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However, the nature of the
Phantor dark sector remains a mystery
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In addition, several discrepancies
have emerged in recent years
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[Riess+ 21] [Planck 18]

@» S;gtension (2-30)
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Cosmic tensions could shed some light
on the mysterious dark sector
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But the visible sector is not
free of unknowns...



The elusive neutrinos

@ Lightest fermions,
very weakly-coupled

Many properties unknown

Neutrino masses provide the only
certain evidence of physics

beyond the SM
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Neutrinos are always relevant for Universe’s energy budget
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Neutrinos are always relevant for Universe’s energy budget
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From their impact on CMB and LSS observables,
we can learn about their properties




Main GOAL of my work:

Use the very precise
data to

(both in dark and neutrino sector),
focusing on
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How does the CMB determine Hy ?

@ Angular size of the sound horizon is
measured at the 0.04% precision
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Early-time solutions (z > zyec)

Decrease r,(z..) at fixed 6, to

decrease D,(z..) and increase Ho

Some examples:

@ Free-streaming Dark Radiation

@» Early Dark Energy (EDE)
[Poulin+ 18]
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Early-time solutions (z > zec) Late-time solutions (z < zec)

r(z...) and D4(z...) are fixed, but

Decrease r,(z..) at fixed 6, to

decrease D,(z,.) and increase Ho

D,(z < z,..) is changed to allow higher Ho

Some examples: Some examples:

@ Free-streaming Dark Radiation @ Late phantom Dark Energy

@» Early Dark Energy (EDE)
[Poulin+ 18]

@D Decaying Dark Matter
[Vattis+ 19]
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Lost in the landscape of solutions

e

Early Dark Energy Can Resolve The Hubble Tension

- -

' Relieving the Hubble tension with primordial mag

Vivian Poulin!, Tristan L. Smith?, Tanvi Karwal!, and Marc Kamionkowski' Karsten Jedamzik!' and Levon Pogosian® ®

Rock ‘n’ Roll Solutions to the Hubble Tension
The Neutrino Puzzle: Anomalies, Interactions, and Cosmological Tensions |}

Christina D. Kreisch,!:[*| Francis-Yan Cyr-Racine,? %[{| and Olivier Doré*

Prateek Agrawal', Francis-Yan Cyr-Racine'?, David Pinner'?, and Lisa Randall’

The Hubble Tension as a Hint of Leptogenesis and Neutrino Mass Generation

Miguel Escudero!'* and Samuel J. Witte?: T
| | Dark matter decaying in the late Universe can rel
| tension

Jleonora Di Valentino,!'?'* Alessandro Melchiorri,®> T and Olga Mena?:-

Can interacting dark energy solve the H, tension?

Kyriakos Vattis, Savvas M. Koushiappas, and Abraham Loeb

A Simple Phenomenological Emergent Dark Energy Model can Resolve the Hubble Tensid|

XI1AOLEI L1¥? AND ARMAN SHAFIELOO'?

Early recombination as a solution to the H, tension |

i

Early modified gravity in light of the H, tension &

Toyokazu Sekiguchi®’[*| and Tomo Takahashi® Matteo Braglia,23:[| Mario Ballardini,!:2 %[f| Fabio Finelli,? %-[f] anc
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The Ho Olympics

GOAL.:

ldentify which underlying
mechanisms are more
likely to be responsible
for explaining the
discrepancy

17



Take a sample of proposed solutions

The Ho 0lympics 17 different models, spanning
early- and late-universe solutions

(I:x: EDE t Ex: DCDM — DR+ WDM

GOAL.:

ldentify which underlying
mechanisms are more
likely to be responsible
for explaining the
discrepancy

17




Take a sample of proposed solutions

The Ho 0lympics 17 different models, spanning
early- and late-universe solutions

(;x: EDE L Ex: DCDM — DR+ WDM
GOAL:

ldentify which underlying | 50 e o i b e
on M, !

mechanisms are more
likely to be responsible
for explaining the
discrepancy

Planck 2018 + BAO + SNIla + SHOES

17




Take a sample of proposed solutions

The Ho 0lympics 17 different models, spanning
early- and late-universe solutions

(I:x: EDE k Ex: DCDM — DR+ WDM
GOAL:
ldentify which underlying | 50 e o i b e Asa orior
mechanisms are more

likely to be responsible

.. Planck 2018 + BAO + SNla + SHOES
for explaining the
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Results of the contest

