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Motivations for Interacting DM-DR

• What new physics might we expect? 

•  - generic feature of new dofs at high energy  

• DM interactions - for freeze-out models of DM production, we might expect DM-
DR interactions as a result 

• Tensions in data 

• 	 Hubble  

• 	 LSS - , Ly
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Light Relics (  )Neff
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Forecasts for future sensitivity: 

Simons SO: 0.05 

Already seeing constraints from ACT DR6 

Minimal Extensions



Hubble Tension 
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Hubble Tension 
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Outline

• Interacting DM-DR models  

• Interacting DM-DR with mass threshold  

• New Atomic Dark Matter (nuADaM) 

• Cosmological Signatures 

• Constraints from ACT DR6 on  

• Updated Constraints from ACT (Preliminary) 

Neff
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Interacting Radiation w/ a massive mediator 
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mϕ ∼ eV

ℒDS ∝ λϕψ2 + λ2(ϕ*ϕ)2

+m2
ϕϕ*ϕ+λDMϕχ2
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Interacting Radiation w/ a massive mediator 
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Interacting Radiation w/ a massive mediator 
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Standard CDM

vs
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DM-DR Interactions w/ a massive mediator 
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Smooth suppression in log k 
due to weak coupling

P interacting
Pnot-interacting

≃ {
1 k ≪ ks.o.

1 − 2 Γ
H × log k/ks.o.k ≫ ks.o.
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Shut-off when T ~ m

P interacting
Pnot-interacting

≃ {
1 k ≪ ks.o.

1 − 2 Γ
H × log k/ks.o.k ≫ ks.o.
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New Atomic Dark Matter (NuADM)
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Buen-Abad et al, arXiV:  2411.08097

https://arxiv.org/abs/2411.08097


Power spectrum suppression: varying fadm Power spectrum suppression: varying log10 (me /mp )
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• Suppression of matter power spectrum at the scale of dark recombination  

• Dark acoustic oscillations near decoupling redshift  

• Fraction of interacting dark matter determines the amount of suppression

New Atomic Dark Matter (NuADM)
Buen-Abad et al, arXiV:  2411.08097

https://arxiv.org/abs/2411.08097


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

EE
ω (right) for nuADaM compared to those of

SIDR, for di!erent choices of fadm (top) and log10 (me→/mp→) (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 {ωb, ωdm, εs, ln
(
1010As

)
, ns, ϑreio}, 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 (Tω → 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

– 17 –
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• Constant suppression of high-l tail given by fraction of interacting dark matter 

• Different l-dependence to the damping of the tail 

New Atomic Dark Matter (NuADM)
Buen-Abad et al, arXiV:  2411.08097

https://arxiv.org/abs/2411.08097
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Figure 6. 1D and 2D posteriors (1ω and 2ω contours) for H0 and S8, from the fits of the nuADaM
(red), and !CDM (blue) models to the D (top left), DH (top right), DF (bottom left), and DHF
(bottom right) datasets. The gray bands show the 1ω and 2ω contours of the H0 measurement by the
SH0ES collaboration used in our H dataset [2], as well as those of the S8 parameter, as determined
by the recent DES Y3+KiDS-1000 joint analysis [116].

it is able to ease the tension in the Hubble measurements without degrading the model’s fit

to other datasets, such as Planck’s. Given the increased di”erence between the residuals at

high ε, and the percent level changes in the MPS in the 10→2 → 10→1h/Mpc range, upcoming

CMB and LSS data will play an important role in determining whether nuADaM is preferred

over !CDM.

Following the discussion of Subsec. 4.2.1, we have estimated the #2
L

and nL parameters,

– 24 –
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Cosmological Signatures

• CMB 

• Silk damping 

• Phase shift 

• LSS 

• DM interactions - suppression of 
structure formation at small 
scales 

• DAO
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Free-streaming
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ACT DR6 Constraints
28

2020c), or Ne! = 3.06± 0.17 at 68% CL when we evalu-
ate this estimate using Planck-LB. Here, and as baseline
throughout this paper, we assume a fixed total neutrino
mass of 0.06 eV carried by a single massive species.

With the new ACT DR6 spectra we find Ne! =
2.60+0.21

→0.29
at 68% CL, combining into

Ne! =2.73 ± 0.14 (68%, P-ACT),

=2.86 ± 0.13 (68%, P-ACT-LB), (30)

and giving

Ne! < 3.08 (one-tail 95%, P-ACT-LB). (31)

This measurement is consistent with SM predictions for
three relativistic neutrinos and the existence of another
thermalized particle (irrespective of its spin or decou-
pling time) lies at the 94% confidence border, as cal-
culated from the likelihood of having a minimal addi-
tional contribution of 0.027 from a scalar boson (see be-
low) beyond the expected value of 3.044, as shown in
Fig. 19. Higher-spin particles are disfavored at higher
significance. A strong contribution to this new limit
comes from the peak of the ACT Ne! distribution shift-
ing to lower values compared to the Planck measurement
because, as shown in Fig. 3, the new ACT data prefer
somewhat less damping than the Planck best-fit model.

