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Dark Matter

Large scales: ΛCDM, a remarkable success

- DM: Cold Dark Matter (CDM)

Spergel

Anderson et al (2013b)

NASA, ESA, CXC, M. Bradac and S. Allen

Dark matter from all scales

Rubin, Ford, Thornnard (1978) 
+ Gravitational lensing
+ Ly-𝛼 ; + heating clusters
+ …

Galaxies Clusters Large scales

CDM is described as a fluid which is

• Cold
• Pressure-less
• Massive

• Collision-less
• Dark



Cold dark matter: what we don’t know
• What is the microphysics of DM?

• Self-interacting?
• Warm?
• Interacts with baryons?

80 orders of magnitude in mass



Small Scales might offer some hints of 
the nature of DM 

M
. Kuhlen, M

. Vogelsberger, R. Angulo, Phys.Dark
U
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DM constrained to be CDM



Small Scale Challenges
Galaxies

- Galactic scales

- Cusp-core problem

- Missing satellites problem 

- Too big to fail

- …

- Regularity/diversity of rotation curves
ü BTFR
ü Radial acceleration relation (RAR) 
ü …

Curiosities



Small Scale Challenges
Cusp core problem

Curiosities
Missing satellites
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“too big to fail”

Bullock, Boulan-Kolchin

Too big to fail

Bullock, Baylon-Kolchin

Mismatch between central masses of
simulated DM systems and observed
galaxies

Mismatch between the # of predicted satellites by 
LCDM simulations and the # of observed satellites. 

Solutions: (1) additional ultra-faint dwarfs; (2) Galaxy formation 
suppression; (3) Suppression of structure formation

Solutions might be: (1) Feedback; (2) 
Suppression of structure.
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Small Scale Challenges 
Galaxies
• Baryonic Tully Fisher Relation (BTFR)
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McGaugh (2012) 

Remarkably tight scaling relations between dynamical and baryonic 
properties.



• Feedback

• MOND

• Modification of DM

Dark Matter: Large Scales: standard cold DM particle

Small scales:

Empirical force law

Works extremely well in: (1) Fitting rotation 
curves; (2) Scaling relations

Curious: Baryons drive the dynamics!

MOND without DM

a =

(
abN , abN � a0.q

abNa0, abN ⌧ a0.
<latexit sha1_base64="uwSMMYiKhFrcyhyY4+A71fMeNCE="></latexit>

• Star formation
• Stellar evolution
• Sn rates

• BH and AGN feedback
• Stellar feedback
• …

Still under debate:
• ≠ simulations, ≠ parametrization 

of those effects
• Feedback enough?
• Can they yield such tight correl.?

Modify DM to a component that
behaves different than CDM on
small scales.

To address the small scales challenges:
ü Suppress formation of small scales structures
ü ≠ profile in the core
ü Emergent dynamics on galactic scales and/or

and/or

Small scales can offer hints of the nature of DM!
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• Star formation
• Stellar evolution
• Sn rates

• BH and AGN feedback
• Stellar feedback
• …

Still under debate:
• ≠ simulations, ≠ parametrization 

of those effects
• Feedback enough?
• Can they yield such tight correl.?

Modify DM to a component that
behaves different than CDM on
small scales.

To address the small scales challenges:
ü Suppress formation of small scales structures
ü ≠ profile in the core
ü Emergent dynamics on galactic scales and/or

and/or

Small scales can offer hints of the nature of DM!

• Changes in the analysis



Ultra-Light Dark Matter 
Idea:

§ Large scales: DM behaves like standard particle DM (CDM).

§ Galactic scales: Given their small mass, their is large.
On those scales DM behaves differently: it condenses forming a
Bose-Einstein condensate (BEC) and maybe a superfluid. DM
behaves in a collective macroscopic behavior

Large scales
Clusters Galaxy halo

DM: particles

DM: condensates

Adapted from Quanta
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BEC
Sf

≠ effective dynamics



§ BEC: macroscopic occupancy of the lowest energy state.

§ At low temperatures, fluid condensates into a BEC.

§ De Broglie wavelength (𝜆)) of each particle is large 
enough that their quantum wave function overlaps, 
and a single wave function describes the entire liquid.

§ Quantum phenomenon that appears at low T and macroscopic scales.

Superfluidity:

§ Another macroscopic quantum phenomena that appears 
at low T after the superfluid condenses into a BEC.

§ Effective dynamics of superfluid: fluid flows without friction.

BEC and Superfluid

High temperature
Thermal velocities

Low temperature
𝜆)~𝑇,-//

”wave packets”

𝑇 = 𝑇1
BEC

”matter wave overlap”

𝑇 = 0
Pure BEC

”giant matter wave”
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Idea Bose gas

Small T



classical field
“wavefunction of the condensate”

Description of the condensate and 
superfluid

§ (pure) BEC → non-interacting many-body system of bosons 

§ Superfluid → interacting many-body system of bosons

§ Dynamics given by the many-body Hamiltonian of N (non-)interacting bosons.

( ̂� Bose field operator)
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Mean field 
approximation:  ̂(r, t) =  (r, t) + � ̂(r, t)
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 (r, t) = h ̂(r, t)i
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small perturbation: describes 
depletion of the condensate

n0 = | (r, t)|2
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For a 2-body interacting system, in a trapping potential:

Gross-Pitaevskii equation: non-linear Schrödinger equation for the condensate wavefunction

 (r, t) = �(r)e�iµt
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Chemical potential



Description of the condensate and 
superfluid

BEC can be seen as a phase transition where a macroscopic number of bosons occupy 
the lowest energy state 
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Credit: Peking University

Weakly interacting Bose system can be seen as a particle conserving system with 
spontaneous breaking of a U(1) symmetry (symmetry of the many body Hamiltonian)

Methods from field theory are very appropriate to describe this system.



• System with a U(1) global symmetry that is spontaneously broken.

Description of the condensate and Sf
The present context of a bosonic superfluid is a Bose Einstein 
condensate, in the presence of self interactions, with particle number 
conservation.

- Condensate:

L = �|@ |2 �m2
 | |2 �

�

2
| |4 + (...)
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 0 = ve⇡(x, t)
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Current: 

µ2 < m2
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j̇0 = v2⇡̇ = const. ) ⇡̇ = µ
<latexit sha1_base64="h6zpS/9JrMjcWfqbJ3W29TTP/VU="></latexit>

µ2 > m2
<latexit sha1_base64="xwJ3dsFrpjWBOe8hxYkeWO+i8ec=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVZJafGyk6MZlBWsLaVom00k7dB5hZiKU0M9w40IRt36NO//GSVpErQcuHM65l3vvCWNGtXHdT6ewtLyyulZcL21sbm3vlHf37rVMFCYtLJlUnRBpwqggLUMNI51YEcRDRtrh+Drz2w9EaSrFnZnEJOBoKGhEMTJW8rs86dXgJeS9Wr9ccatuDrhIvDmpgDma/fJHdyBxwokwmCGtfc+NTZAiZShmZFrqJprECI/RkPiWCsSJDtL85Ck8ssoARlLZEgbm6s+JFHGtJzy0nRyZkf7rZeJ/np+Y6DxIqYgTQwSeLYoSBo2E2f9wQBXBhk0sQVhReyvEI6QQNjalUh7CRYbT75cXyX2t6p1U67f1SuNqHkcRHIBDcAw8cAYa4AY0QQtgIMEjeAYvjnGenFfnbdZacOYz++AXnPcvx7aQaQ==</latexit>

Symmetry restoring phase

Bose Einstein condensation

2-body interaction

Symmetry 
spont. broken 
by the ground 
state



• System with a U(1) global symmetry that is spontaneously broken.

Description of the superfluid

Condensate:

Excitations:

Collective excitations: massless 
Goldstone and massive quasi-particles. 

Low energy: only 𝜃 excited - phonon

L = �|@ |2 �m2
 | |2 �

�

2
| |4 + (...)

<latexit sha1_base64="xvYC8G00d8jC11ZPB51ACqVpXw4="></latexit>

 = (v + ⇢)ei(µt+✓)
<latexit sha1_base64="blc3WhbqO3EgqKYR6j2aJgtl5As=">AAACDHicbVDJSgNBFOxxjXGLevTSGISEQJiJgl6EoBePEcwCmRh6Oi9Jk56F7jeBMOQDvPgrXjwo4tUP8Obf2FkOmljQUFTV4/UrL5JCo21/Wyura+sbm6mt9PbO7t5+5uCwpsNYcajyUIaq4TENUgRQRYESGpEC5nsS6t7gZuLXh6C0CIN7HEXQ8lkvEF3BGRqpncm6FS2ucsOCq/phHh4SQXOuH1OkBepiH5DlxyZlF+0p6DJx5iRL5qi0M19uJ+SxDwFyybRuOnaErYQpFFzCOO3GGiLGB6wHTUMD5oNuJdNjxvTUKB3aDZV5AdKp+nsiYb7WI98zSZ9hXy96E/E/rxlj97KViCCKEQI+W9SNJcWQTpqhHaGAoxwZwrgS5q+U95liHE1/aVOCs3jyMqmVis5ZsXR3ni1fz+tIkWNyQnLEIRekTG5JhVQJJ4/kmbySN+vJerHerY9ZdMWazxyRP7A+fwD8L5mt</latexit>

