Elsa M. Teixeira - LUPM (CNRS / U. Montpellier) LU‘ )M

GGl Workshop 2026 - Florence - 22/07/2026 ABORATOIRE

UNIVERS & PARTICULES

A" UNIVERSITE o M crc
7 MONTPELLIER S ... .

Established by the European Commission

MOMENTUM-TRANSFER ELSA M. TEIXEIRA
COUPLING BETWEEN Ssosabaiapunonpallety
DARK MATTER AND EARLY |  cxseuommmmipotir

DARK ENERGY

- Based on 2608.xxxxx with Adele
Poudou, Thomas Montandon,
Tristan L. Smith and Vivian Poulin

lllustrations: Inés Viegas Oliveira (ivoliveira.com)

SUPPORTED BY FUNDING FROM THE EUROPEAN RESEARCH COUNCIL (ERC) UNDER THE EUROPEAN UNION’S HORIZON-ERC-2022 (GRANT AGREEMENT NO. 101076865)


http://ivoliveira.com
mailto:elsa.teixeira@umontpellier.fr

,..




UNIVERSITE o

Elsa M. Teixeira - LUPM (CNRS / U. Montpellier) LU M
o MONTPELLIER

GGI WorkShOp 2026 ° FIOrence ° 22/07/2026 LABORATOIRE § MONTPELLIER

UNIVERS & PARTICULES

European Research Council

Established by the European Commission

The Hubble tension -

CMB: r,= | dzc,(2) H \(2),

CMB Local

Calibration ‘

Prediction , D,(z+) « 1/H,

67.27 = 0.60 km/s/Mpc
from Planck

o 73.04 + 1.04 km/s/MpcC  so00 |
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The Hubble Tension N s

CMB 2025 (ACT-DR6) | —@—

] CMB 2024 (SPT-3G+lensing+tauprior) - e
BBN+DESIBAO 2024 - _ -
Incompatible values for H, from the CMB and I1DESIBAO 2024 - g Ho [km s~ Mpc]
from direct local distance ladder measurements PBN+BAO  Shapeit €B0SS 2022 - —e—  Cosmological Model Dependent
_ HST SHOES 2024 (4 anchors) 1 —— Direct
@ ~5S0 tension between Planck 2018 and SHoES: ST SHOES 2024 (1 anchor) - —© (D vs 2)
epheids rungs, no a) - &
» CMB (Planck): Hy = 67.27 £ 0.60 km/s/Mpc Masers 2019 (no rungs) -
TRGB CCHP + SNla CSP 2025 -
» SNe (R22): Hy = 73.04 + 1.04 km/s/Mpc TRGB EDD + SNla CSP 2021 -

TRGB CATs + SNla PanthP 2023 -

TRGB JWST + SBF 2025 -

TRGB HST + SBF 2021 -

@ Ihe CMB data assumes the ACDM model Cepheids HST + SBF 2021 -
Miras + SNla 2023 -

JAGB JWST SHOES set + SNla 2024 -

JAGB JWST CCHP set + SNla 2024 -

@ DESIBAO (+BBN+CMB): H, = 68.45 £ 0.47 km/s/Mpc JAGB JWST all + SNia 2025 -

[DESI Collaboration DR2 2025: arXiv:2503.14738] SN 112024 (n:“ruznogzsli :

Tully-Fisher 2024 -
Tully-Fisher 2022 (baryonic) =

@ Confirmed and reinforced by joint analysis of Tully-Fisher 2020 (baryonic) —
local estimators (710 with Planck+SPT+ACT): DES| Fundamental Plane + COMA 2024

)

®

Strong lensing 2020 (7 lensed QSO asser) - S

® Distance Network: H,=73.50x0.81 km/S/MpC [HODN FRBs 2023 (18 local) - =

] _ FRBs 2024 (64 local) - —
Collaboration 2025: arXiv:2510.23823]

66 638 70 72 74 76 78 380

@ Different hints of new physics or various
underestimated systematics? [Cosmoverse white paper: arxiv:2504.01669]



" UNIVERSITE oe

e

Elsa M. Teixeira - LUPM (CNRS / U. Montpellier) LUD
e ~J V7 MONTPELLIER

GGl Workshop 2026 - Florence - 22/07/2026 R

UNIVERS & PARTICULES

The Ss Tension S .

