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The ACDM model of Gosmology
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The Hubbile Tension
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The Large-Scale Structure Tension
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The Large-Scale Structure Tension

ACDM + Galaxy clustering

CMB measurement ~2-30 + weak lensing
< > (DES Y1)
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The Hubble Measurement with the CMB
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The Hubble Measurement with the CMB
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The Hubble Measurement with the CMB

Multipole moment, ¢
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The Hubble Measurement with the CMB
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Early Dark Energy Extra Radiation
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Early Dark Energy Extra Radiation
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Early Dark Energy Extra Radiation
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Early Dark Energy Extra Radiation

0.07
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0.02
0.01

.00 ==

10° 102 10° 10 102 10° 10% 10°

Maintains great fit to CMB Worsens fit to CMB
Resolves HO but exasterbates LSS tension (Hill et. al,, 2020, vanovetal. 2020)  Can ease LSS and Hubble tension
Relies on fine-tuned scalar field potentials
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Warm Early Dark Energy with thermal friction Extra Radiation

combines

O
Se = _n
8 = 98 193
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Maintains great fit to CMB Worsens fit to CMB
Resolves HO but exasterbates LSS tension (Hill et. al., 2020, Ivanov et al. 2020) Can ease LSS and Hubble tension

m (Berghaus, Karwal 2020)
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Warm Early Dark Energy with thermal friction Extra Radiation
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Early Dark Energy

Frozen at early times by Hubble friction

¢ +3Hp +V' =0 f

Dilutes away as radiation or faster when n>?2
axion starts oscillating at critical redshift z,
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Warm Early Dark Energy

V(qb)‘ %g Frozen at early times by thermal friction

NS ‘\t\) d+BH+VPp +V' =0

/\N§ R por +4Hppr = Y 2
¢

Overdamped at all time. Axion converts its
energy into dark radiation at critical redshift z,.
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Warm Early Dark Energy

V(gl))‘ % $ Frozen at early times by thermal friction
~N |\‘\) d+BH+VP +V' =0
Ppr +4Hppr = Y¢ 2

Overdamped at all time. Axion converts its
energy into dark radiation at critical redshift z,.

— Dissipative Axion
aTs — EDE of Poulin et al.
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Warm Early Dark Energy

V(ip) % Frozen at early times by thermal friction
e R i%‘\‘\) (,b - (3]—[ + Y)¢ +V' =0 Thermal friction generically

arises for axions couplings

pDR ~+ 4H:0DR = ng Z to gauge fields

Overdamped at all time. Axion converts its Lipt = —gb%GVG
energy into dark radiation at critical redshift z,.
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s -
Dissipative Axion oL_d oL _

dp dtadp

* Couple scalar field to light degrees of freedom Liyy = —¢-—~-G G

167mf

d+3Hp +V' = — <16‘;‘T fc’;”c,') )

non—eq
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oL d oL _

dp dtadp

* Couple scalar field to light degrees of freedom Liyy = —¢-—~-G G

167mf

d+3Hp +V' = — <16‘;‘T fG”G> )

non—eq

<16C7Z'cf6G> (p) = mip + Yo + 0(¢)

non—eq
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oL d oL _

dp dtadp

* Couple scalar field to light degrees of freedom Liy = —¢p-—~-G G

16mf
d+3Hp +V' = — <16‘;‘T féG>non—eq )
(1606) @ =6 +7$ +0)

Not allowed by symmetry
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s -
Dissipative Axion oL_d oL _

dp dtadp

* Couple scalar field to light degrees of freedom Liyy = —¢-—~-G G

16mf

¢ + 3Ho +V’=—<1607‘Tf56> ()

non—eq

sphalerons

/

(7G6) (@) = mKb+ Y +0()

non—eq

gauge field vacua
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- oL d oL
0, K" = 156G oL _2 o8 _
d¢ dtag

* Couple scalar field to light degrees of freedom Liyt = —¢p—-2-GG = PpK°

16mf
~ ANc¢s
. [dk® .
§b + 3 §b + V — F (gb)
Nonzero (¢) gives linear potential to K° non—eq