⇥
<latexit sha1_base64="KiY/BSpo5XDpTqK8DGl60OzITJI=">AAAB7nicbVBNS8NAEN3Ur1q/qh69LBbBU0mqoMeiF48V+gVtKJvttF262YTdiVBCf4QXD4p49fd489+4aXPQ1gcDj/dmmJkXxFIYdN1vp7CxubW9U9wt7e0fHB6Vj0/aJko0hxaPZKS7ATMghYIWCpTQjTWwMJDQCab3md95Am1EpJo4i8EP2ViJkeAMrdTpNyeArDQoV9yquwBdJ15OKiRHY1D+6g8jnoSgkEtmTM9zY/RTplFwCfNSPzEQMz5lY+hZqlgIxk8X587phVWGdBRpWwrpQv09kbLQmFkY2M6Q4cSsepn4n9dLcHTrp0LFCYLiy0WjRFKMaPY7HQoNHOXMEsa1sLdSPmGacbQJZSF4qy+vk3at6l1Va4/XlfpdHkeRnJFzckk8ckPq5IE0SItwMiXP5JW8ObHz4rw7H8vWgpPPnJI/cD5/AKqtjyA=</latexit>

Crystal Lens

 =  0 + � 
<latexit sha1_base64="Mtze/TijORjA8oNIih/OUWTmYKc=">AAACAnicbVDLSgMxFL1TX7W+Rl2Jm2ARBKHMVEE3QtGNywr2AZ2hZDKZNjTzIMkIpRQ3/oobF4q49Svc+TdmprPQ1gMJJ+fcy809XsKZVJb1bZSWlldW18rrlY3Nre0dc3evLeNUENoiMY9F18OSchbRlmKK024iKA49Tjve6CbzOw9USBZH92qcUDfEg4gFjGClpb554DQlu8quvoVOkeNTrjDK32bVqlk50CKxC1KFAs2++eX4MUlDGinCsZQ920qUO8FCMcLptOKkkiaYjPCA9jSNcEilO8lXmKJjrfgoiIU+kUK5+rtjgkMpx6GnK0OshnLey8T/vF6qgkt3wqIkVTQis0FBypGKUZYH8pmgRPGxJpgIpv+KyBALTJROraJDsOdXXiTtes0+q9XvzquN6yKOMhzCEZyADRfQgFtoQgsIPMIzvMKb8WS8GO/Gx6y0ZBQ9+/AHxucPJ1iV/g==</latexit>

 0 = v eiµt
<latexit sha1_base64="2rOwfJbFSQDAmSUI6PP2jJtQc2c=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJqqAboejGZQX7gCaGyXTSDp2ZhJlJoYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9tlDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hbit0dEKhqLBz1OiM9RX9CIYqSNFNiHXkPRwIHXcOSdQfKYUY+nUOeBXXGqzhRwkbgFqYACjcD+8noxTjkRGjOkVNd1Eu1nSGqKGcnLXqpIgvAQ9UnXUIE4UX42fSCHJ0bpwSiWpoSGU/X3RIa4UmMemk6O9EDNexPxP6+b6ujKz6hIUk0Eni2KUgZ1DCdpwB6VBGs2NgRhSc2tEA+QRFibzMomBHf+5UXSqlXd82rt/qJSvyniKIEjcAxOgQsuQR3cgQZoAgxy8AxewZv1ZL1Y79bHrHXJKmYOwB9Ynz/DAJU9</latexit>

Propagates as wave

In the limit              : BEC stops exhibiting superfluidity.� ! 0
<latexit sha1_base64="My62gYK7/4N0v/1YoSkqR8oOIlQ=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2Wqxceu6MZlBfuAzlAymUwbmkmGJKOUoeCvuHGhiFu/w51/Y2Y6iFoPBA7nnMu9OX7MqNKO82mVFhaXllfKq5W19Y3NLXt7p6NEIjFpY8GE7PlIEUY5aWuqGenFkqDIZ6Trj68yv3tHpKKC3+pJTLwIDTkNKUbaSAN7z2UmHCDoSjocaSSluIfOwK46NScHnCf1glRBgdbA/nADgZOIcI0ZUqpfd2LtpUhqihmZVtxEkRjhMRqSvqEcRUR5aX7+FB4aJYChkOZxDXP150SKIqUmkW+SEdIj9dfLxP+8fqLDcy+lPE404Xi2KEwY1AJmXcCASoI1mxiCsKTmVohHSCKsTWOVvISLDKffX54nneNa/aTWuGlUm5dFHWWwDw7AEaiDM9AE16AF2gCDFDyCZ/BiPVhP1qv1NouWrGJmF/yC9f4F0IKVhw==</latexit>

Phonon → gapless particle
wk = k2/2m

<latexit sha1_base64="YBzfUWUjch8N7tDyJFWJhwSvnn4=">AAAB8XicbVDLSsNAFJ34rPVVdelmsAiualKLj4VQdOOygn1gG8tkOmmHzEzCzEQpoX/hxoUibv0bd/6NkzSIWg9cOJxzL/fe40WMKm3bn9bc/MLi0nJhpbi6tr6xWdrabqkwlpg0cchC2fGQIowK0tRUM9KJJEHcY6TtBZep374nUtFQ3OhxRFyOhoL6FCNtpNuHfnAe3FUPq7xfKtsVOwOcJU5OyiBHo1/66A1CHHMiNGZIqa5jR9pNkNQUMzIp9mJFIoQDNCRdQwXiRLlJdvEE7htlAP1QmhIaZurPiQRxpcbcM50c6ZH666Xif1431v6pm1ARxZoIPF3kxwzqEKbvwwGVBGs2NgRhSc2tEI+QRFibkIpZCGcpjr9fniWtasU5qtSua+X6RR5HAeyCPXAAHHAC6uAKNEATYCDAI3gGL5aynqxX623aOmflMzvgF6z3L53skF0=</latexit>

wk ⇠ csk
<latexit sha1_base64="jWBrCo2iCAcMYIL+Nt09+e+/TjI=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0VwVRItPnZFNy4r2Ae0MUymk3bIzCTMTCwl9D/cuFDErf/izr9xkgZR64ELh3Pu5d57/JhRpW370yotLa+srpXXKxubW9s71d29jooSiUkbRyySPR8pwqggbU01I71YEsR9Rrp+eJ353QciFY3EnZ7GxOVoJGhAMdJGup94IRwoyiH2FAy9as2u2zngInEKUgMFWl71YzCMcMKJ0JghpfqOHWs3RVJTzMisMkgUiREO0Yj0DRWIE+Wm+dUzeGSUIQwiaUpomKs/J1LElZpy33RypMfqr5eJ/3n9RAcXbkpFnGgi8HxRkDCoI5hFAIdUEqzZ1BCEJTW3QjxGEmFtgqrkIVxmOPt+eZF0TurOab1x26g1r4o4yuAAHIJj4IBz0AQ3oAXaAAMJHsEzeLEm1pP1ar3NW0tWMbMPfsF6/wK3qpIk</latexit>

(Mediates long range force              )⇠ 1/r2
<latexit sha1_base64="NlnlQv1V2azybLz78qTHeNqVuQE=">AAAB8XicbVDLSsNAFL3xWeur6tLNYBFc1aQWH7uiG5cV7APbWCbTSTt0ZhJmJkIJ/Qs3LhRx69+4829M0iBqPXDhcM693HuPF3KmjW1/WguLS8srq4W14vrG5tZ2aWe3pYNIEdokAQ9Ux8OaciZp0zDDaSdUFAuP07Y3vkr99gNVmgXy1kxC6go8lMxnBJtEuutpJpBzrO6r/VLZrtgZ0DxxclKGHI1+6aM3CEgkqDSEY627jh0aN8bKMMLptNiLNA0xGeMh7SZUYkG1G2cXT9FhogyQH6ikpEGZ+nMixkLrifCSToHNSP/1UvE/rxsZ/9yNmQwjQyWZLfIjjkyA0vfRgClKDJ8kBBPFklsRGWGFiUlCKmYhXKQ4/X55nrSqFeekUrupleuXeRwF2IcDOAIHzqAO19CAJhCQ8AjP8GJp68l6td5mrQtWPrMHv2C9fwFsqZA9</latexit>



We can recover the previous approaches:

Description of the BEC and Sf

Gross-Pitaevskii equation

Mandelung equations

 =
1

2m
 e�imt

<latexit sha1_base64="eQ/Pp7ZbvckBPS1VAk0NyTCHkIA=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFcaElq8bEQim5cVrAPaGqZTCft0JkkzEyEErJ346+4caGIW3/AnX/jJA2i1gMXDufcy733uCGjUlnWpzE3v7C4tFxYKa6urW9smlvbLRlEApMmDlggOi6ShFGfNBVVjHRCQRB3GWm748vUb98RIWng36hJSHocDX3qUYyUlvpmyWlIeu54AuHYTuIqT6ATSgqdA0hu40PKVdI3y1bFygBniZ2TMsjR6JsfziDAESe+wgxJ2bWtUPViJBTFjCRFJ5IkRHiMhqSrqY84kb04+yWBe1oZQC8QunwFM/XnRIy4lBPu6k6O1Ej+9VLxP68bKe+0F1M/jBTx8XSRFzGoApgGAwdUEKzYRBOEBdW3QjxCOhel4ytmIZylOP5+eZa0qhX7qFK7rpXrF3kcBbALSmAf2OAE1MEVaIAmwOAePIJn8GI8GE/Gq/E2bZ0z8pkd8AvG+xflN5p2</latexit>

