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Local-Group tests of dark-matter concordance cosmology
Towards a new paradigm for structure formation
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Abstract. Predictions of the concordance cosmological model (CCNMh@ftructures in the environment of large spiral galax-
ies are compared with observed properties of Local Grougxges. Five new possibly irreconcilable problems are uaced:

1) A great variety of published CCM models consistently preslome form of relation between dark-matter-mass and-lumi
nosity for the Milky Way (MW) satellite galaxies, but nonedsserved. 2) The mass function of luminous sub-halos predlic
by the CCM contains too few satellites with dark matter (DM3gsr~ 10’ M, within their innermost 300 pc than in the case
of the MW satellites. 3) The Local Group galaxies and datenfextragalactic surveys indicate there is a correlatiowéeh
bulge-mass and the number of luminous satellites that ipreaticted by the CCM. 4) The 13 new ultra-faint MW satellites
define a disc-of-satellites (DoS) that is virtually ideatito the DoS previously found for the 11 classical MW satedlj im-
plying that most of the 24 MW satellites are correlated ingghapace. 5) The occurrence of two MW-type DM halo masses
hosting MW-like galaxies is unlikely in the CCM. Howevergtproperties of the Local Group galaxies provide infornmatio
leading to a solution of the above problems. The DoS and bshgellite correlation suggest that dissipational evéartaing
bulges are related to the processes forming phase-spaetated satellite populations. These events are well krtovatcur
since in galaxy encounters energy and angular momentunxpeied in the form of tidal tails, which can fragment to form
populations of tidal-dwarf galaxies (TDGs) and associated clusters. If Local Group satellite galaxies are to lerpreted

as TDGs then the substructure predictions of the CCM arenally in conflict. All findings thus suggest that the CCM does
not account for the Local Group observations and that thesedxisting as well as new viable alternatives have to bibdur
explored. These are discussed and natural solutions fatinee problems emerge.
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1. Introduction mation in the emerging galaxies, and according to which dark
. . . energy (represented by a cosmological constgndrives the
Our understanding of the cosmological world relies on twe fu gy (rep y g

: - . acceleration of the Universe at a later epoch. One important
damental assumptions: 1) The validity of General Relativit . .
and 2) conservation of matter since the Big Bang. Both avg:’:ly {o test assumption (1) is to compare the phase-space prop

4 . . rties of the nearest galaxies with the expectations of @& C
sumptions yield the concordance cosmological model (CC hese tests are the focus of the present contribution.
according to which an initial inflationary period is follogi&y
(exotic, i.e., non-baryonic) dark-matter (DM) structufesm-

) . . : The possibility of the existence of DM was considered
ing and then accreting baryonic matter, which fuels star f%o

re than 85 years ago (Einstein 1921; Oort 1932; Zwicky

* Alexander von Humboldt Fellow 1933), and has been under heavy theoretical and experimen-
** now at the Deutsches Zentrum fur Luft- und Raumfahrt@l scrutiny (Bertone et al. 2005) since the discovery of-non
Konigswinterer Str. 522-524, 53227 Bonn, Germany Keplerian galactic rotation curves by Rubin & Ford (1970) an
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their verification and full establishment by Bosma (1981eT McGaugh (2008) and Lee & Komatsu (2010), such high veloc-
existence of DM is popularly assumed because it complids wities between a sub-cluster and a main galaxy cluster atte vir
the General Theory of Relativity, and therefore Newtonign dally excluded in the CCM. Near the centre of lens-galaxies, t
namics, in the weak-field limits. Newtonian dynamics is thebserved delay times between the multiple images of styong|
simplest form of gravitational dynamics given that the equéensed background sources cannot be understood if theygalax
tions of motion are linear in the potential, and is thus rgadihas a standard (NFW or isothermal) DM content and if, at
accessible to numerical simulations of cosmic evolutigggru the same time, the Hubble constant has a classical value of
which the concordance scenario of structure formationsetda 70 km s Mpc: the solution is either to decrease the Hubble
(Blumenthal et al. 1984). constant (in disagreement with other observations), oote ¢
The concordance bottom-up scenario of structure formatisider the known baryonic matter (with constant mass-tbtlig
involving the repeated accretion of clumps of cold dark srattratio) as the one and only source of the lensing (Kochanek
(CDM) is assumed to operate throughout the Universe on &llSchechter 2004). On Local Volume scales (within about
scales. CDM particles with masses of order of about 100 G8Wpc), it has been pointed out that the Local Void contains
are the preferred candidates to account for constrainte@lafar fewer dwarf galaxies than expected if the CCM were true.
on the matter densit@y, of thermal relics with realistic cross- At the same time, there are too many large galaxies in the less
sections (see, e.g., eq. 28 of Bertone et al. 2005). Foredightrowded parts such that the arrangement of massive galaxies
particle candidates, the damping scale becomes too lasge:if the Local Volume is less than 1 per cent likely in the CCM
instance, a hot DM (HDM) particle candidatex({py ~ few (Peebles & Nusser 2010).
eV) would have a free-streaming length -f100 Mpc lead- This discussion highlights that there are important urelv
ing to too little power at the small-scale end of the mattéssues in the CCM. This clearly means that substanftakte
power spectrum. The existence of galaxies at redgh#t 6 is required to understand the problems, to perhaps diskill a
implies that the coherence scale should have been smadier thitional clues from the data that can provide solutions, @nd
100 kpc or so, meaning that warm DM (WDM) particles witimprove the theory.
massmwpm ~ 1-10keV are close to being ruled out (Peacock Galaxy formation and evolution is a process that happens
2003). on scales much smaller than 1 Mpc. Ironically, a major limita
CDM is a concept that, together with the cosmological cofion of our ability to develop a physically consistent modeél
stant (\), has been motivated primarily by large-scale observiaow galaxies evolved out of the dark comes from incomplete
tions of, e.g., the cosmic microwave background (CMB) r&nowledge of the Local Group, in particular from the lack of
diation (WMAP, Spergel et al. 2007; Komatsu et al. 2009%nderstanding of the structure and distribution of dwatélsa
the accelerating universe (Riess et al. 1998; Perlmuttat. etlite galaxies. But, over the past few years, a steady flow of ne
1999), or the power spectrum of density perturbations fieen tresults from nearby galaxies including the Milky Way (MW)
SDSS (Tegmark et al. 2004) and the 2dF galaxy redshift sahd the significantly higher numerical resolution of conaput
vey (Cole et al. 2005), all of which serve as empirical benchional studies of galaxy formation have allowed ever moge ri
marks for calibrating and constraining theoretical scesaand orous tests of the CCM.
cosmological models. This concordanc€DM model is con- According to the DM hypothesis, galaxies must have as-

sistent with observations on the Gpc to Mpc scales (Reyesseinbled by means of accretion and numerous mergers of
al. 2010), but it implies that the Universe evolves towards &maller DM halos. Therefore, galaxies such as the MW should
infinite energy contentdue to the creation of vacuum energye swarmed by hundreds to thousands of these halos (Moore
from dark-energy-driven accelerated expansion (e.g.dacet al. 1999a; Diemand et al. 2008), whereby the number of sub-
19995. Less problematically perhaps, but nevertheless nofgilos is smaller in WDM than in CDM models (Knebe et al.
worthy, the DM particle cannot be contained in the Standap@08). Furthermore, the triaxial nature of the flow of master
Model of particle physics without implying a significant Fev formation would make it impossible to destroy halo substruc
sion of particle physics (e.g. Peacock 1999). Strong ediéleryre by violent relaxation (Boily et al. 2004). These sulteka

for the existence of DM has been suggested by the obsersatigRould be distributed approximately isotropically abchait

of the interacting galaxy-cluster pair 1E0657-56 (the ‘IBUl host, and have a mass function such that the number of sub-

cluster”, Clowe et al. 2006) The velocity of the SUb-C'lﬂStQ]ak)S in the mass intervMly;;, Myir + dMy;r is approximate|y
relative to the large cluster has since been calculated to @1 o M;2° dM,; (Gao et al. 2004).

about 3OQO kmd so that the observed morphology can arise |n contrast to this expectation, only a few dozen shin-
(Mastropietro & Burkert 2008). But according to Angus &ng satellites have been found around both the MW and

1 One may refer to this issue as the “cosmological energy Caténdromeda (M31), while the next Iarges_t disc galaxy in the
trophy” in allusion to the black body UV catastrophy, whicdl| Local Group, M33, has no known satellites. The MW hosts

Max Planck to heuristically introduce an auxiliary HilfsgroBein  the 11 “classical” (brightest) satellites, while 13 adufital
German) numbel, to reproduce the black body spectrum. “new” and mOStly ultra-faint satellite galaXieS have beés d

2 Energy conservation is a problematical issue in GeneraitRy covered in the past 15 years primarily by the Sloan Digital
(GR). The stress-momentum-energy tensor is a pseudo tendso Sky Survey (SDSS) While the MW satellites are distributed
is not invariant under a transformation to &elient coordinate system
and back. This may perhaps be considered to indicate that&Rot  ° For convenience, the 11 brightest satellite galaxies are e
be complete. ferred to as the “classical” satellites because these wereik before
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highly anisotropically (e.g. Klimentowski et al. 2010),s#5- ble solution of the origin of the satellite galaxies. The livg-
vations of the internal kinematics (velocity dispersiof}tee tions of testing the CCM on the Local Group for gravitational
satellites suggest they are the most DM dominated galaxibeories are also discussed. Conclusions regarding thgeeon
known (e.g. fig. 15 in Simon & Geha 2007). That is, the vetuences of this are drawn in Sect. 7.

locity dispersions of their stars seem to be defined by an un-

seen mass component: the stars are moving faster than cap behe satellite mass — luminosity relation

accounted for by their luminous matter. The known satsllite (problem 1)

may therefore be the luminous “tip of the iceberg” of the vast

number of dark sub-halos orbiting major galaxies such as tR&r understanding of the physical world relies on some fun-
MW. damental physical principles. Among them is the consewmati

Much theoretical ort has been invested in solving thef €nergy. This conceptimplies that it is increasingly mdife
problem that the number of luminous satellites is so mudigult to unbind sub-components from a host system with in-
smaller than the number of DM-halos predicted by the cufféasing hostbinding energy. o
rently favoured concordanceCDM hypothesis: stellar feed-  Within the DM hypothesis, the principle of energy conser-
back and heating processes limit baryonic growth, re-aiiga  ation therefore governs how DM pc_>tent|als fill-up W|th_ neaitt
stops low-mass DM halos from accretingftient gas to form There are two broad_ly tierent physical models exploring the
stars, and tidal forces from the host halo limit growth of thg°nsequences of this, namely models of DM halos based on
DM sub-halos and lead to truncation of DM sub-halos (DekB]t€rnal energy sources (mostly stellar feedback), andetsod
& Silk 1986; Dekel & Woo 2003; Maccid et al. 2009; Koposoyased on external energy input (mostly ionisation radititn
et al. 2009; Okamoto & Frenk 2009; Kirby et al. 2009; Sha)fge following, the observational mass—luminosity datatfer
etal. 2009',Busha etal. 2010 Macci'c‘) etal. 2010). This' EBpr known satellite galaxies are discussed, and the data ame the
sive and important theoreticaffert has led to a detailed quan_compared to the theoretical results that are calculatellirwit
tification of the DM-mass—luminosity relation of MW satelthe CCM.
lite galaxies. Moreover, the discovery of new (ultra-faoh®ph
satellites around the MW suggests the validity of the “tiph&f 2 1. The observational data
iceberg” notion. These lines of reasoning have generadlyde ) ) o .
the understanding that within theCDM cosmology, no seri- Based on high quality measurements of individual steltee-li

ous small-scale issues are apparent (e.g. Tollerud et ag: 2Pf-sight velocities in the satellite galaxies, Strigaraet(2008)
Primack 2009). (hereinafter SO8) calculate dynamical mas$@gzipc, within

; - . the inner 0.3 kpc of 18 MW dSph satellite galaxies over a wide
In this contribution we test whether the CCM can be weweH P P 9

T o
as a correct description of the Universe by studying geneF%nge Olf Icljjrr;|nos!t|(ass (1.305 L_/L@bS 10°). Th_e LMC ar:d.SMC
properties of the Local Grodpwhich is a typical environ- are excluded, as Is Sagittarius because it Is currentlyrame

ment for galaxies — the Local Group propertiagistconform ing s_ignificant tidal di§turbance. S08 significantly impedthe
to the CCM if it is to be valid universally. To test this hy_prewous works by using larger stel!ar data sets and more tha
pothesis, we critically examine state-of-the art modelswza double the number of dwarf galaxies, and by applying more

lated within the CDM and WDM framework by a number Ofjeta_iled mass modelling. Their results confirm thg earlier s
independent research groups developed to explain the pro stion by Mat(io et a-l. (1993), Mateo (1998), G|Imore etal.
ties of the faint satellite galaxies, by comparing them wiité 007), and Peharrubia et al. (200§) tha‘t‘ the satelllta_sesh
following observations: the mass-luminosity relation d&ph comm_on”DM mass scale of about’IM,, "and conclusively
satellites of the Milky Way (Sect. 2); the mass-distribatiof eStab“Sh. (SOS) this common mass.s_cale. -
luminous-satellite halo-masses (Sect. 3); and the obderre The finding of S08 can be quantified by writing

lation between the bulge mass of the host galaxy and the nUo®;oMo 3kpc = 109;oMo + k log; gL, Q)

ber of satellites (Sect. 4). The question of whether the Disg4 by evaluating the slope, and the scalingVlo. SO8 derive
of-Satellites (DoS) exists, and if in fact the latest MW dee |, _ 734 003 andMo ~ 10" M. Using the Dexter Java ap-
discoveries follow the DoS, or whether the existence of th8 D plication of Demleitner et al. (2001), a nonlinear, asyrmiet

is challenged by them, is addressed in Sect. 5. In Sect. 5, g, \weighted least squares fit to the SO8 measurements repr
observed invariance of late-type baryonic galaxies is @ise ,ces the common mass and slope found by S08, as can be seen
cussed in the context of the Local Group. In these sectiong{im, the parameters listed in Table 1. By excluding the Ikast

emerges that the CCM has problems relating to the obseryggl ;s dsph data point, one obtains the same result (Table 1)
data. In Sect. 6 the problems are interpreted as clues tos& pos |1 ¢ollows from Eq. 1 that

1/ _ 1/
the SDSS era. These include the LMC and the SMC with the othépélo'sk’”) = ML (k% 0),
being dwarf spheroidals. The other, more recently disesatellites Mozkpe = Mo (x = 0). 2)
are fainter than the faintest “classical” satellites (UMdaDraco), and This central mass of the DM halo can be tied by means of high-
these are called the “new” or the “ultra-faint” satellitesdwvarfs (see resolution CDM simulations to the total halo virial massdref

Table 2). . .
4 Useful reviews of the Local Group are provided by Mateo (J)99éts fall into the host halo (S08, see also Sect. 3),

and van den Bergh (1999). Myir = (Moakpe) /%3 x 10 Mo, (3
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yielding My;; = 10° M,, for Moakpe = 10’ My, (the common- Table 1. The slope of the DM-mass—luminosity relation of dSph satel-
mass scale fox = 0). Thus, substitutindVlpskpc into Eq. 3  lite galaxies. Fitted parameters for Eg. 1.
using Eq. 2, leads to

. i . data K radius Mo
(Mvir)O.SS/k — M(J)-/ % 10 (11x0.35)/ L. (4) [oc] [107 M.]

