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ABSTRACT

We use the publicly available subhalo catalogs fromvilaelactea simulation along with a Gpc-scale N-
body simulation to understand the impact of inhomogeneous reionization on the satellite galaxy population
of the Milky Way. The large-volume simulation is combined with a model for reionization that allows us
to predict the distribution of reionization times for Milky Way mass halos. Motivated by this distribution, we
identify candidate satellite galaxies in the simulation by requiring that any subhalo must grow above a specified
mass threshold before it is reionized; after this time the photoionizing background will suppress both the
formation of stars and the accretion of gas. We show that varying the reionization time over the range expected
for Milky Way mass halos can change the number of satellite galaxies by roughly two orders of magnitude.
This conclusion is in contradiction with a humber of studies in the literature, and we conclude that this is
a result of inconsistent application of the result$ of Griedin (2000); subtle changes in the assumptions about
how reionization affects star formation in small galaxies can lead to large changes in the effect of changing
the reionization time on the number of satellites. We compare our satellite galaxies to observations using
both abundance matching and stellar population synthesis methods to assign luminosities to our subhalos and
account for observational completeness effects. Additionally, if we assume that the mass threshold is set by
the virial temperaturd,;; = 8 x 10°K we find that our model accurately matches thg, distribution, radial
distribution, and luminosity function of observed Milky Way satellites for a reionization g = 9.62,,
assuming that théa Lactea subhalo distribution is representative of the Milky Way. This results in the presence
of 11923 satellite galaxies.

Subject headings: cosmology:theory — large-scale structure of universe — dark matter

1. INTRODUCTION significant effect on the ability of a subhalo to host a lumi-
While the cold dark matter (CDM) paradigm has been very N0Us galaxy (Bullock et al. 2000: Gnedin 2000: Benson et al.
successful in explaining the large scale distribution of matteri2002;.Somerville 2002; Dekel & Weo 2003: Shaviv & Dekel
in the universe, one final test lies in its ability to predict the 2003Lietall 2008; Madau etial. 2008: Koposov 2009). Star
distribution of matter on small scales, including the distribu- formation in dark matter halos in the early universe is only
tion of satellite galaxies around the Milky Way. In the hier- €XPected to be able to begin once the halo has grown mas-
archical model of structure formation, massive objects suchSiVe €nough to cool efficiently by atomic cooling, typically

as the Milky Way halo are built up through a series of merg- aroundTyir ~ 10* K. However, before many halos are able
ers where small, dense objects collapse early and merge t¢° reach this mass, the universe enters the phase of reion-
form larger objects. High-resolution numerical simulations 'zation, in which photoionizing UV radiation is released by
have shown that the dense cores from a significant numbethe early generations of stars and quasars. This ionizing ra-
of these small building blocks should survive today as grav- diation heats the halo gas to a temperature of a few times
itationally bound subhalos_(Klypin etlal, 1999; Moore etal. 10K, preventing it from being pulled into the shallow po-
(1999 Diemand et &l. 2008: Springel etal. 2008). From thesetential wells of halos with virial temperatures lower than
initial results Mﬂﬂ@mw%) and from ~ 10° K (Thoul & Weinbery 1996; Dijkstra et &l. 2004), ef-
semi-analytic modelind_(Kauffmann et al. 1993) it was also fectively suppressing further star formation.
clear that there are far fewer luminous dwarf satellites around Recent analysis of the Sloan Digital Sky Survey (SDSS)
the Milky Way than bound dark matter subhalos in the simu- has resulted in the discovery of a large number of low-
lations. surface brightness dwarf galaxies (Willman €etlal. 2005a,b;
There has been no shortage of solutions proposed to exBelokurov et all. 2006; Zucker etlal. 2006a.b; Belokurov et al.
plain this discrepancy, including those which modify the [2007;[1rwin et al. 2007 Walsh etldl. 2007; Belokurov €t al.
dark matter power spectrum to reduce the amount of small2008), which is now beginning to shed a new light on the
scale power through warm dark matter-like models (e.g., mapping of galaxies onto dark matter halos at the low-
Colin et all 2000; Bode et &al. 2001; Zentner & Bullock 2003; luminosity end. Several of these newly-discovered satellites
Busha et dl. 2007). Less exotic models, however, such as théave luminosities similar to those of the least luminous glob-
presence of a number of “dark-dark halos,” dark matter sub-ular clusters, and a dynamical analysis indicates that they
halos that do not host galaxies, provide a well-motivated res-have the largest mass-to-light ration of any known galax-
olution to this issue within the CDM paradigm. In particular, ies (Martin et al. 2007; Simon & Geha 2007;_Strigari et al.
the presence of photoionizing radiation is expected to have a2008; Geha et al. 2008). Given both the magnitude limit and
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sky-coverage fraction of the SDSS survey, it is certainly rea- present our conclusions in §6.
sonable to assume that we have only detected a fraction of
the Milky Way satellites[(Koposov et'al. 2008; Tollerud et al. 2. SIMULATIONS AND MODELING
2008; \Walsh et all_2009), and there are exiting prospects ; 1 podeling the Large-scale Structure of Reionization
for discovery of more satellites in future deep and wide R R
surveys [(Abbott et al. 2005; Keller etlal. 2007; Ivezic et al. In Qrderto unlderstand t_he d!str|bu@|on of reionization times
[2008). A full understanding of the mapping between lumi- Of Milky Way sized galaxies, including any effect this may
nous satellite galaxies and dark matter subhalos will requirehave on the satellite galaxy population, it is necessary to un-
a measurement of the luminosity distribution, radial distri- derstand the distribution of dark matter on the Iar_gest _scales.
bution [Kravtsov et al. 2004h; Willman etlal. 2004), and the \We use the recent results of Alvarez etlal. (2008), in which the
kinematic properties of the satellités (Strigari éf al. 2007b). ~ reionization process was modeled using an N-body simulation
Recently, it has become understood that the universeofa 1 Gpch™ box combined with an analytic prescription for
actually reionizes quite inhomogeneously, even on very predicting the reionization time for all points in the box, as de-
large scales (100 Mpd Gpc; e.g./ Sokasian etlal. 2003; scribed below. For more details on the reionization simulation
Barkana & Loeb[ 2004 lliev et al. 2006; Lidz et dl. 2007; and the halo correlation, see Alvarez etlal. (2008).
Alvarez et all 2008). Given constraints on the global reioniza- The N-body simulation used the code Gadg ingel
tion history, e.g. from the cosmic microwave background po-2005) to evolve 1120dark matter particles in a cosmol-
larization (e.g.l._Spergel etlal. 2007), there is still a significant ogy with Q= 0.25, 2, = 0.75, andog = 0.8, with particle
uncertainty in the precise reionization epoch of the matter in mass resolutioM, = 4.94 x 10'°h™*M4. The initial condi-
the Milky Way. In particular, the calculations|of Alvarez et al. tions were generated using the 2nd order Lagrangian pertur-
(2008) indicate that there is substantial scatter in the reioniza-bation code 2LPT (Crocce etlal. 2006). A Friends-of-Friends
tion histories of halos of a given mass, and that on averagegroup finder based on the Ntropy framewdrk (Gardnerlet al.
Milky Way mass halos reionization redshifts have approxi- 2007) was run on the= 0 output and identified all halos with
mately the same distribution as that of the universe as a whole Mg, > 1.58x 10'?h™M, = 32 particles. This simulation was

