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53121 Bonn, Germany

Email: pavel@astro.uni-bonn.de

Abstract: The current standard model of cosmology (SMoC) requires The Dual Dwarf Galaxy Theorem to

be true according to which two types of dwarf galaxies must exist: primordial dark-matter (DM) dominated

(type A) dwarf galaxies, and tidal-dwarf and ram-pressure-dwarf (type B) galaxies void of DM. Type A

dwarfs surround the host approximately spherically, while type B dwarfs are typically correlated in phase-

space. TypeB dwarfsmust exist in any cosmological theory in which galaxies interact. Only one type of dwarf

galaxy is observed to exist on the baryonic Tully-Fisher plot and in the radius-mass plane. The Milky Way

satellite system forms a vast phase-space-correlated structure that includes globular clusters and stellar and

gaseous streams. Other galaxies also have phase-space correlated satellite systems. Therefore, The Dual

Dwarf Galaxy Theorem is falsified by observation and dynamically relevant cold or warm DM cannot exist.

It is shown that the SMoC is incompatible with a large set of other extragalactic observations. Other theoretical

solutions to cosmological observations exist. In particular, alone the empirical mass-discrepancy—

acceleration correlation constitutes convincing evidence that galactic-scale dynamics must be Milgromian.

Major problems with inflationary big bang cosmologies remain unresolved.
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1 Introduction

‘For if we are uncritical we shall always find what we

want: we shall look for, and find, confirmations, and we

shall look away from, and not see, whatever might be

dangerous to our pet theories. In this way it is only too

easy to obtain what appears to be overwhelming evidence

in favor of a theory which, if approached critically, would

have been refuted’ (Popper 1957, p. 124).

That Einstein’s general theory of relativity (GR,

Einstein 1916) is an excellent description of gravitational

physics has been established in the weak and strong

(i.e. Solar System and Earth, respectively) and very strong

(black hole and neutron star) field limits (e.g. Freire &

Wex 2010). Albert Einstein had developed his field

equation such that the Newtonian equations of motion

be derivable from it, and thus that it be consistent with the

then available celestial phenomena.1 The currently popu-

lar understanding of cosmology is based on the null

hypothesis (‘Hypothesis 0i’) that GR also be valid on

galactic and cosmological scales. This is a vast extrapo-

lation by many orders of magnitude from the well-tested

scale of planetary dynamics to the galactic and cosmo-

logical ultra-weak-field scales, the dynamics of which

were probed (Rubin & Ford 1970) only long after GR had

been finalised by Einstein using Newtonian, i.e. essen-

tially Solar System constraints. The nature of spiral

nebulae and the dimensions of the universe were debated

in 1920 by Harlow Shaply and Heber Curtis in The Great

Debate, but galactic and extragalactic distance scales

were proven later (Opik 1922; Hubble 1929). The other

‘Hypothesis 0ii’, so fundamental that it is usually not

stated, is that all present-day matter is created as a

relativistic fluid during the hot Big Bang (BB).

The observed state of the universe at the present-epoch

is such that within the visible horizon physics appears to

be identical. This implies that every part of the visible

universe had to have been in causal contact at the BB, the

geometry is extremely close to being flat as is deduced

from the position of the cosmic microwave background

(CMB) acoustic peaks, and the universe appears to be

homogeneous and isotropic on large scales. Since there is

observational evidence suggesting that the universe began

in a very dense hot state, a disagreement with these

observations emerged because GR plus the BB would

predict a highly curved inhomogeneous universe. Thus

1
But the new theory implied a perihelion shift of Mercury, as was

observed but not understood with Newton’s theory.
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inflation (Guth & Tye 1980; Sato 1981) was postulated as

an auxiliary hypothesis (‘Hypothesis 1’) in order to solve

the causality, flatness, homogeneity and isotropy pro-

blems implying a massive expansion of volume by at

least a factor of 1078 driven by a scalar field called the

‘inflaton’.

Hypothesis 0i implies that dynamics on galaxy scales

must be Newtonian. With the observation that galactic

rotation curves remain nearly flat at large radii (Rubin &

Ford 1970; Bosma 1981), and the rapidity with which

structure emerges after the BB, new failures of the model

emerged. These were solved by introducing a second

auxiliary hypothesis (‘Hypothesis 2’), namely that exotic

cold (C) or warm (W) dark matter (DM) particles be the

dominant form of gravitating matter. The mass of the DM

particle defines whether it is C or W: roughly 1–10 keV

for WDM and above that for CDM although axions may

be of smaller mass and still be CDM (Blumenthal et al.

1984). These postulated new particles have to interact

through gravitation and perhaps weakly in order to

decouple from the photon fluid and start to form structures

before the baryons can.

The hypothesised existence of DM particles resonated

with the contemporary extension of particle physics (see

e.g. Aliu et al. 2012 for an account) by string theory (see

Smolin 2006 for an overview as well as criticisms) and in

particular by super-symmetry (e.g.Wess&Zumino 1974;

Wess & Bagger 1992; Wess & Akulov 1998; Gao et al.

2012 and references therein). Super-symmetry is moti-

vated by the ‘hierarchy problem’, because the constants of

the standard model of particle physics (SMoPP) are

highly fine-tuned. For example, the weak force being

1032 times stronger than gravity is claimed to be solved

naturally by super-symmetry. These extensions contained

new excited states that would appear in the form of

additional particles beyond the SMoPP. This work was

in turn driven by the previous successful prediction of

atoms, electrons and the neutrino and anti-particles, and

by the wish to understand the SMoPP in terms of a deeper

physical description of matter in unification with GR.

The SMoPP is indeed a brilliant success in accounting

for the known particles and their excited states, but has

many parameters the origin of which remain unknown

(Yao 2006). While no significant evidence for a failure of

the SMoPP has emerged so far, it must be incomplete

because it does not account for the oscillations of the

neutrino. It accounts for the electromagnetic, weak and

strong interactions, but fails to unify the latter with the

two former and is also understood to be incomplete

because it does not account for gravitation, dark energy,

nor does it contain any viable DM particle. Leaving aside

the issues with dark energy and DM, the tremendous

success of the SMoPP can be seen in the recent break-

through achieved in quantum-chromo-dynamical super-

computer calculations by accounting for the Hoyle state

(Epelbaum et al. 2011).

Dark energy (DE, e.g. Bousso 2008; Amendola &

Tsujikawa 2010; Bousso 2012; Afshordi 2012) had to

be introduced into the cosmological model as a third

auxiliary hypothesis (‘Hypothesis 3’) because the inter-

pretation of flux and redshift data from type Ia super-

novae, given Hypothesis 0–2, suggests that the universe

expands increasingly rapidly (Riess et al. 1998; Schmidt

et al. 1998; Perlmutter et al. 1999, and e.g. Kowalski et al.

2008). DE can be seen as the cosmological constant L
inherent in Einstein’s GR formulation. DE is leading to a

new era of inflation, and as BB inflation, the correspond-

ing particle-physics formulation is unknown.

Currently, it can be stated that inflation and DE are

mathematical ansatzes allowed by GR to solve failures of

the straight-forward combination of GR plus particle

physics (Brandenberger 2012). An unsolved issue is if

these ansatzes contain physics.

The resulting LCDM or LWDM model can summar-

izingly be referred to as the currently popular standard

model of cosmology (SMoC). Within the SMoC, struc-

tures first form through gravitational instabilities in the

dissipationless cold or warm DM. The baryonic matter,

once sufficiently cooled, accretes into the DM potential

wells and begins to form stars. The emerging galaxies

merge and interact, forming the present-day observed

cosmological structures (filaments, galaxy clusters, gal-

axies and voids, Piontek&Steinmetz 2011 and references

therein).

The SMoC iswidely held to be an excellent description

of cosmological reality. It is defined by a large number of

parameters, the most important of which define a flat

space time and the energy content of the universe to be

about 4% by baryonic matter, about 23 per cent DM and

about 73% DE (e.g. Kowalski et al. 2008; Famaey &

McGaugh 2012). According to the SMoC the universe

consists to more than 96% of unknown physics.

Among the often stated great successes of the SMoC

are the excellent reproduction of the angular power

spectrum of the galaxy distribution (e.g. Tegmark et al.

2002; Hayes, Brunner & Ross 2011), the success in

accounting for the primordial Helium fraction through

BB nucleosynthesis (e.g. Bludman 1998) and in account-

ing for the CMB power spectrum (e.g. Angus & Diaferio

2011), whereby the latter two are not sensitive to the

validity of the SMoC as such (see Section 16.5).

While problems with the SMoC have been arising on

galaxy scales, typically it is held that our incomplete

knowledge of baryonic physics is responsible.

Is it possible to test the SMoC in such a way that

the test is independent of the details of the baryonic

processes? This contribution details just such tests.

Since the pioneering cosmological N-body work by

Aarseth, Turner & Gott (1979),2 the cosmological

2
At the Aarseth-Nbody meeting in Bonn in December 2011 Sverre

Aarseth explained over a Glühwein at the Christmas market why he

did not continue his pioneering cosmologywork: he left the field because

the necessity of introducing dynamically relevant dark matter particles

became too speculative in his view. Thereafter Sverre concentrated on

developing the Aarseth N-body codes for collisional dynamics research.
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N-body industry has matured to a vast and highly active

world-wide research effort. The large volume of pub-

lished output of this industry makes robust tests possible.

This numerical work combined with observations is the

basis for inferring or excluding the existence of dynami-

cally relevant cold or warmDMwithout the need to resort

to direct dark-matter particle searches. The nature of

gravitation can therewith be probed in the ultra-weak

field limit.

Can the SMoC be tested on the small scales of dwarf

galaxies? Are the available simulations of high enough

resolution? Yes and yes: The dynamics of dissipationless

DM particles that orbit within the emerging potentials is

well understood within the SMoC. The vast world-wide

effort to address the sub-structure, or missing-satellite,

problem has been producing consistent results on the

distribution of the theoretical satellite population

(see Section 14 for a dialogue and Footnote 14 for a list

of many papers on this issue). Furthermore, the main

part of the argument here rests on the phase-space

distribution of sub-structures over scales of 10s to 100s

of kpc, which is a scale well resolved.

Returning to the logics of scientific theories, it ought to

be generally accepted that for a logical construction to be

a scientific theory it has to be falsifiable. Otherwise

predictions are not possible and the construction would

not allow useful calculations. Following Popper (1935),

a fundamental assumption underlying the approach taken

here is that cosmological theory be falsifiable. The

classical view of philosophy that hypothesis be proven

by experiment is abandoned, because this approachwould

require deduction of general rules from a number of

individual cases, which is not admissible in deductive

logic. Thus, a single counter-example suffices to disprove

a hypothesis, while no number of agreements with data

can prove a hypothesis to be true.

In this contribution the SMoC is falsified using

straightforward logical arguments as detailed below and

summarised in Section 17.

2 The Definition of a Galaxy

The definition of a galaxy (Forbes & Kroupa 2011;

Willman & Strader 2012) is an important question to

consider because depending on it a whole class of objects

may be excluded which may forestall further intellectual

advance. For example, wemay define a tidal dwarf galaxy

(TDG) to be a self-bound system with stars and gas with

baryonic mass .107M} formed within a tidal arm in a

galaxy–galaxy encounter. With this definition, self-

gravitating objects formed in a tidal arm but with lower

masses would not constitute TDGs and we might then not

be allowed to associate them with the dSph satellite gal-

axies of major galaxies. Given the evidence presented in

this contribution this would be unphysical. Therefore,

a more general definition of a galaxy needs to be used.

Throughout this text it is implicitly assumed that a self-

gravitating object which consists of stars and perhaps gas

is a galaxy if its Newtonian median two-body relaxation

time is longer than the Hubble time, trel. tHE 104Myr.

This definition of a galaxy (Kroupa 1998, 2008; Forbes &

Kroupa 2011) naturally accounts for the dynamical pro-

cess of energy equipartition not playing a role in galaxies

over the age of the universe. In contrast, star clusterswith

trel, tH, have an evolving morphology as a result of

two-body-encounter driven evolution towards energy

equipartition. Thus, ultra-compact dwarf galaxies and

ultra-faint dwarf satellites are galaxies such that the

collision-less Boltzmann equation and the Jeans equa-

tionsmay be used to study their properties. In other words,

the phase-space density of stars remains constant in such

a system and, put in yet other but synonymous words, the

phase-space distribution function is incompressible in a

galaxy over the age of the universe.

Thus, any object with a massM in M} and a half-mass

radius R0.5 in pc is here taken to be a galaxy if (combining

equation 4, 5 and 7 in Kroupa 2008 for an average stellar

mass of 0.5M})

R0:5 > 104
lnðMÞ þ 0:69

6:0

� �2=3
M�1=3: ð1Þ

For example, for M¼ 104M}, R0.5. 30 pc. Dwarf

elliptical (dE), dwarf spheroidal (dSph) and ultra-faint

dwarf (UFD) galaxies are then indeed galaxies according

to this definition. Ultra-compact dwarfs (UCDs) would

also be galaxies (in agreement with their classification as

such by Drinkwater & Gregg 1998; Drinkwater et al.

2004, see Figure 1). Note that all objects traditionally

referred to by astronomers as galaxies are galaxies

according to Equation 1, while traditional star clusters are

star clusters according to Equation 1.

Yoshida et al. (2008) discovered star formation in gas

clouds stripped from a disk galaxy which is falling into a

galaxy cluster (see also Yagi et al. 2010). These star-

forming objects, which they call ‘fireballs’, have physical

properties next to identical to dSph satellite galaxies

(106tM/M}t 107, 200tR0.5/pct 300). Here these

galaxies are referred to as ram-pressure dwarf galaxies

(RPDGs).

According to Equation 1, a galaxy is a stellar-

dynamically unevolved self-gravitating system (ignoring

higher-order relaxational processes). At older times than

the current age of the universe the boundary between star

clusters and galaxies will shift to more massive objects,

which would be consistent with for example the evapora-

tion of stars having progressed to deplete what are

present-day ‘galaxies’ such that they would necessarily

have to be counted as massive star clusters then

(cf. Chilingarian et al. 2011).

An alternative definition, according to which a galaxy

is a self-bound stellar-dynamical object with characteris-

tic radius\ 100 pc (Gilmore et al. 2007b), is based on the

absence of observed objects in the radius range 30–100 pc

(the ‘Gilmore gap’, e.g. Figure 1). According to this
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definition, TDGs would also be classified as galaxies.

UCDs would be star-clusters (compare with Drinkwater

et al. 2000; Mieske, Hilker & Infante 2002; Mieske,

Hilker & Misgeld 2012, see also Hilker et al. 1999).

3 Rigorous Predictions of the SMoC

The following are robust predictions of the SMoC as

discussed in the following sub-sections:

1. Each MW-sized galaxy contains hundreds of

DM-dominated satellite galaxies (‘type A’ dwarfs)

within the virial radius of its DM halo.

2. Due to their mostly individual in-fall histories type A

dwarfs are distributed approximately spherically about

the host, following the distribution of host-halo DM

particles.

3. A significant fraction of MW-sized galaxies that had

previous encounters with other galaxies are surrounded

by TDGs (‘type B’ dwarf galaxies). Rich galaxy

clusters should also contain RPDGs (Section 2) which

are also of type B. Type B dwarfs do not contain

significant amounts of DM.

4. Due to energy and angular momentum conservation

type B dwarfs are typically distributed in phase-space

correlated structures about their host galaxies.

5. The number of type B dwarfs is comparable to the

number of dE galaxies.

Note that Predictions 1 and 2 follow from a conjecture

made by Zwicky (1937): Interpreting his observational

data in terms of Newtonian dynamics, he suggested that

galaxies must be significantly more massive as their

motions in the Coma cluster of galaxies are too rapid.

This can be framed today as a conjecture (Kroupa et al.

2010):

Conjecture 1: Galaxies contain DM, and by implica-

tion this DM must be cold or warm because hot DM

would not condense to galaxy-sized structures.

He also concluded from observation that new

dwarf galaxies (i.e. TDGs) form from the matter expelled

during galaxy encounters (Zwicky 1956, p 369). Again,

this may be stated today as another conjecture (Kroupa

et al. 2010):

Conjecture 2: When galaxies interact TDGs form

from the matter expelled during the encounter. These

are largely DM free.

Predictions 3–5 are related to this conjecture.

Note 1: Type A dwarfs are speculative because they

rely on the existence of C/WDM particles. The exis-

tence of type B dwarfs, on the other hand, is observa-

tionally established.

3.1 Type A Dwarfs

One prediction of the SMoCwhich is valid for all galaxies

and is independent of the details of baryonic physics is

that each and every primordial galaxy is surrounded by a

DM halo with a significant amount of sub-structure in the

form of self-bound DM sub-haloes (Klypin et al. 1999;

Moore et al. 1999).

As pointed out by Moore et al. (1999), ‘The model

predicts that the virialized extent of theMilkyWay’s halo

should contain about 500 satellites withy bound masses

about .108M} and tidally limited sizes larger than

about 1 kpc.’ The sub-structure is in the form of individual

dark-matter sub-haloes (self-bound sub-structures)

which follow a power-law mass function (Maciejewski

et al. 2011 andKroupa et al. 2010, and references therein).

The sub-structured halo of any galaxy is a necessary

dynamical consequence of Hypothesis 2 (Section 1),

through gravitationally self-bound structures developing

on all scales from dissipationless cold or warm DM

particles in an expanding universe.
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Figure 1 The types of pressure supported stellar systems: pro-

jected half-mass radius,R0.5, versus stellar mass,Mstar. Green circles

are star clusters, Mstar# 2� 106M}, and ultra-compact dwarfs

(UCDs), Mstar. 2� 106M}, red crosses are elliptical (E, Mstar.
3� 109M}), dE (107,Mstar# 3� 109M}), dSph (104,Mstar#
107M}) and UFD (Mstar# 104M}) galaxies. The thin dotted line

is a fit (Equation 2) to dSph and dE galaxies, b1¼ 0.122 for

104#Mstar/M}# 3� 109. The thin solid lines are constant-volume

density relations for 1, 0.1 and 0.01M} pc�3 from bottom to top.

The dashed line is a fit (Equation 2) to the E galaxies, b1¼ 0.593. It

is extrapolated into the UCD regime and fits there as well, remark-

ably. Any object above the dash-dotted line (Equation 1, ignoring

differences in projected quantities) is classified as being a galaxy

(Section 2). This figure was provided by Joerg Dabringhausen, and

similar figures are available in Dabringhausen et al. (2008); Forbes

et al. (2008) and Misgeld & Hilker (2011).
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The fraction of mass within self-bound sub-structures

increases with radial distance, from 0.5% within a dis-

tance of 35 kpc to about 14% mass fraction within the

wholeMW-like host halo, while near the radius of the host

halo about 30% of themass is in self-bound sub-structures

(Maciejewski et al. 2011). Kravtsov, Gnedin & Klypin

(2004) find that about 10% of the sub-haloes with present-

day masses t108–109M} had substantially larger

masses and circular velocities when they formed at red-

shifts z\ 2. Tidal stripping of DM satellites is therefore

not a process of significance for the whole population of

self-bound sub-structures.

These sub-haloes are distributed in a spheroidal and

nearly isotropic manner within the host halo (figure 12 in

Metz et al. 2007), as is explicitly demonstrated by

Pawlowski et al. (2012a). Within its virialised region,

the spatial distribution of sub-structure in a present-day

DM host halo closely follows that of its DM distribution

(Diemand et al. 2008). Statistically, the anisotropy of DM

haloes amounts to not more than about 15% (Aubert,

Pichon & Colombi 2004). CDM models predict the host

DM haloes to be oblate with flattening increasing with

increasing mass and radius (Combes 2002; Merrifield

2002). The ratio of minor to major axis of the DM density

distribution has the value qd¼ 0.7� 0.17 for MW sized

haloes within the virial radius. The intermediate-to-

major-axis ratio is qd
0 \ 0.7 (Bullock 2002). When

dissipative baryonic physics is taken into account the

haloes become more axis-symmetric (larger qd
0) and more

flattened, qd¼ 0.5� 0.15 within the virial radius. The

minor axis is co-linear with the angular momentum of the

baryonic disk (Dubinski 1994).

Concerning the MW, the empirical evidence is that

its DM halo may be somewhat flattened (oblate) with

qd\ 0.8 within Rt 60 kpc (Olling & Merrifield 2000,

2001; Ibata et al. 2001; Majewski et al. 2003; Martı́nez-

Delgado et al. 2004). For example, Ruzicka, Palous &

Theis (2007) find an oblate DM halo to fit the Magellanic

Clouds and Stream. Koposov, Rix & Hogg (2010) dis-

cover, on analysing the GD-1 stellar stream, that within

about 15 kpc from the MW center its halo is essentially

spherical. Beyond this distance the shape is likely to be

more oblate (Bullock 2002; Ruzicka et al. 2007), and

invoking continuity shows that the axis ratio qd cannot

change drastically (e.g. Vera-Ciro et al. 2011). The

theoretical sub-structure distribution around MW-type

hosts must therefore be quite isotropic (Ghigna et al.

1998; Zentner & Bullock 2003; Diemand, Moore &

Stadel 2004).

Turning to the warm-dark matter SMoC, LWDM, it

has been shown that the spatial and kinematical distri-

bution of sub-haloes cannot be distinguished from

those of the LCDM models (Bullock 2002; Knebe

et al. 2008). In LWDM cosmologies, the sub-haloes

are slightly more spherically distributed than in LCDM
cosmologies (Bullock 2002). The number of WDM

sub-structures is reduced in comparison with CDM

haloes.

Therewith we can use LCDM and LWDM synony-

mously when discussing the spatial properties of satellite

galaxy distributions. The robust prediction of the CDM or

WDM SMoC is thus that the sub-haloes within each host

halo are distributed nearly isotropically following the host

halo density distribution.

A challenge facing the SMoC is to quantify how

merely a small fraction of the sub-haloes become lumi-

nous to appear as primordial (type A) dwarfs, while the

rest avoids forming stars. For example, the MW is

supposed to have many hundred to thousands of DM

sub-haloes while only 24 satellite galaxies have been

discovered. This missing satellite problem (Klypin et al.

