H, from Planck

how a boring LCDM can still be a mischievous
model

Daniela Paoletti

INAF-OAS and INFN Bologna

Cosmic Orbital and Suborbital Microwave ObservationS
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CAUTION

()

RF MICROWAVE
HAZARD

AUTHORIZED
PERSONNEL ONLY
BEYOND THIS POINT

CMB IS NOT DIRECTLY SENSITIVE TO H,

THE MEASUREMENTS OF H, FROM CMB
ARE MODEL DEPENDENT
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ANGULAR DIAMETER DISTANCE

D M = (1 + Z)D A
It depends on late time cosmology like the
expansion rate (c.g. the dark energy behaviour )
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Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits
Q h? 0.022068  0.02207 £ 0.00033  0.022242  0.02217 £ 0.00033  0.022032  0.02205 = 0.00028
Q.h* 0.12029 0.1196 £ 0.0031 0.11805 0.1186 £ 0.0031 0.12038 0.1199 £ 0.0027
[ 008c 1.04122 1.04132 = 0.00068 1.04150 1.04141 + 0.00067 1.04119 1.04131 = 0.00063
T 0.0925 0.097 = 0.038 0.0949 0.089 = 0.032 0.0025 0.089*1013
Fle i e e i 0.9624 0.9616 = 0.0094 0.9675 0.9635 £ 0.0094 0.9619 0.9603 = 0.0073
In(10"A) .. ... .. ... 3.098 3.103 £ 0072 3.098 3.085 = 0.057 3.0980 3.089%0 %%

e 4
Parameter [1] Planck TT+lowP [2] Planck TE+lowP [3] Planck EE+lowP [4] Planck TT,TE.EE+lowP ([1]-[4])/c

Qo ... 0.02222 + 0.00023  0.02228 + 0.00025 0.0240 £ 0.0013 0.02225 £ 0.00016 -0.1
Q.h? (1197 +0.0022 O 1T1IRT + 00021 ﬂlliﬂiﬂ-ﬂjﬁ 01198 + 00015 (.01
1006hc .. .. ... 1.04085 + 0.00047  1.04094 + 0.00051  1.03988 + 0.00094 1.04077 + 0.00032 0.2

. 0.078 £0.019 0.053 £0.019 D.ﬂSQfD:mg 0.079 £ 0.017 0.1
In(li]'"Ag} ..... 3.089 £ 0.036 3.031 £ 0.041 E.Mﬁﬁgﬁﬁ 3.004 £ 0.034 -0.1
ng .. TR ( .. [].'_:':"655 + 0.0062 0.965 £0.012 0973 +£0.016 0.9645 + 0.0049 0.2
| | 4
i s 1
TT+lowE EE+lowE TT.TE.EE+lowE TT.TE.EE+lowE+lensing  TT.TE.EE+lowE+lensing+BAO
Parameter 689 limits A%% limits 689 limits 689 limits A%% limits %9 limits
Q... 0.02212 £ 0.00022  0.02249 + 0.00025  0.0240 = 0.0012 0.02236 + 0.00015 0.02237 = 0.00015 0.02242 + 0.00014
QL 0.1206 = 0.0021 0.1177 + 0.0020 0.1158 = 0.0046 0.1202 + 0.0014 0.1200 + 0.0012 0.11933 + 0.00091
1006y . .. .. ... 1.04077 + 0.00047 104139 + 0.00049 103999 = 0.00089  1.04090 + 0.00031 1.04092 + 0.00031 1.04101 + 0.00029
............ 0.0522 + 0.0080 0.0496 + 0.0085 0.0527 = 0.0090 0.0544 0070 0.0544 + 0.0073 0.0561 = 0.0071
m(10™ay. ... ... 3040 + 0.016 30180020 3.052 + 0.022 3.045 = 0.016 3044 = 0.014 3.047 = 0.014
Mo e i 0.9626 + 0.0057 0.967 + 0.011 0.980 + 0.015 0.9640 + 00044 0.9649 + 0.0042 0.9665 + 0.0038




Many parameters enter into the conversion to Hy making it prone to degeneracies:

maintaining a fixed 0, we may change different parameters sets
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Hy = (67.3+1.2)kms™ 'Mpc

Wl

Hy = (67.8 +£0.9) kms~'Mpc™'.
‘N 2018
L ¥

Hy = (67.27 +0.60) kms™'Mpc ™', } 68 %. TT.TE.EE
O = 0.3166 + 0.0084, +lowE.