This value of the halo mass near®1,, for the satellites in the Observational:

. . o . +0.02+ 0.03 300 102+ 0.39
S08 sample is confirmed by a new analysis, in which Wolf et,

+0.02+0.03 300 101+ 0.40

al. (2010) show that the mass can be derived from a velocity +001+003 300 109+ 0.44
dispersion profile within the deprojected 3D half light pl@fi «4 _003+005 600 69+ 4.9
with minimal assumptions about the velocity anisotropyhis DM Modés:
way they obtain a robust mass estimator. A: feedback @1 300 —
The observed & lower value for 035/k = n is thusy =  B1: re-ionisation, SPS .05+ 0.02 300 024+ 0.06
2.06 (withx = 0.02+ 5 x 0.03 from Table 1). B2: re-ionisation a7+0.01 300 018+ 0.02
C: SAM 042+ 0.02 300 20+ 0.9
*D: Ag-D-HR 0.17+0.02 600 041+ 0.14
2.2. Model type A: Internal energy sources E1l: 1keV(WDM) 023+0.04 300 0069+ 0.045
Dekel & Silk (1986) and Dekel & Woo (2003) studied models - poml " 015500s 300 GBas 0052

according to which star formation in DM halos below a totat
halo mass oM,;; ~ 10'2M, is governed by the thermal prop-Notes to the table: Fits to = 0.35/x: data 1-4 are observational val-
erties of the inflowing gas, which is regulated primarily Iy s ues, data A—F are models (see Sect. 2). Notes: 1: our fit toVgia8 (
pernova feedback. These models demonstrate that the masgive central 300 pc masses, 18 satellites, their fig. 1). 2:fibuo
light ratio of sub-halos follows/y;; /L o« L=2/° (eq. 24 of Dekel S08 without Seg.1 (faintest satellite, i.e. 17 satelliteeir fig. 1). 3:
& Woo 2003; see also eq. 33 of Dekel & Silk 1986). This apur fit to S08 without Seg.1 and without Hercules (i.e. 16 lsts,

proximately fits the observed trend for dSph satellite gatax their fig. 1). 4: our fit to the observational data plotted bya@ioto &
(Mateo 1998) Frenk (2009) (who give central 600 pc masses, only 8 sas|ltheir

fig. 1). A: Dekel & Silk (1986); Dekel & Woo (2003), stellar fdback
(Eq. 5). B1: our fit to Busha et al. (2010), their SPS model. &2
(Myi )™ = £ L (5) fit to Busha et al. (2010), inhomogeneous re-ionisation rhdgteour
v ’ fit to Maccio et al. (2010), semi-analytical modelling (SANMt is for
whereL is the total luminosityMy;; is the virial DM halo mass, Lv > 3% 10° Ly,. D: our fit to Okamoto & Frenk (2009) (Ag-D-HR).

nn = 5/3, and( is a proportionality factor. In essence, thi€1: our fit to the 1keV WDM model of Maccio & Fontanot (2010).
o 2: our fit to the 5 keV WDM model of Maccio & Fontanot (2010). F

relation states tha.t more-massive hallos have a largerign (Eurfit to the Aquarius sub-halo-infall models of Cooper e{(2010).
energy such that it becomes mordfidult to remove matter . : . ) e
. *: the entries with an asterisk are for the central 600 pcusdégion.

from them than from less massive halos.

Comparing with Eq. 4 and with its resulting value as
given at the end of Sect. 2.1, it follows that the observed 5
lower value fornp = 0.35/k = 2.06 is in conflict with Eq. 5
whereny, = 5/3 = 1.67.

These models thus imply that

how this can be done without violating the actual scattehén t

observeiM — L relation.
2.3. Model type B1, B2: External energy source Vet lodipe I

Busha et al. (2010) follow a fferent line of argument to ex- ) ) )

plain the dSph satellite population by employing the DM halé-4- Model type C: Semi-analytical modelling (SAM)
distribution from thevia Lacteasimulation. Here the notionis __ , ) ,

that re-ionisation would haveffacted DM halos variably, be- Filling the multitude of DM halos with baryons given the alov
cause of an inhomogeneous matter distribution. A given Dm)mblned_proces_ses was investigated by Maccio et al. {2010
halo must grow above a critical mass before re-ionisation {fiey semi-analytically modelled _(SAM) DM .sub-halos .based
form stars or accrete baryons. Thus the inhomogeneous QQ-N_boqy merger tree calculatlc:ns and high-resolution re-
ionisation model (Busha et al. 2010, their fig. 6) impliesonp computations. The authors state “We conclude that the num-

extraction of the theoretical data and using the same fittif§" @nd luminosity of Milky Way satellites can be naturally

method as above, theoretigalalues of 0.15-0.17. These dis_accounted for within theX)Cold Dark Matter paradigm, and

agree however, with the observational value of 0.02 witlga sithis should no longer be considered a problem.”

nificance of more than &, i.e. the hypothesis that the obser- Their theoretical mass—luminosity data are plotted inrthei

vational data are consistent with the models can be disdardig. 5, and a fit to the redshit= 0 data forLy > 3 x 10° Ly,

with a confidence of 99.99 per cent (Table 1). satellites is listed in Table 1. The theoretical SAM data set
Busha et al. (2010) suggest that adding scatter into the tshows a steep behaviowr,= 0.42. Given the observational

oretical description of how DM halos are filled with luminouslata, this model is ruled out with a confidence of more than

baryons would reduce the discrepancy, but it i§idlilt to see tenc.
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2.5. Model type D: High-resolution baryonic physics 2.7. Model type F: Infalling and disrupting dark-matter
simulations (Ag-D-HR) satellite galaxies

Cooper et al. (2010) study CDM model satellites in individua

The satellite population formed in a high-resolution N-pod,,merical models of dark matter halos computed within the
ACDM re-simulation with baryonic physics of one of the MW‘Aquarius project. Semi-analytical modelling is employedilt

type “Aquarius” halos is studied by Okamoto & Frenk (2009}, gyb-halos with visible matter, and the orbits of theliinfg.

The treatment of baryonic processes include time-evolvigggyjites are followed. General agreement with the ofesery
photoionisation, metallicity-dependent gas cooling ahdtp-  ¢4tejiites is claimed.

heating, supernova (SN) feedback, and chemical enrichioyent \,c as the other models above, in this numerical CDM
means of SN laand Il and AGB stars. Re-ionisation is includgg,je| of substructure and satellite formation in a MW type
and the galactic winds driven by stellar feedback are asdung,q; halo, the MW sub-halos fall-in stochastically and éfiere

to have velocities proportional to the local velocity dispen g ot agree with the observed phase-space correlated satel
of the dark-matter halo. In these models 100 per cent of tfi@s, i.e. with the existence of a rotating DoS (Sect. 5 wlo
SNl energy is deposited as thermal energy. Galactic WIr€ls & rthermore, the presented model mass-luminosity dagir (th
thus produced.evenforthe Ieast-m_asswe dwarfgalaxlem;W| fig. 5) lead to a too steep slope (Table 1) compared to the ob-
are observed in strong starbursts induced through interect goyations and the DM-based model is excluded with a confi-
rather than in self-regulated dwarf galaxies, which mayems gence of at least 99.7 per cent. In addition, fig. 5 of Cooper et
pro*?'em for this a_nsatz (Ottetal. 2005). The details of e s 5 (2010) shows a significant increase in the number of model
ulations are provided by Okamoto et al. (2010). The restltagygjites with a similar brightness as the faintest knoatels
sub-halo population with stars can, as claimed by the asthqj (Segue 1, hereinafter Seg. 1). This is in contradictidth
reproduce the S08 common-mass scale. the failure to find any additional satellites of this lumiitps

Following the same procedure as for the above models, tifldne most recent data mining of the existing northern SDSS
claim is tested by obtaining from their fig. 1 (upper panel, data, as dlscusse.d in Sect. 6.2 below. Indeed, observgmgns
red asterisks) and comparing it to the observational data a#€St that Seg. 1 is a star cluster rather than a satellitegala
plotted in their fig. 1 (note that Okamoto & Frenk 2009 pld\Niederste-Ostholt et al. 2009), worsening this problem.
the masses within 600 pc rather than 300 pc as used above).

From their plot of the observational data, which only in@ded 2. 8. Discussion

central-600 pc masses for the eight most luminous satellite )
it follows that kopsor = —0.03 + 0.05. This is nicely consis- In Fig. 1, the latest theoretical ansatzes A—F to solve tlse co

tent with the full SO8 sample (18 satellites) discussed aboynelogical substructure problem are compared with the tates
However, for their model data one finds that 0.17+0.02,i.e. Observational limit on the slopeof the DM-mass—luminosity

the model can be discarded with a confidencec0b899.7 per relation of dSph satellite galaxies (Eq. 1). _
cent. The theoretical results always lead to a trend of luminos-

ity with halo mass as a result of energy conservation. But the
observed satellites do not show an increasing trend of lumi-
nosity with DM mass, according to Mateo (1998), Pefarrubia
et al. (2008), and Strigari et al. (2008). From Fig. 1 we note

N ) o that sevem\CDM models of the satellites deviate-dér more
Maccio & Fontanot (2010) present theoretical distribo§®f 50 the data. while only one (the WDM model E2 with

satellite galaxies around a MW-type host halo fafatent cos- mwom = 5keV, Table 1) deviates more thaor 3rom the data.

mological models, namelxCDM and WDM with three pos- g |ikelihood® that any of the DM models describes the data
sible DM-particle masses afiwpym = 1, 2, and 5 keV. They is thus less than 0.3 per cent.

perform numerical structure formation simulations andlapp  aq 5 caveat. the observed absence of a DM-mass-
semi-analytic modelling to associate the DM sub-halos Wiffyinosity relation partially depends on the data for theaul
luminous satellites. They suggest the luminosity funcBod  ¢aint gwarfs: indeed, for the classical (most luminous) kiSp
mass—luminosity data of observed satellites is reprodbyedgarra et al. (2009) argue that there may be a trend 0, es-
the WDM models implying a possible lower limit to the WDMggptially because of their proposed increase in the masgof t
particle ofmypm ~ 1 keV. Fornax dSph satellite. It is on the other hand plausiblettit
The model and observational mass—luminosity data afira-faint dwarfs do not possess any dark halo (see Sect. 6)
compared in their fig. 5 famyom = 1 and 5 keV. The slopes of and that the enclosed mass derived is due to observational ar
these model data are listed in Table 1. From Table 1 it follo/&Cts- In that case they should not be used as a possible im-
that the WDM model withmwpoy ~ 1 keV is ruled out with provement for the missing satellite proble_m. This, howgver
very high confidence ¢ or 99.99 per cent), and also has tod/0uld pose a problem for the DM hypothesis.
few satellites fainter thaMy ~ —8 (their fig. 4). WDM models s Tpe jikelihood =1-(confidence in per cerifj00 gives an indica-
with Mwpm ~ S keV are ex_clud.ed at least Wlth a®r99.7per tion of how well the data can be accounted for by a given model.
cent confidence, and, as is evident from their fig. 4, the nsodehe confidenceas used throughout this text, is the probability level at
contain significantly too few satellites brighter thisly = —11. which a model can be discarded.

2.6. Model type E1, E2: WDM
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t has been significantlyfiected by tides. This case is physically
04 [) - implausible because of its large distance, but it would impl
- - that Hercules cannot be used in the mass-luminosity aisalysi
above (just as Sagittarius is excluded because of the signifi

i é cant tidal éfects it is experiencing). Omitting Hercules from
0.2 B %1 %2 the data leads to a revised observational slope0.01 + 0.03
L such that none of the conclusions reached above about the per

formance of the DM-models ardfacted.

A point of contention for DM models of dSph satellite
galaxies is that the DM halos grow at various rates and ace als
r 7 truncated variously due to tidal influence. The highly coempl

interplay between dark-matter accretion and orbit-indune

—0.2 N cretion truncation leads to the power-law mass function idf D
halos, and at the same time would imply that the outcome in
L 4 which all luminous DM sub-halos end up having the same DM
—-04 + — mass were incompatible with the DM-theoretical expecteio
r 7 (see Sect. 3).
Summatrirising Sect.,2vhile the theoretical results always

DM model lead to a trend of luminosity with halo mass, the observesl-sat
Fig. 1. The slope of the mass—luminosity relatian(Eq. 1), for the lites do not show this trend. The hypothesis that the CCM ac-
models listed in Table 1. The observational constraintdwinfi- counts for the data can be discarded with more than 99.7 per
dence intervals are depicted as hatched regions (1, 2,cameddon). ~cent significance.
Satellites with a larger dark-matter mass are on average fari-
nous such that the mass—luminosity relation has0. However, the .
observational constraints lie in the regier~ 0 (see Table 1). The 3. The mass function of CDM halo masses
hypothesis that the data are consistent with any one of thelnean (problem 2)
be discarded with very high (at least3or more than 99.7 per cent)
confidence.

