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ABSTRACT

We study the abundance of satellite galaxies as a functigriofary stellar mass us-
ing the SDSS/DR7 spectroscopic catalogue. In contrast priéivious studies, which fo-
cussed mainly on bright primaries, our central galaxies spavide range of stellar mass,
1075 < MP"/Ms < 10!, from dwarfs to central cluster galaxies. Our analysis cori
that the average number of satellites around bright prissarivhen expressed in terms of
satellite-to-primary stellar mass ration{**/M?!"), is a strong function of\/f™. On the
other hand, satellite abundance is largely independentiofapy mass for dwarf primaries
(MP™ < 10'° My). These results are consistent with galaxy formation moidethe ACDM
scenario. We find excellent agreement between SDSS dataeamehsalytic mock galaxy
catalogues constructed from the Millennium-11 Simulati®atellite galaxies trace dark mat-
ter substructure iINCDM, so satellite abundance reflects the dependence on laale o,
of both substructure and galaxy stellar mag&.). Since dark matter substructure is almost
scale-free, the dependence of satellite abundance onmyrinasss results solely from the well-
defined characteristic mass in the galaxy mass-halo maatsorel On dwarf galaxy scales,
where models predict a power-law scaling, o« M35, similarity is preserved and satel-
lite abundance is independent of primary mass. For priradmighter than the characteristic
mass of thel/,.- Mo relation, satellite abundance increases strongly witln@ry mass. Our
results provide strong support for the steep, approximgtelver-law dependence of dwarf
galaxy mass on halo mass envisionediDDM galaxy formation models.
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1 INTRODUCTION spheroidal to the Large Magellanic Cloud) inhabit haloemnsing
just over one decade in virial mass. Furthermore, very fdaxigs
exceedingl0® M, are expected to have haloes with virial masses
below10' M.

These predictions have been recently challenged by a séries
observations, including (i) the lack of a characteristiouity at the
faint-mass end of blind HI surveys (expected if most dwavis ih
similar haloes, Zwaan etal. 2010; Papastergis|et al.| 2@k {ii)
the low virial mass (substantially belowd'® M) inferred from
dynamical data for the dwarf spheroidal companions of thiyMi

"Way (Boylan-Kolchin et gl. 2012) and for nearby dwarf irregs
(Ferrero et al. 2011). The evidence, however, is indiréateshalo
masses are estimated by extrapolating data that probetmnigrier
few kiloparsecs, where most baryons reside.

We explore here the possibility of using satellite galaxies

1 Virial quantities are defined at the radius from the centeeaxth halo help constrain the virial masses of dwarf galaxies. Thetakiio-

where the mean enclosed density eqlé times the critical density of ~ tions of satellite companions have often been used to etgtima

the Universe and are identified by2a0 subscript. Units assume a Hubble ~ halo masses (see, e.g., Zaritsky et al. 1997; Erickson 6809,

constant ofHy = 73 km s~ Mpc—! unless otherwise specified. McKay et al.| 2002| Prada etlal. 2003; van den Boschlet al.| 2004;

Matching the galaxy luminosity function in thdCDM sce-
nario requires that the stellar mass of galaxi@d,, should
vary strongly with the viriﬂ mass, Msoo, of their surrounding
dark matter haloes. This exercise implies that the “efficjérof
galaxy formation, as measured by the ratif. /M200, decreases
steadily toward both smaller and larger masses from a marimu
at Mago ~ 102M (Moster et al! 2010;_Behroozi etlal. 2010;
Guo et al! 2010, 2011a). On the scale of dwarf galaxigs (<
10'° M) these models require a near power-law dependence
M. o« M2, in order to reproduce observations of faint objects.
Such a steep/.- M2 relation implies that dwarfs differing by as
much as three decades in stellar mass (e.qg., from the Fomet d
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Brainerd 2005, Conroy et al. 2007), but this work has lardelgn
restricted to systems similar to or brighter than the MilkgyVThis

is partly due to the difficulties in obtaining redshifts fairit ob-
jects. In addition, satellite companions are less commaourat
dwarf galaxies than around larger systems: the number ef-sat
lites brighter than a certain fraction of the primary lunsitg,
N(> L**/LP™), declines strongly toward fainter primaries (e.g.
Guo et al. 2011h; Wang & White 2012). Dwarf galaxy assocretio
do exist, but only a handful have been observed (e.g.. Tully e
2006).