1999; Moore et al. 1999) is deemed to have been solved

through the adjustment of various baryonic processes

stopping star-formation in most sub-haloes (see Sec-

tion 14 for a dialogue and a list of many contributions

dealing with this problem in Footnote 14). According to

this large body of work those dwarf galaxies that form in

some of the many DM sub-haloes are DM dominated in

their optical regions. Most of the research effort

(e.g. de Lucia 2012 for a review) has dealt with the

missing satellite problem by avoiding the disk of satellites

problem (Kroupa, Theis & Boily 2005, and Failure 8 in

Section 17.3.2).

3.2 Type B Dwarfs

Zwicky’s observation that new dwarf galaxies form from

the material ejected as tidal tails when galaxies interact

(Conjecture 2 in Section 3) has been confirmed many

times since the seminal paper by Mirabel, Dottori & Lutz

(1992) who reported such an event for the first time in

detail.

Three implications follow from Conjecture 2.

3.2.1 Implication 1

TDGs and RPDGs cannot contain a dynamically

significant amount of DM (Barnes & Hernquist 1992;

Bournaud 2010) because the phase-space DM particles

occupy is far larger than the cross section for capture

by type B dwarfs. The phase space occupancy of gas

and stars in the progenitors of the tidal debris from

which TDGs are born or of the ram-pressure-stripped

gas clouds from which the RPDGs form is that of a

dynamically cold, thin disk which is very different

from the dynamically hot, quasi-spherical halo of dark

matter. The tidal and ram-pressure disruption process is

very efficient at segregating the two components,

because particles of similar phase-space occupancy

retain this occupancy. So there should be basically no

DM left attached specifically to tidal or ram-pressure

stripped debris or any TDGs or RPDGs that form

therefrom. The DM particles have virialised velocities

too large to be trapped in the small forming baryonic

potentials of TDGs and RPDGs (for a review of the

formation of TDGs see Bournaud 2010).
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Can a TDG or RPDG be accreted onto a pre-existing

DM sub-halo? No. It would have to intercept the sub-halo

in coordinate space and in velocity space. The latter is

extremely unlikely because the relative velocity of the

TDG or RPDG and the sub-halo is similar to the velocity

dispersion of DM particles in the host halo such that a

sub-halo with a circular velocity below 50 km s�1 will be

unnoticed by the TDG or RPDG moving faster than

100 km s�1.

3.2.2 Implication 2

Type B dwarfs form as a population in individual

galaxy-galaxy encounters. As a consequence, they are

correlated in phase space because their orbital angular

momenta retain a memory of their formation.

3.2.3 Implication 3

Assuming the SMoC to be correct within which larger

galaxies form from the mergers of smaller objects, it

follows that type B dwarfs may be a prominent contribu-

tion to the satellite dwarf galaxy population:

Okazaki & Taniguchi (2000) computed the expected

population of TDGs within the SMoC. They adopted a

structure formation merger tree and assumed each gas-

rich encounter only produces 1–2 long lived TDGs that

evolve from dwarf irregular (dIrr) gas-rich galaxies to

dwarf elliptical (dE) galaxies in the tidal environment

around a host galaxy or within the group or cluster.

Okazaki & Taniguchi (2000) thereby discovered that so

many TDGs would be generated over a Hubble time to

account for all dE galaxies. The morphology–density

relation of galaxies, according to which rich groups or

clusters have more dwarfs, emerges naturally as well.

That dIrr galaxies do evolve to dE and dwarf spheroidal

(dSph) galaxies in a tidal environment has been demon-

strated by Mayer et al. (2001). An impressive example of

how a number of TDGs formed around Andromeda,

which bears rather clear signatures of past interaction

events, is shown in the simulations by Hammer et al.

(2010).

The estimate by Okazaki & Taniguchi (2000) is,

however, a lower-limit on the number of dwarf galaxies

in galaxy clusters, because they did not take into account

the formation of RPDGs (Section 2).

As demonstrated by simulations (Wetzstein, Naab &

Burkert 2007, see also Bournaud 2010; Bournaud et al.

2011), the number of TDGs formed scales with the

gas-fraction in the interacting galaxies. That TDGs form

profusely at high redshift from interactions of gas-rich

galaxies is implied by the high-resolution simulations by

Bournaud et al. (2011). At early cosmological epochs,

when the forming galaxies were very gas rich, closer

together and interacting more often in small groups than

today especially in the then emerging clusters of galaxies,

the formation rate of TDGs is likely to have been

significantly higher than today, perhaps by orders of

magnitude per encounter. Indeed, it may even not be

possible to discern the formation of primordial dwarf

galaxies from TDG formation as they probably occurred

simultaneously and not independently of each other.

Clearly, there is much scope for further seminal research

in this area.

3.2.4 Longevity of Type B Dwarfs

Once formed, can TDGs or RPDGs vanish? No: they

have massest109M} and dynamical friction on the DM

halo of the host galaxy will therefore not significantly

shrink their orbits over a Hubble time. Unless such a type

B dwarf is on a radial orbit, it will remain close to its

original orbit apart from precession. Kroupa (1997),

Klessen & Kroupa (1998) and Casas et al. (2012) have

demonstrated, using high-resolution computations, that

DM-free TDGs with an initial stellar mass of 107M}

readily survive for times comparable to a Hubble time on

eccentric orbits in the tidal field of a host galaxy. Quite

stable, dSph-like solutions with remnant masses of

104–105M} appear in such models (Metz & Kroupa

2007; Casas et al. 2012). And Recchi et al. (2007) have

shown, using chemo-dynamical calculations, that DM-

free gas-rich TDGs (or RPDGs for that matter) are not

destroyed through the star-formation process and that

they self-enrich chemically in agreement with observa-

tions of dwarf satellites. Type B dwarfs that retain their

gas would appear as dIrr or low-mass disk galaxies

(Hunter, Hunsberger & Roye 2000).

There is much observational data on the formation

of new and on the existence of older TDGs (Sections

13.6, 13.7 and e.g. Pawlowski et al. 2012b), and the

formation of RPDGs has also been documented

(Yoshida et al. 2008) and studied (Yagi et al. 2010,

Section 2). Such observational work sometimes con-

cludes that only a small fraction of satellite galaxies

may typically be of type B (e.g. Kaviraj et al. 2012).

However, the observational census of young type B

dwarfs is currently flux-limited such that the detections

are limited to the present-day universe and the low-

mass (,107M}) type B dwarfs are not detected.

Examples of low-mass TDGs that have formed in tidal

arms are the about 5-Myr-old star-cluster complexes in

the Tadpole galaxy and the three about 1-to-2-Gyr-old

dSph-like TDGs in NGC 5557 (Section 13.6).

4 The Dual Dwarf Galaxy Theorem

Within the SMoC there are thus exactly two competing

hypotheses for the origin and nature of dwarf galaxies:

Hypothesis A: dSph/dE/dIrr () DM halo for type A

dwarfs, and

Hypothesis B: dSph/dE/dIrr() TDG/RPDG for type B

dwarfs.

Remember that by Implication 1 (Section 3.2) type B

dwarfs do not contain much DM.
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Within the SMoC it is proven that larger structures

form hierarchically bottom-up frommerging smaller sub-

structures. Therefore, mergers and encounters between

galaxies are logically implied events that shape all larger

galaxies (e.g. Bournaud et al. 2011; Martig et al. 2012)

such that, by Implication 3 (Section 3.2), type B dwarfs

appear in significant numbers.

The Dual Dwarf Galaxy Theorem,

SMoC¼)9 type A ^ type B dwarfs,

has thus been proven. It states that if the SMoC is true

then type A and type B dwarf galaxies exist at the

same time.

Note 2: In any realistic cosmological theory a weak

form of the Dual Dwarf Galaxy Theorem must be

true because galaxies form directly from the cooling

gas after the BB and TDGs also form when these

primordial galaxies interact (there are thus two

types of galaxy). RPDGs can only start forming

once massive galaxy clusters have assembled. In a

(non-Einsteinian) cosmological theory in which the

laws of motion were to be such that the dynamical

properties of all galaxies are identical without the

existence of DM, no difference in the dynamical

properties of isolated3 primordial galaxies, TDGs

and RPDGs would be evident. Type A dwarfs, as

defined above, would not exist, but primordial

galaxies would exist in addition to the type B

dwarfs. Thus, dynamically, primordial and type B

dwarfs would be identical, but type B dwarfs

formed at a late cosmological epoch may be evident

through unusual chemical and stellar population

properties.

In the SMoC, in which C/WDM plays a central

role in structure formation, primordial dwarf galaxies

are identical to the above type A galaxies and

significant dynamical differences to type B dwarfs are

expected:

If type A dwarfs exist (i.e. if the SMoC were valid),

then they form within pre-collapsed DM haloes such that

the accretion and feedback as well as environmental

physics conditions are different from the formation of

type B dwarfs without DM and within an expanding gas-

rich tidal arm. In comparison to DM-free dwarf galaxies,

galaxies that derive fromDM haloes must show distinctly

different morphological properties (rotation curves,

masses, radii, density distributions) as well as different

stellar-populations with distinct age and chemical-

element distributions. Since the latter two are difficult

to quantify we concentrate here on dynamical and mor-

phological properties.4

A robust prediction of the SMoC is therefore that there

must exist DM-dominated and DM-free dwarf galaxies.

And, by Section 3.1 type A (DM-dominated) dwarfs are

distributed spheroidally around their host galaxy, tracing

its DM halo. Type B dwarfs, on the other hand, show

correlations in phase space (Section 3.2). Therefore, in

addition to an expected dynamical and morphological

difference between type A and type B dwarfs, the SMoC

predicts them to have different distributions in phase-

space.

It now becomes possible to test the SMoC at a

fundamental level by studying which of the above two

hypothesis may be falsifiable. Note that for a given dwarf

galaxy both Hypothesis A and B cannot be valid simulta-

neously in the SMoC.

5 Falsification of the SMoC

Falsification of the Dual Dwarf Galaxy Theorem would

invalidate the SMoC to be a model of the real universe.

The procedure followed here is to test of which type (A or

B) the observed dwarf galaxies are. Firstly, rotationally

supported dwarf galaxies are considered to see if the two

types of observed dwarfs (dIrr/dwarf-disk versus rotating

gas-rich TDGs) do show the necessary dynamical dif-

ferences. This is achieved by resorting to the baryonic

Tully–Fisher (BTF) relation. Secondly, the pressure-

supported dwarf galaxies are considered to see if dSph

and dE galaxies differ from the known TDGs. Later

(Sections 10 and 11) the phase-space occupancy and the

physical properties of the known observed MW satellite

galaxies are considered to ensure logical self-consistency

of the deduction.

5.1 Rotationally Supported Dwarf Galaxies

Assuming the SMoC to be true it follows by the Dual

Dwarf Galaxy Theorem that TDGs cannot lie on the BTF

relation defined by DM-dominated galaxies. Thus,

SMoC¼)BTFdIrr 6¼ BTFTDG:

3
In some non-Newtonian theories a satellite galaxymay show dynamical

differences to the same but isolated dwarf due to the external field effect

(see Famaey & McGaugh 2012 for details).

4
TDGs may form from pre-enriched material and during their forma-

tion they may capture stars from the interacting galaxies because stars

and gas occupy a similar phase-space in disk galaxies. It is therefore

expected that TDGs forming today will be metal enriched compared to

primordial (type A) dwarfs. Such cases have indeed been observed

(Duc & Mirabel 1998; Miralles-Caballero, Colina & Arribas 2012).

However, TDGs may also form from the outer metal-poor material of

gas-rich disk galaxies and they will then commence to self-enrich

therewith following the usual metallicity–luminosity relation of galax-

ies. Since the majority of TDGs is expected to have formed early in the

universe before major enrichment of the gas through star formation,

such TDGs will today appear as normal self-enriched dwarf galaxies.

Such TDGs, which do follow the metallicity–luminosity relation, may

have been observed by Reverte et al. (2007). Thus, the metal-rich

criterion is sufficient to identify dwarf galaxies as being TDGs, but if a

dwarf galaxy lies on the metallicity–luminosity relation of galaxies it

cannot be discarded as being a TDG.
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If, for rotationally supported gas-rich dwarf galaxies,

dIrr/dwarf disk galaxies ¼ TDG or RPDG;

(Hypothesis B) were true, it would follow that the

implication, 6SMoC (not SMoC), would be true. The fol-

lowing first of two falsification theorems can now be

stated:

The First SMoC Falsification Theorem

BTFdIrr ¼ BTFTDG ¼) 6SMoC:

This states that if TDGs lie on the same BTF relation

defined by primordial (DM-dominated) galaxies then the

logically implied conclusion is that the SMoC is ruled out

to be a representation of the real world.

5.2 Pressure-Supported Dwarf Galaxies

Turning now to dE/dSph satellite galaxies: Assuming the

SMoC to be true it follows by the Dual Dwarf Galaxy

Theorem that TDGs cannot have the same dynamical and

morphological properties as primordial DM-dominated

galaxies. Thus,

SMoC¼) dE=dSph=UFD 6¼ TDG:

If, for pressure-supported dwarf galaxies,

dE=dSph=UFD ¼ TDG;

(Hypothesis B) were true, it would follow that the

implication, 6SMoC, would be true. Thus, the SMoC is

proven wrong if the following second falsification theo-

rem is true:

The Second SMoC Falsification Theorem

dE/dSph/UFD ¼ TDG or RPDG¼) 6SMoC:

This states that if the dE/dSph/UFD satellite galaxies of

the MW are ancient TDGs and are of the only kind

then the logically implied conclusion is that the SMoC

is ruled out to be a representation of the real world.

This would be the case because if the MW were to

have no dark matter dominated satellite galaxies then

the model is falsified.5

5.3 Procedure and Logical Consistency

It now remains to be shown that the First and Second

SMoC Falsification Theorems hold.

In the real world there are only two logically possible

outcomes of testing these theorems: Either they are both

falsified (such that the SMoC is consistent with reality), or

they are both true (such that the SMoC is falsified as a

representation of reality). It is not permitted to have one

Falsification Theorem being true and the other one false.

Once the Dual Dwarf Galaxy Theorem has been

falsified such that both SMoC Falsification Theorems

hold, logical consistencywith this result should imply real

data to show discord with the SMoC using other tests.

Internal logical inconsistency in the present argument

would emerge if such data would indicate excellent

agreement with the SMoC predictions. The larger part

of this contribution is devoted to studying how the

observed universe, where excellent data do exist, matches

to the SMoC.

The argument presented here must be logically sound.

To ensure logical consistency we therefore cannot rely on

measured high dynamical mass-to-light ratios, M/L, as a

diagnostic for the presence of DM. Why is this?

It would be a circular argument: By adopting Hypoth-

esis 0i (GR is valid) we are forced to introduce auxiliary

Hypothesis 2 (DM exists) due to the mass-discrepancy

observed in galaxies. When a mass-discrepancy is

observed (as it is in the BTF data of normal galaxies and

in dSph satellite galaxies of theMW) then taking this to be

evidence for DM constitutes a circular argument. It is

however permissible to compare normal/primordial gal-

axies and TDGs to test the Dual Dwarf Galaxy Theorem.

Here the foundations of gravitational theory in the ultra

weak field limit are being tested. Rotation curves and

large dynamical M/L ratia in MW satellites may also be

explained by non-Newtonian theories (e.g. Brada &

Milgrom 2000; Angus 2008; McGaugh & Wolf 2010;

Hernandez et al. 2010; Famaey & McGaugh 2012) and

tidal effects (Kroupa 1997), so large dynamical M/L

values do not have a unique fundamental solution.

6 Extragalactic Evidence: HowMany Types of Dwarf

Galaxies are There in Reality?

It has been shown that the SMoC predicts there to be two

fundamentally different types of dwarf galaxy. Which

types are there in reality?

Observed dwarf galaxies with stellar masses Mstar,
1010M} come in two types: dIrr galaxies which are gas

dominated and rotationally supported, and gas-poor dE

and dSph galaxies which are largely pressure (i.e. random

motion) supported (Ferguson & Binggeli 1994; Mateo

1998; Hunter et al. 2000; Dabringhausen, Hilker &

Kroupa 2008; Forbes et al. 2008; Lisker 2009; Misgeld

&Hilker 2011; Swaters et al. 2011). Satellite galaxies are,

to a large extend, of the gas-poor type, which is naturally

understood as a result of gas being stripped from initial

gaseous dIrr-type satellite galaxies (Mayer et al. 2001).

6.1 Rotationally Supported dIrr/Dwarf-Disk Galaxies

To differentiate DM-dominated type A dwarf galaxies

from type B dwarfs that contain little or no DM can be

achieved by comparing their internal kinematical state.

5
We are not considering the trivial ad hock solution that all DM sub-

haloes with mass MDM, 1010M} did not form stars and thus remain

dark, because there is no known physical process that could arrange for

this to be the case (see Ferrero et al. 2011).
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Type B dwarfs of similar baryonic mass,Mbaryons, as type

A dwarfs must have significantly slower motions of their

stellar and gas components. A measure of the DM content

is the asymptotically flat circular velocity, Vc. Figure 2

shows Mbaryons versus Vc data (McGaugh 2005) for

primordial (i.e. DM-dominated) galaxies if the SMoC

were true (Desmond 2012).

From the figure it is evident that the data form an

excellent correlation over orders ofmagnitude in baryonic

mass down to VcE 15 km s�1E 5� 106M} (see Sec-

tion 17.4).6

There is thus no evidence for the existence of multiple

types of rotationally supported dwarf galaxies.

6.2 Pressure-Supported dE/dSph Galaxies

The next question to be addressed is if there are two types

of pressure supported dwarf galaxies, namely those

derived from DM sub-haloes and those derived from

TDGs (Section 3). Figure 1 shows an overview of the

distribution of pressure-supported stellar systems in the

radius–stellar mass plot.

Taking R0.5 to be the projected half-light radius and

Mstar to be the stellar mass of the satellite galaxy and

writing the radius–mass relation for pressure-supported

stellar systems as

log10 R0:5 ¼ b0 þ b1 log10
Mstar

M�

� �
; ð2Þ

it follows for E galaxies (Mstar. 3�109M}) that b1¼
0.593� 0.027, b0¼�2.99� 0.30, as already shown by

Dabringhausen et al. (2008). That this relation extends

into the ultra-compact dwarf (UCD) mass regime, which

constitutes an extrapolation by at least three orders of

magnitude in mass, is noteworthy. It may mean that the

genesis of E galaxies and of UCDsmay have followed the

same physical principles, i.e. a rapid dissipational

infrared-opacity-limited collapse (Murray 2009), possi-

bly first into sub-clumps which then merge (Brüns et al.

2011). Note that the rare UCDs are deemed to be related to

star clusters (Mieske et al. 2012). However, UCDs could

be identified as the TDGs, while dE, dSph and UFD

galaxies might be seen as the type A dwarfs. This being a

false identification will become apparent in Section 9.

Concerning the dwarf galaxies (dE, dSph, UFD), it

is evident that there is one single branch. Applying

Equation 2 over the mass range 104#Mstar/M}# 3�
109, the data yield b1¼ 0.122� 0.011 and b0¼ 1.87�
0.10 for dE and dSphgalaxies.As is evident fromFigure 1,

dSph satellites (Mstart 107M}) are an extension of the

dE galaxy population (Mstar\ 107M}). This is particu-

larly emphasised by Forbes et al. (2011). Ultra-faint dwarf

(UFD) satellite galaxies with Mstart 104M} form an

extension of the dSph sequence to lower masses (Strigari

et al. 2008).7 Ferguson & Binggeli (1994) discuss dE and

dSph galaxies as part of the same family.

Thus, two fundamentally different types of satellite

galaxies, as ought to exist if the Dual Dwarf Galaxy

Theoremwere true (Section 4), do not appear to bepresent.

7 Are the Known Dwarf Galaxies of Type A

or Type B?

It has emerged that for Mbaryons, 1010M} there is no

evidence for the existence of galaxy populations with two

different dynamical or morphological properties. This

constitutes a falsification of the Dual Dwarf Galaxy

Theorem. But perhaps the observational data only contain

dwarfs of the one type A? To achieve a rigorous falsifi-

cation, TDGs and RPDGs (type B dwarfs) need to be

directly compared with the putative type A dwarfs.

The question to be answered now is which type of

dwarf galaxies do we have? Are dIrr/dwarf-disk, dE and

dSph satellite galaxies DM dominated (i.e. of type A) or

are they TDGs (i.e. of type B)? From past work (see

Section 3.2) it is already established that type B dwarfs

(TDGs), once formed, mostly do not dissolve but remain

on orbits about their host for at least a Hubble time. Since

they are observed to form and because galaxies are known

to interact in the real universe theymust be around. On the

other hand, the existence of type A dwarfs depends solely

Figure 2 The measured mass of all baryons, Mbaryons, in a

rotationally supported galaxy is plotted in dependence of its mea-

sured circular rotation velocity Vc (black dots). The measurements

form a tight correlation, the baryonic Tully–Fisher relation of DM

dominated galaxies (McGaugh 2005; Gentile et al. 2007; Trachter-

nach et al. 2009;McGaugh 2011, 2012; Desmond 2012). This figure

was kindly provided by Gianfranco Gentile.

6
Galaxies having such a well defined BTF relation is a major challenge

for the SMoC (e.g. McGaugh 2011; Piontek & Steinmetz 2011;

McGaugh 2012; Desmond 2012): For each individual DM halo of a

givenDMmass (i.e. for a givenVc), the assembly history is different, and

a wide range of baryonic content would be expected and thus a

significant variation of Mbaryons (Disney et al. 2008).

7
On the issue of what constitutes a galaxy in view of the faintest satellites

recently discovered, as opposed to being classified as star clusters, see

Section 2.
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on the truth of Hypothesis 2 which has until now not been

verified. Type A dwarfs are therefore speculative objects,

while type B dwarfs are known to form and to survive.

The following Sections 8 and 9 compare the hitherto

known ‘normal’ dwarf galaxies, which have popularly but

speculatively been assumed to be of typeA,with observed

TDGs (type B dwarfs).