One of the predictions of thACDM hypothesis is the self-
similarity of DM-halos down to (at least) the mass range
of dwarf galaxies, i.e. that massive halos contain subshalo

Adén et al. (2009b) suggest that for the Hercules dSph lower mass, with the same structure in a statistical sense
satellite inter-loper stars need to be removed from therebs@vioore et al. 1999a; for a major review see Del Popolo &
vational sample, which would require a revision of the masgsilyurt 2007). The mass function of these sub-halos is, up
within 300 pc to the valudoaipe = 1.9°1% x 10° M, (instead  to a critical mas$viit, well approximated by
of the valueMo zipc = 72251 x 10° M, derived by S08). This

dN o« M0 (6)

new mass measurement?ﬁ)wever, now lies more thaawlay &g ,y(My;;) = —— s

from all ACDM-models considered above (Table 1). Hercules dMyir

can thus not be understood in terms of a DM-dominated modghere dN is the number of sub-halos in the mass interval
Adén et al. (2009b) do state that DM-free models cannot bg;,, M,;; + dMy;; (Gao et al. 2004)Mc; is given by My, ~
excluded (note also Fig. 6 below), or that Hercules may Ipg01My, with My, is the virial mass of the hosting CDM-halo.
experiencing tidal disturbances in its outer parts. Tidsiu-  The virial massMy;, is defined by

bance, however, would have to be very significant for its inne

structure to be féiected, because if one would require confomy,;, = — Aviepor3,, (7)
mity with the theoretical DM-models it#lg 3xpc mass would 3

have to have been much higher and similar to the value deriwgderep, is the critical density of the Universe amd; is a

by S08 & 10” M,). Given the current Galactocentric distancéactor such thai\;po is the critical density at which matter
of Hercules of 130 kpc and the result that the inner region obllapses into a virialised halo, despite the overall espamnof

a satellite is only fiected by tides after significant tidal dethe Universe. The virial radius;; is thereby determined by the
struction of its outer parts (Kazantzidis et al. 2004), gds- density profile of the collapsed CDM-halo. Rdy;; > 0.01 My,
nario is physically implausible. There are therefore ttpes- the mass function steepens (Gao et al. 2004), so thatfiis-e
sibilities: (i) Hercules is a DM-dominated satellite. Thimw- tively cut off at a masMnmax (See Eq. 8 below). It is reasonable
ever, then implies that no logically consistent solutiothivi  to identify Mpax With the mass of the most massive sub-halo,
the CDM framework is possible because its mass—luminosityrich must be higher thail.;, where the mass function be-
datum would lie well away from the theoretical expectatiomins to deviate from Eq. 6 and lower thiy, the mass of the
(i) Hercules has no DM. This implies that it cannot be usdabst-halo. ThereforaVigit < Mmax < M.

in the mass-luminosity data analysis above and would also Thus, a halo withM,; ~ 10%M,, like the one that is
imply there to exist an additional type of DM-free sate#ite thought to be the host of the MW, should have a population
which, however, share virtually all observable physicarett- of sub-halos spanning several orders of magnitude in mass.
teristics with the putatively DM filled satellites. (iii) Heules It is well known that, in consequence, a steep sub-halo mass
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function such as Eq. 6 predicts many more low-mass sub-haldee parametef. can be expressed in termsaf
than the number of observed faint MW satellites (Moore et al. 3

1999a; Klypin et al. 1999), a finding commonly referred to ag = Avie ,
the missing satellite problenkfforts to solve this problem rely 3 In(1+c)-c/(1+0)
on physical processes that can either clear CDM-halos of g4 can be verified by setting= ry; in Eq. 12 and substituting
baryons or inhibit their gathering in the first place, whiobuid M(rvir) = Myir by Eq. 7.

affect low-mass halos preferentially (e.g. Moore etal. 2006; L  |f the halo is luminous, it is evident tha#l(r) is smaller

et al. 2010; Sect. 2). More specifically, Li et al. (2010) finghan the total mass included within M,. However, assuming
that the mass function of luminous hal@um(Muvir), would  that the MW satellites are in virial equilibrium and thatithe
essentially be flat for 1Mo < Myr < 10°Mo. All sub-  dynamics is Newtonian in the weak-field limit, the mass-to-
halos withMyir > 10°M, would keep baryons and thereforgight ratios calculated for them are generally high and ynpl
&um(Mvir) = &su(Mvir) in this mass range. Thus, the mass funghat they are DM-dominated and thud(r) = M, would be

(13)

tion of luminous sub-halosan be written as a good approximation. This relation is therefore adopted fo
Eum(Mvir) = KkiM", 8) tlcle present discussion. In this approximathd(r = 0.3kpc) =

) 0.3kpc:
with In principle, the parametersy (Navarro et al. 1997)¢
01=0, k=1, 107 < l\'\/lll_v@.r <107, (Eullogkhq;zatlj. 2?01)h, andr (Mai?iﬂi etal. 2003) dependoon
s =19, kp = ks (10°)-, 10° < Met < Mooy the redshiftz but for the purpose of the present paper any

Mo needs to be considered, as this is valid for the local Unécers

where the factorg; ensure tha,i; (M) is continuous where Thus,
the power changes arldis a normalisation constant chosen g2
such that po = gé,

Mmax
f &iir(Myir) dMyir = 1. (9) where the Hubble constamty = 71kms*Mpct (Spergel
107

) ) . ) _etal. 2007)Ayir =~ 98 for ACDM-cosmology (Mainini et al.
From a mathematical point of view, Eq. 8 is the probabilitygp3), and

distribution of luminous sub-halos. We note that the lumisio

sub-halo mass function proposed in Moore et al. (2006) is SiTBg (T) = 2.31- 0.109 log (

ilar to the one in Li et al. (2010). In the high-mass part, it ha 10 0

the same slope as the mass function for all sub-halos and flat- . . .

tens in the low-mass part (cf. fig. 3 in Moore et al. 2006) Thvcy erecis the expectation value ofas a function oM,;;. Thus,
. Pa 193 ) ; Bdecreases slowly witM,;, while the scatter in the actuais

lower mass limit for luminous halos is however suggestedto D ther larae. bein

Myir ~ 108 Mg in Moore et al. (2006). The mass functionaf ge. 9

sub-halo$iasa; ~ a ~ 1.9 (Gao et al. 2004). Tlog,,c = 0.174 (16)

(14)

Myir
ol (15)

(o]

(Maccio et al. 2007). The only caveat here is that the NFW
3.1. NFW halos profile is used to integrate the mass, while the now-prefierre
It is well established that the theoretical density profids Einasto profile (Navarroetal. 2010, Sect. 1) makes only dlsma
galaxy-sized CDM-halos are similar to a universal law, as prdifference in the central parts.
posed by Navarro et al. (1997). The NFW profile is given by

onewlf) = 8cpo (10) 3.2. Probing the ACDM hypothesis with Mo 3kpc
r/rs(1+r1/rs)? S08 use the stellar motions in 18 MW satellites to calcule the

wherer is the distance from the centre of the halo agds the mass within the central 300 p®lo zkpc. They assume the satel-
critical density of the Universe, while the characteriséidius lites to be in virial equilibrium and that Newtonian dynasnic

rs ands. are mass-dependent parameters. can be applied to them. The sample from S08 can be enlarged to
By integratingonew(r) Over a volume, the total mass 0f20 satellites by including the Large Magellanic Cloud (LMC)
CDM within this volume is obtained. Thus, and the Small Magellanic Cloud (SMC), since van der Marel et
r al. (2002) estimated the mass of the LMC within the innermost
M(r) = j; p(t")anr’? dr’ (11) 8.9 kpc,Mpyc, using the same assumptions as S08. This im-

) ) o _ plies thatM,yc = (8.7+4.3)x 10° My, of which the major part
is the mass of CDM contained within a sphere of radius,,oyd have to be DM. Equations. 7, 12, 13 and 15 have been
around the centre of the CDM-halo, amd(r) = Mur for ,seq to create tabulated expectation valuesi() for NFW-
r = rvr. Performing the integration on the right-hand side {55 with diferentMy; and it can thereby be seen that for a
Eq. 11 and introducing the concentration parameterr ., /rs typical NFW-halo withM(r = 8.9 kpc) = 8.7 x 10° Mo, M(r =
leads to 0.3kpc)= 2.13x 10" My = Mozipe andMy; = 1.2x 101 Mo

3 Ampoder 3, Fyir | cr We note that the SMC has abouytl@th of the mass of the
MO=—z |1 2er T 72 (12) " Lmc (Kallivayalil et al. 2006), hence the virial mass of italb

vir
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SRR 1 sumed to be the mass function Wf(0.3kpc) values of lumi-
r /&C\:/\I/Dgﬂaé[gﬁi?erg T ] nous sub-halos according to tA€ DM hypothesis. Assuming
| in Eq. 8 thatMmax = 10"M,, which is approximately the
. mass estimated for the CDM halo of the LMC, and taking
7 Mmin = 10" Mo, leads toD = 0.333. According to the KS-test,
| given the parent distribution the probability of an everyéar
. distance is 0.011. This means that the null hypothesis can be

0.8

0.6
excluded with 98.9 per cent confidence. Both cumulative dis-

tributions are shown in Fig.2
Omitting the LMC and SMC from the observational sam-
ple but keepingVimin = 10’ My and Mmax = 10 My, in the
theoretical sample yield® = 0.294, leading to the exclusion
i of the null hypothesis with a confidence of 95.5 per cent. In
1 addition settingMmax = 4 x 10° My, which is theMy;, that
y corresponds to the most massMgapc in the S08 sample (i.e.
0 | -~ 1 o .- the most massive remaining sub-halo), yielils- 0.301 lead-
g Ing to exclusion of the null hypothesis with a confidence of
10 96.3 per cent. The latter two tests comprise a homogeneous
Mass within 300 pc [ solar units ] mass-sample of observed satellites as compiled by S08.
That the mass function is expected to steepeMat =
Fig. 2. The mass function of luminous satellite problefrhe cumu- 0.01 M e_Ven increases the d!screpanpy be_tweenAIﬁ?éDM
lative distribution function for the mass within the centg®0 pc, NYPOthesis and the observations. Reinstating the LMC and
Moo Of the MW satellites (solid line) and the cumulative distriSMC back into the observational sample and cuttin§ o
bution function for Mo e Of @ sample of 10 CDM-halos picked &sub{Mvir) at Mmax = 10'°Mg (with Mpyin = 10 M), which
from the parent distribution of luminous sub-halos (Eq. 8shlied would be close toM; for the CDM-halo of the MW (see
line). The null hypothesis is that the MW satellitd 3,c masses are Sect. 3), and one order of magnitude below the estimated mass
drawn from this parent distribution. The maximum distaneaMeen of the CDM-halo of the LMC, implies thab = 0.359 and an
the two curves is 0.333 so that the null hypothesis can bedisd eaxclusion with 99.5 per cent confidence.
with 98.9 per cent confidence. On the other hand, settifimax = 10'* Mo (with Mpin =
10" My) leads toD = 0.329 and an exclusion with 98.8 per
cent confidence. Any reasonable uncertainty in the actla¢va
can be estimated ad,; = 1.2 x 10'° Mo, corresponding to of M.y can therefore be excluded as an explanation of the dis-
Mo.kpc = 1.51x 10" M. crepancy between the observed sampl#lgfx,c and a sample
To test the shape of the MW satellite distribution functiogenerated based on th&CDM hypothesis. As a consequence,
against the shape of the distribution of thi sxpc values of the same is true for the uncertainty in the actual mass of the
the MW-satellites, artificial samples of ‘iﬂ.‘)/lo,gkpc masses are halo of the MW,M, sinceMnax is linked toMp, (see Sect. 3).
generated in concordance with th&DM hypothesis, using Thus Mmay is kept at 16 M, in the following. Adjusting
Monte Carlo simulations. As noted in Sect. 3Mg3kpc is Well  the lower limit of&ym(Myir) from 107 My, to 106® M, then leads
approximated by (r = 0.3kpc) in a CDM-dominated galaxy.to D = 0.319 and an exclusion of the null-hypothesis with a
M(r = 0.3kpc) can be calculated Ny andc are given, and confidence of 98.4 per cent. The mass of M is the My
the expectation value faris a function ofMy;;. The first stepis suggested by the lowesllg skpc in the sample from S08. We
therefore to choose a value fbl;; using uniform random de- note that the likelihood decreases with decreasifigy, be-
viates and the probability distribution of luminous hal@gen cause of the overabundanceNdf s kpe & 10’ M,, halos becom-
in Eq. 8 (see e.g. chapter 7.2 in Press et al. 1992 for detailay more prominent in the observational sample.
The next step is to attribute a value for |g{r) to the cho- S08 suggest thaium(M.ir) might even be cut® below a
senMy;. This is done by multiplying Eq. 16 with a Gaussiamass of~ 10°M,, either because halos below that mass do
random deviate and adding the result to the value fofl@y not contain baryons or do not form at all. Indeed, modifying
which is calculated from Eq. 15. After transforming lg@) to  &.m(Myir) given by Eq. 8 accordingly, results in an agreement
¢, Moakpe = M(r = 0.3kpc) of the given halo can be calculatedhetween the theoretical distribution and the dd@da<{ 0.188
from Eq. 12, using Egs. 7 and 13. These steps are repeaigith an exclusion confidence of only 70 per cent)fn(Myir)
until a sample of 10 Mo.skpc Values is generated. . - _ ]
If two samples are given, the maximum distance between Monte Carlo experlmer!ts are used to quaptlfy the confideate v
. . oY . ues for the KS-tests: Drawing the corresponding number oftedo
their cumulative distribution function®), can be calculated.

