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Inflation       + 𝛬 CDM       + Gravity

Apparent cosmologist’s prior on new physics

* counter example: Erminia’s talk



Inflation       + 𝛬 CDM       + Gravity

• Much easier to find models with new 
signatures


• Often more visible effects at LSS than CMB

Will consider dark matter with dynamics: 𝛬iDM ?



What kind of dark matter interactions?
• To affect k ≲ 1 Mpc-1  Generally implies light mediator: m ≲ keV

• Cosmology of at least two “dark” species: dark matter + mediator



What kind of dark matter interactions?
• To affect k ≲ 1 Mpc-1  Generally implies light mediator: m ≲ keV

• Cosmology of at least two “dark” species: dark matter + mediator

- Simplicio: Isn’t this light mediator condition 
designed to make the signal visible? 

- Salviati: Most signals we are (will be) sensitive 
to will require some coincide/tuning so they 
happen somewhere between equality and today. 

- Sagredo: Boh, two dark species seems reasonable.

* - GMT: hope I will still be allowed back to GGI



Coherent long range interactions
If all particles have the “same charge”, this leads to macroscopic forces, similar to 
gravity                       go talk to the organizers!



Dark matter self-interactions
• Effects dominated by interactions between individual particles:

• Dark matter self-interactions: no effects at the linear cosmology level. Lots 
of studies about impacts to effects in halos (core-cusp, diversity…). Not 
obvious if any interesting signatures at large scales



Since we have two species, 
there are more possibilities



Dark matter - dark radiation interactions

DR DR

Γ ∝ Tn

*Cyr-Racine, Sigurdson, Zavala, Vogelsberger, Phys.Rev.D 93 (2016) 12, 123527
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FIG. 1. In the left panel, we illustrate the half-mode matching method used to constrain momentum transfer cross section for a
range of DM masses, as discussed in Section III. We plot linear matter power spectra (P (k)) normalized to CDM for both DM–
photon scattering (solid) and DM–neutrino scattering (colored dashed) models. Cross sections denoted in the legend are for
�–DM models; for overlapping ⌫–DM models, see Eq. 7. We also plot the thermal-relic WDM model (mWDM = 6.5keV) ruled
out at 95% confidence by the MW satellite population. DM–radiation scattering models that are more suppressed than this
limit (i.e., with half-mode wavenumbers to left of the star) are disfavored by the MW satellite population. In the right panel,
we illustrate the impact on P (k) when accounting for DM sound speed in the Boltzmann hierarchy. The added suppression of
power due to sound speed (i.e., the leftward shift of the transfer function) requires a smaller cross section to match observation.

in Eq. 1. For m� below 1 MeV, the damping of acoustic
peaks is primarily due to sound speed; in this case, damp-
ing is governed by the pressure term c

2
�k

2
�� in Eq. 1. For

a detailed analysis of the e↵ects of DM sound speed on
the linear matter power spectrum, see Ref. [27].

Linear matter perturbations corresponding to the ha-
los that host the faintest MW satellites (i.e., subhalos of
⇠108 solar masses) enter the cosmological horizon around
redshift 106, for cosmologies along our bound.1 For al-
lowed models, kinetic decoupling of DM from radiation
is bound to occur around or before this redshift, in or-
der to avoid impact on the observed satellite population.
Therefore, this critical redshift of 106 can also be recov-
ered from Eq. 2, by finding when the momentum trans-
fer rate falls below the Hubble rate. Note that kinetic
decoupling occurs well before matter–radiation equality,
ensuring that scattering primarily a↵ects the initial con-
ditions for structure formation, rather than its growth
and dynamics at later times. This allows the mapping of
IDM models to the linear P (k) of WDM.

1 To arrive at this estimate for redshift, we convert 108 M� to its
critical length scale (see Eq. 5 of Ref. [17]), then set this equal
to the horizon size, solving for redshift.

III. METHOD

An interaction cross section ��–i that leads to excessive
suppression of the formation of halos known to host MW
satellite galaxies is inconsistent with observations. We
quantify the allowed level of suppression using the linear
matter power spectrum, P (k), of the 6.5 keV thermal-
relic WDM model ruled out by the MW satellite pop-
ulation at 95% confidence [16]. This limit is based on
a likelihood analysis of the MW satellite population ob-
served by DES and PS1, accounting for observational
incompleteness and selection e↵ects [41, 42].

