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Abstract: Models of dark sectors with a mass threshold can have important cosmological signatures. If, in the era prior to recombination, a
relativistic species becomes non-relativistic and is then depopulated in equilibrium, there can be measurable impacts on the CMB as the entropy is
transferred to lighter relativistic particles. In particular, if this "step™ occurs near z = 20,000, the model can naturally accommodate larger values of
$H_0$. If this stepped radiation is additionally coupled to dark matter, there can be a meaningful impact on the matter power spectrum as dark
matter can be coupled via a species that becomes non-relativistic and depleted. This can naturally lead to suppressed power at scales inside the
sound horizon before the step, while leaving conventional CDM signatures for power outside the sound horizon. We study these effects and show
such models can naturally provide lower values of $S 8% than scenarios without a step. This suggests these models may provide an interesting
framework to address the $S 8% tension, both in concert with the $H_0$ tension and without.
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New Physics??
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H, Tension

* Direct measurement: (Riess et al 2022)
* Distance ladder w/ Type 1a SN & Cepheids

e Value from ACDM (fit to CMB): (Planck 2018)

Ol

Pirsa: 22100142 Page 4/41



Direct Measurement
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Three steps to the Hubble Constant
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CMB Measurement

Sound horizon at
recombination
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Simplest extension of ACDM - add extra radiation

AN, = 2R
Py

ACDM : N = 3.044

Radiation is dark
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Free-streaming (no interactions)
radiation
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Strongly interacting radiation

2=1/3

Melissa Joseph, Boston University
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701 . l " ] W Free Streaming
I Strongly Interacting

731
o Interacting radiation (SIDR) is better

but still > 3¢

3.2 3.5 3.8

Melissa Joseph, Boston University

Pirsa: 22100142 Page 9/41



Free-streaming radiation model is too
constrained

3.2 3.5 3.8

Melissa Joseph, Boston University

Pirsa: 22100142 Page 10/41



701 . l " ] W Free Streaming
I Strongly Interacting

731
o Interacting radiation (SIDR) is better

but still > 3¢

3.2 3.5 3.8

Melissa Joseph, Boston University

Pirsa: 22100142 Page 11/41



If we want dark radiation as a solution we need
to look at radiation

10
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S¢ Tension

* Direct measurement: (KiDS-1000, DES-Y3)

e Value from ACDM (fit to CMB): (Planck TT & Pol 2018)

1
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Matter Power Spectrum
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DM interactions with radiation
gives the DM additional pressure

This can suppress the growth of
perturbations at scales relevant for

Sg

13
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Direct Measurements

H,: 73.04 + 1.04 km/s/Mpc (SHOES)

Sg: 0.769 + 0.016 (KiDS-1000, DES-Y3)

0.76 0.8 0.84

T Melissa Joseph, Boston University
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Anomalies suggest existence of interacting dark sector

Hubble Tension — Interacting radiation

S¢ —+ Interacting dark matter and radiation

- Melissa Joseph, Boston University

Pirsa: 22100142 Page 17/41



Mass Thresholds

Standard Model

11 mass thresholds
between TeV and MEV

Degrees
of
freedom
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An interacting dark sector with two particle species
Wess-Zumino Dark Radiation (WZDR)

ZLywzpr &« Mzd*$ + Ay’ + A*(P*$)* + h.c. v

1 4

- Melissa Joseph, Boston University
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What happens at the mass threshold?

Massive particles
become non-
relativistic and decay ap

4
3

AN

A mix of relativistic ~a~

and non-relativistic ~a~
particles

Pmatter

. Melissa Joseph, Boston University
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What happens at the mass threshold?

Massive particles
become non-

relativistic and decay N
eff

4
3

A mix of relativistic ~a~

and non-relativistic ~a~
particles
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What happens at the mass threshold?

A
Massive particles
1/3 — _ -
become non-
relativistic and decay
2
Cis W \/
A mix of relativistic ~ a™*
and non-relativistic ~ a >

particles
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What about phase shifts?

Compare to a model with no step (SIDR) - same |R cosmology

- Before the step - different universe/cosmology for

modes that enter here

« After the step - same universe/cosmology for modes
that enter here

21
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Photon perturbation equations

Ty 1229
d,+k*c2d, =~ 0

d, ~ C; cos(kegr) + G, sin(ke,7)

Superhorizon equations
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7(2) 7Kz,
7(2) + At 2>z,
;Q\\
Modes which enter
before the step see a shift
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High-k modes have a phase shift at recombination

cos[c, k7(z)] (k< k)
YD XN cosle, k(o2 + A (k> k) |
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Extra interacting radiation with a “ " (WZDR) gives:
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A 8
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momentum transfer rate

4 Tg
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Growth of DM Perturbations
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vs nho DM-DR interaction
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P interacting { 1 k <<k,

~ . .
Pnot-interacting -2 xloghlk, k> ki,

Smooth suppression in log k
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Model Summary

Parameters:

gDS X ,14)1[/2 + ,12(45*45)2 « Interaction strength (4p,,)
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Data

s Planck 2018 TT, EE, TE, BAO (6dF, MGS, BOSS
DR12), Pantheon

: SHOES *

: Planck Lensing, KiDS-1000, DES-Y3 (5 values)

35

irsa: 22100142 Page 37/41



Models

ACDM
SIDR+ : interacting radiation - dark matter, no step

WZDR+
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Model Tension A Y - AAIC

LCDM 5.800
SIDR+ 3.62 ¢ -19.99 -15.99
WZDR+ 3.20 c -25.78 -19.78

AAIC =y 4ot — Xacom + 2(# of New parameters)

- Melissa Joseph, Boston University
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Summary

* Interacting dark sectors present the most natural solutions to
simultaneously solving the H, and Sg tensions

* If the radiation is interacting: a simple model includes a massive
particle which decays during the CMB times (WZDR)

« If we also include a coupling to the DM, this can alleviate the Sg
tension

39
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