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The case for early-time physics

[Knox&Millea 1908.03663]

0.160
. .
75F \\\\ 7 | 0.155
AN Y »§ sigma discrepant
70} : ' . 10.150
= 65 10145 3
0.140 H()TS SEEOTLST
60T SHOES
BAO+SNe
Planck TT,TE,EE+lowE (ACDM) 0.135
55 F = Planck TT{({>800)+lowE (ACDMI)
—.= Planck TT({<=800)+lowE {ACDM)

130 135 140 145 150 155 130

rdrag Mpc]

ncreasing

bi.e;
l)a,CKil/}gb
(2, Qp, Q) fixed Unchanged!




A road well-travelled

? Resolving the tension requires lowering the sound horizon by ~ 5-6 %.

2 This clearly suggests new physics pre recombination in redshift window:

Modi{:v Ms&)rvj of uhiverse when
| o 1100 < 2 < 25000
highly constrained

Z Challenge: The new physics should preserve good fit to CMB observables.

H(2) = Ho/Qp + Qm(1+2)5 + 2:(1+2)1 + Qx(2) 4— hew component (~10%)
e o)

increases H(z) prior to recombination s H(z)

Z %

? Canonical example: Dark Radiation (DR) 5% (t) — e Cl(t)_4

Z Problem: Too much diffusion damping on small scales.
? Generalisations where DR constituents becomes non-relativistic around eV

scale and annihilate are more promising (see Majoron and “step” proposal).

[Escudero++,2004.01470] [Aloni++,2111.00014]



What works phenomenologically...
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Z Question: What is the underlying microphysics?



Early Dark Energy

[Poulin, Smith, Karwal, Kamionkowski, 2018]

2nd order Eransition

¢2n

(L) frozen due

to Hubble friction
(it) coherent
oscillations

non-generic choice

Z Phenomenoloqgy requires:
Iy red cycle-averaged:

QeDE
faid {QEDE alt)fa(t))"

e Flattening of potential at high field values.
@ Oscillations in anharmonic potential.
e Ultralight effective mass : 1m ~ 10 2%7eV

where
2 Brings tension down to ~2 sigma (1p-EDE). a = 3(1+ w,)
[Planck 2018 + BAO (+LSS) + Pantheon + BBN]

(O |

. QLM% =
2 Challenges: e

e How to justify choice gb6 ?

@ Not resolving S8 tension (does not make it much worse though).
Poulin++,2302.09032



First order decay scenario

» Question: Can we find a model more motivated from particle physics?

New Ldea: vacuum bEransikion
V()

\ tunnelling

vacuum bubbles

2 EDE/NEDE provided by (decaying) false vacuum energy.

However:
[ = const — tunneling turins on when '~ H?

3 (L) percolation time ~ | / H - G typical bubble size ~1/H

# Challenge: How to avoid anisotropies in CMB arising from large bubbles?

? |dea: Make tunneling rate time dependent.



Cold New Early Dark Energy

Z Introduce a trigger field ¢ to synchronise decay.

Z eV scale adaption of first-order inflationary model
[Linde, 1990 ][Adams,Freese, 1990]

tunnelling rate: T'(¢) o exp [—Sg(9)]

fleld stuck initially:

¢ =~ Gini and T'/H* <« 1
(it) @ starks evolving

e.ven&uo\uv: A / g4 z 1

bubble nucleakion Eurns on

hierarchy: M ~eV > m ~ 107%"eV B> H*

rapid nucleakion evenk
radiative stability: ) GPm M <

weak coupling: A < 0.1




NEDE Phenomenology

2 Central requirement: percolation time Tys— gb/C < 1/H

» Consequence: Phase transition is an instantaneous process on cosmological scales.

+ colliding walls
+ shear stress (e.q. GW)

- mi,troscopic‘ ciecavs

Z Numerical picture (thick wall):

[Cutting++,2005.13537]

> After phase transition: Small-scale anisotropic stress
2 Describe as ideal fluid model on cosmological scales (no preferred direction or position).
2 Rich phenomenology: e.g. sourcing of tensor shear aka GWs (e.o.s.=1/3) + vector shear (e.0.s.=1)

and scalar shear (e.0.s.=1/3).  «wd work in progress



NEDE fluid model

e — Pm
¢ Before transition: NEDE plays role of CC. (i) . —— PNEDE
No 1¢. — [ra
¢ Sudden triggered transition at time:[2 = (L) — p¢d
¢ After transition: NEDE is described by - — /A
decaying dark fluid with e.o.s.p.; (il 2 :
ying p ) < wlTrigger (i
10* A 5 ~
1/3 < wneDE() < 1 S
107° 10— 103 102 1071 10°
2 Trigger field (for now) highly subdominant. ¢

» However, itriggerlis still important as it seeds the iNEDE fluctuations;

[Deruelle, Mukhanov, 1995]

Z Implemented in public code TriggerCLASS.



NEDE dictionary

Phenomenological par&ma&ers:

(i) fraction of NEDE /NEDE (ii) decay time Zy  (iil) eos. for decay

Microphysics:

3 .—4 / i A
i osons (2 (el Tid) (1) o i
0.01 0.1 2000 sek blj eV scale

2000

m = 1.7 x 107%" eV (1 — fNEDE)—l/z ( < ) ( 0 ) rigger is

H,/m ulbralight

Z e.o.s. parameter treated phenomenologically (for now).

Z Consider simplest implementation:
€ parameters: p.t. redshift £4 & fraction NEDE JNEDE
& fix WNEDE = C? = 2/3 (relaxed later)

® trigger field subdominant (relaxed later)



Background Mechanism

[Planck 2018, BAO, Pantheon, (SHOES 2019)]
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Shortening the sound horizon

¢ Energy injection reduces sound horizon.