CMB 2025 (ACT-DR6+Sroll2) - o

Discrepd ncy between CMB data and |ensing CMB 2024 (SPT-3G-+lensing-+tauprior) - cMB e

surveys on combined quantity S; = 634/€,,/0.3 - Low-2

3x2pt KiDS-1000 + BOSS 2021 - @
3x2pt DESY3 2022
3x2pt HSCY3 + SDSS BOSS DR11 2023

O o

@ -~ 3otension between Planck 2018 CMB data D R
and KiDS-1000 combination of Cosmic Shear Feak Counts DESY3 2022 - —e—
Ond GG|OXy CIUStering: Peak Counts HSC-DR1 2024 - O

Cosmic Shear KiDS-Legacy 2025 - o
> S8 — 0832 + 0013 Blue Cosmic Shear DESY3 2024 - o

Cosmic Shear DESY3 + KiDS-1000 2023 - —

> SS an 07591_8832 Cosmic Shear HSCY3 2023 o

Cosmic Shear DECADE 2025 - O
Cluster Counts eROSITA eRASS 2024 H
Cluster Counts SPTPol 2024 -
= + . . .
® SS 0.86 = 0.01 [Ghirardini et al. 2024] Cluster Counte DES 205
Cluster Counts Subaru/HSC-SSP 2024 -

BOSS Galaxy Bispectrum 2024 -

® Could Slg nal cha Nnges N ClUStering of matter Cross-Correlation unWISE-ACT DR6 2023 ~
(ﬂC]tU re Of C DN\) Cross-Correlation Gaia-Planck DR4 2024 -

Cross-Correlation DESI-Planck-ACT 2024

Stacked void-galaxy cross correlation 2022 =

UNIONS cluster cosmology 2025 -

® (Sg = 0.8151)07°) find possible

resolution with Planck but not for the other
meQasu rements (improved redshift distribution estimation and

calibration, as well as new survey area and improved image reduction)

0.70 0.75 0.80 0.85 0.90

[Cosmoverse white paper: arxiv:2504.01669]
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.
[he Sg Tension N o
CMB 2025 (ACT-DR6+Sroll2) — &
y ' T ' ' ' ' I . ' . : e e e IS A e CMB 2024 (SPT-3G+lensing+tauprior) - CMB =4
Planck Legacy 'e' N _ Low-7
- 3x2pt KiDS-1000 + BOSS 2021 - e
Previous work 3x2pt DESY3 2022 - 'S S
Li et al. (2023) ————i ~2.93g ———i ~2139G 3x2pt HSCY3 + SDSS BOSS DR11 2023 - O
' Peak Counts KiDS-1000 + DESY1 2024 - s
Legacy Nz est. & calib ——i -2.080 —_——i -1420 Peak Counts DESY3 2022 - e
' ' Peak Counts HSC-DR1 2024 o
. . -1.610 e — -1.120 Cosmic Shear KiDS-Legacy 2025
Legacy Tomo. & KiDZ (5 bms)l © !
S4ey ( Blue Cosmic Shear DESY3 2024
L A 1 Cosmic Shear DESY3 + KiDS-1000 2023 &
n
ceacy ANySes Cosmic Shear HSCY3 2023
K1000 Tiles: NLA: 5 bins | -1.170 p—e—)  —(0.850 Cosmic Shear DECADE 2025 O
’ ’ Cluster Counts eROSITA eRASS 2024
K1000 Tiles: NLA—M: 6 Bins —e— -1.400 — -1.000 Cluster Counts SPTPol 2024
, , Cluster Counts DES 2025
Legacy (fiducial) —e— -0.730 —— —0.740 Cluster Counts Subaru/HSC-SSP 2024
1 1 I | 1 | | l 1 1 | | 1 I 1 1 | 1 I 1 1 1 1 l 1 1 BOSS Galaxy BlspeCtrum 2024
07 O 8 O 75 O 8 085 Cross-Correlation unWISE-ACT DR6 2023
_ 0.58 Cross-Correlation Gaia-Planck DR4 2024
ZS—OS(Qm/O3) SS=O-SJQm/O'3 Cross-Correlation DESI-Planck-ACT 2024
Stacked void-galaxy cross correlation 2022
. +0016 . . UNIONS cluster cosmology 2025
0.70 0.75 0.80 0.85 0.90