Adding a trapping potential

i ̇ =

✓
� 1

2m
r2 + Vtrap +

�

8m2
| |2

◆
 

<latexit sha1_base64="zaCXrBoXxaMH9VUTX7JV0LwWZdk="></latexit>

 ⌘
r
⇢

m
ei✓

<latexit sha1_base64="MlE3kzDA3e5KNQ9IXuP5i39rT/Y=">AAACGXicbVDLSgNBEJyN7/ha9ehlMAgeJGxUfNyCXjwqGCNkYpid9Johsw9negNh2d/w4q948aCIRz35N05iEDUWNBRV3XR3+YmSBj3vwylMTE5Nz8zOFecXFpeW3ZXVSxOnWkBNxCrWVz43oGQENZSo4CrRwENfQd3vngz8eg+0kXF0gf0EmiG/iWQgBUcrtVyPJUZSBrep7FFmbjVmLNBcZEx34jwL85yybQrXmWTYAeR5yy15ZW8IOk4qI1IiI5y13DfWjkUaQoRCcWMaFS/BZsY1SqEgL7LUQMJFl99Aw9KIh2Ca2fCznG5apU2DWNuKkA7VnxMZD43ph77tDDl2zF9vIP7nNVIMDpuZjJIUIRJfi4JUUYzpICbalhoEqr4lXGhpb6Wiw20waMMsDkM4GmD/++VxcrlTruyW9873StXjURyzZJ1skC1SIQekSk7JGakRQe7IA3kiz8698+i8OK9frQVnNLNGfsF5/wTxa6Gn</latexit>

v ⌘ 1

m
r✓

<latexit sha1_base64="6C1f/pcNMxTluqx6m0LYUVE4ZC8=">AAACFXicbVBNSyNBFOxRd9fNfs3q0UtjWNjDEmZ2xdWb6MWjgvmATAhvOm+Sxp6esftNIAz5E3vxr3jxoIhXwZv/ZnuSIK7Zgoai6j1eV8W5kpaC4MlbWV178/bd+vvah4+fPn/xv260bFYYgU2Rqcx0YrCopMYmSVLYyQ1CGitsx+dHld8eo7Ey02c0ybGXwlDLRAogJ/X9H1EKNIqTcjzlEV4UcsyjxIAoQz4tU6dpiBXwiEZI0PfrQSOYgS+TcEHqbIGTvv8YDTJRpKhJKLC2GwY59UowJIXCaS0qLOYgzmGIXUc1pGh75SzVlH9zyoAnmXFPE5+pLzdKSK2dpLGbrDLY114l/s/rFpTs9Uqp84JQi/mhpFCcMl5VxAfSoCA1cQSEke6vXIzAlUKuyNqshP0Ku8+Rl0nrZyP81dg53akfHC7qWGdbbJt9ZyH7zQ7YMTthTSbYH3bFbtitd+lde3fe/Xx0xVvsbLJ/4D38Bb0on08=</latexit>

⇢̇+r · (⇢v) = 0

v̇ + (v ·r)v = � 1

m
r
✓
Vtrap �

1

2m

r2p⇢
p
⇢

◆

<latexit sha1_base64="K9WKJpLZzuyzAlYxeO0/FrnBybU="></latexit>

Taking the non-relativistic limit and rewriting the field as:

Writing:

Quantum pressure



Effective Field Theory of Superfluids
Low energies  (�̇�/𝑚 ≪ 1)
• Low energy DOF: Only massless Goldstone bosons excited  𝜃

Shift symmetry  𝜃 → 𝜃 + 𝑐

In the non-relativistic regime and at lowest order in derivatives:

Gravitational potential

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

+ Galilean invariance

2-body 

3-body 

L = �|@ |�m2| |2 � �

2
| |4

<latexit sha1_base64="mvl0gPy9EwpHTmiE7BqqbSwzTFc="></latexit>

L = P (X) / X2
<latexit sha1_base64="QIQGNL0kJ6EvBhJyvBX+c4mIP98=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNyWtxcdCKLpx4aKCbQNNLJPppB06SYaZiVBCV278FTcuFHHrN7jzb5y0QdR6YOBwzr3MPcfjjEplWZ9Gbm5+YXEpv1xYWV1b3zA3t1oyigUmTRyxSNgekoTRkDQVVYzYXBAUeIy0veFF6rfviJA0Cm/UiBM3QP2Q+hQjpaWuuesESA0wYsnV+KxRsg+gw0XEVQTt22qhaxatsjUBnCWVjBRBhkbX/HB6EY4DEirMkJSdisWVmyChKGZkXHBiSTjCQ9QnHU1DFBDpJpMYY7ivlR70I6FfqOBE/bmRoEDKUeDpyfRo+ddLxf+8Tqz8EzehIY8VCfH0Iz9mUKdMO4E9KghWbKQJwoLqWyEeIIGw0s1NSzhNcfQdeZa0quXKYbl2XSvWz7M68mAH7IESqIBjUAeXoAGaAIN78AiewYvxYDwZr8bbdDRnZDvb4BeM9y9fEZfn</latexit>

L = P (X) / X3/2
<latexit sha1_base64="2XiFALsx6gSC0EFKmpxt7yeR0PA=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0Wom5q0xcdCKLpx4aKCbQNNLJPptB06eTAzEUrI2o2/4saFIm79Anf+jZM2iFoPDBzOuZe557gho0IaxqeWm5tfWFzKLxdWVtfWN/TNrZYIIo5JEwcs4JaLBGHUJ01JJSNWyAnyXEba7ugi9dt3hAsa+DdyHBLHQwOf9ilGUkldfdf2kBxixOKr5KxRsg6gHfIglAG0buPqYSUpdPWiUTYmgLPEzEgRZGh09Q+7F+DII77EDAnRMY1QOjHikmJGkoIdCRIiPEID0lHURx4RTjyJksB9pfRgP+Dq+RJO1J8bMfKEGHuumkwPF3+9VPzP60Syf+LE1A8jSXw8/agfMaiSpr3AHuUESzZWBGFO1a0QDxFHWKr2piWcpjj6jjxLWpWyWS3XrmvF+nlWRx7sgD1QAiY4BnVwCRqgCTC4B4/gGbxoD9qT9qq9TUdzWrazDX5Be/8CK6WZaQ==</latexit>

p / ⇢2
<latexit sha1_base64="8WxS07Q6Do3WbqegELCw0jJXaUs=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVZJafOyKblxWsA9oYplMJ+3QSWaYmRRK6J+4caGIW//EnX/jJA2i1gMXDufcy733BIJRpR3n0yqtrK6tb5Q3K1vbO7t79v5BR/FEYtLGnHHZC5AijMakralmpCckQVHASDeY3GR+d0qkojy+1zNB/AiNYhpSjLSRBrYtoCckF5pDT475Q31gV52akwMuE7cgVVCgNbA/vCHHSURijRlSqu86QvspkppiRuYVL1FEIDxBI9I3NEYRUX6aXz6HJ0YZwpBLU7GGufpzIkWRUrMoMJ0R0mP118vE/7x+osNLP6WxSDSJ8WJRmDBo/sxigEMqCdZsZgjCkppbIR4jibA2YVXyEK4ynH+/vEw69Zp7VmvcNarN6yKOMjgCx+AUuOACNMEtaIE2wGAKHsEzeLFS68l6td4WrSWrmDkEv2C9fwEIFpNo</latexit>

p / ⇢3
<latexit sha1_base64="KcAVEBYULwKirbT70k7T87NYHFQ=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRJbfOyKblxWsA9oYplMJ+3QSWaYmRRK6J+4caGIW//EnX/jJA2i1gMXDufcy733BIJRpR3n0yqtrK6tb5Q3K1vbO7t79v5BR/FEYtLGnHHZC5AijMakralmpCckQVHASDeY3GR+d0qkojy+1zNB/AiNYhpSjLSRBrYtoCckF5pDT475Q31gV52akwMuE7cgVVCgNbA/vCHHSURijRlSqu86QvspkppiRuYVL1FEIDxBI9I3NEYRUX6aXz6HJ0YZwpBLU7GGufpzIkWRUrMoMJ0R0mP118vE/7x+osNLP6WxSDSJ8WJRmDBo/sxigEMqCdZsZgjCkppbIR4jibA2YVXyEK4ynH+/vEw6ZzW3XmvcNarN6yKOMjgCx+AUuOACNMEtaIE2wGAKHsEzeLFS68l6td4WrSWrmDkEv2C9fwEJmpNp</latexit>

BEC� n = 2 : P ⇠ ⇢2

� n = 3/2 : P ⇠ ⇢3

� n = 5/2 : P ⇠ ⇢5/3
<latexit sha1_base64="rxpjUyXyesA3P201/N4MTYQ3btw="></latexit>

“MOND”

L = �|@ |�m2| |2 � g3
3
| |6

<latexit sha1_base64="Bf4GvGBTGFK1+k8Wl2mTWyday+c="></latexit>

Different phenomena P (X) /
⇣
✓̇/m

⌘n

<latexit sha1_base64="asheYxIOgc3RvIczxDUfgqkj4OU=">AAACFXicbVDJSgNBFOyJW4xb1KOXxiAkIHGiweUW9OIxglkgE0NP503SpGeh+40QhvyEF3/FiwdFvAre/Bs7C+JW0FBU1evuV24khUbb/rBSc/MLi0vp5czK6tr6RnZzq67DWHGo8VCGqukyDVIEUEOBEpqRAua7Ehru4GLsN25BaREG1ziMoO2zXiA8wRkaqZPdr+abBepEKowwpI4ED/PU6YaYONgHZKMDnzpK9PpYuDHxnF20J6B/SWlGcmSGaif7bq7isQ8Bcsm0bpXsCNsJUyi4hFHGiTVEjA9YD1qGBswH3U4mW43onlG61AuVOQHSifp9ImG+1kPfNUmfYV//9sbif14rRu+0nYggihECPn3IiyU1BYwrol2hgKMcGsK4EuavlPeZYhxNkZlJCWdjHH+t/JfUD4ulo2L5qpyrnM/qSJMdskvypEROSIVckiqpEU7uyAN5Is/WvfVovViv02jKms1skx+w3j4BJdKeWw==</latexit>

Unitary Fermi 
gas

Equivalence (low energies)