In ACDM, where satellite galaxies are thought to trace the
substructure of cold dark matter haloes, satellite systamasex-
pected around all central galaxies, regardless of lumiposhe
number of satellites, and their dependence on primary rahes|d
just reflect the abundance of substructure modulated byaperd
dence of galaxy formation efficiency on halo mass.

Substructure abundance has been studied extensivelygthrou
numerical simulations, and shown to be nearly invarianh\dlo
mass |(Moore et al. 1999; Kravtsov et al. 2004; Gao et al. 12004;
Wang et all 2012). This result, together with the strict taists
on galaxy formation efficiency mentioned above, imply ttates
lite number counts provide useful information on the halssnaf
dwarf galaxies. In particular, the near self-similarityaafid dark
matter haloes provides an instructive test: if satellitaxjas trace
substructure then the abundancduwfinous satellites should also
be scale-free on scales where galaxy mass and halo masked re
by a featureless power-law.

We explore these issues here by identifying primary-stgell
systems in galaxy catalogues constructed from the SloaitaDig
Sky Survey and by comparing them with predictions from a semi
analytic mock galaxy catalogue based on the Millennium $&mu
tions. The plan for this paper is as follows. 9&c. 2 desciiiesly
the observational and model datasets whileSec. 3 presantsain
results. We summarize our main conclusions in Bec. 4.

2 DATA AND CATALOGUES
2.1 Satelliteand primary galaxiesin SDSS/DR7

We select primary galaxies spanning a wide range of steléegsm
7.5 < log(M../Mg) < 11, from the spectroscopic New York Uni-
versity Value Added Galaxy Catalog (NYU-VAGC). This caigle
was built on the basis of the seventh data release of the Sligan
ital Sky Survey (SDSS/DRY; Blanton et al. 2005; Abazajiaalet
2009).

We ensure isolation by imposing two conditions: (i) each pri
mary must be the brightest of all objects projected wittsnvitial
radius with line-of-sight velocities differing by less ththree times
the corresponding virial velocity; and (ii) no primary camlbcated
within the virial radius of a more massive system. Virial gtia
ties are inferred from the stellar mass, assuming the almeeda
matchingM..- Mg relation of_ Guo et al| (2010). Fainter galaxies
within a projected distance, < r200 and a line-of-sight velocity
difference|AVi.o.s| < 3Va00 are then classified as satellites (see
Sec[Z.2). We have checked that our results are not sensititei-
ations by factors of a few in these thresholds, nor to thetiadof
0.2-0.35 dex scatter to thd /.- Mg relation.

We apply volume and edge corrections to our sample in the
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Figure 1. Distributions of projected distance (black) and line-wmfis ve-

locity difference (red) for satellite galaxies in the senalytic catalogue,
binned by primary stellar mass. The minimum and maximum roésach
bin is quoted in each panel (in unitslofg( MY" /Mg )). The distributions
peak at around the virial radius and velocity correspontiireach bin (ver-
tical dotted line).

that the effective volume where satellites of a given akisatoag-
nitud difference with the primaryAM = M3 — MP* are (al-
most) complete varies strongly with/E™, or equivalently, with
primary mass. For instance, the average distance of prigeax-
ies with10.3 < log(M./My) < 11 is 320 Mpc when counting
satellites about a magnitude fainter. This number halvegpfis
maries withM, ~ 10'°Mg, and drops td5 Mpc for centrals
with 7.5 < log(M./My) < 8. Despite the smaller volume sur-
veyed for low mass galaxies, there are enough galaxies befhe
satellite population of even the faintest primaries in ample.

