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Can Early Dark Energy explain the H, and Sg tengion?

The Ups and Downs of
Early Dark Energy

- EDE 3- New CMB data?

explaing H, 6- What can we do to
| explain Sz with EDE?

4-EDE ig
excluded by BOSS?

2-EDE 5- EDE cannot explain Sg?
ie not favored

by Blanck?

S—— )
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at different epoch.
BOSS/SDSS collaboration
z~0-1
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It can be used to




How doea CMB data meagure H,?

o Planck measures 6, at 0.04% precision! r, & d, are model dependent.

o H, appears only in the angular diameter distance d.

dy x 1/H,

Y O,~ 1°

— Hy = 40.0knvs/Mpc
{ Planck

illustration: T. Smith ;\ i ] | e o o e
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Geometrical degeneracy in the late-univerge!

o ‘phantom dark energy’ w < — 1, DE phase transition, DE-DM interaction, decaying/annihilating DM, and many more..

Ho/ r S(Z*)
Jo VE@)NdZ

0

A

E@) =1/Q,(1+2P + Q) + -+

[http:/larxiv/insert_your_favorite_ model_here.com]
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Geometrical degeneracy in the late-univerge!

o ‘phantom dark energy’ w < — 1, DE phase transition, DE-DM interaction, decaying/annihilating DM, and many more..

0 = HO/FS(Z*)

' [ 1V/E@ )N\ dz E(z) = \/ Q,(142)° +Q,() + -
0

[http:/larxiv/insert_your_favorite_ model_here.com]

o Planck can easily accommodate a higher H,: problem with BAO and Pantheon

Planck
Planck+SHOES
Planck+BAQO+Pantheon
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The tengion ig truly between calibrators!

Beenakker++2101.01372, Efstathiou 2103.08723

o InGR: D, = D, /(1 + z)* ==> it is impossible to resolve the tension without changing calibration!

$ S(Zdrag)

BAO: 0,(z) = SN1la: u(z) = SLog,,D;(z) + M,
D(z)
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The tengion ig truly between calibrators!

Beenakker++2101.01372, Efstathiou 2103.08723

o InGR: D, = D, /(1 + z)* ==> it is impossible to resolve the tension without changing calibration!

S Planck SHOES
BAO: 0,2) = 5 SNla: u(z) = SLog;,D;(2) @
A
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The tengion ig truly between calibrators!

Beenakker++2101.01372, Efstathiou 2103.08723
o InGR: D, = D, /(1 + z)* ==> it is impossible to resolve the tension without changing calibration!

rZarag) Planck SHOES
BAO: gd(Z) ==

A

¢ Pantheon SN

-0.3

0.001 0.01
Raveri++ 2107.12992 2

o Without changing calibration, D,(z) and D, (z) are incompatible!
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The tengion ig truly between calibrators!

Beenakker++2101.01372, Efstathiou 2103.08723

© InGR: D, =D, /(1 + z)* ==> it is impossible to resolve the tension without changing calibration!

SHOES
BAO: 0,(z) = SN1la: u(z) = SLog,,D;(z) M,

Pantheon SN . .
¢ inverse distance ladder

0.001 0.01 ) ) ) —19.44 —19.36 —19.28 —19.20 —19.12
Raveri++ 2107.12992 2 Efstathiou 2103.08723 Mg

o Without changing calibration, D,(z) and D;(z) are incompatible!

o inverse distance ladder calibration: BAO+r(ACDM) predict My incompatible with SHOES
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H, tengion or r, tengion?

o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc
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H, tengion or r, tengion?

o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc
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o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc
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o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc
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H, tengion or r, tengion?

o One can deduce the co-moving sound horizon r, from H, and BAO: CMB estimate must decrease by ~ 10 Mpc

| [insert new physics here]
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The “Hubble Tengion” ie multi-dimengional!

© BAO and Pantheon+ Q= (@ 4, + @;,)/h* ~ 0.30 — 0.34 o BBN fixes @w: @4, must increase

cdm

(\ B BBN4+SH,ES +Pantheon
BBN+BAO
B Planck

\

070 075 010 015

h @D cdm

This necessarily increases the S¢ tension s
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The “Hubble Tengion” ie multi-dimengional!

© BAO and Pantheon+ Q= (@ 4, + @;,)/h* ~ 0.30 — 0.34 o BBN fixes wj: @.q4,, must increase

cdm

B BBN+SH(ES +Pantheon
. BBN+BAO
B Planck

-

070 075 010 015

h @ cdm Vs,d

A solution to the Hubble Tension must decrease r, and compensate the impact of a larger w_;.,

This necessarily increases the S¢ tension s
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Early Dark Energyle

Review: VP, Smith, Karwal, 2302.09032 Kamionkowski&Riess 2211.04492
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What is Early Dark Energy?

o Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

6+ 3Ho + dvc’;f) 0 ps = %@52 + Va(9), Py = %QBQ ~ Va(9)
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What is Early Dark Energy?

o Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

6+ 3Ho + dvc’;f) 0 ps = %q? + Va(9), Py = %QBQ ~ Va(9)

< Oscillating potential: V(¢) = m2f2<1 e ?)

