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This talk is based on...

o Constraints on the fraction of early dark energy in the pre- and
post-recombination epochs. [arXiv:2107.XXXX]

in collaboration with:
L. Amendola, V. Pettorino, C. Wetterich and Z. Zheng
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@ Early dark energy (in the modern literature)

© Early dark energy in Quintessence models with scaling solutions
© Scaling EDE: a parametrized approach

@ Reconstruction of EDE: binned pge(z)

© Conclusions
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Early dark energy (in the modern literature)

@ Poulin, Smith, Grin, Karwal and Kamionkowski [arXiv:1806.10608]
@ Poulin, Smith, Karwal and Kamionkowski [arXiv:1811.04083]
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Early dark energy (in the modern literature)

@ Poulin, Smith, Grin, Karwal and Kamionkowski [arXiv:1806.10608]
@ Poulin, Smith, Karwal and Kamionkowski [arXiv:1811.04083]
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Klein-Gordon equation: gzb + 3H¢ + %5 8V =0
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Field is frozen
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and starts to oscillate

b+3Hd+— =0
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Effective fluid description
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Alleviation of the Hy tension
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Alleviation of the Hy tension
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Alleviation of the Hy tension
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Alleviation of the Hy tension
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Increase of the og/Sg tension

Results from Poulin et al. [arXiv:1811.04083]
Planck 2018+-SNla+BAO+Hjy

Data set:
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Parameter

ACDM

n=2

n=3

100 65
100 wy
Wedm
10°4,

ng

Treio
Logy,(ac)
fepe(ac)

1.04198 (1.04213) £ 0.0003

2.238 (2.239) + 0.014
0.1179 (0.1177) £ 0.0012
2.176 (2.14) + 0.051
0.9686 (0.9687) = 0.0044
0.075 (0.068) £ 0.013

104175 (1.0414) 1060563
2.244 (2.228)10.019

—0.022

0.1248 (0.1281)15:90

0.0041

2.185 (2.230) + 0.056
0.9768 (0.9828)70:00%5

0.0072
0.075 (0.083) £0.013
—4.136 (—3.728) (01,

0.028 (0.044) 501

1.04138 (1.0414) + 0.0004
2.255 (0.258) + 0.022
0.1272 (0.1299)..0.0045
2.176 (2.177) + 0.054
0.9812 (0.9880) = 0.0080
0.068 (0.068) £ 0.013
—3.737 (—3.696)F:110

0.050 (0.058) 0924

rs(2Zrec)
Ss
Hy

145.05 (145.1) +0.26
0.824 (0.814) £+ 0.012
68.18 (68.33) +0.54

141.4 (139.8) %7 5
0.826 (0.836) % 0.014
703 (71.1) £1.2

140.3 (138.9)*3 5
0.838 (0.842) +0.015
706 (71.6) £ 1.3
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Increase of the og/Sg tension

Results from Poulin et al. [arXiv:1811.04083]
Data set: Planck 2018+SNIla+BAO+H

Parameter

ACDM

n=2

n=3

100 65
100 wy
Wedm
10°4,

ng

Treio
Logy,(ac)
fepe(ac)

1.04198 (1.04213) £ 0.0003
2.238 (2.239) + 0.014
0.1179 (0.1177) £ 0.0012
2.176 (2.14) + 0.051
0.9686 (0.9687) = 0.0044
0.075 (0.068) £ 0.013

1.04175 (1.0414) 500049

0.00064
2.244 (2.228) 75919

—0.022

0.1248 (0.1281)15:90

—0.0041
2.185 (2.230) + 0.056
0.9768 (0.9828)19:00%%
0.075 (0.083) £ 0.013
—4.136 (—3.728)10-57

—0.013

0.028 (0.044) 501

1.04138 (1.0414) + 0.0004
2.255 (0.258) + 0.022
0.1272 (0.1299)..0.0045
2.176 (2.177) + 0.054
0.9812 (0.9880) = 0.0080
0.068 (0.068) £ 0.013
—3.737 (—3.696)F:110
0.050 (0.058)*5:024

rs(2Zrec)

