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Abstract:

How did the universe evolve prior to the creation of the cosmic microwave background? There are no direct observational
probes of the universe’s expansion history prior to the onset of Big Bang nucleosynthesis (BBN), and numerous theories predict
deviations from radiation domination during the universe’s first second. Meanwhile, a persistent discrepancy between local and
cosmological measurements of the Hubble constant has prompted us to reconsider the evolution of the universe between BBN
and recombination. Since the growth of dark matter density perturbations depends on the expansion rate, deviations from the
standard expansion history leave imprints on the matter power spectrum. | will discuss how adding decaying massive particles
or fast-rolling scalar fields to the standard cosmological model impacts the abundance and structure of dark matter halos. Both
cases illustrate how small-scale structure provides a powerful probe of the evolution of the universe prior to recombinatio
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What happened before BBN?

We have good reasons to think that the Universe was not radiation

dominated throughout its first second. WDl il Secz"ggz flevew:

® Primordial density fluctuations point to inflation. After inflation,
the inflaton may have entered a fast-roll phase ( P ~ p ; kination)
or it may have oscillated ( P ~ () ; matter domination).

® Other scalar fields or particles may have come to
dominate the Universe after inflation.

® The string moduli problem: oscillating scalar fields

come to dominate the Universe before BBN.
Carlos, Casas, Quevedo, Roulet 1993 Acharya, Kumar, Bobkov, Kane, Shao, Watson 2008
Banks, Kaplan, Nelson 1994 Summary: Kane, Sinha,Watson 1502.07746

® String moduli can also generate periods of kination.
Conlon, Revello 2022
Apers, Conlon, Mosny, Revello 2023

® Hidden sector dark matter: massive mediators

dominate the Universe.

Zhang 2015

: . Dror, Kufiik, Ng 2016
Berlin, Hooper, Krnjaic 2016 '
ALE, Ralegankar, Shefton 2021 Dron Kuflik, Melcher, Watson 2018
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Possible changes to the expansion history
|. Decaying massive particles
2. Fast-rolling scalar fields

inflation

o9
-
X
®
»
=
w

1015 GeV(?)
Inflation

Neutrino Decoupling
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Part |:The Gap

Neutrino Decoupling/BBN CMB Now

0.07TMeV ST S 3MeV T =0.25eV T=23x10"%eV
0.08sec St < 4min t = 380,000 yr t =13.8Gyr

Radiation Matter
Domination Domination

3

Prad o< a4 Pmat X @

n early matter-dominated era (EMDE):

® Dominant component: p X a3

® Ends when dominant component decays
into relativistic particles.

® A period of kination:

® Dominant component: p X a~®

® Ends when dominant component’s
energy density falls below radiation

density (no entropy injection).
Adrienne Erickcek ty ( Py ] Pl Chartilg the Future: August 27, 2025
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Part |:The Gap

Neutrino Decoupling/BBN CMB Now

0.07TMeV ST S 3MeV T =0.25eV T=23x10"%eV
0.08sec St < 4min t = 380,000 yr t =13.8Gyr

Radiation Matter
Domination Domination

-3
Pmat X @

n early matter-dominated era (EMDE):
3

® Dominant component: p X @

® Ends when dominant component decays TRH Z 8 Mev

into relativistic particles.

oA P eriod of kination: Ichikawa, Kawasaki, Takahashi 2005; 2007

de Bernardis, Pagano, Melchiorri 2008
P.De Salas et al. 201 5;
Hasegawa et al. 2019

® Dominant component: p X q"

® Ends when dominant component’s
energy density falls below radiation

density (no entropy injection).
Adrienne Erickcek ty ( Py l Pl Chartilg the Future: August 27, 2025
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Perturbation Growth

The evolution of small perturbations in the density of matter:

dIn(a3H) k\>® _din(a3H)
5# (5’ — — =3 -
m(@) + d m(@) (aH) a? da
Particle drift Gravitational forces

Case |: @ is constant during matter domination.

®'(a) — 39" (a)

O0m = C1 -I-C'g(?l_l/z-l-g (i) ka = 5??’2, X a

2,3
3|\ H"a *Slightly slower growth if
Constant during MD some matter doesn’t cluster

Case 2: After horizon entry, ® oscillates and decays for w>0.
°  da Y1dt

Om =C1+C = O X / ——

1+ G2 / O () e

Since v o< 1/a, this is the

comoving distance travelled by
massive particles

Adrienne Erickcek Pl Charting the Future: August 27,2025
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Imprints on the Matter Power Spectrum

The present-day amplitude of d,,, (k) depends on the growth rate
and the time of horizon entry.

