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Galaxies are remarkably diverse, yet regular

 Baryonic Tully-Fisher relation McGaugh (2015)
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Fig. 2.— Top panels: BTFR adopting ⌥⇤ = 0.5 M�/L�. Galaxies are color-coded by fg = Mg/Mb. Solid lines show error-weighted
fits. Dotted lines show fits weighted by f2

g , increasing the importance of gas-dominated galaxies. The dashed line shows the ⇤CDM initial
condition with fV = 1 and fb = 0.17 (the cosmic value). Bottom panels: residuals from the error-weighted fits versus the galaxy e↵ective
radius. The outlier is UGC 7125, which has an unusually high correction for Virgocentric infall and lies near the region where the infall
solution is triple-valued. If we consider only the correction for Local Group motion, UGC 7125 lies on the BTFR within the scatter.

3.1. Observed and Intrinsic Scatter

Figure 1 (top-left) shows that �obs decreases with ⌥⇤
and reaches a plateau at ⌥⇤ & 0.5M�/L�. This plateau
actually is a broad minimum that becomes evident by
extending the ⌥⇤-range up to unphysical values of ⇠10
M�/L� (not shown). The observed scatter is systemat-
ically lower for the accurate-distance sample, indicating
that a large portion of �obs in the full sample is driven
by distance uncertainties.
Figure1 (top-right) shows that �int is below 0.15 dex

for any realistic value of ⌥⇤. The similar intrinsic scat-
ter between the two samples suggests that our errors on
Hubble-flow distances are realistic. For a fiducial value of
⌥⇤ = 0.5 M�/L�, we find �int = 0.10± 0.02 for the full
sample and �int = 0.11 ± 0.03 for the accurate-distance
sample. As we discuss in Sect. 4, this represents a chal-
lenge for the ⇤CDM cosmological model.

3.2. Slope, Normalization, and Residuals

Figure1 (bottom panels) shows that the BTFR slope
(normalization) monotonically increases (decreases) with
⌥⇤. This is due to the systematic variation of the gas

fraction (fg = Mg/Mb) with Vf . Figure 2 (top pa-
nels) shows the BTFR for ⌥⇤ = 0.5 M�/L�, colour-
coding each galaxy by fg. Low-mass galaxies tend to
be gas-dominated (fg & 0.5) and their location on the
BTFR does not strongly depend on the assumed ⌥⇤
(Stark et al. 2009; McGaugh 2012). Conversely, high-
mass galaxies are star-dominated and their location on
the BTFR strongly depends on ⌥⇤. By decreasing ⌥⇤,
Mb decreases more significantly for high-mass galaxies
than for low-mass ones, hence the slope decreases and
the normalization increases.
For any ⌥⇤, we find no correlation between BTFR

residuals and galaxy e↵ective radius: the Pearson’s,
Spearman’s, and Kendall’s coe�cients are consistently
between ±0.4. Figure 2 (bottom panels) shows the case
of ⌥⇤ = 0.5 M�/L�. Similarly, we find no trend with
e↵ective surface brightness. We have also fitted exponen-
tials to the outer parts of the luminosity profiles and find
no trend between residuals and central surface bright-
ness or scale length. These results di↵er from those of
Zaritsky et al. (2014) due to the use of Vf instead of H I
line-widths (see also Verheijen 2001). The lack of any

Mb ⇠ v4f
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Figure 23. Tully-Fisher relations. Left panel: Baryonic Tully-Fisher relation for the 42 disk galaxies shown in Figure 20. We compare to observational mean
trends (solid lines) with 1� scatter bands (Avila-Reese et al. 2008; Hall et al. 2012; McGaugh 2012). We note that this is only a small sub-sample of well-
resolved simulated disk galaxies. Our simulation contains, for example, 4, 177 Milky Way halo analogs with virial masses in the range 1011.5�12.5

M� which
are resolved similarly well as the galaxies presented here. We also include simulation points from a recent sample of high-resolution zoom-in simulations
from Aumer et al. (2013). Right panel: Stellar Tully-Fisher relation for the same sample compared to observations (Verheijen 2001; Pizagno et al. 2007;
Courteau et al. 2007; Dutton et al. 2011). We also show the theoretical predictions of Marinacci et al. (2014a) for the Aquila haloes.

Reese et al. 2008; Hall et al. 2012; McGaugh 2012). We measure
the total baryonic mass within r?, and for the circular velocity we
take the total mass within that radius and calculate the associated
circular velocity (see also Scannapieco et al. 2012). The r? radii
are shown as dashed brown lines in the circular velocity curves of
Figure 22, demonstrating that this radius lies already within the flat
regime of the circular velocity curve. Our results for the TFR are
therefore not very sensitive to this choice.

