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 Most clear-cut evidence for DM comes from linear scales

 On these scales, only use the hydrodynamical limit of DM

=� Any perfect fluid with           and          does the job.cs ' 0
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 Baryonic Tully-Fisher relation
McGaugh (2011)

Hydro simulations

 Star formation model  Stellar evolution

 Mass and metal return  SN rates

 Gas enrichment

 …
 Cooling/heating rates

How can these feedback processes, which are inherently 
stochastic, result in tight correlation displayed in BTFR?

Mb ⇠ v4c
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Figure 4. Relation between V
infall

and LV for Milky Way

dwarf spheroidals (red points) and massive dark subhaloes (black

points) for one representative halo realization (Aq-A).

cular region with radius 0.5 degrees) of the center of each
massive dark subhalo relative to the predicted flux within
the same angular radius originating from Draco, one of the
most promising targets among the MW dwarfs for Fermi
(Abdo et al. 2010). The horizontal error bars on the data
points show 68% confidence intervals based on 1000 ran-
dom realizations for the observer’s location (constrained to
have a galactocentric distance of 8 kpc). Dark subhaloes
are promising indirect detection candidates: each halo has
at least two dark subhaloes with annihilation fluxes larger
than that of Draco, and four of the seven haloes have at
least one dark subhalo with F/F

Draco

> 5.
Our division between dark and bright subhaloes is very

conservative: rather than requiring at most one subhalo that
is consistent with each of the bright MW dwarf spheroidals,
we require that all of the dark subhaloes are inconsistent
with all of the bright dwarfs at the 2� level. While the
quantitative results may, in principle, change slightly if sys-
tematic errors in the determination M

1/2 for the densest
MW dwarfs (Draco and Ursa Minor) have resulted in an
underestimate of M

1/2, our general result – that many of
the most massive simulated subhaloes are too dense to host
any bright MW satellite – will be una↵ected unless all of the
measured M

1/2 values change substantially.

4 DISCUSSION

The results of Section 3 show that high resolution ⇤CDM
simulations of individual galactic haloes generically predict
that the Milky Way should host at least six subhaloes that,
at one point, had maximum circular velocities in excess of 30
km s�1 and yet are incompatible with any known MW satel-
lite (including the Magellanic Clouds) having LV > 105 L�.
Either these subhaloes actually exist as predicted in the
Milky Way, requiring us to understand their properties and

Figure 5. Distribution of annihilation fluxes from dark sub-

haloes, normalized to a typical scenario for the annihilation flux

from Draco. Error bars reflect 68% confidence levels for varying

the specific angular location of the observer on the solar circle.

The typical halo has approximately four dark subhaloes with an-

nihilation fluxes exceeding that of Draco.

stellar content, or they do not exist, in which case we must
understand the mechanism(s) that suppress their formation
or survival.

If massive dark subhaloes exist as predicted:
Detecting massive dark subhaloes would be a strong

confirmation of the standard ⇤CDM paradigm. These dark
subhaloes might host at least some of the recently discov-
ered ultra-faint galaxies, all of which have luminosities lower
than 105 L�. Kinematic constraints favor masses and densi-
ties for the ultra-faints that are indicative of fairly massive
subhaloes (Strigari et al. 2008; Walker et al. 2009; Simon
et al. 2010), albeit with large uncertainties at present (e.g.,
Wolf et al. 2010; Martinez et al. 2010). If some of the ultra-
faints are hosted by the massive subhaloes described here,
they would have total mass-to-light ratios of 105 � 108. The
ultra-faints would be excellent candidates for indirect dark
matter detection in this scenario (Fig. 5). An alternate de-
tection method could be through the subhaloes’ tidal influ-
ence on the MW’s HI disk (Chakrabarti et al. 2011). While
the existence of e↵ectively dark subhaloes with low masses
is perhaps not surprising given the standard ⇤CDM power
spectrum and the variety of e↵ects that can impede cooling
and star formation in shallow gravitational potential wells,
the prospect of subhaloes more massive than the hosts of
bright dwarf spheroidals but with LV < 105 L� is intrigu-
ing.