resolution with Planck but not for the other
meQasu rements (improved redshift distribution estimation and

calibration, as well as new survey area and improved image reduction)

[A.H. Wright, et al., (Kids Legacy), arxiv:2503.19441]

[Cosmoverse white paper: arxiv:2504.01669]
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‘Beyond the Standard Model:
Models of Early Dark Energy .
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Early dark energy

@ Early-time slowly-rolling with self-interacting that later
dilutes faster than matter

—— Matter

@® Phenomenology specified by ) Za W, o 18] R
L |—
s 10°
1>Z.=2W, =— | Z
z2<z.=>w,=m-1/n+1) glo_z
% 10
® To address the Hubble tension (n=3) we need ;05.11’_
£0.05-

fepg ~ 10% = Hy ~ 72 kms™ Mpc™, S ~ 0.84 Q7

14z
[Poulin et al, arxiv: 2302.09032]
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® Any pre-recombination new physics that
reduces r, must decrease Q _ or increase Measurad Assumed
from ACDM

w, = Q h*to increase H, and still preserve
the CMB peak positions

fEDE o~ 10% = HO o~ 72 km S_l MPC_I, SS ~/ 084

B Planck+BAO+Panl8 B +SHOES

,//

0.67 0.70 0.73 0.12 0.13
h Wedm
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Early dark energy

® Any pre-recombination new physics that
reduces r. must decrease Q  or increase

w, = Q h*to increase H, and still preserve
the CMB peak positions

@ Under a ACDM-like this comes at a cost:

suppression of growth at early times leads
to increasing the small scale clustering o

® The EDE parameter region that resolves the
H, tension therefore worsens the Sgtension

fEDE o~ 10% — HO o~ 72 km S_l MPC_I, SS ~ 084

| | jr ™ UNIVERSITE o ‘erc
roore | vowreeien “or. vy MONTPELLIER ol
UNIVERS & PARTICULES oot
Assumed
Measured from ACDM

Hy T = Qy2z) | = 1 oy

Planck+BAO+Pan18 B +SHOES
__0.16} v--
52
=0.10! --
8
=0.04} ’ --

0.67 0.70 0.73 0.12 0.13 0.80 0.85
h Wecdm SS
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® Any pre-recombination new physics that
reduces r, must decrease Q _ orincrease Measurad Assumea
from ACDM

w, = Q h*to increase H, and still preserve
the CMB peak positions

@ Under a ACDM-like this comes at a cost:

suppression of growth at early times leads
to increasing the small scale clustering o

® The EDE parameter region that resolves the
H, tension therefore worsens the Sgtension

® Canwe during
and after the EDE epoch, while preserving
the reduction of the sound-horizon?

fEDE o~ 10% = HO o~ 72 km S_l MPC_I, SS ~/ 084

H()T=>Qx(z)l=}T08

B Planck+BAO+Panl8 B +SHOES
__0.16} )y IR }
£0.10 / / '
§ AUT / )y ] | / )
0.04} | 4 4

0.67 0.70 0.73 0.12 0.13 0.80 0.85
h Wedm S8
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® Any pre-recombination new physics that
reduces r, must decrease Q _ orincrease Measured Assumed
from ACDM

w, = Q h*to increase H, and still preserve
the CMB peak positions

@ Under a ACDM-like this comes at a cost:

suppression of growth at early times leads
to increasing the small scale clustering o