The BTFR of the disk galaxies in our simulation (represented
here by this small sample) agrees well with the overall observa-
tional constraints, demonstrating that the internal structure of the
stellar disks are characterised reasonably well, and that CDM mod-
els can reproduce the observed BTFR. Interestingly, our model
predicts a BTFR which is closer to the tightest observational con-
straints (McGaugh 2012) than recent state-of-the-art zoom-in sim-
ulations (Aumer et al. 2013) although our numerical resolution for
these galaxies is significantly below the resolution of the zoom-in
results. The very tight and steep BTFR is observed for a gas-rich
galaxy sample, which is expected to give a more accurate mea-
sure of the slope and the normalisation of the BTFR than obtained
from star-dominated spiral galaxies. Although our simulation re-
sults agree with the predicted scatter of Avila-Reese et al. (2008);
Hall et al. (2012) the spread of our BTFR is still much larger than
the results of McGaugh (2012). Also the slope is not as steep as
predicted by that study. We note that a more detailed exploration of
the BTFR has to take into account the full sample of well-resolved
spiral galaxies, and also take into account the actual rotation veloc-
ities.

The right panel of Figure 23 shows the stellar TFR for the
same selected disk galaxy sample compared to different observa-
tions (Verheijen 2001; Pizagno et al. 2007; Courteau et al. 2007;

Dutton et al. 2011); i.e. we plot the same velocity as in the left
panel now as a function of stellar mass instead of total baryonic
mass. We also show the theoretical predictions of Marinacci et al.
(2014a) for the Aquila haloes. Our galaxies follow a similar trend
as the high-resolution Aquila haloes: we recover the correct slope
and amount of scatter in the relation. However, it seems that our re-
sults indicate slightly too high circular velocities. This is also true
for the Aquila galaxies of Marinacci et al. (2014a).

The blue and red galaxy samples discussed so far were se-
lected “by eye” to be representative for distinct classes of galaxies.
In the following we would like to characterise in more detail the
morphological galaxy mix as a function of stellar mass. However,
we are severely limited by our mass resolution to properly model
and characterise galaxy types of systems that are only resolved by a
few tens of thousands of stellar resolution elements. In fact, reliably
identifying the type of a galaxy requires substantially more parti-
cles, and we will not attempt to quantify the morphological type of
galaxies for systems that are resolved with less than ⇠ 105 stellar
particles resulting in a lowest stellar mass of about ⇠ 1011 M�.
Automatically classifying galaxy types for less well-resolved ob-
jects is rather difficult and the obtained results are highly uncertain.

For the well-resolved objects with M? > 1011 M� we will
apply a kinematic bulge-to-disk decomposition. Specifically, we
follow Abadi et al. (2003) and define for every star particle with
specific angular momentum jz around a selected z-axis a circular-
ity parameter jz/j(E), where j(E) is the maximum specific an-
gular momentum possible at the specific binding energy E of the
star. We define a z-axis based on the star-forming gas, or the stars,
if there is no star-forming gas in the system, which can occur in
more massive and heavily quenched systems. Having the circular-
ities of all stellar particles of the system we can then determine

© 0000 RAS, MNRAS 000, 000–000
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Figure 5. Rotation curves of four dwarf irregular galaxies of approximately the same maximum rotation speed (⇠ 80–100 km s�1) and galaxy mass,
chosen to illustrate the diversity of rotation curve shape at given V

max

. As in previous figures, coloured solid curves and shaded areas correspond to
the median (and 10th–90th percentile) circular velocity curve of simulated galaxies matching (within 10 per cent) the maximum circular velocity of
each galaxy. Note that the observed rotation curves exhibit a much wider diversity than seen in the EAGLE and LOCAL GROUPS simulations, from
galaxies like UGC 5721, which are consistent with our simulations, to galaxies like IC 2574, which show a much more slowly rising rotation curve
compared with simulations, either hydrodynamical (coloured lines) or dark matter-only (black lines).

Available simulation data are sparse but suggest that the scatter
in structural properties at fixed halo mass is no larger for alterna-
tive dark matter models than for ⇤CDM (e.g. Rocha et al. 2013;
Lovell et al. 2014, for SIDM and WDM respectively). This is in
disagreement with rotation curve data and suggests that a mech-
anism unrelated to the nature of the dark matter must be invoked
to explain the rotation curve shapes.