A change in the reionization time of the Milky Way may have yyn in conjunction with the LasDamas collaborafioriThe
adramaticimpacton its satellite population because the reionyejonization history for this simulation was then calculated us-
ization history may directly affect the ability of a subhalo to jng the density field of the initial conditions. Working at a sin-
reach the size where gas is able to cool and begin the stagje point in space, the dark matter density field is smoothed
formation process. The primary aim of this paper is to un- gyer a series increasing radii and use the EPS formalism to
derstand what, if any, effect the reionization epoch of a given a5k, for a given redshift, what is the smallest (if any) radius
Milky Way halo has on its satellite population. , at which the fraction of collapsed mass in halos greater than
o e e Ak S e Rt o reshold s rete nan  spetod Tac, e

_ P ) ' ' reionization timezeion, for that point is the earliest redshift at
most_studies finding little effect (e.g.._Somerville_2002; which this criteria is first met for any radius. For this simula-
Kravtsov et al. 2004b). These studies primarily have ad- (o e user, = 10 and a threshold mass®M.,. Combined
dressed the luminosity range of the “classical dwarfs” in the \yith the group catalog, this results in a reionization time for
Milky Way. Given the dramatically different observational oach halo in the simulation.
picture that has emerged with new observations from SDSS,
combined with the possible importance of a spread in reion- . .
ization epochs exp%cted frompinhomogeneoSs reionization, 2.2. Modeling Galaxy Formation
we re-investigate this question here. We combine a high- While the above simulations are sufficient for measuring
resolution dark matter simulation (thva Lactea simulation the reionization history of Milky Way mass halos, signif-
of Diemand et al. 2007a) with various assumptions about staricantly higher mass resolution is needed to understand the
formation in small halos, and compare to up-to-date con-subhalo distribution. For this, we use the publicly avail-
straints from the full observed satellite galaxy population. In able mass accretion historfefom the high-resolutiorvia
this work, we critically examine the assumptions about the Lactea simulation (Diemand et dl. 2007h,b). This simulation
rate at which photoionizing UV radiation is able to heat halo models a single dark matter halo with virial ma€ga =
gas. We find that the exact time a halo reionizes can have a.8 x 10'?h™*M, that is able to resolve subhalos down to
significantimpact on the satellite population, and use compar-mass limitMg;, 2 10°h™M,. The publicly available data in-
isons with the Milky Way’s satellite distribution to constrain cludes the distribution, tidal mass, ang.y histories for the
the reionization time of our own halo. most massive progenitors of ak 0 subhalos back to redshift

In section 82 we discuss our simulation and models, includ-z=16.12.

ing methods for identifying subhalos that host satellite galax- |n order to connect theia Lactea dark matter subhalo
ies, and determining magnitudes of these galaxies. In 83 wepopulation to a satellite galaxy population, we assume that
discuss the observational sample of satellite galaxies that westars begin forming once atomic cooling becomes effective,
compare to our model, including measurements and correcwhen a halo shock heats to virial temperatiig ~ 8 x
tions for the luminosityymax and radial distribution functions. 1%k, but that reionization heats the gas in the subhalos to
In 84 we directly compare our modeled and observed sampleshe point where this becomes ineffectie (Thoul & Weinberg
in a manner that fairly accounts for the incompleteness of the1996: Kepner et al. 1999; Wise & Abel 2008). We treat this
observations. In §5 we discuss how our results compare Withheating as an instantaneous process (see section 5 for a dis-

previous work in the literature, in particular addressing the cyssjon), causing reionization to end star formation for the
differences between our results and those that have found lit-

tle change in the satellite population for varying reionization 1 http://iss.phy.vanderbilt.edu/lasdamas/
times (Somerville 2002; Kravtsov etlal. 2004b). Finally, we 2 http://iwww.ucolick.orgi-diemand/vi/data.html
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vast majority of the~ 2500 potential satellite galaxies; for

these low-mass halos, all star formation must happen before

Zeion- With this in mind, we can define a subhalo as being a 20
satellite galaxy using a two parameter model: A subhalo must
grow to a threshold mas$j;, above which HI cooling will
allow star formation, before the host halo reionizezai, in
order to host a satellite.

While we demonstrate the effects of varying both param-
eters in the next section, the worklof Abel et al. (2002) uses y
high resolution AMR simulations to model the formation of -10p s ]
the first stars and indicates that we anticiphte~ 10° - 4
10°'h™Mg. It is important to note that this process of hy-

_15_

Mag

drogen cooling simply defines a minimum mass of the pop- sr ]
ulation of the dark matter subhalos that could host satellite .
galaxies. However, this work predicts the stars forming in 10 100

these halos to be very massive and short-lived. As such Ve

these very first star forming halos cannot be the direct pro-
genitors of Milky Way satellites, which are observed to be Flg- 1(-1— The fetl)atiodnShip be“évi(?ﬂ nzaglnoilfudg &mdxfmh;{)? glz'l'and) ™
metal-enriched objects with stars presumably of masses Ies%(ashig usngi'gﬁoawLégwaeﬁﬁivﬂ?tsctﬂ%esl&'vﬁqi’n grseiglne";‘"&. ack lines). The
than a solar mass. More relevant here are the calculations o
(2008), who followed the build up of halos up v/—pand, we get
to the masses when they start cooling via Lyman-alpha from )
neutral hydrogen. They included the radiative as well as the Vmax \ "
supernovii;l fee?dback frgm the first generation of massive stars. My ~Slogh) = 182-2.5log [( 1km/ ] ' @
The short-lived sources keep ionizing the baryonic material ) ) o )
in the halos they form in, as well as their surroundings. How- When selecting the appropriatgax for assigning a luminos-
ever, as they turn off, material can cool again and repopulateity, we follow the method of Conroy et’al. (2006) and choose
the dark matter halos. So while the baryon fraction (Fig. 4 in the peakvinax over the trajectory of the subhalo. Because
\Wise & Abel[2008) fluctuates and decreases at times to as lit-luminosities are set using the maximalax, changingzeion
tle as 10%, star formation can continue as long as no sustaine#as no effect on the luminosity of an individual galaxy, al-
external UV flux sterilizes the halo. The latter case severelythough the population of subhalo hosting satellites may still
limits star formation and has been discussed many time in thechange. The appeal of this method is that we are able to ig-
literature (e.g!l, Babul & Relés 1992; Thoul & Weinberg 1996; nore much of the poorly understood (and poorly simulated)
I.1999; Dijkstra et/al. 2004). It seems clear thenphysics of galaxy formation using astat|st|ca[ methqd that has

from the limited guidance we have from numerical simula- Peen shown to, on average, reproduce a wide variety of ob-
tions that objects at the hydrogen cooling limit and below will servable properties for more massive galad etal.
experience most of their star formation before they are perma2006;| Conroy & Wechsler 2008), as well as some proper-
nently ionized. ties of dwarf galaxies down t@ax ~ 50kms™ (Blanton et al.