& Compensated by larger HO

& Keeps angular scale fixed.

¢ Main background degeneracy (broken by
including HO prior).
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Secondary Mechanism

2
* Wedm = chmh
& Compensated by enhanced decay of Weyl
potential due to NEDE acoustic oscillations

and delayed matter domination.

Sy weak lensing
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€ Small residual effect on small scales.

€ S8 tension: 2.5 -> 2.8 sigma

®Increased Tlg (to compensate
enhanced diffusion damping)
€ Primordial spectrum one-sigma

compatible with scale invariance.



70.05

Interlude: inflation

Baseline = [Planck 2018, BAO, Pantheon, (SHOES 2019)]
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® Could bring back to life simple models of
inflation, e.q.:
e quadratic potential + curvaton
e power-law inflation (exp. potentials)
€ For now: Keep in mind LCDM dependence

of usual constraints.

[J.Cruz++,2209.02708]



Competition

The Hjy Olympics: A fair ranking of

proposed models deals with non-Graussian

Nils Schéneberg,” Guillermo Franco Abellan,’ Andrea Pérez POSEQT‘E,OTS

Sanchez,” Samuel J. Witte,® Vivian Poulin,” and Julien /

Lesgourgues” .

Model AN, M Gaussian — (Qpaap Ax?  AAIC Finalist

SR B Tension  Tension X

ACDM 0 —19.416 4+ 0.012 4.40 4.50 X 0.00 0.00 X X

Majoron 3 —19.380 £+ 0.027 3.00 2.90 v | =13.714 77714 v v

primordial B 1 —19.390 £ 0.018 3.50 3.50 X | —10.83 —883 V v @

varying m 1 —19.391 £+ 0.034 2.90 3.20 X —9.87 —7.87 V v @

varying me—+€2 2 —19.368 £ 0.048 2.00 1.70 v | —16.11 -12.11 Vv v

EDE 3 —19.390 £ 0.016 3.60 1.60 v | —20.80 —-14.80 Vv v

NEDE 3) —19.380 4+ 0.021 3.20 2.00 v | —17.70 —-11.70 Vv v
[Planck 2018 + BAO + Pantheon (+ SHOES)]

g Comparison EDE and NEDE: —— ACDM  —— NEDE - DR CADE  —-— EDE

[ L 0.02 [FN&Sloth:2006.06686]
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»Key message: perturbation sector will help discriminate models



PI’Oﬁ Ie I |ke I | hOOd (with J.Cruz, S. Hannestad, Emil B. Holm, M.Sloth, T. Tram)

15
?Z 3-parameter model JNEDE 2 WNEDE
2 More precise high-| (TT and EE) data can help Ry 107
distinguish EDE and NEDE. a .,
Z A special role will be played by LSS data.
> First test with EFT of LSS, ACT and SPT data 01
2 Profile likelihood approach avoids prior volume baseline
effects. w. SHOES
= posterior, m varied w. FS
Z22 et Hhelihond. w. ACT ot
w. SPT —————|

0.00 0.05 0.10 0.15 0.20
fNEDE
baseline = [Planck 2018, BAO, Pantheon]

0.00 0.05 0.10 015 020 0.25
fNEDE

z Upshot: Not enough constraining power (yet) to go much beyond Planck.
? Hubble tension reduced to 2.1 sigma.
Z Gaussian evidence for NEDE around 2 sigma (without SHOES) and 4.5 sigma (with SHOES).



Trigger dark matter |

Z So far we assumed the trigger to be entirely subdominant.
? However, it can naturally act as light axion-type dark matter.

» NEDE+ultralight scalar studied before by Allali, Hertzberg, and Rompineve, 2021.
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Trigger dark

matter |l

BN LCDM —— NEDE (Q,=0) [ NEDE (Q, > 0)
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Ss constraint (weak lensing, KiDs+Viking+DES [S. Joudaki et al., 2020])

Base = [Planck 2018, BAO, Pantheon]

? 4-parameter extensions of LCDM

Z Relaxing the prior on ng

Cold New Early Dark Energy pulls the trigger on the H, and S; tensions:

a simultaneons solution to both tensions without new ingredients

Z Key results:

. . T 0 P . “ ~1
Juan S. Cruz®’, Florian Niedermann®, and Martin S. Slothc!

€ Both tensions reduced below 2 sigma.

* Universe Dnging Group and CP-Drigins

‘ GaUSSian eVidence for NEDE eXCEEding 5 Sig ma.[,"n-'t".'r,s'ify of Southern Lenmere, Campusvey 55, 52390 Odense M. Dermark ard

? Nerdiia, KTH Royal Institute »f Technolooy ond Stockholn University
@ Overall chiA2 improvement by 20 units. Hennes Alivérs wia 12, SE-105 91 Steckholm, Sweden

@ Fit to CMB alone improved too.

€ No new physics at fundamental level needed to resolve also S8 tension.



Summary

» HO and S8 tension exciting opportunity to probe the dark sector.
» EDE looks promising, although the potential appears fine-tuned

+ no solution to S8 tension look for new particle physics models!

» NEDE is a fast-triggered phase transition in dark sector.

» Cold NEDE brings HO and S8 tension down to 2 sigma. |
3 B

Z Further theoretical work: 7% —
e Relate cold NEDE fluid to microscopic parameters (on-going).

e Embed in multi-axion system: small masses protected by approximately broken shift

symmetry.
Z Further phenomenological work:
e Study more general fluid (background and perturbations).
e Study other anomalies.
e Keep testing against more LSS and CMB data.
Z | did not have time to talk about:

e Temperature trigger in hot NEDE (akin to electroweak phase transition).
e Neutrino mass generation in hot NEDE.

e Gravitational wave production.