L = P (X)
<latexit sha1_base64="6oiQD+5WQ64GzJNT+Zvd1xiR/+A=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyXR4mMhFN24cFHBPqANZTKdtEMnD2YmhRL6J25cKOLWP3Hn3zhJg6j1wMDhnHu5Z44bcSaVZX0ahaXlldW14nppY3Nre8fc3WvJMBaENknIQ9FxsaScBbSpmOK0EwmKfZfTtju+Sf32hArJwuBBTSPq+HgYMI8RrLTUN82ej9WIYJ7cza4alc5x3yxbVSsDWiR2TsqQo9E3P3qDkMQ+DRThWMqubUXKSbBQjHA6K/ViSSNMxnhIu5oG2KfSSbLkM3SklQHyQqFfoFCm/txIsC/l1Hf1ZJpT/vVS8T+vGyvvwklYEMWKBmR+yIs5UiFKa0ADJihRfKoJJoLprIiMsMBE6bJKWQmXKc6+v7xIWidV+7Rau6+V69d5HUU4gEOogA3nUIdbaEATCEzgEZ7hxUiMJ+PVeJuPFox8Zx9+wXj/ArnSkzM=</latexit>

L = P (X), X = ✓̇ �m�� (~r✓)2

2m
<latexit sha1_base64="HZSMdV+ZL7YiFL9qy7XgJBDMYlM="></latexit>
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Class of models where DM  forms a Bose-Einstein condensate (BEC) or a superfluid on 
galactic scales.

Ultra-Light Dark Matter

Idea: wave nature of DM on astrophysical scales
• Suppresses structure on those scales
• Homogeneous core
• Modifies the dynamics on small scales,
while maintaining the successes of CDM on large scales.

Large scales
Clusters Galaxy halo

DM: particles

DM: condensates

Adapted from Quanta

�dB
<latexit sha1_base64="UoInbbBAKF3HCukH6nMcUgenw/M=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRafOxK3bisYB/QhDKZTNqhk0mYmQgl9DfcuFDErT/jzr9x0gZR64GBwznncu8cP+FMadv+tEorq2vrG+XNytb2zu5edf+gq+JUEtohMY9l38eKciZoRzPNaT+RFEc+pz1/cpP7vQcqFYvFvZ4m1IvwSLCQEayN5LrcRAM8zILWbFit2XV7DrRMnILUoEB7WP1wg5ikERWacKzUwLET7WVYakY4nVXcVNEEkwke0YGhAkdUedn85hk6MUqAwliaJzSaqz8nMhwpNY18k4ywHqu/Xi7+5w1SHV55GRNJqqkgi0VhypGOUV4ACpikRPOpIZhIZm5FZIwlJtrUVJmXcJ3j4vvLy6R7VnfO6427Rq3ZKuoowxEcwyk4cAlNuIU2dIBAAo/wDC9Waj1Zr9bbIlqyiplD+AXr/Qsj+5Hk</latexit>

d � �dB
<latexit sha1_base64="fzEzU73qOWqp4Hj3cjVUfCbxLE4=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRafOxK3bisYB/QhDCZTNKhkwczE7GE/IobF4q49Ufc+TdO0iBqPTBwOOce7p3jJowKaRifWm1ldW19o77Z2Nre2d3T95tDEacckwGOWczHLhKE0YgMJJWMjBNOUOgyMnJn14U/uidc0Di6k/OE2CEKIupTjKSSHL3pQSsIoMVUxENO5vVyR28ZbaMEXCZmRVqgQt/RPywvxmlIIokZEmJiGom0M8QlxYzkDSsVJEF4hgIyUTRCIRF2Vt6ew2OleNCPuXqRhKX6M5GhUIh56KrJEMmp+OsV4n/eJJX+pZ3RKEklifBikZ8yKGNYFAE9ygmWbK4IwpyqWyGeIo6wVHU1yhKuCpx/f3mZDE/b5lm7c9tpdXtVHXVwCI7ACTDBBeiCG9AHA4DBA3gEz+BFy7Un7VV7W4zWtCpzAH5Be/8CUOCUHw==</latexit>

d ⌧ �dB
<latexit sha1_base64="FYXoO8cMrYycSWZDQ8VhckvEQto=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRafOxK3bisYB/QhjCZTNqhk0mYmYgl5FfcuFDErT/izr9xkgZR64ELh3PuYe4cL2ZUKsv6NCorq2vrG9XN2tb2zu6euV/vyygRmPRwxCIx9JAkjHLSU1QxMowFQaHHyMCbXef+4J4ISSN+p+YxcUI04TSgGCktuWbdh2PG9OiIj9zU72Su2bCaVgG4TOySNECJrmt+jP0IJyHhCjMk5ci2YuWkSCiKGclq40SSGOEZmpCRphyFRDppcXsGj7XiwyASeriChfozkaJQynno6c0Qqan86+Xif94oUcGlk1IeJ4pwvHgoSBhUEcyLgD4VBCs21wRhQfWtEE+RQFjpumpFCVc5zr+/vEz6p037rNm6bTXanbKOKjgER+AE2OACtMEN6IIewOABPIJn8GJkxpPxarwtVitGmTkAv2C8fwFgj5Qp</latexit>

BEC
Sf
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Scalar 
field DM

Repulsive 
DM

Fluid DM

Ultra-light 
DM

Many models in the literature.

Invoke condensation in similar but distinct ways that have important implications
for the observables of the models



Ultra-Light Dark Matter
Many models in the literature.

Invoke condensation in similar but distinct ways that have important implications
for the observables of the models

BUT, can be basically divided into 3 categories

Axions

Fluid DM

Ultra-light 
DM



Ultra-Light Dark Matter
3 categories

Classification is based on the different

Scalar Filed Dark Matter (SFDM): described by a self-interacting
scalar field with 2-body interaction (or higher order interaction).

Also called: repulsive 
DM, scalar field DM, 
fluid dark matter, 
among others

Fuzzy DM: described by a ultra-light scalar field under the 
influence of gravitational potential

Also called: wave DM 
or 𝜓DM. 

Equivalent: Weakly coupled BEC. Exhibits 
superfluidity after condensation.

Equivalent: BEC (NO superfluid)

Superfluid DM: described by a superfluid with specific EoS to 
reproduce MOND (long range interactions) on galactic scales.  

Equivalent: Superfluid described by the EFT 
of Sf with P / ⇢3

<latexit sha1_base64="vfqi3cSet640/8iTzPCiIof4pRg=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRJbfOyKblxWsA9oYplMJ+3QSWaYmRRK6J+4caGIW//EnX/jJA2i1gMXDufcy733BIJRpR3n0yqtrK6tb5Q3K1vbO7t79v5BR/FEYtLGnHHZC5AijMakralmpCckQVHASDeY3GR+d0qkojy+1zNB/AiNYhpSjLSRBrbdgp6QXGgOPTnmD/WBXXVqTg64TNyCVEGB1sD+8IYcJxGJNWZIqb7rCO2nSGqKGZlXvEQRgfAEjUjf0BhFRPlpfvkcnhhlCEMuTcUa5urPiRRFSs2iwHRGSI/VXy8T//P6iQ4v/ZTGItEkxotFYcKg+TOLAQ6pJFizmSEIS2puhXiMJMLahFXJQ7jKcP798jLpnNXceq1x16g2r4s4yuAIHINT4IIL0AS3oAXaAIMpeATP4MVKrSfr1XpbtJasYuYQ/IL1/gXXK5NJ</latexit>



Condition for Condensation

• de Broglie wavelength of the particles 
must overlap (                  ).

⟹

Strongly interacting axion-like particle.
DM is cold: 𝑇1 ~mK

Cold atoms in the lab

• Thermalization

�b ⇠
1

mv
� d ⇠

✓
m

⇢vir

◆ 1
3

<latexit sha1_base64="69MLEBdRg4JXbV87UgpwUysWrWg="></latexit>

m  2eV
<latexit sha1_base64="i/HhMbKAA5DxePCr8Nbxna8P7IU=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyWpgi6LblxWsA9oQplMb9qhM5M4MxFKKPgrblwo4tbvcOffmLRZaOuBgcM593LPnCDmTBvH+bZKK6tr6xvlzcrW9s7unr1/0NZRoii0aMQj1Q2IBs4ktAwzHLqxAiICDp1gfJP7nUdQmkXy3kxi8AUZShYySkwm9e0jgT0OD7iOPUHMSIkU2tNK3646NWcGvEzcglRRgWbf/vIGEU0ESEM50brnOrHxU6IMoxymFS/REBM6JkPoZVQSAdpPZ/Gn+DRTBjiMVPakwTP190ZKhNYTEWSTeUa96OXif14vMeGVnzIZJwYknR8KE45NhPMu8IApoIZPMkKoYllWTEdEEWqyxvIS3MUvL5N2veae1+p3F9XGdVFHGR2jE3SGXHSJGugWNVELUZSiZ/SK3qwn68V6tz7moyWr2DlEf2B9/gDQGZTA</latexit>

DM has to condensate in galaxies:

ngal�dB � 1
<latexit sha1_base64="Pf65efHj+YkreCCJJs3euSPBbDg=">AAACA3icbVDNS8MwHE39nPOr6k0vwSF4Gq0OP25jXjxOcB+wlZKmaReWpiVJhVEGXvxXvHhQxKv/hDf/G9OuiDofBF7e+z2S3/MSRqWyrE9jYXFpeWW1slZd39jc2jZ3drsyTgUmHRyzWPQ9JAmjnHQUVYz0E0FQ5DHS88ZXud+7I0LSmN+qSUKcCIWcBhQjpSXX3OduFiI2hUOmQz5yM7+lL2EIbdesWXWrAJwndklqoETbNT+GfozTiHCFGZJyYFuJcjIkFMWMTKvDVJIE4TEKyUBTjiIinazYYQqPtOLDIBb6cAUL9WciQ5GUk8jTkxFSI/nXy8X/vEGqggsnozxJFeF49lCQMqhimBcCfSoIVmyiCcKC6r9CPEICYaVrqxYlXOY4+155nnRP6vZpvXHTqDVbZR0VcAAOwTGwwTlogmvQBh2AwT14BM/gxXgwnoxX4202umCUmT3wC8b7FyjVl1U=</latexit>