Gaussian QDM AP

Model A Nparam Mg _ . Ax? AAIC Finalist
Tension  Tension
ACDM 0 ~19.416 £0.012  4.4o 4.50 X 0.00 000 X | X
ANy, 1 ~19.395+0.019  3.60 3.80 X | —-6.10 —410 X | X
SIDR 1 ~19.385+0.024  3.20 330 X | —957 —757 V4
mixed DR 2 ~19.413+£0.036  3.30 340 X | —-883 —483 X | X
DR-DM 2 ~-19.388 £0.026  3.20 3.10 X | —-892 —492 X | X
SIv+DR 3 —19.44010-037 3.80 390 X | —498 102 X | X
Majoron 3 —19.38010-027 3.00 290 v | -1549 —-9.49 v
primordial B 1 —19.39070-05% 3.50 3.50 X | —11.42 —9.42 v
varying me 1 —19.391 4+ 0.034 2.90 2.90 v | —12.27 -10.27 V v
varying me-+Qp 2 ~19.368 £0.048  2.00 190 | -17.26 -1326 v
EDE 3 —19.3907003° 3.60 1.60 v | —21.98 —1598 v
NEDE 3 —19.38010 046 3.10 190 v | —18.93 —1293 v v
EMG 3 ~19.39710 052 3.70 230 v | —1856 —12.56 v
CPL 2 —19.400 £0.020  3.70 410 X | —494 —094 X | X
PEDE 0 ~19.349+£0.013  2.70 280 v 224 224 X | X
GPEDE 1 —~19.400 £0.022  3.60 460 X | —045 155 X | X
DM — DR+WDM 2 ~19.420£0.012  4.50 450 X | —-019 381 X | X
DM — DR 2 ~19.410£0.011  4.30 450 X | —-053 347 X | X
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Results of the contest

Gaussian  QpMAP

Model A Nparam Mg . . Ax? AAIC Finalist
Tension Tension
ACDM 0 ~19.416 £0.012  4.40 450 X | 000 000 X | X
ANy, 1 ~19.395+0.019  3.60 3.80 X | —610 —410 X | X
SIDR 1 —19.385+0.024  3.20 330 X | =957 757 v @
mixed DR 2 ~19.413+0.036  3.30 340 X | -883 483 X | X
DR-DM 2 —19.388+0.026  3.20 310 X | —892 —492 X | X
SIv+DR 3 —19.44010-037 3.80 390 X | —498 102 X | X
Majoron 3 —19.38010 051 3.00 290 v | -1549 —-949 v @
primordial B 1 —19.39010055 3.50 3.50 X | —1142 -942 v @
varying m. 1 ~19.391+0.034 290 290 v | —1227 -10.27 V @
varying me+Q 2 —19.368 £ 0.048  2.00 190 v | —-1726 -13.26 v @
EDE 3 —19.39015-028 3.60 1.60 v | —21.98 —15.98 v @
NEDE 3 —19.38010 04 3.10 190 v | —18.93 -1293 Vv v @
EMG 3 ~19.39710 034 3.70 230 Vv | —1856 —12.56 v @
CPL 2 ~19.400 £ 0.020  3.70 410 X | —494 —-094 X | X
PEDE 0 ~19.349+0.013  2.70 280 224 224 X | X
GPEDE 1 —19.400 £ 0.022  3.60 460 X | —045 155 X | X
DM — DR+WDM 2 ~19.420+£0.012  4.50 450 X | —019 381 X | X
DM — DR 2 ~19.410+0.011  4.30 450 X | —053 347 X | X

Early-time solutions
not involving dark
radiation appear the
most successful
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ANy 1 ~19.395+£0.019  3.60 380 X | —-610 —410 X | X
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mixed DR 2 ~19.413+£0.036  3.30 340 X | -883 —483 X | X
DR-DM 2 ~19.388 £0.026  3.20 3.10 X | —-892 —492 X | X
SIv+DR 3 —19.44010-037 3.80 390 X | —498 102 X | X
Majoron 3 —19.38010-027 3.00 290 V| —1549 —9.49 K
primordial B 1 —19.39010055 3.50 3.50 X | —1142 -942 v
varying m 1 ~19.391+£0.034 290 290 v | —1227 —-1027 V v
varying me-+Q 2 —19.368 £0.048 2.0 190 v | —1726 -13.26 v
EDE 3 —19.3907003° 3.60 1.60 v | —21.98 —1598 v
NEDE 3 —19.3801 503 3.10 190 v | —-18.93 -12.93 v v o
EMG 3 —19.39710 024 3.70 230 v | —1856 —12.56 v
CPL 2 ~19.400 £0.020 3.7 41c X | —494 094 X | X
PEDE 0 ~19.349 +£0.013  2.70 280 v | 224 224 X | X
GPEDE 1 —19.400 £0.022  3.60 460 X | —045 155 X | X
DM — DR+WDM 2 ~19.420 £0.012  4.50 450 X | -019 381 X | X
DM — DR 2 ~19.410£0.011  4.30 450 X | —-053 347 X | X