NCS
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Analysis

e Put Warm Early Dark Energy into CLASS: V(¢) = %‘mquz

* Effective parameters: f,40,z.(Mm, V), m
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Analysis

e Put Warm Early Dark Energy into CLASS: V(¢) = %‘mquz

* Effective parameters: f,40,z.(Mm, V), m

* Data sets:

* Planck 2018 CMB (TTTEEE) + lensing N
BAO (BOSS DR12, SDSS Main Galaxy Sample, 6dFGS)  paseline
Pantheon Supernovae sample
SHOES measurement Hy = 73.04 + 1.04 km/s/Mpc
Dark Energy Survey Year 1 galaxy lensing and clustering
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I baseline+HO
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baseline+H0+DES
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Model Hy [km/s/Mpc] Ss

[
ACDM  68.76(68.63) = 0.36 0.8013(0.8055) <+ 0.0087
DA EDE 71.08(71.06) + 0.85 0.8058(0.8075) <+ 0.0089
Neg 70.50(70.86) + 0.78 0.8102(0.8106) <+ 0.0096

Table VI. 1D marginalized posteriors of measurements
quantifying the two cosmological tensions, fitting to base-

line+Hy+DES.

Model X%JMB XEH“. XEDES
ACDM  2778.4 18.0 508.0
DA EDE 2778.7 3.6 508.3
Nest 2783.3 4.4 5H08.8

Table VII. The goodness of fit to CMB and DES data, while
cumulatively fitting to baseline+ Hy+DES.
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Baseline + SHOES + DES
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Baseline + SHOES + DES
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Baseline + SHOES + DES

=0.8059 £ 0.0090

e = 0.048 £ 0.016

Data prefers highest
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Baseline + SHOES + DES

=0.8059 £ 0.0090

Radiation
--=- Matter . I\
— - Cosmological constant A & - Y ] .
—— Total DA EDE ! ] Data prefers highest
Scalar field z. allowed by priors
Dark radiation

e = 0.048 £ 0.016

0g102c = 4.81*923

=

10G:gfMscr > 6.30

(V3]
A
=
LI
C
v o
T &
>=
o Q
| -
)
c
w

[=)]

10g10Y =8.01 £0.74

A

(=]

log10Y
910 - logiomser 109102
co (%]

[=2]

10! 107 10° 10%
Z

085 002 006 4 5 5 6 6 8 10 32 3.4 36

Berghaus, Karwal 2022
8 Sg fede log10Zc 10g10Mses 10g10Y Ne
Berghaus, Karwal 2022

07/07/2022 BNL HET Seminar Kim V. Berghaus, YITP




Baseline + SHOES
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Answer must be in perturbations since background looks favorable

hl¢l
2

§¢" +2aHS¢" + (k% + a?V"(¢))d¢p = — Regular EDE perturbations
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Answer must be in perturbations since background looks favorable

§¢" +2aHS¢" + (k% + a?V"(¢))d¢p = — hqu Regular EDE perturbations
h'e’ : : -

6" + 2aHb¢" + (kz + aZV”(qb))(qu = =——= aYso' Warm EDE perturbations with thermal friction

, 2h' 4 2Y Yo'? ,_ |
Opr = ——=——=0Opgp + Sp'p' — OpR Dark radiation perturbations sourced by warm EDE

3 3 APpR APpR
0Ppr :
Opr = Opp = ik!v;
DR =", DR j
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Answer must be in perturbations since background looks favorable

5¢" + 2aH8¢" + (k2 + a2V ($))6¢p = — h2¢ Regular EDE perturbations
h'¢p’ . . _
6¢p" + 2aHo' + (kz + aZV”(qb))(qu S aYse' Warm EDE perturbations with thermal friction
, 2h' 4 2Y Y¢'* . |
Opr = ——=—=0pr + 0p'd’ — Spr Dark radiation perturbations sourced by warm EDE
3 3 APpR APDpR
S0pr _ If injection occurs early warm EDE decays away. Only
Opr = 5 Opr = ikaj radiation left without friction terms.
DR
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Answer must be in perturbations since background looks favorable