In WDM-like scenarios, the reduction in abundance of
small halos and their associated dwarf galaxies results
strictly from a small-scale suppression of linear power
arising from non-negligible free streaming of DM parti-
cles. While the precise mechanism underlying the sup-
pression di↵ers, the P (k) cuto↵ for thermal-relic WDM
is similar to that observed in radiation scattering sce-
narios, and our approach leverages this similarity. That
is, we match P (k) for each scattering scenario to the
ruled-out WDM model, thus mapping WDM bounds to
bounds on ��–i. We note that the only di↵erence between
WDM and DM–radiation scattering transfer functions is
the presence of low-amplitude dark acoustic oscillations

Dark matter - dark radiation interactions

DR DR

Γ ∝ Tn

- Crumrine, Nadler, An, Gluscevic, Phys.Rev.D 111 (2025) 2, 023530 *See also Matteo and Ely’s talks
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FIG. 3: Residual of the matter power spectrum P (k, z = 0) in the same extended models as in the

previous figure, compared to the minimal ⇤CDM model (see the caption of figure 2 for details).

weaker bound on �Nfluid in the case of self-interacting DR. In both models, the E-mode po-

larisation spectrum is also a↵ected on large angular scales (l  40). Indeed, an enhancement

of the radiation density changes by a small amount the thermal history (di↵erent freeze-out

value of the free electron fraction at the end of recombination, and primordial Helium abun-

dance inferred from BBN). In order to maintain the same reionization optical depth, the

redshift of reionization changes slightly, and the shape of the low-l polarisation spectrum is

a↵ected at the level of a few percents. However, because of cosmic variance, this e↵ect is of

small relevance when fitting CMB data.

In Figure 2, the last (red) curves show the additional e↵ect of switching on the DM-DR

interaction, with �0 = 2 ⇥ 10�7 Mpc�1 ' 2 ⇥ 10�21 s�1, all other parameters being fixed

like in the model with self-coupled dark radiation and �Nfluid = 0.21 (green curves). The

impact of the DM-DR interaction is hence given by the comparison of the red and green

curves. Overall, this impact is small, since for the same value of �0, the CMB is a↵ected at

the level of ⇠ 2%, while the matter power spectrum is a↵ected by 20 to 30% on the range

of scales most relevant for �8. This follows from the fact that in any model in which DM

fluctuations evolve on a time scale set by the Hubble rate (rather than some shorter time

10

Dark matter - dark radiation interactions

DR DR

Γ ∝ T2

Γ
H

∼ const

- Buen-Abad, GMT, Schmaltz, Phys.Rev.D 92 (2015) 2, 023531; 
- Lesgourgues, GMT, Schmaltz, JCAP 02 (2016) 037; 
- Buen-Abad, Schmaltz, Lesgourgues, Brinckmann, JCAP 01 (2018) 008 
- Rubira, Mazoun, Garny, JCAP 01 (2023) 034; 
- Joseph, Aloni, Schmaltz, Sivarajan, Weiner, Phys.Rev.D 108 (2023) 2, 023520

∼
Γ
H

log k



Sharper small feature: CDM + iDM
• iDM and dark radiation tightly coupled 

δ′￼′￼idm +
R

1 + R
ℋδ′￼idm + c2

s k2δidm = . . .

R =
3ρidm
4ρDR

c2
s =

1
3(1 + R)



Sharper small feature: CDM + iDM
• iDM and dark radiation tightly coupled 

δ′￼′￼idm +
R

1 + R
ℋδ′￼idm + c2

s k2δidm = . . .

R =
3ρidm
4ρDR

c2
s =

1
3(1 + R)

• Even if , perturbations entering the horizon after R >> 1 grow like CDM


• If decoupling happens, , perturbations at all scales can grow

Γ/H ≫ 1

Γ/H ≪ 1



iDM + CDM structure growth

Figure 6. Ratio of the matter power spectrum of the SPartAcous model to that of ⇤CDM, for varying
iDM fraction f� and fixed zt (left), and varying zt with fixed f� (right). We have fixed �N IR

e↵ = 0.05,
as well as the redshift zeq of matter–radiation equality and the size of the CMB angular scales ✓s to
their ⇤CDM best fit values to Planck 2018 data [4], in order to better isolate the impact of f� and zt.
All other parameters have been fixed to their ⇤CDM best fit values as well. For comparison we also
show the matter power spectrum suppression found in PAcDM [71, 72] for the same values of �Ne↵

and f� (dashed curve(s) in both panels; recall that PAcDM has no zt parameter).