Early-time solutions
not involving dark
radiation appear the
most successful

Late-time solutions

(including decay models)

are the most disfavored
(severely constrained by

SNla+BAO)
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Does this mean that decay models
are not worth exploring?
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The most successful models for the Hp tension
are unable to explain the Ss tension
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The most successful models for the Hp tension
are unable to explain the Ss tension

Decay models could
provide a way to

| HHl ACDM
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The most successful models for the Hp tension
are unable to explain the Ss tension

5] " Wl ACDM
B )Majoron
T 701 . EEE NEDE
| EDE
651
0.851
S 0.775
07 . . . |
2195 -19.4 -19.2 65 70 75

Mp H

Decay models could

o[ provide a way to
B Primordial B )
. | explain the low
- Varying m.+{) m e a S U re d 58 Va lu e S
65
085] i @ )

S 0.775

They could also help
answering other
questions (like the
neutrino mass puzzle)

0.77

05 0L 100 65T 0TS
Mp Hy

20



‘ i .. ~—
: T IEN NN
"3, WO R by LA
A4 VO L
BT T 7 /7 / /7 o
[ 1100103 IRy i i
SRR ) sssss\\
L R BT g 0 40 ,
.--- Y} / \\ 7 7 7/
FULULOE / s\\\ \\\\\
AR LR Wby
e Vo0, 0 00
270 0,0 0
/ /
/ / \\ 7 7/ _
e /! 2, ¢ ¢
/7 .7 -
L By F 7 |
\5\ P 3 F
¢ 7 AL
¢ / P e
’ \\ o \\
\\\\\\ ” \\\\.
-
| \\\\\\\\\\ \\\\\\\
Mﬂ A AT &
. B \\ \\ \\ \\ \\ \\ “
- ”’ \\\ \\ \\ - \\
S " \\\\ ” -~ ‘\ \‘
: .7 S SR i
x- \\\\\\\\\\\\
) \\‘ “
- -
| o
|
« 1,
\ls
\‘I
s I\
! —— - - -
.””“--'--' "--'---
! o'.'..'....'-- B
: -Q 0"-'-'-- pbetdadad L1
’.\ .'-"" "'--'-A
\‘, 0""-" '-"'-"l
2 I\ .
- -
| e
|
‘~
oS
0," "
00, "" " | |
e S OO SIS - ~\
N SN& i =
Ry e e =
A IIIIIIII e III ~o I\M\
7 . heN IIIIIIII Il¥\
S
\\\\\\s - : //// IIII III\M\
0, ) S R Y G S
00, ¢ faa/ ? B
e \\\\\ \\\\\\ ' oavl IIIIII II\;CJ\
e ey i WILVR 5
. sss\s s\ ........ /o/a/,a 3
\s\ssss R aoafa/a S
6/ TORCHE O e S
Y ¢ ! 111 \ \ \ R =
B 7 / AR I AY
4 TN ~ 0 3
SO .V-\l T LI \ NN |”
BN T . °
: (g0]
£
o

—
=
W
—
L
-

00
W
LU
L
-
W
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Sy = 034/Q, /0.3

What is needed to explain low Ss values ? o2 = J P (k2 = 0)W2(k)dInk

@ Q..should be left unchanged (well
constrained by SNla & galaxy clustering)
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What is needed to explain low Sg values ?

@ Q..should be left unchanged (well
constrained by SNla & galaxy clustering)

@) Suppress power at scales
k~0.1—-1 h/Mpc

@ Modify only perturbation properties
(expansion history well constrained
by low-z probes)

Sy = 034/Q, /0.3

g = me(k, z = 0)Wx(k)dInk

Ex: Warm dark matter

P(k) [Mpc® ]
o

7l{ — cDM
8[| — WDMS5 kev
o|| — WDM2kev
107

— WDM 1 keV

= l—_— - —

110 10 10° 10°
k [Mpc™]

102 10% 10

Very constrained by Ly-& !
[Ir$ié+ 17]
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Decaying Dark Matter (DDM)

@) Well motivated theoretically (ex: R-parity violation)
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Decaying Dark Matter (DDM)

@) Well motivated theoretically (ex: R-parity violation)

€ Decay products?

o To SM particles
Model-dependent, strongly constrained I'"! > 10’ — 10'° ¢,

[Blanco+ 18]

e To dark radiation
Model-independent, less constrained I'"! > 10 1,,
[Nygaard+ 20]
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Decaying Dark Matter (DDM)

@) Well motivated theoretically (ex: R-parity violation)

€ Decay products?