The existence of massive dark subhaloes requires that
the fundamental assumption of abundance matching mod-
els – that galaxy stellar mass or luminosity is a monotonic
function of V

infall

– does not hold for V
infall

. 50 km s�1;
Fig. 4 illustrates this point. Galaxy formation on scales be-
low 50 km s�1 should therefore be e↵ectively stochastic, with
stellar mass depending sensitively on specific details of a
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Scalar MOND

The MOND regime is described by the effective theory:

MOND? For static, spherically-symmetric source,
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Relativistic extension is rather frightening…
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DM-MOND hybrids

 Occam’s razor?  Common origin?

How about MOND and DM together?

Blanchet (2006); Bruneton et al. (2008); 
Ho, Minic & Ng (2009); JK (2014)…

 Exclusion principle?

All DM, no MOND Mostly DM

Mostly MOND No MOND



MOND phenomenon from DM superfluidity 

Unified approach: 
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Dark Matter Condensation

2 necessary conditions:

 Overlapping de Broglie wavelength

�dB ⇠ 1
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Two-fluid model

N
cond

N
= 1�

✓
T

T
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Ignoring interactions,

M [h�1M�]
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N
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m = 0.4 eV

m = 0.6 eV

m = 0.8 eV

 Galaxies are mostly condensed

 Galaxy clusters are in mixed phase



Phonons
Relevant low-energy degrees of freedom are phonons. 
At zero temperature and finite chemical potential,
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 Exact at lowest order in derivatives



Phonons
Relevant low-energy degrees of freedom are phonons. 
At zero temperature and finite chemical potential,

L = PT=0(X) ; X = µ� V + �̇� (~r�)2

2m
Son and Wingate (2005)

 Exact at lowest order in derivatives

Conjecture: DM superfluid phonons are governed by MOND action

PMOND(X) =
2⇤(2m)3/2

3
X
p

|X|

Phonons couple to baryons: L
coupling

= � ⇤

M
Pl

�⇢
b

Match to MOND:

.

⇤ =
p
a0MPl ' 0.8 meV



Superfluid EFT
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Superfluid EFT

 Weyl symmetry

LMOND ⇠
p
h
�
hij@i�@j�

�3/2

invariant under                       . Symmetry group is             . hij ! ⌦2(x)hij SO(4, 1)

 Unitary Fermi Gas

Son & Wingate (2005)

LUFG ⇠ m3/2X5/2

The MOND action           
corresponds to UFG in 2+1 dimensions

⇠ X3/2

Milgrom (2008)



Condensate properties
Action uniquely fixes properties of the condensate through 
standard thermodynamics

P
cond

=
2⇤

3
(2mµ)3/2 Pressure:

 Number density: n
cond

=
@P

cond

@µ
= ⇤(2m)3/2µ1/2



Condensate properties
Action uniquely fixes properties of the condensate through 
standard thermodynamics

P
cond

=
2⇤

3
(2mµ)3/2 Pressure:

 Number density: n
cond

=
@P

cond

@µ
= ⇤(2m)3/2µ1/2

In the non-relativistic approx’n,                         , therefore:⇢
cond

= mn
cond

P
cond

=
⇢3
cond

12⇤2m6

P
cond

⇠ ⇢2
cond

Goodman (2000), Peebles (2000), Boehmer & Harko (2007)

 Polytropic equation of state, with index n = 1/2

 Different than BEC DM, where 



Halo density profile
Assuming hydrostatic equilibrium,
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Using equation of state                    , find:

Cored density profile
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Phonon-mediated force
Phonon equation of motion is not quite MOND: .
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The total acceleration on a test baryonic particle:
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Validity of effective theory: Landau’s criterion
.

v =
|r�|
m

< cs =

r
2µ

m
Satisfied for r ⇠> kpc

=� Quasi-particle production (DM-like behavior) in inner 
regions of galaxies

Solar system

A MOND scalar acc’n,             ,

albeit small in the solar system, is ruled out.

.

�a

aN
=

r
a0
aN

=� must we complicate the theory?

No need to! Landau’s criterion is satisfied for r ⇠> 300 AU

=� superfluid description breaks down in solar system. 
DM behaves as ALPs.