(68 %, TT.TE.EE
+lowE+lensing).

R A %

H, = (67.66 £ 0.42) kms™'Mpc™', } 68 %, TT,TE.EE

+lowE+lensing
Q. =03111 +0.0056, +RAO.

\IMERRLIN

Ho = 67.9713 km s 'Mpc™,
og = 0.811 +£0.019, 68 %, lensing+BAO.
Qn = 03037001,

AN S \\L\RY Y

Hy = (67.36 +0.54) km s~'Mpc ™'
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In LCDM Planck has been able to determine the
Hubble constant to a sub% level accuracy

Planck CMB is very well fitted by the
LCDM model

But the Hubble constant belongs to the
late Universe where other probes may

direct measure it with distance ladder
(see talks after coffee break)

Supernova type la NGC4526 SN 1994D
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SPTPol 2017 71221
*
ACTPol 2017 67.3 + 3.6
e
Planck_HFI 2016 66.93 + 0.62
==
Planck_PR2 2015 67.8+0.9
*
WMAP9 2013 70.0+2.2
*
SPT+tau_prior 2013 75.0£3.5
U U S S S IS B B
- 55 60 65 70 75 80

Hubble Constant, HO, km/s/Mpc

-
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BAO+D/H 2017 66.98 +1.18

GravLens_Time_Delay 2C 71.91%%

Distance_Ladder 2016 73.24 +1.74

e
Planck_PR2++ 2015 67.90 +0.55

=

WMAP9++ 2013 68.76 +0.84

Cepheids+SNla 2011 73.8+2.4
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Gamma—;'ay attenuation (This Workj I

eCMB+BAO+Cepheids+5Ne (Hinshaw et al|
-

2013)

Gamma-ray attenuation (Dominguez & Prads

2013)

Planck TT, TE. EE+lowPWP+highL+BAO
=

Ade et al. P016)

Gravitational time delay (Bonvin et al. 201T)

_._

Galaxy clustering+Weak lensing+BAQ (Abbg
—

tt et al. 2018)

Type la Supernova (Riess et al. 2018)

Planck+WP-+highL+BAQ (Aghanim et al. 2
. =

High-redshift Galaxy Clusters (Bonamente et

Gravitational time delay {Faraﬁa & Hjorth 2(

Type la Supernova (Riess et al. 2011)

CMB+BAD {Anderson et al. 2012}
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But there is agreement with Planck by several datasets

Measurements of the Hubble constant using strong gravitational lensing time
delays are more model dependent, but also give a higher value than Planck

76 -
7 7% 7 Riess et al. (2018) m .
9 73 4 About the Ho tension...
_.E 70 7 SDSSI
2 08 Consistent with both
E onsistent wi o .
= 66 - Prefer low Ho Prefer high Ho
N 64 4 \ BOSS DR12 SPT
-— 60 - Planck + SPT LIGO GW
™ Planck + BOSS
=— bl WMAPI-ACT r. d = 148.1 Mpc
I DR14 quasars WMAPI-SPT r d = 149.2 Mpe Parameters from
56 WMAP + BOSS KMA??-ACT*-S;T r_d - 148.7 Mpc  Calabrese et al. (2017)
FlanckTT d= 147.1 X
54 T T T T T SPT + BOSS n1:::k1wngﬁ rd= ',ul.:: vpe Agreement
G,D 05 1_[] 15 2{] 2_5 ACT + BOSS FlanckTT+Low-P r d = 147.3 MpcC better than |4°/°
z ra+ SN+ BOSS —t—— This does not assume A
BEN + BOSS
I——* These do not use CMB