4.6 The “inner mass deficit” problem

The prevalence of the “inner mass deficit” problem discussed
above may be characterized by comparing the inner circular
velocities of observed galaxies with those of ⇤CDM galaxies
of matching V

max

. We show this in Fig. 6, where we use our
⇤CDM simulations, as well as the compiled rotation curve data,
to plot the circular velocity at 2 kpc against the maximum mea-
sured rotation speed, V

max

. Where data do not exist at exactly
2 kpc, we interpolate linearly between nearby data points. We
choose a fixed physical radius of 2 kpc to characterize the in-
ner mass profile because it is the minimum radius that is well
resolved in all of our simulations for systems in the mass range

of interest here. It is also a radius that is well resolved in all
observed galaxies included in our compilation.

The grey symbols in the top left panel of Fig. 6 show the
results of our DMO simulations. The tight correlation between
these quantities in the DMO case is a direct consequence of the
nearly self-similar nature of ⇤CDM haloes: once the cosmo-
logical parameters are specified, the circular velocity at 2 kpc
may be used to predict V

max

, and vice versa. Variations in en-
vironment, shape and formation history result in some scatter,
but overall this is quite small. For given V

max

, the circular ve-
locity at 2 kpc has a standard deviation of only ⇠ 0.1 dex.
Our results are in good agreement with earlier DMO simula-
tion work. The solid black line (and shaded region) in the figure
indicates the expected correlation (plus 1-� scatter) for NFW
haloes with the mass-concentration relation corresponding to
the cosmological parameters adopted in our simulations (Lud-
low et al. 2014). Note that the simulated data approach the 1:1
line for V

max

< 30 km/s: this is because those halos are intrinsi-
cally small; the radius where circular velocity profiles peak de-
creases steadily with decreasing circular velocity, from 4.6 kpc
to 1.9 kpc when V

max

decreases from 30 to 15 km/s.
The inclusion of baryons modifies these correlations, as

c
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Fig. 2. The missing satellite and “too big to fail” problems. (Left) Projected dark matter distribution (600 kpc on a side) of a simulated, 1012M
�

CDM halo
(Garrison-Kimmel, Boylan-Kolchin, & Bullock, in preparation). As in Figure 1, the numerous small subhalos far exceed the number of known Milky Way satellites. Circles mark
the nine most massive subhalos. (Right) Spatial distribution of the “classical” satellites of the Milky Way. The central densities of the subhalos in the left panel are too high
to host the dwarf satellites in the right panel, predicting stellar velocity dispersions higher than observed. The diameter of the outer sphere in the right panel is 300 kpc; relative
to the simulation prediction (and to the Andromeda galaxy) the Milky Way’s satellite system is unusually centrally concentrated (Yniguez et al. 2013).

ciency of converting baryons to stars remains surprisingly low
(⇠ 0.1%� 1%) well above the photoionization threshold, and
it is unclear which if any of the ultra-faint dwarfs are “fossils”
from before the epoch of reionization (Bovill & Ricotti 2009).
Despite the gaps in understanding, it seems reasonable for now
to regard the relation between low mass subhalos and ultra-
faint dwarfs as a puzzle of galaxy formation physics rather
than a contradiction of CDM.

Instead, attention has focused recently on the most lumi-
nous satellites. Circles in Figure 2 mark the nine most mas-
sive subhalos in the simulation, which one would expect to
host galaxies like the Milky Way’s “classical” dwarf satellites.
However, the mass in the central regions of these subhalos
exceeds the mass inferred from stellar dynamics of observed
dwarfs, by a factor ⇠ 5 (Boylan-Kolchin et al. 2011, 2012;
Springel et al. 2008; Parry et al. 2012). While it is pos-
sible in principle that these massive subhalos are dark and
that the observed dwarfs reside in less massive hosts, this
outcome seems physically unlikely; in the spirit of the times,
Boylan-Kolchin et al. (2011) titled this conflict “too big to
fail.” The degree of discrepancy varies with the particular re-
alization of halo substructure and with the mass of the main
halo, but even for a halo mass at the low end of estimates
for the Milky Way the discrepancy appears too large to be a
statistical fluke, and a similar conflict is found in the satellite
system of the Andromeda galaxy (Tollerud et al. 2012). While
“missing satellites” in low mass subhalos may be explained by
baryonic e↵ects, the “too big to fail” problem arises in more
massive systems whose gravitational potential is dominated
by dark matter. In its present form, therefore, the satellite
puzzle looks much like the cusp-core problem: numerical sim-
ulations of CDM structure formation predict too much mass
in the central regions of halos and subhalos. Indeed, Walker
& Peñarrubia (2011), Amorisco et al. (2013), and others have
reported evidence that the Milky Way satellites Fornax and
Sculptor have cored density profiles.