SFDM and Fuzzy DM

ds2 = (1 + 2�)dt2 � a2(t)(1� 2�)dr2
<latexit sha1_base64="BEo/MFTwdbwD7s12+hO1EmxOxeY="></latexit>
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<latexit sha1_base64="eQ/Pp7ZbvckBPS1VAk0NyTCHkIA=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFcaElq8bEQim5cVrAPaGqZTCft0JkkzEyEErJ346+4caGIW3/AnX/jJA2i1gMXDufcy733uCGjUlnWpzE3v7C4tFxYKa6urW9smlvbLRlEApMmDlggOi6ShFGfNBVVjHRCQRB3GWm748vUb98RIWng36hJSHocDX3qUYyUlvpmyWlIeu54AuHYTuIqT6ATSgqdA0hu40PKVdI3y1bFygBniZ2TMsjR6JsfziDAESe+wgxJ2bWtUPViJBTFjCRFJ5IkRHiMhqSrqY84kb04+yWBe1oZQC8QunwFM/XnRIy4lBPu6k6O1Ej+9VLxP68bKe+0F1M/jBTx8XSRFzGoApgGAwdUEKzYRBOEBdW3QjxCOhel4ytmIZylOP5+eZa0qhX7qFK7rpXrF3kcBbALSmAf2OAE1MEVaIAmwOAePIJn8GI8GE/Gq/E2bZ0z8pkd8AvG+xflN5p2</latexit>
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<latexit sha1_base64="28ZWp4mhEujx/POMx5Z6gmqKOBw="></latexit>

r2� = 4⇡G(m| |2 � ⇢̄)
<latexit sha1_base64="5U29PN8QJ+0Hak72J/ExoHMmXmk="></latexit>

NR regime and                                   . In an FRW universe

Consider time scales smaller than the expansion, we can ignore expansion:

Lets consider a self-interacting scalar field in a FRW universe:

Gross-Pitaevskii equation

Poisson equation



SFDM and Fuzzy DM
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<latexit sha1_base64="28ZWp4mhEujx/POMx5Z6gmqKOBw="></latexit>

r2� = 4⇡G(m| |2 � ⇢̄)
<latexit sha1_base64="5U29PN8QJ+0Hak72J/ExoHMmXmk="></latexit>

Fuzzy DM

Scalar Field DM

Both models can be described by:

where
� = 0

<latexit sha1_base64="GTJx7pxcYJ6FDAfZptVm16LI2LM=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVVItPhZC0Y3LCvYBaSiTyaQdOsmEmRuhhH6GGxeKuPVr3Pk3TtIgaj0wcDjnXObe48WCa7DtT6u0tLyyulZer2xsbm3vVHf3ulomirIOlUKqvkc0EzxiHeAgWD9WjISeYD1vcpP5vQemNJfRPUxj5oZkFPGAUwJGcgbCRH2Cr7A9rNbsup0DL5JGQWqoQHtY/Rj4kiYhi4AKorXTsGNwU6KAU8FmlUGiWUzohIyYY2hEQqbdNF95ho+M4uNAKvMiwLn6cyIlodbT0DPJkMBY//Uy8T/PSSC4cFMexQmwiM4/ChKBQeLsfuxzxSiIqSGEKm52xXRMFKFgWqrkJVxmOPs+eZF0T+qN03rzrllrXRd1lNEBOkTHqIHOUQvdojbqIIokekTP6MUC68l6td7m0ZJVzOyjX7DevwD73JCK</latexit>

� 6= 0
<latexit sha1_base64="dkrYun2LXya/zv7SB2kbn5SK0Fg=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgqqRafOyKblxWsA9oYplMJu3QySTOTJQS+h9uXCji1n9x5984TYOo9cDA4ZxzuXeOF3OmtG1/WoWFxaXlleJqaW19Y3OrvL3TVlEiCW2RiEey62FFORO0pZnmtBtLikOP0443upz6nXsqFYvEjR7H1A3xQLCAEayNdOtwE/UxcgS9Q3a/XLGrdgY0T2o5qUCOZr/84fgRSUIqNOFYqV7NjrWbYqkZ4XRSchJFY0xGeEB7hgocUuWm2dUTdGAUHwWRNE9olKk/J1IcKjUOPZMMsR6qv95U/M/rJTo4c1Mm4kRTQWaLgoQjHaFpBchnkhLNx4ZgIpm5FZEhlphoU1QpK+F8ipPvL8+T9lG1dlytX9crjYu8jiLswT4cQg1OoQFX0IQWEJDwCM/wYj1YT9ar9TaLFqx8Zhd+wXr/ApK1kgs=</latexit>

Self-interacting scalar field in a FRW universe is analogous to the theory 
for the weakly interacting BEC

Sf



SFDM and Fuzzy DM
Condensate and Stability

Scalar Field DM i ̇ =
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<latexit sha1_base64="BeKctPPrTA/Q8dgkoUQYe6vD6+I="></latexit>

 (x, t) =  c(t) + � (x, t)
<latexit sha1_base64="iPxgaTmdGmO+6WmBjPrT6DdncfE=">AAACH3icbVDLSsNAFJ34rPUVdelmsAgtSkm0VF0IRTcuK9gHNKVMppN26GQSZm7EEvonbvwVNy4UEXf9G5O2iFoPDBzOOZe597ih4Bosa2wsLC4tr6xm1rLrG5tb2+bObl0HkaKsRgMRqKZLNBNcshpwEKwZKkZ8V7CGO7hO/cY9U5oH8g6GIWv7pCe5xymBROqYZSfUPO/4BPquFz+MjqFwmUodmofCkdNlAgiez3TMnFW0JsDzxJ6RHJqh2jE/nW5AI59JoIJo3bKtENoxUcCpYKOsE2kWEjogPdZKqCQ+0+14ct8IHyZKF3uBSp4EPFF/TsTE13rou0kyXVL/9VLxP68VgXfejrkMI2CSTj/yIoEhwGlZuMsVoyCGCSFU8WRXTPtEEQpJpdlJCRcpyt8nz5P6SdE+LZZuS7nK1ayODNpHByiPbHSGKugGVVENUfSIntErejOejBfj3fiYRheM2cwe+gVj/AWF2qLK</latexit>

Perturbations:

� < 0
<latexit sha1_base64="Pes1ayVn6KoeOxAdseKfFuQndog=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVVItPsBF0Y3LCvYBaSiTyaQdOsmEmRuhhH6GGxeKuPVr3Pk3TtIgaj0wcDjnXObe48WCa7DtT6u0tLyyulZer2xsbm3vVHf3ulomirIOlUKqvkc0EzxiHeAgWD9WjISeYD1vcpP5vQemNJfRPUxj5oZkFPGAUwJGcgbCRH2Cr7A9rNbsup0DL5JGQWqoQHtY/Rj4kiYhi4AKorXTsGNwU6KAU8FmlUGiWUzohIyYY2hEQqbdNF95ho+M4uNAKvMiwLn6cyIlodbT0DPJkMBY//Uy8T/PSSC4cFMexQmwiM4/ChKBQeLsfuxzxSiIqSGEKm52xXRMFKFgWqrkJVxmOPs+eZF0T+qN03rzrllrXRd1lNEBOkTHqIHOUQvdojbqIIokekTP6MUC68l6td7m0ZJVzOyjX7DevwD6VpCJ</latexit>

l > l⇤<latexit sha1_base64="91KSt/nZ7END+j2MuARogYQoPVg=">AAAB7nicbVDLSsNAFL2pr1pfVZduBosgLkpii4+NFN24rGAf0IYymU7aoZNJmJkIJfQj3LhQxK3f486/cZIGUeuBC4dz7uXee7yIM6Vt+9MqLC2vrK4V10sbm1vbO+XdvbYKY0loi4Q8lF0PK8qZoC3NNKfdSFIceJx2vMlN6nceqFQsFPd6GlE3wCPBfEawNlKHoyvEByeDcsWu2hnQInFyUoEczUH5oz8MSRxQoQnHSvUcO9JugqVmhNNZqR8rGmEywSPaM1TggCo3yc6doSOjDJEfSlNCo0z9OZHgQKlp4JnOAOux+uul4n9eL9b+hZswEcWaCjJf5Mcc6RClv6Mhk5RoPjUEE8nMrYiMscREm4RKWQiXKc6+X14k7dOqU6vW7+qVxnUeRxEO4BCOwYFzaMAtNKEFBCbwCM/wYkXWk/Vqvc1bC1Y+sw+/YL1/AQLYjtc=</latexit>

l < l⇤<latexit sha1_base64="p0vMdKkApeyGklwr6EKxvt+S3/M=">AAAB7nicbVDLSsNAFL2pr1pfVZduBosgLkpiiw9wUXTjsoJ9QBvKZDpph04mYWYilNCPcONCEbd+jzv/xkkaRK0HLhzOuZd77/EizpS27U+rsLS8srpWXC9tbG5t75R399oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8SY3qd95oFKxUNzraUTdAI8E8xnB2kgdjq4QH5wMyhW7amdAi8TJSQVyNAflj/4wJHFAhSYcK9Vz7Ei7CZaaEU5npX6saITJBI9oz1CBA6rcJDt3ho6MMkR+KE0JjTL150SCA6WmgWc6A6zH6q+Xiv95vVj7F27CRBRrKsh8kR9zpEOU/o6GTFKi+dQQTCQztyIyxhITbRIqZSFcpjj7fnmRtE+rTq1av6tXGtd5HEU4gEM4BgfOoQG30IQWEJjAIzzDixVZT9ar9TZvLVj5zD78gvX+Bf+5jtU=</latexit>

