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H, discrepancy

B disagreement between early and late-time
® ACDM model can not explain this tension
B how quantify the tension?
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H, discrepancy

Hy (km s Mpc™)

W. L. Freedman, Nature Astronomy, 1, 0169
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H, discrepancy

W. L. Freedman, Nature Astronomy, 1, 0169
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H, discrepancy

CMB with Planck -
Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53 = e
Pogosian et al. (2020), eBOSS+Planck Q,H? 69.6 +1.8 = f———
Aghanim et al. (2020), Planck 2018: 67.27 + 0.60 = el _
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 £0.54 = -8+ HO Miras — SNla -
Ade et al. (2016), Planck 2015, Hy = 67.27 +£0.66 = o i 1 Huang et al. (2019): 73.3+4.0 = F |
CMB without Planck - [km s™ Mpc™] Masers
Dutcher et al. (2021), SPT: 68.8£1.5 = —— Rescejetisl. (2020):73.953.0.
Aiola et al. (2020), ACT: 67.9+15 = F e— TuIIy — Fisher Relation (TFR) -
Aiola et al. (2020), WMAP9+ACT: 67.6 £ 1.1 = —e— Kourkchi et al. (2020): 76.0 2.6 — S
Zhang, Huang (2019), WMAP9+BAO: 68.361033 = e Schombert, McGaugh, Lelli (2020): 75.1 +2.8 = —_——
Hinshaw et al. (2013), WMAP: 70.0£ 3.3 f————— ) . -
- Surface Brightness Fluctuations -
No CMB, with BBN - Blakeslee et al. (2021) IR-SBF w/ HST: 73.3 2.5 — S —|
Khetan et al. (2020) w/ LMC DEB: 71.1 4.1 — [ i
D' Amico et al. (2020), BOSS DR12+BBN: 68.5+2.2 = b — etan etal. (2020) w/ .
Philcox et al. (2020), P,+BAO+BBN: 68.6 + 1.1 = | —o—| SNII
Ilvanov et al. (2020), BOSS+BBN: 67.9+1.1 = —e— de Jaeger et al. (2020): 75.8*33 = I
Alam et al. (2020), BOSS+eB0SS+BBN: 67.35 +0.97 . oo HIl galaxies ]
P|(k) +CMB Iensing _ Fernandez Arenas et al. (2018): 71.0 £ 3.5 = I i
Philcox et al. (2020), P/(k)+CMB lensing: 70.6*3] = |nd | reCt Lensing related, mass model —dependent
- Denzel et al. (2021): 71.8%39 =
. - s Birrer et al. (2020), TDCOSMO+SLACS: 67.4+31, TDCOSMO: 74,533 — e ————— ——————————— -
Cephelds —-SNla 4 D Millon et al. (2020), TDCOSMO: 74.2 1.6 —
. . Irect Baxter etal. (2020): 73.5+5.3 -
Riess et al. (2020), R20: 73.2+ 1.3 = s
Qi et al. (2020): 73.6+18
Breuval et al. (2020): 72.8 £2.7 = Liao et al. (2020): 72. B+16 _
Riess et al. (2019), R19: 74.0+ 1.4 = Liao et al. (2019): 72.2 2.1 —
Camarena, Marra (2019): 75.4 +1.7 = Shajib et alia(ozglg) (STRID)ES 74.2%37 =
Burns etal, (2018): 73.2£2.3 Wong et al. (2019), HOLICOW 2019: 73. 3+;Z -
Dhawan, Jha, Leibundgut (2017), NIR: 72.8 3.1 = Birrer et al. (2018), HOLICOW 2018: 72.5245 g
Follin, Knox (2017): 73.3+1.7 - Bonvin et al. (2016), HOLICOW 2016: 71.9%43
Feeney, Mortlock, Dalmasso (2017): 73.2+1.8 = Optimistic average -
Riess et al. (2016), R16: 73.2+ 1.7 = . Di Valentino (2021): 72.94 +0.75 — —o—
Cardona, Kunz, Pettorino (2016), HPs: 73.8 2.1 = Ultra — conservative, no Cepheids, no lensing -
Freedman et al. (2012): 74.3+2.1 = DitValenting(2021): 72,7 1.1, = —e—
- GW related -
) ) TRGB - SNla Gayathri et al. (2020), GW190521+GW170817: 734362, = |
Soltis, Casertano, Riess (2020): 72.1£2.0 = —o—1 Mukherjee et al. (2020), GW170817+ZTF: 67.6+45 I |
Freedman et al. (2020): 69.6+1.9 — |—e— Mukherjee et al. (2019), GW170817+VLBI: 68.374¢ ' |
Reid, Pesce, Riess (2019), SHOES: 71.1+1.9 — e Abbott et al. (2017), GW170817: 70.0%35° = |
Freedman et al. (2019): 69.8+1.9 = —oc— 7]
Yuan et al. (2019): 72.4+2.0 - —oa—— I I I I
Jang, Lee (2017): 71.2+2.5 - 65 70 75 80
LY H CRAIl=