\ SEN + DES + BOSS

l

They all assume we understand early universe physics (to compute rq)

Andreu Font-Ribera - The Inverse Distance Ladder Consistency of Cosmological Datasets - Cambridge, May 30th 2018 2



INVERSE DISTANCE LADDER
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Riess et al. (2018)

&

BAO+Pantheon+D/H BBN

BAO-+Pantheon+-D/H BBN+-&pc
Planck TT, TE ,EE4lowE

0.24 0.28 0.32 0.36

0.40

We can derive the value of HO
without using the CMB but only a
subset of informations.

BAQO+SNe can calibrate the

distance-redshift relation down to

low redshifts.

Baryon density is fixed from BBN
constraints and it is considered the
theta measurement from the CMB
with different priors



WE ARE IN A LOBBY WITH TWO
POSSIBLE DOORS

FIRST DOOR SECOND DOOR
CHANGE THE PHYSICS CHANGE THE DATA

From the Movie «Labirinth»



WE TRY THE FIRST
DOOR

CHANGE THE PHYSICS
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When we try to fix the HO tension we must alway:
- Whatever solution should still be compatible w
- Whatever solution must not increase the oth

Sigma 8

A Danger
Mind your head o

Planck prefers higher values of with respect to
galaxy clusters
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DES lensing [N

: Planck TT+lowE ) B C + BAO i f=] (:\1[;
Planck lensing [ 10 Planck TT,TE,EE+lowE 0.90f NC¥ 4 BAO BN CMB + Cf¥ + NC* 4 BAO ||
DES lensing+Planck lensing Il + DES+lensing B C% + NC? 4 BAO
Planck TT,TE,EE+lowE [N DES ¢ + w 0.85}
DES joint ----- 0.9 4 DES (joint)

KiDS-450
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NEUTRINO MASS

Allowing for a non-minimal neutrino mass impact
the fitting of the acoustic oscillations on small
angular scales.

Higher neutrino mass means lowering the lensing
signal which result in a tight constraints on the sum
of the masses due to the Alens issue. But higher
neutrino mass calls for lowering HO increasing the
tension, improving the constraint on the mass

highers both HO and sigma 8

See talks on neutrinos tomorrow (Gerbino, Lattanzi)

TT,TE EE+lowE+lensing ——
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60 T T T T
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RELATIVISTIC SPECIES

We have seen how the acoustic horizon depends on the energy densities of the plasma at recombination. For Neff higher
than 3.046 to keep fix the acoustic scale, considering the change in the sound horizon, HO must go to higher values.

AN — o 43 | 4/7 boson,
el =8 485 /2 fermion,
E.G.
-1 for a fully thermalized sterile neutrino decoupled at <100 MeV I 0.84
-0.027 is consider the maximum sensitivity level, and corresponds to a 75
fully thermalized boson . Riess et al. (2018) - 083
Varying Neff allows for a relief of the HO tension but it g 20 - - 0.82
also brings an increase in the error on HO lowering the = | 01
W . — 9
significance of the improvement v ®
. o : - 0.80
On the other side a larger Neff implies a larger sigma 8 £ 65 -
increasing the tension with WL data. 3 - 0.79
Net = 3.27 £ 0.15 68 %, TT,TE.EE 60 o o7
(69 39 0 e —1 } +lowE+lensing
Hy = (69.32 + 0.97) km s~ Mpc +BAO+RI1S. | | | | 0.77
2.0 2.5 3.0 3.5 4.0
Higher values starts also to be in disagreement with BBN N
Planck 2018 VI 2018

See talks on neutrinos tomorrow (Gerbino, Lattanzi)
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See talks on DE tomorrow afternoon
y “
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Parameter

Planck+SNe+BAO  Planck+BAO/RSD+WL

-0.961 £ 0.077
_0_28+{}.3]