o To SM particles
Model-dependent, strongly constrained I'"! > 10’ — 10'° ¢,

[Blanco+ 18]

Q To dark radiation

What about
Model-independent, less constrained I'"! > 10 1,,

massive products?
[Nygaard+ 20]
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DDM with massive decay products

We explore DM decays to
massless (Dark Radiation) and

massive (\Warm Dark Matter) particles

25



DDM with massive decay products

2 extra parameters:
We explore DM decays to

Decay rate [

massless (Dark Radiation) and

massive (\Warm Dark Matter) particles DR energy fraction &

1 m?2 = ( (ACDM)
Epgr = em, e=—11 2
){ 2 m2 =1/2 (DM — DR)
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GOAL

Perform a parameter scan by including
full treatment of linear perts., in order
to assess the impact on the Ss tension

26



Evolution of DDM perturbations

€ Track i, 0; and o; fori=dm, dr, idm

@ Boltzmann hierarchy of egs., dictate evolution of
p.s.d. multipoles Af,(q, k, T)
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Evolution of DDM perturbations

€ Track i, 0; and o; fori=dm, dr, idm

@ Boltzmann hierarchy of egs., dictate evolution of
p.s.d. multipoles Af,(q, k, T)

‘ For DM and DR, momentum d.o.f. are integrated out

‘ For WDM, need to follow full evolution in phase space
Computationally prohibitive, 6(10°) ODEs to solve!
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New fluid equations for the WDM species

@ Based on previous approximation for massive neutrinos
[Lesgourgues+ 11]

h' Pam
fdm = — .”aH(cSZyn — W)0ywam — (1 +w) (dem + ?) +al'(1 — 8),5 dd Bam — Owdm)

2 — 2
csyn ) 2 Pdm 1+ Ca

= —al'(1 — ¢ 0
4w Owdm =K Cam ( )ﬁwdm L+w "

/
dem

= —aH(®1 - 3c2)0, . +
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New fluid equations for the WDM species

@ Based on previous approximation for massive neutrinos
[Lesgourgues+ 11]

h' Pam
fdm = — .”aH(cSZyn — W)0ywam — (1 +w) (dem + ?) +al'(1 — 8),5 dd (Ogm — Owdm)

2 — 2
csyn ) 2 Pdm 1+ Ca

= —al'(1 — ¢ 0
4w Owdm =K Cam ( )ﬁwdm 1+w "

/
dem

= —aH(1 -3¢0, 4., +

CPU time reduced from
~ 41 day to ~ 1 minute !!



[km/s/Mpc]

H(z)/(1 + 2)

=
@)
o

=
EAN
o

=
N
o

100 -
80 -
60 -

401

H(z) more affected by the DR:
rt el

—— ACDM “
4
-1 ! .
— [=3Gyrs ___. e=0.2 4 /-/
—— M=03Gyrs —— £=0.5 4 /

29



[km/s/Mpc]

H(z)/(1 + 2)
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H(z) more affected by the DR:

ri el

— ACDM
— M'=3Gyrs ___. =02
—— =03 Gyrs —.— £=0.5

Proom/Pacom —

P(k) more affected by the WDM

(suppression at k > kss ):

rf

el

0.0 -

-0.1 \
—-0.2
—0.34 M*=30Gyrs
-0.4
—0.51— =01

— £=0.01
_0.6__ €=0.001
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rt el

=
@)
o

i
—— M 1=3Gyrs

140 ,,’
-——— £=0.2 .

—— =03 Gyrs —.— £=0.5

=
N
o

=
o
o

401

With large I and small €, we can

achieve a P(k) suppression while
leaving H(z) unaffected

Panopom/Pacom — 1

P(k) more affected by the WDM

(suppression at k > kss ):

0.0 +— @

—0.1 \
-0.2
t=0) 3 I"1=BOGyrs
-0.4
—0.51{— e=0.1

— £=0.01
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To compare against
weak-lensing data,
we need the non-
linear prediction

30



To compare against
weak-lensing data,
we need the non-
linear prediction

BUT
this would require to

run expensive ADDM

simulations
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To compare against
weak-lensing data,
we need the non-
linear prediction

BUT

this would require to
run expensive ADDM

simulations

Use a Sg prior instead
(very simplistic, but
should be seen as

a minimal test)

v
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Explaining the Sg tension

@ Reconstructed Sgvalues are in
excellent agreement with WL data

Planck18 + BAO + SNla
+ Sg (KiDS+BOSS+2dfLenS):

B /\DDM
B A\CDM

= ErEs TR T
Log;(T/Gyrs™") Logo(¢) Ss
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Explaining the Sg tension

Planck18 + BAO + SNla
+ Sg (KiDS+BOSS+2dfLenS):

B /\DDM
B A\CDM

! ~ 55 (¢/0.007) Gyr

@ Reconstructed Sgvalues are in
excellent agreement with WL data

= ErEs TR T
Log;(T/Gyrs™") Logo(¢) Ss
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Why does the DDM model provide a better fit?