E. Di Valentino et al., arXiv:2103.01183
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H, discrepancy

J. L. Bernal et. al, arXiv:2102.05066

-Late: CC, TDCOSMO

-Early: P18, BAO+BBN
-Local: CCHP, SHOES
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Systematic or new physics?

Systematic errors New physics

Low-z transitions

Early dark energy
Neutrinos

Void modelss

Dark sector interactions

m Cosmic variance on Hj
m Cepheids calibration

W Excess of lens A

® Discrepancy low-£ and high-/¢
...
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Cosmic Microwave Background
17" map
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Cosmic Microwave Background

Crre = (|lar.em|”
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Cosmic Microwave Background

Crre = {|arml|*)

Multipole moment, ¢
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Cosmic Microwave Background

Crre = {|arml|*)

Multipole moment, ¢
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Cosmic Microwave Background

I

B Internal inconsistencies in the Planck TT" power spectrum between frequencies (D.
Spergel et al., arXiv:1312.3313)
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I

B Internal inconsistencies in the Planck TT" power spectrum between frequencies (D.
Spergel et al., arXiv:1312.3313)

B Tension between mutipoles ¢ < 1000 and ¢ > 1000 (G. E. Addison et. al
arXiv:1511.00055)

Cosmic Microwave Background

——  Planck TT 2015 2 < ¢ < 1000
—— Planck TT 2015 1000 < ¢ < 2508 -s

_op = 0 ¢ - Or + ff + }{ ﬂ |
% _
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m65- | + } d 65} }

60

09 10 11 12 13
Lensing Amplitude Ay

PPGCosmo Seminars - Hubble tension from a Supernova perspective 5-



Cosmic Microwave Background

B Internal inconsistencies in the Planck TT" power spectrum between frequencies (D.
Spergel et al., arXiv:1312.3313)
B Tension between mutipoles ¢ < 1000 and ¢ > 1000 (G. E. Addison et. al

arXiv:1511.00055)
B Planck 2018 conclusions (Planck Collaboration arXiv:1807.06209):

“Nevertheless, there are a number of curious “tensions” both internal to the Planck data
[...] and with some external data sets [...] none of these, with the exception of the
discrepancy with direct measurements of H, is significant at more than the 2 — 30 level.
Such relatively modest discrepancies generate interest, inpart, because of the high precision
of the Planck data set. We could, therefore, disregard these tensions and conclude that the
6 parameter ACDM model provides an astonishingly accuratedescription of the Universe
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The cosmic distance
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The cosmic distance ladder

Using Standard Candles
Luminosity (params.) — dy, — Ho!

Measure z, d;, of low-z Supernovas:
A= czHo_l[l + % (1 —qo) z+ O(2?)]
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The cosmic distance ladder

Using Standard Candles
Luminosity (params.) — dy, — Ho!

Measure z, d;, of low-z Supernovas:
A= czHo_l[l + % (1 —qo) z+ O(2?)]

We do not measure d;, but instead mp =+ Mp

d
4(2) = Slogyg %

Supernovas need to be calibrated through )/ 3!
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The cosmic distance ladder

% Pparallax 4 Galaxies hosting Distant galaxies in the
. of Cepheids . Cepheids and expanding universe
. ‘ i i _ Type la hosting Type la
~ o7 o Milky Way o .supernovae supernovae
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CREDITS: NASA, ESA, A. Feild (STScl) and A. Riess (STScl/JHU)

1w = mp — Mp + nuisances

dL — dL (mB,MB,nui.)
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The cosmic distance ladder
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= mp — Mp 4+ nuisances

dr(z) = czH; '[1 + % (1 —qo) z+ O(2?)]

dL — dL (mB,MB,nui.)
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cosmic distance ladder