-0.27
68.34 + 0.83

0.821 £ 0.011
0.829 £ 0.011

—-0.76 £0.20

~0.54
663+ 1.8

+0.015
0.8007 017

0.832 +0.013

-14

-1.4
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¥ = —u(a, k) 4nGa* [pA + 3(p + P)] .,

2 [@ - n(a.k)¥] =

V.

u(a, k) 12nGa*(p + P)cr f K [@ + W] = —S(a, h)4nGa® [2pA — 3(p + P)or]

b Y 17

\‘v
With CMB lensing Without CMB lensing
Planck Planck Planck Planck Planck Planck

Parameter +SNe+BAO  +BAO/RSD+WL +SNe+BAO  +BAO/RSD+WL
po—1 ... ..., 0. 10+§§51§ 0. 05%% —0. 0?“%3 0. 12+§§E 0. 10%% -0. 12;]8 6%;
m-1 ... ... 0.227%5 0.32%,%% 0.32%, 59 0.557] 0.627 0.5273%
D 0.100 £0.093  0.106 £ 0.086 0.018%)0% 0. 2?*3:; 02?*3}; 0.017*00%
T 0.0481700057  0.0487*5005%  0.0524 £ 0.0075 0.0504 + 0.0080 0.0505 + 0.0080  0.0526 + 0.0079
Hy| kms~'Mpc!] 68.20+0.63 68.19+0.45 68.09 + 0.45 68.23 £0.71 68.26 + 0.48 68.09 + 0.46
e T 0.812*003 0. 80?% %g 0. ?99% %% 0. SITE% 0. 814% Egé 0. T94+§§§§
Sg 0.817+0.037 08127 0.806% 054 0.822% 051 0.819% 055 0.801% 051
(d*'? |arcmin] . .. .. 253170088 2.520+£0.049  2.453 £0.032 2.697008 2.6957000 2456 +£0.043
0S8 oo 0.898 £ 0.067  0.897)5¢ 0.82079043 1.0470.2) 1047012 0.814700%

—4.6 =55 -1.2 -10.2 -11.0 -0.7




SUMMARY OF BASIC EXTENSIONS

Parameter(s) Qnh? Q.h? 1006 H, g In(10'°4,)
Base ACDM ....... 0.02237 £ 0.00015 0.1200 = 0.0012 1.04002 + 0.00031 67.36 £ 0.54 0.9649 + 0.0042 3.044 £ 0.014
F e e e e e 0.02237 <+ 0.00014  0.1199 + 0.0012 1.04092 + 0.00031 67.40+0.54 09659 +£0.0041 3.044 +0.014
dng/dInk.......... 0.02240 + 0.00015  0.1200 + 0.0012 1.04092 + 0.00031 6736 £0.53 09641 £0.0044 3.047 £0.015
dng/dInk,r . ....... 0.02243 + 0.00015 0.1199 £ 0.0012 1.04093 = 0.00030 6744 +£0.54 0.9647 £0.0044 3.049 £0.015
d*ng/dInk?,dng/dInk. 0.02237 £ 0.00016  0.1202 £ 0.0012 1.04000 = 0.00030 6728 £0.56  0.9625 +£0.0048 3.049 £ 0.015
Nog o oo oot 0.02224 + 0.00022  0.1179 + 0.0028 1.04116 + 0.00043 66.3+14 0.9589 + 0.0084 3.036 +0.017
Neg,dng/dInk ... ... 0.02216 = 0.00022  0.1157 £0.0032 1.04144 + 0.00048 652+1.6 0.950 = 0.011 3.034 £ 0.017
2y e e e e 0.02236 + 0.00015 0.1201 £ 0.0013 1.04088 + 0.00032 67. IJ_’{'}E? 0.9647 £ 0.0043 3.046 £ 0.015
2, Neg oo oo v oot 0.02223 £ 0.00023  0.1180 = 0.0029 1.04113 = 0.00044 66,0j:2 0.9587 + 0. 0086 3.038 £0.017
M Nt 0024200000 01200042 LOOT4TOMOE  GT.UINE  09652:9%5 30501001
o2 TP 0.02238 + D 00015  0.1201 £ 0.0015 1.04087 £ 0.00043 67.30+0.67 0.9645 + 0 0061 3.045 £ 0.014
WO e e e eane e 0.02243 + 0.00015 0.1193 £0.0012 1.04099 + 0.00031 0.9666 = 0.0041 3.038 £0.014
Qr oo 0.02249 £ 0.00016  0.1185 £0.0015 1.04107 = 0.00032 6'% 6+ > 0.9688 + 0.0047 3 O?D*gg:;
Yoo 0.02230 = 0.00020  0.1201 £ 0.0012 1.04067 = 0.00055 67.19 + D 63 09621 £0.0070 3.042 +0.016
Yo Nt «vvvnn.. 0.02224+0.00022  0.1171%0002 1.0415 +0.0012 66.0*'7  0.9589 +0.0085 3.036 +0.018
A oo 0.02251 £ 0.00017 0.1182 +£0.0015 1.04110 = 0.00032 68.16 = 0.70  0.9696 = 0.0048 3 [}29+33:2