Perf . he KS hi i all . f masses (e.g. 20 as in this case) from EgD8js calculated. This is
erforming the -test, this quantify allows an estimate o repeated 10times. Counting oD’ values gives the fraction of cases

how likely it is that they are drawn from the same distribUyhen b’ > D, whereD is the actually obtaine® value from the
tion function. The null hypothesis is that the observedlsat@ata (e.gD = 0.333 in this case). These fractions are reported here as
lite galaxies are drawn from the theoretically calculateabm likelihood values, and are about half as large as the prbtyazlues
function of luminous halos; the parent distribution is tlass obtained using approximate methods, as, e.g., by Press(&0ap).

0.4

cumulative probability

0.2
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with a lower mass limit of 1M, is however in disagree- hemisphere), and also for M31 and M33 given their distances.
ment with theACDM hypothesis, since the limiting mass beBy restricting this analysis to satellites witky > 0.2x 10° Lo,
low which all CDM-halos are dark ought to be two orders dhe result becomes robust against the discovery of addition
magnitude lower according to Li et al. (2010). satellites since these would typically be fainter. The lteisu

As afinal note, the newly derived reduced mass of Herculéisplayed in Fig. 3: a linear correlation between the bulgssn
(see end of Sect. 2.8}tacts neither the calculated likelihoodsand the number of early-type satellites is suggested. Aar-err

nor the conclusions reached here. weighted least squares linear fit to the data yields
Summatrising Sect.,8he mass distribution of the predicted 0
DM halos of observed satellites is consistent with 4@DM  Naspn= (4.03:+ 0.04) x Mouige/(10° Mo). 17

hypothesis with at most 4.5 per cent likelihood. Assumirey tq -
. L L ! t fth t-day stell fraction, the d S
dSph satellites are in virial equilibrium, the observatiiynde- rlIeTms OTLNe pressnt-aay sievar mass raction, e S

=" _lites of the MW add-up to at most a few times’M,, so that
amtey amount to about 0.15 per cent of the mass of the bulge.
“Given that Eq. 17 is a linear fit to three data points only, it
will be important to check the reality of this correlation syr-
veying disc galaxies in the Local Volume withfidirent bulge
masses for a deep and exhaustive sampling of satelliteigalax
Given the small number of observational data points under-
4. The bulge mass versus satellite number relation lying Eq. 17, one should not over-interpret this result, ibig
(problem 3) legitimate to inquire how significant the empirical cortea
between bulge mass and the number of satellites is. In view of

According _to a straight forward interpretation of the CQ he observation by Karachentsev et al. (2005) noted abbve, i
more massive DM host halos have a larger number of lumino S be indicative of a physical correlation

satellites because the number of sub-halos above a low-mas he significance of the Local Group bulgesatellite corre-
tmh;essshogj g‘scl;e?cecsrevglrt]h gots):[hg?cl)(; n_:_::llzss, %\_/ﬁanlgzzrg(;t:c?%{t(ijon is evaluated by performing a Monte Carlo experiment,

waxes by eling su S u ffie null hypothesis of which is that there is no correlatibms
mo;tly individually without a physical link to _the processm- hypothesis would appear to be plausible in the CCM because
curring at the centre of the host halo. There indeed doesmotdﬂ‘e number of satellites depends mostly on the host DM halo
pear to be an observed relation between the halo mass an n1.|he . ; : .

. . . . . ass, while the bulge is produced by baryonic processasgaki

bulge mass, since pairs of galaxies with and without a bul “ce near the center of the host DM halo. Three paitdgf
(such as M31, Rubin & Ford 1970, and M101, Bosma et ' 9¢

; . ) . hd Ngsph values are chosen randomly from uniform distribu-
1981, respectively) but with the same rotation velocity ban jons stch thaMyyge € [0, 4.6 x 101 Mo] andNaspn € [0, 287

found. l.t would be useful_to return to models A_.F (Sect or each three-point data set, a linear regression yieldsea m
and to include the formation of the host galaxy in the mod-

: . ; sure of the degree of correlation. This is performef tifies.
elling to quantify the degree of correlation between thegbul  clegre ) P L
) ) The following incidences are counted: 1) the resultingdine
mass and number of luminous satellites actually expectedr|er||ati0n passes th oo Nuso) = (0,0) poinf andthe slope
: . GW('bu ge NdSph) = Y,
Lhaflgi)Mallcvcv:jnnt ?c?rlrlgesoyr;zzsc?:]gf tgsle gf|£gde5a\;vilgsalrfoqvthe linear relation has a relative uncertainty smallantla
. P oulg Y iven value; and the second test is 2) the slope of the linear
ing the same DM-halo mass, as pointed out above. That s, .. . . .
. refation has a relative uncertainty smaller than a givenezal
it would not suffice to merely demonstrate that some sort . L :
. . ) he relative uncertainty in the slope used here is baseden th
bulge-mass—satellite number correlation emerges in thd.CC L . . . .
2 uncertainties in the data. Applying this relative uncenrtyaito
The caseMpuge = 0 must emerge naturally within the model 0 .
since two-thirds of all bright disk galaxies have no bulge oro- =’ leads t®laspn ~ (4 + 1) X Muuige/ (10" M). Taking the
9 9 9 upper and the lowerdt limit of the slope, this equation thereby
only a small one (Combes 2009b).

On the basis of extragalactic observational datgj':lssesthe lower and the upper dalues of the data (Fig. 3)

Karachentsev et al. (2005) note, but do not quantify, th€ The upper bounds of the intervals are toeupper values oMpuge
existence of a correlation between the bulge luminosity aafdNysy, of M31. The scaling of the axes is, however, irrelevant for
the number of associated satellite galaxies such that igalaxhe results of the Monte Carlo experiments, because thesaimtest
without a bulge have no known dSph companions, such kv likely a correlation results, given the null hypothesis
M101. Karachentsev et al. (2005) also point out that theé The precise condition here is as follows: Let there be threats!
number of known dSph satellites increases with the tid&Rr0 Pairs Mauge Naspn)i. i = 1..3. Alinear regression yields a slope
environment and an axis intersection, both with uncertainties expresser val-

The existence of this correlation can be tested in the LodSS: If the axis intersection lies withinr5of the (Q 0) point, then this

. ..~ particular set of bulge—satellite pairs is counted. No&t the test does

Group, where good estimates of the number of satellltesrwnrﬁ

h inal virial radii of th ve h d of tred ot require the slope to be the same as the observed value.
the nominal virial radii of the respective hosts and of tre-st o The uncertainty in the slope given by Eq. 17 is a measure far ho

lar bulge masses of the three major galaxies (MW, M31, aflse the data lie to the straight line fitted to them, i.ey\@ose in
M33) exist. Only the satellites brighter than = 0.2x 10°L,  the given case. However, the uncertainties on the data sttt
(My < —8.44) are considered, given that the census of faint@e observed case is rather improbable (although obviaustyim-
satellites is incomplete for the MW (notably in the southenossible), even if the correlation betwegs,n and Myyige is real. The

overabundance d¥lg zkpc ~ 10’ M, halos and a lack of less
massive values compared to the theoretically calculatsd-di
bution for luminous sub-halos, despite mudfoe to solve the
common-mass-scale probléBect. 2).
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5. The disc of satellites (DoS) and invariant
baryonic galaxies (problems 4 and 5)

30 s s S B B The DoS is now addressed in view of the new satellite galaxies
and in Sect. 5.5 the issue that the two major DM halos of the
Local Group, which happen to be similar, are occupied by sim-
ilar disk galaxies is addressed within the context of the CCM
An important constraint for understanding the origin and
nature of the observed satellite galaxies comes from them be
ing significantly anisotropically distributed about the M&wd
possibly also about Andromeda. The problem of the MW sys-
tem for the CCM was emphasised by Kroupa et al. (2005).
They pointed out that the observed satellite system of the MW
was incompatible at the 99.5 per cent confidence level wih th
theoretical distribution expected if the satellites weid Bub-
halos tracing an isotropic DM host halo. Until then, the pre-
diction within the DM hypothesis was that the distributioih o
sub-halos ought to be nearly spherical and tracing the sbiape
the host DM halo. For example, Aubert et al. (2004) show a
MW:-type DM halo to have an infall asymmetry of only about
15 per cent. The sub-halos enter the host halo along filaments
and then phase-mix and virialise within the growing host DM
10 halo. Similar sub-halo distributions are obtained in CDM an
Mbulge/ 10 M@ WDM models (Knebe et al. 2008).
The DoS is a pronounced feature of the MW satellite sys-

(]
(©]

Nyspn (Ly>0.2x10°L,)
o

Fig. 3. The number of dSph and dE satellite galaxies more Iuminoi@m (Metz et al. 2009b), and a similar structure was reported
than 02 x 10° L, is plotted versus the bulge mass of the host gala ' '

(MW: Zhao 1996, M31: Kent 1989, M33: Gebhardt et al. 2001)1y0niESIr the A“f]rog‘.eda system (Koch & Grelbel 20062;‘;:&‘."’“'“'
satellites within a distance of 270 kpc of the MW and M31 aredus oweve_r, t _e - Istance uncertainties ar.e arg?r and theisate
The solid line (slope 4.03) is Eq. 17. The upper (slope5.03) and population is richer and more complex including dSph, dHE, an

the lower (slope 3.03) dotted lines illustrate the relative uncertaintfl!rr galaxies. In the case of the well-studied MW, the DoS is
assumed in the Monte Carlo experiment (see Sect. 4). very pronounced for the classical (11 brightest) satsllite

cluding the LMC and SMC. But how are the new satellites,
the ultra-faint ones, distributed? Much hope for the CCMges
on the new discoveries being able perhaps to alleviate ti& Do
The Monte Carlo result is that case 1) occurs 44 000 timggoblem.
while case 2) occurs 157 000 times. Thus, if the correlation e Watkins et al. (2009) and Belokurov et al. (2010) re-

ident in Fig. 3 were unphysical, then observing it would haysorted the discovery of two new MW satellite galaxies, Ridce

a likelihood of 0044 and (157, respectively. Given the dataand Il, respectively, enlarging the total MW satellite gystto

on the Local Group, the above hypothesis that the bulge maassatellites. Pisces | and Il were found in the southerngfart

and number of satellites are not correlated can therefodésbe the SDSS survey area, making them the two first non-classical

carded with a confidence of 95.6 per cent and 84.3 per centiitellite galaxies found in the southern Galactic hemisphe

case 1) and case 2), respectively. Furthermore, distances to a number of the already knowh sate
Summarising Sect.,4he null hypothesis that the bulgdite galaxies have been updated in recent years, most potabl

mass and the number of satellites are independent quantitiee new distance estimate for Boo Il by Walsh et al. (2008),

and that bulgeless galaxies have no dSph satellites igedjecwhich changes the distance from 60 to 42 kpc. An updated list

based on the Local Group data, with a confidence of maséall currently known satellites is provided in Table. 2 apo

than 95.6 per cent. With the absence of a DM-mass—luminosithich the following analysis is based.

relation for the observed satellites (Sect. 2), this suiggbsat Metz et al. (2007) and Metz et al. (2009a) employed a so-

our present understanding of how satellite dwarf galaxaemf phisticated fitting routine to find the DoS. Here, an intutiv

and evolve may need revision. In the formation modelling @lane-fitting algorithm and a new disc-test are introdudéuk

satellite galaxies within the CCM it will therefore be nes&y plane-fitting algorithm leads to perfect agreement withréve

to include also the formation of the host galaxy, to quaritiy sults obtained by Metz et al., and the new test allows an asses

correlation between bulge mass and the number of satellitaent of how discy the satellite distribution is.

within the CCM. It will also be essential to refine this coeel

tion using deep observational extra galactic surveys.
g P 9 y 5.1. Parameters of the DoS

uncertainty on the slope stated in Eq. 17 would therefordeatgood A simple and straightforward method is described to cateula
basis for the test performed here. the DoS parametetsw, bmw, Dp, andA, which are, respec-
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tively, the direction of the DoS-normal vector in Galacto!
gitude and latitude, the smallest distance of the DoS ple
the Galactic centre, and the thickness (twice the height)e

DoS.

The positions of satellites on the sky and their radial
tances (compiled for convenience in Table 2) are transfd
into a Galactocentric, cartesian coordinate system aseyiimé
distance of the Sun to the centre of the MW to be 8.5 kpc
z-coordinate points into the direction of the Galactic nquttte
and the Sun lies in the MW disk plane.

[kpcl]

The 3D coordinates are projected into two dimens
plotting z against a projection onto a plane defined by
Galactic longituddyw. This resembles a view of the M
satellite system as seen from infinity and from within the
disc plane. The view of the satellite system is rotated ips
of 1°. For each step, a linear fitis made to the projected sa
distribution. The linear fit is determined using the leastese
method, demanding the satellite-distances, as measure
pendicularly to the fitted line, to become minimal. This
constitutes a plane seen edge-on in the current projeditue
two free parameters of the fit are the closest distance fre
MW centre,Dp, and the inclinatiorbyy of the normal vectc
to the z-axis (a polar plane hagy = 0°). The plane-norme
vector’s longitude iduw, given by the projection. The fits ¢
performed for each anglgw between 0 and 360. After hali
of a rotation, the view is identical to the one of t88efore

mirrored along the z-axis.