® The EDE parameter region that resolves the
H, tension therefore worsens the Sgtension

® Can we suppress structure growth during
and after the EDE epoch, while preserving
the reduction of the sound-horizon?
Drag from momentum couplings with DM?

fEDE o~ 10% = HO o~ 72 km S_l MPC_I, SS ~/ 084

Hy T = Qy2z) | = 1 oy

B Planck+BAO+Panl8 B +SHOES
__0.16} )y IR }
£0.10 / / '
§ AUT / )y ] | / )
0.04} | 4 4

0.67 0.70 0.73 0.12 0.13 0.80 0.85
h Wedm S8
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Momentum couplings between
early dark energy and dark matter.
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S = 167TGJ0143c\/71Q Jd“fo(h’,gbgb) L=LnY,Z ¢)

[Pourtsidou et al., arxiv:1307.0458]

1 .
® lype-3 modelswith L(n,Y,Z,¢) =Y + V(¢h) + BZ? With Y = Eaﬂqb@”qb and Z = u’d,¢ In FLRW

b+27p+ (1-28)" a®V, =0

® CDM number density is conserved with between CDM and EDE



Elsa M. Teixeira - LUPM (CNRS / U. Montpellier) D S UNIVERSITE o
GGl Workshop 2026 - Florence - 22/07/2026 L—ML) M °~‘~° MONTPELLIER

UNIVERS & PARTICULES

Momentum transfer interaction

@ Linear perturbations in the synchronous gauge | .
¥ 4 Javs ds* = — a’de® + a* |(1 + gh)%'j + D,v| dx'dx’

@® Non-standard

@® but
Type 3 momentum-transfer contribution in the

® Scale dependent modifications to

(1 -2p)(54

1 .. :
> (1 =2P)p h — 2Ppk*Ocpy = O
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—— EDE with 8=0
0151 EDE with 0 -
(o] T ACPM ® Best-fit EDE model from Planck+SHOES
= analyses with s = 0 (no coupling) and
0.05 A
§ OOOW
5 o o |
~0.059 n =3, fopg~0.1, z,~3500, Hy~72kms'Mpc™!, S~ 0.84 for modes that contribute most to Og and
010{ __ pop s e large-scale normalisation is practically
o e e o unchanged
0.10 -

® Type 3 structure: interaction in the CDM
0.05- velocity equation provides mechanism to

lower S, relative to uncoupled EDE

o10. . 6 FZ + 257) ¢ + 2pZ5¢
010\ — HCDM=—%9CDM+( )

250 500 750 1000 1250 1500 1750 2000 a(pCDM_ZIBZZ)
14

[Figure credit: Youri Carloni]
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Observational Signatures

—— EDE with =0
0.157 __ ppE with 8#0
-=-= ACDM
0.10 -
e
& 0.05-
~—
o)
&, 0.00
<]

@ Best-fit EDE model from Planck+SHOES :
D) and /= — 0.5 i

Can the same EDE field address both H, and S
tensions? matter power

~0.051 n=3, fipp~0.1, z,~ 3500, to o, and
0100 _ mpp et 1 0r v o 1) EDE background: r, | = H, 1 nctically
ot 0 2) Momentum coupling: P(k) | = S; |
o he CDM
0.05- velocity equation provides mechanism to
[SE lower S; relative to uncoupled EDE
5 °
<
—0.05 -
_0,10_\ . (67 PZ + 2pZ) 5¢ + 2pZ5¢h
— QCDM: _%QCDM+—2
250 500 750 10'0(2 1250 1500 1750 2000 a (IOCDM —2pZ )

[Figure credit: Youri Carloni]
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Bayesian or Frequentist?
O, if: too many parameters; poorly constraining data;

non-Gaussian posteriors; volume effects in parameters sampled

@® When fipr — 0 all the EDE parameters (z ., 8) become degenerate with A
CDM and thereis a

@® We have

0.20 F

e

different z. priors

0.15F

/7

fede
o
=)

-9

/
/
y i
0.68 0.70 0.72 0.74
h

B Planck+BAO+Pan18
B +SHOES

0.05

0.16}
éo.lo- 4
=0.04}

)

0.67 0.70 0.73
h
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Bayesian or Frequentist?