time-dependent behavior of the DM perturbations. In the left panel of Fig. 7, we show the

evolution of the �cdm and �idm perturbations for a single wavenumber, k = 0.5 h/Mpc, for

⇤CDM, PAcDM, and SPartAcous. As can be seen for both PAcDM and SPartAcous, �idm
undergoes acoustic oscillations as soon as it enters the horizon, due to its tight coupling to

the DR. This means that the iDM does not clump, and the gravitational potentials are shal-

lower than in ⇤CDM, making �cdm in SPartAcous and PAcDM grow at a slower rate than in

⇤CDM. At a redshift adec, not far after the step at at = (1 + zt)�1, the exponential factor

in Eq. (3.13) reduces �/H below 1, and the � particles decouple from the DR. After this,

there is no DR pressure to sustain the iDM acoustic oscillations. Therefore, �idm in SPartA-

cous starts growing due to the gravitational potential sourced by CDM, and catches up with

�cdm. Once �idm ⇡ �cdm, both perturbations start growing as in a standard CDM scenario

(and therefore faster than when iDM was undergoing acoustic oscillations) - this is analogous

to when baryons decouple from photons shortly after recombination. While the decoupling

takes places at the same time adec for all scales, perturbations with di↵erent k scales will

find themselves at di↵erent stages of their oscillations at this point in time (troughs, peaks

or anything in between). As a result, the di↵erent k modes will reach the �idm ⇡ �cdm regime

at di↵erent phases of their oscillation, and accordingly spend more or less time in the regime

of faster growth. This imprints the DAO feature into the power spectrum as can be seen in

Fig. 6.

In contrast, for PAcDM, there is no mass threshold in the DR, and so no decoupling

between the iDM and the DR takes place. Therefore, the pressure support from DR remains

active and the �idm continues oscillating. Although the perturbations in iDM eventually start

– 17 –

- Chacko, Cui, Hong, Okui, Tsai, JHEP 12 (2016) 108 
- Buen-Abad, Chacko, Kilic, GMT, Youn, JHEP 06 (2023) 012 
- Buen-Abad, Chacko, Kilic, GMT, Youn, JCAP 11 (2023) 005
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when to keep information about relative density 
field? (see Safak and Francesco’s talks)



Guilty of signal model building.


Let me confess to also trying to solve anomalies



H0, sound horizon, etc

Dark radiation increases H(z) pre-
recombination ⇒ raises H0


* will take dark-radiation to be self-
interacting to help more

See Julien’s talk



Challenge: diffusion scale

r2
d ≈ π2 ∫

a*

0

da
a2H

λ
a

∝
1

H*

rs ∝
1

H*

rd ∝
1

H*

}Silk damping 
moves to larger 
scales

Cl ∝ e
− l2

l2d



Enhacing power at small scales
• Within LCDM, can enhance ns: tradeoff more power at high l ⇒ less at low l


• Could also change He abundance (hard to change it enough to work)

Can new physics add an scale dependent effect?

Figure 6. Ratio of the matter power spectrum of the SPartAcous model to that of ⇤CDM, for varying
iDM fraction f� and fixed zt (left), and varying zt with fixed f� (right). We have fixed �N IR

e↵ = 0.05,
as well as the redshift zeq of matter–radiation equality and the size of the CMB angular scales ✓s to
their ⇤CDM best fit values to Planck 2018 data [4], in order to better isolate the impact of f� and zt.
All other parameters have been fixed to their ⇤CDM best fit values as well. For comparison we also
show the matter power spectrum suppression found in PAcDM [71, 72] for the same values of �Ne↵

and f� (dashed curve(s) in both panels; recall that PAcDM has no zt parameter).
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Dark interactions and CMB

Figure 4. Residuals of the CMB’s C
TT
` (left) and C

EE
` (right) for nuADaM compared to those of

SIDR, for di↵erent choices of fadm (top) and log10 (me0/mp0) (bottom). All other parameters are fixed
as in Fig. 3.