Karwal& Kamionkowski 1608.01309, VP, Smith,Karwal++ 1806.10608 &
1811.04083; Smith, VP++ 1908.06995

© a-attractors: V(¢) = f*|tanh(¢/r/6aM,,)]
Linder 1505.00815, Braglia++ 2005.14053

Early MG: .(lel HEPOREND e
leads to a similar phenomenology if £ > 0
Braglia++ 2011.12934

o First-order phase transition (NEDE model)

Niedermann&Sloth 1910.10739, 2006.06686, 2009.00006,
2112.00770; Freese&Winkler 2102.13655
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What ie Early Dark Energy?

o Initially slowly-rolling field (due to Hubble friction) that later dilutes faster than matter

6+ 3Ho + dvc’;f) 0 ps = %q? + Va(9), Py = %QBQ ~ Va(9)

< Oscillating potential: V(¢) = m2f2<1 e ?)

Karwal& Kamionkowski 1608.01309, VP, Smith,Karwal++ 1806.10608 &
1811.04083; Smith, VP++ 1908.06995

Matter
5 ] Radiation
o a-attractors: V(¢) =f [tanh(gb/ 6aMp1)] C.C.

Linder 1505.00815, Braglia++ 2005.14053 EDE

Early MG: .(lel HEPOREND e
leads to a similar phenomenology if £ > 0
Braglia++ 2011.12934

~ First-order phase transition (NEDE model)

Niedermann&Sloth 1910.10739, 2006.06686, 2009.00006,
2112.00770; Freese&Winkler 2102.13655

@ Specified by fapr(z.), 2., wn), c2(k,7)

Z>Zc:>Wn=_l e —
z<z. 2w, =m0-1D/Hn+1) 10° 10!

£ VP, Smith, Karwal, 2302.09032
n-= Je=matter; n. .= 2: radiation ete.
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Statug of EDE golutiong

© Planck + BAO + Pantheon + SHOES : a good fit with strong preference over ACDM

2
VP, Smith, Karwal, 2302.09032 AXSHOES
—20

ACDM 1

P18, Pan, BAO, H\?

axDE

P18, Pan, BAO, H\?

RnR A

P15, Pan, BAO fo8, H.")

ADE

P15, Pan, BAOfo8, H\"

NEDE-

P18, Pan, BAO fo8, BBN, H”

DA EDE;

P18, Pan, BAO, H\?

EDS-

P18, Pan, BAO, H\

a-EDE ( B)

P18, Pan, BAO*, H,

EMG

P18, Pan, BAO, H\?

0.0 0.1 330 355 38067 70 73 0975 1.000 0.12 0.13
fEDE logy( 2¢ Hy Ng We

o Similar background properties although not all models yield the same overall improvement
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EDE “microphysice™ ie congtrained

© CMB data can constrain more than fupp and z.: tight relation between w and c?

O ML ADE

® ML cADE
0.0

0.0 0.5 1.0 1.5 2.0
Lin++1905.12618 wf

See also Sabla&Copeland 2202.08291,; Karma, Das, VP++ 2309.00401
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EDE “microphysice™ ie congtrained

© CMB data can constrain more than fupp and z.: tight relation between w and c?
Smith, VP ++ 1908.06995
BEN TT EEW TT, TE EE

O ML ADE

® ML cADE
0.0

0.0 0.5 1.0 1.5 2.0
Lin++1905.12618 wf

Potential
SO T W kR LN X

o In the “axion-like” model, this translates into tight constrain on the initial field value
See also Sabla&Copeland 2202.08291,; Karma, Das, VP++ 2309.00401
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Barefoot analyges: evidence for prior-volume effecte

o  Without information from SHOES: only upper limits. B Planck+BAO+Pan18

f(z.) <0.082 (0.087), H,<70.5 (70.6) km/s/Mpc
WEIG|
v
= 0.10}
=)

o
0.04}

2 _ 2 2 L
A" = Xxcom ~ XEpE = O

0.67 0.70 0.73
h
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Barefoot analyges: evidence for prior-volume effecte

o Without information from SHOES: only upper limits. BB Planck+BAO+Panl8 B +SHOES