While our constraints are consistent with the SM ex-
pectation — and the shift is not statistically signifi-
cant enough to draw strong conclusions — it is inter-
esting to consider physical models that could yield val-
ues of Ne! < 3.044. Recalling that Ne! depends on the
neutrino-to-photon energy density ratio, a simple pos-
sibility to decrease Ne! is an injection of energy into
the photon-baryon plasma after neutrino decoupling,
but before last scattering (note that this would thus
lead to di!erent values for Ne! at the BBN and CMB
epochs). Taking the central value of our P-ACT (P-ACT-

LB) posterior, the photon energy density would need to
be increased by 12% (6%) between neutrino decoupling
and last scattering. If this energy injection takes place
between redshifts 5 → 104 < z < 2 → 106, a µ distortion
will be produced in the CMB monopole energy spec-
trum; if it takes place at lower redshifts z < 5 → 104,
a y-type distortion will be produced. Using standard
formulae for the distortion amplitudes (e.g., Chluba &
Sunyaev 2012), the P-ACT (P-ACT-LB) energy-injection
values would yield µ = 0.16 or y = 0.03 (µ = 0.09 or
y = 0.02). Such large spectral distortions are strongly
excluded already by the COBE/FIRAS data (Fixsen

Figure 19. Constraints on the e!ective number of relativis-
tic species, Ne! . With the addition of the ACT DR6 spectra
(purple) the constraint is more precise than the measure-
ment from Planck combined with CMB lensing and BAO
(orange) by → 25%. The constraint is consistent with the
SM expectation of Ne! = 3.044 for three light active neutri-
nos marked by the dashed vertical line. The purple bands
show the region excluding a minimum contribution in ex-
tra radiation from another thermalized relativistic species,
finding Ne! = 3.044 + 0.027 from a spin-0 boson at the
94% confidence border (light purple), and the most strin-
gent bound on the existence of another species, disfavoring
Ne! = 3.044 + 0.095 from a spin-3/2 fermion at 99% confi-
dence (dark purple) — see also Fig. 20.

et al. 1996; Bianchini & Fabbian 2022).25 Neverthe-
less, a low Ne! value could still be obtained via energy
injection into the photon bath at 2 → 106 < z < 109, by
cooling the neutrinos via a BSM interaction, or by other,
more exotic mechanisms as discussed above.

If we instead start by assuming the existence of the
three SM neutrinos and add new, specific light relic par-
ticles with mass ↭ eV — i.e., only looking at regions
of parameter space with Ne! > 3.044 — then we can
set limits on the new species’ nature by exploiting the
fact that the excess in Ne! that they generate depends
on the spin of the particle and on the temperature at
which they decoupled from the thermal bath in the early
universe, as shown in Fig. 20 (with predictions from Bor-
sanyi et al. 2016 for di!erent species as adopted in pre-
vious CMB literature, including Planck Collaboration
2016a, 2020c; CMB-S4 Collaboration 2016; Simons Ob-
servatory Collaboration 2019). We do this by fitting
for the positive ”Ne! that such new species would con-
tribute to Ne! . We find ”Ne! < 0.32 at 95% CL from

25 The COBE/FIRAS spectral distortion bounds are su!ciently
tight that only very small increases in the photon energy density
are allowed during the µ and y epochs, corresponding roughly to
”Ne! = →0.0002 (for both the µ and y limits).

L - CMB lensing  

B - DESI DR1 BAO
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New Fits to ACT DR6 (Premlinary)
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extra radiation models  

• Likely due to Silk damping  

• DR6 shows enhanced power at 
small scales relative to CDM in 
TT and EE 

• CMB lensing takes over at smaller 
scales - modifications may be 
neccessary for modified DM models

Λ



New Fits to ACT DR6 (Premlinary)
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Why does  conflict with Ly- ?H0 α
•Extra DR increases silk damping.  