Once we have identified satellite galaxies in the simula-12008). It is still unclear how this method will fare at lower
tion, we must assign magnitudes to them in order to makemasses; it must break down for small halos once they no
direct comparisons with observations and to account for ob-longer host one galaxy on average. If this transition is sharp,
servational completeness effects. This is done using twohowever, it may be a reasonable approximation for most of
methods. First, we use a halo abundance matching methodhe mass range where halos host galaxies.
(Kravtsov et all 20044; Blanton etlal. 2008). Here, luminosi- As a second approach for assigning magnitudes, we use a
ties are assigned to halos by assuming a one-to-one corretoy model to predict the star formation rate and stellar mass
spondence betweamn(< My), the observed number density of a satellite combined with the stellar population synthesis
of galaxies brighter tham,, with n(> Vmay), the number  (SPS) code df Bruzual & Charldt (203Here, we again as-
density of simulated halos with maximum circular veloci- sume that star formation begins when the satellite first crosses
ties larger tharvpax. For the distribution of magnitudes, we the mass thresholdyl;, and ends at the reionization time,
use the double-Schechter fit tli%iOOS) for low Zeion. During this period, the star formation rate is set by the
luminosity SDSS galaxies in thg- and r-bands down to  dark matter mass of the subhalo,
M, =-12.375. Thevmax values are taken from the halo catalog a
of a 160 Mpc/h simulation complete downgay =~ 90km/s. SFR= { € (fcoldgasl—MﬁMg) if Mpm > Mt, Z> Zeion )

0

In order to extrapolate this to lower circular velocities, we otherwise

calculate a power-law fit to the low end of tHa/dvmax func-

tion. The resulting correspondence is shown in Fiddire 1 for where feogas iS the fraction of cold gas in the halo, and
ther-, g-, andv-bands (red, green, and black curves). Vhe ande are free parameters. This is similar to model 1B of
band magnitudes are calculated using the transformstion  [Koposov [(2009), with a couple of key differences. First, we
g-0.55(~r)-0.03 from[Smith et dI.[(2002). This method impose a hard truncation of star formation at the epoch of
implicitly assumes that all galaxies have average color. Sincereionization, something they only consider using their model
the data fromh Blanton et A 05) is not deep enough to mapwhere stellar mass is a constant fraction of dark matter mass.
onto the dwarf galaxy distribution, we use a power law to ex- Second, they treat stellar mass as being proportidtgi)

trapolate theVly (Vinax) relation to lower magnitudes. For the
3 http://www.cida.ve/ bruzual/bc2003
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at some epoch, while we take the total stellar mass to be
proportional to the integral of this quantity, as motivated
by observations (e.d., Juneau gt al. 2005; Noeske let all 2007;
Zheng et al. 2007; Conroy & Wechsler 2008). For our model,
we hold feiqgas COnstant and set it equal to the universal
baryon fraction during the period of active star formation. Our
two free parametersandc, set the efficiency and scaling of
the star formation. We keepas a free parameter that is used
to match the luminosity function, but fix = 2, extrapolated
from higher mass galaxies at both low and high redshifts (Fig-
ure 8 of_ Conroy & Wechsler 2008; Drory & Alvarez 2008).
The implicit assumption of this model is that subhalos con-
tain a gas fraction equal to the universal baryon fraction, and
that this gas exists in one of two phases. At early times the gas
in low mass halos has a temperature less than8 x 10°K

and therefore cannot cool by atomic hydrogen cooling. How-
ever, once a halo reachbg, cooling becomes effective and

all gas rapidly enters a cold phase where it is able to form Fic. 2.— Distribution of reionization epochs for Milky Way mass halos,

stars. Reionization, however, rapidly heats all gas in the sub-{\r/l]Fogsi/l.IG—_tZ x 1(t)rlfh:_l\{|% tT_he %Otted lines andcohoeg) ][egion in%ic?t_(l%

. . . e 0 IIMITS TOr the aistriouton. EE E Qaléz él - Z Oor more aetalls
halo t,o afewtimes ﬂK’ quenChmg star formation. _T,he MOre  op the simulations used to generate this distribution. The dashed red line
massive halos eventually shock heat to such a virial temperndicates the median valwgsion = 7.7.

ature, which allows the ionized gas to cool again and resume ) _

star formation. Only 7 subhalos in tivea Lactea simulation ~ Where fors = 0.194 is the sky coverage fraction of SDSS,
ever reach such a mass. Regardless of mass, all star formatiognd @ = 0.6 and b = 5.23. Tollerud et al. (2008) also used
is ended once a satellite accretes onto the larger host halo, a$!€ Via Lactea simulation to calculate a correction due to this

we assume that this process causes all gas to be stripped froffféct and use it to correct the luminosity function. However,
the subhalo. Most of the = 0 subhalos irvia Lactea were this correction is unable to account for the radialigsy dis-

accreted in the range= 0-6. This model does ignore a tributions. Consequently, whenever we compare our model

large number of physical processes, such as recombinationBredictions with observations, we present the sky coverage-
and feedback, but much of this can likely be accounted for corrected distribution of observed satellites and a sub-sample

by appropriately setting the constart@nda. In Section of the simulated galaxies that is cut by the magnitude limit of
85 we discuss how this model compares with previous stud-€duatioriB.
ies. Satellite magnitudes for this model are determined us- 4. RESULTS
ing the stellar population synthesis codé of Bruzual & Charlot o T

(2003). For this model, we treat the star formation as a series 4.1. Distribution of reionization epochs

of bursts, all with the IMF of Chabrier (2003) and metallic-  First, we first investigate the distribution of reionization
ity Z=0.0004Z;, broadly consistent with the expected level times for Milky-Way size halos in Figufg 2. The solid line
of enrichment from the earliest, most massive stars that preof the Figure shows the distribution of reionization epochs
enrich the halo gas (Abel etlal. 2002; Wise & Abel 2008). Us- for the ~500,000 identified halos with mab-or = 1.6 -2 x

ing these magnitudes, we tune thparameter of equatidd 2 10'%h"XM, from our Gpc simulation. From this plot, we see a
so that our model most accurately reproduces the observed lujide distribution of reionization epochs, peaked aronrd
minosity function of local satellite galaxies (see below). This with a tail extending beyond = 16, fit by an exponential,

d N/dzveion [h43M pC3]

Zieion

results in typical values for~ 10Mg, /yr. dN/dzeion ox €70%n. Ninety-five percent of the halos are
reionized in the rang@eion = 6.3-11.6 with a median red-
3. OBSERVATIONAL SAMPLE shift of 7.7. This distribution is also quite consistent with

. . similar predictions fromh Weinmann etlal. (2007). Percolation
In the next section we present a number of comparisons b )

. X . . of reionization happens at 6.3 and the universe rapidly be-
with the observed properties the Milky Way satellites. We o oq fylly ionized, which is responsible for the sharp cutoff
take as our data set the 11 classical and 12 newly-identifie

SDSS dwarf aalaxi H lude Bodtes I n the distribution. This broad distribution indicates that a pre-

walrr ga ax:cet?]. owever, we exlc u el 00 esb 'OM ¢ise constraint on the globally-averaged reionization epoch,
our comparisons of the maximum circular veloCilfax, be- or example as measured from the optical depth to the cosmic
cause there are only poor constraints. When using the SDS

icrowave background, does not give precise constraints on

derfﬁ' v(\;e must ac?qunt forfboth thﬁ Sk){ cmloverage of SDslsthe reionization rﬁstory of our local galaxr; and its progenitors.
) eWheiIt: ?tt Iignst(?a;cﬁ[r-]f%);wgl;(? '?ocadgl?s?the observatiotngf As we will show, determining where the Milky Way itself
dat t. e kg J btle | . Sits in this distribution may be important for understanding its

ata to account for SKy coverage, a moreé SUble ISSU€ arSesqiajite population. The reionization epoch of a given halo
with the depth of SDSS. Because the survey is magnitude lim- oot certainly correlated with other properties, including
ited, SDSS is only complete in searching for satellite g""I"5‘>(":’Sthe large scale bias and the detailed formation history of the
of absolute magnitudé, out to some radiuBcomp. This com-

. . . halo, and there may be observational clues beyond those pre-
pleteness depth is roughly independent of surface brlghtnes§ented here, to Wh}e/zre the Milky Way lies in thg distributioﬁ.