Solutions in Baryonic Physics?
When the cusp-core problem was first identified, the conven-
tional lore was that including baryonic physics would only
exacerbate the problem by adiabatically contracting the dark
matter density distribution (Blumenthal et al. 1986; Flores
& Primack 1994). Navarro, Eke, & Frenk (1996) proposed
a scenario, which seemed extreme at the time, for producing
a cored dark matter distribution: dissipative baryons draw
in the dark matter orbits adiabatically by slowly deepening
the gravitational potential, then release them suddenly when
the supernova feedback of a vigorous starburst blows out a
substantial fraction of the baryonic material, leaving the dark
matter halo less concentrated than the one that would have
formed in the absence of baryons. Since then, hydrodynamic
simulations have greatly improved in numerical resolution and
in the sophistication with which they model star formation
and supernova feedback. With the combination of a high gas
density threshold for star formation and e�cient feedback,
simulations successfully reproduce the observed stellar and
cold gas fractions of field galaxies. The ejection of low angular
momentum gas by feedback plays a critical role in suppressing
the formation of stellar bulges in dwarf galaxies (Governato et
al. 2010), another long-standing problem in early simulations
of galaxy formation. The episodic gas outflows also produce
rapid fluctuations of the gravitational potential, in contrast to
the steady growth assumed in adiabatic contraction models.

Figure 3, based on Governato et al. (2012), illustrates the
impact of this episodic feedback on the dark matter density
profile. In the left panel, the upper dot-dashed curve shows
the final halo profile of an N-body simulation run with grav-
ity and dark matter only. Other curves show the evolution of
the dark matter density profile in a hydrodynamic simulation
with star formation and feedback, from the same initial con-
ditions. Over time, the central dark matter density drops,
and the cuspy profile is transformed to one with a nearly
constant density core (lower solid curve). Pontzen & Gov-
ernato (2012) present an analytic model that accurately de-
scribes this transformation (and its dependence on simulation
assumptions); essentially, the rapid fluctuations in the central
potential pump energy into the dark matter particle orbits, so
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formed in the absence of baryons. Since then, hydrodynamic
simulations have greatly improved in numerical resolution and
in the sophistication with which they model star formation
and supernova feedback. With the combination of a high gas
density threshold for star formation and e�cient feedback,
simulations successfully reproduce the observed stellar and
cold gas fractions of field galaxies. The ejection of low angular
momentum gas by feedback plays a critical role in suppressing
the formation of stellar bulges in dwarf galaxies (Governato et
al. 2010), another long-standing problem in early simulations
of galaxy formation. The episodic gas outflows also produce
rapid fluctuations of the gravitational potential, in contrast to
the steady growth assumed in adiabatic contraction models.

Figure 3, based on Governato et al. (2012), illustrates the
impact of this episodic feedback on the dark matter density
profile. In the left panel, the upper dot-dashed curve shows
the final halo profile of an N-body simulation run with grav-
ity and dark matter only. Other curves show the evolution of
the dark matter density profile in a hydrodynamic simulation
with star formation and feedback, from the same initial con-
ditions. Over time, the central dark matter density drops,
and the cuspy profile is transformed to one with a nearly
constant density core (lower solid curve). Pontzen & Gov-
ernato (2012) present an analytic model that accurately de-
scribes this transformation (and its dependence on simulation
assumptions); essentially, the rapid fluctuations in the central
potential pump energy into the dark matter particle orbits, so

Footline Author PNAS Issue Date Volume Issue Number 3
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Milgrom’s empirical law (MOND)

a =

8
<

:

aN aN � a0

p
aNa0 aN ⌧ a0

Consider test mass orbiting galaxy in MOND regime,

=�

Baryonic Tully-Fisher

=�

Flat rotation curve

Milgrom (1983)

aN =
GNMb(r)

r2

v2

r
=

r
GNMba0

r2

v4 = GNMba0

Figure 3: The Baryonic Tully–Fisher (mass–rotation velocity) relation for galaxies with well mea-
sured outer velocities Vf . The baryonic mass is the combination of observed stars and gas:
Mb = M∗+Mg. Galaxies have been selected that have well observed, extended rotation curves from
21 cm interferrometric observations providing a good measure of the outer, flat rotation velocity.
The dark blue points are galaxies with M∗ > Mg [273]. The light blue points have M∗ < Mg [278]
and are generally less precise in velocity, but more accurate in terms of the harmlessness on the
result of possible systematics on the stellar mass-to-light ratio. For a detailed discussion of the
stellar mass-to-light ratios used here, see [273, 278]. The dotted line has slope 4 corresponding to
a constant acceleration parameter, 1.2× 10−10 ms−2. The dashed line has slope 3 as expected in
ΛCDM with the normalization expected if all of the baryons associated with dark matter halos
are detected. The difference between these two lines is the origin of the variation in the detected
baryon fraction in Figure 2.
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The MOND regime is described by the effective theory:
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Poor fit to galaxy clusters:

Relativistic extensions are rather frightening…

L = �1
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K
(gµ⌫uµu⌫ � 1)
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⇥
 m, e

2�gµ⌫ � 2uµu⌫ sinh(2�)
⇤

.