Oscillates, stable, forming a condensate, the soliton

Structures grow, no condensate

For attractive interactions can only form localized clumps (solitons) of size l < l⇤<latexit sha1_base64="p0vMdKkApeyGklwr6EKxvt+S3/M=">AAAB7nicbVDLSsNAFL2pr1pfVZduBosgLkpiiw9wUXTjsoJ9QBvKZDpph04mYWYilNCPcONCEbd+jzv/xkkaRK0HLhzOuZd77/EizpS27U+rsLS8srpWXC9tbG5t75R399oqjCWhLRLyUHY9rChngrY005x2I0lx4HHa8SY3qd95oFKxUNzraUTdAI8E8xnB2kgdjq4QH5wMyhW7amdAi8TJSQVyNAflj/4wJHFAhSYcK9Vz7Ei7CZaaEU5npX6saITJBI9oz1CBA6rcJDt3ho6MMkR+KE0JjTL150SCA6WmgWc6A6zH6q+Xiv95vVj7F27CRBRrKsh8kR9zpEOU/o6GTFKi+dQQTCQztyIyxhITbRIqZSFcpjj7fnmRtE+rTq1av6tXGtd5HEU4gEM4BgfOoQG30IQWEJjAIzzDixVZT9ar9TZvLVj5zD78gvX+Bf+5jtU=</latexit>

Fuzzy DM

r2� = 4⇡G(m| |2 � ⇢̄)
<latexit sha1_base64="5U29PN8QJ+0Hak72J/ExoHMmXmk="></latexit>
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<latexit sha1_base64="7QpmyJr0oMMnlybM4BYfzMOpRSo="></latexit> Like an attractive interaction

� > �J
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� < �J
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Quantum pressure dominates. Solution is stable 
and oscillates – NO structure formation!

Gravity dominates, collapse happens CDM

Perturbations:

k⇤ = � |�|n0

2m
<latexit sha1_base64="iFMjLaHK+tPn0MumIWeydDseLz8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBosggiWpxcdCKLpxWcE+oA1hMpm0QyeTMDMRSpqVG3/FjQtF3PoN7vwbpw9ErQcGDufcw517vJhRqSzr08jNzS8sLuWXCyura+sb5uZWQ0aJwKSOIxaJlockYZSTuqKKkVYsCAo9Rppe/2rkN++IkDTit2oQEydEXU4DipHSkmvu9t3Di6NOIBBOhx2mgz4aQu5aWVoOM9csWiVrDDhL7CkpgilqrvnR8SOchIQrzJCUbduKlZMioShmJCt0EklihPuoS9qachQS6aTjMzK4rxUfBpHQjys4Vn8mUhRKOQg9PRki1ZN/vZH4n9dOVHDmpJTHiSIcTxYFCYMqgqNOoE8FwYoNNEFYUP1XiHtIV6J0c4VxCecjnHyfPEsa5ZJ9XKrcVIrVy2kdebAD9sABsMEpqIJrUAN1gME9eATP4MV4MJ6MV+NtMpozpplt8AvG+xefB5i8</latexit>

� > 0
<latexit sha1_base64="VHRjW+aIYAczHJmbuM4mtcbqCf0=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVVItPjZSdOOygn1AGspkMmmHTjJh5kYooZ/hxoUibv0ad/6NkzSIWg8MHM45l7n3eLHgGmz70yotLa+srpXXKxubW9s71d29rpaJoqxDpZCq7xHNBI9YBzgI1o8VI6EnWM+b3GR+74EpzWV0D9OYuSEZRTzglICRnIEwUZ/gK2wPqzW7bufAi6RRkBoq0B5WPwa+pEnIIqCCaO007BjclCjgVLBZZZBoFhM6ISPmGBqRkGk3zVee4SOj+DiQyrwIcK7+nEhJqPU09EwyJDDWf71M/M9zEggu3JRHcQIsovOPgkRgkDi7H/tcMQpiagihiptdMR0TRSiYlip5CZcZzr5PXiTdk3rjtN68a9Za10UdZXSADtExaqBz1EK3qI06iCKJHtEzerHAerJerbd5tGQVM/voF6z3L/1ikIs=</latexit>

Oscillates, stable

�J = 55
⇣ m

10�22 eV

⌘�1/2
✓
⇢

⇢̄

◆�1/4

(⌦mh)�1/4 kpc
<latexit sha1_base64="8Op36kB+Fac1aavGf9jZehi6fXM="></latexit>



SFDM and Fuzzy DM
Condensate and Stability

Summarizing:

SFDM

• Long range coherence 

• Only localized clumps (solitons)

� > 0
<latexit sha1_base64="VHRjW+aIYAczHJmbuM4mtcbqCf0=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVVItPjZSdOOygn1AGspkMmmHTjJh5kYooZ/hxoUibv0ad/6NkzSIWg8MHM45l7n3eLHgGmz70yotLa+srpXXKxubW9s71d29rpaJoqxDpZCq7xHNBI9YBzgI1o8VI6EnWM+b3GR+74EpzWV0D9OYuSEZRTzglICRnIEwUZ/gK2wPqzW7bufAi6RRkBoq0B5WPwa+pEnIIqCCaO007BjclCjgVLBZZZBoFhM6ISPmGBqRkGk3zVee4SOj+DiQyrwIcK7+nEhJqPU09EwyJDDWf71M/M9zEggu3JRHcQIsovOPgkRgkDi7H/tcMQpiagihiptdMR0TRSiYlip5CZcZzr5PXiTdk3rjtN68a9Za10UdZXSADtExaqBz1EK3qI06iCKJHtEzerHAerJerbd5tGQVM/voF6z3L/1ikIs=</latexit>

� < 0
<latexit sha1_base64="Pes1ayVn6KoeOxAdseKfFuQndog=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwVVItPsBF0Y3LCvYBaSiTyaQdOsmEmRuhhH6GGxeKuPVr3Pk3TtIgaj0wcDjnXObe48WCa7DtT6u0tLyyulZer2xsbm3vVHf3ulomirIOlUKqvkc0EzxiHeAgWD9WjISeYD1vcpP5vQemNJfRPUxj5oZkFPGAUwJGcgbCRH2Cr7A9rNbsup0DL5JGQWqoQHtY/Rj4kiYhi4AKorXTsGNwU6KAU8FmlUGiWUzohIyYY2hEQqbdNF95ho+M4uNAKvMiwLn6cyIlodbT0DPJkMBY//Uy8T/PSSC4cFMexQmwiM4/ChKBQeLsfuxzxSiIqSGEKm52xXRMFKFgWqrkJVxmOPs+eZF0T+qN03rzrllrXRd1lNEBOkTHqIHOUQvdojbqIIokekTP6MUC68l6td7m0ZJVzOyjX7DevwD6VpCJ</latexit>

when it exhibits 
superfluidity

Fuzzy DM

• Finite size coherent core

• Small mass to have a size relevant to galactic scales m ⇠ 10�22 eV
<latexit sha1_base64="L+wT9McK+WWmJoWCK0IqQNfZ7hk=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgQktSi49d0Y3LCvYBTSyT6bQdOpOEmYlQQnZu/BU3LhRx6y+482+cpEHUeuDC4Zx7ufceL2RUKsv6NApz8wuLS8Xl0srq2vqGubnVkkEkMGnigAWi4yFJGPVJU1HFSCcUBHGPkbY3vkz99h0Rkgb+jZqExOVo6NMBxUhpqWfucuhIyqFt3cZH1WoCnUPocKRGgseklfTMslWxMsBZYuekDHI0euaH0w9wxImvMENSdm0rVG6MhKKYkaTkRJKECI/RkHQ19REn0o2zPxK4r5U+HARCl69gpv6ciBGXcsI93ZmeKP96qfif143U4MyNqR9Givh4umgQMagCmIYC+1QQrNhEE4QF1bdCPEICYaWjK2UhnKc4+X55lrSqFfu4UruulesXeRxFsAP2wAGwwSmogyvQAE2AwT14BM/gxXgwnoxX423aWjDymW3wC8b7F5qbmAk=</latexit>



Fuzzy DM
Ultra-light scalar field under 
the influence of grav. potential

Forms a BEC at galactic scales

m  10�20eV ) �dB > O(kpc)
<latexit sha1_base64="p1ubcV1LB0cmE2s0Y3T23xu9zG4="></latexit>

Picture � > �J
<latexit sha1_base64="xZSUJbQ1dxIq30/2keMyKJ2rEeI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRafGyk6EZcVbAPaEOYTCbt0MkkzEyEEOqvuHGhiFs/xJ1/4yQN4uvAwOGcc7l3jhczKpVlfRiVhcWl5ZXqam1tfWNzy9ze6ckoEZh0ccQiMfCQJIxy0lVUMTKIBUGhx0jfm17mfv+OCEkjfqvSmDghGnMaUIyUllyzPmI67CN4DkvmXrtmw2paBeBfYpekAUp0XPN95Ec4CQlXmCEph7YVKydDQlHMyKw2SiSJEZ6iMRlqylFIpJMVx8/gvlZ8GERCP65goX6fyFAoZRp6OhkiNZG/vVz8zxsmKjh1MsrjRBGO54uChEEVwbwJ6FNBsGKpJggLqm+FeIIEwkr3VStKOMtx/PXlv6R32LSPmq2bVqN9UdZRBbtgDxwAG5yANrgCHdAFGKTgATyBZ+PeeDRejNd5tGKUM3XwA8bbJ6O0lEI=</latexit>

� < �J
<latexit sha1_base64="/R6Pmf4EDUWk99jgTlA2FCN3vW8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRafICLohtxVcE+oA1hMpm0QyeTMDMRQqi/4saFIm79EHf+jZM0iK8DA4dzzuXeOV7MqFSW9WFUFhaXlleqq7W19Y3NLXN7pyejRGDSxRGLxMBDkjDKSVdRxcggFgSFHiN9b3qZ+/07IiSN+K1KY+KEaMxpQDFSWnLN+ojpsI/gOSyZe+2aDatpFYB/iV2SBijRcc33kR/hJCRcYYakHNpWrJwMCUUxI7PaKJEkRniKxmSoKUchkU5WHD+D+1rxYRAJ/biChfp9IkOhlGno6WSI1ET+9nLxP2+YqODUySiPE0U4ni8KEgZVBPMmoE8FwYqlmiAsqL4V4gkSCCvdV60o4SzH8deX/5LeYdM+arZuWo32RVlHFeyCPXAAbHAC2uAKdEAXYJCCB/AEno1749F4MV7n0YpRztTBDxhvn6CYlEA=</latexit>

Condensed regime, oscillates
NO structure formation!