and the relation is given In Koposov ef al. (2008) as We postpone an investigation of these issues to future work.
3 \13 o . _
Reomp(My) = <4 f > 10-M-5)/3pc, 3) 4.2. Distribution of satellite populations
7 fors
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Using the distribution of;ejon from Figurd 2 as a guide, we

show in Figure B the number of subhalos hosting satellites < 1000 3
galaxies,nsas in the via Lactea simulation for our model. ? 00k ]
The contours of the lower panel show the full variation in 5 E \
Nsats@S a function of botejon andM;. The dashed lines de- ~ 10F
note constant virial temperatures. The thick lower line rep- 10— : : : :
resentsT,;; = 8 x 10°K, the temperature where HI cooling is Bl

expected to be effective for gas that has not been photoionized

' [2008). The upper line is %K, the mass where
the halo has shock heated to the point where photoionized gas
can cool (e.g!, Haiman & Bry&dn 2006). The top panel shows
Nsats @S a function ofzeion When M is set such that star for- -
mation begins once the subhalo reaches a virial temperature
Tuir = 8 x 10°K. This line asymptotes tosys= 7 because we
allow star formation to resume after reionization for halos that
shock heat to temperatufg, = 1(PK. Virial temperatures are
calculated using the relation

_ Tur 21\ [1.22\1¥?
m=1me (6w () (50)] -

03\"?/07 @
QMp h )’ FiG. 3.— Bottom: The number of surviving satellite galaxies in tia
Lactea simulation assuming that subhalos had to grow above a threshold mass
Whereu =0.57 for Tyy < 1.5 x 10*K and 1.22 forTy; > 1.5x Mt by Zeion in order to host a galaxy. The dashed vertical lines show the 95%

confidence intervals for the reionization epoch of Milky Way mass halos.

1Q4K GMIMG) T.he r.nOSt St”.kmg featwe of The dashed red lines denote constant virial temperatures, wherE0%K
this plot is the size of the variation imas which can differ is the expected temperature for allowing star formation through HI cooling.
by roughly an order of magnitude at fix8dM;) as Zeion iS The the light and dark shaded regions show the observational constraints on

i ithi o4 distri i - the both the maximal and most likely distribution in the number of satellite
Vgled glthln the 95% distribution or &8; changes frorﬁ-"” galaxies froni Tollerud et &l (2008). The yellow contours denote the 95%
10°-10'K. For a constanM;, the number of satellites has  confidence levels for constrainirgeion and M; by matching with the/max

a roughly exponential dependence Zn, Nsatsox € 7 eion, function of Figurd¥.Top: The number of satellite galaxies as a function
Again, there is an imposed minimum value = 7 for Of Zejon @ssuming thabl; follows the T = 8 x 10°K curve. The dotted lines

) ; ini show the 95% distribution fagejon for Milky Way mass halos, and the yellow
any value ofzeion, St by the assumption that photoionized lines show the 95% confidenggnrangemon at thisM;. Again, the light and

gas can cool and form stars when a halo shock hedlg te dark cyan regions show full and most likely range for the number of Milky
10°K; seven of theia Lactea subhalos reach this temperature Way satellite galaxies.
at some point in their histories. _ i _ o

The shaded region of Figule 3 shows the observational con/nated thatia Lactea is among the 15% of objects with sim-
straints on the number of satellite galaxies from the work ilar mass that have so few subhalos (Ishiyama et al.[2008). If
of Tollerud et al. [(2008). The lighter regions shows the ex- this is the case, the number of satellites predicted in Figure 3
treme case of this analysis, where the Milky Way has betweenis potentially a factor of two too low for a typical Milky Way
23 (currently observed) and 2261 satellites galaxies, whilemMass halo. However, it is unknown exactly where in the rela-
the darker region shows what their work considers the moretively wide distribution the Milky Way lies, particularly since
likely prediction of 300600 satellites. When all this data is theé number of subhalos has been shown to correlate strongly
combined, the consistency is rather surprising. The region%hak) concentration and formation history (Zentner et al.
spanned by the upper and lower 95th percentilezfas, of )._ In the remainder of this work, we assume that the sub-
Milky Way mass halos, as well as thé ~ 10°M,h* from halos invia Lactea are representative of the Milky Way, but

Abel et al. (2002) and th,, = 8 x 10K falls entirely within this distribution, and the possible bias, should be kept in mind
the constraints of Tollerud etlal. (2008). It is important to note When detailed numerical results are given.

that these results rely on simulations using completely differ-
ent sets of physics. The limits dvl; are set from hydrody-

4.3. Luminosity Function

namical simulations as discussed [n_§2.2, whilezkg, and While Figure[3 shows that the total number of subhalos
Nsats limits come from N-body simulations that model only hosting satellite galaxies may be strongly dependent on the
collisionless physics. time of reionization, it is necessary to understand the proper-

One caveat that must be kept in mind when interpreting Fig- ties of these affected halos, i.e., are they all low mass objects
ure[3, is that we have assumed the particular subhalo populathat we expect to host low-luminosity galaxies, or do they fill
tion of via Lactea is representative of a typical Milky Way a larger range in satellite parameter space? In order to quan-
mass halo. While only a handful of such ultra-high resolu- tify the expected impact on observations, we must firstimpose
tion simulations have been conducted, it is already apparenthe relevant observational cuts on our satellite distribution.
that there is a wide distribution in the number of subhalos in For each subhalo, we calculatg,, the distance from a point
halos of similar mass. In particular, currently the three most 8kpc from the center ofia Lactea. Figurel4 shows this dis-
well resolved halod (Diemand et Al. 2008; Stadel &t al. [2008;tribution as a function of magnitude for the modelo, = 9.6,
[Springel et al[ 2008) contain a factor of #5more subha- M; = 3x 10’h™*M. The open red circles show magnitudes
los thanvia Lactea at a fixed mass threshold, and it is esti- calculated using the abundance matching method (equation
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FIG. 4.— The distributions of satellite galaxy magnitudes as a function of FIG. 5.— Luminosity functions for observations and model predictions.
distance from the sun in a model withjon = 9 andM; = 3x 10’lh™*M . The The long-dashed line shows the observed Milky Way satellite luminosity
open red circles show magnitudes assigned using the abundance matchinfynction corrected for sky coverage and depth effects, while the cyan swath
method (equatiofll 1) and the filled green triangles have magnitudes assignedepresents the statistical error. The red dotted, green dashed, and blue dot-
using the Bruzual and Charlot stellar population synthesis (SPS) code. Thedashed lines represent reionization models of varyiagn = 6.6,9.6, and
cyan stars show the distribution of the observed Milky Way satellites. The 11.6, respectivelyM is set using the virial temperatur&, (M) = 8 x 10°K.
solid line shows the completeness depth of the SDSS survey as given byThe thicker set of lines shows predicted luminosity functions using an ex-
equatior B. trapolated abundance matching method to assign luminosities to the galaxies.

The thinner set of lines use a stellar population synthesis model to predict the

. . . . luminosities.