One might think that the detection of faint objects would be
aided by selecting satellites from the photometric catadogvhich
is complete down te- 4 magnitudes fainter than the spectroscopic
sample. This requires the stacking of primary galaxies astdtis-
tical background subtraction in order to identify the excesunt
corresponding to satellites (Lorrimer etlal. 1994; | aresl¢2011;
Nierenberg et all. 20111; Guo et al. 2011b; Wang & White 2012).
However, the signal-to-noise to carry out this subtracisdoo low
for our faint primaries #4°™ < 10° M). Our sample is then se-
lected purely from the spectroscopic catalogue. We disbrisfly
possible biases affecting faint, low surface brightnesamamions
in Sed3.

2.2 Satdliteand primary galaxiesin the semi-analytic model

We compare our SDSS results with the semi-analytic cateladu
Guo et al. (2011a), based on the dark matter only Millennium-
Il Simulation (hereafter MS-Il,_Boylan-Kolchin etial. 2011The

same way as Wang & White (2012). Completeness for SDSS spec-model parameters are carefully tuned to reproduce the éxber

troscopic data is estimated to be90% for apparent-band mag-
nitudes brighter tham,. = 17.7 (Blanton et al. 2005). This means

abundance of low-redshift galaxies over five orders of niagei
in stellar mass and 9 mag in luminosity. The semi-analyti@da
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contain full 3D velocity and positional information for aklax-
ies, and thus enables the evaluation of potential biasé¢snimabe
induced by the limited (projected) data available in obsgonal
surveys.

Fig. 1 and 9 of Guo et al. (2011a) shows that predictions for
galaxy mass are reliable in simulated haloes resolved wildeat
~ 200-300 dark matter particles. This corresponds roughly to
Moo ~ 2 x 10° Mg and M. ~ 10°Mg in MS-Il. We therefore
consider only galaxies with/, > 10° M, in the analysis below.

Galaxies in the semi-analytic catalogue inhabit dark matte
haloes and subhaloes identified using th&FIND group-finder
algorithm (Springel et al. 2001). Primary galaxies are tapti@l
objects of each halo; all other galaxies within the virialites are
considered satellites. The catalogue also includes “orphalax-
ies whose subhaloes have been disrupted due to numerical res
lution effects. The catalogue contains more thaf, 000 primary
galaxies in the mass range< log(M../Mg) < 12.

The semi-analytic data can be “projected” to mimic the same
satellite identification algorithm used for SDSS data (sg,,
Wang & White| 2012 for details). Notice that, because of tife di
ferent identification criteria applied, the projected Biéeand pri-
mary samples selected from the mock catalogue differ froen th
3D samples (where we use information about the conditioreas c
tral/satellite object from the UBFIND catalogues). This enables us
to calibrate the parameters of the identification procedu@der
to minimize the contribution of foreground and backgroubgeots
in our primary/satellite sample.

Fig[d show the distributions of projected distaneg, Ghown
in black) and line-of-sight velocity differenceA(;.,.s, shown in
red) between primaries and “true” satellites, groupedwes bins
of primary stellar mass. All histograms peak at the meaaMa-
dius and virial velocity of host haloes in each subsamphgicated
by the vertical dotted line. Although, by definition, sate must
be within the virial radius (i.e:, < 7,"** = r200), the upper bound
of the velocity difference is less clear, as the escape itgloypi-
cally exceeds the virial velocity of a halo substantiallythe inner
regions. The red histograms in F[g. 1 suggest that the large m
jority of true satellites have line-of-sight velocitiesatidiffer from
their primaries by less thaw 3V200. These considerations justify
the choices ;'™ = rag0 and AV = 3 Vaoo made to identify

.0.8

satellite/primary systems in the observational sample.(24).

3 RESULTS

As discussed in Sefl 1, the galaxy-halo mass relation isceegbe
to leave a clear imprint on the abundance of satellites ggdaas a
function of primary stellar mass. We explore these ideasignZ
using the semi-analytic catalogue described in Bet. 2.2.