For each angléy, the root mean square (RMS) thi
nessA, of the satellite distribution around the fitted line is
termined. The normal vector to the best-fit disc solutior
DoS) to the full 3-dimensional distribution of the MW sa
lites is then given by thodgyw andbyw that give the smalle

[kpc]
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To account for the uncertainties in the distance of the «
lites, the major source of error, the procedure is repeadé@ 1
times. Each time, the radial position of each satellite is raFig-4. Parameters of the MW DosS: the 3-D distribution of the MW
domly chosen from a normal distribution centered on thesatgdtellite galaxies. The 11 classical satellites are shavarge (yel-
lite’s radial distance. It has a standard deviation giveriHey low) cirlces, the 13 new satellites are represented by thallem
distance uncertainties to the satellite galaxies. Oncelésee (green) dots, whereby Pisces | and Il are the two southers: doe

. . - . . . . two open squares near the MW are Seg 1 and 2; they are noté@atlud
tion with varied radial distances is set up, the coordinaes . the fit because they appear to béfatie star clusters nearby the

formation into the Galactic coordinate system is performelaw, but they do lie well in the DoS. The obscuration-region:af?
The parameters of the best fits are determined for eachaealigym the MW disc is given by the horizontal gray areas. In taa-c
tion. Their final values are determined by averaging thelt®sure, the MW disc orientation is shown by a short horizontaéJion
of all realisations, the standard deviations of their valaee which the position of the Sun is given as a blue dot. The neaieal

adopted as the uncertainties in the fits. solid line shows the best fit (seen edge-on) to the satelbteilolition
at the given projection, the dashed lines define the regioh x Amjn,

Fitting all 24 currently known satellite galaxies within & . being the RMS-thickness of the thinnest Da§.f, = 28.9 kpc
distance of 254 kpc from the MW, the minimum disc thicknesg both panels)Upper panelan edge-on view of the DoS. Only three
is found to beAnmin = 289 + 0.6 kpc. This is more than B4  of the 24 satellites are outside of the dashed lines, giNpg= 21,
away from the maximum thickness @f,ax = 557 + 1.3 kKpc  Now = 3 and thus a ratio oR = Nin/Noy: = 7.0. Note the absence of
obtained at a 90projection of the datalhus, the DoS is highly satellitesin large regions of the SDSS survey volugugper left and
significant.The position of the minimum thickness gives th&ght regions of the upper panel, see also fig. 1 in Metz et@G092

best-fit disc, the DoS. The normal vector defining the DJ8' the SDSS survey regiond)ower panela view rotated by 99 the
points tolyw = 156".4 + 1°.8 and has an inclination diy = DosS is seen face-on. Now, only 13 satellites are close to ¢isefit

_2°.2+ 0°.6, i.e. is nearly perfectly polabp, the closest dis- line, 11 are outside, resulting iR = 1.2. Note that by symmetry the

. Southern Galactic hemisphere ought to contain about the sam-
tance of the DoS from the MW centre, i2& 1.0 kpc << Amin. ber of satellites as the Northern hemisphere. Thg, Stromlo Milky

Way Satellite Survejs expected to find about eight additional satel-
lites in the Southern hemisphere.

[kpc]
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5.2. A novel disc test

Another test to determine whether the satellite galaxiesle- 1. all " "
: , : . 11 classical | * '
tributed in a disc can be performed by comparing the number - - new :,I !

satellites near the plane to the number further awayNygbe
the number of all satellites that have a perpendicular wiigta
of less than 1.5 times the minimal disc thicknégs, from the
line-fit. Accordingly,Noy: represents all satellites further away
Both N, andNo; are determined for each rotation angle, me:
suring distances from the line (i.e. plane viewed edge-dhen
given projection) that fits the distribution in the given jewo
tion best. This is illustrated in Fig. 4. It shows an edge-@ww
of the best-fit plane, along with a view rotated by’9Both
views see the disc of the MW edge-on.

Figure 5 shows the ratio of galaxies found within the Do
to those outside (solid black line&®, = Nin/Nout. The situation 0 45 90 135 180 225 270 315 360
is shown for the unvaried distances. If the MW satelliteseve l,nv in degrees
distributed in a discR would approach a maximum when look-
ing edge-on, while it will rapidly decrease once the pragtt Fig. 5. Testing for the existence of the DoS. The behaviouRdbr
is rotated out of the disc plane. It is a good test to discriten each view of the MW, given by the Galactic longitude of themak

a disc-like distribution from a spheroidal one. The latterd  Vector for each plane-fik = Nin/Nou is the ratio of the number of
not lead to much variation in the ratio. satellites within 15 x Amin (Amin = 28.9 kpc), Nin, to those further

. away from the best-fit liné\oy, calculated for all 24 known satellites,
It can be seen tha&R approaches a maximum close to th Y o

: . . §s well as for the fits to the 11 classical and the 13 new dateliep-
best-fitlyw. At the maximum, only two of the 24 satellite,a1e1y (taking their respective RMS thicknesses as tieoaatAm).

galaxies are found outside of the required distance from thge gisc-like distribution can be clearly seen as a strorak mose
disc. The maximunR is thus 11.0, situated only a few degreeg |,,,, = 150°. Note that the position of the peaks are close to each
away from theyw that gives the smallest thickness. This hasther for both subsamples separately. This shows that thsaillite

to be compared to the broad minimum ®f~ 1. The disc- galaxies independently define the same DoS as the clasatetlits
signature is obvious, proving the existence of a DoS thatrinc galaxies.

porates the new satellites found in the SDSS.

with each of them having aNy of only one galaxy at the
peak.
Applying the technique presented in Sect. 5.1 to calculate
In addition to the above analysis of all 24 known MW satethe DoS parameters, the new satellites have a best-fit dis@wi
lites, the analysis is also carried out separately for tvetimit normal vector pointing toyww = 151°.4+2°.0, only five degrees
subsamples: the 11 classical, most-luminous satellitexged away from the direction that was obtained by considering alll
and the 13 new satellites discovered mostly in the SDSS. Ed¢town MW satellites. The inclination isyw = 9°.1 + 1°.0,
of them uses an own minimal thickness, given by the subsaagain an almost perpendicular orientation of the DoS redati
ple distribution, in determining. If all satellite galaxies fol- to the MW disc, being only 11 degrees away from the value
low the same distribution, given by the DoS, a separate fitetermined before. The derived RMS thicknessiig = 28.6+
ting should lead to similar parameters. If, on the other hardl5 kpc, essentially identical to the one given by all satellit
the new (mostly ultra-faint) satellites follow afféirent dis- galaxies. The minimum distance from the MW centr®js=
tribution, then this would challenge the existence of a D0$8.3 + 1.3 kpc.
It is worth emphasising that while the brightest satellites The fitting to the 11 classical satellites leads to resubis th
ACDM model of a MW-type halo may exceptionally form aare in very good agreement, too. The best-fit position fodthe
weak disc-like structure (Libeskind et al. 2009), none eféli- classical satellites gy = 157°.6 + 1°.1 andbyw = -12°.0+
isting CCM-based theoretical satellite distributionsdgicethe 0°.5, the thickness is found to ke = 18.3 + 0.6 kpc, and the
whole satellite population to be disc-like. closest distance to the MW centreDs = 8.4 + 0.6 kpc. This
Furthermore, comparing the results for the classical idin excellent agreement with the results of Metz et al. {00
satellites with the ones obtained by the more sophisticiited In that paper, the authors reported thay, = 157.3, byw =
ting technique used by Metz et al. (2007) is a good test tokche€l2°.7, Amin = 185 kpc, andDp = 8.3 kpc. This illustrates that

5.3. Classical versus new satellites: is there a DoS in
both cases?

whether the present technique gives reliable results. the results are extremely accurate despite employing a more
The graphs for both subsamples are included in Fig. 5, thignple disc-finding technique.
results for classical satellites are represented by theedgel- The agreement of the fit parameters for the two subsam-

low, the new (SDSS) satellite galaxies by the dashed green liples separatelys impressive. Two populations of MW satel-
Both are in good agreement not only with the combined sallite galaxies (classical versus ultra-faint) withffdrent discov-
ple, but also with each other. They peak at their bedisfit, ery histories and methods define the same DoS. This shows



14 Kroupa et al.: Local Group tests of cosmology

that the new, faint satellites fall close to the known, dlzeds for the properties of their substructure distribution. ¥ fiest

DoS EDoS;). Even without considering the classical satellitselect from this sample only those halos that host a galaxy
galaxies, the new satellites define a disc, RaSthat has es- of similar luminosity as the MW (specifically, galaxies more
sentially the same parameters. This confirms the existefrwe tuminous in the V-band thaM,, = —20). From this remain-
common DoSD0S,ey *D0S;. ing sample of 3201 (10 per cent) hosts, they select those that
contain at least 11 luminous satellites, leaving 436 (1.4 pe
cent) host halos. In this sample of 436 systems, about 30 per
cent have 6 luminous satellites with orbital angular moraent

A pronounced Do is therefore a physical feature of the M@figned to a degree similar to that of the MW system. Thus,
system. But what is its origin? Is the existence of both tffly 0-4 per cent of all existing MW-mass CDM halos would

classical-satellite Da$and the new-satellite DgS,, such that N0St @ MW-type galaxy with the right satellite spatial distr
D0Se ~ D0Sy, consistent with the CCM? bution. As the authors point out, this probability of410-3

ttlg?t the DM model accounts for the observed MW-type saellit

satellite distribution maps a highly prolate DM halo of th&\M systgm would b.e lower still if proper motion measurements of
additional satellitesféirm the orbital angular momentum corre-

that would need to have its principal axis oriented nearly pe_.. S . .
pendicularly to the MW disc (Hartwick 2000). However, ther(?eatlon highlighted by Metz et al. (2008), or if the satefithat

is still much uncertainty and disagreement as to the shage m?}(’ b\i/glsg(;\t/;ﬁg guzr\l/z;‘?g;re]ir%}eé;i?shoeIrii l\jv)ithin trllz
orientation of the MW DM halo: Fellhauer et al. (2006) use y :

. . o . 0S. All 13 new satellites define the same DoS as the 11 clas-
the bifurcation of the Sagittarius stream to constrain tregpe sical ones. and furthermore. the latest additions in théhson
of the MW DM halo to within about 60 kpc, finding it to be ' '

. lactic hemisphere also lie in the DoS (Sect. Ss8fgesting
close to spherical. The measurement of the shape of the Lt the DM hypothesis is much less likely than 0.4 per cent
halo of the MW within 60 kpc by Law et al. (2009), also base )

on the Sagittarius stream, suggests that the DM halo isjatiaxDoAgi:It;Is to account for the MW satellite system in MW-type

but with major and minor axes lying within the plane of the Li & Helmi (2008) and D'Onghia & Lake (2008) pro-

MW disc. The DM halo of the MW would therefore not trace a . ) . . )
similar three-dimensional structure as the satelliteggasthe pose an interesting alternative solution to 8aellite phase-

major axis of the MW halo changes its orientation by aboSpace correlation problerthey suggest that the correlation is

90 degrees beyond 60 kpc and becomes essentially disc-ﬁf’%‘gsec}l by the infall of groups of DM-dominated dwarf galax-

. . . : : . ies. Unfortunately, this proposition is challenged by abln
(i.e. highly oblate). Law & Majewski (2010) find a new sligntl nearby groups of dwarf galaxies being spatially far too ex-

oblate solution to the MW DM halo shape at distances fro .
20 to 60 kpc. In this solution, the minor axis points along th[nonodgelg.tﬁ i::;:)?ubn; {E:)lzgitt?tlwg?etiz (;frézgsDt?wit (mfvté g”::;

line Sun-MW-centre suggesting a similar orientation o #x- ia correspond to compact dwarf groups that do not exist any

tra potential as the DoS. The authors emphasisethatthielmq b thev h b " d. But this i
is not strongly motivated within the current CDM paradigin, jonger because they have subsequently merged. but this 15

merely serving as a “numerical crutch”. Given this disagregompromlsed by the observation that their putative merged

. . Counterparts in the field do not seem to exist (Metz et al.
ment about the shape and orientation of the MW DM halo, . .
significant future observational and theoretic@ibe to clarify 2009b). Indeed, KI'TemOWSk' etal .(20.10) model a MW-type
L system and deduce “... that such a disc is probably noffante
the situation is needed. . . i )
. ) _ of a group infall unless it happened very recently” (theic-se
An additional issue for the CCM is that the normal to thﬁon 4.2.2). Furthermore, this notion would seem to implgtth
DoS is defined mostly by the outermost satellites, while t '

irecti : arf galaxy groups are full of dSph galaxies, while the pris
direction of the average orbital angular momentum vector 9 y group phg P

e (before group infall) MW halo would have formed none,
defined by the innermost satellites for which proper motiori‘ﬁ ( group ! ) wou v

T conflict with the observed morphology-density relatier(
have been measured. Both, the normal and the average Orl@%zaki & Taniguchi 2000).

angular momentum vector are nearly co-aligned implying a
strong degree gbhase-space correlatibetween the satellites
such that the DoS is rotating (Metz et al. 2008). This rotatlo

DoS is not expected if the satellites merely trace the MW D

5.4. The DoS — Discussion

It has been suggested that the highly anisotropic spa

It needs to be emphasised that the DM-based models have
so far not addressed the issue that the DoS lies nearly perpen
I()jicularly to the MW disc; DM-based models needdostu-
. . S tethat this occurs, and it may indeed simply be chance. The
halo, because they would have mt_jependent infall histanies combined probability that a DM-based model accounts for the
would_therefore not be correlated in phase space. ~ observed MW-type system, which has the properties that the
This phase-space feature has been addressed by Libeskiidljites have correlated angular momenta and form a DoS
et al. (2009). In a thorough analysis of structure formatmn_ highly inclined to the baryonic disc of the host galaxy, can-
MW-galaxy scales, they show that the MW constitutes an iyt currently be assessed but is, by logical implicatioralien
probable but possible constellation of CDM-dominatedlsatgnan 4x 10-3.
lites about a MW-type disk galaxy, the satellites having (of gt perhaps the MW is a very special system, an outlier
course) independent infall and accretion histories. within the DM-based framework? This possibility can be as-
They analyse an N-body sample of 30946 MW-mass DM
host halos with mass in the rangex2L0' M, to 2x 102 M, ° httpy/www.mso.anu.edu.asjerjer'SMS. Survey.html
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sessed by considering the nearest MW-similar DM halo. 6t The origin of dSph and dE galaxies: an
hosts a similar disc galaxy, Andromeda, which has a similar alternative proposition and deeper implications

satellite system to the MW but is however richer and more 5 o
complex, and has a larger bulge mass than the MW (Fig. hat has been learned so far? The DM-mass—luminosity data