f(z.) <0.082 (0.087), H,<70.5 (70.6) km/s/Mpc

., , _0.16
Ay® = Yxcom — XepE = — 9 3010 /
U, [
a

53]
o Adding the prior from SHOES: EDE is detected at 4o. 0.04

0.67 0.70 0.73

f(z.))=0.10 (0.12) £0.03 H,=71.4 (72) £ 1.1 km/s/Mpc I

2 _ .2 2
AY" = Xxcom ~ Xgpg = — 24.8
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Barefoot analyges: evidence for prior-volume effecte

o Without information from SHOES: only upper limits. BN PlanckiBAO+Panls BN +SHOES

f(z.) <0.082 (0.087), H,<70.5 (70.6) km/s/Mpc
0.16}

2_ 2 2 o
Ay~ = Xxcpm — XEpE = — 9 ) _ /
2 0.

© Adding the prior from SHOES: EDE is detected at 4o.

0.67 0.70 0.73

f(z.))=0.10 (0.12) £0.03 H,=71.4 (72) £ 1.1 km/s/Mpc I
Ax* = Yxcom ~ Xipe = — 24.8

Herold ++ 2112.12140, 2210.16296
o The confidence intervals from a profile likelihood do not match the bayesian credible intervals

ACDM marg. MCMC —_——
— — — prof. 1kl

\\aXEDE marg. MCMC
— — — prof. 1kl

~ 2.50 preference
from Planck alone

0.05 0.10 0.15

VP Smith, Karwal, 2302.09032 fEDE
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New CMB data at emall gcaleg
o ACT and SPT adds information at £ ~ 500 — 4000 in TT,TE.EE.

The Atacama Cosmology lelescope (act.princeton.edit) Angular scale
1° 2° 0.1° 0.05°

P e

P * 1 July 2020
Vo ok oo o

/’/ L L
w ‘oo Vegate,

Planck (PR3, 2018 CMB-TT \‘
ACT (DR4, 2020) )

BICEP2/Keck (2018) * » .

Pl 3 ¢ »“s A
0"\ s L B W i
IR Y WO W e

o - o — @ - O6— 0 — 8 — @
.‘..“..‘.’.'. > -

. 2000 3000 4000
Multipole £ Choi++ 2007.07289
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Congigtency test: Planck ve WMABL+ACT+SPT

o Planck650TT~ WMAP See also Hill et al. 2109.04451; VP, Smith & Bartlett 2109.06229; Moss et al. 2109.14848

o Include Planck and SPT *polarization™® Smith, Lucca, VP++ 2202.09379

Planck TT650TEEE
Planck TT650TEEE Model ACDM EDE

+SPT-3G $0.047
Planck TT650TEEE fepe(zc) 0.163(0.179) Ty 04

+ACT DR4 log,o(zc) 3.526(3.528) 79028
P11k TIOSOTEEE 0 2.784(2.806) 10 0os

m (eV) (4.38 + 0.49) x 1028
f (Mpl) 0.213 + 0.035

Hp [km/s/Mpc] 68.02(67.81) 105" 74.2(74.83) 33
100 w;, 2.253(2.249)10015 | 2.279(2.278)10:05°
Wedm 0.1186(0.1191) 150515 |0.1356(0.1372) *5:00%5
10° A, 2.088(2.092)t3:9%5 | 2.145(2.146) 394!
ns 0.9764(0.9747) *5:5047 | 1.001(1.003) 55096
Treio 0.0510(0.0510)* 39557 | 0.0527(0.052)*5-505
Se 0.817(0.821) 4 0.017 | 0.829(0.829) (015
thn 0.307(0.309) 10005 | 0.289(0.287) 4 0.009
Age [Gyrs] 13.77(13.78) £ 0.023 | 12.84(12.75) £ 0.27

Axzin (EDE—ACDM) — -16.2
67 70 73 76 719  0.05 0.15 025 Preference over ACDM - 99.9% (3.30)

Hy Jepe(ze)

o There is a 3.30 preference for EDE with no residual tension with SHOES (H, = 74 £ 2 km/s/Mpc)

o The preference 1s driven by Planck polarization and ACT data
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A new tengion between CMB data?

EDE residuals w/r to Planck ACDM

BN PlanckTTTEEE
B PlanckTT650TEEE+SPT+ACT
—— PlanckTTTEEE+SPT+ACT

WMAP+ACT bestfit

= Planck TT bestfit

I
500 1000 1500 2000 / 2500 3000 3500 4000 4500

01 02 1 2 33 37
f‘EDE(Z(') { logl()(Z(')

o Planck TT > 1300 disfavor such large fppp(z.): tension between Planck/ACT?