Ss

Hy

145.05 (145.1) +0.26
0.824 ]0.814] £ 0.012

68.18 (68.33) +0.54

141.4 (139.8) %7 5
0.826](0.836)} 0.014

703 (71.1) £ 1.2

140.3 (138.9)*35
0.838](0.842)]+ 0.015
706 (71.6) £ 1.3

Enhancement of the amount of LSS in the universe!
e J.C. Hill et al. [arXiv:2003.07355]
e M.M. lvanov et al. [arXiv:2006.11235]
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Some questions...

e Can other shapes of Q4e(z) help to solve the tensions?
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Some questions...

e Can other shapes of Q4e(z) help to solve the tensions?

e Can EDE in the post-recombination epoch mitigate the Sg/og
tension?
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Some questions...

e Can other shapes of Q4e(z) help to solve the tensions?

e Can EDE in the post-recombination epoch mitigate the Sg/og
tension?

o What if we consider both, EDE and a late-time dynamical DE?

o Is EDE able to loosen the “SHOES-Planck” tension if we formulate it
in terms of the absolute magnitude of SNla measured in the first
steps of the cosmic distance ladder instead of Hp?
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Some questions...

e Can other shapes of Q4e(z) help to solve the tensions?

e Can EDE in the post-recombination epoch mitigate the Sg/og
tension?

o What if we consider both, EDE and a late-time dynamical DE?

o Is EDE able to loosen the “SHOES-Planck” tension if we formulate it

in terms of the absolute magnitude of SNla measured in the first
steps of the cosmic distance ladder instead of Hp?

@ Does EDE also lead to large values of 015 and Sy with respect to the
ACDM?
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EDE in Quintessence models with scaling solutions

@ EDE models are not new.
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EDE in Quintessence models with scaling solutions

@ EDE models are not new.

@ For instance, EDE in quintessence with an exponential potential,
V(¢) = Voe " exhibits scaling solutions with

Q4 1+w) : wy = w

:p(

with w the EoS parameter of the dominant fluid, and 652 =1.
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EDE in Quintessence models with scaling solutions

@ EDE models are not new.

@ For instance, EDE in quintessence with an exponential potential,
V(¢) = Voe " exhibits scaling solutions with

qu:p(l—{—w) ; Wy = W

with w the EoS parameter of the dominant fluid, and 652 =1.
References:

o Wetterich, Nucl. Phys. B, 302, 668 (1988).
e Copeland, Liddle and Wands (1997) [arXiv:gr-qc/9711068]
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The EDEp parametrization

EDE density:

pae(z) = p1(1+ 2)* + pa(1 + 2)3 + p3(1 + 2)30+™)
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The EDEp parametrization

EDE density:

pae(2) = pr(1+2)* + pa(1 + 2)* + p3(1 4 2)*0+*)
EDE pressure:

2

pde(z) = 3 14 2)* + wps(1 + 2)30+w)
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The EDEp parametrization

EDE density:

pae(z) = p1(1+ 2)* + pa(1 + 2)3 + p3(1 + 2)30+™)
EDE pressure:
Pde(2) = %(1 +2)* + wps(1 + 2)3H)

Useful to define:

p1 = X1Q$?30(c°) ; p2 = X2Q$S,)*p(c°) ;
and
QRD _ _ X1 QMD _ _ X2
ede 1 + le ede 1 + Y2
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EDEpMP and EDEpMP-#t: parametrizations

EDEpMP :

pde(2) = pa(1 + 2)% + p3(1 + 2)34+wW)
EDEpMD7Zthr :

pde(z) = p2(1 + 2)39(zth, —2z)+p3(1+ Z)3(1+w)

—MP= 0.1 QfD= 005 [EDEp]
—_ 3 QRP=,05 [EDEp]

L _ -1
5001 ) o 1000 107 T ot i o0 107 oo
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The scalar field equivalent

Quintessence energy density and pressure:
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The scalar field equivalent

Quintessence energy density and pressure:

Py Y
Py = "5 T ; py=— —V.

b= Tre i V() =3 [0(a) - pela)]
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The scalar field equivalent

Quintessence energy density and pressure:

@2 _ $?
. 1
¢=+/ps+pPs V(a) = 5 [pg(a) — py(a)]

In the RDE:

Verp(¢) = %Pr(aini) exp [—\/327TG (1 + ;) (¢ — %f)]
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Planck 2018 TT,TE,EE data [CMBpol]; also considering the CMB
lensing [CMBpolens].