Andromeda may also have a DoS (Koch & Grebel 2006, s8 MW dSph satellite galaxies appear to conflict with the CCM
also fig. 4 in Metz et al. 2009H)suggesting that these satelr€sults, and the mass function of DM masses of the dSph satel-

lite distributions may not be uncommon among MW-type DNjt€S iS not in good agreement with the mass function of lu-
halos. minous sub-halos calculated within the CCM. The correlatio
bulge-mass versus satellite-number is tentative (fomgponly
Thus, a Local Group consisting of two dominant DM halogyree points) but will very likely pass the test of time besau
of similar (MW-type) mass would have a likelihood of 0.4 peghe error bars allow for a conclusive significance test. T t
centtimes 1.4 per cent, i.e.65< 107, to appear with two MW- quantities appear to be physically related as indicatemgty
type disc galaxies, one of them having a pronounced rotatigg the Local Group data and also extragalacitc surveys, but
DoS with 11 or more luminous Sate"ites, and the other haVi%gga”y much more work needs to be done both observation-
atleast 11 luminous satellites. ally and theoretically to refine the implied correlation.eTh
highly pronounced phase-space correlation of the MW satel-
lites means that any formation mechanism must have involved
5.5. Invariant baryonic galaxies correlated orbital angular momenta of the satellites.
Given that the formation of a bulge involves highly dissi-
The Libeskind et al. (2009) analysis, described in Sect, 5ﬁltive processes, it emerges that a highly dissipativeessoc
also shows that about 10 per cent of MW-type DM halos woulghems to have formed the bulge and the correlated orbital an-
host a MW-luminous galaxy, the 90 per cent of others woulgl;jar momenta of the satellites. This leads to the real poisgi
presumably host galaxies with lower luminosities suggesti that the origin of both the MW bulge and its satellite popula-
large variation between DM halo and luminous galaxy progon js related to a galaxy—galaxy encounter. Indeed, ite8i w
erties. This however, appears to be a problem considerang ffhown and documented that galaxy encounters lead to the for-
properties of observed disc galaxies. By using a principal-C mation of bulgesandtidal arms that can host the formation of
ponent analysis on hundreds of disc galaxies, Disney et @a|-dwarf galaxies (TDGs). These are then naturally &orr
(2008) demonstrate that observed disc galaxies are sityple $ated in phase space. Since the bulge and the satelliteg of th
tems defined by one underlying parameter, rather than ab@ily are about 11 Gyr old, we are led to the scenario that the
six if the galaxies were immersed in DM halos. Citing addjoto-Galaxy may have had a major encounter or merger about
tional similar results, van den Bergh (2008) and Gavaz20920 11 Gyr ago during which the bulge and the satellites formed
reach the same conclusion, as well as Gentile et al. (20@D) apawlowski et al. 2010). Wetzstein et al. (2007) demonstrat
Milgrom (2009a). This is further supported by an entirely iny a series of numerical models that the number of TDGs in-
dependent study of star-forming galaxies, which again showteases indeed with the gas fraction of the pre-collisidaga
a remarkably small variation of behaviour (Pflamm-Alteriburrhs is relevant to galaxy encounters at a high redshift,rehe
& Kroupa 2009b). The discovery that the ratio of DM mass tg31axy encounters are expected to have been frequent.
baryonic mass within the DM core radius is constant for galax  Noteworthy is that a scenario for the origin of dSph satel-
ies (Sect. 6.4.1 below) is another statement of the sdfeete  |jte galaxies along the above lines had been suggestediglrea

The small amount of variation for disc galaxies thus afefore the DM hypothesis was widely accepted, namely that
pears to be very dicult to reconcile with the large variationthey may be ancient TDGs (Lynden-Bell 1976, 1983; Kunkel
inherent in the DM model, as quantified by the Libeskind et at979). This proposition can naturally account for theirreer
(2009) analysis: 90 per cent of MW-mass DM halos would hal@ted phase-space distribution in the form of a rotating-dis
disc galaxies that dier substantially in luminosity from the like distribution (Sect. 5), and would lend a new viewpoint o
MW in the CCM, and yet the closest neighbour, Andromeda, i€ dificulty of understanding the properties of the MW dSph
similar to the MW. This is theénvariant-baryonic-galaxy prob- satellites as DM sub-halos documented above.
lem.

Summarising Sect.,$he CCM is highly significantly chal- 6.1. The evolution of TDGs
lenged by the spatial distribution of MW satellite galaxées
by the similarity of rotationally supported galaxies. Tfease-
space correlation probleaf the classical satellites is enhance
significantly after the inclusion of the new ultra-fainteiéites,
and the Local Group enhances tlmvariant baryonic galaxy
problem

A natural way to explain the satellite phase-space corogiais
&vell as the bulge-satellite relation is thus to identify tigph
Satellite galaxies of the MW with a population of ancient TG
that probably formed during a gas-rich encounter between th
early MW and another galaxy. But if they all formed at the
same time, how can theftirent chemical properties and star-
formation histories of the dlierent dwarf galaxies then be ex-
plained within this scenario? If the DM hypothesis is nobla

11 Note that the rich satellite system of M31 may have a sulor the MW satellite population, how can the high mass-giHii
population of satellites in a disc-like structure (Metz e2809a). ratios of the satellites be explained?
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It is known that the satellite galaxies all have anc
populations of an indistinguishable age (Grebel 2008);
haps being created when the TDGs were born. Or, th
cient population comes from the precursor host galaxy. T
may also form with globular clusters as long as the i+
formation rate surpasses a févg/yr for 10 Myr (Weidner ¢
al. 2004). The chemo-dynamical modelling by Recchi ¢
(2007) has shown that once a TDG (without DM) form
is not natural for it to blow out the gas rapidly. Rather,
rotationally-supported small gas-rich discs of young T®
gin to evolve through self-regulated star formation eitinetil
their gas is consumed or removed through ram-pressure i |
ping. Consequently, their internal evolution through dtat
mation can be slow and individual, such that TDGs that fo
during one encounter event can exhibitelient chemical pro <
erties many Gyr after their formation. Removal of the intiel -2 : - - o
lar medium from the TDG through ram-pressure takes x [kp<]
half to a few orbital times, which is typically one to a few wyr
after formation. This time scale is consistent with the obsé  Fig. 6. Model RS1-5 from Kroupa (1997) (on the kpc grid) is plotted
cessation of star formation in most MW dSph satellites (8retpver the surface brightness contours of Hercules by Coleshaa.
1999). The TDGs that have remained at large distances fr&#072) (celestial coordinate grid). The dashed and detiect are,
their hosts retain their gas and appear as dirr galaxiestérufd€SPectively, the past and future orbit of RS1-5.
et al. 2000). Once formed, TDGs cannot fall back onto their
hosts and merge since dynamical friction is insignificamt fo
them. A TDG may be dispersed (but not accreted) if it happeadiubble time can produce remnant objects that have internal
to be on a near radial orbit, which, however, is unlikely givehighly-anisotropic stellar phase-space distributiora thould
the torques acting on the tidally expelled material fromahhi be falsely interpreted by an observer as correspondingigha h
the TDG forms during the encounter. M/L ratio, as explicitly shown by Kroupa (1997). Intriguingly,

If the dSph satellites are ancient TDGs then understandffigse models reproduce the gross physical parameters bf dSp
their internal kinematics remains a challenge though hezagatellites well (Metz & Kroupa 2007), and thus constitute th
TDGs do not contain significant amounts of DM (Barnes &mplest available stellar dynamical solutions of dSpblits
Hernquist 1992; Wetzstein et al. 2007; Bournaud et al. 200@nstructed without fine-tuning.

Gentile et al. 2007; Milgrom 2007). However, the inferredja It is indeed remarkable how model RS1-5 of Kroupa
M/L ratios of dSph satellites (and especially of the ultrat&in (1997), shown here as a snapshot (Fig. 6), is an essentially
may not be physical values but may be a misinterpretatiperfect match to the dSph satellite Hercules (see fig. 2 in
of the stellar phase-space distribution within the sagellif Coleman et al. 2007a) discovered 10 years later by Belokurov
this were to be the case then the absence of a “DM-masst-al. (2007). The half-light radius is 180 pc in the model and
luminosity relation (Sect. 2) for dSph satellites would lzéun 168 pc for Hercules, RS1-5 has a velocity dispersion of about
rally understood. 2.8kms? (table 2 in Kroupa 1997), while Hercules has a mea-

The following gedanken-experiment illustrates that thisured velocity dispersion of. B2 + 0.91 kms? (Adén et al.
could be the case. An unbound population of stars on sir2id09a), and the inferred mass-to-light ratio that one waletd
lar orbits, each slightly inclined relative to the otheritspwill duce from velocity dispersion measurements based on the as-
reconfigure at apogalacticon and an observer would see-a stemption of equilibrium is about 200 in both cases. Both RS1-
lar phase-space density enhancement and would also obséragd Hercules have luminosities agreeing within one ortler o
a velocity dispersion. Th#/L ratio calculated from the ob- magnitude (the model being the brighter one), yet RS1-5 has
served velocity dispersion would not be a true physMgL no DM.
ratio. Models related to this idea have been studied by Kuhn The TDG models for dSph satellites proposed by Lynden-
(1993). Moreover, resonant orbital coupling can periddica Bell (1976, 1983) and Kunkel (1979) and calculated by Kroupa
inflate kinematically measureM/L values (Kuhn & Miller (1997) and Klessen & Kroupa (1998), which are based on ob-
1989; Kuhn et al. 1996). Fully self-consistent Newtonian Nserved properties of TDGs, thus lead to a population of acie
body models have demonstrated that unphysically Mghra- TDGs that are in reasonable agreement with the observed lumi
tios arise indeed if TDGs are allowed to orbit a host galaxy sunosities, dimensions, arM/L ratios of dSph satellites (Metz &
ficiently long such that the remaining stellar populatiothivi Kroupa 2007). These model-dSph satellites require no fime tu
the ancient TDG adopts a highly non-isotropic phase-spang of parameters but only assume the formation about 10 Gyr
distribution function (Kroupa 1997; Klessen & Kroupa 1998ago of about 10M, heavy TDGs composed purely of baryonic
Metz & Kroupa 2007). These models suggest that it may beatter. This theoretical framework of satellite galaxiessinot
wrong to use an observed velocity dispersion to calculatenaply any relation between luminosity and (wrongly infetye
mass for a dSph satellite. Thus, tidal shaping of TDGs ov&tynamical mass”, in agreement with the lack of this relatio

¥ lkpe)
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(Sect. 2). And it would naturally explain why the mass fuanti survival of TDGs in a hierarchical structure formation fresm

of luminous DM sub-halos cannot account for the observatiowork, the validity of the DM hypothesis must be questioned,
(Sect. 3). Within Newtonian dynamics, this dynamical modecause the dSph satellites cannot be two types of objdw at t
elling over many orbits around the MW DM halo has demorsame time, namely DM-dominated sub-structures and ancient
strated that even low-mass satellites do not easily disropt DM-free TDGs.

less they are on virtually radial orbits (Kroupa 1997; Metz &

Kroupa 2007).

Summatrising Subsect. 6.the physics of TDG formation
and evolution is sfficiently well understood to conclude thaBut if TDGs account for the dSph satellites of the MW, would
1) once formed at a sficient distance from the host, TDGghey then not also be an important population in other enviro
will take an extremely long time to dissolve, if at;aiind 2) ments? The production of TDGs in the CCM has been calcu-
the TDGs formed will naturally lead to a population of antiedated by Okazaki & Taniguchi (2000). Intriguingly, they find
TDGs that resemble dSph satellites. A bulge-mass—numbetftdt TDGs naturally match the observed number of dE galax-
satellite correlation and a DoS arise naturally in this scien  i€s in various environments. The result of Okazaki & Tanlguc
(2000) is rather striking, since they find that within the CCM
framework only one to two long-lived (i.e., bright) TDGs ke
6.2. On the substructure problem to be produced on average per gas-dissipational encounter t

The MW dSph satellites can therefore be understood as cater for the population of dwarf elliptical (dE) galaxiesldor

cient TDGs that formed within a DM universe. But on the Othegned(?r?réiljté/t;rpé)rphology relation in the field, in galaxy greu
hand, the extensive modelling within the CCM strictly ingdj Viewing dE galaxies as old TDGs would be consistent
if DM is cold or warm (but not hot), that MW-luminous galax- . LS oy :

with them deviating from the mass-radiugy(r), relation of

ies must be accompanied by hundreds (with a slight depen- i )
dence on the cold or warm nature of DM) of shining albegressure supported (early-type) stellar systems. The i a

. 13 = _—
faint satellites, which are not of tidal origin (Knebe et2008; Sph galaxies follow a o M * sequence reminiscent of tidal

" ) ] ield-dominated formationAll other pressure-supported galac-
Maccio etal. 2010; Busha etal. 2010; Koposov et al. 2008). FIic systems (elliptical galaxies, bulges, and ultra-coatgavarf

example, Tollerud et al. (2008) conjecture that “there &hou : , . )
be between 300 and 600 satellites withn= 400 kpc of galaxies) with stellar magdl > 10° M,, follow instead the re

i 0.60+0.01 i i i
the Sun that are brighter than the faintest known dwarf gala@tlonr o M (see fig. 2 in Dabringhausen et al. 2008,

ies and that there may be as manv as 1000. depending orcSe. also fig. 7 in Forbes et al. 2008 and fig. 11 in Graham &
! C Y Y » depending n\/%rley 2008), which may result from opacity-limited mono-
sumptions.” Deep follow-up observations of the loyiNSultra-

low-luminosity satellite candidates introduced by Walskale lithic collapse (Murray 2009). Viewing dE galaxies as TDGs

(2009) show that these are not dSphs as a population. Th\gggld _also be consistent W'th the_obsgr\{at|on that they have
. €5sentially stellar mass-to-light ratios similar to gltaiclus-

results show _that_there is_not a significant number O.f missm[%rs (Bender et al. 1992; Geha et al. 2003; Dabringhausén et a
ultra-low-luminosity satellitesNly > -2,D < 40kpc) in the 5448, o6t 4. ZOOé). If dE (baryonic,ma»siso8 M,) and