=� Good news for ALP searches.
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Claim: Conformal coupling                      not enough.

Proof: Null geodesics are invariant under Weyl transf’ns, 
hence photons are oblivious to    .
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Gravitational Lensing

Claim: Conformal coupling                      not enough.

Proof: Null geodesics are invariant under Weyl transf’ns, 
hence photons are oblivious to    .

g̃µ⌫ = e�2�gµ⌫

�

TeVeS solution:
Saunders (1997)

Bekenstein (2004)

 Introduce unit, time-like vector
AµA

µ = �1

 Couple to matter in a very specific way

gTeVeS
µ⌫ = e�2�gµ⌫ � 2AµA⌫ sinh 2�

In weak-field limit, ignoring vector-field perturbations

equality of potentials

.

ds2TeVeS = �
⇣
1 + 2 (�N + �)

⌘
dt2 +

⇣
1� 2 (�N + �)

⌘
d~x2

.

=� Lensing mass estimates = Dynamical estimates



 Normal DM component already provides a 
unit vector

uµu
µ = �1

 DM contributes to lensing, hence can detune metric.

g̃µ⌫ ' gµ⌫ � 2�
⇣
�gµ⌫ + (1 + �)uµu⌫

⌘

.

=�
.

ds̃2 = �
⇣
1 + 2 (�N + �)

⌘
dt2 +

⇣
1� 2 (�N + ��)

⌘
d~x2

.

Maybe even conformal coupling (         ) is allowed?� = �1

Gravitational Lensing (cont’d)

Our case is much simpler:



Observational Consequences



The Bullet Cluster



The Bullet Cluster



The Bullet Cluster

�

m ⇠< 1.25
cm2

g
S. Randall et al. (2008)



Superfluid cores should pass through 
each other with negligible dissipation if

vinfall ⇠< cs

We find:

 Sub-cluster,                       :Msub ' 1014M�

 Main cluster,                       :Mmain ' 1015M�

i.e., comparable to the infall velocity: vinfall ' 2700 km/s
Springel & Farrar (2007)

cs ' 1100 km/s

cs ' 2500 km/s

=� Dissipative processes between superfluid cores should be 
suppressed

Bullet Cluster (cont’d)
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Vortices

When spun faster than critical velocity, 
superfluid develops vortices.

!cr ⇠
1

mR2
⇠ 10�41s�1

For a halo of density    ,⇢

! ⇠ �
p

GN⇢ ⇠ 10�18� s�1 ; 0.01 < � < 0.1

=� Vortex formation is unavoidable

Line density: �v ⇠ m! ⇠ 102� AU�2

Observational consequences?



Galaxy mergers

 Force between galaxies same as 
in CDM (MOND confined to galaxies)

=� “Encounter rate” as in CDM

What happens then?

 If                              , then negligible 
dynamical friction between superfluids

vinfall < cs ⇠ 200 km/s

 If                 , then encounter will excite DM particles 
out of the condensate, which will result in dynamical friction

vinfall > cs

=�

=�

Longer merger time scale + multiple encounters

Merged halo thermalize and settle back to condensate
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Explanation: Most satellites are tidal dwarfs resulting 
from early fly-by encounter between MW and M31
(Impossible in CDM because of dynamical friction)
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Figure 6. Three examples of (near-) polar interactions observed at different stages. They illustrate qualitatively the possible interaction
of the MW that resulted in the formation of its satellite galaxies as TDGs. Two approximately perpendicular disc galaxies (left picture,
Arp 302) collide on a polar orbit. Material gets tidally stripped and is accreted in a polar structure around the other galaxy (central
picture, Arp 87, which Whitmore et al. (1990) classify as an object possibly related to polar-ring galaxies). In the tidal tails dwarf galaxies
form (right picture, the Dentist’s Chair galaxy), where the galaxies labelled A and B are the interaction partners and knots along the
tidal tails labelled with lower-case letters are TDG candidates. They will orbit one of the two interacting galaxies in a plane defined by
the interaction geometry. The interaction can end in a merger or in a fly-by of the two major galaxies. The lower row shows the particle
densities of two snapshots from a model of two galaxies interacting in a similar geometry (model 5deg200vel from Pawlowski et al. 2011).
They were generated by smoothing individual particle positions with a Gaussian and then plotting contours of constant density. Before
the interaction (left) the target galaxy (red contours) is seen face-on along the plane of the interaction. The second snapshot (right)
shows a view projected onto the plane of the interaction, with the target galaxy seen edge-on to the right. The orbital poles of model
particles of the infalling galaxy (blue contours) at the end of this calculation are plotted in the lower panel of Figure 7. Image Credits:
Arp 302: NASA/STScI/NRAO/ A. Evans et al.; Arp 87: NASA, ESA, and the Hubble Heritage Team (STScI/AURA); the ’Dentist’s
Chair’ Galaxy AM 1353-272: Weilbacher et al. (2002).