Pantheon SNla compilation.

The SHOES prior on the absolute magnitude of SNla,
M = —19.2191 &+ 0.0405.

BAQO data from various galaxy surveys.

Data from redshift-space distortions.

Weak lensing data from KiDS+VIKING-450 and DES-Y1,
Sg = 0.76270:9%.
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Results with CMBpol+SNIla

Parameter ACDM wCDM EDEp EDEpMP
s 0022070000 | 00223TER NS | 00RO | 002231 o
Wedm 0.119970:0012 | 0.1204 40,0014 | 0.121810:0018 | 0.120875 001
T 005570065 | 0.054+0.008 | 0.054+0008 | 00537500
g 0.9659 +0.0044 | 0.9646¥(:0042 | 0.964270 001 | 0.964275 7008
Hy [kan/s/Mpc] || 6760155 68.55° 1 1 68.71 % 1.16 68.61° 199
o3 081179907 0.823 4 0.014 0.817E0012 08180013
rq [Mpc] 147.02703) | 14692030 | 1461870 146.75° 030
v -1 CLosooR | —Los'ggs | -L0ss75H
0f% (%) 0 0 < 0.91 (< 2.08) 0
Qe (%) 0 0 <027(<0.69) | <0.29(<0.69)
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Results with CMBpolens+SNIla+M

Parameter ACDM wCDM EDEp
2 0.02257° 500017 | 0.0224175000%% | 0.0224570 5001
Wedm 0.1179 + 0.0012 | 0.1200 + 0.0015 | 0.1212 4 0.0016
T 0.05715-90% 0.054 =+ 0.008 0.055 =+ 0.008
g 0.9709 £ 0.0044 | 0.965870:0044 0.965970-004%

Hy [km/s/Mpc]

68.56170:2%

70.557055

70.637055

oy 0.81179:59% 0.838 £ 0.014 0.83010 013
rq [Mpc] 147.3619:55 146.9879-33 146.2175-13
w —1 —1.09813:055 —1.09915:952
Qe (%) 0 0 < 1.14(2.44)
Qe (%) 0 0 < 0.22(0.52)
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Results for EDEpMPz (/)

EDEp™P (9594 c.1)

W CMBpol+ SNIa with w =-1

B CMBpol+ SNIa

B CMBpolens+SNIa

Bl CMBpolens+SNIa+BAO+RSD
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Results for EDEp™D-%u: (/1)

71 0.8
70 ‘
_ | 0.84)
2 69
: l
< ., 0.82
: “ } ’ l 1 | { g ’
1=
= 67 | 0.80 , { i l
66 '
65 0.78
10 50 200 500 00 10 50 200 500 oo
Zthr Zthr
—0.95’ 1
MD, thr
SN N I I EDEp
[ [ I I I .
~1.05 B CMBpol+SNIa with w = -1
3 110 B CMBpol+SNIa
s B CMBpolens+SNIa
N B CMBpolens+SNIa+BAO+RSD
—-1.20
—-1.25
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The impact of &2
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Reconstruction of EDE: binned pge(z)

In order to pass the strong constraints on Qge(Z4ec) We need to consider a
more flexible shape for the latter
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Reconstruction of EDE: binned pge(z)

In order to pass the strong constraints on Qge(Z4ec) We need to consider a
more flexible shape for the latter — Binned pge(z), with

Redshift bin pae(2)
2<5 P (14305
5<2<10 pa(l+2)?*
10<z<50 pp(1+2)*
50 < 2 < 200 pe(l+2)°
200<2<50 | pp(l+2)?
500<z<1000 | pg(l+2)?
(
(
(