£ ; ; _
Example: Horizon entry during matter domination
a

\\

Sm(k) o —; k=apH(ar) xap? = 6 o k?a = P(k) o k317
_ Ak .

e . : . . R
Example: Horizon entry during radiation domination

¢ da % da Qe
| q . -1
5moc/ —&3H(&) x = o n(Sak)’ k oca

=>5mocln( e

%

k
k) o In® el
Skeq) b (Skeq g

fExampIe: Horizon entry during kination (w = 1, H o< a™3)

a d"‘
S X / &31;(&) > a‘:; ko ag 2= 8, o kY2 = P(k) o k™

~

J
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The Imprint of an EMDE

Modes that enter the horizon during the EMDE AL & sigurdson 2011;

Fan, Ozsoy, Watson 2014;
are enhanced: § < a/ay = P(k > kru) o< k>t™  ar2015

¢ r T T > T
i EMDE 1 TRH — i | GeV, kCIlC/kRH = 40

TRH =1 GeV, k(‘[lf/kRH =:2{)

|ineevl‘i:h 5 | Tru = 10 MeV, keyp/kry = 20
gro

’ kru-
o\ / logarithmic
_Qﬁ{,’-‘)zfon growth _

\dk radiation
omination .

L i 104
10 102 10 10®°  10® 10

scale factor (a)

Height of peak in P(k) is set by the ratio k., /kry: sets the
formation time and central densities of the first halos.

® For WIMP dark matter that kinetically decouples during an EMDE,

free-streaming generally sets kcyt/kru < 20. ALE, Sinha, Watson 201 6;
Waldstein, ALE, llie 2017

7
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The Small Scale Cut-off

® Hidden sector dark matter is colder, but modes that enter

A et

the horizon while the dominantY particles are semi- . ; .
relativistic are suppressed HHimanist Sanjoo,
PP : ALE,W. Lin, K. Mack 2023

® Number-changing Y "1— v
interactions (cannibalism) S
. —— k, (my = Tys at horizon entr
increase the pressure of
theY particles and change |8 b
the cutoff.

ALE, Ralegankar, Shelton 2021
ALE, Ralegankar, Shelton 2022

® If halos form during the
EMDE, gravitational
heating sets cutoff.

Blanco, Delos, ALE, Hooper 2019
Barenboim, Blinov, Stebbins 202 |
Ganjoo and Delos 2024

Adrienne Erickcek Pl Charting the Future: August 27,2025
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The Small Scale Cut-off

® Hidden sector dark matter is colder, but modes that enter T
the horizon while the dominantY particles are semi- -

relativistic are suppressed Himanish Ganjoo,
2 ' ALE,W. Lin, K. Mack 2023

® Number-changing Y i Y
interactions (cannibalism) s 2
. - k, (my = Tys at horizon entryy) /’—\
increase the pressure of ! .
theY particles and change e
the cutoff. With FS

ALE, Ralegankar, Shelton 2021 l ACDM
ALE, Ralegankar, Shelton 2022

® If halos form during the
EMDE, gravitational

i ‘ = 2 TeV, 7 =500, Tru — 20 MeV
heating sets cutoff. 105 . m=1TeV, =50, Tay = 20 MeV
Blanco, Delos, ALE, Hooper 2019 —— 1 = 2 TeV, 1= 50, Try = QOuNiCY

Barenboim, Blinov, Stebbins 202 | 10-2

; 10° 10 104 10° 108 10%
Ganjoo and Delos 2024

Ganjoo & Delos 2306.14961 k [1/Mpc]
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The Dark Matter Annihilation Rate

Microhalos increase the DM annihilation
rate by increasing the boost factor:

t = 100 hours

t = 750000 years

t = 16 million years t=16 millio'n-ﬂyears

Adrienne Erickcek

Delos et al. 2017

X .
® Use Peak-to-Halo (P2H) method to predict the
central density profile of halos based on the

: i : Sten Delos,
properties of initial density peaks. Bruff ALE 2019

® Use power spectrum to determine the abundance

and properties of local maxima in the density field.

Bardeen, Bond, Kaiser, Szalay 1986

S, =10

Reut
e P = 1 GV Reut =20
Rcut

—— Try = 10MeV » =30

standard ® Reyr =40

Reut = kc:ut/kRH

Hwan Bae,ALE,
Delos, Munoz 2025;
2502.08719
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Observational Constraints

Energy released by DM annihilation affects the IGM temperature.

Can be constrained by 2 |cm absorption. m " e",(')‘s”gd':, 53‘3’35?,
' 2502.08719

T WL ¥ LA AL | TRy
Reut = 20 XX =2 bb J
® R, =40
6T = —100 mK

5¢ e IGRB (con.) /

=== IGRB (agg.)