but dwarf galaxy formation due to compression of halo gas
during the closest approach of the two galaxies, the orbital
constraints are similar. As Zhao et al. (2010) estimate from
a timing argument, even in modified Newtonian dynamics
(MOND) M31 and the MW might have had a fly-by en-
counter in the past. Furthermore, as dynamical friction is
much weaker in MOND (due to the absence of dark matter),
galaxy-galaxy interactions ending in a merger are less fre-
quent, while fly-bys can be considered more common MOND
(Tiret & Combes 2008).

Another hint towards this scenario might be the fact
that M31 shows a number of features which might be ex-
plained by a violent interaction with another galaxy in the
past. For example, Hammer et al. (2010) have shown that
a number of features – the morphologies and kinematical
properties of the thin and thick disc, bulge and streams in
the halo of M31 – can be explained by a single major merger
about 9 Gyr ago. They also mention the formation of TDGs
in their simulations, which might contribute to M31’s satel-
lite galaxy population or could have been ejected into the
direction of the MW (Yang & Hammer 2010). However, if
only a few TDGs of M31 have been accreted by the MW,
the probability to find them in a pre-existing, independently
formed VPOS is low. Fouquet et al. (in prep.) therefore sug-
gest that the 11 classical dwarf galaxies are TDGs that orig-
inate from a major merger occurring in the history of M31.
They formed in the first-passage tidal tail and were expelled
into the direction of the MW where they now form a part of

the VPOS. On the other hand, a fly-by scenario between the
young MW and the young Andromeda galaxy should also
be investigated. Such an interaction with an approximately
equal-mass galaxy might have had similarly strong effects
on the M31 galaxy and enrich both galaxies with satellite
galaxies formed as TDGs.

In the scenario first suggested by Lynden-Bell (1976)
and further discussed in Pawlowski et al. (2011), the LMC
progenitor galaxy might have been the origin of the MW
satellite system. If the MW satellites have formed from ma-
terial stripped from the LMC progenitor galaxy, the LMC
needs to be on a bound orbit and at least on its second ap-
proach to the MW. This was questioned by the recent proper
motion measurements of the LMC by Kallivayalil et al.
(2006) and Piatek et al. (2008). These revised proper mo-
tions could result in an unbound or wide orbit (Besla et al.
2007; Wu et al. 2008; Růžička et al. 2010), which had let
Yang & Hammer (2010) to argue that the LMC might be
a TDG expelled from a merger event in Andromeda. How-
ever, one has to keep in mind that the local standard of rest
(LSR) circular velocity is probably also higher than previ-
ously assumed (Reid & Brunthaler 2004; Reid et al. 2009).
As Růžička et al. (2010) have shown, an increase in the LSR
circular velocity increases the total mass of the MW, thus in-
creasing the total potential energy of the LMC with respect
to the MW, while at the same time reducing the galacto-
centric velocity of the LMC and thus decreasing the kinetic
energy. In total, a higher LSR circular velocity makes the

c⃝ 2012 RAS, MNRAS 000, 1–21

Pawlowski & Kroupa (2013)
Zhao et al. (2013)
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Crazy (and probably ruled out) idea: 
What if the entire Local Group is 
enveloped in superfluid?