[I), and the filled green triangles use the population synthesis ] . )
model. We then impose the cut defined by equdfion 3 above0f changingzeion is to change the total number of satellite
shown as the black line. Because we expect this subset t@alaxies, this serves to change the overall normalization of
best match the observational sample, this cut is imposed forthe luminosity function while retaining the slope. Although
all subsequent comparisons. While only affecting about 20%not shown here, changindg; for a fixed zeion has a similar
of our satellites, objects as bright & = -7 are cut. The  effect.

distributions of the Milky Way dwarfs are overplotted for ref- ~ The high level of agreement between our SPS model

erence. and observations comes from tuning the efficiency param-
Again, because the magnitudes set by the abundance matcleter, ¢, to match observations independently for all values
ing method are not directly impacted by, andM;, the dis-  Of Zeion. Thus, the three curves in Figuké 5 have values

tribution of objects iVl —rg,, Space in not strongly impacted ¢ =0.1,10, and 300M, /yr, which were selected for no phys-
as these parameters are varied. In particular, adjusting thesigal reason other than to match the luminosity function. It
parameters only results in the presence or absence of object§, however, interesting to note that the faint-end slope of this
with low My as low mass subhalos gain or lose the ability to model almost perfectly matches the observations. The un-
host satellite galaxies. Individual objects will, however, have derprediction of luminosities at the bright end can potentially
a significant dependence on magnitude in the SPS model bebe explained by residual, ongoing star formation. At least
cause adjusting these parameters impacts how long star forone of the classical Milky Way Dwarfs, Leo |, shows signifi-
mation is allowed to proceed for, impacting the amount of cant evidence — while Fornax shows slight evidence — for re-
mass that can be converted into stars. In addition to form-cent star formation after the epoch of accretion (Mateo 1998;
ing new satellite galaxies, pushizgion to later epochs also  [Mateo et all 2008). If we were to allow some such process in
causes the existing satellites to brighten. our 4 brightest objects the model will likely fit the observa-
Figure® compares the luminosity functions from our model tions significantly better.
with observations. The thicker lines show magnitudes set Finally, we consider the ration of mass to luminosity in
by the abundance matching method, and the thinner linesthe top panel of Figurel 6. Here, we plot the mass to light
by the SPS model. For this plot, we have fixigld to be ratio of thevia Lactea subhalos using their virial masses at
set by theTi; (M) = 8 x 103K relation and varietzeion = time of accretion and luminosities assigned from the abun-
6.9,9.6,and 116 (red dotted, green dashed, and blue dot- dance matching method f@fio, = 9.6 as red circles. Solid
dashed lines). The black long-dashed line with points showscircles represent objects within the SDSS magnitude limit,
the observed luminosity function, while the cyan region sn < Reomp(Mv), WhereReomp is given by equatiob]3. Open
shows the Poisson errors about this distribution. circles are satellites outside this limit. This model naturally
Overall, both the abundance matching and SPS methods rereproduces a wide range bf/L rations, spanning from £0
produce the observed luminosity reasonably well. The levelto 1(, with a clear trend with luminosityM /L oc L7052,
of agreement for the abundance matching method in particu-Green triangles represent luminosities calculated using our
lar is rather impressive since the method 1) ignores all baryonSPS method. This method reproduces a similar trend with lu-
physics such as star formation, 2) assumes all galaxies haveninosity but with a larger dispersion. We have included mea-
average color, and 3) extrapolates number densities down teurements from the Milky Way as the cyan stars. In order to
regimes where the method has not been tested and whermodel the masses of these objects, we toolthevalues for
small-scale processes may produce a significant amount ofhe mass within 300kpc published in Strigari et lal. (2008) and
scatter in thevmax— My relation. Because the primary effect converted those to subhalo masses using their published rela-
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FIG.7.— The peak circular velocity functions for subhalos hosting
satellite galaxies. The solid line shows the velocity function forvadl
106k | Lacteasubhalos. The red dotted, green dashed, and blue dash-dotted lines
! ! ! ! : show the distribution for subhalos hosting satellite galaxies Zgp, =
10° 10° 10 10° 100 10 6.6,9.6, and 11.6 withT;; (M) = 3 x 1(BK, as in Figurdh. The long dashed
LvlLd black line shows observed distribution for Milky Way satellites, corrected for

sky coverage and detection efficiency. The cyan bands show combined Monte
FIG. 6.— Top Panel: The ratio of subhalo mass at the time of accretion to Carlo and statistical errors.
luminosity for our abundance matching model (red circles) &ith, = 9.6.
Filled circle represent halos that are within the SDSS completeness radius, . . .
equatior[B, while open circles are outside this distance. Cyan stars represennass ofTyi;(My) = 8 x 10°K as in Figure[b. Here, the solid

Milky Way satellites. In order to make this comparison, we used the values plack line shows the distribution for alla Lactea subhalos,

for mass within 300 kpc at the present epddg,z, published i Strigari et al. ; _
(2008) and converted them to subhalo masses using their published relatioriNhlle.the. re(_j dotted, green dashed, and blue dot daShe_d show
for the averagdipm (Mg 3) calibrated to N-body simulation®ottom Panel: he distributions from our model for three valueszfo, =

The relation betweeNg 3 and luminosity for our abundance matching model 6.6, 9.6, and 11.6. Because the abundance matching method
and observations. Here, we have converted the masseswéthactea sub- was more successful than the SPS model in reproducing the
halo toMo 3 values using the formula provided by Sigari &t B. {2008). observed luminosity function without the need to tune any pa-
rameters, we only include satellites that pass the radial cut of

equatiori B using the abundance matching criteria. As can be

mass of the subhalo at the time of accretion. We must cautiongo oy 5 earliezion Suppresses the distribution of subhalos
that this relation is expected to be dependent on cosmologywi,[h all values oy, although the effect is more pronounced

and ignores all scatter. The observations are remarkably welk, 1\ mass halos. Still, this suppression is present even for
matched by our model with excellent agreement for all but Viax 2, 20Km/s, where most of the classical dwarfs live. This

the most most luminous galaxies. In the lower panel of Fig- ; " . ; ;
urel@ we consider this data in a different way by plottiigs g]r? éﬁitriisnt(?seilﬁggn can effect satellite galaxies of all masses

as a function of luminosity. Here, we take the data directly - ; - :

Strioari et a ! ; The long-dashed black line with data points again rep-
from(Strigari et al .'ms) and convert thia La_lctea subhalo resents the observations. Thgax values for the satel-
masses tdvip 3 using the above formula. While the numbers

; ; lites, including errors, were calculated using the method of
are in general agreement, the abundance matching model (r (20075,a) using kinematic data taken from the
circles) shows a clear trend with luminosig s o< LYY, as ' : -

: 3 X Ly literature (Walker et al. 2007; Simon & Geha 2007). The line
opposed to the observations (cyan stars) which indicate morg a5 calculated using the 22 observed satellites zzmd correct-
of a common mass scale. The trend in our model results d"ing them for SDSS sky coverage and detection efficiency
rectly from the abundance matching method, which assigns(cnosoy et all 2008). The cyan region denotes errors on
luminosities to subhalos satellite based \fx at the time  this'curve and were calculated using a Monte Carlo approach.
of accretion. The addition of scatter into either thgVmax) In this approach, published errors are used where possible;
or Mo 3(Mvir) relations, which we expect at these low mass \here no robust errors are published, the average error distri-
scales, can help to flatten this trend slightly and bring it more , i is mapped onto the remaining SDSS dwarfs. While this
in line with observations. The SPS model (green triangles) ,ocess does not produce uncorrelated error bars, it should be
also produces a similar trend with luminosity albeit with asig- gjgnificantly more robust than simply using statistical uncer-
nificantly larger scatter, making the slope of Mgs(Lv) rela-  tainties. We should also note that, because the reconstruction

tion consistent with zero. Previous studies of simulations have ; :
- — -k of vimax from observations gives a very strong lower bound but
observed a similar trend (e.., Maccio’ etlal. 2008; Li et al. only a weak upper bound, the errors on the lowest points are