SDSS footprint, i.e. an area covering half of the Northemmiae dSph (baryonic mass 16F M) galaxies are old TDGs, why do
sphere (Jerjen et al., in prep.). This may be a problem becays . , 5 ' .
of the ACDM prediction that there should be a dozen add{#-“:"y appear as flerent objects? That the dE and dSph galaxies

tional satellites Ky < 0.D < 40 kpc) in a quarter celestialdiffer in terms of their baryonic-matter density may be a re-
. X ’ ] su]It of the finding that below £V, spheroidal objects on the
sphere (e.g. fig. 4 in Koposov et al. 2009; see also Cooper etal 11/3 yo|ation cannot hold their warm gas and consequently
2010). _ _ . they must expand (Pflamm-Altenburg & Kroupa 2009a), be-
If the dSph satellites are ancient TDGs stemming from @dming more susceptible to tides from their host.
early gas-rich encounter involving the proto-MW and prob- e gajaxies are pressure-supported stellar systems, while
ably contributing a collision product to the MW bulge (s€¢oung TDGs are rotationally supported (Bournaud et al. 2008
Sect. 4), then this would mean that the MW would have a S@&ith a mass of less than typically 1M, the velocity disper-
vere substructure problem as there would not be any satelligjo of their stellar populations becomes comparable tis the
with DM halos less massive than aboutdM, with stars, in - otational velocity (of the order of 30 km¥. That a sizeable

conflict with DM predictions provided by, €.g., Knebe et akaction of dE galaxies show rotation, some even with spiral
(2008), Diemand et al. (2008), Busha et al. (2010), Mactio e

al. (2010), and Koposov et al. (2009). Perhaps a few dSph sat& Note that Okazaki & Taniguchi (2000) write: “Adopting the
lites are ancient TDGs, such as the classical or nine bisghtgalaxy interaction scenario proposed by Silk & Norman, wel fimat
satellites, and the remainder are the DM dominated suts@al8 only & few dwarf galaxies are formed in each galaxy cadisiwe
This possibility is unlikely, because the new satellitearsthe &€ @ble to explain the observed morphology-density miatior both
same DoS (Sect. 5.3) and because they do not form a poplg arf and giant galaxies in the field, groups of galaxies, elodters

tion with physical properties thatfdiér distinctly from those of galaxies. .They also state The fo.rma,‘,t'on rate of TDGssreated .
the classical satellites (e.g. Strigari et al. 2008) to be~ 1 - 2 in each galaxy interaction.” and proceed to compare this

= . number with the actually observed number of TDGs born inxgala
Summarising Subsect. 6.Based purely on the existencencounters. This statement is at odds with the quotatioroimiBaud
of the satellite phase-space correlation and the formatimh (2010).

6.3. Early-type galaxies
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structure (Jerjen et al. 2000; Barazza et al. 2002; Geha etRitci scalar curvaturdk have been developed and success-
2003; Ferrarese et al. 2006; Chilingarian 2009; Beasley. et fally applied to the problem of galactic rotation curvesg(e.
2009), is thus also consistent with their origin as TDGs.dor Capozziello et al. 2009). For a brief review of MOND and
excellent review on dE galaxies the reader is referred tkdris MOG and Milgrom’s proposition on the possible physical
(2009). origin for the existence o#y, the reader is directed to the

One is thus led to the following seemingly logical impasséppendix.
In the CCM, TDGs are formed and their number and distri- Both the MOND and MOG approaches have been ap-
bution is calculated to match the number and distribution pfied to the satellite galaxy problem with appreciable sssc
observed dE galaxies in thefidirent environments. Within the (Milgrom 1995; Brada & Milgrom 2000; Angus 2008; Mat
CCM, the observed luminous dwarf sub-structures are thids r@ Toth 2008; McGaugh & Wolf 2010). It has already been
urally accounted for by TDGs. But the dE galaxies cannot lgenclusively demonstrated that spiral galaxy rotatiorvesr
both, DM sub-halogindTDGs at the same time. are well recovered in MOND purely by the baryon distribu-
Summarising Subsect. 6.the physical processes at playion without any parameter adjustments (Sanders & McGaugh
during structure formation in the CCM imply that dE galaxie8002; McGaugh 2004, 2005a; Sanders & Noordermeer 2007),
ought to be identified as ancient TDGs. Thus, there would bed MOG is reported to also do well on this account
no room for shining DM substructures. (Brownstein & Mdtfat 2006). In contrast, the DM approach
can only poorly reproduce the vast variety of rotation carve
o o ) and cannot explain the amazing regularities found in them
6.4. Deeper implications: gravitational dynamics (McGaugh 2004; McGaugh et al. 2007; Gentile et al. 2009;

In Sects. 6.2 and 6.3 it has been shown that the DM hypothé\éii%grom 2009a). Notably, the realisation (Gentile et al020

leads to a problem when accounting for the number of sﬂellhll_i grom 2009) that the ratio of DM mass to baryonic mass

and dE galaxies because the formation of TDGs is an intringﬂzth'n the DM core radius is constant despite the large varia

outcome of structure formation. In Sects. 2 to 5 it has alsaﬂnbet'on in the DM—to—baryonic-matter ratio globally withinlga-

shown that the CCM seems to have a rather major problem les cannot be understood within the DM hypothesis. A conistan

counting for the observed Galactic satellites and thearirdl ratio within that radius implies that the distribution ofripanic
properties. This situation suggests that alternativesddauld matter is indistinguishable from that of the supposedispne

be considered to help us understand the origin of these prg]tg\{I (as;lrea;dy found by Bosm? 1931)' This ilgnl\a)liesdaglithert(_)
lems, and indeed repeat the steps that had led to a full-ited Qt predicted near-exact coupling between and baryonic

DM framework of structure formation but with aftérent out- 'ater that dpes not arise naturally in the CCM, while out-
look. Since structure formation in the DM framework relies oSlde that radius thefkects of DM should become noticeable

Newtonian gravitation in the weak-field limit, one is natiya McGaugh (2010). The only way to physically couple DM and

led to relax insistence on Newtonian dynamics in the Wea?gryons with each other to this degree would be by postgatin

field limit and to consider modified gravitation theories,igéh tISI?/I eX|st'Fe|nce ofdabn unknov_\ll_r;dark;(_)frc(ej lchl\jt acts o:wly betwelgn
remain compatible with General Relativity in the strongdiel particies and baryons. 1he modihie cosmology wou

regime and with the observed large-scale structure. We nHIS” comprise inflation, dark matter, a dark force, and dark

that adopting non-Newtonian dynamics in the weak-fieldtimf"9Y- _ _ _
would notnecessarily rule out the existence of DM: on the scale I MOND models, this behaviour of gravity comes natu-

of galaxy clusters DM might still be needed, but instead of bgally. That the rotation curves would be purely defined by the
ing warm or cold, it would béiot(Angus et al. 2009). baryonic matter distribution in non-DM models indeed would

naturally explain the later finding based on a large sample of
_ _ _ galaxies by Disney et al. (2008), Gentile et al. (2009), and
6.4.1. Non-Newtonian weak-field gravity Milgrom (2009a) that disc galaxies appear to be governed by a
Alternatives to Newtonian dynamics in the weak-field “mi§|ngle param_e_ter. Furthermore,the_ high galaxy-clustdesy-
L . . . cluster velocities required to obtain the features of thédeBu
have been studied in great detail. The increasingly PoRY; . .
o . . cluster have been shown to be extremely unlikely in the CCM
lar modified-Newtonian-dynamics (MOND) approach rests o i
a modification of the Newtonian acceleration in the wea(l;;‘ ect. 1), but these velocities are found to naturally ocour
OND (Angus & McGaugh 2008). Last but not least, tiree-

field limit, i.e. when the Newtonian acceleratiaris smaller . . .
than a threshold, (Milgrom 1983; Bekenstein & Milgrom delay problenof the CCM mentioned in Sect. 1 would disap
ePeeyar naturally.

1984; Sanders & McGaugh 2002; Bekenstein 2004; Fam
& Binney 2005; Famaey et al. 2007; Sanders 2007, 2008;

McGaugh 2008; Nipoti et al. 2008; Tiret & Combes 2008 4.2. A consistency check

Bruneton et al. 2009). A modified-gravity (MOG) adding a

Yukawa-like force in the weak-field limit has also been urif it were true that the physical Universe is non-Newtonian i
der investigation (M@at & Toth 2009a; Md@at & Toth 2009b, the weak-field limit, then a simple test would provide a con-
and references therein). In addition, an extension of thee@¢ sistency check: high dynamical mass-to-light ratids/ () dyn,
Theory of Relativity to a class of alternative theories odgr (derived assuming Newtonian dynamics) would not be due
ity without DM and based on generic functiori¢R) of the to DM but due to the dynamics being non-Newtonian in the
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weak-field limit andor be due to objects being unbound non- .
equilibrium systems (Sect. 6.1). Thus, taking MOND to be 1°© ' ' ' Vilky Wy globutar clusters ™3
a proxy for non-Newtonian dynamics in the weak-field limit g liptical ga}égi'gg ]
(MOND is, arguably, the currently available simplest aiter

Be OO

bulges of spiral galaxies

tive to Newtonian dynamics in the weak-field limit), all sys- w10? | o dwarf spheroidal galaxies E
tems with non-stellarNl/L)ayn values (as derived in Newtonian § -

gravity) would have to have internal accelerations roudtdy <

low the MONDian valué® a, = 3.9 pc/Myr2. Thatis, all 2, | __
pressure-supported (spheroidal) stellar systems thaaayip s ]

be dominated dynamically by DM would need to have an in-Z
ternal acceleratioa < a,. Note that the emphasis here is on =
pressure-supported systems since rotationally suppsyted
tems have been extensively and successfully studied in non- o
Newtonian gravitational theories and because dSph and dE 10° - -
galaxies are mostly pressure-supported objects.

Figure 7 shows the acceleration,

1
T T T T
Milky Way globular clusters
UCDs
elliptical galaxies
bulges of spiral galaxies
dwarf spheroidal galaxies

OeP>o0O
d

2]

s A
a(re) =G MZ = Gw, (18) 2
re rs 8 A

that a star inside a pressure-supported system experiahces® 10°F @ g . 3
the efective radiuste, of its host system with luminosity span- © 1 | s 7 8 ]
ning 10* to 10?L,. HereM = 057 Ly is the stellar mass =
within re and Ly is the absolute V-band luminosity in solar 0% —_— 3
units. The stellar mass-to-light ratio in the V-bandyls~ 3 103 Ll il vl il il ]
for collisionless systems (two-body relaxation time lonigan 10?10t 10 100 100 100 10*  10° 10
a Hubble time), whilér ~ 1.5 for collisional systems, i.e. for L [10° solar units ]

systems that have evaporated a significant fraction of thieit _ _
low-mass stars by means of energy equipartition (KruijssenFig- 7. Upper panelThe dynamical /L)ayn ratio (calculated assum-
Lamers 2008; Kruijssen & Mieske 2009). Values /L) ayn ing Newtonian dynamics to be valid in the weak-field limit) de-

as high as 10 can be expected for purely baryonic Systemgquence of the luminositl,, for pressure-supported stellar systems

: : owing Dabringhausen et al. (2008). Note that here dBEL('° L)
these retain their stellar remnants and hot gas. For examél(?#d E & 10°L.) galaxies are both plotted with the same symbol.

. Eéwer panel The Newtonian acceleration (Eqg. 18) of a star located
centor less of stars, the rest consisting of stellar rensnzamd at the défective radius within the host system in dependence of the

gas that cannot cool to form new stars (Parriott & Bregmajast juminosity. The dashed line . Note thatM/Lgyn is high in
2008; Dabringhausen et al. 2009), meaning that 5 would  pressure-supported stellar systems only whienao. In both panels:
be an underestimate in that case. Ultra-compact dwarf gal@CD=ultra compact dwarf galaxy. Comparing the upper and lower
ies, UCDs (sometimes also understood as extremely masgiggels shows that evidence of DWI(Lqyn > 10) appears only when
star clusters), have high stelldd/L values perhaps due to aa < a.

bottom-heavy IMF (Mieske & Kroupa 2008) or a top-heavy

IMF (Dabringh tal. 2009). . . . . .
(Dabring gusene a ) N L tion of MOND inside the fective radius is (Famaey & Binney
By comparing the two panels in Fig. 7, it is indeed eViyo05- Angus et al. 2009)

dent that only those systems with< a, show non-baryonic
(M/L)gyn values. This is more clearly shown in Fig. 8 wher _ M+ 45 /A

the MC;/ND prediction for the range of dynamical mass—toﬂigr?M/L)dyn mond = 0.5 Toar x (1 AR 4ao/a) ' (19)
ratios measured by a Newtonist living in a MONDian universé&/e note that, writing customarilx = g/a,, whereg is the
is plotted as a function of Newtonian acceleration. Forfilgis actual full acceleration experienced by a ballistic p&stign
ure, the MOND expectation for the mass-to-light ratio, whicMOND)**, Eq. 19 follows from the form of the transition
an observer who thinks to live in a Newtonian world would deviOND function (Milgrom 1983)

duce, was calculated as follows. Adopting a conservatiigeva

of the baryonic mass-to-light ratifys, between 0.7 (for a glob- #(X) = X/(1 + X), (20)
ular cluster with an old metal-poor population depletedin-|

mass stars) and 5 (for an old metal-rich population), theipre which is valid up tox ~ 10. The theoretical transition derived

by Milgrom (1999) and mentioned in the Appendix would yield

virtually the same result.
13 Note that this statement is approximately true for all non-
Newtonian gravitational theories since they must accounthie same 4 In the notation applied here, the MOND formula becoraes

non-Newtonian phenomena in the weak-field limit. u(X) g, where the Newtonian acceleratiaiis given by Eq. 18.
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highly non-stellar §1/L)qyn values witha < a, would be coin-
cidental as it is not built into the theory. It is, howeveriural

in a MONDian universe for observers who interpret weak-field
observations with Newtonian dynamics.

