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Dark Matter Distribution

N-body simulations reveal universal density profile:
Navarro, Frenk, White ’96
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I Cuspy core: ρ ∝ 1/r .
Need to rely on baryonic feedback!

I Flat rotation curves require ρ ∝ 1/r2.
Achieved in the neighbourhood of rs .
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Rotation Curves

van Albada et al ’84

Not only should the dark matter density approach 1/r2 profile,
but the way it approaches it should be sensitive to baryons.



Diversity of Rotation Curves

Oman et al ’15



BTFR:

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 m s−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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Mb ∼ v4
f

Famaey and McGaugh ’12



MOdified Newtonian Dynamics (MOND):
Milgrom ’83

a ' aN +
√
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aN =
GNMb(r)
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Milgrom’s Law:

Fails as an alternative to DM.

But, it is in the data as an empirical law.

Q: What’s the underlying principle?

I It could emerge from novel DM properties.
e.g. through DM superfluidity.
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Basic Idea:
LB, Khoury ’15

In order to mediate the long range force we need a massless
messenger.

The superfluid phonon is a natural candidate.

This way MOND-like behaviour will be confined within the
superfluid part of the structure.
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MOND: Emergent phenomenon in superfluids

LB, Justin Khoury ’15

LMOND ∼
[
(~∇ϕ)2

]3/2

vs

Lsuperfluid = P(X ) with X ≡ µ+ ϕ̇− (~∇ϕ)2

2m

P depends on the properties of the superfluid.
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Fractional Powers?

Lsuperfluid ∼ X 3/2

Consider massive particles with 3→ 3 interaction

L = −|∂µΦ|2 −m2|Φ|2 − λ|Φ|6

Upon BEC, it exhibits superfluidity.

EFT for phonons is

L ∼ X 3/2

This simple example doesn’t work!
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Superfluid Properties:

Low energy degrees of freedom are phonons.
In general

L = P(X ), with X ≡ µ+ ϕ̇− (~∇ϕ)2

2m

We conjecture that the superfluid has MOND-like action

P(X ) = Λm3/2X
√
|X | ⇒ p ∝ ρ3

To mediate MOND force, phonons must couple to baryons

Lint = −α Λ

Mpl
ϕρb
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Superfluidity in Galaxies:

Superfluidity requires:
I Thermalization
I Degeneracy



Superfluidity in Galaxies:

Superfluidity requires:
I Thermalization
I Degeneracy



Halo Structure:

LB, Famaey, Khoury ’17
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Forces:

Inside the superfluid: a = ab + aDM + aphonon

Outside the superfluid: a = ab + aDM



Rotation Curves

IC 2574: Mb = 2× 109M� UGC 2953: Mb = 1.6× 1011M�

2 4 6 8
r [kpc]

20

40

60

80
v [km/s]

5.5 5.6 5.7 5.8 5.9 6.0 6.1
54

55

56

57

58

10 20 30 40 50 60
r [kpc]

200

250

300

350
v [km/s]



Regime of Validity

Baryons distort the DM density profile

ρDM ' Λm2

√
αMb

8πMplr2 < Λ4
0

Validity of the idea requires

Λ0 � Λ



Regime of Validity

e.g. for the Sun

ρDM < Λ4
0 gives r > r∗ ≡

(
m

Λ0

)4
√

Mb

M�
105km

For Milky-Way, r∗ < 10kpc requires

Λ0 > 5× 102Λ

In case of Λ0 = 5× 102Λ, for the Sun we’d get

r∗ ' 1011km



Summary

Assumptions:

I Bose-Einstein condensation

I Superfluid with equation of state p ∼ ρ3

I Phonon-mediated force

I Relevance of finite-temperature effects

Results: DM halos are superfluids at finite temperature, with
interesting phenomenology.

Challenge: Finding a microscopic theory.
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