8 Hypothesis A: dIrr and Dwarf Disk Galaxies

are DM Dominated

If normal dwarf galaxies are DM dominated then the

young TDGs of the same baryonic mass and dimension

should have smaller rotational velocities. That is, in the

BTF diagramme (Figure 2) the latter should lie signifi-

cantly to the left of the former. But for three TDGs rota-

tion curves have been measured, and all three coincide

with the DM-dominated BTF relation (Figure 3).

The trivial solution that unobservable gas and/or not

virialised young structures makes up the DM effect

evident in the TDG galaxies is untenable because it would

require a strong fine-tuning and chance configuration

between the gas content, the gas flows and Vc, to conspire

in each of the three cases to move the TDG onto the BTF

relation of DM dominated galaxies.

It is thus evident that type B dwarfs (the TDGs) lie on

the same relation as the type A dwarfs. That is, only one

dynamical type of rotating dwarf galaxy appears to exist.

In other words, type B dwarfs are identical to type A

dwarfs, BTFdIrr¼BTFTDG, and observed rotationally

supported dwarf galaxies falsify the Dual Dwarf Galaxy

Theorem in logical consistency with Sections 6.1 and 6.2.

By the First SMoC Falsification Theorem this implies the

SMoC to be falsified.

9 Hypothesis A: dE, dSph and UFD Galaxies

are DM Dominated

Because the physics of the formation of type A

(DM-dominated) galaxies differs significantly from the

formation of type B dwarfs, they should show different

radii at a given baryonic mass. That is, known TDGs

should not follow the same radius–mass relation as dE,

dSph and UFD galaxies. This is tested in Figure 4. It is

evident that type B dwarfs (the TDGs) lie on the same

relation as the type A dwarfs. That is, only one dynamical

type of pressure-supported dwarf galaxy appears to exist.

In other words, type B dwarfs are identical to type A

dwarfs, dSph¼TDG, and observed pressure supported

dwarf galaxies falsify the Dual Dwarf Galaxy Theorem in

logical consistency with Sections 6.1, 6.2 and 8. By the

Second SMoC Falsification Theorem this implies
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Figure 4 As Figure 1 but with type B dwarfs (TDGs and RPDGs)

over-plotted (blue squares and triangles). The two older TDGs from

Galianni et al. (2010) are shown as the solid blue squares. They lie

along the dog-leg stream in a phase-space-correlated structure and

are typical dSph satellite galaxies (Section 13.6). Younger TDGs,

which contain gas, are shown as the blue squares, whereby the blue

triangles are RPDGs. The lower end of each blue ‘error-bar’ is the

present location of these objects, the position of the blue square or

triangle is the radius of the type B dwarf after adiabatic removal of

50% of its mass (gas blow out or stripping), and the upper end of

each ‘error-bar’ shows the location after adiabatic removal of 75%

of the gasmass assuming the stellarmass does not change. The black

symbols denote the star clusters and TDGs formed in the high-

resolution simulation of Bournaud, Duc & Emsellem (2008). This

figure demonstrates that dE and dSph galaxies, which have been

until now thought to be hosted by DM haloes, in actuality coincide

with type B dwarfs. That is, dEs and dSphs appear to be DM-free

TDGs, thus proving the Second SMoC Falsification Theorem

(Section 5). The three diagonal solid lines are, from top to bottom,

Newtonian tidal radii (Equation 5 below) for host-galaxy masses

Mhost¼ 1010, 1011, 1012M}. The dashed curve is the observed

upper limit for extended star clusters and UCDs reproduced by

simulations (SSCs, Brüns et al. 2011). For details see

Dabringhausen & Kroupa, in prep. This figure is provided by Joerg

Dabringhausen.

Figure 3 As Figure 2 but with Vc from rotation curves of three

young TDGs observed by Bournaud et al. (2007) over-plotted as

blue open circles and red open stars. These TDGs belong to the post

merger host galaxyNGC 5291, the tidal arms of which are seen at an

inclination of 458 (Section 13.6). The blue open circles assume the

same inclination of i¼ 458 for the disks of the TDGs while the red
stars are for a free inclination (Gentile et al. 2007).

404 P. Kroupa

https://doi.org/10.1071/AS12005 Published online by Cambridge University Press

https://doi.org/10.1071/AS12005


the SMoC to be falsified. This deduction is logically

consistent with the observed dynamical evidence that dE

galaxies do not contain much if any DM.

For a further discussion on the origin of dE galaxies see

Section 13.7.

10 Hypothesis A: MW dSph Satellites

are DM Substructures

According to Sections 8 and 9 the SMoC is falsified

through both the First and Second SMoC Falsification

Theorems. If this is true, then other observational data

concerning the properties and distribution of dwarf

galaxies must be consistent with this deduction.

In the following Sections 11.1 to 11.6 further (auxilli-

ary) tests ofHypothesisA (dSph are embedded inDMsub-

haloes, Section 4) are provided. Before continuing with

these tests, it is useful to first establish the observational

facts on the phase-space distribution of satellite galaxies

around theMW, because theMW is our primary auxilliary

test case: if the SMoC is falsified (Sections 8 and 9) then

the excellent MW data should be conform to this.

10.1 A Vast Polar Structure Around the Milky Way

An important test of the nature and origin of the MW

satellite galaxies is provided by their distribution in phase-

space. Detailed predictions have been made on this in the

framework of the SMoC (Section 3). If they were to be

dwarfs of type A then they would have independent for-

mation and evolution histories since each would have

formedwithin its own DMhalo independently of the other

DMhaloes. The rare cases that twoDMhaloes interact can

be neglected here given the vastness of the available phase-

space (6-dimensional volume of roughly 2503 kpc3�
4003 km3 s�3) in comparison with their small sizes. If, on

the other hand, the satellites are of type B and stem from

one encounter that involved the young MW then they

would be highly correlated in phase-space (Section 3).

Here the following question is addresed: How are the

satellite galaxies and the globular clusters and streams in

the outer halo of the MW distributed in phase space?

10.1.1 Phase-Space Distribution

The highly anisotropic distribution of the known dSph

satellites, of the two Magellanic Cloud satellite galaxies

and of some globular clusters, as well as the association

with the Magellanic Stream about the MW in a vast band

on the Galactic sky, had been noted more than thirty years

ago (Lynden-Bell 1976; Kunkel 1979). But the contradic-

tion with the expectation from the later-adopted SMoC

was emphasised for the first time by Kroupa, Theis &

Boily (2005). The anisotropic distribution is a disk-like

structure (the disk of satellites, DoS) with a root-mean-

square height of 10-30 kpc which lies nearly perpendicu-

larly to the plane of the MW. This distribution of the 9

‘classical’ (i.e. brightest dSph satellites) has a likelihood

of occurrence of 0.5% if the parent distribution were a

spherical DM host halo.

A number of subsequent research papers continuously

enhanced the discrepancy, and Metz et al. (2007) showed

that even oblate and prolate DM host haloes of theMWdo

not match the observed satellite anisotropy. It was found

that Andromeda also has a non-isotropic satellite distri-

bution seen edge-on (Karachentsev 1996; Koch & Grebel

2006; Metz et al. 2007, see also figure 1 in Tollerud et al.

2012). The orbital planes of those satellites that have

observational constraints on their orbital angular momenta

suggest theMWsatellite system to be a rotational disk-like

structure (Metz, Kroupa & Libeskind 2008).

While already highly significant, the discrepancy with

the expectations from the SMoC became more significant

with the addition of the 13 new ultra-faint dSph satellite

galaxies which independently define the same phase-

space correlation (Metz, Kroupa & Jerjen 2009a; Kroupa

et al. 2010), a result which is not affected by an incom-

plete survey sky coverage (Section 10.1.2).

Is the DoS a physical structure of the MW? If it is an

unlikely chance occurrence among the 9 classical dSph

satellites, or if the 13 UFD satellite galaxies are not

physically related to the classical dwarfs, then the UFDs

cannot be distributed in the same DoS. Furthermore, if the

DoS is not physical, then the orbital angular momenta of

the satellite galaxies would not align with the normal

vector of the DoS. And, if the DoS is not physical then no

other objects or structures (e.g. globular clusters, stellar

and gaseous streams) ought to show a similar alignment.

Instead, a vast polar structure (VPOS) surrounding the

MW emerges which contains a highly significant over-

abundance of all mentioned components (Pawlowski

et al. 2012b). The individual components of this VPOS

are discussed next, and Figures 5–9 below visualise how

these fit together and how a single model can account for

this structure. The normal vector to the VPOS is referred

to as NPOS. A detailed analysis and discussion of the

VPOS data is provided by Pawlowski et al. (2012b).

10.1.2 UFD Satellites

The ultra-faint dwarfs — UFDs — have different

discovery histories than the classical satellites. The latter

were discovered mostly on photographic plates prior to

about the year 2000 and their census is complete over

most of the sky apart in the regions obscured by the MW

disk. The UFDs on the other hand were discovered using

the robotic Sloan Digital Sky Survey (SDSS) after 2000.

The sky coverage is not complete, but the coverage

extends over most part of the northern hemisphere there-

with being a cone rather than a slab with small regions

having also been surveyed in the southern Galactic

hemisphere (see figure 1 in Metz et al. 2007). If there

had been any observational bias that might have led to the

discovery of those classical dSph satellites that, by an as

yet unknown reason, lie in a DoS, then the UFDs clearly

cannot be subject to the same bias.

Fitting a plane to the classical satellites yields the well-

known DoS. The DoS is oriented such that when we look

towards the Galactic centre from the Sun, the DoS is seen
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nearly face on. In Galactocentric angular coordinates the

normal of the classical DoS points towards l¼ 157.6�
1.18, b¼�12.0� 0.58 with a RMS height of DdSph¼
18.3 kpc. Fitting a plane only to the 13 UFDs yields a

DoS which is next to identical to the classical DoS

(l¼ 151.4� 2.08, b¼ 9.1� 1.08 with DUFD¼ 28.6 kpc,

Kroupa et al. 2010).

Thus, the parent phase-space distributions of the

classical dwarfs and of the UFDs can be taken to be

equal. Therefore they have a common origin, because if

this were not to be the case an unnatural coincidence

would need to be postulated without a known physical

mechanism. The DoS normal vector of the combined

population points towards l¼ 156.4� 1.88, b¼�2.2�
0.68 with D¼ 28.9 kpc.

10.1.3 Globular Clusters

Considering the GCs of the MW these can be differen-

tiated into the bulge and disk (BD) GCs, into the old halo

(OH) GCs and into the young halo (YH) GCs (Mackey &

van den Bergh 2005 for the classification; Harris 1996,

2003 update, for positional data). The same disk-fitting

algorithm used to quantify the DoS of the classical dSph

satellites and of the UFDs can be applied to obtain the

best-fitting planar description of the three GC populations

(Pawlowski et al. 2012b).

The BDGCs lead to a planar fit with a normal oriented

towards (l, b)¼ (1758, �85.78), i.e. towards the Southern
Galactic Pole. This is the exactly expected orientation for

a component which is associated with the MW disk and

bulge. For the OHGCs, on the other hand, no good plane

solution is found. Again, this is exactly as expected

because the OHGCs form a spheroidal distribution.

The YHGCs lead to a well defined disk of GCs

(DoYHGCs) which is indistinguishable to the satellite

DoS. Its normal points merely 138 away from the DoS

normal. The probability of a randomly oriented vector

being as close to the DoS normal direction as is the

DoYHGC normal vector is about 2.5%.

Sub-dividing the YHGC population of 30 YHGCs into

those 20 within 20 kpc and those 10 beyond 25 kpc leads

to two independently obtained planar fits, each ofwhich is

well aligned with the DoS of the dSph and UFD satellites

(Figure 9).

Figure 5 The VPOS viewed face on. The large yellow circles are

the 2Magellanic satellites and the 9 classical dSph satellite galaxies

of the MW, the 13 new ultra-faint satellites discovered with the

SDSS are shown as small green circles. Blue squares are the

YHGCs. The red curves are stellar and gaseous stream segments,

magnified by a factor of three in distance to ease the visualisation.

The region of obscuration by the MW disk is depicted as the grey

equatorial zone. This figure is reprinted from Pawlowski et al.

(2012b).

Figure 6 As Figure 5 but viewing the VPOS edge on. Note that the

streams (red curves) appear over-emphasised because they are

shown three times enlarged.

Figure 7 The constituents and structure of the VPOS. The dis-

tance, DDoS, of the classical (bright) MW satellites (large yellow

circles), the UFD galaxies (small green circles), the YHGCs (blue

squares) and the two anchor (i.e. opposite end) points of the stellar

and gaseous streams (red hexagons connected by thin red lines) are

plotted as a function of their Galactocentric distance, r. DDoS is the

distance of the object from the DoS plane, i.e. the perpendicular

distance to the edge-on DoS (Figure 6). The DoS used here is as

published inKroupa et al. (2010). TheDoS-parameters are (using all

24 satellite galaxies): the normal vector, NPOS, points to l¼ 156.48,
b¼�2.28, and the DoS is offset from the Galactic center by 8.2 kpc.

The DoS RMS height is D¼ 28.9 kpc and is illustrated with the

dashed lines. This figure was prepared by Marcel Pawlowski.
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Thus, the inner and outer YHGCs, the classical dSph

satellites and the UFD satellites independently of each

other define the same vast polar disk-like structure about

the MW. This is remarkable and cannot be due to obser-

vational bias.

10.1.4 Stellar and Gaseous Streams

Furthermore, the known stellar and gaseous streams

within and around the MW can be analysed in terms of

their orientations. Using a method introduced in

Figure 8 Asequence of real andmodel flybys. The upper left image isArp 302, the upper central one isArp 87 and the upper right image shows

the Dentist Chair galaxy with TDG candidates (Weilbacher et al. 2002). Whitmore et al. (1990) describe Arp 87 as possibly being related to

polar-ring galaxies. The lower images are particle densities from the computed flyby model 5deg200vel of Pawlowski et al. (2011). The model

shows a similar encounter morphology as in the real galaxies in the upper row. It is a flyby encounter between two equal galaxies, each being a

down-scaled MW galaxy about 10Gyr ago therewith being similar to M33 today. The encounter is polar and occurs with a relative velocity of

200 km s�1. It forms a VPOS around theMW (red) galaxy (Figure 9) and has not been designed to give a particularly good fit to the VPOS. This

figure is reprinted from Pawlowski et al. (2012b). Image credits: Arp 302: NASA/STScI/NRAO/ Evans et al.; Arp 87: NASA, ESA, and the

Hubble Heritage Team (STScI/AURA); the ‘Dentist Chair’ Galaxy AM 1353-272 (Weilbacher et al. 2002).

Figure 9 The VPOS as a tidally created structure. Directions on the Galactic sky of normals to the DoSs of the classical (11 bright) and new

(13 UFD) satellite galaxies, and to the disks of 20 inner and 10 outer young halo globular clusters. The directions of orbital angular momenta

(orbital poles) of satellite galaxies withmeasured propermotions are also shown, as are the normals to stellar and gaseous streams. Fly-bymodel

5deg200vel (Figure 8) produces tidal debris which orbits theMW. The density of orbital angular momenta directions of particles in the model at

distances larger than 20 kpc at the final snapshot at 10Gyr is over-plotted as contours which include 95, 90, 80, 70y%of all particles. Note the

secondary peak of pole directions near l¼ 0 where the orbital pole of the Sculptor dSph satellite lies in this coordinate system. It is on an orbit in

counter-rotation to the bulk of the other satellites. Sagittarius, which is on an orbit perpendicular to the MW disk and to the VPOS is seen near

l¼ 2708. The coordinate system used here is such that (l, b)¼ (1808, 08) points towards the initial orbital pole of the infalling galaxy and b¼ 908
is the spin direction of the target galaxy, which is the youngMW in this model. For details see Pawlowski et al. (2012b). This figure is reprinted

from Pawlowski et al. (2012b).
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Pawlowski et al. (2012b) to calculate the normal to the

plane defined by two points on the stream and the MW

centre, it is possible to study the directions of the normals

to the 14 known stellar and gas streams. It turns out that

half of the stream normals cluster around the above two

DoS and the two DoYHGCs, an alignment which has a

likelihood of 0.34% if the streams were randomly orient-

ed. The actual chance of finding the degree of orientation

evident in theMW streams is smaller, because it would be

expected that the streams predominantly map the contin-

uous addition of material into the MW disk. That is, the

stream normals ought to be preferentially oriented

towards the poles of the MW.

10.1.5 Combined Likelihood

The chance that the normals of the disks fitted to the

classical dSph satellites, the UFD satellites, the inner and

outer YHGCs as well as to the stellar and gaseous streams

all cluster around the same region on the Galactic sky is

smaller than 2.5%� 0.34%¼ 8.5�10�5 if they were

physically unrelated. It is significantly smaller still

because this number only considers the YHGCs and

streams.

10.1.6 Orbital AngularMomenta of Satellite Galaxies

A consistency check on the physical reality of the

VPOS is provided by the motions of its constituents.

These need to be confined within the VPOS for it to be

a physical structure. At present only the motions of the

nearest satellite galaxies are known.

Proper-motion measurements of the innermost 6 clas-

sical dSph and of the LMCand SMC satellites have shown

that the majority have orbital angular momenta about the

MW that point into a direction towards the normal to the

VPOS, i.e. towards the NPOS (e.g. Pawlowski et al.

2012b; Figure 9). The Sculptor dSph has an orbital

angular momentum direction which places it within the

DoS but on a retrograde orbit relative to the average

direction of the other orbits.

It follows that of the eight satellite galaxies with proper

motion measurements, seven appear to orbit within the

DoS with one being within the DoS but on a retrograde

orbit compared to the six others. One satellite, namely

Sagittarius, orbits approximately perpendicularly both to

the DoS and to the MW disk. Sagittarius may have been

deflected onto its present highly bound orbit. Such a

scenario has been studied for the first time by Zhao

(1998) and will need to be re-investigated in view of the

most recent data on the Sagittarius stream (e.g. Carlin

et al. 2012) and the orbits of the other satellite galaxies,

and in view of the question whether Sagittarius may have

originally been orbiting within the DoS.

10.1.7 Conclusions: The VPOS is a Physical Structure

Pawlowski et al. (2012b) have thus discovered a vast

polar structure surrounding the MW. It is identified by a

region on the Galactic sky towards which the normals of

the DoS, DoYHGC and half of all known stellar and

gaseous streams point. Figures 5 and 6 show the VPOS

face-on and edge-on, respectively.8

It is useful to study how the various components are

arranged in the VPOS. As is suggested by Figure 7, the

UFD satellites which are fainter and thus have a smaller

baryonic mass have a somewhat larger dispersion inDDoS

values than the classical dSph satellites, which have larger

baryonic masses. This is also evident in DUFD.DdSph

(Section 10.1.2). Is this mass segregation towards the

mid-plane of the VPOS?

Counting the number of objects out of all that have a

distance,DDoS, within one and within two times the RMS

height of the DoS, D: In total there are, at Galactocentric

distances larger than r¼ 10 kpc, 2 Magellanic satellites

and 9 classical dSph satellites, 13 UFD satellites, 22

young halo GCs and 28 stream anchor points (74 objects,

Pawlowski et al. 2012b). ForDDoS,D are found 17 of 24

satellites, 20 of 22 YHGCs, 25 of 28 anchor points. For

DDoS, 2D we have 23 of 24 satellites, 22 of 22 YHGCs,

26 of 28 anchor points. That is, within D can be found

84%, and within 2D are 96% of all objects.

The VPOS therefore contains a variety of components

and extends from about 10 kpc out to at least 250 kpc. It

has a height-to-radius ratio of about 1 : 10 and therefore it

constitutes a thin disk-like polar structure. The existence

of this VPOS, or disk-like polar arrangement of baryonic

matter on a vast scale about the MW, stands beyond any

reasonable amount of doubt. It is incompatible with being

derived from accreted dark-matter sub-structures, taking

the likelihoods from Section 11.1 below into account

(0.056%) as well as the likelihood that the streams are

also associated with the YHGC and satellite galaxy

distribution (less than 8.5�10�3%, Section 10.1.5).9

11 Testing Hypothesis A on the Local Group

11.1 The Phase-Space Distribution and Properties

of the Local Group

From Section 10.1 it has thus become apparent that the

MW is surrounded by a vast phase-space-correlated

structure, the VPOS, which is made up of dSph and UFD

satellite galaxies, inner and outer YHGCs aswell as stellar

and gaseous streams.

The observed phase-space distribution of the MW

satellites can be compared to the allowed phase-space

region assuming they are of type A. To obtain significant

anisotropies in the luminous sub-halo distribution the

following problem needs to be overcome: a physical

process needs to be found which allows star format-

ion only in sub-haloes that are highly correlated in

phase-space, while all the others remain dark. However,

8
A movie visualising the vast polar structure around the Milky Way, by

Marcel Pawlowski, is available on YouTube.
9
An accretion origin of the satellite galaxies from dark matter filaments

is negated by Angus, Diaferio & Kroupa (2011) and explicitly by

Pawlowski et al. (2012a).
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no such physicalmechanism is availablewithin the SMoC

despite many attempts (Metz et al. 2009b; Pawlowski

et al. 2012a; Pawlowski et al. 2012b).

High-resolution computations of the formation of

MW-mass DM host haloes within the SMoC have been

performed by Libeskind et al. (2009) using semi-analytic

modelling trimmed to account for the observed galaxy

population in order to study the formation of MW-type

galaxies and their satellite systems. These calculations

provide the following data which have been published by

the seminal work of Libeskind et al.:

These supercomputer simulations with 109 particles

yield 31 000 DM haloes of mass comparable to the DM

halo of theMW(2� 1011,MDM/M}, 2� 1012). These

host 3201 main galaxies of similar luminosity as the MW

(a galaxy more luminous in the V-band thanMV¼�20).

The remaining types of galaxies which are in similar DM

host haloes are not specified by the authors. The relevant

sample of 3201 ‘MW-type galaxies’ host 436 galaxies

with at least 11 luminous satellites. About 35% of these

have a satellite system in which at least 3 satellites have

orbital angularmomenta pointingwithin 30 degrees of the

normal to the plane defined by the 11 brightest satellites.