•To compensate for silk damping,  increases 

•Large  overpowers MPS 
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Bayesian vs Frequentist Analysis
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Impact of ACT DR6 and DESI DR2 for Early Dark Energy and the Hubble tension

Vivian Poulin ,1, → Tristan L. Smith ,2, † Rodrigo Calderón ,3, ‡ and Théo Simon 1, §

1
Laboratoire univers et particules de Montpellier (LUPM),

Centre national de la recherche scientifique (CNRS) et Université de Montpellier,

Place Eugène Bataillon, 34095 Montpellier Cédex 05, France
2
Department of Physics and Astronomy, Swarthmore College, 500 College Ave., Swarthmore, PA 19081, USA

3
CEICO, Institute of Physics of the Czech Academy of Sciences,

Na Slovance 1999/2, 182 21, Prague, Czech Republic

The data release six of the Atacama Cosmology Telescope (ACT DR6) and the second data release
from the Dark Energy Spectroscopic Instrument (DESI DR2) recently became available. In light
of these data, we update constraints on the Early Dark Energy (EDE) resolution to the Hubble
tension. While ACT DR6 does not favor EDE over the core cosmological model !CDM, it allows
for a significantly larger maximum contribution of EDE, fEDE, in the pre-recombination era than
the latest analysis of Planck NPIPE despite increased precision at small angular scales. Moreover,
EDE rises the value of H0rs, improving consistency between CMB and DESI DR2 data. We find
a residual tension with SH0ES of → 2ω for the combination of Planck at ε < 1000 + ACT DR6
+ lensing + Pantheon-plus + DESI DR2, a significant decrease from 3.7ω for analyses that use
NPIPE and SDSS BAO data. A profile likelihood analysis reveals significant prior-volume e”ects in
Bayesian analyses which do not include SH0ES, with confidence intervals of fEDE = 0.09± 0.03 and
H0 = 71.0± 1.1 km/s/Mpc. When including DESI data, the EDE model with H0 = 73 km/s/Mpc
provides a better fit than the !CDM model with H0 = 68.4 km/s/Mpc. The inclusion of SH0ES
data rises the preference well above 5ω, with #ϑ

2 = ↑35.4. Our work demonstrates that after ACT
DR6 and DESI DR2, EDE remains a potential resolution to the Hubble tension.

I. INTRODUCTION

Early Dark Energy (EDE) [1–3] has emerged as a
promising framework to resolve the Hubble tension be-
tween the value of the Hubble rate H0 inferred from the
core cosmological model, !-cold-dark-matter (!CDM),fit
to Cosmic Microwave Background (CMB) data and that
measured by calibrating type 1a supernovae (SN1a) by
the SH0ES collaboration [4] (see Refs. [5, 6] for reviews).
While the analyses of data from the Atacama Cosmology
Telescope (ACT) data release 4 (DR4) had a slight pref-
erence for EDE over !CDM with no residual tensions
with SH0ES [7–9], analysis of EDE in light of the lat-
est Planck NPIPE data– Public Release 4 (PR4)– [10–
12] and baryonic acoustic oscillation (BAO) data from
BOSS significantly reduced the success of this solution,
only achieving a reduction to the → 3.7ω level [13].

Recently, the ACT collaboration has determined new
constraints on the axion-like EDE models from the com-
bination of new DR6 data [14] with Planck public release
3 (PR3) [15] restricted to multipoles l < 1000 in TT and
l < 600 in TE/EE (dubbed ‘P-ACT’ dataset), includ-
ing the ACT DR6 CMB gravitational lensing [16] and
updated BAO data from DESI DR1 [17]. Contrary to
previous analyses using ACT DR4 [7, 8, 18], these data
do not favor EDE over !CDM, resulting in upper lim-
its to the maximum fractional EDE contribution to the

→
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FIG. 1: A whisker plot of the Hubble constant recon-
structed from NPIPE+SDSS (from Ref. [13]) and P-
ACT+DESI DR2 (this work) in the ‘axion-like’ EDE
model. All analyses include CMB lensing and Pantheon-
plus SN1a data. We quote credible and confidence inter-
vals at 68%.

total energy density, fEDE(zc) < 0.12 at the 95% confi-
dence level (CL) [19]. Yet, those constraints are signif-
icantly weaker than those coming from Planck NPIPE
combined with SDSS BAO data, fEDE(zc) < 0.061 [13].
This is unexpected given that the same combination of
data provide constraints that are as strong as NPIPE

Poulin, Smith, Calderon, Simon: 2505.08051

• Models that are extensions of LCDM 
have issues with Bayesian analysis due 
to volume effects of priors  

• 1D profile likelihoods can characterize 
results of Frequentist analysis  

• Can be significant differences 
especially for non-Gaussian 
posteriors

EDE



Summary
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• Extra radiation models disfavored by ACT DR6 data  

• Preliminary results show that this is also consistent for radiation models with 
dynamics 

• DM-DR interactions with minimal energy density in radiation still have observable 
effects  

• Small fraction of DM interacting strongly - DAO 

• Weakly interacting DM-DR gives power-law suppression of MPS 