—— ADDM Best-fit
—— VACDM (M, =0.27 eV)

1074 103 102 101 10°
k [h/Mpc]
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Why does the DDM model provide a better fit?

Lower suppression
in the past

~
s‘
=~

-
~ ~
---------

—— ADDM Best-fit
—— VACDM (M, =0.27 eV)

1074 103 102 101 10°
k [h/Mpc]




—— NADDM Best-fit

{—— vACDM (M, =0.27 eV)

\

—
multipole/

Why does the DDM model provide a better fit?

Time-dependence
of DDM suppression
allows for a better
fit to CMB data
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Prospects for DDM

@ Run DDM simulations, to test model
against non-linear observables like

Cosmic Shear or Lyman-x forest
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Prospects for DDM

¢ Run DDM simulations, to test model
against non-linear observables like

Cosmic Shear or Lyman-x forest

— ACDM
SDSS MGS ---- ADDM Best-fit
@ Future accurate CMB and LSS (Euclid, Lol
SKA) data will be able to capture DDM ezt
sighature R
0.3- - WiggleZ
0.2

g 02 01 08 @08 v 1 aa G



& THE NEUTRINO
MASS BOUNDS
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Oscillation experiments have provided convincing
evidence that neutrinos have mass

B v
1+
Ams,
2>
Amgll
1

Normal
D m, 20.06 eV

- v, Ve

21
0

2
21

2
> I

. Am
1

gl g" M [Salas+ 18]

Inverted
D m, 20.10 eV
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Oscillation experiments have provided convincing
evidence that neutrinos have mass

- Ve - VIJ VT
2m
+» N o 2B X IAmz
2n 21
0 A
Ams,
WwEE Ams,
Am%ll : :
1 I o 3 oy [Salas+ 18]
Normal Inverted
D m, 20.06 eV D m, 20.10 eV

But what is the absolute mass scale of neutrinos ?
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Laboratory bounds

KATRIN experiment

| = = = —
F j’;’ A‘ Il:':JL ;
o Sl T N
b/ an— ;__
5 e
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Laboratory bounds

KATRIN experiment 'H — °He™ + e + 7,
| ? == ——
i SEsss=s=s===EN (' —
Fv - —
= e =

Current bounds
[KATRIN 21]

m, < 0.8 eV

D) m,<24eV
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Laboratory bounds

KATRIN experiment 'H — °He™ + e + 7,

At | 'J;:i l_ﬁ
=s=ss=s Y
Current bounds Expected KATRIN reach

[KATRIN 21] (in ~3 years)

m, < 0.8 eV m, <0.2 eV

Zmy<2.4 eV Zmy<0.6 eV
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Cosmological bounds

Cosmology provides the strongest bounds on Z m

Z m, < 0.12 eV (Planck18 TTTEEE+ lensing + BAO)

...but these bounds are model dependent:




Cosmological bounds

Cosmology provides the strongest bounds on Z m

Z m, < 0.12 eV (Planck18 TTTEEE+ lensing + BAO)

...but these bounds are model dependent:

CDM+my+wow, Z m, < 0.25 eV [Choudhury+ 19]
ACDM+m+Q ) m,<0.15eV  [Choudhury+19]

ACDM+my+Ness Z m, < 0.23 eV [Planck 18]




Cosmological bounds

Cosmology provides the strongest bounds on Z m

Z m, < 0.12 eV | (Planck18 TTTEEE+ lensing + BAO)

...but these bounds are model dependent:

CDM+my+wow, Z m, < 0.25 eV [Choudhury+ 19]
ACDM+m+Q ) m,<0.15eV  [Choudhury+19]

ACDM+my+Ness Z m, < 0.23 eV [Planck 18]

Constraints are rather robust upon simple extensions
What about changing neutrino properties ?




