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ℓmax

kmax

CMB is a 2D surface LSS probes a 3D volume
NCMB

modes ≈ ℓ2
max ≈ (2200)2

NLSS
modes ≈ ( kmax

kmin )
3

≤ 109

Limited by small-scale 
fluctuations

Limited by convergence of 
perturbative series
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δ′￼m + θm + ⃗∇ (δm ⃗vm) = 0, θm = ⃗∇ ⃗vm

θ′￼m + ℋθm +
3
2

ℋ2δm + ∂i(vj
m∂jvi

m) = −
1

ρ̄m
∂i∂jτ

ij
eff

Continuity

Euler

DM is not collisionless at 
small scales!

∂i∂jτ
ij
eff = c2

s ∇2δm + ⋯

Encodes short-
scale backreaction 

on long modes

New expansion 
in powers of      

Counterterms 
extracted from datak2

k2
NL
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Dark sector Visible sector
Gravity

Cosmology is the only way to probe completely secluded 
dark sectors!



What can we find in the Power Spectrum?



What can we find in the Power Spectrum?

Modified BAO 
shape



What can we find in the Power Spectrum?

Small scale 
enhancement



What can we find in the Power Spectrum?

Small scale 
suppression



What can we find in the Power Spectrum?

Small scale 
suppression

Isolated peak



What can we find in the Power Spectrum?

Small scale 
suppression

Isolated peak Scale independent 
enhancement



What can we find in the Power Spectrum?

Small scale 
suppression

Isolated peak Scale independent 
enhancement

Step-like feature
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Can we see in the dark?

Dark sector Visible sector
Gravity

Cosmology is the only way to probe completely secluded 
dark sectors!

Examples in this talk

Long-range dark forces Late-time dark phase transitions

SB et al. 2309.11496 
SB et al. 2407.18252 
Just al. 2204.08484
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dependent DM mass

Dynamics determined by three parameters

1. Scalar mass 

2. Dark Matter fraction 

3. Strength of the dark force

ms

fχ
β =

Gs

4πGN

Working 
assumptions

ms ≤ Heq ≈ 10−28 eV
fχ ≈ fcdm

Upper bound on  from naturalness mχ mχ ≲ 0.02 eV ( 0.01
β )

1
4

( ms

H0 )
1
2



Dark force dynamics

Long-range DM 
self-interaction

Modified 
distances Modified growth

Smoking guns 
from EP violation

Background Matte
r 

fluctuatio
ns

Relative 
fluctuations



Background dynamics

s̄ ∼ βfχ log a

Ωχ ≃ a−3 (1 − βfχ log
a

aeq )

Behaves as CDM with fraction fs ∼ βf2
χ log

m2
s

H2
0

DM redshifts faster



Effects on CMB

ℓn ≈
nπ

cs χrec
∝ ∫

rec

0
dz

1
HΛCDM(z) + ΔH(z)

Pure shift from 
bkg evolution
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Effects on Matter Power Spectrum
Two contrasting effects

Enhancement from 
new attractive force

Suppression from 
mediator Jeans scale

kJs ≈ 5 × 10−4 ( ms

H0 )
1
2

h Mpc−1

kJs ≤ keq if ms ≤ Heq

δ′￼m + θm + ⃗∇ (δm ⃗vm) = 0, θm = ⃗∇ ⃗vm

θ′￼m + ℋ(1−βf2
χ )θm +

3
2

ℋ2(1+βf2
χ )δm + ∂i(vj

m∂jvi
m) = −

1
ρ̄m

∂i∂jτ
ij
eff

Scale independent growth factor at 
the scales relevant for LSS

ms ≤ H0
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δm(a)
δCDM

m (a)
− 1 ≃

6
5

βm̃2
s f2

χ log
amφ

aeq
− fs −

3
5

fs log
a

amφ

Scale-free growth factor at 
scales relevant for LSS

Reduced gravitational 
potential
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Results

DESI improves bounds by 
a factor 2 thanks to better 

determination of b1



Results
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When are relative fluctuations important?
Relative fluctuations δr ≡ δχ − δb

Grow with 
scale factor

δr(a) =
5
3

βfχδΛCDM
m (a)

New bias
δg ⊃ brδr + bθrθr + . . .

New non-linear 
structures

δr(a, ⃗k) = βfχ ( 5
3

DΛCDM
m (a)δ0( ⃗k) +

∞

∑
n=2

DΛCDM,n
m (a)∫

n

∏
i=1

d3ki

(2π)3
δ0( ⃗ki)δ(3) ( ⃗k +

n

∑
i=1

⃗ki) F(r)
n ( ⃗k1, …, ⃗kn))

Crucial features: no log enhancement, only linear scaling with  fχ



When are relative fluctuations important?

β2σ ∝ f −2
χ

Different scaling 

 

expected when 

β2σ ∝ f −1
χ

fχ ≲
br

b1

1
log



Smoking guns: Pole of the bispectrum

Pole emerging in the squeezed limit of the bispectrum for two different tracers

Boost to free-
fall system

Still feel a non-zero potential!
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Can we see in the dark?

Dark sector Visible sector
Gravity

Cosmology is the only way to probe completely secluded 
dark sectors!

Examples in this talk

Long-range dark forces Late-time dark phase transitions



Can we test late-time PT?

Schwaller ‘15

PT happening at  produce GWs in the sensitivity range of future interferometers T ≳ 1 eV

What about later PT? Imprints left on cosmological observables!



Dynamics of a Late PT

z

zrec ≃ 1100 zPT 0

Bubbles nuclear with a rate 
ΓPT = H4

PT exp (βHHPT(t − tPT))

As they expand, bubbles induce 
time-dependent metric fluctuations                                                           

The gravitational potentials                 
a          source additional matter 
fluctuations 

ISW effect

LSS observables

Φ, Ψ



Features of the Signal
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Significant non-Gaussianities 
are produced

ℓp ≃ 4.3 zPT βH ∼
χPT HPT βH

1 + zPT
kp ≃

H0 ℓp

13
∼

HPT βH

1 + zPT

Preliminary

Preliminary

Both ISW and matter 
power peak at a scale 
set by        and  zPTβH

Negligible degeneracies with cosmological parameters

⟨ΦΦΦ⟩2 ≈ ⟨ΦΦ⟩3 Constraints from bispectrum and fNL
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ΩPT ≡
ΔρPT

ρcr,PT

𝒟PT
ℓ , PPT

m,lin ≃ Ω2
PT β−1

H F(ℓp) BPT
m , fNL ≃ Ω3

PT F(ℓp)

 can be probed at 𝒪(10−7)

Bispectrum breaks residual 
degeneracies of matter and 
CMB power spectrum

Phase transition can be fully characterized and
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Isocurves of ℓp

Isocurves of maximally 
bound ΩPT

LSS dominant probe at 
small scales



Outlook

BSM probes in LSS

Dark forces Late dark PT

Further probes 
• Non-linear PS 
• CMB polarization 
• Lensing 
• …

PT happening before 
recombination: Sachs-

Wolfe and DopplerMediator induces PT 
Both dark forces and PT features 

PT and  fluctuations are correlated  ΛCDM

Massive mediators 
with ms > Heq

Smoking guns 
from fractions



Back-up



CMB vs. Power spectrum
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ISW from GWs
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Non-adiabatic ICs



Bispectrum vs. Power spectrum



Bispectrum vs. Power spectrum



Relations with 5th force experiments
The scalar mediator can couple to the SM if DM does, e.g. the axion