A DM halo ofMWmass thus has a likelihood less than

3201/31 000E 10% of hosting a MW-type galaxy

(defined to be a galaxy with an absolute V-band magni-

tudeMV,�20, without considering whether it is a major

disk galaxy or a spheroid). The majority of other galaxies

also hosted by similar DMhaloes are not described further

by the authors, but are galaxies fainter than MV¼�20.

This appears to be in disagreement with the real popula-

tion of galaxies, since Disney et al. (2008) have shown

that the galaxy population is remarkably invariant at any

luminosity. The observed uniformity is a significant

failure of the cosmological model, because of the large

variation expected within the SMoC: Each DM host halo

has a different merger history (this is the invariant

baryonic galaxy problem, Kroupa et al. 2010). Further,

of the 31 000 host haloes 436/31 000¼ 1.4% have a host

galaxy of MW luminosity and at least 11 luminous

satellites. Of the original sample of 31000 host haloes,

about 0.4% have these properties and at least 3 satellites

orbit within 30 degrees of the normal to the plane defined

by the 11 brightest satellites. According to these numbers,

and if the SMoC were valid, then the MW and its phase-

space correlated bright satellites would be a highly

significant exception of likelihood 0.4%. This likelihood

is lower still because neither the thinness of the model

DoS nor the orientation of the DoS, being polar relative to

the disk of the host galaxy, are taken into account.

The Local Group however contains the MW and

Andromeda. Andromeda is a galaxy similar to the MW

(but somewhat more complex, Hammer et al. 2010) and it

also hosts .11 luminous satellites, in full conformity

with the invariant baryonic galaxy property of the real

universe. Thus, given a DM halo of MW/Andromeda

mass, the chance of obtaining an Andromeda-type galaxy

within it is 1.4%, by the above reasoning. The combined

likelihood of having, within the Local Group, two inde-

pendent MW-type DM haloes hosting a MW and

Andromeda galaxy with their satellite systems is thus

,1.4� 0.4¼ 0.056%.

The SMoC can thus be discarded with better than

99.9% confidence, by this one test alone.

But are we not merely making ever more precise

demands to the point that yes, the MW is a unique case

just as each and every galaxy is (e.g. Hammer et al. 2007)?

The above argument rests on generic properties of the

Local Group in how likely it is for a group of two major

galaxies to contain, in the SMoC, two similar MW-type

galaxies which have similar satellite systems whereby at

least one of them has an anisotropic satellite distribution.

Nevertheless, this one test alone would not suffice to

discard the SMoC, because it can always be argued that

the Local Group happens to be an exception given the

unique properties we are interested in.

Ignoring the falsification of the SMoC through the

Dual Dwarf Galaxy Theorem (Sections 8 and 9), a

relevant question that may be answered by considering

the catalogues of numerical SMoC simulations is how

often groups of galaxies occur in the model which have

properties similar to those of the Local Group by consist-

ing of two major and similar disk galaxies. Such Local-

Group-type systems are common in the real universe with

themajority of galaxies being disk galaxies in such groups

(Karachentsev 1996; Marino et al. 2010). The invariant

baryonic galaxy problem discussed above would indicate

that in the SMoC such groups would be rare. Indeed,

Forero-Romero et al. (2011) also arrive at small like-

lihoods of finding a Local-Group equivalent if the SMoC

were true (their Sections 5.3 and 6).

In the present context, the following statement by

Libeskind et al. (2011) is interesting: ‘While the planarity

of MW satellites is no longer deemed a threat to the

standard model, its origin has eroded a definitive under-

standing.’ Lovell et al. (2011), who also address the

anisotropy problem using the numerical data from the

Aquarius SMoC simulation, write: ‘All six Aquarius

haloes contain statistically significant populations of sub-

halo orbits that are aligned with the main halo spin. All

haloes possess a population of sub-haloes that rotates in the

same direction as the main halo and three of them possess,

in addition, a population that rotates in the opposite

direction. These configurations arise from the filamentary

accretion of sub-haloes. Quasi-planar distributions of

coherently rotating satellites, such as those inferred in the

Milky Way and other galaxies, arise naturally in simula-

tions of a CDM universe.’ This statement is clearly in

contradiction with the above Libeskind et al. (2009)

numbers, which is odd given that both papers are published

by the same SMoC research team. Indeed, Pawlowski et al.

(2012a) demonstrate that the Lovell et al. contribution

needs tobeviewedcritically, as in essence the authorsmark

a sub-set of DM sub-haloes which have orbital angular

momenta aligned with the spin of the host halo. Consider-

ing this sub-set the authors conclude that the disk-like
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distribution ofMW satellites arises naturally in the SMoC.

They do not state however, why the vast number of sub-

haloes on other orbits should not play a role in establishing

the satellite population. That is, which physics would be

active to select no other than those sub-haloes tomake stars

which happen to be in the disk-like sub-sample is not

specified. Given that the host halo spin tends to roughly

align with the spin of the host disk galaxy, the Lovell et al.

(2011) claimwould suggest theMW satellite system in the

SMoC to bemore in equatorial orientation in contradiction

to the observed VPOS (Section 10.1).10

Can the sub-grid parametrisation of baryonic physics

be responsible for the disagreement between model and

observation? This cannot be the case because the phase-

space occupied by dark matter sub-haloes and the star-

formation processes within them are uncorrelated.

Indeed, the large volume of published galaxy formation

models up until 2011 (not counting the contribution by

Lovell et al. 2011) have all been inmutual agreement with

each other in reproducing the luminous properties and

spheroidal distribution of model satellite galaxies in DM

sub-haloes. The vast number of galaxy-formation simula-

tions are thus quite consistent with each other, which is an

important consistency check on the physics used in the

simulations: the reported research (see Footnote 14)

shows an internal consistency within the framework of

the SMoC.

In summary: it has thus emerged that the satellite

phase-space distribution of the MW in a VPOS extending

from about 10 kpc to at least about 250 kpc is not compat-

ible with Hypothesis A. This conclusion is based on one

auxiliary test, as discussed here. If one type of test falsifies

Hypothesis A, and if it is a robust test, then other

independent tests ought to yield the same conclusion.

In the following five additional and independent tests

of Hypotheses A are performed for MW satellites. These

can be viewed as stand-alone tests, or as further consis-

tency/auxiliary tests.

11.2 Mass–Luminosity Data

Assume that Hypothesis A (Section 4) is true. Then by

energy conservation the dSph satellite galaxiesmust show

a correlation between their luminosity, L, and hypothe-

sised dark-matter halomass,MDM, which is deduced from

observations of the density and velocity dispersion pro-

files of the dSph satellites by solving the Newtonian Jeans

equation (e.g. Klimentowski et al. 2007; Lokas 2011).

Note that the statistical correlation between L and MDM

does not rely on the details of baryonic physical processes,

since the binding energy of the structure dictates what can

form within it by whatever process, as long as the pro-

cesses are generically the same in all satellites

(i.e. gas physics and stellar feedback, ionisation from

outside; tides do not play amajor role for the population of

satellites as shown in Section 3). That such a correlation

exists among galaxies (interpreting their matter content

within the SMoC) is very well established (e.g. Leauthaud

et al. 2012).

However, it has already been shown that the dSph

satellite galaxies of the MW violate the expected correla-

tion (Mateo et al. 1993; Strigari et al. 2008; Wolf et al.

2010). By solving the Newtonian Jeans equation the DM

mass, M0.3, within the central 300 pc radius of each

satellite can be calculated; M0.3 is a measure of MDM by

virtue of the properties of the SMoC. Kroupa et al. (2010)

test all available SMoCmodels of satellite galaxies for the

existence of a positive correlation between model lumi-

nosity and model DM mass.11 This correlation is quanti-

fied by the slope, k, of the log(DMmass)–log(luminosity)

relation. The eight tested SMoC models include the

physics of feedback, inhomogeneous re-ionisation,

in-fall, CDM and WDM and semi-analytical models as

well as stellar population synthesis models, and each one

has k. 0.12. The observational data, on the other hand,

have k, 0.11 at the 99.7% (3-sigma) confidence level. In

other words, as Wolf et al. (2010) state: ‘y all of the

Milky Way dwarf spheroidal galaxies (MW dSph) are

consistent with having formed within a halo of a mass of

approximately 3� 109M}, assuming a L cold dark

matter cosmology. The faintest MW dSph seem to have

formed in darkmatter haloes that are at least as massive as

those of the brightest MW dSph, despite the almost five

orders of magnitude spread in luminosity between them.’

Both, the observational data and the models thus agree

at a confidence level of 0.5%.

Tollerud et al. (2012) perform a resolved-star spectro-

scopic survey of 15 dSph satellites of Andromeda and find

that the luminosities of these satellites are independent of

their DMmass, as is the case for the MW satellites. Thus,

for Andromeda, kE 0 as well.

In summary: The hypothesis that the SMoC models of

dSph satellite galaxies represent the real dSph satellite

galaxies can thus be discarded with a confidence of

99.5%. In other words, the hypothesis that the satellites

reside in DMhaloes made of C/WDMparticles appears to

be unphysical, in full consistency with the conclusion of

Section 11.1 above.

11.3 Mass Function of dSph DM Haloes

There are various aspects of this test:

Firstly, the missing satellite problem is well known: 24

dSph satellites (counting both, the 11 bright, ‘classical’,

satellites discovered mostly on photographic plates, and

the 13 UFD satellites discovered with the SDSS) have

been found while hundreds are expected. It is popularly

(there exists a vast number of research papers on this

10
The contributions by Lovell et al. (2011) and Libeskind et al. (2011)

constitute examples of an overly optimistic interpretation of numerical

SMoC data in view of the necessity to solve a major problem. See also

Footnote 12.

11
The tests were conducted usingmodels that had been computed before

the tests were conducted. At the present time this is not possible any

longer, because new satellite-galaxy models within the SMoC may be

influenced by the posterior need to solve the k¼ 0 problem.
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problem) claimed to be solved within the SMoC (Kroupa

et al. 2010 and references therein, see also e.g. Font et al.

2011) as the parametrisation of sub-grid baryonic physics

is tuned to reproduce the small number of observed dSph

satellite galaxies. If the SMoC were true then even within

the solar neighbourhood there ought to be hundreds of

concentrated dark matter clumps (Diemand et al. 2008).

According to these state-of-the-art SMoC computations

there ought to be about 150 additional faint satellite

galaxies within the MW DM halo which must be discov-

ered (e.g. Bovill & Ricotti 2011). According to Boylan-

Kolchin et al. (2011a) up to a ‘factor of 5 to 20 times as

many faint galaxies could remain undetected at present

owing to incomplete sky coverage, luminosity bias, and

surface brightness limits.’

Secondly, assuming the SMoC to be true and each

dSph satellite galaxy to be embedded in a DM halo, the

form of the mass function (MF) of these observed

luminous DM haloes is not in agreement with the

theoretically expected MF of luminous sub-haloes.

Including the Large and Small Magellanic Clouds

(LMC, SMC, respectively) leads to the following result:

the hypothesis that the MW satellites stem from the

SMoC can be discarded with more than 96% confidence,

but a more realistic assessment implies exclusion at the

99% level (Kroupa et al. 2010). In particular, the

observed sample of satellites has a significant overabun-

dance of M0.3E 1.5� 107M} DM haloes.

Thirdly, as documented in figure 2 in Kroupa et al.

(2010), all DM sub-haloes containing dSph satellites

have a mass M300, 2.5� 107M}, while 15% of the

sub-haloes in the MW DM halo ought to be more

massive within 300 pc according to the LCDM model.

The MW halo is thus missing a substantial fraction

(15%) of its massive sub-haloes. Bovill & Ricotti

(2011) emphasise this failure of the SMoC for the first

time. Boylan-Kolchin et al. (2011a) continue to point out

that the MW should host at least six sub-haloes that had

maximum circular velocities in excess of 30 km s�1 but

are incompatible with any known MW satellite (includ-

ing the Magellanic Clouds) having a V-band luminosity

LV. 105 L}.

To solve this problem, Boylan-Kolchin et al. (2011a)

suggest that galaxy formation in DM haloes with a mass

t1010M} may become stochastic, or that the MW is an

exception. However, this is not conform to known

physical laws. The suggestion that the MW (and by

implication) Andromeda (which has the same problem)

are exceptions is ruled out by Strigari &Wechsler (2012)

who study a large ensemble of MW-type galaxies from

the SDSS confirming the significant deficit of bright

satellites around the hosts if the SMoC were true.

Fourthly, in modelling galaxy formation within the

SMoC it has to be assumed that the galaxy formation

efficiency decreases sharply with decreasing DM halo

mass because the DM halo mass function rises steeply

with decreasing mass. Effectively below a threshold

mass E1010M} galaxies do not form (Ferrero et al.

2011). These authors demonstrate that almost one half

of dwarf galaxies with stellar mass in the range 106,
Mstar/M}, 107 are in haloes with masses substantially

below that threshold. They emphasise that this is not

easily accommodated within the SMoC. In their abstract

they state ‘Extending galaxy formation to haloes well

below 1010M} would lead to severe disagreement with

the low mass end of the galaxy stellar mass function; at

the same time, the extremely low stellar mass of the

systems involved make it unlikely that baryonic effects

may be responsible for reducing their dark matter

content.’

In summary, the number and DM halo mass distribu-

tion of MW satellite galaxies is in highly significant

disagreement with the expectations from the SMoC and

there is no physically known process that may be able to

solve the disagreements. In brief, the concept that the

satellites reside in DM haloes made of C/WDM particles

breaks down, in full consistency with the conclusions of

Sections 11.1–11.2 above.

11.4 Morphological Appearance of dSph Satellite

Galaxies

Globular star clusters (GCs) have a stellar velocity disper-

sion sE 10 kms�1. For a typical diameter of 2rE 8pc,

this implies that the crossing time scale is about 1Myr. Any

internal sub-structure is thus phase-mixed away on a time

scale of a few Myr, which is why GCs appear as perfectly

smooth, symmetric and spheroidal stellar systems despite

being immersed in the tidal field of the MW.

The dSph satellite galaxies also have sE 10 km s�1

but radii of about 300 pc. If this velocity dispersion is

related to their DM halo mass, which it must be if the

SMoCwere correct, then any internal sub-structure would

phase-mix away within 100Myr. Given their ages of

about 10Gyr, it follows that the satellites ought to appear

as smooth and symmetric as GCs.

Tidal forces from the MW cannot be effective in

distorting the satellites, as most of them are at Galacto-

centric distances D. 50 kpc, if each is surrounded by an

extensive (radii . few kpc) DM halo weighing about

109M}. Computational work has shown about 10%

of the DM sub-haloes to be affected by tidal forces

(Section 3). A smaller fraction will be affected so severely

that the innermost 1 kpc regions that contain the stars

would be distorted by tides.

In this context, Hayashi et al. (2003) write ‘We apply

these results to substructure in the Milky Way and

conclude that the darkmatter haloes surrounding its dwarf

spheroidal (dSph) satellites have circular velocity curves

that peak well beyond the luminous radius at velocities

significantly higher than expected from the stellar line-of-

sight velocity dispersion. Our modeling suggests that the

true tidal radii of dSph lie well beyond the putative

tidal cutoff observed in the surface brightness profile,

suggesting that the latter are not really tidal in origin but

rather features in the light profile of limited dynamical
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relevance.’ Following on from this, Walcher et al. (2003)

emphasise a statement by Stoehr, White & Springel

(2002): ‘Although there is no problem accommodating

a single disrupting object like Sagittarius, it would

become uncomfortable if tidal stripping were detected

unambiguously in other systems.’ Note that the inner

region of a satellite is affected by tides after significant

tidal destruction of its outer parts (Kazantzidis et al.

2004).

Thus, a small fraction, far less than 10%, of the

satellites may show morphological evidence for tidal

affects such as being flattened or somewhat distorted.

Indeed, the Sagittarius satellite galaxy, at DE 16 kpc, is

the best known example of a satellite galaxy being

strongly affected by the MW tidal field.

From the sample of 24 dSph satellite galaxies, too

many show non-spherical and in many cases also

asymmetric morphologies. Ursa Minor (DE 65 kpc)

is a well known case with internal sub-structure and

a highly flattened and asymmetric appearance (Kleyna

et al. 1998). It counts as one of the most DM domina-

ted galaxy with a mass-to-light ratio, M/LE 70, but its

internal structure is incompatible with the existence of

a CDM halo (Kleyna et al. 2003). The Fornax dSph

satellite (DE 140 kpc) also shows significant distor-

tions by appearing flattened, asymmetric and with

twisted isophotes (Demers, Irwin & Kunkel 1994;

Walcher et al. 2003). The Carina dSph satellite (DE
93 kpc) similarly shows a flattening with one side

appearing to be more compact than the other, and it

has isophotes that are not ellipsoidal (Walcher et al.

2003). Among the faintest satellites, Hercules is highly

elliptical and somewhat amorphous (Coleman et al.

2007). Sand et al. (2011) find that a large fraction of

the faint satellites, which are supposedly the most

DM dominated dwarf galaxies, show tidal signatures.

Noteworthy is that this problem appears to persist for

Andromeda satellites too: Andromeda X is found to be

highly elongated at a distance of 170 kpc from its host

galaxy (Brasseur et al. 2011).

McGaugh & Wolf (2010) study the internal dynamics

and the elongation of most of the MW and Andromeda

satellites finding very strong evidence for the majority

being affected by tidal forces. From their figure 5 it is

seen that of the 24 satellites plotted, 75% have an

ellipticity larger than 0.3, whereby the ellipticity corre-

lates strongly with the distance from the host galaxy.

That even the classical (bright) dSph satellites of the

MW have substantial ellipticities is evident from table 1

in Lokas (2011).

In summary, while a homogeneous statistical study of

the morphological appearance of each dSph satellite is

wanted, the above examples and reasults already demon-

strate that the notion that the satellites are immersed in

DM haloes appears to be unphysical because there are too

many satellites with distortedmorphologies. This is in full

consistency with the conclusions of Sections 11.1–11.3

above.

11.5 Orbital Decay of MW Satellites

The conventional Newtonian interpretation of the MW

dSph satellite galaxies is that they are hosted within

DM-sub-haloes. With this assumption, Jeans modelling

implies them to have similar DM halo masses of 109M}

(Mateo et al. 1993; Strigari et al. 2008; Wolf et al. 2010).

This appears to be the case for the Andromeda satellites as

well (Tollerud et al. 2012).

To account for the existence of the DoS, and if the

satellites were of type A (i.e. hosted in DM sub-haloes),

then they would have been accreted onto the growing DM

halo of the MW from a DM filament that would need to

connect to theMWDMhalo. They would thus have fallen

in from large distances, and dynamical friction would

have decayed and circularised their initial orbits to the

present-day orbits about the MW. Angus, Diaferio &

Kroupa (2011) demonstrate that for this to be viable, the

satellites with measured proper motions must have been

significantly more massive than 109M}. This is in

contradiction to the Jeans modelling.

In summary, there is therefore no consistent combined

solution of the existence of the DoS, the orbital angular

momenta and masses of the dSph satellites within the

framework of the SMoC. dSph satellites cannot be DM

sub-haloes in full consistency with the conclusions of

Sections 11.1–11.4 above.

11.6 Further Logical Inconsistencies

All independent tests concerning dSph satellite galaxies

(Sections 11.1–11.5) yield the same result: Hypothesis A

is incompatible with the data.

While Hypothesis A can by now be taken to have been

disproven, it is nevertheless of use to point out the

following mutually excluding results based on excellent

high resolution simulations of the formation of MW-type

galaxies and their satellites within the SMoC framework:

In a detailed discussion of the problem at hand, Deason

et al. (2011) write ‘The satellite galaxies have been ac-

creted relatively recently’ (at a redshift of z, 1) in order

to account for their disk-like distribution in the VPOS.

Nichols & Bland-Hawthorn (2011) model the evolu-

tion of initially gas rich satellite galaxies. Since these are

today essentially free of gas, even out to about 250 kpc,

the authors conclude ‘This model of evolution is able to

explain the observed radial distribution of gas-deficient

and gas-rich dwarfs around the Galaxy and M31 if the

dwarfs fell in at high redshift (zE 3–10).’

The observed MW satellite system is arranged in a

large polar disk-like structure and the satellites are void of

gas. Both, recent and long-past accretion into the MW

halo of the same satellites is not physically possible.

Apart from this inconsistency arrived at in the SMoC,

infall of a group of dwarf galaxies as the origin of the

phase-space correlation is ruled out by the following

reasons (Metz et al. 2009b):

Firstly, the putative groupwould have had to have been

compact with a diameter of less than about 30 kpc to
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account for the thinness of the VPOS (Figure 7). But all

known groups of dwarf galaxies have diameters of a few

hundred kpc. It would thus be necessary to postulate that

the MW accreted a group of a type which does not exist

any longer. This however would be an inferior hypothesis

because in order to ‘solve’ the DoS problem the existence

of an unobserved ad-hock type of dwarf groupwould need

to be postulated.

Secondly, there would then be no endemic luminous

DM sub-haloes of the MW. The missing satellite problem

would then become a catastrophic failure, since all

simulations of major galaxy formation require them to

have hundreds of luminous satellites that have individual

in-fall histories.

12 Conclusions on Testing Hypothesis A

While there is a strong notion and peer-pressure12 that

Hypothesis 0i must be valid on galactic and cosmological

scales, it is quite remarkable that all tests (Sections 8, 9, 10

and 11.1–11.6) fail Hypothesis A consistently and with-

out exception.

It could well have been different: We could have had

the situation that one of the tests fails, but that others show

consistency of the models with the data. For example, the

dSph satellites could have had k. 0, about the correct

mass distribution and morphological appearance. In this

case the challenge would have to have been to understand

the remaining failure given the otherwise agreement.

However, the consistent failure, always in the same sense

that the observational data are in conflict with Hypothesis

A, i.e. the existence of dwarf-galaxy-hosting DM haloes,

is so grave that a remedy cannot be found within the

SMoC.

In summary:

1. Young gas-rich rotationally supported TDGs lie on the

BTF relation defined by DM-dominated dwarf and

normal galaxies. This cannot be the case if DM defines

the rotation velocities of the dIrr galaxies. Thus

BTFdIrr¼BTFTDG which implies 6SMoC.