Decaying neutrinos

@ 2 neutrinos decay in the SM but 7, ~ (Gzm))™! > 10 yr> 1,
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Decaying neutrinos

@ 2 neutrinos decay in the SM but 7, ~ (Gzm))™! > 10 yr> 1,

@ Radiative decays are strongly constrained 7, > 10— 10'° ¢,
[Aalberts+ 18]

39



Decaying neutrinos

2 neutrinos decay in the SM but 7, ~ (Gzm))™' > 10% yr> 1,

Radiative decays are strongly constrained 7, > 10> — 10'Y ¢,
[Aalberts+ 18]

Decays to dark radiation, much less constrained

Appears naturally in many
neutrino mass models

[Escudero+ 20]
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Lifetime bounds on

invisible neutrino decays

Long-based line exp. 7, > 1071 sec

Supernovae 7, > 10 hrs

CMB (neutrino free-streaming) 7, > 10 mths
U [Barenboim+ 20]



Lifetime bounds on

invisible neutrino decays

Long-based line exp. 7, > 1071 sec

Supernovae 7, > 10 hrs

CMB (neutrino free-streaming) 7, > 10 mths
U [Barenboim+ 20]

We consider neutrinos decaying much
later, when already non-relativistic



Decaying neutrinos reduce their impact on structure formation
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Decaying neutrinos reduce their impact on structure formation
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Decaying neutrinos reduce their impact on structure formation
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Decaying neutrinos reduce their impact on structure formation

»m=06cv | Stable M =102ty [ v =103ty

0.00 —

X -0.16
Yo
L
&
X ~0.04
QA _0.24 |
— -0.08
Q
=
S. -0.12
-0.32 Q
ixed H S
Fixed Hog 5 ~0.16 -
—0.40 , . . -0.20 . . . .
104 10-3 102 10-1 500 1000 1500 2000 2500
k [h/Mpc] multipole/

This my-I'y degeneracy can be exploited to relax neutrino mass bounds
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@ Decaying neutrinos can
relax mass bounds

upto » m, <09 ev

reconciling cosmic
observations with a

potential signal
at KATRIN

Planck15 + BAO + SNIa:

Logyo(I'y/(km/s/Mpc))

o
N
&

B
o
o

L
©
N

L
N
&)

0 0399 0.799

> m,/eV

1.2

[Chacko+ 19]
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Improvement of the my-I'y bounds

@ Ameliorate Boltzmann treatment

@ Update data from Planck15 to Planck18
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Approx. background p.s.d. for neutrinos

flq,7) = fini(@)e™ 7

Collision terms in DR hierarchy
only included at £=0

/ —

Fdr,O — o o o + CO,
/ —

Fdr,l — o o o

/ —_
Fir= ...

/ —
Fdr,f>2 -t

e
S
O
£
)
s
&
e
-
S
O
£
EY,
O
QQ
=
O
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Approx. background p.s.d. for neutrinos Full background p.s.d. for neutrinos

e e —I [* dt’aly(a
fv(qv T) =fini(Q)e UJTi A )9

flq,7) = fini(@)e™ 7

Collision terms in DR hierarchy
included up to =3

Collision terms in DR hierarchy
only included at £=0

F(/ir,O: ... + C,, F('h,,o= Co,
F(’lr,1= Fc,h,1= .+ C,
Fi,= ... Foro= ... + G,
Fipss= .. Fopsn= .. + (C



Approx. background p.s.d. for neutrinos Full background p.s.d. for neutrinos

= = —I'" (" di’aly(a
fy(qv T) =fini(Q)e UJTi A )9

flq,7) = fini(@)e™ 7

Collision terms in DR hierarchy
included up to =3

Collision terms in DR hierarchy
only included at £=0

F(/ir,O: ... + C, F('lr,(): Co,
F(’lr,1= Fc,h,1= .+ C,
Fi,= ... Foro= ... + G,
Fipss= .. Fopsn= .. + (C

New corrections are relevant for

semi-relativistic decays, and will be
important for future experiments
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Updated bounds with Planck18 + BAO + SNla
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Updated bounds with Planck18 + BAO + SNla
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Non-relativistic 10"
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Updated bounds with Planck18 + BAO + SNla

102

Non-relativistic 10"
neutrino decays 1010
now only allow 39
masses up to — 10°
Yom <04ev NI
% 10°

£ 10°

= 10

= 10°

107

10

1 -

0

0.1

KATRIN
>

02 03 04 05 06 07 0.8 0.9
2m, [eV]

1

For recovering

compatibility
with KATRIN, we
need to go out
of our regime

of validity
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Why has the bound tighten so much ?

@9 The more precise EE data
from Planck18 allows for a

better determination of 7eio,

and hence of A., breaking
the degeneracy arising from
large my on the amplitude of
the CMB lensing spectrum

P15 + BAO/fos + Pan
P15 + BAO/fos + Pan + 7pi1s
P18 + BAO/fos + Pan

0.2 0.8

0.4 0.6
Zm,,/e\/

1.0
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Prospects for neutrino decay

@ Extend analysis to relativistic regime,
to confirm whether decaying neutrinos
can reconcile cosmic and laboratory
measurements
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Prospects for neutrino decay