Bµ⌫ = @µu⌫ � @⌫uµ h↵� = g↵� � u↵u�

Bekenstein (2004)

Aguirre (2001)
Problems… 



dSphs and ultra-faint dwarfs

Globular clusters

Tidal dwarf galaxies

Problems… 
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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)…

 Active in different regimes:

Mostly DM Mostly DM

Mostly MOND No MOND



MOND phenomenon from DM superfluidity 

Unified approach: 
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2 Conditions for DM Condensation

 Overlapping de Broglie wavelength

�dB ⇠ 1
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 Thermal equilibrium
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✓
eV

m

◆5/3

(1 + zvir)
2 mKDM is quite cold:
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Two-fluid model



Two-fluid model

N
cond

N
= 1�

✓
T

T
c

◆
3/2

Free bose gas:

M [h�1M�]

N
cond

N

1011 1012 1013 1014 1015

0.2

0.4

0.6

0.8

1.0
m = 0.4 eV

m = 0.6 eV

m = 0.8 eV Galaxies are mostly condensed

 Galaxy clusters are in mixed or 
normal phase

Can generalize to include interactions.
Khoury, Lubensky, Miranda & Sharma (to appear)
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Effective Description of Superfluids

A superfluid phase is defined as:

 Global U(1) symmetry, spontaneously broken

✓ ! ✓ + cGoldstone boson=�

 State has finite charge density, 

By redefining field, can set

hJ0i ⇠ h✓̇i 6= 0

✓ = µt+ �

chemical potential phonons

✓

Greiter, Wilczek & Witten (1989)

Hence, at lowest order in derivatives the EFT of phonons is

L = P (X) ; X = µ+ �̇� (~r�)2

2m



Phonons
At lowest order in derivatives, the zero temperature 
effective action is

Greiter, Wilczek & Witten (1989); Son and Wingate (2005)

L = P (X) ; X = µ+ �̇� (~r�)2

2m



Phonons
At lowest order in derivatives, the zero temperature 
effective action is

Greiter, Wilczek & Witten (1989); Son and Wingate (2005)

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 scale)

.

⇤ =
p
a0MPl ' 0.8 meV

L = P (X) ; X = µ+ �̇� (~r�)2

2m



 Weyl symmetry
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Milgrom (2008)



 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

Milgrom (2008)



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

Sin (1994), Goodman (2000), Peebles (2000), Boehmer & Harko (2007)

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

 Different than BEC DM, where 



Density profile
Assuming hydrostatic equilibrium,

1
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Using equation of state                    , find:

Cored density profile
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Remarkably, have realistic size with            and              !m ⇠ eV ⇤ ⇠ meV



Phonon force is indistinguishable from MOND…
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rotation curves

lensing

… but there is also dark matter.
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Validity of effective theory

Satisfied for r ⇠> kpc

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

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! Above criterion is satisfied only for

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

=� Good news for ALP searches.

vs =
|r�|
m

< vc ⇠
⇣ ⇢

m4

⌘1/3

r ⇠> 1000 AU



Observational Signatures



Bullet-Like Clusters
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Bullet-Like Clusters

Harvey et al. (2015)
�

m ⇠< 0.5
cm2

g



Superfluid cores should pass through 
each other with negligible dissipation if

vinfall ⇠< cs

We find:

 Sub-cluster:

 Main cluster:

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

=� Dissipative processes between superfluid cores should be 
suppressed

cs ' 1400 km/s

cs ' 3500 km/s

(Landau’s criterion)



The Counter-Bullet



The Counter-Bullet



The Counter-Bullet

Signature of 2-fluid model?



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?

cf. Silverman & Mallett (2002); 
Rindler-Daller & Shapiro (2012)



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

JK, Mota & Winther, in progress



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

JK, Mota & Winther, in progress

Fornax



When superfluids collide



When superfluids collide



No DM          No MOND=�

Globular clusters Tidal dwarf galaxies



What about dark energy?