5¢" + 2aH8¢" + (k2 + a2V ($))6¢p = — h2¢ Regular EDE perturbations
h'¢p’ . . _
6¢p" + 2aHo' + (kz + aZV”(qb))(qu S aYse' Warm EDE perturbations with thermal friction
, 2h' 4 2Y Y¢'* . |
Opr = ——=—=0pr + 0p'd’ — Spr Dark radiation perturbations sourced by warm EDE
3 3 APpR APDpR
S0pr _ If injection occurs early warm EDE decays away. Only
Opr = 5 Opr = ikaj radiation left without friction terms.
DR
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Answer must be in perturbations since background looks favorable

5¢" + 2aH8¢" + (k2 + a2V ($))6¢p = — h2¢ Regular EDE perturbations
I / 2 21711 h,¢, !
§¢" +2aHS¢" + (k? + a?V"(¢))d¢p = — > aYdo Warm EDE perturbations with thermal friction
2h 4 2Y Yo'* - .
Spr = ——— —=0Opp + 5d' ' — Spr Dark radiation perturbations sourced by warm EDE
3 3 APpR appr

SPpr _ | If injection occurs around z.~z,, then §¢ K 6ppp
Opr = Opr = ik’ v; Sourcing of DR shortly after z,..
smoothes anisotropies

PDR
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* Thermal friction arises generically for rolling axions giving rise to Warm EDE
 Warm EDE resolves EDE fine-tuning at background level

 But Warm Early Dark Energy is not preferred by data

* Solution asymptotes to extra radiation at high z,

e Extra radiation eases the Hubble and the LSS tension but does not resolve
it

» Data loses sensitivity to step-like transitions at redshifts z > 10°
e Data disfavors new physics with smoothed anisotropies
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Going to higher redshifts
N~ A AN A ‘ A ‘ Data hassensitivitywhen%>1
RYAY, ' ' ‘ ' ' vV V

Differences in predictions of the
theory at larger z. are not resolvable

Thermal friction asymptotes to an
extra-radiation solution

500 1000 1500 2000 2500

/4

Berghaus, Karwal 2022
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Model Ho [km/ SfI\-'I[‘JC] Sg Model Hy [km/s/Mpc] Sy
ACDM 68, 44[ 68.5 ACDM  68.19(68.08) £ 0.38 0.8115(0.8128) £ 0.0091

DA EDE 68.94(68.38) 1022 0.8120(0.8133) £ 0.0091

DA EDE 70.85 17143#'{;;;, umwmm }iU.UlUZ
Negt 67.4(67.2) £ 1.1  0.8086(0.8078) £ 0.0094

Negt 70.53(70.25) £ 0.76 0.8241(0.8228) % 0.0111

o ) Table IV. 1D marginalized posteriors of measurements quan-
Table 1I. 1D marginalized posteriors of measurements quan- tifying the two cosmological tensions, fitting to baseline+DES

tifying the two cosmological tensions, fitting to baseline+Ho v

Model Hy [km/s/Mpc] Sg
ACDM  68.76(68.63) + 0.36 (

DA EDE 71.08(71.06) + 0.85
Negt 70.50(70.86) + 0.78 u.é_a'u_}z.( 0.8106 _) + 0.0096

Table VI. 1D marginalized posteriors of measurements
quantifying the two cosmological tensions, fitting to base-
line4+Hy+DES.
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ACDM 27775 18.8 ACDM  2774.1 509.3
DA EDE 2780.3 2.4 DA EDE 277

Nest 2780.0 7.2 -

_— Negr

Table III. The goodness of fit to CMB data and SHOES, while ) ) o ) )
cumulatively fitting to baseline+ Hj. For reference, ACDM fit Table V. The goodness of fit to CMB and DES data, while

just to baseline has yZyg = 2772.6. cumulatively fitting to baseline+DES.

2

-

Model XeMB Xy XDES
ACDM  2778.4 18.0 508.0
DA EDE 2778.7 3.6 508.3

Table VII. The goodness of fit to CMB and DES data, while
cumulatively fitting to baseline+Hy+DES.
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Baseline + DES Baseline + DES + SHOES
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New physics that can lower the sound horizon

" New physics that

J

|
acts like /\

10° 5000 10000

acts like

Phenomenological early dark energy solution to
Hubble tension by Poulin et. al. (2019)
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