We employ our modified version of CLASS in conjunction with the MCMC sampler

MontePython [100, 101] in order to study how well the nuADaM model fits a variety of cos-

mological datasets, and how this fit compares to ⇤CDM. We use the Halofit model [102, 103]

to treat the non-linear regime of the MPS.7 In MontePython we use the Metropolis-Hastings

algorithm, and take a Gelman-Rubin (GR) criterion of R < 1.01, where R is the GR statis-

tic [104], to be an indication that the MCMC chains have converged.

In addition to the standard ⇤CDM parameters {!b, !dm, ✓s, ln
�
1010As

�
, ns, ⌧reio}, we

scan over three other nuADaM parameters: the amount of self-interacting DR �Ne↵ ,8 the

7The Halofit model has been extensively tested for ⇤CDM. While it is possible that this may not be true
for models with a non-⇤CDM-like linear MPS, Ref. [65] showed that Halofit makes only a minute di↵erence
in models where DR and iDM interact strongly (e.g., SPartAcous [32, 35]). Since these models and nuADaM
have qualitatively the same step-like suppression in the linear MPS, we expect this conclusion to hold also for
our model.

8We assume that the DR is populated only after BBN (T� ⇠ 1 MeV) via some unspecified mechanism. This
can easily be done with the inclusion of another dark sector component which deposits its energy density in the
DR once BBN has finished. This late DR thermalization allows �Ne↵ to take values relevant to the H0 problem
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Phenomenological interacting dark sectors

DR DR

Γ ∝ T2+n

n = 2 n = 4 n = 0 *

Γ ∝ T2e−Bd/T



3 relevant parameters: Nidr, fidm, zdec

*Buen-Abad, Chacko, Flood, Kilic, GMT, Youn, (in preparation)

Planck, BOSS, Pantheon+ + SH0ES

Dataset Model �
2
tot �

2
CMB �

2
PL.lens �

2
BAO �

2
Pantheon �

2
SH0ES �

2
EFTBOSS

�
2
EFTeBOSS

D
⇤CDM 4198.13 2765.49 8.92 12.55 1411.17 � � �

n = 0 4196.47 2763.00 8.85 12.77 1411.85 � � �

n = 2 4198.06 2764.98 8.86 12.55 1411.66 � � �

n = 4 4197.34 2764.90 8.79 12.64 1411.00 � � �

DH
⇤CDM 4236.49 2769.00 8.99 12.44 1414.58 31.48 � �

n = 0 4201.81 2767.40 9.10 12.03 1411.94 1.34 � �

n = 2 4210.21 2773.20 9.20 12.14 1412.62 3.05 � �

n = 4 4207.34 2771.89 9.12 12.00 1412.27 2.06 � �

DF
⇤CDM 4468.58 2765.96 8.85 12.22 1411.82 � 177.16 92.56
n = 0 4464.67 2765.88 8.75 12.26 1412.35 � 174.11 91.32
n = 2 4465.51 2766.01 8.77 12.31 1411.86 � 175.40 91.16
n = 4 4464.24 2766.21 8.72 12.30 1411.37 � 174.41 91.23

DHF
⇤CDM 4503.91 2768.93 8.92 12.46 1413.13 33.19 175.73 91.54
n = 0 4478.36 2769.42 9.24 12.47 1413.08 4.34 176.23 93.58
n = 2 4479.55 2772.22 9.21 12.38 1413.92 3.25 176.58 92.00
n = 4 4478.70 2771.21 9.22 12.43 1413.03 3.77 176.06 92.99

Table 1. Table of the best-fit �2 values of the n = 0, 2, 4 and ⇤CDM models for datasets studied in
this work.

Dataset Model �
2
tot �

2
CMB �

2
PL.lens �

2
BAO �

2
Pantheon �

2
SH0ES �

2
EFTBOSS

�
2
EFTeBOSS

A
⇤CDM
n = 0

AH
⇤CDM
n = 0

Table 2. Table of the best-fit �2 values of the n = 0 and ⇤CDM models for datasets studied in this
work.

3.1 Code and Parameters

We modify the publicly available code CLASS v3.2.5 [72–75]1 in order to implement the n =

0, 2, 4 phenomenological models into a generalized interacting dark matter model, or gen-idm,

and solve for its cosmic evolution. We build upon the work of the ETHOS collaboration [71],

which has already been implemented in CLASS, to include alternative parameterizations, post-

BBN thermalization of the DR,2 appropriate initial conditions for arbitrary �d for all modes

k outside the horizon, and the SPartAcous-like exponential shut-o↵ of our n = 0 case. Our

code is publicly available at github.com/ManuelBuenAbad/class gen-idm/.