2008; Koposay 2009) using semi-analytic modeling of galax- ahaply underestimated because very few satellites will scat-
ies and/or subhalo distributions. ter into this bin as we create a Monte Carlo representation of
. . . S the distribution. These systematic errors were combined with
4.4. Circular Velocity and Radial Distributions statistical errors assumir¥g a Poisson distribution.
We next consider the mass distribution of the satellite galax- Figure[8 further explores the impact of varyingo, on the
ies hosting halos. Figuid 7 shows the changes invihg properties of the satellites and the subhalo hosts by consider-
distribution for satellites ag.ion is varied, given a threshold ing the radial distribution within the halo. The lines represent

tion Mg 3 = 10'M & (Myir /10°M,)%35, whereMy;; is the virial
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late the amount of cold gas in a halo of m&éds They cal-
culate a filtering massyi¢(2), the mass of a halo that looses
half its baryons compared to the universal baryon fraction in
the presence of a photoionizing UV background. This mass
3 is related to the baryon fraction of a halo of maéssia the
relation

1000

1000

_ fba on
fgadM.2) = [1+0.26Mryf(z) M]3’ ©®)

where the details for calculating the filtering mabkf;, are
given in[Gnedin [((2000) and Appendix B mw.
(2004b).
The crucial point in using the values é§ss from [Gnedin
(2000) lies in how these fractions are related to the amount of
! cold gas available for star formation. There are two bracket-
01 R, 1.0 ing possibilities: either the gas is spread out over the entire
o halo and is hot, in which case the star formation rate is zero,
Fic. 8.— The radial distribution subhalos hosting sateliite galaxiesan ~ OF, there is a small clump of cold gas in the center, with a mass
Lactea. The lines represent the same populations as in Fidure 7. given by fgadMhaio, that can form stars. Our interpretation, in
. o which the gas is assumed to be hot fgys < 1, is consistent
the same populations as in Figlile 7. Here, the errors on theyith the first possibility, while these previous studies have im-
observations are purely Poisson. Again, there is strong trendyjicitly assumed that all the gas is cold.
for an early reionization epoch to suppress the abundance of There are several reasons to favor the hot gas scenario.
satellite galaxies at all radii, but, in part because the data ispost importantly, Gnedir (2000) did not distinguish between
rather noisy, it remains easy to match the model to the obsertot and cold gas when calculating the gas fraction. The as-
vations. . . o . sumption that the gas is cold is only valid for halos that had
Finally, using our magnitude-limited sample of satellites collapsed before the reionization epoch, and were then sub-
from the abundance matching method, we can attempt to puject to photo evaporation due to the UV background. Such
constraints orZeon andM;. We calculate theg? errors be-  cold gas would only survive for one photo evaporation time,
tween thevnax distribution for observations and our models which, according to the numerical simulations_of Iliev et al.
and plot the 95% confidence levels as the yellow contour in (2005%), is likely to be less than 500 Myr, corresponding to
Figure[3. We use thenay distribution to generate this con- Az < 2 atz < 6. After such photo evaporation, the halo
straint because it is less sensitive to the modeling of the mag-could only accrete hot gas, which would be unlikely to form
nitudes than the luminosity function is, with the modeling stars given its low density and long cooling time. Moreover,
only coming into play when making the SDSS magnitude- due to the exponential growth of the abundance of halos with
limit cut. Because the Monte Carlo method underestimatesmassesw 10®M,, during reionization, it is likely that most
the error on the lowestyax point in Figurel Y, we exclude it halos present after reionization were only just collapsing, and
from our constraints. There is a strong degeneracy betweenhys did not have any cold gas capable of forming stars in the
Zreion and My, with the curve tending to prefer models result- first place. We therefore interpret the gas fractidgps < 1
ing in ~ 20-400 total satellites. If, however, we impose the reported by Gnedin (2000) after reionization as corresponding
condition that galaxy formation begins when a halo_ reachesto hot gas whergas < Qp/Qm.
virial temperatureTyi (M) = 3 x 10°K we can constrain the  Another related caveat in usinfyss to model the depen-
time of reionization t@eion = 9.6:39, with 119252 satellites.  dence of star formation history on reionization is that the
Note that these errors assume that the dark matter substructunealue of fg,s reported by Gnedin (2000) israean value, for
of the Milky Way is identical to that of theia Lactea halo; all halos in the box, regardless of whether they are in ionized
if the Milky Way is more typical for its mass it may have a regions or not. In reality, those halos that were reionized ear-
larger total number of observable satellites. A further succesdier have lower gas mass fractions than those that were reion-
of this model is that, when we constraigion Using thevmax ized later. Using the average valuefgfsfor all halos under-
function, we naturally reproduce both the observed luminosity estimates the sharpness of the transition for halos that were
function and radial distribution, as shown by the green dashedonized at a given time. Because our reionization redshift is
lines in Figure$b andl 8. We should, however, caution againdefined for agiven halo (as opposed to a universal time for the
that much of this depends on the particular realization that isuniverse), we expect the transition in gas fraction to be much
thevia Lactea halo, and that more statistics will be necessary sharper than that given by averaging over all halos, each with

100 "

dN/dlog(R)

10F

for a more robust prediction. differing values ofzeion, as was done by Gnedin (2000).
The difference between these scenarios — whiggerep-
5. COMPARISON WITH PREVIOUS WORK resents the fraction of hot in a halo consistent with our abun-

Our result that the number of satellite galaxies is strongly dance matching and SPS models as opposed to the fraction
dependent on the redshift of reionization is at odds with someof cold gas available for star formation — is illustrated by
previous studies, including the worklof SomerVille (2002) and Figure[9, which shows the evolution d§a{M,2), the ma-
Kravtsov et al.[(2004b), although these studies primarily fo- terial available for star formation, with redshift. The upper
cused on the classical satellite galaxies in the Milky Way. The and lower pairs of lines in the figure represent halos with
primary difference in our models rests on the assumption ofmassM = 1®h™*M., and 16h™*M. The solid and dashed
how reionization effects the presence of cold gas. These prelines represent models where the universe reionizes at differ-
vious studies have used the model of Gnledin (2000) to calcu-ent epochsz = 6.6 and 11.6, respectively. At high redshift,
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FIG. 9.— The fraction of mass in the form of cold gas as a function of FiIG. 10.— The luminosity functions from our SPS model for both the case
time. The solid and dotted lines are calculated usingyersalreionization of an instantaneous gas heating (thin lines) and a more gradual turnoff as
epochsz = 6.6 and 11.6, respectively. The lower (black) and upper (red) given by equatiofi]5 (thick lines). Colors and line-styles represent different
pairs of curves show the predictions from Gnkdin (2000) for halos of mass epochs of reionization as in Figurk 5

Mpm = 1Ph M, and 16h™IM,, respectively. The vertical lines represent . o
the model used in this work, where the reionization time of the subhalo is model is remarkably stable. This is because, even though the