Planck 2018 VI 2018

Note that Alens is not a physical model..and opening dark energy equation of state
results in not having constraining power on HO



No simple extensions of LCDM can fix the
problem we need to be more creative

From the Movie «Labirinth», concept by Escher



NEW NEUTRINO PHYSICS? { Aol B

Sterile Neutrinos with secret interactions

“Secret” sterile neutrino self-interactions mediated by a light pseudoscalar allow 27
for a sterile massive neutrino in cosmology because of early thermalization and late o

annihilation. The resulting HO is on higher values.

Neutrino self interactions

New neutrino self interactions delay the onset
of neutrino free-streaming affecting the value of
HO (through the change in the early Universe).
Interactions requires anyway the addition of a
light sterile species to be compatible with BBN..
Kreisch et al. 2019

See talks on neutrinos tomorrow (Gerbino, Lattanzi)

Riess2016

0.8

0.2} ¢

0.0

“68 7 B TR 84
H, [km/s/Mpc]

Archidiacono et al. 2016
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FIG. 4: 2D posteriors for Sy and Hj illustrating how neutrino self-interactions can remedy cosmological tensions.
We compare the Planck TT + lens + BAO ACDM posterior to the Slv and Mlv posteriors for T'T + lens + BAO.
We overlay 20 bands for the measurements Sg = 0.427 £ 0.016 [79] and Hy = 73 £ 1.75 km/s/Mpec [73)].