2. Intermediate-age TDGs lie on the radius–mass relation

of dE and dSph galaxies. This cannot be the case if dE

and dSph galaxies formed in a mass-dominating DM

halo. Thus dE, dSph¼TDG (or RPDG) which implies6SMoC.

3. The dSph satellites of the MW (and to a certain degree

also of Andromeda) have a highly significant phase-

space correlation which, for the MW, is a vast polar

structure. This VPOS is inconsistent with the satellites

being accreted individually or with them being endem-

ic DM sub-haloes.

4. The dSph satellites of the MW and Andromeda have

constant DM sub-halo masses over many orders of

magnitude of luminosity in violation of the necessary

correlation between the two quantities if the satellites

were in their own DM sub-haloes.

5. The DM-mass function of the observed MW satellite

galaxies does not agree with the theoretical one of

luminous sub-haloes derived from the SMoC. The

suggestion that star formation in DM haloes less

massive than 1010M} becomes stochastic has no

physical basis.

6. Too many dSph satellites show morphological distor-

tions which ought not to be the case if they were

embedded in their own mass-dominating DM sub-

haloes.

7. Within the same framework of the SMoC the gas-free

dSph satellites loose their gas if they were accreted at a

redshift z. 3 while they may appear in a disk-like

VPOS distribution if they accreted at z, 1. The MW

satellites are both, gas poor and in a disk-like VPOS.

8. Finally, the emergence in the SMoC of a group of

galaxies with the generic properties of the Local Group

(two similar spirals, each with at least 11 luminous

satellites) is negligibly small.

Therefore,Hypothesis A needs to be discarded. That is,

dwarf galaxies cannot be of type A and therefore they

cannot be embedded in DM sub-haloes. By Section 4, the

allowed alternative is then for dwarf satellite galaxies to

be TDGs, as is indeed already suggested by points 1.

and 2. above.

13 Hypothesis B: The dEGalaxies and dSph Satellites

are Ancient TDGs and RPDs

In the above Section 10.1 it has been shown that the MW

is surrounded by a VPOS which is a physical structural

12
Perhaps of relevance in this context is the research on the sociology of

science by Fanelli (2010) whose abstract reads ‘The growing competi-

tion and publish or perish culture in academia might conflict with the

objectivity and integrity of research, because it forces scientists to

produce ‘publishable’ results at all costs. Papers are less likely to be

published and to be cited if they report ‘negative’ results (results that fail

to support the tested hypothesis). Therefore, if publication pressures

increase scientific bias, the frequency of positive results in the literature

should be higher in the more competitive and productive academic

environments.’ The study of Fanelli (2010) finds that ‘ythese results

support the hypothesis that competitive academic environments increase

not only scientists’ productivity but also their bias.’ This may be the

reasonwhy the academic systemof laGrandeNation has allowedFrance

to take leadership on issues pertaining to TDG formation and non-

Newtonian/non-Einsteinian gravitational research. In France intellectual

freedom is highly cherished and fostered in an academic system without

major hierarchies. Germany, being a heavily hierarchical academic

environment in which the majority of resources are controlled long-term

by merely a few, and the USA, being an extremely competitive and

research-grant-driven environment, do not leave much room for such

research at the present. In these environments, often the mere opinion of

a few is crucial for the success in obtaining research money. A good

example of the Fanelli effect can be seen in figure 44 of Famaey &

McGaugh (2012) where the constraints on the measured cosmological

baryon density are plotted in dependence of time: Prior to the CMB data

(around the year 2000) the independent measurements yielded a low

density. After the CMB acoustic peak data became available and after it

emerged that the previously measured cosmological baryon density was

consistently too low to be consistent with the SMoC and the acoustic

peak data, the new independent constraints typically and magically

began yielding density measurements consistent with the measured

acoustic peaks for the SMoC to be correct.
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part of the MW made up of all known satellite galaxies,

the young halo globular clusters and half of all known

stellar and gaseous streams. The existence of this struc-

ture is perfectly consistent with the falsification of the

Dual Dwarf Galaxy Theorem in Sections 8–11. As sug-

gested in Section 4, the only available alternative would

be for the VPOS to be a remnant tidal structure that

formed when the young MW had encountered another

galaxy about 10–11Gyr ago.

How does the theoretical and observational evidence

on dE galaxies in general, and dSph satellites in particular

stand up to this interpretation? Are there other extraga-

lactic satellite galaxy systems which also show phase-

space correlations? If the MW were unique and thus an

exception confidence in the interpretation of dE galaxies

and of dSph and UFD satellite galaxies as TDGs would be

compromised.

13.1 Formation of TDGs and Associated GCs

It is well known that star clusters and TDGs form in one

and the same galaxy–galaxy encounter. This is observed

in many cases, but TDGs with masses lower than about

107M} can usually not be detected.13 An example of a

young TDG with a mass near 106M} is the complex of

star clusters in the tidal arm of the Tadpole galaxy

which has a half-light radius near 160 pc (Tran et al.

2003), while other cluster complexes in the arm are of

lower mass still. Such objects may evolve through the

merging of the clusters to spheroidal dwarf galaxies

(Kroupa 1998) such that the progenitors of the faint MW

satellites may have looked similar to these Tadpole

objects.

The highest-ever-resolution particle-mesh computa-

tion by Bournaud et al. (2008) of a wet galaxy–galaxy

encounter has a gas fraction of 17% and a resolution (or

cell-length) which is cl¼ 32 pc within Galactocentric

distances of D¼ 25 kpc, cl¼ 64 pc within D¼ 50 kpc

and cl¼ 128 pc for D. 50 kpc. This pioneering work

demonstrates that star-cluster sized bound objects with

masses in the range 105–106M} form readily. Also, a few

TDGs with masses 108–109M} are formed. These are

rotating dIrr gas-rich galaxies with diameters of a few kpc

(Figure 4).

It is important to note that less-massive TDGs cannot

form in these simulations because the resolution is still too

poor at D. 50 kpc, while the tidal stresses at smaller

D only allow compact star clusters to emerge in the

simulations. These have resolution-given radii of tens of

pc and form due to the pressured colliding inter stellar

media of the two galaxies. At D. 50 kpc gas accretes

from the expanding tidal arms into gravitationally unsta-

ble regions forming rotation-supported gas-rich dwarf-

galaxies.

The phase-space density of matter in the tidal arm is

comparable to that of the pre-collision galactic disk from

where it stems because the flow in phase-space is incom-

pressible for two-body relaxation-free, i.e. collision-less,

stellar-dynamical systems. Therefore, regions which

become self-gravitating within the tidal arm due to

density variations along it should have, approximately,

the matter density of galactic disks. Within these

gravitationally decoupled dIrr galaxies star-formation

proceeds as in any other dwarf galaxy in a distribution

of star-formation events which can, for all practical

purposes, be described as embedded star clusters

(Lada & Lada 2003) with a maximum mass which

correlates with the star-formation rate of the TDG

(Weidner, Kroupa & Larsen 2004; Kroupa 2011).

The average density of young TDGs must therefore be

comparable to roughly 0.01–1M} pc�3, which is the

baryonic matter density in disk galaxies. It is noteworthy

that the dE and dSph satellite galaxies have such densities:

Returning to the observable properties of dwarf galaxies,

a constant density relation, rpMstar/R0.5
3 , implies

b1¼ 1/3. As is evident from Figure 1, dE galaxies with

MstarE 109M} have densities around 1M} pc�3, while

less-massive dE and the dSph satellites have densities of

0.01M} pc�3. This is similar to the typical density of

baryonic matter within a disk galaxy. For example, the

present-day density of baryonic matter nearby to the Sun

is about 1M} pc�3, with an exponential decrease to

larger Galactocentric distances. Star-formation activity

is observed to be taking place at Galactocentric distances

out to about 25 kpc. For a radial exponential disk scale-

length of 3.5 kpc (e.g. Sale et al. 2010) the average density

at 25 kpc becomes 0.01M} pc�3.

A lower density cutoff for TDGs is given by the

necessity for self-gravitation to be sufficiently strong to

overcome tidal shear. That is,

MTDG

R3
max;TDG

� Mhost

D3
; ð3Þ

is required, where MTDG and Rmax,TDG are the mass and

maximal radius of the TDG, whileMhost is the mass of the

host galaxy and D the distance of the TDG to the host. For

typical birth distances of D¼ 105 pc andMhostE 1010M}

it follows that

Rmax;TDG ½pc� � 105=3
MTDG

M�

� �1=3

: ð4Þ

Such objects are not likely to form since regions of the

extend implied are not likely to be filled with matter, the

tidal tails usually being more confined. But if they

would form, then they would not readily be found by

13
This can lead to the erroneous conclusion that TDGs contribute only a

small fraction to the dwarf galaxy population. While this is true for the

TDGs being formed in the present-day universe, the number of low-mass

TDGs formed during the early cosmological era would have been

sufficient to account for the observed population of dSph and dE galaxies

(Section 3.2.3, Section 13.6).
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observation because they have low projected densities.

For example, a TDG with a mass of 109M} would have

Rmax,TDGE 46 kpc. Such an object would not likely sur-

vive its first perigalactic passage, but sub-regions of

sufficient self-binding energy may. It is remarkable

though that a low-density stellar population of such a

dimension has recently been discovered nearby the host

galaxy NGC7531 with a high-sensitivity survey using

small telescopes (panel E in figure 1 ofMartı́nez-Delgado

et al. 2010). The stellar structure nearby the dwarf galaxy

NGC4449 may also be of this category (figure 1 in

Martinez-Delgado et al. 2012).

Taking the Newtonian tidal radius estimate from

Binney & Tremaine (1987),

Rtid ¼ Rmax;TD

31=3
; ð5Þ

it can be seen from Figure 4 that the upper envelope of dE

data corresponds toMhostE 1012M}which is consistent

with the majority of dE galaxies having been formed in

galaxy clusters, taking the red-shift evolution of their

mass into account.

13.2 The Physical Nature of the MW VPOS

The VPOS is composed of satellite galaxies, globular

clusters and stellar and gaseous streams (Section 10.1).

Can the VPOS be an ancient remnant of a major tidal arm

created about 10–11Gyr ago around the MW?

The pioneering work of Bournaud et al. (2008) demon-

strates the simultaneous formation of star clusters and

TDGs during galaxy-galaxy encounters while it cannot

yet reach the resolution relevant to the MW dSph satellite

galaxies. The number of satellite galaxies formed also

scales with the gas fraction, and it is expected to have been

higher about 10Gyr ago when the gas fractions where

higher (Wetzstein et al. 2007).

Streams then arise from these DM-free TDGs and

star clusters as they dissolve over time through energy-

equipartition driven evaporation of stars in the collisional

systems (i.e. the star clusters) that have median two-body

relaxation times shorter than a Hubble time and/or

through time-variable tidal fields (Kroupa 1997; Küpper

et al. 2010).

The gaseous streams in the VPOS may be either

ancient remnants from the original tidal material from

the encounter or gas that has been ram-pressure stripped

or otherwise from the satellite galaxies. Indeed, the

Magellanic Stream, being well aligned with the VPOS,

is such a young structure.

That the UFD satellites have a larger spread away from

the DoS than the classical satellites (Section 10.1.7)

would be consistent with UFDs having formed in lower-

density tidal material which was spatially more extended

than the denser material. Theoretical results on this

suggestion do not exist yet.

Can a structure such as the VPOS be obtained naturally

in galaxy–galaxy encounters? A large number of galaxy–

galaxy encounters have been calculated by Pawlowski

et al. (2011) to study the phase-space distribution of tidal

material expelled during the encounter or merger. This

work has demonstrated that the VPOS can be naturally

understood as the remnant of tidal material expelled

during a flyby-encounter of the young scaled-down MW

and another similar young galaxy about 10Gyr ago. An

encounter with a smaller young galaxy is also possible.

Interesting in this context is that about 10Gyr ago the

scaled-down young MW would have appeared similar to

M33 today. A bulge forms in such amajor encounter and a

disk can regrow (e.g. Hammer et al. 2005; Bournaud,

Jog&Combes 2005; Hammer et al. 2007, 2009,Wei et al.

2010, Bournaud et al. 2011; Martig et al. 2012).

Thus, as argued below, consistency with the observed

properties of the MW is achieved, since the Galactic thin

disk is younger than about 10Gyr while a significant

fraction of the bulge is old, as are the constituents of the

VPOS (e.g. Tsujimoto & Bekki 2012 for constraints on

the formation of the MW bulge).

In some of the galaxy–galaxy encounters by Pawlowski

et al. (2011) the tidal material populates phase-space

next-to identically to the currently available information

on the MW VPOS. Documented for the first time by

Pawlowski et al. (2011) is the natural emergence of

counter-rotating tidal material in excellent agreement with

the counter-orbiting Sculptor dSph satellite. These models

show how the ratio of pro- and counter-rotating tidal

debris about the MW significantly constrains the allowed

encounter.

The phase-space constraints provided by the VPOS

allow a re-construction of the events that played a role in

forming the young MW. The encounter had to have been

near-polar relative to the young MW and the incoming

galaxy must have been close to edge-on. Figure 8 shows a

sequence of images of such interacting pairs in the present

universe. In Figure 8 is also shown a time-sequence of a

model fly-by encounter involving the young MW and a

young galaxy of similar mass as the young MW. The

material pulled out from the incoming galaxy spreads

about the MW in a model VPOS similar to the real VPOS

(Figure 6). The distribution of orbital poles of tidal debris

on the Galactic sky that this model produces is shown in

Figure 9.

Striking is that the directions of orbital angular

momenta of the tidal debris in the model populate the

same diagonal region (from the upper left to below

centre in Figure 9) on the Galactic sky as the actual real

VPOS does. The existence of counter-rotating tidal

debris is also evident, coinciding well with the orbital-

angular-momentum direction of Sculptor. The model

shown has not been created to match the data particularly

well, and other models computed by Pawlowski et al.

(2011, 2012b) also match, demonstrating that the generic

properties of the VPOS can be readily accounted for by a

wide class of encountermodels. Its detailed properties can
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however allow a reconstruction of the events that shaped

the MW about 10Gyr ago.

13.3 VPOS, Mergers, Bulges and Disk Regrowth

If the young MW would have had a major encounter that

lead to the present-day VPOS, would such an encounter

not have destroyed the MW disk? Would it leave visible

morphological evidence? This is an important question,

and it turns out that the MW bulge may hold clues.

Within the Local Group there exists a near-to-perfectly

linear correlation between bulge mass and the number of

satellite galaxies (Figure 10): M33 has no bulge and no

known satellite galaxies, while Andromeda has a more

massive bulge and more satellites than the MW and is in

general more complex with a probably more recent

merger event than the MW (Hammer et al. 2010).

Evidently, the validity of such a correlation needs

to be tested with galaxies beyond the Local Group. On

the basis of extragalactic observational data, Karachentsev,

Karachentseva & Sharina (2005) note, but do not quan-

tify, the existence of a correlation between the bulge

luminosity and the number of associated satellite galaxies

such that galaxies without a bulge have no known dSph

companions, such as M101. Karachentsev et al. (2005)

also point out that the number of known dSph satellites

increases with the tidal environment. In effect, Figure 10

shows a correlation between the colour or bulge-to-disk

ratio of the host galaxy and the number of its satellites.

That redder host galaxies do have more satellite galaxies

than bluer hosts has indeed been discovered using the

SDSS of isolated bright host galaxies (Wang & White

2012).

A correlation as evident in Figure 10 ought to arise

naturally if the majority of satellite galaxies are ancient

TDGs, because bulges form in major galaxy–galaxy

encounters (Hammer et al. 2005): Due to time-variable

changes in the potentials of each galaxy its gaseous

component is channeled onto radial orbits where it dis-

sipates and forms stars rapidly forming a central spheroi-

dal component on a dynamical time-scale (a few 108 yr).

When the encounter or merger is over, the bulges may

regrow disks from accreting gas (Hammer et al. 2005,

2007, 2009; Bournaud et al. 2011). The combination of

chemical and age constraints available on the growth of

the MW bulge (e.g. Tsujimoto & Bekki 2012) with

corresponding constraints available for the thick disk

and the VPOS constituents should allow a detailed

re-construction of the early encounter event which would

have occurred after the MW old halo spheroid formed

(Marks & Kroupa 2010).

It is known that present-day disk galaxies are sustain-

ing their SFRs through on-going gas accretion. That disk

galaxies regrow their disks after significant encounters

which may produce thickened older disk components has

been demonstrated in models (e.g. Bournaud et al. 2005,

2011, see also Reshetnikov & Combes 1997).

The existence of the VPOS with counter-rotating con-

stituents, and theMW having a bulge and a thickened disk

are thus understandable as structures created in an early

encounter between the young MW and another galaxy.

13.4 Recreating the Event

It will be interesting to investigate if this entire MW

structure of VPOS, bulge and thick disk can be created

using one self-consistent simulation. This work is likely

to re-construct quite precisely the events that occurred

about 10Gyr ago (compare with Hammer et al. 2007),

and it may also identify which the other galaxy involved

may have been. Indeed, currently there are two galaxies

that may have been involved: the LMC is on about the

right orbit already (Pawlowski et al. 2011). And alter-

natively, Andromeda is also close to the DoS in pro-

jection (figure 1 in Metz et al. 2007) and is currently

approaching the MW again. If Andromeda was the early

fly-by candidate, then the LMC may be a massive TDG

(compare with a similar suggestion by Yang & Hammer

2010).

Galaxy interactions, bulge formation and the associa-

ted emergence of TDGs would have been most common

in the early universewhen the young galaxies were spaced

closer to each other and when they were presumablymore

gas rich than today. This is consistent with the bulges and

satellite galaxies being typically old.

It is thus proven that VPOSs emerge naturally from

galaxy–galaxy encounters, and that they allow a recon-

struction of the encounter. It needs to be studied how

unique such a reconstruction is. That is, which range of

initial conditions (galaxymass ratios, relative inclinations

and orbital angular momenta) are allowed given the

properties and constituents of the real VPOS.

Figure 10 The number of dSph and dE satellite galaxies more

luminous than 0.2� 106 L} is plotted as a function of the bulge

mass of the host galaxy. Only satellites within a distance of 270 kpc

of the MW and M31 are used. The solid line is the deduced

correlation between the number of satellites and the bulge mass.

The upper and the lower dotted lines illustrate the relative uncer-

tainty assumed in the Monte Carlo experiment. This figure is

adapted from Kroupa et al. (2010).
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13.5 Was the Young MW a Polar-Ring Galaxy?

According to the evidence uncovered in the course of this

work (Pawlowski et al. 2012b), theMWhas aVPOSwhich

is naturally explained as the remnant of an ancient

encounter that must have occurred about 10–11Gyr ago

between the young MW and another perhaps similar gas-

rich galaxy. The correlation between bulges and the

number of satellites evident in the Local Group is consis-

tent with bulges being produced during galaxy encounters.

That galaxy encounters readily produce polar rings has

been demonstrated by Bournaud& Combes (2003).While

the likelihood of creating polar ring galaxies frommergers

is small, according to Bournaud & Combes (2003) fly-by

encounters readily produce polar rings through the accre-

tion of gas from the passing donor to the host galaxy

(Figure 8). The fly-by event would have pulled a tidal arm

out of the passing galaxy which fell onto the young MW

thereby forming the polar ring. At the same time, star-

formation throughout the tidal arm would have produced

the young halo globular clusters (YHGCs), and the TDG

precursors of the present-day ancient dSph and UDF gal-

axies out to distances of 100s of kpc.As the tidal arm swept

across, MW satellites and possibly YHGCs on counter-

rotating orbits would have been generated (Section 13.1).

The tidal perturbation would have lead to bar formation in

the young MW which would have formed a bulge-com-

ponent as well as a thickened disk. Other observational

evidence for the MW possibly being a polar ring galaxy

was presented by Haud (1988).

13.6 Other Extragalactic Satellite–Stream Alignments

If theMWVPOS is the remnant of an ancient tidal structure

that was created in a galaxy–galaxy encounter about

10–11Gyr ago, is there evidence for other galaxies also

having alignments in their satellite systems? If the MW

were unique, confidence in this scenario would be eroded.

In the local universe there are a number of known host

galaxies with stream–TDG satellite alignments: (1) The

NGC 1097 ‘dog leg’ stellar stream with two typical dSph

satellite galaxies (Galianni et al. 2010). (2) The about

300 kpc long tidal stream with at least three dSph satellite

galaxies in the 1–2Gyr old post-interaction NGC 5557

(Duc et al. 2011).

Furthermore, NGC 5291 (Bournaud et al. 2007) is

surrounded by a vast gaseous tidal ring with many

embedded young and gas-rich TDGs, altogether amount-

ing to a vast phase-space correlated structure containing

gaseous streams and young dIrr galaxies.

Notwithstanding these examples, the Tadpole galaxy

is an ongoing merger with a tidal tail with many star

clusters within it. Many of the clusters are clustered in

young (4–5Myr old) cluster complexes (CCs). The

most prominent one of mass 1.3� 106M} and half-light

radius of 160 pc (Tran et al. 2003) may evolve into a low-

mass UCD (Brüns et al. 2011), or even a typical dSph

satellite if the gas and clusters surrounding the CCwere to

be taken into account as a larger structure.

Finally, the Dentist Chair is an example of an inter-

acting galaxy with tidal tails which contain many TDG

candidates in a highly phase-space correlated overall

structure (Weilbacher et al. 2002).

The above examples are extragalactic systems in the

local universe which are surrounded by prominent young

to intermediate-age correlated phase-space structures

which include gaseous streams, star clusters and TDGs.

Such vast structures evolve over many orbital times but

remain evident for longer than a Hubble time in phase

space due to the conservation of orbital angular momen-

tum and energy.

Thus, phase-space correlated assemblages of stellar

and gaseous streams, young TDGs as well as old dSph

satellite galaxies exist in the Local Universe. These are

probably not rare, given that such systems are hard to find

because of their low surface densities and the faintness of

the satellite galaxies. Due to the observational flux limits,

an observational bias towards discovering fairly massive

(.108M}) satellite galaxies exists implying that fainter

structures are likely to be even more common. An

important task will be to survey as many nearby galaxies

as possible for the faintest streams and possibly associated

faint satellite galaxies to quantify the frequency of occur-

rence of such correlated systems.