U. Poulin - LUPM (CNRS / Montpellier)
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New SPT TT data gseem to agree with Planck

B Planck/EDE
— PTT650+ACT/EDE
— PTT650+4+SPT/EDE

0.7 : 0.1 0.2

Smith& VP 2309.03265 h f EDE(Zc)

o No preference for axion-like EDE in PTT650+SPT3G: disfavor ACT hint of EDE?

U. Poulin - LUPM (CNRS / Montpellier) 18 CogmicTengion@Corfu - [0/09/23



1T ve TEEE: “Curiogitiee” in Planck & SOT ?

TEEE TTTEEE Smith& VP, 2309.03265

00 01 02 03 04 05 00 01 02 03 04 S0 02 03 04 05

fEDE(2¢) f EDE(Zc) f EDE(Z¢)

o TEEE data all favor EDE
o TT data only weak constraints

o TTTEEE stronger constraints than expected?
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Updated constraints from all CMB data

| . Planck+Ext
— +SPT-3G 2018
-=-= 4+ACT DR4

7/
i ,1 i
j ; ; w/o SHoES w/ SHyES

005 0.10 0.15 0.05 0.10 0.15 020
fepE(2¢) fepE(2¢)

o Planck+SPT+BAO+PantheonPlus: 2.90 tension with SHOES

o Including ACT DR4: 1.60 tension with SHOES but statistical consistency questionable.
New ACT DR6 data are eagerly awaited to settle this debate!
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Challengeg to EDE

B EDE BN ACDM

=070 < | G | .l - I O

0.04 0.10 0.16 3.6 3.8 1 7) 096 098 1.00 0.12 0.13 0.80 0.85
f EDE(ZC) 10g10(Zc) 0 Ng @Dcdm S3

o The field becomes dynamical around z.,: A new ‘why-then’ problem?
= Sakstein++1911.11760, Lin++2212.08098
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Challengeg to EDE

B EDE BN ACDM

" e A & 2| @

—_— ///// \\;,/"’ \ T ’\\ //// T < __—

0.04 0.10 0.16 3.6 3.8 1 7) 096 098 1.00 0.12 0.13 0.80 0.85
f EDE(ZC) 10g10(Zc) 0 Ng @Dcdm S3

o The field becomes dynamical around z.,: A new ‘why-then’ problem?
= Sakstein++1911.11760, Lin++2212.08098

o EDE cosmology has a higher w_4,, and n,: 1n tension with GC and WL surveys? Implications for inflation?

Hill et al. 2003.07355, Ivanov++ 2006.11235 , d’Amico++ 2006.12420 Niedermann-++ 2009.00006, Smith++ 2009.10740, Murgia++ 2009.10733
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Challengeg to EDE

B EDE BN ACDM

=070 < | G | .l - I O

=

0.04 0.10 0.16 3.6 3.8 1 7) 096 098 1.00 0.12 0.13 0.80 0.85
f EDE(ZC) 10g10(Zc) 0 Ng @Dcdm S3

o The field becomes dynamical around z.,: A new ‘why-then’ problem?
= Sakstein++1911.11760, Lin++2212.08098

o EDE cosmology has a higher w_4,, and n,: 1n tension with GC and WL surveys? Implications for inflation?

Hill et al. 2003.07355, Ivanov++ 2006.11235 , d’Amico++ 2006.12420 Niedermann-++ 2009.00006, Smith++ 2009.10740, Murgia++ 2009.10733

o Age of the universe tension? f;; ~ 13.2 = 0.15 Gyr while GC measures 13.5 + 0.27 Gyr

B Planck+SHOES Bernal++ 2102.05066, Boylan-Kolchin 2103.15824

13.5¢

tuy

13.0f

0.67 0.0 073 0.05 0.10 0.15
h Jfepe(z¢)
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Implications of the Hubble Tengion for intlation

v ny1s degenerate with the angular damping scale

o Op ~+/Hy while 0, « Hy: n, must increase to compensate a higher H,. Generic to ‘early
universe’ models.

See Gen Ye++ 2103.09729, 2205.02478
V. Poulin - LUPM (CNRS / Montpellier) CogmicTengion@Corfu - 10/09/23




Implications of the Hubble Tengion for intlation

g
— =~ 0.2 .
OD Ng

o ny1s degenerate with the angular damping scale

o Op ~+/Hy while 0, « Hy: n, must increase to compensate a higher H,. Generic to ‘early
universe’ models.

o n, # — 1 1s often interpreted as

ACDM evidence for slow-roll inflation

| EDE

0.20 - \ o e.g. Starobinsky inflation
predicts:

