozi et al. 2013c), and merger trees were generatéd wit )
the CONSISTENTTREEScode (Behroozi et al. 2013d). From < _ 3
; ; ; L2 04 z=1.15 3
these merger trees, both halo mass accretion histories and = 3
merger rates were calculated (Behroozi et al. 2013b). ° - 3
L 0.3 ——————— 2=3.5 3
3. RESULTS 2 i 2=6 3
o ‘e E
We present results for the cumulative number density evo- g 0.2 \"\,,' E
lution for galaxy progenitors in §3.1, for galaxy descertdan . S, 3
in 83.2, a sample calculation of inferred stellar mass diariu 0.1 S S E
in §3.3, and comparison with previous work in §3.4. O s E
s,‘ Il Il o~ E
3.1. Galaxy Progenitors 0 1 2 3 4 5 6
4
8 http://code.google.com/p/nd-redshift/ FIG. 3.— The fraction of descendants which have been lost duestgems
9 A future version of the code will adopt the Planck best-fitraotogy; with a larger galaxy as a function of redshift, for'¥®l, galaxies at four
however, cosmology dependencies in cumulative numberitsieaslution separate starting redshifis%£ 1.15, 2, 35, and 6).

are expected to be weak compared to the large scatter in massien his-
tories (Behroozi et al. 2013b).
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FIG. 4.— Example of galaxy progenitor stellar mass evolutidieried with and without the effects of mergelseft panel: Colored lines show integrated
double Schechter fits to stellar mass functions from theaVI8TA survey (Muzzin et al. 2013a) forQ z < 3. Filled circles show the evolution in stellar mass
for galaxies at fixed cumulative number densities of 50 Mpc= and 2x 10 Mpc3. Filled stars show the difference if the evolving cumulatiumber
density for galaxy progenitors (82.1) is includdRight panel: Filled circlescorrespond to those in the left panel (evolution in stellassifor galaxies at a fixed
cumulative number density); error bars show the width ofréi@ishift bin as well as the formal uncertainty in stellar snasa given cumulative number density
from Poisson errors, sample variance, and photometridifedsicertainties. Including the effects of mergers arattec in mass accretion historig#léd starg

results in a 0.2 dex change in the inferred mass evolutiorObf"M, galaxies over this redshift range. An even larger relatifeceis seen for 18-25M,
galaxies; despite the smaller redshift range over which tla@ be trackedz(= 0-2 instead oz= 0-3) in UltraVISTA, the change in inferred mass evolution is

already 015 dex. The 68-percentile ranges in cumulative number densities-a are 1.5 dex and 1.3 dex for the'#@M, and 13125M, galaxy progenitors
(respectively) az ~ 2, corresponding to 88 percentile stellar mass rangeshéded regionsof ~ +0.2 dex for both.

In Fig. 1, we show cumulative number density evolution relative rank ordering can change much more easily than for
tracks for the progenitors of 20to 10'*5M., galaxies at  halos and galaxies of lower masses.
z= 0.1, calculated using the technique in §2.1. Cumulative As discussed in §4.2, the B&ercentile range of progen-
number densities a= 0.1 were calculated from the stellar itor cumulative number densities depends on how scatter in
mass functions of Moustakas et al. (2013). As discussed instellar mass at fixed halo mass changes with time. Nonethe-
§2.1, the choice of stellar mass function only affects thie in less, many qualitative features are robust. For examptgeia
tial cumulative number density for a given stellar mass and galaxies’ progenitors extend over a larger range in cumula-
does not affect the cumulative number density evolution. tive number densities, as compared to smaller galaxies Thi
As shown in Fig. 1, a power law describes the increase inis because a small change in stellar or halo mass equals a
cumulative number density towards higher redshifts fortmos larger change in cumulative number density for more massive
galaxies; the change in cumulative number density is simply galaxies. The large range in progenitor cumulative number
densities can also result in significant differences betvtiee
(0.16A2) dex 1) median and the average progenitor mass. For progenitors of
as long as the galaxy’s stellar mass is less that0'-2M, 101°M, galaxies, we predict a scatter of abat.27 dex
atz=0. For~ 10'15M,, galaxies az= 0, this rate increases " stlellzr;]\r mﬁss az& 2.75. For log-normal sci’;\dttgr, éh(')SSVC‘j’OUIF
to ~ (0.22A2) dex (Fig. 1). For larger galaxies at 0, we f{g‘p yt; at the median prqtgemtor mass would be 0.Us dex less
recommend use of the public tool in §2.1, since the change in" & ”e average p;ogehnl or mass. ati berd
cumulative number densities is no longer well-fit by a simple . Finally, we note that t eoprogenlto_rcumu ative number den-
power law. sity ranges of 19 and _16 Me galaxies begin to overlap at
The power-law functional form arises because merger rates?= 1.9 In Fig. 1. Thus, it becomes difficult to tell which galax-
are mostly constant per unit halo per unit, regardless of  Ies az= 1.5 become 18M, galaxies az= 0, and which be-
time or halo mass, and have a largely power-law like depen-come 18Mg, galaxies instead. Current surveys are generally
dence on mass ratio (Fakhouri & Ma 2008; Fakhouri et al. hot deep enough for this to be a problem; e.g., progenitors
2010; Behroozi et al. 2013b). More massive halos do haveof 10'°M,, galaxies would be less than®N, by z= 2, be-
somewhat higher rates of major mergers (Fakhouri & Ma low the completeness limit of most existing surveys (Belaroo
2008; Fakhouri et al. 2010; Behroozi et al. 2013b), which et al. 2013b).
contributes to faster evolution in cumulative number digetsi
Because the median halo mass as a function of stellar mass in- ) ] )
creases rapidly above ¥/, in galaxy mass (Behroozi et al. Fig. 2 shows cumulative number density evolution tracks
2013b), the effectis most prominent. For lower stellar reass ~ for 10°°M, galaxies at a range of starting redshifts (L-6).
the median halo mass changes more slowly, hiding the effectCumulative number densities at the starting redshifts were
almost entirely. We also note that a major merger in the his- calculated from the best-fit model stellar mass functions in
tory of a halo (i.e., a change of 0.2-0.3 dex in its mass over aBehroozi etal. (2013b). At higher redshifts,10"°M, galax-
short time) will have the mostimpact on its corresponding cu ies are rarer objects; at= 6, for example, they are typical
mulative number density for massive halos on the exporientia progenitors of 18-°M, galaxies az=0.
tail of the mass function; these are also the halos which host The median evolution in Fig. 2 is very different from Fig.
> 10'M,, galaxies. As such, for these halos and galaxies,1. This is largely due to scatter in mass accretion histories