® Prior volume effects if: too many parameters; poorly constraining data;
non-Gaussian posteriors; volume effects in parameters sampled

@® When fipr — 0 all the EDE parameters (z ., 8) become degenerate with A
CDM and there is a bias in the marginalised posteriors

® We don’t have theory informed priors on EDE

® Remove the prior volume effects with a profile likelihood analysis

NPIPE+SDSS;

0.20 F

S —

different z. priors

0.15F

/7

fede
o
=)

-9

/
/
y i
0.68 0.70 0.72 0.74
h

B Planck+BAO+Pan18
B +SHOES

0.05

0.16}
éo.lo- 4
=0.04}

)

0.67 0.70 0.73
h

marg. MCMC
— — — prof. 1kl

marg. MCMC

P-ACT+DESI DR2{

\axEDE
\

— — — prof. 1kl

p—— ® Frequentist (68% CL) —a— ® Frequentist (68% CL)
® Bayesian (68% CL) ® Bayesian (68% CL)
—e— —a—i
——a——

*

70

Hy [km/s/Mpc]

[Poulin et al, arxiv: 2505.08051]

74 0.00

fepe(ze) fEDE

[Herold et al, arxiv: 2210.16296)]

0.10 0.15
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Methodology

® Baseline Planck 2018, Pantheon+, DESI DR1 BAO

@ Optional (M, = —19.253 £ 0.027

from SHOES) (from a combination of
cosmic shear surveys from DES Y3 and KiDS-1000)

® Conduct both

® Consider two prior choices:

> Linear uniform priors on f and f.,5: degeneracy

between the amount of EDE and the strength of
the coupling

Logarithmic uniform prior on the product
x = log,o(ffepp): directly samples the physical

Planck 2018: [Aghanim et al.: Astron.Astrophys. 641 (2020) A6]

amplitude of the interaction and reduces the DESI DR2: [Abdul-Karim et al. Phys. Rev. D 112, 083515 (2025(]

PantheonPlus: [Brout et al: Astrophys. J. 938 (2022) 110]

prior_vol ume d | | UtiOn in the (ﬂ, fEDE) case SHOES prior: [Riess et al: Astrophys. J. Lett. 934 (2022) 1 L7]

S8 prior: [Abbott et al: The Open Journal of Astrophysics 6 (2023)]
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Linear case

@ No additional priors:
relative to ACDM, but also

EDE-DM interaction no priors
BN  EDE no interaction no priors

.........
....

0.84}, "
A 0.82[ j
0.80} ™, .

0.10j

fepE(20)
)
S

o
-
o

—0.1}

—0.2}

63 69 70 71 0.80 0.85 0.05 0.10 —02 -0.1
Hy AT fepe(ze) p



aA - UNIVERSITE oe

Elsa M. Teixeira - LUPM (CNRS / U. Montpellier) LUDM
MONTPELLIER “: MONTPEI-I-IER

GGl Workshop 2026 - Florence -« 22/07/2026 i

UNIVERS & PARTICULES

Linear case

® No additional Priors: B EDE-DM interaction no priors
relative to ACDM, but also B EDE no interaction no priors
® Turning on the supfpresses structure

growth and

® However: the posterior
preferred by a large EDE fraction

0.05 0.10 —02 -0.1
fepe(2e) p

Hy
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Linear case

@ No additional priors: EDE can raise H, for larger
fepg relative to ACDM, but also raises S

® Turning on the coupling suppresses structure
growth and moves S, down

® However: the posterior shifts away from the
high-H, region preferred by a large EDE fraction