Cosmic Acceleration

Dark Energy

(Negative pressure)

Modified Gravity

(i.e., new degrees of 
freedom)



Berezhiani, JK and Wang, to appear

Cosmic Acceleration

Dark Energy

(Negative pressure)

Modified Gravity

(i.e., new degrees of 
freedom)

Another option:      Acceleration from DM-baryon interactions

- NO dark energy (or negative pressure)

- NO new degrees of freedom (just baryons and DM)
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Acceleration without Dark Energy Berezhiani, JK and Wang, to appear

Einstein-de Sitter expansion forever: a(t) ⇠ t2/3

Baryons couple to a “Jordan-frame” metric:

g̃µ⌫ = !2(X)gµ⌫ =� ã = !(X)a

X

!(X)

1

X0

increasing DM density

Standard story at high DM density

(early universe, deep inside halos)

“Screening” mechanism
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What about growth? Berezhiani, JK and Wang, to appear

Einstein-de Sitter expansion =� �⇢DM

⇢DM
⇠ a

� Too much growth?!?

No! Measure relative to baryon scale factor:

Intuition: The Einstein-frame universe is younger, hence its structures 
appear (to a baryon observer) underdeveloped.

Structure seen by baryons 
after 14 billion years.

Structure of pure CDM 
universe of same age.

�⇢DM

⇢DM
⇠ a

ã
ã = !�1(X)ã



Growth function

⇤CDM

us

Berezhiani, JK and Wang, to appear

Planck:

WL + BAO:

We find

�⇤CDM
8 = 0.830± 0.015

Planck Collaboration: Cosmological parameters
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Fig. 18. Samples in the �8–⌦m plane from the H13 CFHTLenS
data (with angular cuts as discussed in the text), coloured by the
value of the Hubble parameter, compared to the joint constraints
when the lensing data are combined with BAO (blue), and BAO
with the CMB acoustic scale parameter fixed to ✓MC = 1.0408
(green). For comparison the Planck TT+lowP constraint con-
tours are shown in black. The grey band show the constraint from
Planck CMB lensing.

authors argue may be indications of the e↵ects of baryonic feed-
back in suppressing the matter power spectrum at small scales).
The large-scale properties of CFHTLenS therefore seem broadly
consistent with Planck and it is only as CFHTLenS probes
higher wavenumbers, particular in the 2D and tomographic cor-
relation function analyses (Heymans et al. 2013; Kilbinger et al.
2013; Fu et al. 2014; MacCrann et al. 2014), that apparently
strong discrepancies with Planck appear.

The situation is summarized in Fig. 18. The sample points
show parameter values in the �8–⌦m plane for the ⇤CDM base
model, computed from the Heymans et al. (2013, hereafter H13)
tomographic measurements of ⇠±. These data consist of correla-
tion function measurements in six photometric redshift bins ex-
tending over the redshift range 0.2–1.3. We use the blue galaxy
sample, since H13 find that this sample shows no evidence for
intrinsic galaxy alignments (simplifying the comparison with
theory) and we apply the “conservative” cuts of H13, intended
to reduce sensitivity to the nonlinear part of the power spec-
trum; these cuts eliminate measurements with ✓ < 30 for any
redshift combinations involving the lowest two redshift bins.
Here we have used the halofit prescription of Takahashi et al.
(2012) to model the nonlinear power spectrum, but do not in-
clude any model of baryon feedback or intrinsic alignments.
For the lensing-only constraint we also impose additional pri-
ors in a similar way to the CMB lensing analysis described
in Planck Collaboration XV (2015), i.e., Gaussian priors⌦bh2 =
0.0223 ± 0.0009 and ns = 0.96 ± 0.02, where the exact values
(chosen to span reasonable ranges given CMB data) have little
impact on the results. The sample range shown also restricts the
Hubble parameter to 0.2 < h < 1; note that when comparing
with constraint contours, the location of the contours can change
significantly depending on the H0 prior range assumed. Here we
only show lensing contours after the samples have been pro-
jected into the space allowed by the BAO data (blue contours),
or also additionally restricting to the reduced space where ✓MC

is fixed to the Planck value, which is accurately measured. The
black contours show the constraints from Planck TT+lowP.

The lensing samples just overlap with Planck, and super-
ficially one might conclude that the two data sets are con-
sistent. But the weak lensing constraints approximately define
a 1-dimensional degeneracy in the 3-dimensional ⌦m–�8–H0
space, so consistency of the Hubble parameter at each point in
the projected space must also be considered (see appendix E1
of Planck Collaboration XV 2015). Comparing the contours in
Fig. 18 (the regions where the weak lensing constraints are con-
sistent with BAO observations) the CFHTLenS data favour a
lower value of �8 than the Planck data (and much of the area
of the blue contours also has higher ⌦m). However, even with
the conservative angular cuts applied by H13, the weak lens-
ing constraints depend on the nonlinear model of the power
spectrum and on the possible influence of baryonic feedback
in reshaping the matter power spectrum at small spatial scales
(Harnois-Déraps et al. 2014; MacCrann et al. 2014). The impor-
tance of these e↵ects can be reduced by imposing even more
conservative angular cuts on ⇠±, but of course, this weakens the
statistical power of the weak lensing data. The CFHTLenS data
are not used in combination with Planck in this paper (apart
from Sects. 6.3 and 6.4.4) and, in any case, would have little
impact on most of the extended ⇤CDM constraints discussed
in Sect. 6. Weak lensing can, however, provide important con-
straints on dark energy and modified gravity. The CFHTLenS
data are therefore used in combination with Planck in the com-
panion paper (Planck Collaboration XIV 2015) which explores
several halofit prescriptions and the impact of applying more
conservative angular cuts to the H13 measurements.