3.2. Galaxy Descendants
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and the shape of the halo mass function. If one selects all pro 4. DISCUSSION

genitors aiz=z of halos with a given mass at= z,, many 4.1. Progenitors vs. Descendants

progenitor halos a; will have typical accretion rates for their ) ] ) ) )
mass. However, some fraction of halozawill always have As explained in 83.2, cumulative number density evolution

unusually high accretion rates. And, because smaller halods different for galaxy progenitors (i.e., backwards-loak
are always more numerous, small halos with high accretioncomparisons) and galaxy descendants (i.e., forwardsrgok
rates will be disproportionately represented in the priggen ~ comparisons). Which direction to use depends on the tar-

selection. This selection effect explains qualitativelyweu- ~ 9eted science question. As an example, it is most relevant
mulative number densities evolve more rapidly for progeni- to use backwards-looking comparisons for galaxy star ferma
tors than descendants (see also Leja et al. 2013). tion histories, as these can be directly compared to hestori

Another important difference comes because of satellite inferred from galaxy broad-band colors and spectra (eag; P
galaxy mergers. We show in Fig. 3 the fraction of galaxies ter etal. 2007; Tojeiro et al. 2009). For examining the fafles
which are lost due to mergers as a function of redshift for the SPecific high-redshift populations at lower redshifts reana-
same starting populations in Fig. 2. Every surviving galaxy  yzing the clustering evolution of luminous red galaxiesy(e
z=0had a progenitor at all higher redshifts; however, a §igni White et al. 2007; Wake et al. 2008), using a forward-looking
icant fraction of high-redshift galaxies never make iztoO. comparison may be more appropriate.

Because satellites cannot accrete matter easily, théhidad s . . .

that a galaxy merges has a strong correlation with the masd-2- Limitations of Cumulative Number Density Comparisons
accretion history of its halo, and correspondingly with the Luminosities can be measured fairly consistently across
cumulative number density rank of the halo. Unfortunately, redshifts; however, the same is not necessarily true fdaste
because of this strong correlation between mergers and halanasses (Marchesini et al. 2009; Conroy et al. 2009; Muzzin
rankings, itis difficult to give a clean theoretical integfation et al. 2009; Behroozi et al. 2010, 2013b). Uncertaintieseari
of the shape of the cumulative number density evolution for because the appropriate priors for galaxies at one reashift

galaxy descendants. not be correct for galaxies at another redshift; these piior
_ clude star formation histories, dust content, the stamfog
3.3. Sample Calculation fraction of galaxies, metallicities, the initial mass ftioa, fit-

For a concrete example, we calculate the progenitor masging functions for galaxy light profiles, and many others (€o
evolution of 1827M, galaxies from the UltraVISTA survey ~Foy et al. 2009; Behroozi et al. 2010, 2013b; Conroy & van
(Muzzin et al. 2013a) in Fig. 4. At=0, these have a cu- Dokkum 2012). Different pipelines applied to the same sur-
mulative number density of § 10 Mpc™3. Tracking their vey produce stellar mass functions which can diffeevolu-
progenitors at fixed cumulative number density would imply tionby upto~ 0.3 dexin stellar mass (Behroozi et al. 2013b).
that they had very little< 0.1 dex) mass evolution from= 3 However, these uncertainties may well improve in the future
toz= 1. Accounting for the effects of mergers gives a much ' "€ evolving quenched fraction (Brammer et al. 2011; |I-
more reasonable.2-0.25 dex in mass growth fror= 3 to bert et al. 2013; Muzzin et al. 2013a), and the effects of dry
z=1 (see, e.g. Behroozi et al. 2013b). stellar mass mergers (Behroozi et al. 2013b; Moster et al.