---- No DM
100 mK

100 mK;
" om,=10GeV

—— 200 mK
—+- IGRB
TI{H :2 Gev T T T T T T I T I T 'I
] . . 22 24
10° 10° 10*
my [GeV]

But the strongest constraints for kcut/kra 2 20come from

- : ] Sten Delos,
the isotropic gamma-ray background: Tim Linden, ALE 2019;

Lui et al. 2017; Blanco & Hooper 2019 Ganjoo & Delos 2024 ;
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Observational Constraints

Energy released by DM annihilation affects the IGM temperature.
Can be constrained by 2 |cm absorption. m Beios e 5025
2502.08719

—T==T 1

---- NoDM
100 mK
—— 200 mK

---- No DM
100 mK

100 mK;
" om,=10GeV

—— 200 mK
—+— IGRB

L T 7
22 24

But the strongest constraints for kcut/kru 2 20come from

. . 3 Sten Delos, e
the isotropic gamma-ray background: Tim Linden ALE 2019: /i

Lui et al. 201 7; Blanco & Hooper 2019 Ganjoo & Delos 2024
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The Imprint of Kination

Kayla Redmond, ¥
Anthony Trezza,ALE 2018

Kination enhances small-
scale density perturbations,

5’6( ] ]0 HR“ )‘;q)U

which boosts the
annihilation rate.

—— unsuppressed
—— tidally suppressed

M. Sten Delos, T - T T | 1 ; T T
Kayla Redmond 100 10° 10° 19° 108 10° 18'° 10 20

© W ALE 2023 keut (Mpc™1)
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Constraining Kination

: M. Sten Delos, Kayla Redmond,ALE 2023
1 ® P2H method gives boost due to
i kination.

j @ Significant boosts require kcy; 2 20kkr

unsuppressed :
BN | © If DM decouples from SM, these
d scenarios have the largest
annihilation cross sections.

] I T T T I I ||
104 10° 106 107 108 10° 10'0 10%! 10!2
kipm (MDC_I’)

IGRB Constraints upper limit on Tigs (MeV)
(Blanco& 10~6 10—4 10-2 10° 102

Hooper 2019) [ -

107 g

10%

HES.S. GC

Fermi ‘é::l

dSphs

—

=== Tkq =Tkr

10! 2 103 10-1! 10}
Tkr (GeV) Tir (GeV)
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Part ll: In search of bigger halos

Neutrino decoupling and CMB Now

Big Bang nucleosynthesiﬁ, — 0956V _4
= 0. T =23x10""eV
0.08sec St < 4min y

Radiation Matter

/ 4, Domination Domination
-

® Changing the pre-BBN expansion history can only affect sub-
solar-mass microhalos, which are difficult to detect directly.

® What about later modifications that could affect larger halos?

=1
o
=3
o
=
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Two Benchmarks: BBN and the CMB

To test how well we understand the first 380,000 years,
consider the possibility that there was a particle (Y) that
decayed into photons and other relativistic particles (ur).

Adrienne Erickcek

cv The CMB is sensitive to the
: photon/radiation ratio.

Alex Sobotka,
ALE, Tristan Smith
2023 2024

D

Deuterium
constrains
baryon/photon
ratio.

Limits on CMB spectral
distortions requireY decay t
to occur at T>2 keV (a<107) :

if it produces photons.

Pl Charting the Future: August 27,2025
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Two Benchmarks: BBN and the CMB

To test how well we understand the first 380,000 years,
consider the possibility that there was a particle (Y) that
decayed into photons and other relativistic particles (ur).

o The CMB is sensitive to the
nhaoton/radiation ratio.

Alex Sobotka,

B Planck
B Planck+D/H

Together, these probes severely limit how
much theY particle can contribute to the
energy density of the Universe: less than
2.4% marginalized over f,, and less than
The fraction of energy 3.8% for no photon production!
transferred to photons.

0.2 0.6

0.4
max(py /Prad)

Adrienne Erickcek Pl Charting the Future: August 27,2025
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Changing the sound horizon

The Hubble tension can be recast as a disagreement about

the sound horizon at recombination (7s). gossors o *

Energy content before recombination
s )
rs fz* cs(2)/H(z)dz (matter+rad) and baryon density

— d - Z Energy content after recombination,
CMB fU C/H(Z) dz including dark energy, gives H

05

® Decrease rs by increasing the ﬁ’roposed new additions:\

energy content prior to ® New relativistic particles, but A Nog
recombination. runs into problems with BBN and
® Keeping §, fixed demands that affects dampening tail of the CMB.
Bernal,Verde, Riess 201 6;
‘YOU als? decrease dCMB by D’Eramo+ 201 8; Planck Collaboration 2018
increasing the energy content ® Early dark energy that increases H(z)

after recombination. between BBN and recombination.

®l : h d Karwal & Kamionkowski 201 6;

density increases the value of Ho ® A massive particle that decays into
inferred from the CMB. Qzlativistic particles? Not photons!j

Adrienne Erickcek Pl Charting the Future: August 27,2025
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Injecting Dark Radiation

If there is no photon injection, the decay can happen at any
time, and BBN bounds weaken.