% Pparallax 4 Galaxies hosting Distant galaxies in the
~« of Cepheids . Cepheids and expanding universe
“in the i Type la hosting Type la
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1= mp — Mp + nuisances B 1 ,
dr, =dr (mp, Mp,nui.) dr(z) = czHy "[14 5 (1 —qo) 2+ O(27)]

Mpg is the backbone of SHOES analysis!
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The cosmic distance ladder

B Why Supernovas in 0.023 < z < 0.157
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The cosmic distance ladder

B Why Supernovas in 0.023 < z < 0.157

Peculiar velocities could be non-negligible: Hy;r; = Hor; + v}
Linear perturbation theory: (§%,) = % [~ dkP(k) [(kR) L(kR)]”

Z
0.01 0.02 0.05 0.15

| ACDM (w & + extensions) predicts:

; For 0.023 < z < 0.15:
0oy = 0.88 km s™1 Mpc™! (1.2%)

| For 0.01 < z < 0.15:
| Oep = 1.5 km s7t Mpc™! (2%)

3IO 60 150 430
R[Mpc/h]
D.C and V. Marra, arXiv:1805.09900
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The cosmic distance ladder

B Why Supernovas in 0.023 < z < 0.157

Peculiar velocities could be non-negligible: Hy;r; = Hor; + v}
Linear perturbation theory: (§2,) = % J° dkP(k) [(kR) L(kR))’

Z
0.01 0.02 0.05 0.15

| ACDM (w & + extensions) predicts:

; For 0.023 < z < 0.15:
0oy = 0.88 km s™1 Mpc™! (1.2%)

| For 0.01 < z < 0.15:
| Oep = 1.5 km s7t Mpc™! (2%)

30 60 150 430
R[Mpc/h]
D.C and V. Marra, arXiv:1805.09900 Not enough to explain Hj tension!
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The cosmic distance ladder

I

B Why Supernovas in 0.023 < z < 0.157

"Cosmic variance” on Hg (E. L. Turner et al., Astron. J.103, p.1427 (1992) )

Deviation from FLRW metric: 2.4% (0.010) or 1.3% (0.023) (V. Marra et al.,
arXiv:1303.3121)

ACDM N-body simulations: 0.8% (R. Wojtak et al., arXiv:1312.0276), 1.1% (I.
Odderskov et al., arXiv:1407.7364)

Sample variance: 0.31 km s=! Mpc™! (0.4%) (Wu and Huterer arXiv:1706.09723)

Local void coinstrained by supernovas: 0.6% (W. D'Arcy Kenworthy et al.
arXiv:1901.08681)
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The cosmic distance ladder

B Why Supernovas in 0.023 < z < 0.157

B "Cosmic variance” on Hg (E. L. Turner et al., Astron. J.103, p.1427 (1992) )

B Deviation from FLRW metric: 2.4% (0.010) or 1.3% (0.023) (V. Marra et al.,
arXiv:1303.3121)

B ACDM N-body simulations: 0.8% (R. Wojtak et al., arXiv:1312.0276), 1.1% (I.
Odderskov et al., arXiv:1407.7364)

B Sample variance: 0.31 km s—! Mpc=! (0.4%) (Wu and Huterer arXiv:1706.09723)

B Local void coinstrained by supernovas: 0.6% (W. D'Arcy Kenworthy et al.
arXiv:1901.08681)

Consensus: local structures does not explain 4.20 discrepancy!
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The cosmic distance ladder

B Why Supernovas in 0.023 < z < 0.157

L: likelihood .
p: prior d%N (mB, MB) HUI.)

confront!

dr(z) =czHy '[1+2(1—qo) 2+ 2 (1 — g0 — 32 + jo) 22 + O(2%)]

Bayes' theorem:
f(H()'SN) — 5_1 fdMB qu d]o p(qo)p(jo)p(MB)ﬁ(paramS|SN)
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The cosmic distance ladder

B Why Supernovas in 0.023 < z < 0.157

L: likelihood .
p: prior d%N (mB, MB) HUI.)

confront!

dr(z) =czHy '[1+2(1—qo) 2+ 2 (1 — g0 — 32 + jo) 22 + O(2%)]

Higher z means higher orders: +sg, ¢y

Bayes' theorem:

f(H0|SN) — 5_1 fdMB qu dj() p(qo)p(jo)p(MB)ﬁ(paramS|SN)
SHOES assumes: gy = —0.55 & jo = 1.