® Adding the SHOES H, prior favours a
and hence a larger S

® However: d strong enough to
compensate this increase is

departs from the high-H, EDE solution

as it

0.86}
2 0.84¢
0.82}

o
o0
=

B EDE-DM interaction Shoes priors
B EDE no interaction Shoes priors

S
—
) -

fepE(ze)
)
>

/
4 /
/ /
/ ,//
/ / /
\ 4
\ >
I
=} ' T
\

—0.02[ y
y
o —0.04f.
—0.06}
—0.08} | | | | | | | |
70 72 74 0.81 0.84 0.10 0.18 —0.06 —-0.02
Hy Ss JeDE(2e) p
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Linear case

® No additional priors: EDE can raise H, for larger
fepe relative to ACDM, but also raises Sg

® Turning on the coupling suppresses structure
growth and moves §; down

® However: the posterior shifts away from the
high-H, region preferred by a large EDE fraction

® S, prior: for the model with

iInteraction, but the

B EDE-DM interaction S8 priors
B EDE no interaction S8 priors

0.82f
-
0.80f
0.10¢
N
= 0.06]
o
=
/\\
{ '0.
| b
| :
F-
Q | s
|
!
1 T A B L -
68 69 70 71 0.80 0.82 0.02 0.06 —-0.2 -=0.1
Hy Ss fepe(ze) p
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Linear case

® No additional priors: EDE can raise H, for larger
fepg relative to ACDM, but also raises Sg

® Turning on the coupling suppresses structure
growth and moves §; down

® However: the posterior shifts away from the
high-H, region preferred by a large EDE fraction

® H,and §; priors: the posterior s
and the coupling has no effect

0.84]

0.80j

fepE(ze)
-]
>

—0.02}

—0.04|

—0.06¢

2082 |

B EDE-DM interaction Shoes+S8 priors
B EDE no interaction Shoes+S8 priors

70 71 72 73
Hy

0.81 0.84

0.05 0.10 0.15
fepe(ze)

—0.05 —0.02
p
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Linear case

® No additional priors: EDE can raise H, for larger
fepg relative to ACDM, but also raises Sg

® Turning on the coupling suppresses structure
growth and moves §; down

® However: the posterior shifts away from the
high-H, region preferred by a large EDE fraction

® H,and §; priors: the posterior s
and the coupling has no effect

@® :the
coupling strength needed to reduce §; requires
small fepe, Which undermines the H, gain

0.84]

0.80j

fepE(ze)
-]
>

—0.02}

—0.04|

—0.06¢

70.82f |

B EDE-DM interaction Shoes+S8 priors
B EDE no interaction Shoes+S8 priors

70 71 72 73
Hy

0.81

0.84 0.05 0.10 0.15 —0.05 —002
Sg fepE(2¢) p
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Prior volume effect: profile likelihood

® Use x = log,((ffepp) Which captures the

= \\ith S8
8 1 - == \Nithout S8

® Map the likelihood landscape with a
scan to get informed priors

@® atx_ .. ~ — 0.42,
with best-fit S = 0.789 and log,y(z.) =~ 2.35

Ax? (rel. to S8 best fit)
N EeY

® The momentum coupling EDE improves the total ..
fit by with and without the S8 prior

—-2.5 -2.0 -1.5 -1.0 -0.5

l0og10(B - fepE)
® The improvement is mostly from Planck CMB :

data - driven by the effect of the coupling in the
DM perturbations for small EDE fraction?
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Logarithmic product case

® Sampling on the effective coupling x = fippf reveals a preference for small f.r and large f
® Large g can lower S, but no contribution to the expansion rate from EDE so no increase in H,

® SHOES prior targets high fz,- Which would erase detection of g and leave S, unchanged

B EDE-DM f#0 with Sg priors B EDE-DM f#0 no priors — EDE =0 no priors

0.70;

63 69 —1 0 —4 ) 0 2 4 2 3 4 5
Hy logio prod log10fepE(2¢) logio(z¢) logio —
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Take-away result

The model contains two useful regimes that do not overlap

1. the EDE field reduces r, and can

EDE-DM log f# 0 with no prior
, dt the cost of

EDE-DM log f# 0 with Sg prior
B EDE-DM linear =0 with no prior

increasing w,,,, Which
----- EDE-DM linear =0 with SHyes pric

0.85;