Milky Wlay globularlclusters
103 + UCDs
] elliptical galaxies

o] bulges of spiral galaxies
5] dwarf spheroidal galaxies

Oepo0O

2 | 7. Conclusions and perspectives

We inhabit a Universe for which physicists seek mathemat-
ical formulations. A successful formulation of gravitatal
o physics, the General Theory of Relativity (GR), requiresdk-
4 istence of non-baryonic dark matter (DM) in order to account
for the observed rotation curves of galaxies and other dynam
cal dfects in this theory, which has Newtonian dynamics as its
weak-field limit. On the other hand, non-Newtonian weakedfiel
gravitational theories have also been formulated to addoun
the “DM-effects” observed in galaxies.
Finding a definitive test that distinguishes between these
S O two different solutions to the problem of galactic dynamics
10° 101 10° 10 10° and cosmological structure formation igfaiult. Both DM and
a(re) [pc/Myr’] modified gravity are designed to solve similar problemshgo t
test must rely on subtle filerences between the models and the
Fig.8. The correlation between the acceleratiafm,) and the dy- observational data. Thus far, GRM+A-+inflation (the CCM)
namical mass-luminosity ratioM/L)qyn derived assuming Newtonian accounts for the emergence of structure on large scales, and
dynamics is shown for the same objects as in Fig. 7. The shadedyes et al. (2010) were able to exclude certain versionk of a
region indicates the range iM(L)ay, as it follows directly from ternative gravitational theories that had already beemvkrtoy
MOND models (without any parameter adjustments) using Bd. Jihe respective community to be unstable (Contaldi et al8p00
The graph shows the consistency of the data in a MONDIan ts&veg, i 55 shown here, the CCM appears to have insurmount-
for an observer who interprets observations with Newtodiaramics. .
able problems on galaxy scales such that other alterngtive a

Encircled dwarf spheroidals outside this range (UMa, Dnal, @Mi) h d to be studied. A lati tr t h
may indicate non-equilibrium dynamics, either becausevale sys- PrOacNes Neea 1o be studied. A speculalive ansalz 10 perhaps

tem is unbound, or because of unbound interloper stars areng solve the observed near-exact DM—baryon coupling in galax-
member stars (see Sect. 6.4.2). That virtually all pressupported €S Within a DM-Newtonian cosmology would be to extend the
stellar systems fall in the shaded MOND region suggests eesstul CCM by postulating the existence otiark force(DF) leading
consistency check. That is, stellar dynamics is MONDiahaathan to a GR-DM+DF+A+inflation cosmology that should perhaps
Newtonian on galactic scales. be investigated in more detail in the future. The greatdst di
ferences between the two competing approaches (CCM versus
non-Newtonian dynamics in the weak-field limit) are expdcte
The three classical dwarfs that lie outside the predictédthe weak gravitational regime where the subtleties of-non
MOND range for M/L)ayn in Fig. 8 are UMa, Draco, and Newtonian weak-field dynamics are most pronounced, which
UMi. UMa may have an anisotropic velocity dispersion (Angus why the constituents of the outer edges of galaxies alfmw t
2008); Draco is known to be a long-standing problem fenost stringent tests.
MOND, but the technique of interloper removal developed by This contribution has statistically assessed whether the o
Serra et al. (2009) could probably solve the problem, alfiouserved properties of satellite galaxies in the Local Group,
this particular case remains open to debate; UMi is a typithich are the result of structure formation in the weak-field
cal example of a possibly out-of-equilibrium system, assit limit, are consistent with the CCM. Given that a substantial
elongated with substructure and shows evidence of tidal tatumber of independent research groups working in the tradi-
(D. Martinez-Delgado, priv. communication). Ultra-fadwarf tional CDM and WDM approaches have by now made firm
spheroidals are expected to be increasingfgaed by this statements about the dwarf satellite galaxies of the MW and
kind of non-equilibrium dynamics, as shown to be true even fdindromeda, the CCM can be tested sensitively on these scales
Newtonian weak-field dynamics (Kroupa 1997, Sect. 6.1), amdgthin the Local Group.
even more strongly so in MOND (McGaugh & Wolf 2010). Five new problems for the CCM on the scale of the Local
Summatrising Subsect. 6 ell-developed non-NewtonianGroup and dwarf galaxies have been uncovered: (i) the ob-
weak-field approaches exist and have been shown to accaered absence of a mass-luminosity relation (Sect. Dike
for galaxy properties more succesfully than the CCM, whialmass—Iluminosity problem(ii) the mass function of luminous
would need to be extended by a dark force to account fgalactic satellites (Sect. 3, timeass function of luminous satel-
the observed strong coupling between DM and baryons. Ate problen); (iii) the observed relation between the bulge
known pressure-supported stellar systems ranging fraptiell mass and the number of satellites (Sect. 4,bukge-satellite
cal to dwarf satellite galaxies behave dynamically as ebtgaec correlation problern (iv) the accordance with the Milky Way's
in a MONDian universe. In DM cosmology, the association afisc-of-satellites of the recently detected ultra-faintadfs

M/ Layn [ solar units ]
o]
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(Sect. 5, thephase-space correlation problerend (v) the low Newtonian weak-field framework within which galaxies would
probability that two neighbouring MW-type DM halos conbe pure baryonic objecs

tain similar MW-type disk galaxies (Sect. 5.5, thwariant- This scenario would naturally solve problems (iii) and (iv)
baryonic-galaxy probleln while it would not imply a “dynamical mass”-luminosity rela

Itis found that the CCM is consistent with the Local Groufion if the dwarfs are out of equilibrium, so could possitije
data with a combined probabil§/p < 3x10-3. The five prob- Problem (i). For purely baryonic galaxies, problem (i) vidu
lems thus appear to rather strongly challenge the notion tR&t €xistanymore by definition. Problem (v) would also vanis
the CCM successfully accounts for galactic structure irflagn  Naturally. What is more, while in the CCM the association of
with a vast volume of reported research (compare with Fandlighly non-stellar f4/L)qyn values witha < a, would be coin-
2010). All these challenges constitute a strong motivaftisn cidental because it is not built into the theory, it is nakimaa
numerous future observational and theoretical investigat Non-Newtonian universe for weak-field observers who inerp
For instance, the disk of satellites will have to be confirmePservations with Newtonian dynamics. Noteworthy is that t
by surveys such as Pan-Starrs (Burgett & Kaiser 2009) af@yme statement can be made for the Tully-Fisher scaling rela
the Stromlo Milky Way Satellite Survey (SMS) (Jerjen 2010§ion for rotationally-supported galaxies (Tully & Fishe977;
Given the existence of the DoS and by symmetry, the south&fgGaugh 2005b; Combes 2009a) as well as the newly found
hemisphere ought to also contain about 16 satellites, suath ©caling relation of Gentile et al. (2009) and Milgrom (20p9a
the SMS survey is expected to discover about 8 new southdff Supposed mass-deficit seen in young rotating and gaseous
satellites (Fig. 4). It will also be essential to refine thereta- TDGS (such as those of NGC 5291) constitutes independent
tion between bulge-mass and satellite-number with extaaga €MPpirical evidence towards this same statement. Young tida
tic surveys. On the theoretical side, more inclusive maagll dwarf galaxies (TDG), which should be devoid of collision-
is needed to address these challenges within the CCM whifsS DM, appear to nevertheless exhibit a mass-discrepancy

at the same time, existing viable alternatives should biaéur Newtonian dynamics. This is a significant problem for the DM
explored. hypothesis, but it is naturally explained by MOND (Gentile

. . o . tal. 2007; Milgrom 2007). Also, while the high Bullet-ctas
W'th.th's contribution, the followmg clues ha"?‘ ?mergeaelocity is hard to account for in the CCM, it is natural in
suggesting the need for a new scenario for the origin and MonD (Sect. 1, 6.4 and 6.4.1). And, it has already been noted

ture of dSph satellite galaxies. The ob.served correlatien Sanders (1999) that the dynamical-mass — baryon-mass
tween bulge mass and nqr‘_nber of satglhtes suggests that a écrepancy observed in galaxy clusters is nearly remaved i
between these two quantities may exist. The phase-space fA5NDian dynamics

relation of the classical and ultra-faint satellite gadéexim- L .
: : : It would thus appear that within the non-Newtonian weak-
plies that angular momentum conservation played an impqr- .
. o . e . ield framework a much more complete, self-consistent, and
tant role in establishing the satellite distribution. Givénat . ) ) . .
indeed simpler understanding of the Galaxy’s satellitesels

bulges form in dissipational encounters, during which dagu . . . o
momentum conservation rearranges matter on Galacticssc&l of major galaxies ma_y be attained, th_an within (he CCM.
However, to #firm this statement, this alternative cosmo-

to be in highly correlated phase-space structures (tidakgr . oA X . ) ;
a natural path thus opens to understand the likely origin Igfg!cal scenario will have to be |.nvest|gated in as much ideta
satellite galaxies. Already in the 1970's a tidal origin éovarf as is now available for the CCM in order to perform equivalent

spheroidal galaxies was suggested, based on their arraztmgerli‘?s_ts as presented here 1_‘0r the DM hypothesi_s and to _ascertai
around the Milky Way (Sect. 6). This solution does imply, how/Vhich of the non-Newtonian weak-field dynamics theoriesi(an
ever, that the dSph galaxies are ancient TDGs and not DM sffjlich versions of the theories) can most successfully aucou
haloes. Furthermore, by logical implication, dE galaxiesild for the physical world. Models of merging gas-rich disc gala

also be TDGs (Sec. 6.3). This would imply that the vast majdfS Ne€d to be computed in MOND, for example, to study how
ity of <10'°M, DM sub-halos are unable to make stars. Thithe formation of TDGs proceeds and how the number of satel-
however, would be in conflict with all the CCM c:omputationgtes thus formed correlates with the bulge that forms asalte
available to datéo the extend that the CCM would have to be the encounter. These populations of satellites assutvaith

discarded in favour of a universe without cold or warm ppplobular clusters that formed along with them would natyral

In this case, the non-Keplerian rotation curves of galaaies; 2PPear in (more than one) closely related planes explathig

other DM efects additionally suggest that we live in a nontynden-Bell & Lynden-Bell (1995) streams, because a gels-ri
galaxy pair undergoes many close encounters in MOND, each
spawning some TDGs and globular clusters, before perhaps fi-

15 Summarising the likelihoodsp, that the CCM accounts for the nally merging.

observed data in the Local Group are in the individual té&)snass— Figure 9 schematically depicts the structure formation
luminosity datapp, < 0.3 per cent (Sec. 2); (2) mass function of lumiscenario in this non-Newtonian weak-field framework: while
nous sub-halosp, < 4.5 per cent (Sect. 3); (3) bulge—satellite num-
ber: p; ~ 4.4 per cent (Sect. 4); (4) a MW-type galaxy with at least'® Given that Newton derived the gravitationaki law over a very
11 satellites in a DoSp, = 0.4 per cent; (5) a M31-type galaxy with limited physical range (Solar System), while with the LoGabup
at least 11 satelliteqis = 1.4 per cent (Sect. 5.4). Thus, the combinedravitational physics is probed on a length scale nearlyteiders of
probability that the general CCM framework accounts forltlheal magnitude larger and in a much weaker field regime, it needeot
Group isp < 3x 1073, surprising that an adjusted gravitational law is needed.
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Appendix: A brief review of MOND and MOG and
Milgrom’s proposition on the possible physical origin
and value of ag

Theoretical approaches trying to embed MOND within a Larent
covariant framework (Bekenstein 2004; Sanders 2005; Haosnal.
2007; Zhao 2008; Bruneton & Esposito-Farese 2008; BlangHee
Tiec 2009; Esposito-Farese 2009; Skordis 2009; Milgro®o®) are
currently under intense scrutiny, and a quasi-linear féatan of
MOND has been discovered only recently (Milgrom 2010; Zhao &
Famaey 2010), which appears to allow easier access to N-dzbcly-
lations.

However, none of these theories is (yet) fully satisfacfooyn a
fundamental point of view (see e.g. Contaldi et al. 2008;r8tan &
Esposito-Farése 2008; Reyes et al. 2010) and moreoveraidhem
explains (yet) why the acceleration threshadg, which is the sin-
gle parameter of MOND (adjusted by fitting to one single sy8tés
aboutc+/A/3 (whereA is the cosmological constant andhe speed
of light), or thatay ~ cHo/2x, whereH is the current Hubble con-
stant. They also require a transition functigifix) (e.g. Eq. 20), from
the Newtonian to the modified regime, a function not (yetjedan
the theory.

A possible explanation of the coincideneg ~ c+/A/3 and
a theoretically-based transition function are suggesteditbgrom
(1999). In Minkowski (flat) space-time, an accelerated olkeresees
the vacuum as a thermal bath with a temperature proporttontle
observer’s acceleration (Unruh 1975). This means that ribetial
force in Newton’s second law can be defined to be proportitmal
the Unruh temperature. On the other hand, an acceleratedvelnsn
a de Sitter universe (curved with a positive cosmologicaistantA)
sees a non-linear combination of the Unruh (1975) vacuunatiad
and of the Gibbons & Hawking (1977) radiation due to the cosmo
logical horizon in the presence of a positixe Milgrom (1999) then
defines inertia as a force driving such an observer back tititagum
as regards the vacuum radiation (i.e. experiencing onlyGibons-
Hawking radiation seen by a non-accelerated observerei@bs ex-
periencing a very small acceleration would thus see an Uradilation
with a low temperature close to the Gibbons-Hawking one,nimga
that the inertial resistance defined by th&etience between the two
radiation temperatures would be smaller than in Newtoniamach-
ics, and thus the corresponding acceleration would be Hafps is
given precisely by the MOND formula of Milgrom (1983) with aeli+
defined transition-functiop(x), anda, = c(A/3)%2. Unfortunately,
no covariant version (if at all possible) of this approack haen de-
veloped yet.

The theoretical basis of the MOG approach relies on choskn va
ues of integration constants in solving the equations dfftbery. This
approach seems to work well from an observational point efvyi
but it's fundamental basis needs further research, as dsthéscase
for MOND. It is noteworthy that a formulation of MOG in term$ o
scalar, vector, and tensor fields (Wt 2006) may possibly hint at a
convergence with the Bekenstein (2004) tensor-vectdasti@ory of
gravity.