Zeion = 6.5,11.5 for the solid and dashed lines. The horizontal dotted line rate at which gas heats varies with reionization time, the grad-
shows the universal baryon fraction. ual turnoff causes roughly the same amount of stellar mass to
form in an average halo regardless of the reionization time.
halos have a gas fraction equal to the universal baryon frac-The average stellar masgg(M«aiar)), changes by less than
tion. As time evolves, thégy,s of the average halo decreases 5% aszeion varies from 11.6 to 6.6. For our rapidly truncating
rather slowly, due to photoionization heating as halos begin tomodel, however, the amount of gas converted into stars clearly
be exposed to the UV background. Changing the redshift ofdepends on the time of reionization. This raises an important
reionization affects the rate of transition from the cold to the point, in that while there is some disagreement as to the im-
hot phase, but the overall shape of the transition is preservedpact the time of reionization has on the satellite galaxy popu-
As we emphasized above, because the average over all haldation of a halo, the rate at which star formation is squelched
was used to calculate the filtering mass, this is likely an accu-can also have a significant impact on the population.
rate description of how reionization effects the gas content of In order to understand why the luminosity function does
an averagenalo of masaVl given a universal redshift epoch. not vary withzejo, in this model, it is necessary to look at the
We contrast this with the model used for this work, shown by magnitudes of individual galaxies. The most massive subha-
the vertical lines indicating a sharp cutoff in the presence of los invia Lactea are larger than the filtering madd;, and are
cold gas at the time at which the halo reionizes is mass inde-therefore unaffected by changes in the reionization epoch. In
pendent. While we acknowledge that we are ignoring effectsorder to understand why the dim end of the luminosity func-
such as atomic recombination and additional cooling for high tion has such a weak dependence on the reionization epoch,
mass objects that should not quite reduce the cold gas fractionve note that, as pointed out/in Koposbv (2009), halos in this
to zero after reionization, we expect that such a sharp transi-model with a gradual turnoff of star formation create a large
tion from the cold to hot phase more accurately describes thenumber of stars aftegeio,. Additionally, as seen in Figufé 9,
evolution of an individual halo. there is a transition epoch aroune 3 between suppression
The difference in the resulting star formation histories in the and enhancement d§,sfor early and late reionization times.
two scenarios discussed above is dramatic. To show this exAt early epochs, an earl¥.ion suppresses the amount of gas
plicitly, we have re-run our population synthesis model using in a halo of a given mass relative to a late reionization because
the more gradual star-formation squelching model of equa-of the additional energy input to the system. However, at late
tion[3 instead of an abrupt squelching for settifdgdgas in times, the earlyzeion actually causes an enhancement rela-
equatior[®2, although we still assume an abrupt end to startive to later reionization because the expansion of the universe
formation when the subhalo is accreted onto the host halo.since reionization causes adiabatic cooling. This transition is
The result, shown in Figufe 10, is that the luminosity func- roughly independent of mass. Thus, there are two regimes:
tion of the satellite galaxies becomes largely independent ofSubhalos that that accrete onto the main halo early, before
the reionization epoch, in agreement with these previous studz= 3, must get dimmer a&ejon increases, because star forma-
ies. Here, the thin lines represent our model with an instanta-tion is suppressed at all epochs. However, objects that accrete
neous gas heating, while the thick lines show the gradual turnrecently pass through a phase where earlier reionization en-
off from equatiorb. The red dotted, green dashed, and bluehances star formation, potentially allowing such satellites to
dot-dashed show the effect of changing the reionization time,brighten with.
Zeion = 6.6,9.6,11.6. We should note that, unlike in Figure This trend between star formation and time is seen in Fig-
B, we did not tune the parametetsande of equatiof 2 to  ure[I1, which plotsA(My), the difference in magnitude for
reproduce the observational sample at all valuez@f, but individual satellite galaxies between ear,, = 11.6) and
just set the parameters to fit thigjon = 9.6 model. While the late Zeion = 6.6) reionization, as a function of accretion time
instantaneous-squelching model shows dramatically differentwithin the context of a gradual star formation turnoff. Positive
luminosity functions as.ion is changed, the gradual cutoff values represent satellites that brighten with early reioniza-
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work we adopted a more physically motivated model where
the star formation rate depends on the halo mass, resulting in
M. x [Mgydt (e.g.[Juneau et dl. 2005; Noeske ét al. 2007;
. ; Zheng et al. 2007; Conroy & Wechsler 2008), where we inte-
2r - T grate over the time between when the halo first crosesd

T f the reionization epoch. Changing the parametetirectly
allows us to adjust the slope of the luminosity function and
merge the two populations into a single, continuous distribu-
tion. In particular, the value = 2, measured from high mass
objects [(Conroy & Wechsler 2008;_Drory & Alvarez _2008)
provides a close fit to the data, Figlide 5. Thus, we conclude
that a sharp cutoff of star formation can closely match the ob-
servational data.

6.6) = M/(Z¢ion= 11.6)

reion —

My(z

0 1 5 3 4 5 6 6. DISCUSSION AND CONCLUSIONS
Zacoretion 6.1. Future Work

Fic. 11.— The change in magnitude for satellite galaxies between late  The analysis in this paper opens the door for a significant
(z=116) and early £= 6.6) zeion Using the model motivated by Gnedin  number of future studies. In particular, better statistics from
ﬁt@lb% where the amount of cold gas is given by equdlon 5. Galaxies thatjyoth simulations and observations are necessary to distinguish

ave been accreted more recently are brighter for eazligr, due to the - 8
boost in star formation from adiabatic cooling. The opposite trend is present between the_ m_o_dels c_ilscussed here and_conf'rm the resu't that
for galaxies that are accreted earlier. Zeion has a significant impact on the satellite galaxy population

of a Milky Way mass halo.
tion, while negative values represent objects that get dimmer On the simulation side, we need further analysis of both
with early reionization. There is a clear trend Withcretion: large scale and high mass-resolution simulations. By pro-
Prior toz = 3, all objects have negative values 5 (My), as viding excellent statistics, large scale simulations of regions
expected from Figurel 9, while objects that accreted more re-from 100-1,00ch™*Mpc will yield a significant amount of
cently have both positive an negative values, with the mostinformation about a wide range of properties of Milky Way
positive values (strongest brightening from earlier reioniza- mass halos, including environmental effects on both the reion-
tion) coming from the most recently accreted satellites. Thus,ization time and subhalo population as well as any correla-
while z.ion does effect the magnitude of a given satellite in the tions between the two. Clearly, there should be some cor-
context of a model with a gradual star formation turnoff, there relation between clustering or the proximity to groups and
are two competing effects that cause the luminosity function clusters withz.jon Since such massive objects are the earli-
to be unchanged. This is likely the explanation for the re- est sources of photoionizing radiation. Additionally, studies
sults of Somerville((2002) and Kravtsov et al. (2004b) who of halo assembly bias (e.¢., Gao etal. 2005; Wechsler et al.
concluded that.jon has no effect on the satellite galaxy lumi- 1. 2008) have shown correlations between halo
nosity function. Hydrodynamical simulations also tend to dis- assembly history, clustering, and substructure population. It
favor this scenario. As shownlin Abel & Haehnelt (1999) and is therefore likely that these properties will also correlate with
[Sokasian et all (2002), quasar activity aroard 3 -4 would the reionization time. Understanding such relations could al-
have resulted in an epoch of Hell reionization, something notlow us to measure the environment of the local group to both
considered in the calculations|of Gnedin (2000). This would more robustly understand the subhalo population of the Milky
have resulted in additional heating of the gas at these epochs/Nay and provide an alternate estimate for its reionization his-
likely destroying both the enhanced recent star formation ac-tory. Such measurements could help confirm or refute the
tivity due to early reionization and independence of the satel-model presented here.
lite galaxy luminosity function on the epoch of reionization. So far we have only applied our model to a simulation of