@ Extend analysis to relativistic regime,

to confirm whether decaying neutrinos Planck + Euclid forecast
can reconcile cosmic and laboratory .
measurements % 4.9 .
= 3.0}
=
€ Future tomographic measurements = 1.5
of P(k) by Euclid or SKA will allow E
an independent determination of = 0159050301

the neutrino mass and lifetime Zm,,
[Chacko+ 20]
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Conclusions

) We have put novel constraints on several ACDM
extensions, focusing on unstable relic particles
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Conclusions

) We have put novel constraints on several ACDM
extensions, focusing on unstable relic particles

€ We have shown that the most promising solutions
to the Hotension fail at explaining the Sg tension.
The latter anomaly can be successfully addressed
with Decaying Dark Matter
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Conclusions

) We have put novel constraints on several ACDM

extensions, focusing on unstable relic particles

We have shown that the most promising solutions
to the Hotension fail at explaining the Sg tension.

The latter anomaly can be successfully addressed
with Decaying Dark Matter

We have seen that unstable neutrinos can
significantly relax neutrino mass bounds
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Conclusions

) We have put novel constraints on several ACDM
extensions, focusing on unstable relic particles

€ We have shown that the most promising solutions
to the Hotension fail at explaining the Sg tension.

The latter anomaly can be successfully addressed
with Decaying Dark Matter

€ We have seen that unstable neutrinos can
significantly relax neutrino mass bounds

@  Future accurate CMB and LSS data will be able
to capture the signature of these scenarios

48



Conclusions

THANKS FOR YOUR ATTENTION
guillermo.franco-abellan@umontpellier.fr
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Late-time solutions are
disfavored by low-redshift data

@ SNIladata

@ BAO data

Hd(Z)” =T S(Zdrag)H (2),

0,2) =

r S(Zdrag)

D4(2)

SHOES

-

M,

Pl18-ACDM

—
r S(deg)

D, (z)

D,(z)
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Late-time solutions are
disfavored by low-redshift data

@ SNIladata
SHOES
mb(Z) — Mb —+ 25 + logIODL(Z) T DL(Z)
b
@ BAO data
F(Zgrae) Pl18-ACDM
0, = r(zg)HR),  0,2)* = - > D,

D A(Z) r S(deg)

But both distances are related! |D;(zx) = (1 +2)°D,(z)
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loglO DL — loglo DL(P]IS — ACDM)

Late-time solutions are
disfavored by low-redshift data
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Pantheon SNIa calibrated by M;H%55

—0.10
0.001

O.bl - () 1
redshift z

SNla and BAO
distances are in
disagreement

|

Need to lower rq
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Early Dark Energy (EDE)

Scalar field initially frozen, dilutes
faster than radiation afterwards

1016
- Radiation

ol T Matter

- (Cosmological constant
- Total density

| = Early dark energy
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3 extra parameters:

Jepe(2.) Zc| b;

m f

Early Dark Energy (EDE)

Scalar field initially frozen, dilutes
faster than radiation afterwards

1016
- Radiation

il T Matter

- Cosmological constant
- Total density

| =—— Early dark energy
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@ Early Dark Energy can
resolve the Hubble
tension if it contributes

Jepe&,) ~ 10 %

around 2, ~ Z

Planck15 + BAO + SNIa + SHOES:

ial
= (P
m700

Pars

it ol

M

0. 03 0. 10 0. 17
fEDE(Zc)

o 3 4 3. 6
Logyg Zc)

[Poulin+ 18]
[Smith+ 19]
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“Because of the increase in Sg, LSS data severely constrains EDE"

“EDE is not detected from Planck data alone”

[Hill+ 20]
[D'amico+ 20]
[Ivanov+ 20]

[Murgia, GFA, Poulin
2020 arXiv:2009.10733]
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“Because of the increase in Sg, LSS data severely constrains EDE"

“EDE is not detected from Planck data alone”

Is EDE solution ruled-out?

[Hill+ 20]
[D'amico+ 20]
[Ivanov+ 20]

[Murgia, GFA, Poulin
2020 arXiv:2009.10733]
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“Because of the increase in Sg, LSS data severely constrains EDE"

“EDE is not detected from Planck data alone”

Is EDE solution ruled-out?

[Hill+ 20]
[D'amico+ 20]
[Ivanov+ 20]

[Murgia, GFA, Poulin
2020 arXiv:2009.10733]
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Model independent treatment of SHOES data

The cosmic distance ladder method doesn’t directly measure Hy

It directly measures the intrinsic magnitude of SNla My, at redshifts 0.02 <z < 0.15,
and then obtains Ho by comparing with the apparent SNIa magnitudes m [Efstathiou+ 21]

m(z) = M, +25 — SLog,,H,+5Log, (D (2))

where

D;(2) ~z (1 + (1- qo) (1 —gp— 3610+Jo)z

NS

Depends on the model!

to use a prior on the
Intrinsic SNIa magnitude
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Reconstructed values of H
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Ho olympics: testing against other datasets

Role of Planck data: We replaced Planck by WMAP+ACT and BBN+BAO

—— No significant changes (notable exceptions are EDE and NEDE)

Adding extra datasets: We included data from Cosmic Chronometers,
Redshift-Space-Distortions and BAO Ly-a.

