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Abstract:

Vacuum polarisation can destabilise dark matter models made from
ultralight, weakly coupled scalar fields. The dark matter condenses
into quantum droplets, like those seen in Bose Einstein condensates,
and could contribute to explaining some cosmological conundrums.
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Contents

e Cosmological conundrums
* Fuzzy dark matter droplets
e Structure formation

e BEC analogues

Based on arXiv 2407.13243 i Nick’ §

https:// blogs.ncl,aCQ uk/cosmology/
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Beyond Lambda-CDM

The standard model of cosmology includes pressure free
matter (CDM) and a cosmological constant (Lambda).
There are some hints that we may need to go beyond
Lambda-CDM:
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Dark matter quantum droplets
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The idea comes from Bose Einstein Condensates
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Fuzzy dark matter with vacuum polarisation

Fuzzy dark matter consists of a light scalar field X

y o1 )%
In an expanding universe: X + 3Hyx — @sz + -

=0
ox*

In the homogeneous WKBJ limit - n(t) o~ iwt
the field oscillates

4 3
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dark radiation dark matter

Droplets form for a Coleman-
Weinberg potential
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Cosmological Structure formation

Use density perturbation theory: d=dn/n

kQ
5—|—2H(5—|— &ﬁa2 Q 5—0 g = a?/m?

pressure droplet gravity

Jeanslength ) ; gravitational instability - power-law growth

Uniform density droplets can form when 7@ < g Ad < Ay gng <2H

droplet size )\d, droplet instability - exponential growth
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Cosmological Structure formation

Use density perturbation theory: d=dn/n
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pressure droplet gravity

Jeanslength ) ; gravitational instability - power-law growth

Uniform density droplets can form when 7 < N4 A< Ay gng < 2H

droplet size )\d droplet instability - exponential growth
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Cosmological Structure formation

Use density perturbation theory: d=dn/n

k2
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pressure droplet gravity

Jeanslength )\ ; gravitational instability - power-law growth

Uniform density droplets can form when 7 < T4 Ad < Ay & gng <2H

droplet size )\d droplet instability - exponential growth
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Structure formation - B.

Need to consider:

The range of droplet sizes
The initial velocity of the droplets

Merging droplets

These could be studied in a laboratory BEC: the quantum potential in D has
the logarithmic form. The Hubble parameter is replaced by the rate of change
of some external parameter.

cosmology: lower n fix ng rate H
BEC: fix n raise nq rate v

Ga,mbridgé D Optica.l trap

Pirsa: 25020045 Page 13/24




GPE
simulations
for K39

GPE solutions with vacuum
fluctuation initial conditions

Raise 14 rather
than lower n
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Structure formation - 2D BEC

For a, BEC mixture close to instability, the mean condensate field satisfies

LHY quantum term

rd

52 2
i) = —2—V21b pyp + gln (W‘ ) R GPE

Unstable modes when 1 < 14: Growthrate v, :

hikz

max

sl holcs

n
— + 2gnln — Vd = |W|max =
2m | 2m ng

2m

~ Compare U4 to v =dn/dt
(similar to Kibble-Zurek mechanism)
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GPE
simulations
for K39

Droplet radius depends on
the rate of parameter
change v during the ramp

droplet radius(micron)
o N @

4]
-

2 3
rate (G/s at 57Q)

s d= —0.57

Zero T: mot Kibble-Zureck, but (¢ ~ |n —ng4|™" Tl ok o oapd

~ Questions around the validity of the LSY terms: renormalisation? Crossover: 3D to D%
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Multipole moment, £
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CMB observations

Temperature fluctuations [ 1 KZ]

Last scattering surface at redshift <« T s e

g sound horizon at z, 2¢./ H, h = Hy/100km s~ Mpc™*
o distanceito i), D, x1/h

In the droplet model, there is an increase in the energy density compared to CDM
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Fuzzy dark matter with vacuum polarisation

Fuzzy dark matter consists of a light scalar field X

. : 1 oV
In an expanding universe: X + 3Hx — @VZX + =

=0
ox*

In the homogeneous WKBJ limit g n(t) o~ iwt
the field oscillates

4

V= Xxl* = noca Vo= mi|x|? = nixa

dark radiation dark matter

Droplets form for a Coleman-
Weinberg potential

Pirsa: 25020045

Page 18/24




Structure formation - B.

Need to consider:

The range of droplet sizes
The initial velocity of the droplets

Merging droplets

These could be studied in a laboratory BEC: the quantum potential in 2D has
the logarithmic form. The Hubble parameter is replaced by the rate of change
of some external parameter.

cosmology: lower n fix ng rate H
BEC: fix n raise ng rate v

Cambridge 2D optical trap
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CMB observations

The droplet model has higher density than ACDM :

3 3
1gng (14 z. 14 2z,
0 In pom 2 mc? (lJrzd) {n<1+zd) }

The sound horizon is held fixed:

0lnf; ~0.20Ilnh + 0.149 Inw,, — 0.55 0 In ppu«

The CMB prediction of the expansion rate increases by

dlnh ~ 2.5 In ppms
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CMB observations

For a more sophisticated analysis, the theory has three new parameters

gng/m <d control the CMB observations

mc

2 1/2
controls the droplet size/density Ni = (—) Acw

gng

200(1.58 x 1012 |
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Balitxr? Quantum correctioy
< &llty ¥ to the Fuzzy dark |
matter models ce

lead to droplets

Structure forms rapidly in droplet |
models and the cosmological parametery

extracted from the CMB are altered,. 4 Ja» ke

5
Droplet interactions

could be g
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Dark matter quantum droplets
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The idea comes from Bose Einstein Condensates
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Cosmological Structure formation

Use density perturbation theory: d=dn/n
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pressure droplet gravity

Jeanslength ) ; gravitational instability - power-law growth

Uniform density droplets can form when 7@ < Ny Ad < Ay gng <2H

~ droplet size )\d droplet instability - exponential growth
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