We also reach different conclusions than the recent worka single halo. By studying additional, more highly resolved
of [KoposoV (20009) as to whether an abrupt or a gradual starhalos, we can both strengthen our predictions and accurately
formation truncation more accurately matches observations.quantify the expected scatter in satellite galaxy population
In particular, they note a bimodality in the luminosity func- givenzeion Or an expectedsysfor our model. Also, as noted
tion for an abrupt cutoff to star formation. Their model dif- previously, it has been demonstrated that_actea contains a
fers from ours, however, in the key respect that they assumerelatively low number of subhalos for an object of its mass. A
a halo converts a constant fraction of its gas mass into starsricher halo would change our results by predicting either more
resulting in stellar mashl,. o« Mpy, whereMpy is the dark satellite galaxies or an earlier reionization epoch. Higher res-
matter mass at either reionizationo 0, depending on the  olution will also allow us to accurately measure the distribu-
mass of the halo. This results in a low-luminosity popula- tion of mass down to scales of 300 kpc, easing comparisons
tion of galaxies unable to form stars after reionization, and with observations as in Figufd 6. Indeed, these scales are
a higher luminosity population that can form stars. If we now accessible to some of the most recent simulations (e.g.,
adopt such a model and apply it to thie Lactea subha- Diemand et al. 2008; Springel et al. 2008; Stadel &t al.|2008).
los we reproduce a similar set of populations, with a pop- Finally, new high resolution simulations of the detailed hy-
ulation of dim satellites in a very narrow luminosity range drodynamics of star formation in the early universe can give
separated from a brighter population made up of the 7 mostus a better handle on how rapidly we expect reionization to
massive subhalos that are able to sustain ongoing star formatruncate star formation by more accurately modeling the rate
tion after the reionization epoch. As Kopasov (2009) note, at which the gas in small halos is heated. Such simulations
this is a poor match to the observations. However, in this could also give independent predictions for the values of
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ande in equatioi 2, providing another way to test our model. shown. While these two interpretations of rapid and grad-
There are also a number of additional observational mea-ual gas heating bracket the most extreme interpretations, their
surements that would help in understanding the validity of the discrepancy indicates that further study into the exact heat-
models presented in this work. Most directly, deeper surveysing rate is necessary since they predict completely different
will aid in quantifying the abundance of substructure by both dependences ion.
extending the luminosity function to dimmer galaxies within ~ Assuming a rapid heating of the gas from the photoionizing
the Milky Way, and providing measurements of other systemsbackground, the reionization redshifi,, impacts the ability
such as M31. Upcoming surveys such as DES, PanSTARRSpf subhalos of nearly all masses and radial distribution to host
and LSSTI(Abbott et &l. 2005; Kaiser etlal. 2002; Ivezic ét al. satellite galaxies, with a strong impact on the satellite galaxy
2008) will map the distribution of galaxies at more than 3 dex luminosity function. In spite of the simplicity of the model,
deeper than SDSS over the entire sky, potentially discover-the results are consistent with both observations and detailed
ing hundreds of new satellites. These improved observationshydrodynamical simulations of stellar formation. Extrapolat-
may also give us a better handle on mass measurements dfg the observed bright end relation betwegnx and lumi-
the satellite galaxies. The depth will also allow us to poten- nosity down to satellite-sized objects, we are able to closely
tially probe the bright end of the satellite luminosity functions reproduce the luminosity function of the Milky Way tuning
for thousands of Milky Way mass galaxies at distances out toonly the parameters of reionization. This is an additional in-
~ 60Mpc. As with additional simulations, the statistics pro- dication of the robustness of the abundance matching method
vided by these observations will provide significant discrimi- for assigning luminosities to dark matter halos.
nating power when applied to the models of this work. Because it is minimally impacted by methods for assign-
Additionally, there is hope that detailed studies of the star ing magnitudes to galaxies, we can use observations of the
formation history of the local satellite galaxies can help by satellitevyay function to place constraints on the reionization
directly measuring both the reionization history and rate at epoch of the Milky Way. This observed distribution is best re-
which reionization quenches star formation. Because thecovered for a reionizatioReion = 9.63;2, slightly more recent
gradual star formation truncation given by equafibn 5 resultsthan the “instantaneous” value of 11.2 from the WMAP5 data
in a significant amount of stars forming aftggion, detailed (Komatsu et al. 2008). This value is also in excellent agree-
modeling of star formation may be able to discriminate be- mentwith the predictions from Weinmann et al. (2007) for the
tween models with rapid and gradual truncation of the star reionization redshift of a Milky-Way mass halo. This model
formation rate. Unfortunately for such modeling, any star- predicts that the Milky Way should host roughly 120 satellite
burst activity occurring after a satellite accretes onto the hostgalaxies. Such a value faion also produces a good agree-
halo would greatly confuse the results. Because of this, wement for the radial distribution of satellites and the luminosity
will likely have to concentrate on the dim end of the satellite function when the abundance matching method is used. It
luminosity function, restricting such studies to the Milky Way must still be cautioned, however, that this result depends on
and potentially M31. assumption that théa Lactea simulation is representative of
the dark matter distribution in the Milky Way. We get similar
6.2. Summary agreement when we adopt a model wh&FR «x Mg,,, al-

Following the recent work of Alvarez etlal. (2008), we pre- thoughitis important to note that this model has a tunable pa-

dict a broad range of reionization times for Milky Way mass fameter. Still, it is able to reproduce the slope of the dim end
halos, ranging fronZeion ~ 6—-12. We find that the time  ©Of the luminosity function almost exactly and some late time

of reionization can have a significant impact on the satellite tsrt]ar(fol_rn;:ta)tli)n, ‘?Ons'?t&”t ‘é"'_thh(t)bsegv?lf'h(?”sy will h_eltp rei"e‘_{{ﬁ
galaxy population of a Milky Way halo. We investigate pre- th€ (Slight) tension at the bright end. This IS consistent wi
dictions for a simple model where, in order to cool gas and the recent work 9). Our work lends further
form stars, a subhalo must reach a threshold mislssby strength to the growing body of.re“search that suggests that
Zeion, the time it reionizes. This model predicts a strong de- there really is no “missing satgalhte problem for the Milky
pendence of the satellite galaxy populationz,; we find Way and that the next generation of surveys may allow us to
that the number of satellites can vary by an order of magni- understand the entire population of local satellite galaxies.
tude for a fixedVl;. This result is in contention with a number

of previous studies which have shown minimal impact&f,

on the satellite population. The differing results are likely due  MTB would like to thank B. Gerke for many helpful dis-

to differing assumptions about the rate at which the UV back- cussions, as well as J. Diemand and collaborators for mak-
ground squelches star formation. Previous studies have usethg the results of theia Lactea simulation public. MTB and

a gradual transition from the cold to hot gas phases, based th&HW also thank their collaborators on the LasDamas project
the work of. Gnedin[(2000) to predict the amount of cold gas for critical input on the Gpc simulation, which was performed
available for star formation retained by a halo during the pro- using the Orange cluster at SLAC. This work was partially
cess of reionization. Instead, we interpret this calculation to supported by NASA ATFP grant NNX08AH26G and NSF
be more indicative of the total amount of gas in the halo, and AST-0807312. RHW was supported by a Terman Fellow-
assume that it is rapidly heated to a hot phase so that star forship at Stanford University. LES acknowledges support for
mation is very quickly stopped. Additionally, if the heating this work by NASA through Hubble Fellowship grant HF-
process causes a slow star formation truncation, we believed1225.01 awarded by the Space Telescope Science Institute,
that the quasar Hell reionizationat 4-3 will alter the star ~ which is operated by the Association of Universities for Re-
formation history such thatjo, will more strongly impact search in Astronomy, Inc., for NASA, under contract NAS
the satellite luminosity function than previous studies have 5-26555.
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