Planck
pre-recombination e
decay (Planck+SPT+D/H) — Pl'dll('lx-i-bPT-l—D/H

post-recombination B Planck+SPT+D/H
decay (Planck+Pan+BAQ) +Pan+BAO

- ACDM (Planck)

Rr < 0.0374

68 ' 70 L ‘

2 4 6 8 10 0.010.030.05

Hy [km/s!Mpc] l()gl(,(r)-/(i}'l'_j) Rr~ max(py /ptot)

® Pre-rec decays: constrained by ANog Alex Sobotka,

® Post-rec decays: sound horizon unaltered. Converting  ALE, Tristan Smith
matter to radiation after rec requires increasing Ho to avoid 2024
changing dcyp- Constrained by inverse-distance ladder.

Adrienne Erickcek Pl Charting the Future: August 27,2025
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Rolling scalars after BBN!?

® Goal: solve Hubble tension by increasing the energy density in
the early universe.

® Problem: where does the added energy go? It can’t stick around
as dark radiation.

® Solution: the energy density in a rolling scalar field dilutes faster
than radiation and can effectively disappear.

Early Dark Energy

Karwal & Kamionkowski 201 6;

Bl Planck 2018 TT+TE+EE [EDE, n = 3]

Evslin+ 2018; Poulin+ 2018.... [ ' B -+ CMBLens + BAO + SNIa + RSD + SHOES
® Contributes about v BN -+ DES

+ KiDS-S8 + HSC-S8

10% of total ener
o gy all above without SHOES

density around
matter-radiation

equality. “ (
® Scalar oscillates o}
after that, leading B N NN Hill, McDonough, Toomey,
—4.5 67.5 70.0 72.5 75.0  0.80 0.82 0.84 0.86

to Py X a Ho o5 Alexander 2020

/a

Adrienne Erickcek Pl Charting the Future: August 27,2025

Pirsa: 25080034 Page 22/27



Pirsa: 25080034

Welcome to the Axiverse

A tower of axions with different masses and different
misalignments can lead to multiple (temporary) sources of

Svrcek & Witten 2006; Svrcek 2006;Arvanitaki et al. 201 0;
dark energ)/- Marsh 201 |; Kamionkowski, Pradler, Walker 201 4; Karwal & Kamionkowski 2016

V(¢)

1594

1074

—44 |

® Axion is fixed while m<H.
® Axion rolls when m>H.

®For V(¢) x ¢*" oscillations

lead to n—1
w =
n—+1

® For n>6, oscillations are

107 305 05 10 40

Adrienne Erickcek

a

R RSB VBN (U mostly periods of fast rolling

with w ~ 1.
Pl Charting the Future: August 27,2025
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Impact of Very Early Dark Energy

R, = 60.00, a, = 10755,

l

Matter
Domination

10-3

Alex Sobotka,ALE, Tristan Smith 2025: 2409.06778
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Changing the axion mass

3 =098, a.s= 10799,
=3t

ACDM

10-2 10-1 100 10t 102
k [h Mpc™}

Alex Sobotka,ALE, Tristan Smith 2025:2409.06778
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Gallery of Possibilities

Planck+BAO/SN+D/H

ii‘u;ri-fimoxsxiD;n Ré’ lOgm Qe R‘,b T Ve ry Ea. I’iy Dark

::Z:uiu;\o,.'sa:wu,-u»sm . 32'98’ —T7.10 =
— %=1 44.56, —7.00 EnergY'
60.00, —6.92

52.63, —6.87

/K_ - 40.00, —6.86 ® Can dominate
AmbesB| O energy density

: : <
-74 =72 -70 —6.8 ==

lOgm ae 5::1‘2_
: 5 ® Can enhance

A 1.0 abundance of dark
halos by 60%

10°My < M < 10° Mg

0.8

eBOSS
067 CMB Lva

Analysis A

. ® Can suppress power
T IR R o, Lyrmian-alpha
10g 10 e k [h Mpc™'] scales

Alex Sobotka,ALE, Tristan Smith 2025:2409.06778
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Probing the Expansion History with DM

Inflation
Dark|Energy

Radiation :
I@ domination .
Big Bang Nucleosynthesis

® The expansion history determines when perturbation modes enter
the horizon and how fast they grow.

® An early matter-dominated era (EMDE) and a period of kination
both enhance the abundance of dark matter microhalos.

®We can use 21cm and gamma-ray observations to probe the
evolution of the early Universe and narrow the field of thermal relics.

® (Very) early dark energy can enhance the matter power spectrum on
scales probed by dwarf galaxies while suppressing power on scales
probed by the Lyman-alpha forest.
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