That the MW has a VPOS, while Andromeda also

shows an anisotropic satellite distribution with strong

evidence for a chain-like arrangement of a substantial

number of its satellites (Karachentsev 1996; Koch &

Grebel 2006;Metz et al. 2007, notably figure 1 in Tollerud

et al. 2012) already suggest that phase-space correlated

satellite populations may be quite common around disk

galaxies with bulges. This is consistent with dSph satellite

galaxies being mostly old TDGs (Casas et al. 2012).

13.7 On the Origin of dE Galaxies

In Section 9 the coincidence of dE galaxies with observed

andmodel TDGs in the radius–baryonic-mass diagramme

has already emerged, suggesting that the majority if not

all dwarf satellite galaxies may be TDGs, whereby

RPDGs may also play a role in the dwarf population of

galaxy clusters. This is consistent with some of the

observed extragalactic dSph satellites being in phase-

space correlated structures (Section 13.6).

Okazaki & Taniguchi (2000) have demonstrated with

conservative assumptions that the number of long-lived

TDGs produced over cosmological times due to galaxy–

galaxy encounters within the SMoC amounts to the num-

ber of observed dE galaxies. They have also demonstrated

that the morphology–density relation is reproduced: poor

groups of galaxies end up having fewer dwarf galaxy

members than rich groups and clusters of galaxies.

Also, the stellar mass-to-light ratios of dE galaxies are

fully consistent with them not having DM (e.g. Lisker

2009 and references therein), which is expected for this

class of object since TDGs cannot capture significant

amounts of DM even if it were to exist (Section 3.2).

Concerning the putative DM content of dE galaxies, the
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clash with the SMoC is so significant that some authors

speculate baryonic processes to be responsible for push-

ing out the DM to radii where it is dynamically unimpor-

tant (Forbes et al. 2011, see also Footnote 12). However,

none of the realistic galaxy evolution or formation simu-

lations has ever resulted in the DM being pushed out

to the degree required.

The majority of TDGs would have been produced in

the young universe and are thus metal poor. The presently

born TDGs are a minority since galaxy–galaxy encoun-

ters are today rarer and the galaxies are not as gas rich as in

the cosmological past. Therefore the metallicity criterion

for distinguishing TDGs from normal dwarf galaxies

cannot be applied as a robust test for TDG status. TDGs,

once they decouple, begin their own chemo-dynamical

evolution and thus follow the mass–metallicity relation

(Recchi et al. 2007). That even low-mass TDGs survive

for a Hubble time despite being on eccentric orbits about

their host galaxy has been shown by Kroupa (1997) and

Casas et al. (2012).

From the above it would thus appear that the existing

data and theoretical work are consistent with dE galaxies

being old TDGs.

14 A Dialogue: The Discovery of Ultra-Thin

Dark-Matter Filaments and Dark Force

The SMoC is highly regarded and for many as established

as the SMoPP (Section 1). Given that is seems unlikely for

the vast majority of contemporary astronomers to be

interpreting the data so wrongly, it may therefore be that

we are here missing some essential aspect of the SMoC.

Perhaps the SMoC is valid after all, and there are

unknown baryonic processes which would account for,

among the other issues, (i) TDGs lying on theDM-defined

BTF relation, (ii) TDGs coincidingwith dE galaxies in the

radius–baryonic-mass diagramme, (iii) dE galaxies not

having evidence for DM, (iv) the existence of the VPOS

around the MW, (v) correlated phase-space structures

composed of satellite galaxies about other host galaxies,

and (vi) the existence of a host-galaxy-bulge-mass—

number-of-satellite correlation. Here is a dialogue which

is based on true conversations that occurred in November

2011 in Bonn and January 2012 in Vienna:

SMoCEnthusiast 1: ‘OK, I can agree that theMWsatellite

dwarf galaxies are TDGs.’

Dynamicist: ‘But then there are no DM-dominated satel-

lite galaxies in DM haloes, and this would invalidate

the SMoC since it requires each larger galaxy to be

accompanied by hundreds of DM satellites.’

SMoC Enthusiast 1: ‘No, this does not invalidate the

SMoC because I can just turn up re-ionisation and

other effects such that all satellite dark matter sub-

haloes with mass about t1010M} remain dark.’

Dynamicist: ‘But would you not be going into extremes of

fine tuning? And, no existing galaxy-formation and

evolution simulation has ever shown that re-ionisation

can be made so destructive that allDM sub-haloes with

about ,1010M} remain dark. Also, what about the

more isolated dwarf-galaxy groups (Tully et al. 2006)?’

SMoC Enthusiast 2: ‘Well, we have the freedom to

recompute the models and the lack of such satellites

constrains the physical processes that played an impor-

tant role during early galaxy assembly. We can in

actuality constrain the relevant sub-grids physics in

order to match the observations.’

Dynamicist: ‘But here is the final nail into the coffin: You

agree that the satellite galaxies are TDGs. But TDGs

cannot have DM, as has been emphasised many times.

Now, the satellites of the MW have large dynamical

M/L ratia (.10 up to a few hundred in some cases).

So this clearly disproves the SMoC because in it TDGs

cannot contain DM. The solution is to move away from

DM on galaxy scales and to accept that gravity in

non-Newtonian. Then we can understand the satellites

as beingTDGs.And they appear to bedominatedbyDM

if we interpret the motions of their stars in Newtonian

dynamics, but in actuality what we are seeing is non-

Newtonian dynamics. That Milgromian dynamics plus

tidal effects is a good solution to the satellites has already

been shownbyBrada&Milgrom (2000);Angus (2008);

Kroupa et al. (2010) and McGaugh & Wolf (2010), so

this appears to be the right research path to be taken.’

SMoC Enthusiast 1: ‘No, I still disagree. The high

dynamical mass-luminosity ratios suggest that TDGs,

once formed, connect to thin dark-matter filaments

from which they accrete kinematically cold DM.’

Dynamicist: ‘Now I have you cornered: There are at least

two problems with your postulated thin DM filaments:

(1) 100Myr old TDGs show convincing evidence for

having DM (Bournaud et al. 2007; Gentile et al. 2007).

At this age, there is not enough time for them to

connect to the postulated thin DM filaments which

must originate from outside the virial radius of the host

DM halo (if it were to exist).’

SMoC Enthusiast 2: ‘Yes but these young TDGs you are

talking about are different, they are coming from only

one galaxy progenitor, and this galaxy happens to

probably have a lot of cold molecular gas which makes

up the missing mass in these young TDGs. The

dynamical M/L ratia are much smaller than those of

some of the old satellites of the Milky Way you are

referring to. So actually two different dominant types

of DM (exotic and gas) would be involved in these two

age groups. Nothing is wrong with that.’

Dynamicist: ‘But what about problem (2): the fact that

these young TDGs fall onto the baryonic Tully–Fisher

relation (Gentile et al. 2007)? This clearly cannot be

the case if they are a fundamentally different type of

galaxies than the normal DM-dominated ones.’

SMoC Enthusiast 3: ‘Look, it is generally known that the

SMoC cannot be tested on the small scales of dwarf

galaxies because the baryonic physics is uncertain and

the simulated models lack the resolution.’

Dynamicist: ‘I would not agreewith this. After all, theDM

structures that form at amass scale of\108M} due to
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the dissipationless gravitating DM particles are rather

well understood. See e.g. the work of Diemand et al.

(2008). Are you then implying that the large body of

research output from the SMoC community over the

past 5 to 10 years claiming to solve themissing satellite

problem is essentially unbelievable? It seems that this

statement would suggest that these many published

results14 cannot be resorted to in order to test the

SMoC? If this were the case, then the whole model

becomes untestable.’

SMoC Enthusiast 3: ‘You are resting your tests on the

MW, but this is not permissible. One cannot test

the whole SMoC just on one single galaxy. We are

within theMWand the data are poor. The surveys suffer

from serious obscuration and there are whole regions of

the sky where we cannot even look at properly, like

in the disk of the MW. You need to use other galaxies.’

Dynamicist: ‘We are testing also Andromeda, but it is true

that as we are acquiring ever better data on theMWwe

are finding that the discrepancies with the SMoC

expectations are increasing. The surveys are sufficient-

ly complete to allow robust tests. For example, the

SDSS is a cone such that the disk-like distribution of

ultra-faint satellites cannot be due to selective survey-

ing. The surveys for the brighter satellites and the

young halo globular clusters have a quite complete sky

coverage. The tests do not rely on a single property of

the MW but on generic features that together signal a

failure. Obviously the MW must be part of the SMoC,

as it is within this universe.’

SMoC Enthusiast 4: ‘Listening to this conversation I think

you are wrong: the MW satellites are not TDGs.

Instead, the SMoC is mostly valid but needs to be

slightlymodified. Similarly to the argument by Peebles

& Nusser (2010), who also emphasise the SMoC to be

an overall successful descriptionof cosmology, Iwould

argue that the problems of the SMoC on galactic scales

shows that DM particles must couple to the baryons or

to each other differently than only through gravitation.

‘There may well be a dark force (e.g. Nusser,

Gubser & Peebles 2005) which allows DM particles

and baryons to couple in such a way as to enhance

structure formation, as demanded by Peebles & Nusser

(2010), and at the same time to reduce the missing

satellite problem and enforce the satellites forming a

DoS. We could postulate that this dark force becomes

active when the thermal temperature of the baryons has

decayed sufficiently, so that structure formation in the

early universe is not affected. The dark force may have

a number of components that couple differently to

the different constituents, and all of these may be

time variable (e.g. van den Aarssen, Bringmann &

Pfrommer 2012). So I see absolutely no reason to

discard the SMoC in favour of a purely speculative

and ad-hock modification of Newtonian dynamics in

the ultra-weak field limit, such as what Milgromian

dynamics, i.e. MOND, is.’

15 Conclusion on Testing Hypothesis A and B

Hypothesis A (the MW satellite galaxies are DM sub-

structures) has been ruled out, while Hypothesis B (the

satellites are ancient TDGs) stands up to all available

constraints and tests. According to the First and Second

SMoCFalsification Theorems (Section 5) the SMoCmust

be discarded and C/WDM cannot exist.

15.1 Why Is the Existence of Cold or Warm

DM Ruled Out?

By having shown that only one type of dwarf galaxy

exists, and that this type has all the required properties

associated with the known type B dwarfs, the Dual

Dwarf Galaxy Theorem has been falsified, and C/WDM

particles cannot exist leading to the SMoC being falsified.

But why does the falsification of the ‘Dual Theorem’

imply that C/WDM particles cannot exist?

The reason is as follows: With the falsification of the

Dual Theorem the existence of C/WDM is immediately

ruled out because by the satellite galaxies being TDGs (i.e.

typeBdwarfs) none of theC/WDMsub-haloeswould have

been able to have formed stars in stark contradiction to the

calculations. Amending the physics of the C/WDM parti-

cles to allow this to have occurred would already be a non-

SMoC model. However, such an approach would also be

violated because the dSph satellite galaxies are observed to

show large dynamical M/L ratia, i.e. they appear to be

dominated by DM. Thus, if, by virtue of their phase-space

correlation they are TDGs, then the only logically allowed

solution is to discard the SMoC entirely and to consider

modified gravity models. This conclusion is fully consis-

tentwith the knownyoung rotatingTDGs lying on theBTF

relation (see Section 17.4), and by the existence of the

MDA correlation (Figure 11), both of which cannot be

understood as a result of the physics of DM particles.

Finally, the extensive effort world-wide to detect

DM particles in terrestrial experiments has so far not

been successful (e.g. Baudis 2012). For example, the

CRESST-II DM search has reported a possible detection

of a CDM particle signal (Angloher et al. 2012), but their

figure 13 also shows this putative signal to be in the

parameter region excluded by the CDMS-II (CDMS II

Collaboration et al. 2010) and XENON100 (Aprile

et al. 2011) DM-particle experiments. The search for a

DM-particle-annihilation or DM-particle-decay signature

from regions where high DM densities are measured

assuming Newtonian dynamics to be valid has also been

unsuccessful (e.g. theMWsatellite galaxy Segue 1 has the

highest DM density known but no DM signal has been

detected, Aliu et al. 2012).

14
E.g. listing mostly more recent papers: Dekel & Silk (1986); Dekel &

Woo (2003); Tollerud et al. (2008); D’Onghia & Lake (2008); Li &

Helmi (2008); Macciò, Kang & Moore (2009); Koposov et al. (2009);

Okamoto& Frenk (2009); Kirby et al. (2009); Shaya et al. (2009); Busha

et al. (2010); Primack (2009); Macciò & Fontanot (2010); Macciò et al.

(2010); Cooper et al. (2010); Deason et al. (2011); Nichols & Bland-

Hawthorn (2011); Font et al. (2011).
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Increasing loss of confidence is suffered by the experi-

ments having to postulate ever decreasing interaction cross

sections for the putative DM particles, significantly below

and away from the originally favoured ones. This is at the

same time a fallacy of the adopted procedure:The existence

of DM particles can never be disproven by direct experi-

ment because ever lighter particles and/or ever smaller

interaction cross sections just below the current detection

thresholdmay be postulated for every non-detection. There

exists no falsifiable prediction concerning theDMparticles.

15.2 Can a Modified SMoC be Constructed?

That the SMoC needs to be discarded as a model of the

real universe is true even if cold DM filaments or dark

forces (Section 14) were to exist because structure

formation simulations would have to be repeated with

these ingredients. That is, the currently available cos-

mological models would need to be revised substan-

tially. But the revisions would be many, since many

new degrees of freedom appear with the notion of a

multi-component dark force (Section 14). Predictabil-

ity of this model would not be given any longer, since

any new discordant observation would be accounted

for, at least in principle, by new parameters in the dark

sector.

A simpler and more elegant option may be obtained by

considering non-Newtonian alternatives and therewith

the foundations of the SMoC.

n � 1
n � 2

Figure 11 Mass-discrepancy–acceleration (MDA) data for hundreds of measurements in different disk galaxies (black dots). The mass-

discrepancy (MD) data are defined as (V/Vb)
2. Here V (¼Vc in the text) is the observed circular velocity in a disk galaxy while Vb is the circular

velocity the galaxy ought to have at the same radius given the observed mass of baryonic matter within that radius r. The upper panel shows the

MD data as a function of r, while the middle and lower panels show the same data in dependence of a and gN. Here, a is the centripetal

acceleration, a¼V2/r, while gN¼Vb
2/r is the acceleration predicted by Newtonian dynamics given the observed mass of baryonic matter.

Evidence for DM appears exclusively only when a MD exists, i.e. when V.Vb. It is evident that there is no systematic behaviour of the MD

with r, but that a well defined correlation exists between the MD and a and gN. This shows that if cold or warm DMwere to exist, then it would

need to have the property for accounting for thisMDA correlation. That theMD appears only at significantly smaller accelerations than occur in

the Solar System is well evident in the lowest panel. High-precision tests of gravity that have been confirming the Einsteinian/Newtonian theory

have only been possible in the Solar System or near neutron stars, while gravity in the ultra-weak field limit is probed on galaxy scales which

were not available to Einstein in 1916. While the SMoC has not allowed reproduction of the MDA data, the MDA correlation is accounted for

excellently byMilgromian dynamics (the thin solid red and dashed green curves are Equation 9). Adapted with kind permission from Famaey&

McGaugh (2012). This figure was prepared by Stacy McGaugh and Fabian Lüghausen.
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16 The SMoC is Falsified, Long Live . . . ?

As detailed in Section 1 the foundation of the SMoC is

Hypothesis 0i. Since Albert Einstein constrained his

ansatz on gravitation by solar system (i.e. Newtonian)

dynamics, it is useful to reconsider this assumption.

16.1 TheMDACorrelation and Solar SystemConstraints

The need to introduce dynamically relevant DM on

galactic scales arose because the assumption that

Einstein’s field equation (Einstein 1916) be valid on

galactic and cosmological scales led to a failure of it as

soon as kinematical measurements in galaxies and of

galaxies in galaxy clusters became available long after

1916 if it is assumed that only baryonic matter exists

(Zwicky 1937; Rubin & Ford 1970; Faber & Gallagher

1979; Blumenthal et al. 1984). But the speculation that

exotic DM particles exist that are to be dynamically rel-

evant in galaxies cannot be understoodwithin the SMoPP,

have not been discovered by direct experiment despite a

highly significant effort world-wide over the past decades

to detect them, and lead to the contradictions with astro-

nomical observations that constitute the falsification of

the SMoC above. With the failure of the SMoC it has now

become evident that Einstein’s ansatz may need additions

in the dark-physics sector (Section 14).

The discrepancy between Newtonian dynamics and

the dynamics observed in galaxies is concisely documen-

ted as the mass-discrepancy introduced by McGaugh

(2004). The mass-discrepancy (MD) in a disk galaxy is

the ratio between the observed circular velocity squared,

V2(¼Vc
2), and the circular velocity squared, Vb

2, expected

from the observed amount of baryonic matter assuming

Newtonian dynamics is applicable. The observational

data are plotted in Figure 11.

The observed mass-discrepancy data follow a well

defined correlation with acceleration. This is the

McGaugh mass-discrepancy–acceleration (MDA) corre-

lation. The MDA data show that the discrepancy and thus

evidence for DM only appears when the observed (true)

acceleration, a, is smaller than a critical acceleration a0,

ao a0 ¼ 1:12� 10�10 m s�2 ¼ 3:6 pcMyr�2; ð6Þ

which cannot be accounted for by the SMoC because the

physics of DM particles does not depend on a. The critical

acceleration a0 constitutes a constant of nature. It is

constrained by e.g. only one single rotation curve of one

galaxy. McGaugh & de Blok (1998) had already pointed

out that understanding the MDA correlation within the

SMoC ‘leads to troublesome fine-tuning problems’.

Figure 11 demonstrates the excellent agreement

between the prediction15 of Milgromian dynamics and

the data. According to Milgrom’s suggestion, the gravita-

tional force acting on a mass m which experiences the

acceleration a is

F ¼ n
gN

a0

����
����

� �
mgN ¼ ma; ð7Þ

where gN is the Newtonian acceleration and the function

which describes the transition from classical Einsteinian/

Newtonian dynamics to Milgromian dynamics can be

written (Famaey & McGaugh 2012)

nðyÞ ¼ 1

2
1þ 1þ 4

yn

� �1=2
" #( )1=n

; ð8Þ

where y¼ gN/a0 and n(y)- 1 for yc 1 and n(y)- y�1/2

for y { 1. When n¼ 1 we have the ‘simple n function’.
For a circular Newtonian orbit the velocity squared is

Vb
2(r)¼ gNr. With Vc

2¼ ar being the actual observed

circular velocity and a¼ n(y)gN, the MD becomes

V 2
c ðrÞ

V 2
b ðrÞ

¼ n
gN

a0

����
����

� �
: ð9Þ

Concerning theMW, it isuseful tograph theMilgromian

radial acceleration as a function of r (Figure 12). The MW

model has a baryonic Plummer bulge of mass Mbulge¼
3.4� 1010M} and Plummer radius rpl¼ 0.7 kpc, and

a Miyamoto–Nagai disc with baryonic mass Mdisk¼
1011M}, radius r0¼ 6.5 kpc and scale height of 0.26 kpc.

Figure 12 shows that Milgromian dynamics is expected to

become evident at r\ 8 kpc where n\ 1.4.

What is Milgromian dynamics (i.e. MOND¼Modi-

fied Newtonian Dynamics)? The existence of transition

functions is well know in physics, notable examples being

the transitions from quantum mechanics to classical

mechanics and from relativistic to classical speeds.

15
This is a true prediction because the data did not exist when Milgrom

formulated a non-Newtonian approach in 1983. Alas, modern cosmo-

logical jargon often uses theword ‘prediction’ tomean a value calculated

within the SMoC in order to account for existing data.
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Figure 12 The radial acceleration in units of a0 is plotted as a

function of Galactocentric distance, r, for a model of the MW

(steeply rising black curve). The horizontal dotted lines are �a0,

while the slowly rising (red) solid line is n(y) (Equation 8). This

figure was prepared by Fabian Lüghausen.
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TheMilgromian n function can be interpreted to be such a
transition function.Milgrom (1999) showed that nmay be

derived by considering quantum mechanical effects in

space-time for very small a. This allows Milgromian

dynamics to be seen as a modification of inertial

mass m, as is also evident from Equation 7 through the

terms {n(y)m} gN¼ma (see also Appendix A in Kroupa

et al. 2010 for a description of this ansatz). Alternatively,

Einstein’s assumption may have been invalid, and gravi-

tation does not follow the field equation in the ultra-weak

field limit. In both cases, effective gravity would be non-

Newtonian and is described by Mordehai Milgrom’s

formulation (Milgrom 1983a).

Thus, the MDA correlation constitutes a consistency

with the general failure of the SMoC discovered

above (see also Section 17). Indeed, the postulate

by Milgrom (1983a) that below the acceleration scale

a0E 3.6 pcMyr�2 dynamics becomes non-Newtonian is

fully verified by the latest high-quality kinematical data in

galaxies, as demonstrated in Figure 11 and in much depth

in Famaey & McGaugh (2012).

16.2 Non-Einsteinian Effective Gravity

That effective gravitation may be non-Einsteinian/non-

Newtonian thus appears to be the simpler if not the sole

option (Section 15.2): by relaxing Einstein’s assumption

that gravity should conform toNewtonian dynamics in the

ultra-weak field limit and thus allowing new effective

field equations to be suggested, it becomes possible

to keep particle physics entirely within the SMoPP

(Section 1). This is a highly attractive option because the

SMoPP is themost successful physical theory at hand, and

because gravitation remains poorly understood as we still

do not know how matter couples to space-time and which

of the two is an emergent property.

An example of new interpretations of gravity is given

by the recent suggestion that ‘Newton’s law of gravitation

naturally arises in a theory in which space emerges

through a holographic scenario’ (Verlinde 2011). And, a

scalar tensor vector gravity theory (leading to modified

gravity, orMOG) is suggested byMoffat (2006) according

to which, effectively, far from a source gravity is stronger

than theNewtonianprediction,while at shorter distances it

is compensated by a vector-field-generated repulsive fifth

force. This can also be viewed as a Yukawa-type modifi-

cation of the gravitational force due to a point source. And,

it is well known that a successful theory of quantum

gravity has not been discovered yet (Abdo et al. 2009).