5.5.3. Planck cluster counts

In 2013 we noted a possible tension between our primary CMB
constraints and those from the Planck SZ cluster counts, with the
clusters preferring lower values of �8 in the base ⇤CDM model
in some analyses (Planck Collaboration XX 2014). The compar-
ison is interesting because the cluster counts directly measure �8
at low redshift; any tension could signal the need for extensions
of the base model, such as non-minimal neutrino mass (though
see Sect. 6.4). However, limited knowledge of the scaling rela-
tion between SZ signal and mass have hampered the interpreta-
tion of this result.

With the full mission data we have created a larger cata-
logue of SZ clusters with a more accurate characterization of
its completeness (Planck Collaboration XXIV 2015). By fitting
the counts in redshift and signal-to-noise, we are able to si-
multaneously constrain the slope of the SZ signal-mass scal-
ing relation and the cosmological parameters. A major uncer-
tainty, however, remains the overall mass calibration, which
in Planck Collaboration XX (2014) we quantified with a bias
parameter, (1 � b), with a fiducial value of 0.8 and a range
0.7 < (1 � b) < 1. In the base ⇤CDM model, the primary
CMB constraints prefer a normalization below the lower end
of this range, (1 � b) ⇡ 0.6. The recent, empirical normaliza-
tion of the relation by the Weighing the Giants lensing program
(WtG; von der Linden et al. 2014) gives 0.69 ± 0.07 for the 22
clusters in common with the Planck cluster sample. This cali-
bration reduces the tension with the primary CMB constraints in
base ⇤CDM. In contrast, correlating the entire Planck 2015 SZ
cosmology sample with Planck CMB lensing gives 1/(1 � b) =
1±0.2 (Planck Collaboration XXIV 2015), toward the upper end
of the range adopted in Planck Collaboration XX (2014) (though
with a large uncertainty). An alternative lensing calibration by
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with HST. As a result, the MW solutions for H0 are unstable
(see Appendix A of E14). The LMC solution is sensitive to the
metallicity dependence of the Cepheid period-luminosity rela-
tion which is poorly constrained by the R11 data. Furthermore,
the estimate in Eq. (30) is based on a di↵erential measurement
comparing HST photometry of Cepheids in NGC 4258 with
those in SNe host galaxies. It is therefore less prone to pho-
tometric systematics, such as crowding corrections, than is the
LMC+MW estimate of Eq. (31). It is for these reasons that we
have adopted the prior of Eq. (30) in preference to using the
LMC and MW distance anchors.19

Direct measurements of the Hubble constant have a long and
sometimes contentious history (see e.g., Tammann et al. 2008).
The controversy continues to this day and one can find “high”
values (e.g., H0 = (74.3 ± 2.6) km s�1Mpc�1, Freedman et al.
2012) and “low” values (e.g., H0 = (63.7 ± 2.3) km s�1Mpc�1,
Tammann & Reindl 2013) in the literature. The key point that we
wish to make is that the Planck only estimates of Eqs. (21) and
(27), and the Planck+BAO estimate of Eq. (28) all have small
errors and are consistent. If a persuasive case can be made that
a direct measurement of H0 conflicts with these estimates, then
this will be strong evidence for additional physics beyond the
base ⇤CDM model.

Finally, we note that in a recent analysis Bennett et al. (2014)
derive a “concordance” value of H0 = (69.6±0.7) km s�1Mpc�1

for base ⇤CDM by combining WMAP9+SPT+ACT+BAO
with a slightly revised version of the R11 H0 value (73.0 ±
2.4 km s�1Mpc�1). The Bennett et al. (2014) central value for
H0 di↵ers from the Planck value of Eq. (28) by nearly 3 % (or
2.5�). The reason for this di↵erence is that the Planck data are
in tension with the Story et al. (2013) SPT data (as discussed in
Appendix B of PCP13; note that the tension is increased with the
Planck full mission data) and with the revised R11 H0 determi-
nation. Both tensions drive the Bennett et al. (2014) value of H0
away from the Planck solution.