— No huge impact, but decreases performance of finalist models

58



General constraints

Plancki8 + BAO + SNIla:

—— This work
—— C(lark et al. 2020
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General constraints

Planck18 + BAO + SNIia:
Constraints up to 1 order of

magnitude stronger than
former works due to the
inclusion of WDM perts.

—— This work
—— C(lark et al. 2020
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CMB forecast for DDM

B ADDM vs fake Planck

Bl ADDM vs CMB-54

Log,(T/Gyrs™) Log;(€)




CMB forecast for DDM

B ADDM vs fake Planck

BN ADDM vs CMB-54 Future accurate CMB data

will be able to capture the
signature of DDM
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Interesting implications

@ Model building

Why € << 1/2, i.e. Mwdm ~ Mdm ?
Ex: Supergravity

[Choi+ 21]
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Interesting implications

@ Model building

Why € << 1/2, i.e. Mwdm ~ Mdm ?
Ex: Supergravity

[Choi+ 21]

Abellén et al. 2020 (favored by Sg)
K Thiswork (excluded by MW Satellites)

MW Host

@ Smallscales

Reduction in the abundance
of subhalos, can be constrained

MW Satellites

*
by observations of MW satellites
" RARIKIKIK KKK
[DES 22] B 0000000702020 20 02020 2020205000 %

SOSOSO 008 90 0 00 20202020202020%
CRERERRAEKEKKK
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The full Boltzmann hierarchy

g, k, u, ) = flg, 7) + 5f(q, k, p, 7)

Expand 6f in multipoles. The Boltzmann eq. leads to the following hierarchy
(in synchronous gauge comoving with the mother)

qk of h TN, (1)

of + + (T —7,)04,
2B 95,6 angem O T

0
= (o) =

9 (sr) = I 1sp
ar (Oh) = 5 1= 2]

0 _ Gk o of (h+61)

o0 (0h) =5, [20h =30 Toq 15
- (6fr) = & 25, — (£ + Dof,yy|  (for £ > 3)
or * 7 2¢+DaE b ! o+ —

where g = a(z )p,,, - In the relat. limit q/aE =1 , so one can take

4 [
F,= ~ dg ¢°8f, and integrate out the dependency on q

Pc
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Checking the accuracy of the WDM fluid approx.

We compare the full Boltzmann hierarchy calculation with the WDM fluid approx.

The max. error on Sg is ~0.65 %, smaller than the ~1.8 % error of the
measurement from BOSS+KiDS+2dfLenS

0
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Impact of DDM on the CMB temperature spectrum

Low-# : enhanced Late Integrated Sachs Wolfe (LISW) effect

High-# : suppressed lensing (higher contrast between peaks)
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DDM resolution to the Ss tension

The level of detection depends on the level of tension with ACDM

B DES-Y1
B KiDS-1000+BOSS+2dFLens
B KiDS-1000+Viking+DES-Y1

\\\

3 2 -1 0 3 -2 -1
Logy,(I'/Gyrs ™) Logyo€)
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DDM results with linear priors
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DDM results with SPTPol and ACT datasets

B baseline+SPTpol+Sg

B baseline+Sg
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1 W/ Alens
] W/O Alens

DDM results
marginalizing
over lensing
information
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Excluding relativistic regime from the MCMC

no prior
reject if '), > H(T =m,/3)

06 08 10 1.2
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Checking consistency of Boltzman eqs.

(f’v + F-)D)/F-)ur

approx. PSD
Full PSD

Log,o(lMy/km/s/Mpc) = 2
Logo(ly/km/s/Mpc) = 3
Log1o(l/km/s/Mpc) = 4
Log,o(l,/km/s/Mpc) =5
Log,o(l,/km/s/Mpc) =6

>m,=0.06 eV

103 104

10°
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Comparing various prescriptions

ACEFE/CFE %] AC]TIC]T o [%]

AC?ICP  1%]

15 - approx. PSD + C; =0
Logio(lv/km/s/Mpc) =5.5

10 - approx. PSD + C; <1

5 - 2m,=0.6eV approx. PSD + Ci <>

PSD + C,

Full PSD + G-

Optimal: Full PSD + C; <3

101 102 10°

101 102 10°

m

101 102 10°
multipole/
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