Fig.[d shows, as a function of satellite-to-primary maswrat
the average number of satellites orbiting primaries ofdéht mass
in the semi-analytic galaxy catalogue. Primaries are ldnndog-
arithmic M., bins of0.5 dex width; the central mass value is quoted
in the legend. Satellites are identified in 3D, using the fokition
and velocity information available in the catalogue.
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Figure 2. Cumulative number of satellite galaxies within the viriatius
of primaries in the semi-analytic model of galaxy formatfoem|Guo et al.
(20114a). Symbols of different colors indicate the averagelper of satel-
lites computed after binning primaries by masib6 dex-width bins of
M,,;. Note that, on average, the number of satellites decreaiksder
creasing primary mass down fal,,; ~ 10'° M. Below this mass the
scaled satellite mass function becomes independent ofpyimass.

companion withms* /MP" = 0.1 drops further to~ 10% for
MP™ =10 M.

Interestingly, this trend does not hold for lower primary
masses. The satellite abundance, expressed in term?b/fo“,
becomesndependent of primary mass in the dwarf-galaxy regime
(MP™ < 10*°My). As discussed in Sed. 1, this reflects the feature-
less power-law scaling between galaxy and halo masses $e the
scales and is a prime prediction of the model testable byrefse
tion.

In order to take into account how projection effects and the
presence of interlopers may affect this result, we repeattial-
ysis using only projected positions and line-of-sight eéies, as
described in Se€.2.2. This enables us to select primariksatel-
lites in identical ways for both model and observationabdats.

Fig.[3 shows, for the mock (left) and SDSS (right) samples,
the average number of satellites witthand magnitude difference
equal to or smaller tha M = MP* — M3**, (This is the simplest
observational analog of the stellar mass ratio.) As in Eigwe
bin primaries according to their stellar mass, as indicatethe
legends. Error bars correspond to 100 bootstrap resanspiinttpe
data.

The left panel in Fig[ 13 shows that the projected data behave
similarly to the 3D sample: the abundance of satellites @i

Fig. [2 shows clearly that the average number of satellites of AM increases with\/P" for bright primaries|(Guo et al. 201/1b;

bright primaries increases strongly wifti?™. On average, a pri-
mary as massive a)'*-> M, is surrounded by roughly0 satel-
lites more massive thaih1 MP™. On the other hand, onky 40%
of primaries as massive as the Milky Way0t° ™ M) have one
satellite proportionally as massive. The probability oving a

(© 0000 RAS, MNRASD00, 000—-000

Wang & Whitel 2012) but becomes independent of mass for dwarf
primaries (P < 10'°Myg). The overall behaviour is in strik-
ingly good agreement with the SDSS satellite abundancesyrsh
on the right. Despite the large error bars in the faint-primains

(an unavoidable consequence of the limited effective velsur-
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Figure 3. Average number of satellites per primary witr-#and magnitude difference smaller or equalN@/ = Msat

— MP*™. Each curve correspond

to a given primary stellar mass range, as indicated by theldalihe left panel is for mock data from the semi-analyti@logue. Primary/satellite galaxies
are identified in projection, as outlined in 9ecl2.1. Errarskehow uncertainties from 100 bootstrap resamplings. Mwtdack of dependence aw P

for MP" < 1010M@. Right: Same but for galaxies in the SDSS/DR7 spectroscopic catalofjs in the left panel, isolated dwarfs with stellar mass
7.5 < log(ME™ /M) < 10 seem to populate similar dark matter halagfoo ~ 1010 — 10! M according to the simulations.

veyed by SDSS) the observed trends in satellite count with pr
mary stellar mass closely resemble those in the mock catelog
We interpret this result as providing strong evidence irpsupof

the nearly power-law dependence of galaxy mass on halo nmass o
dwarf galaxy scales advocated by semianalytic models aixgal
formation in theACDM scenario.

One concern regarding this interpretation arises from ¢ine-c
pleteness of SDSS spectroscopic data on dwarf galaxy sddles
sample is, on averagé)% complete at our apparent magnitude
limit of m,, = 17.7. We partially correct for biases by weight-
ing satellites and primaries with their FGOTMAIN value, whi
characterizes the completeness of SDSS in a given regiomeof t
sky due to fiber collision (Blanton etlal. 2005). However, toe-
pleteness might worsen if objects of low surface brightnessh
as many dwarfs, are systematically missed. The resultsgi@Fi
would then represent lower-limits to the true satellite ratance,
but would still provide useful constraints on the halo mastheir
hosts. We notice, however, that if our results were stroaéfscted
by low-surface brightness biases, the good agreement bptolz
servations and the semianalytic model would be puzzlingeNe
theless, this point requires further validation once sysweith im-
proved surface brightness sensitivity become available.