0.25 1

0.15-

0.107 ~ © InEDE, n, = 1 at 20 and

~ convex potential are not excluded

@Aﬁ © Bound to r is unaffected
0.00 ‘

0.95 0.96 0.97 0.98 0.99 1.00
N

See Gen Ye++ 2103.09729, 2205.02478
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EFTofLSS analyses of EDE

o EDE cosmology predicts 5-15% increase in power at small scales in the linear matter power spectrum
Hill et al. 2003.07355, Ivanov++ 2006.11235 ,D’Amico++ 2006.12420, Niedermann++ 2009.00006, Smith++ 2009.10740, Murgia++ 2009.10733

Simon, Zhang, VP, Smith 2208.05930

BN BaseEFTBOSS
B BaseTTTEEE+Lens+SHOES

BaseTTTEEE+Lens+SHOES
+EFTBOSS

Pepe(k)/Prcom(k)-1

kSMP(k)

—— EDE: 0s=0.836,n.=0.986
— — ACDM: gg = 0.820, n, = 0.965

101 I |

111 I 1 | 1 L1l 1 111
1072 107* 10°
Klypin, VP++ 2006.14910 k(hMpc~1)

B Planck + BOSS (full-shape)
——— parabolic fit

)

ot e
o L o0

P
~C

logo(:

. i
0.1 0.2 0.14 . 0.8 33 3.7

JepE(2e) ®cdm ‘ logio(ze)

008 010 012 014 0.16
fEDE

EFT analyses of BOSS do not exclude Early Dark Energy
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keq-based estimate ol H

o The (too short) story: matter power spectrum turnover measures k. dy ~ €2,/ Philcox++ 2204.02984

o Combining with a measurement of €2, get a ‘sound-horizon independent’ measurement!
Smith, Simon, VP 2208.12992

H, is model-dependent!

Il D/EDE(marg)
HEl D/ACDM(marg)

h(EDE) = 0.696 0,

h(ACDM) = 0.648%)0%)

o The choice of A and €2, priors matter!

L

0.6 07 0.8 0.12 0.16 3.0 32 34 ; : 0.2 0.4 B8535 3R
10
h @ cdm [n10 As fEDE(Zc) lOgIO(Zc)
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keq-constraints to Hy are model dependent

re-independent constraints on H)

FS+BBN+CMBLens
+PanPlus

+A; & ng prior

PanPlus — @BAO/CMB

Hy km/s/Mpc

Smith, Simon, VP 2208.12992

o EDE (and Ng) can lead to high H, measurements from k.

o Models which only affect recombination are constrained
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The S, tengion

—> Marika Asgari’s talk

T T
CMB Planck TT,TE.EE+lowE &~ Aghanim et al. (2020d)
CMB Planck TT,TE . EE+lowE+kk ~®-  Aghanim et al. (2020d)
CMB ACT+WMAP —®— Aiola et al. (2020)
vy KiDS-1000 COSEBIs van den Busch et al
vy DES Y3 £ al. & Secco
vy HSC Y1 C,| ikage et al. (2018)
¥y + 8404 + ¥dy DES Y3 - DES Collaboration et al. (2022)
Yy + 8404 + vd, KiDS-1000+BOSS+2dFLenS —- Heymans et al. (2021)
kd, + 0,0, unWISE+Planck —o- Krolewski et al. (2021)
kg + 640, DESI+Planck — White et al. (2022)
g0g + Y0, + KO, KiDS+DES+eBOSS+DELS+Planck Garcia-Garcia et al. (2021)

‘ g0q + Y0, + kb, + Ky DES+SPT+Planck DES Collaboration et al. (2019)
Py BOSS sim. based Kobayashi et al. (2021)
Py + B BOSS Philcox & Ivanov (2022)

& BOSS Zhang et al. (2022)
P; eBOSS Ivanov (2021)
& + Py BOSS This work
& + Py + kd, BOSS+Planck This work

0.2 . 0.6 . 1.0 1.2
Sy = 034/$2,,/0.3 Chen++ 2204.10392

Early Dark Energy cannot resolve the S; tension
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The Sg tengion updated

DES Y3+KiDS-1000
DES Y3

HSC Y3 ¢
HSC Y3 C

/ {

DES Y3+KiDS-1000 ¥m, = 0.06eV

DES Y3+KiDS-1000 shared IA

DES Y3+KiDS-1000 NLA (no-2)

DES Y3+KiDS-1000 TATT ¢

DES Y3+KiDS-1000 Dark Matter Pjs(k) ——

0.7 0.75 0.8 0.85
Sg = 0g(n/0.3)0° Abboti++ 2305.17173

© New Hybrid “KiDS+DES”’ analysis results in 1.70 tension with Planck

o Role of baryon feedback / non-linearities / intrinsic alignements may be important
Amon& Efstathiou 2206.11794, Arico++ 2303.05537
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- How to regolve the Sq tengion

—
o
w

New phvsixzs LG
0\& SMO\LL forest

Planck 2018 TT

Planck 2018 EE

Planck 2018 ¢¢

DES Y1 cosmic shear
SDSS DR7 LRG

eBOSS DR14 Ly-a forest

Pyu(k) [(Mpe/h)?]

coOoSMmMon H NI/

a|eoas |eaisAyd

wavenumber k [1/Mpc]

100 10
redshift z

=
—
=
S~
<&
=
.
~
—
’:\
=
ay
<]
™
—
—
2
—
=
e
S

Wavenumber k [h/Mpc|

o ogis aderived parameter measuring scales k ~ 0.1 h/Mpc. Fit the CMB at z ~ 1100 and predict og3(z = 0).