CDM

Solitonic core
BEC

�J = 55
⇣ m

10�22 eV

⌘�1/2
✓
⇢

⇢̄

◆�1/4

(⌦mh)�1/4 kpc
<latexit sha1_base64="8Op36kB+Fac1aavGf9jZehi6fXM="></latexit>

NFW

W. Hu; R. Barkana; A. Gruzinov (2000)



Fuzzy DM
Gravitational Signatures and bounds

Lyman alpha

21 cm

CMB/LSS

Bounds on the mass



Fuzzy DM
Gravitational Signatures and bounds

21 cm

Bounds on the mass

Lyman alphaCMB/LSS

m & 10�24eV
<latexit sha1_base64="dy+1poDAl56I/+MXJ8WdmjuDYdE=">AAACE3icbVDLSgMxFM34rPVVdekmWAQRLDO1+NgV3bisYB/QqSWT3rahycyQZIQyzD+48VfcuFDErRt3/o2ZaRG1Hggczjk3uTleyJnStv1pzc0vLC4t51byq2vrG5uFre2GCiJJoU4DHsiWRxRw5kNdM82hFUogwuPQ9EaXqd+8A6lY4N/ocQgdQQY+6zNKtJG6hUM3uyOW0EuwwO5Am6zAjn0bH5UrCXYF0UMpYmgk3ULRLtkZ8CxxpqSIpqh1Cx9uL6CRAF9TTpRqO3aoOzGRmlEOSd6NFISEjsgA2ob6RIDqxNk+Cd43Sg/3A2mOr3Gm/pyIiVBqLDyTTFdUf71U/M9rR7p/1omZH0YafDp5qB9xrAOcFoR7TALVfGwIoZKZXTEdEkmoNjXmsxLOU5x8f3mWNMol57hUua4UqxfTOnJoF+2hA+SgU1RFV6iG6oiie/SIntGL9WA9Wa/W2yQ6Z01ndtAvWO9fWI6d9g==</latexit>

Hlozek et al, (2015)

m & 10�21eV
<latexit sha1_base64="WmDrbDsfwv6BmrC7gBv0mzIz38E=">AAACG3icbVDLSgMxFM34rPVVdekmWAQ3lplafOyKblxWsA/o1JLJ3NZgMjMkGbEM8x9u/BU3LhRxJbjwb8xMi6j1QOBwzr3JyfEizpS27U9rZnZufmGxsFRcXlldWy9tbLZUGEsKTRryUHY8ooCzAJqaaQ6dSAIRHoe2d3OW+e1bkIqFwaUeRdATZBiwAaNEG6lfqrr5HYkEP8WuF96BnwjsDrVZEdixr5L9qmMcQfS1FAm00rRfKtsVOweeJs6ElNEEjX7p3fVDGgsINOVEqa5jR7qXEKkZ5ZAW3VhBROgNGULX0IAIUL0kz5XiXaP4eBBKcwKNc/XnRkKEUiPhmckso/rrZeJ/XjfWg+NewoIo1hDQ8UODmGMd4qwo7DMJVPORIYRKZrJiek0kodrUWcxLOMlw+P3ladKqVpyDSu2iVq6fTuoooG20g/aQg45QHZ2jBmoiiu7RI3pGL9aD9WS9Wm/j0RlrsrOFfsH6+AI5ZaGp</latexit>

so enough Mpc-scale power in Ly-𝛼 forest at z = 5

Armengaud et al. (2017); Iršič et al. (2017)

Olof Nebrin et al.(2019)
EDGES global 21 cm signal

Suppressed small scale structure

Postpone Ly-α coupling, heating, reionization H

Smaller 21-cm global signal

m & 6⇥ 10�22eV
<latexit sha1_base64="eyhu4HAZfsLlbSCEnwB+r9hJvKM=">AAACHHicbVDLSsNAFJ34tr6qLt0MFsGNJWnFx05047KCrUJTy2R6WwdnkjBzI5SQD3Hjr7hxoYgbF4J/4yQt4uvAwOGc+5oTxFIYdN0PZ2Jyanpmdm6+tLC4tLxSXl1rmSjRHJo8kpG+DJgBKUJookAJl7EGpgIJF8HNSe5f3II2IgrPcRhDR7FBKPqCM7RSt1z3ixmphl5GFfUHaGsV3aM+CgWGeu5VulOrZdRXDK+1SqGVdcsVt+oWoH+JNyYVMkajW37zexFPFITIJTOm7bkxdlKmUXAJWclPDMSM37ABtC0Nmd3cSYvDMrpllR7tR9q+EGmhfu9ImTJmqAJbmZ9ofnu5+J/XTrB/0ElFGCcIIR8t6ieSYkTzpGhPaOAoh5YwroW9lfJrphlHm2epCOEwx97Xl/+SVq3q1au7Z7uVo+NxHHNkg2ySbeKRfXJETkmDNAknd+SBPJFn5955dF6c11HphDPuWSc/4Lx/ArHkoUI=</latexit>

At 2 σ signal 
full width



Fuzzy DM
Gravitational Signatures and bounds

Dwarf Galaxies

Maximum density Lower bound on halo masses

Cored! Cusp-core

�dB < RV irial
<latexit sha1_base64="eWBiOM876VWkqP7V4wz7JUHS2FM=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRafICLUjcuq9gHtCFMJpN26GQSZiZCCcGNv+LGhSJu/Qp3/o2TtIhaDwwczjmXO/d4MaNSWdanMTe/sLi0XFopr66tb2yaW9ttGSUCkxaOWCS6HpKEUU5aiipGurEgKPQY6Xijy9zv3BEhacRv1TgmTogGnAYUI6Ul19ztMx32kZv6jQxewBs3bVNBEctcs2JVrQJwlthTUgFTNF3zo+9HOAkJV5ghKXu2FSsnRUJRzEhW7ieSxAiP0ID0NOUoJNJJixMyeKAVHwaR0I8rWKg/J1IUSjkOPZ0MkRrKv14u/uf1EhWcOSnlcaIIx5NFQcKgimDeB/SpIFixsSYIC6r/CvEQCYSVbq1clHCe4+T75FnSPqrax9Xada1Sb0zrKIE9sA8OgQ1OQR1cgSZoAQzuwSN4Bi/Gg/FkvBpvk+icMZ3ZAb9gvH8BtyqXIw==</latexit>

dSph
m = 8+5

�3 ⇥ 10�23eV

m = 6+7
�2 ⇥ 10�22eV

<latexit sha1_base64="9BIzUuffwUlAy+58JypR/4YRZgE="></latexit>

Draco
Sextans

Disputed:
Emily Kendall, Richard Easther (2019) FDM

NFW

Jeans mass: smallest structured 
formed

Mhalo < 1018M�
<latexit sha1_base64="PEa/PDTvZPaKifkVC0tLi5mTLVc=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxo0Qouim7cCBXsA9qxZNK0Dc0kQ5IRyjALN/6KGxeKuPUj3Pk3ZqZF1HrgwuGce7n3Hj9kVGnH+bRyC4tLyyv51cLa+sbmlr2901Qikpg0sGBCtn2kCKOcNDTVjLRDSVDgM9Lyxxep37ojUlHBb/QkJF6AhpwOKEbaSD27eNWLR4iJ5Ay6zm3sVhNolK7oC5307JJTdjLAeeLOSAnMUO/ZH92+wFFAuMYMKdVxnVB7MZKaYkaSQjdSJER4jIakYyhHAVFenD2RwH2j9OFASFNcw0z9ORGjQKlJ4JvOAOmR+uul4n9eJ9KDqhdTHkaacDxdNIgY1AKmicA+lQRrNjEEYUnNrRCPkERYm9wKWQinKY6/X54nzcOye1SuXFdKtfNZHHlQBHvgALjgBNTAJaiDBsDgHjyCZ/BiPVhP1qv1Nm3NWbOZXfAL1vsXjCuXiw==</latexit>

No halos w/

Missing satellites solved
No too big to fail

Other interesting consequences:
• Dynamical friction
• Soliton bounds EHT
• Subhalo Mass Function for FDM



Fuzzy DM
Gravitational Signatures and bounds

Interesting prediction 

Interference

Interesting probe 

Stellar streams
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• DM properties encoded in variations 
density in stellar streams

• Opportunity to probe the nature of DM
• Ibata et al. (2020): at this stage, hard to 

disentangle DM signal. No evidence.