1000 < 2 2000 | pp(1 +2)*
2000 < 2 <3000 | pg(1+2)*
3000 < z <5000 | pu(1l+2)*
5000 < z < 10 pr(1+2)

z> 10 ps(l+2)*
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6} * CMBpol+SNIa 68% limits 6} * CMBpolens+SNIa

%
© CMBpol+SNIa+M * CMBpolens+SNIa+M 68% Hmita
s}« CMBpol+SNIa+M+BAO s} + CMBpolens+SNIa+M+BAO
© CMBpol+SNIatM+S; + CMBpolens+SNIatMHS,

4F « CMBpol+SNIa+MIBAOHS; 4+ CMBpolens+SNIa-MABAO+S,

Qqe [%]

0 5000 10000 15000 20000 0 5000 10000 15000 20000
z z
6) 95% limits 6] 95% limits
3 5
g 4 =4
33 3
(=] =} 3

_ 1
et ] I
0 5000 10000 15000 20000 0 5000 10000 15000 20000
z z
3 3.
25 95% limits 25 95% limits
2.0) 2.0|

1.0f
03 - 03
00! e 0 e
500 1000 1500 2000 2500 3000 ) 500 1000 1500 2000 2500 3000
z z
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_* CMBpolenstSNIa

o * CMBpolenst NIz — 30
» CMBpolenstSNIatM+BAO ~ 95% limits 95% limits
§f * CMBpolenstSNIatES, 25
"I + CMBpolens+SNIa+M+BAO+S 20
o N
o L3
e
2 1.0
1 0.5
O D 00
0 5000 10000 15000 20000 500 1000 1500 2000 2500 3000
z z
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Parameter CMBpol+$Nla | CMI CMBpol+$NIa-M+BAO | CMBpol+SNIa+M+BAO+Ss
wp 257 Soona 0022774 0005 02282+5:0003¢ 002259 £ 0.00021
weim 0122270030 01221 £0,0022 0.12234300%0 0120049655
T 0.055 = 0.009 0.056 0009 005740008 0.053 +0.008
n, 0.0727*0 072 0.9752* 00000 0.0750+) 5070 0.9740%) 100
Hy [kan/s/Mpe] 68.297120 70.8611 00 7038705 60.8507°
M ~19.405 £0.032 -193127)% 9.350° 050 ~19.365 5515
o 0854505 0880555 0877
Sg 0.569705% 0.863 0029 086613420 0.819+0:31
o1 0.540*00% 0.843 0022 08130020 08060013
Sia 0.8514002 0.85410228 0.855+002 0.810+0.01
7 [Mpe] 145.66%050 14522400 145.067 0% 146,515
w —1037 504 ~1.070 £ 0.038 —1.04840 037 ~1.037*0 0%
Parameter || CMBpolens+SNla | CMBpolens+SNIa+M | CMBpolens+$NIa+M+BAO | CMBpolens+$Nla+M+BAO+Ss
wy 002255 00039 002274005 00227703002 002266 ) 0030
Yedm 012159001 01211 £0.0017 0.1214 +0.0016 0119310013
™ 0.0% i, :"r:t: 0.056*070% 0.056 +0.008 0.055*000%
" 09723700008 0718 00057 50065 7
T B T B 53 T
_ 7 005675
M —19.406° 007 ~1934313.53% ~19.362 +0.016
) 0.545* 003 0868 0.839° %053
Ss 0.855710 00 0.818"" 01z
Zu - 0.831% 08334041 0.810* %;",
S - 0.8401% 0.843 £0018 0.81510.0L1
7(z4) Mpc] 14598071 145.65° 057 145517058 146.46*9%
w 10357063 — L0670 —1.05040 034 —1.045 £ 0.032
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Parameter || CMBpolens+SNIa | CMBpolens+8Nla+M+BAO | CMBpolens+SNIa+M+BAO+Ss
@ 0.02255" 00020 0022771590022 0.02266* 002!
Gedm 0.12151 5000 0.1214£0.0016 0110305013
T 0.054+0.008 0056+ 0.008 0,055+
ny 0.9723* 50008 097460 poes 09727105008