B S S il L SR S S b G 2 eedbdallat+ 2203.06142
V. Poulin - LUPM (CNRS / Montpellier) CogmlcTenglon@Corfu 010975




_ Howo rove the S tengion

—
o
w

New phvsixzs e

scale?
A

Pyu(k) [(Mpe/h)?]

Planck 2018 TT

Planck 2018 EE

Planck 2018 ¢¢

DES Y1 cosmic shear
SDSS DR7 LRG

eBOSS DR14 Ly-a forest

a|eoas |eaisAyd

wavenumber k [1/Mpc]

redshift z

=
—
=
S~
<&
=
.
~
—
’:\
=
A
<]
™
—
—
2
—
=
e
S

Wavenumber k [h/Mpc|

o ogis aderived parameter measuring scales k ~ 0.1 h/Mpc. Fit the CMB at z ~ 1100 and predict og3(z = 0).

< Resolving the tension requires either to suppress scales k£ 2> 0.2 h/Mpc or change evolution at z < 0.5

o Dark Sector physics: Ultra-light axions, Decaymg DM, Interactlng DM-DR, Interacting DM-DE..
__Abdalla~++ 2203.06142
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Regolving H, and Sg with the eame mechaniam

/ < e =k(tg—1..)
29 97 433 3022 28269

k |h Mpc_l] « ki(7) = 2n

1OO.OO?) 0.010 0.044 0310  2.902

=
00

=
o

=
S

<]

—
O
T
=
Lo
~—
><
= 0.2
L

=
-

10°
Fig by T. Smith

< All modes controlling 63 are within the horizon around / before the sound horizon starts growing.
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Could EDE “drag” DM and reduce Sg?

o With a phenomenological “EDE+DM” drag: one can resolve both tensions! EDS McDonough++ 2112.09128
Joseph++ 2207.03500

/

a
Opm = — ;QDM + k*w+T ppm/epe(@) Opps — QDM{ I'bm/EDE(@) & fEpE(Q)

2
' CsEDE

Oppe = — (1 — 3Cs2,EDE);0EDE + Oppg + kz‘/f_ I'pm/EDE(@R(OppE — OpM)

WEDE) |

B EDE (with drag) / Hy+Ss priors
B EDE (no drag) / Hy prior
—— EDE (no drag) / Hy+Ss priors

0.85}

A .80}

0.75}
—==EDE (no drag) ' L
EDE (with drag) 70 72

w03 102 107t 10 H
k [h/Mpc] O pp++ (ongoing work)

Work in progress to model via scalar field coupled to DM through Z(u, V¥¢)

Skordis++ 1502.07297, Pourtsidou++ 1604.04222

Connection with the coincidence problem? DM dominance can trigger the rolling of EDE field
Lin++2212.08098
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“New” EDE + fraction of axion dark matter

Cruz++ 2305.08895

o New EDE: the EDE field experiences a 1PT due to a “trigger field” rolling down its potential.

o The trigger field can be an ultra-light axion representing a small fraction of CDM.

|

i |

—— NEDE and Q, =0.60% | B LCDM  —— NEDE (Q2;=0) [ NEDE (9, > 0)
NEDE and Q, = 0

Base v;/ SHdES and LSS '

Hy [km/s/Mpc]

o The trigger tield has the right mass to trigger the PT around z., and reduce og

© This requires m;, ~ 107" with £, = pua/Peam = 2.5 % See also Allali++ 2104.12798
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Early Dark Energy: more Ups than Downg?

- © The Hubble tension 1s multidimensional: it requires (at least) a decrease in r, and an increase 1n @y,

o Resolving the Hubble Tension with EDE requires fupp(z,) ~ 10% at z. = 3500 — 4500

| © Perturbations / microphysics also constrained: tight relation between c?

| < — w, or the initial field value.

U. Poulin - LUPM (CNRS / Montpellier) CogmicTengion@Corfu - [0/09/23




Early Dark Energy: more Ups than Downg?