In addition to providing hints about the power-law nature of
the M..- M>qo relation at the low-mass end, satellite number counts
can also help constrain its slope. Assuming that satelfite fxi-
mary galaxies follow the sam¥/.. MfOO power-law relation and
that the substructure mass function is self similar, asipred by
CDMJ, then the abundance of faint satellites should scale rgughl
with N(> ) o pl*?), wherep. = ms**/MP"™. Notice that

2 N(> p) o p® for smallp, wherep = m$iih /MESst is the ratio of the
dark matter masses of subhalo and hostand —1 (Gao et al. 2004)

this behaviour is only expected over the mass ranges where th
substructure mass function is a power law, which typicady r
quiresy < 0.1 (e.g..Gao et al. 2004). This imposes an upper limit
p- = 0.1% ~ 0.003 on the relative mass of the companions where
we expectN (> ju.) oc 1{*? to hold.

In the semianalytic modeln/3 1.25/2.4 0.5
(Wang et all 2012; Guo etlal. 2011a), which is in good agreémen
with the slope of the satellite mass function in Hiyj. 2 meagur
for low-mass companions: *°* /Mfri < 0.003. This relation
is independent of\/P™, provided the simulation resolves satel-
lites differing by three or more orders of magnitude in stell
mass with respect td/""". This, in our simulations, happens at
MP > 109 M. Interestingly, the scatter in stellar mass at fixed
halo mass, which in the model is 0.35 dex for the low-mass ob-
jects (Guo et al. 2011a), does not seem to impact the slopeeder
from the simple arguments given previously. However, thisila
change if the scatter in thif.- Mg, relation were strongly corre-
lated to the halo mass. In our case this correlation is rattilel

We conclude from Fid 13 that the good agreement in shape,
normalization and slope between SDSS primaries and the mock
catalogue strongly favours a power-law relation with agteepe
M. x MZ5 between stellar mass and halo mass of dwarf galax-
ies. This agrees with predictions from the semianalytic ehad
Guo et al.|(2011a) and from extrapolations of abundancemay
studies (e.g.,_Moster etlal. 2010; Behroozi et al. 2010; Gad e
2010).

~ ~

4 SUMMARY

We study the abundance of satellites as a function of prirsizfiar
mass in the Sloan Digital Sky Survey. Using the SDSS/DR7-spec
troscopic sample from the NYU-VAGC catalogue we are able to
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extend previous studies to significantly fainter primarie&™ =
[107°-10'"] M. In agreement with previous work, we find that
the abundance of satellites exceeding a given satellipgitoary
stellar mass ratiops** /MP", depends strongly ob/P™ for bright
primaries. On the other hanthe abundance of satellites around
dwarf primaries, MP™ < 10*° M, is approximately independent

of primary stellar mass.

These results are in excellent agreement with predictiéns o
semi-analytic models withil CDM. These trends arise from the
mass invariance of substructure in CDM haloes and from the va
ing efficiency of galaxy formation as a function of halo mads.
dwarf galaxy scales, where the relation between galaxy rmads
halo mass is well approximated by a steep power law, theiinvar
ance of satellite abundance with primary mass reflectsttiirde
scale-free nature of substructure. Around bright galakiescaling

between galaxy mass and halo mass deviates from a simple powe

law, leading to the observed strong increase of satellimadnce
with increasing primary mass.

The good agreement in shape and normalization between

satellite counts in SDSS and those in the mock cataloguaedasv
support for a steep stellar-halo mass relation for dwardgsis-
tent with theM.. o« M3 predicted both by semi-analytic mod-
els and by extrapolations of current abundance-matchiatyses.
More definitive constraints on the slope of thé.- Mg relation
for dwarf galaxies may come from a robust determination ef th
slope of satellite abundances around isolated primari¢snidem
with studies of the effect of scatter in the stellar mass e mahss
relation. Probing increasingly fainter companions in obatonal
surveys of the surroundings of isolated dwarfs may proveiatu
for this goal.
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