Kreisch et al. 2019



\ . | EARLYDARKE

Early Dark Energy models consider a Dark Energy whlch

redshift, 1ncreasmg\(he expansion rate of the universe,

10

Example Poulin et al 20 18 ] I i
i — —_ Cosrnologi-cal constant
Two different models: T ] = ey
Q.
L] L[] E 4
-oscillating scalar field 2w
w1074
-slow roll field g
é 107 4
1078
0 (a) = 20, (ac) 1938
® - 3(w + 1 ﬁ E 0.05 A
(a/ar)*™ Y 41 3
0.00
. . 1 gy 107t
‘zc - ac - 1 ! plot by T. Karwal
|Pa.rameter| ACDM | n=2 | n=23 | n=oo
100 0, 1.04198(1.04201) = 0.0003| 1.04182(1.04144) F5-00538 | 1.04147(1.04130)F0-09053 | 1.04159(1.04152) = 0.00035
100 ws 2.238 (2.242) £ 0.015 | 2.239 (2.229) £0.021 | 2.255 (2.256) & 0.022 2.255 (2.258) 4 0.023
Wedm 0.1179 (0.1181) 4 0.0012 | 0.1241 (0.1255) + 0.004 | 0.1273 (0.1313) + 0.0043 | 0.1246 (0.1263) + 0.0037
In(10°A,)|  3.08 (3.092) + 0.024 3.076 (3.072) +0.024 | 3.075 (3.0709) + 0.023 3.067 (3.067) + 0.024
ns 0.9684 (0.9674) £ 0.0044 |0.9749 (0.9733) & 0.0073| 0.9799 (0.9865) + 0.0082 | 0.9753 (0.9791) + 0.0064
Treio 0.075 (0.08066) & 0.013 | 0.0716 (0.0692) & 0.013 [0.06598 (0.06134) = 0.012| 0.06146 (0.05837) =+ 0.013 5
Log,,(ac) - —4.178 (—3.777)1082, | —3.673 (—3.692)7005% |  —3.462 (—3.521)*09! 3
fepe(ac) — 0.04053 (0.04201) =+ 0.02[0.06959 (0.09802) +0.028| 0.06951 (0.0871) & 0.04
100 0p | 0.3855 (0.3854) + 0.00014 [0.3866 (0.3863) + 0.0008| 0.3872 (0.3881) + 0.0001 | 0.3871 (0.3879) + 0.0012 Lo 1y N\
Iy 68.17 (68.15) + 0.54 70.4 (70.0) £ 1.1 70.9 (71.96) +1.3 70.2 (70.4) £1 0.050.100.150.20 —4.0—-3.6—-3.2 69 72 75 78 0.120 0.136

fEDE(a(‘ logl()(a( Wedm

ST SRNEANR \ B

oulin et al. ISSUES: fine tllllillg I 3 \
\‘



BEYOND GR:

Scalar tensor theories of gravity may prefer higher values of HO

Scalar tensor theories in which the scalar field regulating the strength of the gravitational force also provides the
acceleration of the expansion at later times.
Several models: Cooper, Venturi 1980; Wetterich 1988; Uzan 1999; Amendola, 1999: Chiba, 1999; Perrotta,

Baccigalupi,Matarrese 1999; Boisseau et al. 2000; Bartolo & Pietroni 2000; Finelli, Tronconi, Venturi 2008,
Baccigalupi et al. (2000)

S = / da/=g {
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Example Umilta et al. 2015, Ballardini et al. 2016
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T
3 Planck + TT,TE.EE + lowP + lensing

B Flanck 2013 + BAO ]

T
lensing
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I Planck + TT,TE.EE +
B Flanck 2013 + BAO
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&0
T

Planck 2013

Planek TT + lowP

Planek TT + lowP

B FPlanck TT + lowP + BAD ™ I Planck TT + lowP + BAO =
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+ BAO + BAO + lensing + BAO /‘
10°Qy, b 2203 + 25 2224 + 21 222413 : a8l ' g’
o p2 o718 1Q+16 o T a L\" >
104Q.h 1207115 1108718 1101 + 14
Hy [km s~ Mpe™1] 69.5779 69.4705 69.470% 2| '”<h““ —— .
T 0.08875:012 0.07679:01% 0.06370:512 = S A il
In (1010 4,) 3.00075 038 3.087 + 0.036 3.059:‘;;,‘;3; R
n, 0.9611 + 0.0053 0.9665 %+ 0.0046 0.9669~() 1012 . . S , , ,
¢ < 0.0047 (95% CL) < 0.0036 (95% CL) < 0.0031 (95% CL) © 0.993 0.996 0.999 = 0.988 0.992 0.996 1.000
108~ < 1.2 (95% CL) < 0.80 (95% CL) < 0.75 (95% CL) PN PN
VPN > 0.0953 (95% CL) > 0.9965 (95% CL) > 0.9970 (95% CL) -
O 0.295 + 0.009 0.295 + 0.008 0.204 + 0.008 Ballardini et al. 2016
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Extension to non-minimally coupled case on going —
Rossi et al. In prep.



WHAT ABOUT THE
SECOND DOOR:

CHANGE THE DATA
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SN enviromental b‘i?s?