Explanation: Most satellites are tidal dwarfs resulting 
from early fly-by encounter between MW and M31
(Impossible in CDM because of dynamical friction)
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Figure 6. Three examples of (near-) polar interactions observed at different stages. They illustrate qualitatively the possible interaction
of the MW that resulted in the formation of its satellite galaxies as TDGs. Two approximately perpendicular disc galaxies (left picture,
Arp 302) collide on a polar orbit. Material gets tidally stripped and is accreted in a polar structure around the other galaxy (central
picture, Arp 87, which Whitmore et al. (1990) classify as an object possibly related to polar-ring galaxies). In the tidal tails dwarf galaxies
form (right picture, the Dentist’s Chair galaxy), where the galaxies labelled A and B are the interaction partners and knots along the
tidal tails labelled with lower-case letters are TDG candidates. They will orbit one of the two interacting galaxies in a plane defined by
the interaction geometry. The interaction can end in a merger or in a fly-by of the two major galaxies. The lower row shows the particle
densities of two snapshots from a model of two galaxies interacting in a similar geometry (model 5deg200vel from Pawlowski et al. 2011).
They were generated by smoothing individual particle positions with a Gaussian and then plotting contours of constant density. Before
the interaction (left) the target galaxy (red contours) is seen face-on along the plane of the interaction. The second snapshot (right)
shows a view projected onto the plane of the interaction, with the target galaxy seen edge-on to the right. The orbital poles of model
particles of the infalling galaxy (blue contours) at the end of this calculation are plotted in the lower panel of Figure 7. Image Credits:
Arp 302: NASA/STScI/NRAO/ A. Evans et al.; Arp 87: NASA, ESA, and the Hubble Heritage Team (STScI/AURA); the ’Dentist’s
Chair’ Galaxy AM 1353-272: Weilbacher et al. (2002).

but dwarf galaxy formation due to compression of halo gas
during the closest approach of the two galaxies, the orbital
constraints are similar. As Zhao et al. (2010) estimate from
a timing argument, even in modified Newtonian dynamics
(MOND) M31 and the MW might have had a fly-by en-
counter in the past. Furthermore, as dynamical friction is
much weaker in MOND (due to the absence of dark matter),
galaxy-galaxy interactions ending in a merger are less fre-
quent, while fly-bys can be considered more common MOND
(Tiret & Combes 2008).

Another hint towards this scenario might be the fact
that M31 shows a number of features which might be ex-
plained by a violent interaction with another galaxy in the
past. For example, Hammer et al. (2010) have shown that
a number of features – the morphologies and kinematical
properties of the thin and thick disc, bulge and streams in
the halo of M31 – can be explained by a single major merger
about 9 Gyr ago. They also mention the formation of TDGs
in their simulations, which might contribute to M31’s satel-
lite galaxy population or could have been ejected into the
direction of the MW (Yang & Hammer 2010). However, if
only a few TDGs of M31 have been accreted by the MW,
the probability to find them in a pre-existing, independently
formed VPOS is low. Fouquet et al. (in prep.) therefore sug-
gest that the 11 classical dwarf galaxies are TDGs that orig-
inate from a major merger occurring in the history of M31.
They formed in the first-passage tidal tail and were expelled
into the direction of the MW where they now form a part of

the VPOS. On the other hand, a fly-by scenario between the
young MW and the young Andromeda galaxy should also
be investigated. Such an interaction with an approximately
equal-mass galaxy might have had similarly strong effects
on the M31 galaxy and enrich both galaxies with satellite
galaxies formed as TDGs.