0.80;

0.75]

63 70 72 4
H
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Take-away result

The model contains two useful regimes that do not overlap

1. the EDE field reduces r, and can
, at the cost of
increasing w4, which

2. the momentum transfer suppresses
growth and , but the posterior moves

selected by SHOES

B EDE-DM log f#0 with no prior

EDE-DM log f# 0 with Sg prior

B EDE-DM linear =0 with no prior

EDE-DM linear =0 with SHyes pric

0.85;

0.80;

0.75]

63 70 72 4
H
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Take-away result

The model contains two useful regimes that do not overlap

1. the EDE field reduces r, and can
, at the cost of
increasing w4, which

2. the momentum transfer suppresses
growth and , but the posterior moves

selected by SHOES

® Same behaviour found for dark-fluid EDE models with
drag-like term: general conflict if the same EDE
component is asked both to shrink the sound horizon
and to suppress late-time clustering [simon et al: arxiv:2410.21459]

® |n the single-field EDE model, the lower-S; and the high-

H, branches are different regions of parameter space:
should separate the field behaviours?

0.85;

0.80;

0.75]

B EDE-DM log f#0 with no prior
----- EDE-DM log f# 0 with Sg prior
BN EDE-DM linear =0 with no prior
----- EDE-DM linear =0 with SHyes pric

‘-_—”

-
S ==

63

70 72 74
H
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Conclusions

Type 3 between CDM and an axion-like EDE field with no
energy exchange but which modifies the CDM Euler equation and EDE perturbations

The model contains two useful regimes that do not overlap:

i) for fepg ~ 0.1 which raise CMB-inferred H, = w4, T = Sg 1

i) for fupp ~ 0(107%) suppress structure growth S, but doesn’t change H,

Frequentist profile likelihood gives a detection for effective coupling
x = log,o(ffepp) = — 0.42 with Sg = 0.789 and log,,(z,) ~ 2.35 and Ay = 7

The CDM-EDE momentum-transfer model can ease the S, tension or help with the H,
tension, but

Future direction: , €.9. a multi-axion EDE scenario with L4, li
one uncoupled axion transitioning near MR equality (* | , H, 1 ) and a second axion | §i0s
transitioning later and coupled to CDM to suppress growth
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Early dark energy

@® Reduces the CMB/DESI tension but disfavored by high-Q  from SN1a

--- ACDM: CMB-SPA
we== ACDM: DESI

 EDE: CMB-SPA
— EDE: CMB-SPA + DESI

0.34 0.10
0.33 - ] - 0.08
0.32 - 0.06
R 5
& -
G 0.31- H
0.04
0.30 -
0.02

0.29

0.140 0.142 0.144

0.00

Q. (hry/147.1 Mpc)?

[Khalife et al SPT-3G D1, arxiv:2507.23355]

0.25
0.20}
2
20.15f
0.10}
0.05

— (CMB-SPA + DESI
SPT+ACT + DESI
B SPT-3G D1 + DESI

1 — Med

(Dv/ra)/(Dv /Td)sa — 1

FAP JFAP 1

Data ACDM - EDE ACDM - wow,
CMB+BAO 7.4 13
+SNe 7.5 19
+SNe+CCHP 8.7 14
+SNe+SHOES 26 -4.6
0.05 —
0.00 o -
-+ Planckl8 — EDE
—0.05 - — ACDM - wowa (+SNe)
| | | | | |
0.02 —
0.00 —
—0.02 —
0.05 —
0.00 -
—0.05 - _
| | | | |

[DESI DR2 Results 2025, arxiv:2503.14738]



Bayesian credible interval  Freq. confidence interval

e — —— —

|

1. Central quantity: posterior ' 1. Central quantity is the likelihood: &£ (x | @)
P@O|x) ~ L(x|0) - n(0) > Prior not necessary (additional likelihood)
2. Nuisance parameters @ = (u,v): 2. Nuisance parameters:
integration/marginalization: | optimization/profiling
‘ PL(u) ~ max L (x| u,v)
P(u|x) = Jva(u,V\x) f SO