Rigault et al. 2018 |

s alwavs possi
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WAIT FOR FUTURE
EXPERIMENTS

Astrophysical Bias & the Hy tension

Rigault et al. 2015, 2018

ACDM PREDICTION DIRECT MEASUREMENTS (SNEIA)
— Planck 2018 — age-bias correction no age-bias correction
1 L \

No Hy tension after correcting for SN environmental bias Astrophysical bias on Ho

Ho [km s~ Mpc~1]
Ho=70.6 + 2.5 km s Mpc!

m.rigault@ipnl.in2p3.fr Mickael Rigault | Post Planck 2019 | Sesto
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Up to 3% if : : r 1
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e 1. Different fraction of prompt
E ; ~90% in Cepheid-SN J
o vs. ~50% in Hubble flow-SN
8
g 06 2. Magnitude difference between
= prompts and delayed SNela
=4 0.4+ age step ~0.15 mag 72

0.2 4

Are SHOES SNela different
. - than any other SNela ?
0.0 62' 5 65.0 67' 5 70.0 72.5 75.0 77.5 80.0 not selected differently but naturally different
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With the observation of tt
possible to estimate the re

EM counterpart it is
ift of the source. The

amplitude of the GW provides the luminosity

distance creating a perfect standard siren

G

82.5 ~
KP GW170817 ki
80.041 T SHoES
275 - CPH HST+ ”glf;\
SHGES | GAIA2

g 75.0 - { } ¥

=

u 72.5

E *

— 70.0 1 X

I 15 x BNS
67.5 " ng I I [} x

w1
65.0 - p13 BAg P18 | P+S4
62.5 - % Dist. Ladder e ACDM X Std. Sirens
2000 2005 2010 2015 2020
year

Ezqnla &‘.Alac\%ui 2018

—— plHy | GW170817)
kl?

Planc
SHOES!®

0.03 1

0.02

p(Ho) (km~''s Mpc)

90 100 120

Hp (kms~1Mpc~1)

- e\a\”\ _ \\\\

110

HL HLV HLV HLVK HLVKI ET/CE
BNS range (Mpc) 60 —80 60—100 120—170 190 190 10% — 10t
Localizati
M;ﬁ';;::gz <1% T—14% 12—-21% 14— 22% 65— 73% > 60%
BNS detections 0 1 1-50 4—80(yr ) 11— 180 (yr ) 10° — 107 (yr )
o1 [02] B o 05
R — — — ; Time
2015 2018 2024 2030
LISA

e M., TR . . e " Y T ™, %



AMMA RAY ATTENUATION
= . e STRONGLY LENSED REPEATED FAST
Dominguez et al 2019
0.5 . . . ‘ RADIO BURSTS
T g Lictal 2018
0.4
OTHER PROBES?
03 WE’LL SEE WHAT .  Leamitin
N FUTURE BRINGS
;:: 0.4
0.1 =
50 60 70 80 90 .
Hy [km s™! Mpc™}] 2
Extragalactic background light interacting with e
photons from gamma ray sources provides a sort “ . = %0 .
of opacity. Y
The density of the photons of the EBL and Strongly lensed non repeated FRB would

appear as repeated FRB because the typical
lensing delay time is of O(days) with
angular separations of few arcsec (below
radiotelescope resolution). The two to four

therefore the amount of y-ray attenuation along
the line of sight depends on the expansion rate
and matter content of the Universe

Original concept by Salamon et al. 1994 and
Mannheim et al. 1996 apparent bursts would have repeated

patterns and their dispersion measure and
scatter broadening depend on the properties

of the plasma ALOS



CONCLUSIONS

Future data for early and late Universe will shed light on the value of the
Hubble constant
Alternative data from multifrequency and multimessenger astronomy will
provide complementary probes
If the tension will remain the perspective for cosmology are shining

New physics in the neutrino sector
o ! l
M ’ ‘ 0 Al O

New physics in still unknown sectors

The old well known LCDM is always the best in fitting the Universe but it

looks like it can still have some little trick up its sleeve