Fig. 4 also shows the progenitor mass evolution of 2013) will also affect this analysis. Strictly speaking; di

101125\, galaxies. In this case, the relative change in the rectly converting stellar mass growth into star formatids h

median progenitor cumulative number densities is less thantoes only applies for galaxy populations which are mostly

for th ve 167M laxies. H due to th star-forming across the entire redshift range considened a
orinhe more massive © galaxies. HOwWever, QUe L0 e\ hich have a low fraction of merger-deposited stellar mass.
shallower slope of the stellar mass function at these massesg i, these conditions are likely satisfied for, eg. Milky-

the relative change istellar masss larger: 0.55 dex instead ’ )

of 0.3 dex betweez = 0 andz ~ 2. For the same reason, Way sized galaxies at = 0 (Leitner 2012; Behroozi et al.

. ; . »2013b), and for UV-selected massive galaxies at high rédshi
the impact on inferred progenitor stellar masses from us'ng(Papovich etal. 2011)

fixed cumulative number densities instead of a more realis- Finally, the scatter in stellar mass at fixed halo mass wil
tic e"ol‘gl.,”g cumula}tive number density islmore prono_unced influence the inferred &- range of cumulative number den-
for 10*42°My, galaxies as compared to the'¥0M, galaxies sjties for galaxy progenitors and descendants. In thispape
(Fig. 4, right panel). we assume that the growth in stellar mass rank order dif-
. ; - ferences with time is the same as the growth in halo mass
3.4. Com_parlson with PreV|0u§ work ) rank order differences with time. This ?Nill be the case in
These results are in good agreement with those of Leja et alyeality if individual galaxy star formation efficiencies -de
(2013), who also find small changes in cumulative number pend much more on halo mass than on cosmic time or en-
density for descendants of semi-analytically modeted3  vironment (Behroozi et al. 2013a). Different assumptions—
galaxies az= 0. Using the cumulative stellar mass functions e g., from semi-analytical or hydrodynamical galaxy forma
in Leja et al. (2013), our technique gives an implied median tion models—may give different results for the scatter.

stellar mass evolutionfr0m:3toz:_0Which differs on aver- With these limitations kept in mind, cumulative number
age by less than 0.05 dex from their reported value8 6 dex  density comparisons provide a simple and valuable way to
of growth for cumulative number densities betweern 507° compare galaxies across cosmic time (Brammer et al. 2011,

and 8x 104 Mpc ™2 atz= 3). These small differences could Papovich et al. 2011; Lin et al. 2013; Muzzin et al. 2013a;
arise from their use of a semi-analytical model for galaxy fo van Dokkum et al. 2013; Patel et al. 2013).

mation, a fuller treatment of scatter in stellar mass at fixed

halo mass in Leja et al. (2013), or a different model for satel 5. CONCLUSIONS

lite galaxy merger rates (see Guo et al. 2011); we may explore We have presented a technique which robustly constrains
these differences in more detail in future work. the median cumulative number density evolution for galaxy
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populations and provides an estimate for the scatter in pro- http://code. googl e. conl p/ nd-redshi ft/
genitor and descendant cumulative number densities (§2.1)

Our conclusions may be summarized as follows: 4. Galaxy cumulative number density comparisons across

redshifts currently carry systematic errors in terms
of the stellar mass evolution of 0.3 dex (84.2).

Luminosity-based comparisons (e.g., for clustering
evolution studies) suffer from fewer systematics, pro-
vided that the chosen luminosity band correlates more
with galaxies’ stellar masses than star formation rates.

1. The evolution in cumulative number density for the
most-massive progenitor galaxies is almost exactly
(0.16A2) dex for galaxies whose= 0 descendants have
stellar massc 10'2M, (83.1). Ignoring this effect can
lead to errors in inferred stellar mass evolution on the
order of 02-0.3 dex for aAz of 3 (83.3).

5 F | q dants. there i hi lution i PB and RHW received support from an HST Theory grant;
- For galaxy gescendants, there IS much 1ess evolution N, .54 ram number HST-AR-12159.01-A was provided through
cumulative number density (83.2). a grant from STScl, which is operated by AURA under

NASA contract NAS5-26555. DM acknowledges support

3. For the exact evolution in the median and 1 from Tufts University Mellon Research Fellowship in Arts
range for galaxy cumulative number density and Sciences. MS received partial support from NASA grants
evolution, as well as for calculating the corre- HST-GO-12286.11 and 12060.95. We thank Ramin Skibba
sponding halo mass at fixed cumulative number and the anonymous referee for helpful feedback.
density and redshift, we provide a public tool at
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