3. Method: MCMC 3. Method: Neyman construction

> Limit of a large data set (asymptotic limit):
profile likelihood

(Test asymptotic limit for Planck & \CDM:;
LH, Ferreira, Heinrich 2024)

— Prior dependence, prior volume effects | — Only considers Z: “fine tuned” 15



Profile likelihood

conditional MLE

Profile likelihood: / Example: Planck col. XVI, 2013

.............
.
_
—
.
_ -
><m_ —

Ax*(0) = —2log - o

(6, v)
o ot itereet \ 00219 00220 0.0221 0.0222  0.0223
parameter or interes

Wy,

MLE nuisance parameters

Graphical method:
» Read off 1o at the intersection with Ay* = 1

» Read off 26 at the intersection with Ay?* = 4, etc.

> Near physical boundary: boundary-corrected PL construction (Feldman&Cousins, 1997)
Laura Herold (JHU) — 16
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Methodology

® Baseline Planck 2018, Pantheon+, DESI DR1 BAO

@ Optional (M = —19.253 £ 0.027 from

SHOES) (from a combination of cosmic
shear surveys from DES Y3 and KiDS-1000)

® Conduct both

® Consider two prior choices:

> Linear uniform priors on f and f.: displays the

degeneracy between the amount of EDE and the
strength of the momentum transfer

" Logarithmic uniform prior on the product
x = log,o(flapp): directly samples the physical

amplitude of the interaction and reduces the prior-
volume dilution present in the two-parameter linear

case

Public

A new version of CLASS that can deal with axion-like particles. Co-
developped with Tristan L. Smith, Tanvi Karwal + some initial commits
by Charlotte Owen.

C w26 %1

Profiles of cosmological likelihoods: Code for extracting the 1D profile

likelihood of a parameter using MontePython

Jupyter Notebook w12 Y1

Planck 2018: [Aghanim et al.: Astron.Astrophys. 641 (2020) Aé]

DESI: [A. G. Adame et al. (DESI), (2024), JCAP 02, 021 (2025)]
PantheonPlus: [Brout et al: Astrophys. J. 938 (2022) 110]

SHOES prior: [Riess et al: Astrophys. J. Lett. 934 (2022) 1 L7]

S8 prior: [Abbott et al: The Open Journal of Astrophysics 6 (2023)]
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4 European Research Council

Established by the European Commission

Profile likelihood | Hy=T700+15
| Planck
H() =706+14 N ACDM marg. MCMC /z”“\\
i = 4 — — — prof. 1kl , N
Planck + BOSS (baseline) \axEDE G P R \\
— — — prof. 1kl
Hy=70.3+1.3 ’ \\
baseline + DES \\
\
Hy = 7205508 RN
Baseline*—k SHOES . _,_,—,A,_\~
MCMO . Ho— 685106 T T 0.05 0.10 0.15
: baseline fEDE
67 68 69 70 71 72 73

[Herold et al, arxiv: 2210.16296]
B Planck+BAO+Pan18 B +SHOES

I 4
y.
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TABLE L. x2 for each runs with linear priors on 8 and fepg

With EDE-DM interactions (8 # 0) | Without EDE-DM interactions (5 = 0)
No priors 4198.59 4198.74
SHoes priors 4199.74 4200.30
Sg priors 4201.11 4200.45
SHyes + Sg priors 4206.21 4206.30

TABLE II. x* for each runs with logarithmic prior on product of 8 and fepEk

With EDE-DM interactions (8 # 0) | Without EDE-DM interactions (8 = 0)
No priors 3802.03 3803.73
SHoes priors 3803.29 3803.23
Sg priors 3802.68 3807.83
SHoes + Ss priors 3809.68 3809.55
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Ax? (EDE-DM — ACDM)

Ax? per dataset

+1.21
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