Whatever the true solution to gravitation may be,

Milgrom’s suggestion of how to modify the effective

gravitational force law at ultra-low accelerations at 3.6

pcMyr�2 (Section 16.1) has stood the test of time. That

Milgrom’s dynamics can be embedded in a generalised

relativistic tensor vector scalar (TeVeS) gravity theory

(not to be confused with the above ‘scalar tensor

vector gravity theory’) has been proven by Bekenstein

(2004). TeVeS is derived from the action principle and

therewith respects conservation laws. The impact of this

break-through is evident in the increase in citations to the

original research paper (Milgrom 1983a), which has by

now accumulated about 1000 citations. Furthermore,

Modesto & Randono (2010) have studied the approach

of Verlinde (2011) and suggest that Milgromian-like

dynamics ensue once well-motivated corrections are

applied.

Given that Milgromian dynamics is the correct

description of galactic dynamics (just as Newtonian

dynamics correctly accounts for Solar system dynamics),

an increased effort to embed Milgromian dynamics

within a Lorentz-covariant framework has ensued (e.g.

Bekenstein 2004; Sanders 2005; Zlosnik et al. 2007;

Bruneton & Esposito-Farèse 2007; Zhao 2008; Blanchet &

Le Tiec 2009; Skordis 2009; Milgrom 2009). A quasi-

linear formulation of Milgromian dynamics has been

discovered only recently (Milgrom 2010; Zhao&Famaey

2010) which appears to allow easier access to N-body

calculations. An interesting suggestion has been followed

by Bruneton et al. (2009) who study theories in which DM

is the source of the Milgromian phenomenology by

introducing an interaction term between baryonic matter,

DM and gravity. Additional approaches to an environ-

mentally dependent dark sector, where themerits of CDM

on large scales are unified with the merits of Milgromian

dynamics on galactic scales, have also been suggested and

studied (Zhao 2007; Li & Zhao 2009; Zhao & Li 2010)

(but see the ‘dark force’ issues in Section 15.2).

It is expected that the coming years will be providing

many new exciting insights into gravitation and the

dynamics and evolution of galaxies as well as of larger

cosmological structures. An excellent comprehensive

treatment of this entire ansatz and an overview of the

most recent progress and research activity is available in

the major review by Famaey & McGaugh (2012) and

in the book by Sanders (2010a).

16.3 Galactic-Scale Problems Vanish

It is rather noteworthy that virtually all problems on

galactic scales disappear naturally within Milgrom’s

framework (Famaey & McGaugh 2012 for a thorough

review). For example, the MW satellite galaxies and the

VPOSwould naturally be TDGs since the early encounter

of the MWwith another galaxy would have occurred also

in this framework. The existence of phase-space corre-

lated structures such as the MW VPOS would then be a

natural consequence of satellite galaxies forming as

TDGs (Failure 8 in Section 17). Because there would be

no DM halo around the MW and the other galaxy,

dynamical friction would not decay their relative orbits

such that the fly-by scenario between the young MW and

the young LMC or even the young Andromeda would be

feasible. Multiple encounters between two gas rich gal-

axies become readily possible, each time spawning new

TDG and GC populations in correlated phase-space

structures. Also, the invariant baryonic galaxy problem

(Failure 10 in Section 17) in the SMoC (Kroupa et al.

2010) disappears entirely. And, the structure growth
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problem in the SMoC (Peebles & Nusser 2010) is alle-

viated in a Milgromian cosmology whereby the Bullet

Cluster problem (Failure 17 in Section 17) of obtaining

the high relative-cluster velocity is also avoided (Angus&

Diaferio 2011).With baryonic matter as the sole source of

gravitation on galactic scales, the TDG mass-deficit

problem (Failure 9 in Section 17) disappears in Mil-

gromian dynamics (Gentile et al. 2007; Milgrom 2007),

while it is unsolvable in the SMoC: In Milgromian

dynamics TDGs and all rotating stellar systems lie on the

Tully–Fisher relation, and the Faber-Jackson relation for

pressure-supported stellar systems also emerges naturally

(Sanders 2010b).

16.4 The Bullet and Train-Wreck Clusters

The Bullet Cluster is often perceived to be a disproof of

Milgromian dynamics because even in Milgromian

dynamics DM is required to explain the observed sepa-

ration of the weak lensing signal and the baryonic matter.

In actuality, the Bullet Cluster is, if anything, a major

problem for the SMoC because the large relative cluster–

cluster velocity at the mass scale of the two observed

clusters required to provide the observed gas shock front

cannot be attained in the SMoC (Lee & Komatsu 2010;

Thompson & Nagamine 2012). But such velocities arise

naturally and abundantly in a Milgromian cosmology.

Assuming the Milgromian framework to be the correct

description of effective gravitational dynamics, it has been

shown that the Bullet Cluster lensing signal can be

accounted for in it (Angus, Famaey & Zhao 2006). If a

Milgromian cosmology is allowed to have a hot DM

component then the Bullet Cluster is well explainable

(Angus & McGaugh 2008; Angus et al. 2011). We know

that neutrinos oscillate, therefore they must have a mass.

That mass is small. This makes them a form of hot DM that

we most definitely know to exist. In order to explain the

oscillations, particle physics suggests the possible exis-

tence of more massive, sterile neutrinos, which interact by

gravity. If they exist they might be massive enough

to account for the missing mass in galaxy clusters in

Milgromian dynamics (and they can fit the first three

acoustic peaks in the CMB). Taking this ansatz, Angus,

Famaey&Diaferio (2010) demonstrate that consistency in

solving the mass-deficit in galaxy clusters and accounting

for theCMBradiation power spectrum is achieved if sterile

neutrinos (SN) have a mass near 11 eV. They write ‘we

conclude that it is intriguing that the minimum mass of

SN particle that can match the CMB is the same as the

minimum mass found here to be consistent with equilib-

rium configurations of Milgromian clusters of galaxies.’16

The Train-Wreck Cluster (Abell 520) has been shown

to be incompatible with the SMoC because the putative

C/WDM particles have separated from the galaxies such

that a core of DM is left (Mahdavi et al. 2007; Jee et al.

2012). While these authors speculate on a possible

solution such as DM possibly having a self-interaction

property (but see Section 15.2), in a Milgromian cosmo-

logical model with HDM it is conceivable for the self-

bound galaxy-cluster-sized HDM core to dissociate itself

from the baryonic matter in galaxies, which individually

would remain on the BTF relation. However, different

groups analysing the same lensing data obtain different

mass maps (see Okabe & Umetsu 2008). The monopole

degeneracy, which can lead to false peaks in the mass

map (Liesenborgs et al. 2008), also affects the weak

lensing mass reconstruction. Thus the issue remains

inconclusive.

Within the MOG framework, Moffat & Toth (2009a)

argue to be able to account for both the Bullet and the

Train Wreck Cluster.

16.5 Milgromian Cosmology

A cosmological model based on Milgromian dynamics is

presented by the pioneering work of Llinares, Knebe &

Zhao (2008); Angus (2009) and Angus&Diaferio (2011).

It has the same expansion history as the SMoC and

therefore shares the same BB physics, but it differs from

the SMoC at the galactic scale where it outperforms the

SMoC comprehensively. Structures form more rapidly

(Nusser 2002; Llinares et al. 2008; Angus & Diaferio

2011) as demanded by Peebles & Nusser (2010) on

studying data in the Local Volume of galaxies. The

structure-formation computations are more demanding

due to the gravitational theory being non-linear which

limits the currently attainable numerical resolution.

Merely ‘dust’ simulations have been achieved so far in

which the baryonic matter is approximated by particles

that interact only via gravitation. A realistic structure

formation simulation would however have to account for

galaxies being purely baryonic objects such that dis-

sipationless physics, as dominates structure formation

in the SMoC, is not applicable. Currently such computa-

tions within the Milgromian framework are out of

reach. Figure 13 demonstrates that thisMilgromian-based

‘Angus-cosmological model’ accounts for the CMB

power spectrum as well as the SMoC does.

The above thus disproves any claims to the effect that

the SMoC be the only cosmological model accounting for

the CMB and data on structure formation. The pioneering

work done by Garry Angus and others has demonstrated

that the SMoC is not unique in explaining the CMB.

Therewith the final obstacle against discarding the SMoC

has been surmounted. There is no logically consistent

argument for adopting the SMoC over other models.

As a challenge for the future, any alternative to the

SMoC needs to be shown to agree with the measured

galaxy correlation function, as well as with all the

other observational data that have been accumulating

over time.

16
As Angus (2009) emphasises, a mass of 11 eV for sterile neutrinos is

excluded by cosmological data only if it is assumed that Newton’s laws

are correct.
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17 Conclusions

17.1 Summary of SMoC Falsification

The falsification of the SMoC can be summarisedwith the

following steps:

1. It is an observed as well as theoretical fact that new

(type B) dwarf galaxies can from in galaxy–galaxy

encounters as TDGs and as RPDGs in galaxy clusters.

If the SMoC were true then type B dwarfs still could

not contain much DM and many TDGs would have

been born during the early cosmological epoch. It is

emphasised that the dwarf galaxies discussed here

have baryonic masses \104M} and include dwarfs

significantly lower in surface luminosity than can be

observed currently near interacting galaxies.

2. If the SMoC were valid then this implies the existence

of two types of dwarf galaxies: those with DM (type A

dwarfs) and type B dwarfs without DM (the Dual

Dwarf Galaxy Theorem, Section 4). Note that the

existence of type A dwarfs rests on the speculation that

there is cold or warm DM. Type B dwarfs on the other

hand are observed to exist and are known to survive.

3. But the observed type B dwarfs lie on the BTF relation,

which is supposedly defined by DM dominated

galaxies (both dwarf and major). This proves the First

SMoC Falsification Theorem. And, type B dwarfs are

observed to coincide morphologically with dE/dSph

galaxies. dE galaxies are observed to not contain

DM. This proves the Second SMoC Falsification

Theorem.

4. Type A (DM) dwarfs are expected to be distributed

approximately isotropically about their host galaxy.

Type B dwarfs ought to typically form phase-space

correlated populations surrounding their host

galaxy. The MW satellites are found to be in a

phase-space-correlated structure. That this anisotropic

distribution of MW satellites may be due to an aniso-

tropic search is ruled out by the dSph satellites, the

UFDs, the inner YHGCs, the outer YHGCs and stellar

and gaseous streams all independently showing the

same distribution despite completely unrelated and

different discovery and search strategies and methods.

Seven of eight measured satellite motions confine

these to be within the VPOS. The satellites of other

galaxies are found to be in phase-space-correlated

structures as well.

The observed properties of dE galaxies and the

distribution of dwarf galaxies about theMWwithin the

VPOS and in phase-space correlated structures about

other galaxies requires these to be ancient type B

dwarfs.

5. Observations thus only ever show evidence for the

existence of one type B of dwarf galaxy, therewith

falsifying the Dual Dwarf Galaxy Theorem.

6. Therewith there are no type A dwarf galaxies and there

are no type A satellites near the MW. Cold or warm

DM therefore cannot exist.

7. Consistency checks show that the SMoC is in disagree-

ment with other observational properties of galaxies.

8. It has been established that the SMoC is not unique in

accounting for the CMB and BB nucleosynthesis.

9. The SMoC appears to suffer under generic failures

(Section 17.3.1 below).

It is important to seek consistency of this deduction

with other arguments: if the SMoC Falsification

Figure 13 Milgromian-based cosmological theories account for the CMB power spectrum just as well as the SMoC. The CMB power

spectrum as measured by the WMAP satellite year seven data release (filled circles), ACT (turquoise data) and the ACBAR 2008 data release

(green circles). The SMoC/LCDM and Milgromian dynamics (assuming hot DM is in the form of 11 eV sterile neutrinos) models are an

identical representation of the CMB data, while the Milgromian model completely outperforms the SMoC on galactic scales. See Angus &

Diaferio (2011) for more details. (figure 1 from Angus & Diaferio 2011 with kind permission from Garry Angus.)
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Theorems are true, then the SMoC must fail on other

tests as well:

17.2 The VPOS

Concerning only the MW, the vast polar structure —

VPOS — is a physical property of the MW galaxy.

By itself, the VPOS is not fundamentally incompatible

with the SMoC since such structures are expected to arise

in any cosmological theory which allows galaxy–galaxy

interactions to occur. The logical reason for why the

existence of the VPOS alone already does exclude the

SMoC is because the VPOS does not allow any luminous

DM sub-structures to exist around the MW. The vast

output from theworld-wide cosmological simulation com-

munity has, however, shown beyond any doubt that the

MWmust contain hundreds of shining DM sub-structures.

If the existence of these shining DM sub-structures

around the MW is excluded by observation, then there is

no logical nor physical basis for arguing that dark DM

sub-structures exist. This is because there is no known

physical process that can avoid star formation in all DM

haloes of mass t1010M}.

If the MW has no DM sub-structures, then no other

galaxy can have them. This is the case because the MW is

expected to have many thousands of DM sub-structures.

The chance occurrence of a major galaxy such as the MW

having no DM sub-structures is ruled out at an extraordi-

narily high confidence level, as even simple Poisson

statistics demonstrate.

17.3 Logical Consistency of the SMoC Falsification

As stated above, if the SMoC is truly a false representation

of reality, then there must be many failures of it when

confronted with observational data. This is indeed the

case, as summarised in the following two subsections.

17.3.1 Generic Failures of Inflationary BB Models?

Starkman et al. (2012) have shown the CMB fluctua-

tions to be incompatible with the SMoC causing major

tension with standard inflationary cosmologies. Liu &

Li (2012) find that the WMAP data completely miss the

quadrupole CMB signal posing a serious challenge to the

SMoC, but this also constrains any cosmological model.

BB nucleosynthesis, which is usually reported to

successfully account for the emergence of elements, has

not been able to explain the observed low Li abundance

(Coc et al. 2012; Famaey & McGaugh 2012).

An important problem related to Hypothesis 0ii

which plagues all known BB-based cosmological

models are the two missing baryon problems (e.g.

Anderson & Bregman 2010; McGaugh et al. 2010):

(i) From BB-nucleosynthesis and CMB observations the

cosmic average baryon-to-DMmass-density fraction is fb,

DM¼ 0.171� 0.006 but less than half of the baryon

density has been found. (ii) Galaxies are observed to have

a significantly smaller baryon fraction relative to the

cosmic average. Both problems remain unresolved, as it

is not known inwhich form themissing baryons reside nor

why galaxies are so depleted in baryons. The above are

generic failures of inflationary BB cosmologies.

That the distribution and properties of galaxies in the

whole Local Volume is incompatible with the expecta-

tions from the SMoC has been emphasised by Peebles &

Nusser (2010).

17.3.2 A Long List of Failures

1. Curvature and Homogeneity (1980) The BB

would imply the universe to be highly inhomogeneous

and curved in disagreement with observations. This is

solved by introducing inflation (Guth & Tye 1980).

2. The Super-Keplerian Galactic Rotation Curve

(1981) Rotation curves of disk galaxies are observed to

remain quite flat (Rubin & Ford 1970; Bosma 1981). This

is solved by introducing cold or warm DM (Blumenthal

et al. 1984).

3. Angular-Momentum (1991)Disk galaxies forming

in the C/WDM cosmological model dissipate too much

angular momentum by virtue of the baryons falling into

the DMpotential wells, ending up being too compact with

too little angularmomentum in comparisonwith observed

disk galaxies (Navarro & Benz 1991, see also Piontek &

Steinmetz 2011; Martig et al. 2012; Dutton & van den

Bosch 2012; Scannapieco et al. 2012).

4. The Cusp/Core (1991) CDM haloes have cusps

whereas the observationally deduced DM halo profiles

have substantial core radii similar to the dimension of the

luminous galaxy (Dubinski & Carlberg 1991, see also

Gilmore et al. 2007a, b; de Blok 2010; Chen &McGaugh

2010; Jardel & Gebhardt 2012). A possible solution has

been suggested by the simulations of Governato et al.

(2012) but relies among other assumptions on a bursty

star-formation rate (SFR) required to repeatedly blow out

gas and a steep Kennicutt-Schmidt exponent (n¼ 1.5) in

SFRprgas
n , where SFR is the star formation rate and rgas

is the local gas density. However, in reality it is not clear if

the dSph and UFD satellites experienced bursty SFRs,

n¼ 1 (Pflamm-Altenburg&Kroupa 2008, 2009), the IMF

would have had a lack of massive stars at the low SFRs of

theMW satellites, as is inferred by Tsujimoto (2011), and

the threshold for SF is lower in reality than assumed in the

simulations (see further below). Repeated gas blow-out

which is required to evolve the cusps to cores is thus not

likely to be possible. WDM models tuned to account for

the observed large cores in dwarf galaxies have such long

DM particle streaming lengths that the dwarf galaxies

cannot form in the first place (Macciò et al. 2012).

5. Dark-Energy (1998) The fluxes and redshifts of

observed type Ia supernovae (SNIa) do not match the

cosmological model (Riess et al. 1998; Schmidt et al.

1998; Perlmutter et al. 1999) unless the universe is

assumed to expand at a larger rate. To account for the

implied accelerated expansion dark energy (DE) is intro-

duced. Aswith inflation, whilemathematically allowed, it

remains unclear if DE constitutes physics (see e.g. the

discussion in Afshordi 2012). The SNIa flux–redshift

data may at least partially be explained with an
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inhomogeneous universe (Wiltshire 2009; Smale &

Wiltshire 2011; Marra, Pääkk€onen & Valkenburg 2012)

rather than with DE, whereby systematics in SNIa light

curve fitting remain an issue (Smale & Wiltshire 2011).

Bull & Clifton (2012) find that the ‘appearance of

acceleration in observations made over large scales does

not necessarily imply or require the expansion of space to

be accelerating, nor does it require local observables to

indicate acceleration’. It might perhaps be surprising that

a homogeneous SMoC should lead to a perfect agreement

with the observed SNIa data. In otherwords, the SNIa data

that stem from the real inhomogeneous universe

(Karachentsev 2012) should show some deviations from

a homogeneous SMoC. If none are seen then this may

imply an over-constrained model.17

6. Missing Satellites (1999) Computations with more

powerful computers showed that many more DM sub-

structures form than observed galaxies have satellites

(Klypin et al. 1999; Moore et al. 1999; the problem is

somewhat reduced with WDM: Menci et al. 2012).

7. Hierachical Structure Formation (2002) As

more-massive galaxies are build-up hierarchically from

smaller building blocks in the SMoC, their [a/Fe] ratios
ought to reflect the sub-solar [a/Fe] ratios of the building
blocks (e.g., dE galaxies have low [a/Fe] ratios).

In conflict with this expectation, observed massive E

galaxies show high near-solar [a/Fe] values (Thomas,

Maraston&Bender 2002). Thismay be partially alleviated

by a prescription for AGN quenching of star formation in

massive haloes but not so in the intermediate-galaxy-mass

regime (Pipino et al. 2009, see also Nagashima et al. 2005;

Recchi, Calura & Kroupa 2009).

8. The Disk of Satellites (DoS/VPOS, 2005) The

observed satellite galaxies of the MW are arranged in a

vast polar structure (Kroupa, Theis & Boily 2005; Metz

et al. 2007, 2008, 2009a; Kroupa et al. 2010; Pawlowski

et al. 2012b). Of all objects at Galactocentric distances

larger than 10 kpc, only 4% are not associated with the

VPOS (Section 10.1.7). Extragalactic anisotropic satellite

systems are common, and Andromeda appears to have a

flattened satellite system seen edge-on (Section 13.6).

9. The TDG Mass-Deficit (2007) Unexpectedly,

observed young TDGs show evidence for DM which

however is not possible if the SMoC were true (Barnes

& Hernquist 1992) unless they contain undetectable gas

(Bournaud et al. 2007, see also Gentile et al. 2007).

10. Invariant Disk Galaxies (2008) Observed disk

galaxies are too similar following a simple one-parameter

scaling law over many orders of magnitude in mass in

conflict with the expected variation in the SMoC due to

the chaotic formation history of each DM host halo

(Disney et al. 2008, see also Hammer et al. 2007; Kroupa

et al. 2010).

11. The Common Mass-Scale (2008) In the SMoC,

DM sub-haloes are distributed according to a power-law

mass function. But observed satellite galaxies have too

similar DM masses (Strigari et al. 2008, see also Kroupa

et al. 2010 and for Andromeda Tollerud et al. 2012).

12. Constant Surface-Density (2009) Considering the

matter distribution in observedgalaxieswithin oneDM-halo

scale radius, Gentile et al. (2009) find ‘This means that the

gravitational acceleration generated by the luminous com-

ponent ingalaxies is always the sameat this radius.Although

the total luminous-to-darkmatter ratio is not constant,within

one halo scale-length it is constant’. In the SMoC there is no

physical principle according to which the DM and baryonic

densities ought to be invariant within this radius.

13. The Luminous Sub-Halo Mass Function (2010)

Themass function of observed satellite galaxies disagrees

with the predicted mass function of luminous sub-haloes

(Kroupa et al. 2010).

14. Bulgeless Disk Galaxies (2010) That the bulge-to-

disc flux ratios are smaller than those produced by LCDM

simulations is pointed out by Graham & Worley (2008).

58–74 per cent of all observed disk galaxies are claimed to

not have a classical bulge (Kormendy et al. 2010). This is in

conflict with the heavymerging history expected for bright

galaxies if the SMoC were true (Hammer et al. 2007). For

attempts to produce bulgeless disk galaxies see text below.

15. IsolatedMassive Galaxies (2010) In the observed

Local Volume of galaxies there are three massive disk

galaxies that are too far off the matter filament (Peebles &

Nusser 2010).

16. The Void (2010) The Local Void is observed to be

too empty in comparison to the SMoC expectation

(Tikhonov et al. 2009; Peebles & Nusser 2010).

17. The Bullet Cluster (2010) The observed large

relative velocity of the two interacting galaxy clusters is

not accountable for in the SMoC (Lee & Komatsu 2010;

Thompson & Nagamine 2012).