Model-independent determination?
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Absolute magnitude of Supernovas

I

Since SHOES assumes: gy = —0.55 & jg = 1.

f(Hp|SN) = &1 [ dMp f(Mp)L(params|SN)

Paralax, Cepheis, ... Hubble flow Supernovas
[ MB J::>[ z,mB&nui. :‘,> HO
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Absolute magnitude of Supernovas

I

Since SHOES assumes: gy = —0.55 & jg = 1.

f(Hp|SN) = &1 [ dMp f(Mp)L(params|SN)

Hubble flow Supernovas Posterior
MB<: z,mp & nui. J<): [ Hy }

D.C and V. Marra, arXiv:1906.11814
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Absolute magnitude of Supernovas

I

Since SHOES assumes: gy = —0.55 & jg = 1.

f(Hp|SN) = &1 [ dMp f(Mp)L(params|SN)

Hubble flow Supernovas Posterior
MB<:[ z,mp & nui. J<":[ Hy }

D.C and V. Marra, arXiv:1906.11814

Demarginalization: Assuming a Gaussian dist. N(MB,JJZW)

~

H In 10 i In 10 2 1 Sq
In 10 2 1
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Absolute magnitude of Supernovas

I

Since SHOES assumes: gy = —0.55 & jg = 1.

f(Hp|SN) = &1 [ dMp f(Mp)L(params|SN)

Hubble flow Supernovas Posterior
MB<:[ z,mp & nui. J<":[ Hy }

D.C and V. Marra, arXiv:1906.11814

Deconvolution: log,, Hy = 0.2Mp +ap + 5

Ho = 1210 [0 + 5ap + 25

o = 248, /02, + 2502
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Absolute magnitude of Supernovas

Assuming Ho = 73.2 + 1.3 (Riess et al. arXiv:2012.08534)

Supercal, Scolnic D. M. et al. arXiv:1710.00845

I

Pantheon, Scolnic D. M. et al. arXiv:1710.00845

| Ms O | Ms Oy
Demarginalization -19.2421 0.0375 Demarginalization -19.2435 0.0373
Error propagation -19.2411 0.0375 Error propagation -19.2424 0.0373
Deconvolution -19.2414 0.0375 Deconvolution -19.2428 0.0373
Reconstruction (lognormal) -------- Target (Gaussian)
0.30
0.25
L 020}
() 015"
Q- 0.10;
0.05 |
O-OO . L . . . I . . . I . . . I . . . I N
70 72 74 76 78

Ho (km s~' Mpc™)
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Absolute magnitude of Supernovas

I

Assuming Ho = 73.2 + 1.3 (Riess et al. arXiv:2012.08534)

Supercal, Scolnic D. M. et al. arXiv:1710.00845 Pantheon, Scolnic D. M. et al. arXiv:1710.00845
| MB OMm | MB OM
Demarginalization -19.2421 0.0375 Demarginalization -19.2435 0.0373
Error propagation -19.2411 0.0375 Error propagation -19.2424 0.0373
Deconvolution -19.2414 0.0375 Deconvolution -19.2428 0.0373
Reconstruction (lognormal) -------- Target (Gaussian)
0.30
0.25
0.20¢
L b
0o 0.15¢
Q- 0.10¢
0.05 ,
O-OO . L . . . I . . . I . . . I . . . I N
70 72 74 76 78

Ho (km s~' Mpc™)

Hg prior translated in Mp prior!
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Joint Hj-q) constraint

% Parallax
- . of Cepheids
; “in the

~ Milky Way

,o 0
- Earth, ‘7(
'J ne 47/“
Sun k‘\L:

Oi

Earth
»December

PPGCosmo Seminars -

Galaxies hosting
Cepheids and
Type la
.supernovae

Distant galaxies in the
expanding universe
hosting Type la

supernovae
*
\ Yo /

L
* *
¥

*
.\
-

ES
T

RVAVAVAVAVA
_ Light redshifted (stretched) by expansion of space s
o -
3 * ,
- \

-
-
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Joint Hj-qy constraint

We assume:
dp(2) = czHi ' [1+ 3 (1 — qo) 2]

f(Ho,qo|SN) =&~ [dMp f(Hy)f(qo)f(Mp)L(params|SN

002 004 006 0.08 010 0.12 0.14
Z
D.C and V. Marra, arXiv:1906.11814
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Joint Hj-gy constraint

I

B g free
D.C and V. Marra, arXiv:2101.08641
B = -0.55
parameter i T 0 Cij
km/s
Hy [SE2] 7430+ 145 L 041
oL % 0914022 | -041 1
S _1.0f :
1.2 km s—! Mpc—! higher than SHOES
—1.5}
L —19.27
=
~19.3} .
70 74 78 —15  —05 ~19.2