- © The Hubble tension 1s multidimensional: it requires (at least) a decrease in r, and an increase 1n @y,

o Resolving the Hubble Tension with EDE requires frpp(z.) ~ 10 % at z. ~ 3500 — 4500

\“
\‘ o Perturbations / microphysics also constrained: tight relation between CS2 — w, or the initial field value.

@ Planck analysis show prior-volume effect: frequentist confidence intervals do not follow posteriors.

| © ACT / SPT TEEE / Planck TEEE favors EDE at 2 — 30: there 1s no residual Hy-tension.

1

| o SPT3G TT and Planck TT are in some tension with the hint of EDE 1n ACT.
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PNESEE

- © The Hubble tension 1s multidimensional: it requires (at least) a decrease in r, and an increase 1n @y,

|
|

|

o Resolving the Hubble Tension with EDE requires fppp(z.) ~ 10 % at z. ~ 3500 — 4500

o Perturbations / microphysics also constrained: tight relation between c?

< —w, or the initial field value.

o Planck analysis show prior-volume effect: frequentist confidence intervals do not follow posteriors.

| © ACT / SPT TEEE / Planck TEEE favors EDE at 2 — 30: there 1s no residual Hy-tension.
|
| o SPT3G TT and Planck TT are in some tension with the hint of EDE in ACT.

‘o EDE cannot resolve the Sy tension (but no strong constraints from EFTBOSS)

| © Extend this model to reduce the growth of DM perturbations and resolve both tensions simultaneously
w

| o Alternatively, S5 could be resolved by some independent mechanism... including baryons!
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Early Dark Energy: more Ups than Downg?

- © The Hubble tension 1s multidimensional: it requires (at least) a decrease in r, and an increase 1n @y,

o Resolving the Hubble Tension with EDE requires frpp(z.) ~ 10 % at z. ~ 3500 — 4500

2

1\ o Perturbations / microphysics also constrained: tight relation between ¢; — w, or the initial field value.

4‘\

o Planck analysis show prior-volume effect: frequentist confidence intervals do not follow posteriors.

| © ACT / SPT TEEE / Planck TEEE favors EDE at 2 — 30: there 1s no residual Hy-tension.

| o SPT3G TT and Planck TT are in some tension with the hint of EDE 1n ACT.

‘o EDE cannot resolve the Sy tension (but no strong constraints from EFTBOSS)
' © Extend this model to reduce the growth of DM perturbations and resolve both tensions simultaneously

Alternatively, Sg could be resolved by some independent mechanism... including baryons!

Future CMB da’ra wlll F rmlu detecf/ exclude EDE!
4 Douhn LUDM (GNRS / Monfpelller) 32 GogmloTenglon@Oorfu - IO/ OQ/ 23




Future CMB data will confirm/exclude EDE

—— EDE bestfit high-¢ TT,TE,EE
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¢ [}

¢

t

— 0.08
— 0.04
— 0.00

— —0.04
— —0.08

| |
1000 £ 1500

[
2000

00

+++ e * H

I

— 0.08
— 0.04
— 0.00
— —0.04
— —0.08

[
500

| |
1000 £ 1500

00

— 0.08
—0.04

Tt~ 0.00

— —0.04
— —0.08

[
500

| |
1000 £ 1500

[
2000

2500

Smith, VP ++ 1908.06995

B Planck B CMB-S4

32 3.5 38 687072 74
Logy(2c) Hy

© Mock Planck data with fgpp(z.,) ~ 10 % & Hy = 72 km/s/Mpc: Planck cannot detect EDE

o Future experiments (Simons Observatory, CMB-S4) could unambiguously detect EDE.
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Could v’s explain the Sq tension?
m \2/0 \1~2 ; AP o
J 5 - 1Z m —1 . . ~ U
Power suppression: k> k.= 0.01 < — > <E> hMpc™ |with amplitude = = 8 o

Need 2 m, ~ 0.2 eV to explain Sg

O/\
~
<
~
o
>
-2
D
&

m,=0.05,0.1,0.15, ..., 0.50 eV

'
107"
k (h/Mpc)

o Including EDE does not change massive neutrinos constraints / cannot resolve Sg  Rreeves++ 2207.01501
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Could v’s explain the Sq tension?
m \2/0 \1~2 ; AP o
J 5 - 1Z m —1 . . ~ U
Power suppression: k> k.= 0.01 < — > <E> hMpc™ |with amplitude = = 8 o

Need 2 m, ~ 0.2 eV to explain Sg

1 I L]
EEE CMB T&P
| W CMB T&P-+SN
EEE CMB T&P+BAO

a

Qp,

S
©

O/\
~
<
~
o
>
-2
D
&

o
oo

m,=0.05,0.1,0.15, ..., 0.50 eV

1L 1L 1 ll 1 lll
2 107! 10°

1073 10
k (h/Mpc)