18. The Missing Bright Satellites (2011) The pre-

dicted mass function of DM sub-haloes implies that a

significant number of bright satellite galaxies is missing

(Bovill & Ricotti 2011; Boylan-Kolchin et al. 2011a).

Vera-Ciro et al. (2012) suggest this problem does not

occur if the DM sub-haloes have Einasto rather than NFW

density profiles. Wang et al. (2012) suggest this problem

does not occur if the MW DM halo is less massive than

about 2� 1012M}. But this is unlikely as the large proper

motion of the LMC implies the MW to be more massive

than about 2� 1012M} and the LMC to be a recent

acquisition and on its first passage (Boylan-Kolchin et al.

2011b). Furthermore, if this were the case then the

question would need to be posed as to how likely the

LMC happens to pass the MW within the VPOS.

19. The ThinOld Disk (2011) TheMWhas a thin disk

which has stars as old as 10Gyr. Such old thin disks have

still not been produced in the SMoC (House et al. 2011).

20. The Train-Wreck Cluster (2012) The galaxy

cluster A 520 has been shown to contain what appears

to be a DM core with too few galaxies as well as evidence

for a cluster–cluster encounter. The C/WDM paradigm

cannot account for this separation of DM from the

17
That the SMoC with DE does not conserve energy is well known (e.g.

Kroupa et al. 2010).
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luminous matter, which is the opposite behaviour to the

Bullet Cluster (Failure 17 above, Jee et al. 2012, see also

Mahdavi et al. 2007).

21. Missing DarkMatter (2012) Over spatial scales of

100Mpc the density of matter fluctuates by 10% if the

SMoCwere valid. By counting up all matter within the local

sphere with a radius of 50Mpc, Karachentsev (2012)

demonstrates the actual density to be too low by a factor of

3–4. Most of the missing mass is DM.

22. Massive Galaxy Clusters (2012) The most mas-

sive most distant galaxy clusters are important constraints

on cosmological theory because the rapidity with which

mass assembles to galaxy clusters depends on dark matter

and/or on modified gravitation (Section 16.5). Gonzalez

et al. (2012) discover a giant lensed arc near the cluster

IDCS J1426.5þ3508 and deduce ‘For standard LCDM

structure formation and observed background field galaxy

counts this lens system should not exist.’

The Theory-Confidence Graph, Figure 14, visualises

the development of confidence in the SMoC as a function

of time.18 While some of the failures have been taken as

major discoveries of new physics (inflation, DM, DE)

because they can be solved by mathematical formulations

in principle allowed by Einstein’s field equation, while

other failures are typically discussed away as minor

problems, the consistent appearance of ever new failures

suggests rather that the whole construction based on

Hypothesis 0i and 0ii needs to be revised. Since their

discovery, each of the problems has received attention.

Nevertheless, despite important seminal work no con-

vincing and importantly, no mutually consistent solutions

have emerged for these problems.

For example, the angular momentum, cusp/core,

invariant baryonic galaxy, the constant surface density

and bulge problems (Failures 3, 4, 10, 12 and 14, respect-

ively) are related and it is thought that a better under-

standing of the complex baryonic processes may solve

these. The seminal work by Brook et al. (2011) has shown

that it is possible, at least in principle, to grow galactic

disks in DM haloes such that they resemble the real

galaxies. But the proposed solution is for host DM haloes

that have a mild history of mergers, therewith applying to

aminority of DMhost haloes, while bulgless disk galaxies

are the dominant galactic population (Kormendy et al.

2010). And, the feedback energy required to blow out the

baryons such that they cool and slowly re-accrete is

extreme. The density threshold for star-forming gas is

far higher in the models over a resolution limited spatial

region of extend of about 200 pc in comparison to real

molecular clouds where the density is high in only pc-

sized regions. In the models, the full stellar initial mass

function (IMF) hits the gas once star-formation ensues,

while in reality the dependency of feedback on the star-

formation rate (SFR) is smaller at low SFRs through the

dependency of the IMF on the SFR (Weidner, Kroupa &

Pflamm-Altenburg 2011; Kroupa et al. 2012).

Also, the presence of the many sub-haloes with satel-

lites in the SMoCmodels leads to problems understanding

howmajor disk galaxies such as ourMWcan have old thin

disks that can extend beyond 20 kpc. After studying

resolution issues in different numerical schemes, House

et al. (2011) write in their conclusion about the CDMMW

models studied ‘None has a thin disc older than ,6Gyr,

indicating that itwould be difficult to gain a thin disc as old

as some estimates for the Milky Way thin disc within the

current cold dark matter paradigm.’ Similarly, Kormendy

et al. (2010) state ‘It is hard to understand how bulge-less

galaxies could formas the quiescent tail of a distribution of

merger histories.’ And, ‘Our Galaxy provides an addition-

al important conclusion. Its disk stars are as old as

9–10Gyry. Unless our Galaxy is unusual, this suggests:

The solution to the problem of forming giant, pure-disk

Figure 14 The SMoC-Confidence Graph: The decline of the

SMoC. The fundamental assumptions underlying the SMoC are

that Hypothesis 0i and 0ii are valid. BB nucleosynthesis is taken to

be a generic property of any realistic cosmological model. Each

additional hypothesis which needs to be invoked to solve a signifi-

cant discrepancy of the fundamental assumptions with the observa-

tional data leads to a decline in the confidence of the model (thick

black steps downwards). Each failure of the model computed within

the set of hypothesis valid until that time also leads to a decline in the

confidence of the model (blue steps downwards). The failures are

listed with the relevant references in Section 17.3.2. The time axis

shows time consecutively but not to exact scale. The steps down-

wards are taken here to be equal, although not every failure

necessarily has an equal weight. A statistically rigorous quantifica-

tion of the model confidence lies beyond the scope of this contribu-

tion. It is likely to be subjective, because no agreement in the

community would be reached as to the significance of a particular

failure. The intent of this graph is to provide a visual impression of

the overall development of the SMoC confidence. It is evident that

the currently standard cosmological model based on Hypothesis 0i

and 0ii has a long history of failures without convincing remedies

such that the confidence that can be placed in the model has become

negligible.

18
For example, if there are two tests of a model, each yielding a

confidence of 10�4 that the model represents two different aspects of

the data, then the combined confidence is 10�8 if the two tests are

independent. Therefore a logarithmic confidence scale is indicated in

Figure 14.
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galaxies is not to use some physical process like energy

feedback to delay star formation until recently and thereby

to give the halo time to grow without forming a classical

bulge’. The existence of massive, pure disk galaxies in the

most massive DM host haloes (e.g. M101), which must

have had a significant growth/merger history, are a

problem if not a falsification of the SMoC.

That thin self-supporting disk galaxies can form read-

ily if the DM sub-structures and their merging does not

occur has been shown by Samland (2004). These models

still require a slowly growing DM host halo, but by the

absence of the DM sub-structures they are not consistent

with the SMoC, for which the work by Samland had been

critisised.

17.4 No Dark Matter but Modified Gravity

If the SMoC is falsified and cold or warm DM does

not exist, then how can the dynamics of galaxies be

accounted for?

Without C/WDM an approach to understanding the

physics of galaxies is to include non-Einsteinian/non-

Newtonian dynamics. All known observational features

of galaxies do demonstrate that the currently best avail-

able dynamics for this purpose is Milgrom’s such that

below an accelaration of about a0¼ 3.6 pcMyr�2 gravi-

tation is effectively larger, as originally proposed by

Milgrom (1983a, b, c); Bekenstein & Milgrom (1984).

The MDA correlation (Figure 11) is one such example,

and another independent falsification of the SMoC

because the physics of the putative DM particles is

independent of the local acceleration. The MDA correla-

tion is a successful prediction of Milgromian dynamics,

since the data shown in Figure 11 have been obtained long

after the original formulation of Milgromian dynamics.

The observationally well-defined BTF relation and the

observed super-Keplerian rotation curves (Sanders 2009;

Famaey & McGaugh 2012) are other such examples

(Figure 15). That dwarf galaxies with circular velocities

Vc¼VfE 15 km s�1 and that the TDGs all lie on the BTF

relation defined by the more massive galaxies constitutes

a brilliantly successful prediction byMilgromian dynam-

ics, given that such data were not available in the early

1980s. The rotation curve of the gas-rich Local Group

dwarf galaxy DDO 210 is perfectly reproduced with

Milgromian dynamics without adjustment of parameters

(figure 25 in Famaey & McGaugh 2012). It is the lowest

point (VfE 15 km s�1) in Figure 15.

In Milgromian dynamics, galaxy evolution and inter-

actions have been shown, with the first available simula-

tions, to naturallly reproduce observational properties of

galaxies (Combes & Tiret 2010; Tiret & Combes 2007),

and TDGs form readily (Tiret & Combes 2008).

Returning to the work by Samland (2004), his slowly

growing DM halo model leads to an excellent reproduct-

ion of the MW galaxy. The physical interpretation of the

Samland model is that it is essentially a model for the

emergenceof theMWinmodified gravity, because a slowly

growing DM halo without sub-structure is a first order

approximation of the phantom DM halo associated with a

Milgromian baryonic galaxy viewed as aNewtonian object

(Bienaymé et al. 2009; Famaey & McGaugh 2012). If

anything, the work by Samland (2004) and collaborators

had captured a reality that had eluded the main-stream

research community.

How, then, does a Milgromian cosmological model

fare?

Figure 15 The baryonic Tully–Fisher relation. As Figures 2 and 3 including the prediction of the Milgromian (i.e. MONDian) BTF relation

(yellow region between the two thin solid lines. The left panel is for normal galaxies while the right panel includes the three TDGs from Figure 3

as solid (red) triangles. They lie on the Milgromian BTF relation disproving the validity of a DM-dominated SMoC and being in excellent

agreement with aMilgromian universe. Note thatVf here is equal toVc in Figures 2 and 3. Note that the dwarf DDO 210 (VfE 15 km s�1) lies on

the Milgromian relation. It’s rotation curve and the Milgromian model are displayed in Famaey & McGaugh (2012). This figure was kindly

made available by Stacy McGaugh.
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Figure 16 shows the confidence in a Milgromian

Angus-cosmological model universe in an equivalent plot

as Figure 14 for the confidence in the Einstein-based

model. The situation is definitely better for the Angus-

cosmological model, and if sterile neutrinos with a mass

of about 11 eV were to be discovered then this would

massively boost confidence in Milgromian-based cos-

mologies. Also, Milgromian cosmological models do

require DE. But, as emphasised in e.g. Famaey &

McGaugh (2012), an interesting correspondence emerges

in this model (but not in the SMoC) for the acceleration

scale a0 (Figure 11): a0
2/c2EL, where c is the speed of

light. Why should this be the case? Remember that a0 is

derived from galactic-scale problems (e.g. using one

single rotation curve). This correspondence may hint at

deeper physics of space-time we are yet to discover. Thus,

Milgromian models do not show as massive a drop in

confidence as the SMoC. The situation remains tense

since the distant and extended MW globular cluster

data have until now failed to show the expected Milgro-

mian behaviour, although Scarpa et al. (2011) consistent-

ly report to have observed super-Keplerian stellarmotions

in the outskirts of GCs for which such data are available

(see also Hernandez & Jimenez 2012).

While the SMoC has been demonstrated to reproduce

the large-scale distribution ofmatter well, agreement with

data is never a proof of a model, and we do not yet know if

a Milgromian cosmology will not also be able to achieve

the same level of agreement. The reason is that baryonic

physics is far more dominant in a Milgromian cosmology

but the available computer power is not available to

achieve numerical resolution high enough to compute

the distribution of galaxies, for example. At the present

we do know that structures form more rapidly in a

Milgromian universe than in SMoC, in consistency with

the observations (Section 16.5), but it is not known what

the smallest structures that emerge in a Milgromian

cosmology may be (dIrr galaxies?). But any galaxy which

forms in a Milgromian universe falls on the Tully–Fisher

relation, independently of whether it forms as a TDG or as

a primordial dwarf (Figure 15). Indeed, both will later

appear indistinguishable to an observer, given that the

dominant fraction of TDGs would have been born soon

after the BB when the forming gas-rich galaxies were

assembling and encountering each other. A TDG forming

at a late cosmological epoch may, however, be identified

by it being metal rich and lying above the metallicity–

luminosity relation of most dwarf galaxies.

How does the Dual Dwarf Galaxy Theorem fare in a

Milgromian cosmology? Only a weak form of the

theorem would be valid (Section 4): In a Milgromian

universe gas-rich, rotationally supported TDGs would

lie on the BTF relation together with gas-dominated

primordial dwarf disk galaxies and primordial star-

dominated major galaxies, as is observed. And old,

pressure-supported TDGs would be identical dynami-

cally to dE and dSph galaxies, as is observed. Thus, in

a Milgromian universe, TDGs and primordial galaxies

would only differ by TDGs that formed at later

cosmological epochs having relatively young stellar

populations and perhaps being relatively metal-rich, if

they formed from pre-enriched material.

Another alternative, Modified Gravity (MOG)

(e.g. Moffat 2006; Moffat & Toth 2009b) has been

suggested and eliminates all need for DM and DE.

But, MOG must effectively become Milgromian on

galaxy scales. In addition, it has been shown that flat

rotation curves of galaxies can be accounted for

without DM by brane-world models (Gergely et al.

2011) as well as by f(R)-gravity models (Capozziello

et al. 2009) whereby lensing constraints are also being

studied in these and other theories.

17.5 Summarising

Taking all the evidence together, it emerges that all

arguments converge consistently to the result that the

SMoC is falsified and that dark-matter sub-structures do

not exist. If they do not exist, then DM particles that are

dynamically relevant on galactic scales cannot exist. This

is consistent with such particles not appearing within the

SMoPP, which is at present the most successful existing

theory of physics, and the simple empirical fact that they

have not been found despite a massive world-wide search

for their existence (Section 15.1).

Noteworthy is that the SMoPP cannot, however,

account for mass. Since mass is the one property of

particles that couples to space-time it is perhaps not

Figure 16 Confidence-graph for Milgromian cosmology. As

Figure 14 but assuming gravitation is given by Milgromian dynam-

ics. The Milgromian-cosmological model by Angus (2009); Angus

&Diaferio (2011) is adopted. All problems of the SMoC on galactic

scales vanish in this model, but the necessity of introducing

inflation, dark energy (DE) and hot dark matter (HDM, see also

Slosar, Melchiorri & Silk 2005; Skordis et al. 2006) indicates that

this cosmological model may also not be complete. Also, the

Milgromian-prediction of super-Keplerian stellar motions in distant

fluffy globular clusters (GCs, Baumgardt, Grebel & Kroupa 2005)

has so far not been detected (Famaey & McGaugh 2012 and

references therein; see also the Ibata–Sanders disagreement:

Sanders 2012).
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surprising that our lack of understanding of this coupling

becomes evident on the astronomical arena as a failure of

our popular formulation of gravitation when confronted

with post-Einsteinian observational data. Perhaps inter-

esting in this context is the complimentary principle

(a material object is both a particle and a wave): this

suggests that matter has also space-time properties and

may hint at a not yet achieved unification of matter, space

and time in the sense that space-time is an emergent

property of matter. Put another way: that the currently

popular SMoC needs to be based to more than 96% on

unknown physics is nothing more than an expression of

our present-day ignorance of how mass, space and time

unify, i.e. of cosmological physics. Some proposed

quantum-gravity theories have already been disfavoured

through measurements of the constancy of the speed of

light with photon energy (Abdo et al. 2009).

17.6 Future Tests

Independently of the beauty and general acceptance of a

model, it must stand up to observational scrutiny.19 This is

true also for the conclusions of this contribution, namely

that dynamics is Milgromian and dwarf satellite galaxies

are mostly of type B (TDGs and RPDs).

If these conclusions reached here are correct then the

following ought to hold up to future observational tests:

� BTFTDG¼BTFdIrr must continue to hold. That is, it

would be important to measure rotation curves of other

gas-rich TDGs to test if they conform to the BTF

relation and thus to Milgromian dynamics (Figure 15).

� TDGs that are older than about oneGyr should lie on

the radius–mass relation of dE, dSph and UFD galaxies

subject to tidal deformation. It would be important to

determine the density profiles of TDGs in order to place

them into the radius–mass or radius–luminosity dia-

gram (Figure 4). Expansion through gas loss from the

observed gas-rich TDGs needs to be accounted for in

the comparison. TDGs forming today are likely to be

subject to stronger tidal fields than in the cosmological

past (Figure 4).

� If satellite galaxies are mostly TDGs then their number

should scale with the mass of the bulge of the host

galaxy. It would be important to survey nearby early-

type disk galaxies with prominent bulges and nearby

late-type disk galaxies with similar rotational velocities

but no bulges to test the correlation of bulge-mass to the

number-of-satellites (Figure 10).

� Can the number of observed satellite galaxies be

accounted for in a realistic cosmological model if they

are typically TDGs and perhaps RPDGs? To study this

issue it would be important to perform high-resolution

very gas-rich galaxy–galaxy encounter simulations as

well as computations of gas-stripping from disk galax-

ies in galaxy clusters to study the formation rate of

TDGs and RPDGs, respectively, and their survival in

Milgromian dynamics.

� Is it possible to re-create realistic events that created the

MW VPOS from a tidal arm about 10–11Gyr ago?

� Hickson compact groups would not merge efficiently

in Milgromian dynamics because the dynamical fric-

tion on DM halos would not exist. If the SMoC were

true after all, then such groups would merge within

about a dynamical time (E 1Gyr). How quickly do

observedHickson compact groupsmerge (Kroupa et al.

2010)?

� Does Milgromian dynamics hold on all scales?

Observe globular clusters and galaxy clusters.
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Lüghausen, StacyMcGaugh andMarcel Pawlowski. This

work was partially suported by the German Research

Foundation (DFG) through grants KR1635/18-1 and

HE1487/36-2 within the priority programme 1177 ‘Wit-

nesses of Cosmic History: Formation and Evolution of

Black Holes, Galaxies and Their Environment’.

I would like to express my sincere admiration for those

young researchers who dare follow their curiosity and

who publish their non-conforming findings even though

this may put their careers at risk.

References

Aarseth, S. J., Turner, E. L. & Gott, J. R., III, 1979, ApJ, 228, 664

Abdo, A. A., et al., 2009, Natur, 462, 331

Afshordi, N., 2012, arXiv:astro-ph/1203.3827

Aliu, E., et al., 2012, PhRvD, 85, 062001

Amendola, L. & Tsujikawa, S., 2010, Dark Energy: Theory and

Observations (Cambridge: Cambridge University Press)

Anderson, M. E. & Bregman, J. N., 2010, ApJ, 714, 320

Angloher, G., et al., 2012, EPJC, 72, 1971

Angus, G. W., 2008, MNRAS, 387, 1481

Angus, G. W., 2009, MNRAS, 394, 527

Angus, G. W. & Diaferio, A., 2011, MNRAS, 417, 941

Angus, G. W. & McGaugh, S. S., 2008, MNRAS, 383, 417

Angus, G. W., Famaey, B. & Zhao, H. S., 2006, MNRAS, 371, 138

19
The most famous example of this is Galileo Galilei’s telescopic

observations of heavenly bodies that instantly shattered the since many

generations cherished ‘truth’ about the origin, structure and functioning

of the universe. Today it is often amusingly questioned how it was

possible for educated people to have ignored the evidence shown to them

by Galilei through his telescope, or even how it was possible for people

of high rank to deny looking through the telescope in the first place.

Then, two major intellectual steps had to be taken simultaneously if

Galilei’s observations were to be grasped by an individual, considering

the excellent success of the geocentric model to account for the observed

phenomena and the precise predictions it allowed: it had to be accepted

that the Sun, and not the Earth, was the centre of the then known universe

and it had to be accepted that orbits were Keplerian rather than perfectly

circular.

430 P. Kroupa

https://doi.org/10.1071/AS12005 Published online by Cambridge University Press

https://doi.org/10.1071/AS12005


Angus, G. W., Famaey, B. & Diaferio, A., 2010, MNRAS, 402, 395

Angus, G.W., Diaferio, A. &Kroupa, P., 2011, MNRAS, 416, 1401

Aprile, E., et al., 2011, PhRvL, 107, 131302

Aubert, D., Pichon, C. & Colombi, S., 2004, MNRAS, 352, 376

Barnes, J. E. & Hernquist, L., 1992, Natur, 360, 715

Baudis, L., 2012, arXiv:astro-ph/1203.1589

Baumgardt, H., Grebel, E. K. & Kroupa, P., 2005, MNRAS, 359, L1

Bekenstein, J. D., 2004, PhRvD, 70, 083509

Bekenstein, J. & Milgrom, M., 1984, ApJ, 286, 7
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Küpper, A. H. W., Kroupa, P., Baumgardt, H. & Heggie, D. C.,

2010, MNRAS, 401, 105

Lada, C. J. & Lada, E. A., 2003, ARA&A, 41, 57

Leauthaud, A., et al., 2012, ApJ, 744, 159

Lee, J. & Komatsu, E., 2010, ApJ, 718, 60

Li, Y.-S. & Helmi, A., 2008, MNRAS, 385, 1365

Li, B. & Zhao, H., 2009, PhRvD, 80, 064007

Libeskind, N. I., Frenk, C. S., Cole, S., Jenkins, A. & Helly, J. C.,

2009, MNRAS, 399, 550

Libeskind, N. I., Knebe, A., Hoffman, Y., Gottl€ober, S., Yepes, G. &
Steinmetz, M., 2011, MNRAS, 411, 1525

Liesenborgs, J., de Rijcke, S., Dejonghe, H. & Bekaert, P., 2008,

MNRAS, 389, 415

Lisker, T., 2009, AN, 330, 1043

Liu, H. & Li, T.-P., 2012, arXiv:astro-ph/1203.5720

Llinares, C., Knebe, A. & Zhao, H., 2008, MNRAS, 391, 1778

Lokas, E. L., 2011, AcPPB, 42, 2185

Lovell,M. R., Eke, V. R., Frenk, C. S.& Jenkins, A., 2011,MNRAS,

413, 3013

Lynden-Bell, D., 1976, MNRAS, 174, 695
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