In this work, we use our modified version of CLASS together with the MCMC sampler

1github.com/lesgourg/class public.
2As in previous work [32, 37, 66], we assume that the DR is populated after BBN (T� ⇠ 1 MeV) via some

mechanism, about whose nature we remain agnostic.
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(larger k) if dark recombination occurs earlier (larger me0), since only smaller scale modes

would have entered the horizon prior to dark recombination. Furthermore, one can also see

that the acoustic oscillations in the dark fluid get imprinted in the MPS, which is completely

analogous to the baryon acoustic oscillations (BAO) imprinted by the interactions of baryons

and photons prior to recombination. A similar phenomenon has been previously studied in

Refs. [32, 34, 35, 69, 70]. As in the case of BAO, the DAO disappear for su�ciently small

length scales (large ks) due to di↵usion damping. As can be seen in the right panel of Fig. 3,

larger log10
�
me0/mp0

�
leads to both a larger amplitude in the DAO and a less severe overall

suppression. Both e↵ects are due to the fact that as log10
�
me0/mp0

�
increases, so does zd, dec.

Indeed, a larger zd, dec means that the CDM perturbations have less time to grow larger than

the iDM perturbations, before the latter decouple from the DR and begin to grow as well.

Therefore, the DAO in the iDM represent a larger share of the total DM perturbations at that

time, and their impact on the evolution of the CDM component is also more significant. As a

result, the amplitude of the imprinted DAO is larger. An earlier decoupling time also means

that the gravitational potentials remain shallow (due to the non-growth of iDM because of

DR pressure) for a shorter span of time. Because of this, the growth of CDM perturbations

is stunted for a shorter period of time as well, and therefore the overall suppression of the

MPS is less severe.

Figure 3. Ratio of the MPS of the nuADaM model to that of SIDR, for di↵erent choices of fadm

(left panel) and log10 (me0/mp0) (right panel). We have fixed �Ne↵ = 0.1 throughout. The ✓s,
!b, As, ns, and ⌧reio parameters have been fixed to their mean values in Planck’s ⇤CDM fit to
TT+TE+EE+lowE+lensing+BAO data [1]. In order to keep the time of matter-radiation equality
the same as in Ref. [1] in the presence of additional DR (zeq = 3387), we choose !dm = 0.121.
Left: varying fadm from 2% to 10% in 2% increments, while fixing log10 (me0/mp0) = �4. This
corresponds to zd, rec ⇡ 1900 and zd, dec ⇡ 2000. Right: varying log10 (me0/mp0) from �5 to �3 in 0.5
increments, while fixing fadm = 4%. In order of increasing values of log10 (me0/mp0), this corresponds
(zd, rec, zd, dec) ⇡ (180, 210), (580, 640), (1900, 2000), (6200, 6200), and (21000, 19000), respectively.
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* Inspired by Sam’s talk, but 
not primordial and linear in k



I didn’t forget about Erminia’s talk

Figure 8. C
TT
` (top) and C

EE
` (bottom) residuals of nuADaM compared to ⇤CDM, for the best fit

point to the D (red), DH (blue), and DHF (green) datasets.

which describe the amplitude and slope of the linear MPS at the wavenumbers and redshifts

associated with Lyman-↵ observations. In Figs. 10 and 11, we show the associated 1D and

3D posteriors of �2
L

and nL, for the ⇤CDM and nuADaM fits to D, DH, DF , and DHF .

As stated in Subsec. 4.2.1, the values we provide for these parameters must not be taken as
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At smaller scales difference 
between interacting DS 
and LCDM becomes more 
pronounced



Preliminary ACT

* Cvetko, Joseph, GMT, In Preparation

not looking promising 
to solve H0



Summary
• Dark matter interacting with dark radiation leads to interesting features in the 

power spectrum


• Relaxes the bound on Neff (also other shifts, like Ωm)


• BOSS full shape seems sensitive to O(1%) features in power spectrum at k = 0.1


• ACT might effectively rule out “simple” interacting dark sectors as solutions to H0


• Interactions in the dark sector still a useful framework to consider well defined 
signal targets for upcoming surveys. Maybe natural simplified models approach for 
a large class of LSS signatures?
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