Planck 2018 + BAO < 0.12eV Planck 1807.06205

o Including EDE does not change massive neutrinos constraints / cannot resolve Sg  Rreeves++ 2207.01501
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Could v’s explain the Sq tension?
‘ m \2/0 \12 . . AP o
Power suppression: k> k.= 0.01 < leV> <E> hMpc™ lWlth amplitude — ~ —§ o

Need 2 m, ~ 0.2 eV to explain Sg

1 I L]
BN CMB T&P
| W CMB T&P-+SN
EEE CMB T&P+BAO

a

Qp,

S~
=~
<
<
<~
—
A

m,=0.05,0.1,0.15, ..., 0.50 eV

1L 1L 1 Il 1 lll
2 107! 10°

1073 10
k (h/Mpc)

Planck 2018 + BAO < 0.12eV  Planck 1807.06205
Planck 2018 + BAO + Ly_a < 0.089¢eV Palangue-Delabrouille++ 1911.09073

Planck 2018 + BOSS + eBOSS < 0.082eV Brieden++ 2204.11868, Simon++ 2210.14931

o Including EDE does not change massive neutrinos constraints / cannot resolve Sg  Rreeves++ 2207.01501
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How to generate a late-time suppression

o Generate ~ 20 % of WDM at late-time via decay of CDM into a dark sector

/
AWDM

1 —— ADDM Best-fit
—— VACDM (M, =0.23eV)

104 1073 102 ' SR S —
k [h/Mpc] Log,o(T'/Gyrs™)

o DM with I'"! ~ 55(£/0.007)!* Gyrs can explain low Sg (1.36 agreement) Abellan++ 2008.09615 & 2104.03329

o Similar results if there exists a fraction of ultra-light axion in the universe Rogers++ 2023
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DM “drag” suppresses power at small-scales

DM<=>DR SDM + 0py — 3¢ =0, DM<=>DE VP, Bernal, Kovetz, Kamionkowski 2209.06217
O — sz%M(SDM + HbOpm — k‘2¢ = ‘
I'pm-DR (DM — ODR) ,

a/
Opy = _;HDM + k*¢ + T'pmpe(a) (fpe — 6pwm),

/ 9 a’ k2C§ DE
0DE = —(1 — SCS,DE)EHDE + :

n ————0DE
1+2 (1 + wpg)
I'pr-pM = —QpMmhadark ( ) , = Tor /T,
1+ 24 § br/ v +k% — T'bMDE (a)R(Opg — 6pm),

B - 0, Planck + BAO B Dy.. / DMDE

n = 0, Planck + BAO + Lyman-a Priors B D...+Ss/DMDE
B » =0, Planck + BAO + Lyman-a Data 3 Dhase / ACDM

Archidiacono++ 1907.01496

-
L4 )

L 1 2 3 030 033 0.7
H [k /s/Mpc] ' logo (@aark/ Mpe]) I'oyvipe/ (Hope) O Sg
See also Di Valentino++ 1908.04281
o Non-Abelian dark matter model, Cannibal dark matter, also with sub-component of strongly interacting DM
Buen-Abad++1505.03542, Lesgourgues++1507.04351, Heimersheim++ 2008.08486, Chacko++1609.03569, Buen-Abad++ 1708.09406, Raveri++ 1709.04877

U. Poulin - LUPM (CNRS / Montpellier) 30 CogmicTengion@Corfu - [0/09/23




Could the og-tension be non-linear astrophysices?

o Reanalysis of DES data with improved non-linear / baryons / intrinsic alignements modeling at small scales

Arico++ 2303.05537

gravity-only
with baryons
Planck

] DES Y3 (this work)
- EAGLE
w « Nllustris
we v Nllustris TNG-300
= =  QOWLS-AGN
— BAHAMAS
BAHAMAS low-AGN
—— BAHAMAS high-AGN

b 1 2 1 lllll
1077 10°
k[Mpch™?]

:

The oy tension may be astrophysics! Strong feedback + improved non-linear physics could explain the tension.
See also Amon& Efstathiou 2206.11794

< New analysis 1s in 0.96 agreement with Planck/LCDM. Implications for EDE have yet to be investigated.
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Curiosities in Planck?

Bl Planck TT
I Planck TEEE
—— Planck TTTEEE

VP, Smith, Karwal, 2302.09032

Sl
—_ N

fepE(2c)

%

T B e e R M e N ey
Hy fEDE(2Z¢) N 102wy,

o Preference for EDE 1s coming from the TEEE data

o Disagreements 1n @, & n, drive the constraints in the combined analysis

o Uncertainty in modeling the Planck TE polarization efficiency calibration: preference can be altered.
Smith, Lucca, VP++ 2202.09379
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