In the scenario first suggested by Lynden-Bell (1976)
and further discussed in Pawlowski et al. (2011), the LMC
progenitor galaxy might have been the origin of the MW
satellite system. If the MW satellites have formed from ma-
terial stripped from the LMC progenitor galaxy, the LMC
needs to be on a bound orbit and at least on its second ap-
proach to the MW. This was questioned by the recent proper
motion measurements of the LMC by Kallivayalil et al.
(2006) and Piatek et al. (2008). These revised proper mo-
tions could result in an unbound or wide orbit (Besla et al.
2007; Wu et al. 2008; Růžička et al. 2010), which had let
Yang & Hammer (2010) to argue that the LMC might be
a TDG expelled from a merger event in Andromeda. How-
ever, one has to keep in mind that the local standard of rest
(LSR) circular velocity is probably also higher than previ-
ously assumed (Reid & Brunthaler 2004; Reid et al. 2009).
As Růžička et al. (2010) have shown, an increase in the LSR
circular velocity increases the total mass of the MW, thus in-
creasing the total potential energy of the LMC with respect
to the MW, while at the same time reducing the galacto-
centric velocity of the LMC and thus decreasing the kinetic
energy. In total, a higher LSR circular velocity makes the
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Figure 1. Sketch of the initial configuration of our Local Group model, which consists of the Milky Way and Andromeda embedded in
a diffuse, constant–density intragroup medium of equivalent mass. See the text in §2 and Table 1 for more details.

between the Milky Way and Andromeda is dominated by
the distribution of dark matter and stellar disks, and so the
basic results of our simulation, involving for example the
timing of the merger, are not directly affected by the initial
gas temperature and density distribution.

Since the total mass of the diffuse medium is equiv-
alent to the two galaxies, the two components are repre-
sented with an equivalent number of particles; 1.3 million
(1.04 million dark matter, and 260,000 gas). With these as-
sumptions, the overdensity of our initial Local Group model
is δLG = ρLG/ρcrit ≈ 10.

2.4 Other Considerations

Unfortunately, once the Local Group contains this extended
mass distribution the relative motion of the Milky Way and
Andromeda no longer becomes a trivial application of Ke-
pler’s laws. The diffuse mass will steadily extract orbital
energy and angular momentum owing to dynamical friction,
and the deep potential wells of the galaxies will slowly ac-
crete diffuse matter. Both of these effects act to gradually
extract energy from the binary system, hardening its orbit,
and accelerating the merging process.

Owing to the complicated nature of the orbit, and its
deviation from simple two–body motion, we are left with a
fair degree of ambiguity regarding the initial state of our
Local Group model. Because the configuration envisaged by
Figure 1 resembles the cosmological collapse of an overdense
region of the Universe, a natural starting point is when this
fluctuation decoupled from the general cosmological expan-

sion, turned around, and began to collapse under its own self
gravity. Like the original timing argument, we then presume
that this scenario also occurred for the Milky Way and An-
dromeda as well, i.e., we initialize their radial velocity to be
zero as if they have just turned around and are now about
to begin their gravitational collapse.

While some insight about the value of the turn around
radius can be gained from an application of the timing argu-
ment, in practice we find that the position and velocity of the
Milky Way and Andromeda quickly deviated from simple
two–body motion owing to the diffuse intragroup medium.
In general, the velocities quickly grew larger than the orig-
inal orbit specified and the direction became highly radial.
We therefore adopt a trial and error approach where we
build an initial model, run it until the Milky Way and An-
dromeda are separated by 780 kpc (as this is their current
separation), and inspect the relative velocity between the
two galaxies to assess the validity of the model.

Employing this procedure results in a number of mod-
els that are all honest representations of the Local Group
at the present time. In practice, we find a trade off be-
tween the initial separation and the initial orbital energy
such that models which start with a larger separation re-
quire a smaller initial eccentricity. In all cases, the apparent
orbit of the two galaxies becomes (or was to begin with)
nearly parabolic at the present time, consistent with re-
cent estimates of the Milky Way–Andromeda orbit (see, e.g.,
van der Marel & Guhathakurta 2007). While the rest of this
paper will primarily present the results of one particular
model, we will also show that all models yield similar esti-
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Conclusions

 Small scales present greatest challenge to ⇤CDM

 DM superfluidity:

- Can we find a precise CM analogue?

- Can we distinguish superfluid idea from MOND 
and standard CDM?

- How does dark energy fit into this picture?

- MOND arises from DM superfluid phase in 
galaxies

- All scales are comparable:

m ⇠ eV ⇤ ⇠ meV

 Open questions:
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Superfluid phonons
Expanding in small field,

Lquad =
⇤(2m)3/2

4µ1/2
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Schematic interaction term:
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=� Dark energy?