Hy [lan fs/Mpe] 6826714 70.21408 0007578
M ~19.4067 ) 0 ~10.355 + 0,018 ~10.362 +0.016
o 0.84515 5% 0.864755% 0.83970041
55 0.857"0 00 0.8537 000 0.824°0012
71 0.8307 010 08335016 08101000
8, 0.84 £0.021 0.843+0.018 0.815%0 014

r5(za) Mpc] 145984072 4551405 146461058
w ~1.03510 0% ~1.050% 395 ~1.04540.032
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CMBpolens+SNIa+M+BAO+83

Parameter CMBpolens+SNIa | CMBpolens+SNIa+M+BAQ
w, 0.02255* 50002 0.02277* {00022 0.02266* 55002
Gedm 0.1215*5000% 0.1214 £ 0.0016 0.1193+ 50003
T 0.054 £0.008 0.056 £ 0.008 0.05575008
n, 0.9723* 5000 0.9746* 5000 0.9727 00061
Ho [lan/s/Mpe] 68.267 141 | 70.2140% | 70.0014%8

2.77 sigma

1.95 sigma

0.017
08455505

0.864+ 004

0.013
0830735305

S5 0.857 o 0,853 000 0.824° 5012

o1 0.8307 010 083310000 081070010

Sy 0.844 £0.021 0.843 £ 0,018 081550014

5(za) [Mpe] 1459807 U551 1464605
w —1.035100% ~1.050* 593 ~1.045+0.032
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Parameter | CMBpolens+SNIa | CMBpolens+SNIa+M+BAO | CMBpolens+SNIa+M+BAO+ S5
W 002255000020 0.02277 00022 0.022665 0002
e 0.1215*) 0% 01214 0.0016 0.1103 000
T 0.051 £0.008 0056 £ 0.008 0.0557590%8
+0.0068 4 +0-0068 +0.0061
i, 0.9723+ 008 09745+ 5008 09727+ 00061
3.80 sigma 3.07 sigma 3.28 sigma
.
M |—19.406f[,‘n§,§! | 193552008 | | 10352+ 0016 |
08 0.8457351% 0.8647 03, 0.839*00
S5 0.857 00 0.853 00 0.824°0012
7 0.830% 010 08335 01e 08100510
44 4 +0.011
S 0.844£0.021 0.843 £ 0.018 08155501
ry(24) [Mpe] 145985072 14551058 146461058
w ~1.035H0 0% ~1.050*0054 ~1.045 4 0.032
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CMBpolens+SNIa+M+BAO+Sg

Parameter CMBpolens+SNIa | CMBpolens+SNIa+M+BAQ
w, 0.02255" 500020 0.02277* 00022 0.02266* 550021
Wedm | o.m..sng | 0.12Mili.m 0.1193*5001%
T 0.054 £ 0,008 0.056 £ 0.008 0.055H 508
g 0.9723*5006% 0.9746* 0058 0.9727+ 0088
Hy [kans/Mpe] 68.267 131 70.2108 70.00578
M — 19,4067 0an -~10.355 +0.018 ~19.362 +0.016
8 : 0.864+05¢ 0.839705%
S 0853000 0.8241 002
o1 |u.ﬁemf2-m | 0810*0510
Sy 0.844 £0.021 0.843 £ 0,018 081540011
r5(z4) [Mpc] 14598078 4551705 146.46+05
w ~1.050* )05 ~1.045+0.032
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Parameter || CMBpolens+SNIa | CMBpolens+SNIa+M+BAO | CMBpolens+SNIa+M+BAO+ S
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@ We find very strong constraints around the CMB decoupling time.

o Large values of QBCE allow larger values of Hp, but typically lead to a
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@ The latter can also be loosened with a greater EDE fraction in the
MDE.

We have studied these tensions in terms of M and s12/512.
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Thanks for your attention!
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