Future: PFS
Probing the quantum mechanical nature of FDM



Superfluid DM

Superfluid
core

NFW

Lasha Berezhiani and Justin Khoury (2016) 

Goal:
§ Large scales: DM behaves like  standard particle 

dark matter.

§ Galactic scales: DM forms a superfluid where 
collective macroscopic behavior leads to the 
modification of the dynamics at low accelerations.

Explain the scaling 
relations + rotation 
curves

MOND dynamics 
emerges on galactic 
scales

On top of addressing the other challenges like fuzzy given the presence of a superfluid core.



MOND from phonons

To describe non-relativistic MOND, it is imposed that:

L. Berezhiani and J. Khoury (2016) 

To mediate the MONDian force, couple phonons to baryons:

Softly breaks shift 
symmetry

Leads to an equation of state  𝑃 ~ 𝜌&.

P (X) =
2⇤ (2m)3/2

3
X
p
|X|

<latexit sha1_base64="UfM/GSEezn9y3p3TNd3SoDPFV7E="></latexit>

Lint ⇠
⇤

Mpl
✓⇢b

<latexit sha1_base64="H0K6O1s8Ir/cEWUEkbi2a1KsdOQ="></latexit>

⇤ =
p
a0Mpl ⇠ 0.8meV

<latexit sha1_base64="Lrtg+mBW1UOcYhCy6QNrgzdaYBM="></latexit>

L = P (X)
<latexit sha1_base64="6oiQD+5WQ64GzJNT+Zvd1xiR/+A=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyXR4mMhFN24cFHBPqANZTKdtEMnD2YmhRL6J25cKOLWP3Hn3zhJg6j1wMDhnHu5Z44bcSaVZX0ahaXlldW14nppY3Nre8fc3WvJMBaENknIQ9FxsaScBbSpmOK0EwmKfZfTtju+Sf32hArJwuBBTSPq+HgYMI8RrLTUN82ej9WIYJ7cza4alc5x3yxbVSsDWiR2TsqQo9E3P3qDkMQ+DRThWMqubUXKSbBQjHA6K/ViSSNMxnhIu5oG2KfSSbLkM3SklQHyQqFfoFCm/txIsC/l1Hf1ZJpT/vVS8T+vGyvvwklYEMWKBmR+yIs5UiFKa0ADJihRfKoJJoLprIiMsMBE6bJKWQmXKc6+v7xIWidV+7Rau6+V69d5HUU4gEOogA3nUIdbaEATCEzgEZ7hxUiMJ+PVeJuPFox8Zx9+wXj/ArnSkzM=</latexit>

L = P (X), X = ✓̇ �m�� (~r✓)2

2m
<latexit sha1_base64="HZSMdV+ZL7YiFL9qy7XgJBDMYlM="></latexit>

EFT of superfluids



MOND regime

⟹ ⟹

Only DM

Mostly DM

”MOND”
No MOND

|~r�| > 3 a0
<latexit sha1_base64="zQ89XZtvCX3hHRKnUqmHGBPy7wo=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAbBg4TdRNCTBL14jGAekA1L72Q2GTI7u8zMBsImNy/+ihcPinj1F7z5N04eB00saCiquunu8mPOlLbtbyuzsrq2vpHdzG1t7+zu5fcP6ipKJKE1EvFINn1QlDNBa5ppTpuxpBD6nDb8/u3EbwyoVCwSD3oY03YIXcECRkAbycsfj9wBJakrwOcwxm61x0b4GpfdcwyenfPyBbtoT4GXiTMnBTRH1ct/uZ2IJCEVmnBQquXYsW6nIDUjnI5zbqJoDKQPXdoyVEBIVTud/jHGp0bp4CCSpoTGU/X3RAqhUsPQN50h6J5a9Cbif14r0cFVO2UiTjQVZLYoSDjWEZ6EgjtMUqL50BAgkplbMemBBKJNdJMQnMWXl0m9VHTKxdL9RaFyM48ji47QCTpDDrpEFXSHqqiGCHpEz+gVvVlP1ov1bn3MWjPWfOYQ/YH1+QNl2Jev</latexit>

|~r�| < 3 a0
<latexit sha1_base64="HR0W88WDi5TRiWrncakKRg11hsE=">AAACB3icbVC7SgNBFJ2NrxhfUUtBBoNgIWE3EbSwCNpYRjAPyIbl7mQ2GTI7u8zMBsImnY2/YmOhiK2/YOffOHkUmnjgwuGce7n3Hj/mTGnb/rYyK6tr6xvZzdzW9s7uXn7/oK6iRBJaIxGPZNMHRTkTtKaZ5rQZSwqhz2nD799O/MaASsUi8aCHMW2H0BUsYAS0kbz88cgdUJK6AnwOY+xWe2yEr3HZPcfg2TkvX7CL9hR4mThzUkBzVL38l9uJSBJSoQkHpVqOHet2ClIzwuk45yaKxkD60KUtQwWEVLXT6R9jfGqUDg4iaUpoPFV/T6QQKjUMfdMZgu6pRW8i/ue1Eh1ctVMm4kRTQWaLgoRjHeFJKLjDJCWaDw0BIpm5FZMeSCDaRDcJwVl8eZnUS0WnXCzdXxQqN/M4sugInaAz5KBLVEF3qIpqiKBH9Ixe0Zv1ZL1Y79bHrDVjzWcO0R9Ynz9ivpet</latexit>

- MOND limit:- Newtonian limit:

~r2� =
⇢s + ⇢b
2M2

pl
<latexit sha1_base64="PkYcYDbnHIwdeK+nvzUVo2XVmUU=">AAACHnicbVBLSwMxGMz6rPW16tFLsAiCUHaroheh6MWLUME+oFuXbJptQ7PJkmQLZdlf4sW/4sWDIoIn/Tdm2x60dSBkmJmP5JsgZlRpx/m2FhaXlldWC2vF9Y3NrW17Z7ehRCIxqWPBhGwFSBFGOalrqhlpxZKgKGCkGQyuc785JFJRwe/1KCadCPU4DSlG2ki+feYNCU49jgKGsocK9Gp9Ci+9UCKjyr7w1fH4CrK0cuunMTOhrOjbJafsjAHniTslJTBFzbc/va7ASUS4xgwp1XadWHdSJDXFjGRFL1EkRniAeqRtKEcRUZ10vF4GD43ShaGQ5nANx+rviRRFSo2iwCQjpPtq1svF/7x2osOLTkp5nGjC8eShMGFQC5h3BbtUEqzZyBCEJTV/hbiPTDXaNJqX4M6uPE8albJ7Uq7cnZaqV9M6CmAfHIAj4IJzUAU3oAbqAINH8AxewZv1ZL1Y79bHJLpgTWf2wB9YXz8W7aJz</latexit>

~r ·
 
|~r�|
a0

~r�

!
=

⇢s + ⇢b
2M2

pl
<latexit sha1_base64="ko8Ybr5JjyTUmxCnvzyHMebYUVU="></latexit>

Landau criteria

Sf velocity: 

vs = @r�/m ⇠
p

m(µ�m�)/m
<latexit sha1_base64="0s9nqKd7UklBlzideeto4O/6syk="></latexit>
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Density profile

Approx. NFW
𝜌DEF =

𝜌1
𝑟
𝑟H

1 + 𝑟
𝑟H

/

Superfluid 
𝜌H ≃ const.

L. Berezhiani, B. Famaey, J. Khoury, 2017



Rotation curves

Approx. NFW
𝜌DEF =

𝜌1
𝑟
𝑟H

1 + 𝑟
𝑟H

/

Low surface brightness

IC 2574

High surface brightness

UGC 2953

Superfluid core: 

58% of total mass of the halo 25% of total mass of the halo

Rhalo = 57 kpc

RSf = 40 kpc
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Rhalo = 445 kpc

RSf = 79 kpc
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Observational consequences of Sf DM

Approx. NFW
𝜌DEF =

𝜌1
𝑟
𝑟H

1 + 𝑟
𝑟H

/
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See JCAP 1910 (2019) no.10, 074



Vortices
Observational signature of superfluidity

Reveals quantum mechanical nature of superfluid

Superfluid cannot rotate uniformly. 
If the superfluid rotates faster than the critical vel.:

© Martin Zwierlein.

!cr ⇠ 1

mR2
⇠ 10�41s�1
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Formation of vortices! For a halo 𝑅 ~ 100 kpc

𝑁L ~ 10/& vortices with 𝑟L~mm

Markos Kay for Quanta Magazine

http://www.mrkism.com/


Superfluid DM
Challenges for this model

Local Milky Way observations

Oren Slone

MOND-like force amplifies:
not enough
too much

aR
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Ultra-Light Fields: Dark Energy
Fuzzy: Hlozek et al, 2015; Jiangang Kang et al. (2019)

ma < 10�32eV
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Superfluid with two distinguishable states. 

Phonons that propagate with different phases for each species

Atoms in these states interact!

L = P (X1) + P (X2)�
M4

2


1 + cos
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Superfluid DM: Unified Dark superfluid

Unified framework
DM alone!

Behaves like dark energy 
with                 for w ⇠ �1
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EF, G. Franzmann, J. Khoury, R. Brandenberger, 2018



Summary

• Class of DM models of ultra-light particles that condenses into a BEC or forms a 
superfluid on galactic scales

• Wave property of condensate core can suppress structures and modify the 
dynamics at small scales.

• Analogous to condensed matter system: motivation.

• Distinct observational signatures on small scales
• Exciting place to probe DM! Just starting…

• Ultra-light fields can also give behave like DE.

• Still much to do on the theory side as well.

PFS
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