5.5. Additional data

5.5.1. Redshift space distortions

Transverse versus line-of-sight anisotropies in the redshift-space
clustering of galaxies induced by peculiar motions can, poten-
tially, provide a powerful way of constraining the growth rate
of structure. A number of studies of redshift space distortions
(RSD) have been conducted to measure the parameter combina-
tion f�8(z), where for models with scale-independent growth

f (z) =
d ln D
d ln a

, (32)

and D is the linear growth rate of matter fluctuations. Note that
the parameter combination f�8 is insensitive to di↵erences be-
tween the clustering of galaxies and dark matter, i.e., to galaxy
bias (Song & Percival 2009). In the base ⇤CDM cosmology, the
growth factor f (z) is well approximated as f (z) = ⌦m(z)0.545.

19As this paper was nearing completion, results from the Nearby
Supernova Factory have been presented that indicate a correlation be-
tween the peak brightness of Type Ia SNe and the local star-formation
rate (Rigault et al. 2014). These authors argue that this correlation in-
troduces a systematic bias of ⇠ 1.8 km s�1Mpc�1 in the SNe/Cepheid
distance scale measurement of H0 . For example, according to these
authors, the estimate of Eq. 30 should be lowered to H0 = (68.8 ±
3.3) km s�1Mpc�1, a downward shift of ⇠ 0.5�. Clearly, further work
needs to be done to assess the important of such a bias on the distance
scale. It is ignored in the rest of this paper.
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Fig. 16. Constraints on the growth rate of fluctuations from
various redshift surveys in the base ⇤CDM model: green star
(6dFGRS, Beutler et al. 2012); purple square (SDSS MGS,
Howlett et al. 2014); cyan cross (SDSS LRG, Oka et al. 2014);
red triangle (BOSS LOWZ survey, Chuang et al. 2013); large red
circle (BOSS CMASS, as analysed by Samushia et al. 2014);
blue circles (WiggleZ, Blake et al. 2012); and green diamond
(VIPERS, de la Torre et al. 2013). The points with dashed red
error bars (o↵set for clarity) correspond to alternative analy-
ses of BOSS CMASS from Beutler et al. (2014b, small circle)
and Chuang et al. (2013, small square). The BOSS CMASS
points are based on the same data set and are therefore not in-
dependent. The grey bands show the range allowed by Planck
TT+lowP+lensing in the base ⇤CDM model. Where available
(for SDSS MGS and BOSS CMASS), we have plotted condi-
tional constraints on f�8 assuming a Planck⇤CDM background
cosmology. The WiggleZ points are plotted conditional on the
mean Planck cosmology prediction for FAP (evaluated using the
covariance between f�8 and FAP given in Blake et al. (2012)).
The 6dFGS point is at su�ciently low redshift that it is insensi-
tive to the cosmology.

More directly, in linear theory the quadrupole of the redshift-
space clustering anisotropy actually probes the density-velocity
correlation power spectrum, and we therefore define

f�8(z) ⌘
h
�(vd)

8 (z)
i2

�(dd)
8 (z)

, (33)

as an approximate proxy for the quantity actually being mea-
sured. Here �(vd)

8 measures the smoothed density-velocity corre-
lation and is defined analogously to�8 ⌘ �(dd)

8 , but using the cor-
relation power spectrum Pvd(k), where v = �r · vN/H and vN is
the Newtonian-gauge (peculiar) velocity of the baryons and dark
matter, and d is the total matter density perturbation. This defi-
nition assumes that the observed galaxies follow the flow of the
cold matter, not including massive neutrino velocity e↵ects. For
models close to ⇤CDM, where the growth is nearly scale inde-
pendent, it is equivalent to defining f�8 in terms of the growth of
the baryon+CDM density perturbations (excluding neutrinos).

The use of RSD as a measure of the growth of structure is
still under active development and is considerably more di�cult
than measuring the positions of BAO features. Firstly, adopt-
ing the wrong fiducial cosmology can induce an anisotropy in
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Conclusions

 DM superfluidity:

- Can we find a precise CM analogue?

- How does dark energy fit into this picture?

- DM and MOND as different phases of same substance

- All scales are comparable: m ⇠ eV ⇤ ⇠ meV

 Open questions:

P ⇠ ⇢3 =� 3-body interactions

 Small scales present greatest challenge to ⇤CDM

- No DM          no MOND.   Helpful for dSphs, globular 
clusters, tidal dwarf galaxies… 

=�

- Other ways to realize MOND with superfluidity? See JK, 1602.05691