Hy qo Mp
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B This work
B Planck 2018

I

D.C and V. Marra, arXiv:2101.08641

parameter i T 0 Cij

km/s
Hy [SE2] 7430+ 145 L 041
q0 —0.91 £0.22 -0.41 1

\

72 76 8 —20-—-1.5—-1.0-0.5 0
Hyo qo

PPGCosmo Seminars - Hubble tension from a Supernova perspective

.0

1.2 km s—! Mpc—! higher than SHOES

Hgy : 4.50 discrepancy with CMB
qo : ~ 20 "curiosity” with CMB
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B This work
B Planck 2018

\

N

76 80 —-20-1.5-1.0-0.5 0.0

qo

Hylkms *Mpc ]

80

76

72

68

I

Feeney et al. (arXiv:1707.00007)

—1.2 —-0.8
4qo
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The cosmic distance ladder

Sub-luminous low metallicity Cepheids underestimates errors (G.
Efstathiou, arXiv:1311.3461)

Bayesian hierarchical model of the local distance ladder: join analysys leads
to Hy = 72.72 + 1.67 marginalizing over ~ 3000 parameters (Feeney et al.,
arXiv:1707.00007)

Blind re-anlysis: in agreement with SHOES analysis, no human bias
detected (B. R. Zhang et al., arXiv:1706.07573)

Tension among anchors (G. Efstathiou, arXiv:2007.10716)

Local Hole ~ 150 h™! Mpc reduces ~ 1.8% the local Hubble constant. (B.
R. Zhang et al., arXiv:1810.02595)

Analysis of simulated data (0.01 < z < 2.3) shows that the assumption on
the DE model produces AHy = 0.47. (S. Dhawan et al., arXiv:2001.09260)
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Inverse distance ladder

CMB and BAO(and others probes to calibrate Supernovas)
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Inverse distance ladder

I

CMB and BAO(and others probes to calibrate Supernovas)

dL(Z)

3

zi,mp(2;)
M §
M3 &
M@

v
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Inverse distance ladder

CMB and BAO(and others probes to calibrate Supernovas)

dL(Z)

3

zi,mpB(%;) Ab(z;) = da(zj)/ra
Mg + +

M]23+

M@

v
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Inverse distance ladder

CMB and BAO(and others probes to calibrate Supernovas)

dL(Z)

3

zi, mp(z;) Ab(zj) = da(z5)/rq

+
Mg+

v

PPGCosmo Seminars - Hubble tension from a Supernova perspective

13 -



Inverse distance ladder

CMB and BAO(and others probes to calibrate Supernovas)

dL(Z)

3

zi, mB (%) Ab(zj) = da(z5)/rq

Y
e
[\
(1}
11\
e
e
(1}
11\
e
e

v
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Inverse distance ladder

CMB and BAO(and others probes to calibrate Supernovas)

A

dr(z)
ZiamB(Zi) AQ(Z]) :dA

““““

v

PPGCosmo Seminars - Hubble tension from a Supernova perspective

I

“““““““““““““ Demands functional form of d !

BAQO distances can reach 1 < z
Cosmographic would need sg, £, ...
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Inverse distance ladder

I

CMB and BAO(and others probes to calibrate Supernovas)

dL(Z)

3

zi, mp(z;) Ab(zj) = da(z5)/rq

] L\
1\
M wt
Y\
B wt
‘|\
“\
‘|\
‘||
Wt

“““““““““““““ Demands functional form of d !

““““

M}’;+

BAQO distances can reach 1 < z
Cosmographic would need sg, £, ...

v

Z

(not local) constraint on H, depends on d; assumption
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Inverse distance ladder

CMB and BAO(and others probes to calibrate Supernovas)

Don't care about d;, beyond z = 0.15

%™ Parallax Galaxies hosting
" . of Cepheids b s " Cepheids and
g in the e Type la
“ oo o Milky Way i 4 .supernovae
. 3. : : L =

EJm,/ A e % Cepheids & Supernovas
o X at same redshift
d

; Décember : - ‘ I: MB - mB T 5 loglo 10pc
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Inverse distance ladder

Anisotropic BAO

na L D
a(2) = raai (da/ra)

Angular BAO

d%(2) = ra[(1+ 2)6] " (180° /)

————————————— Anchoronra ___ mp(z) = 5log;, [(1 + z)2di>%} (z)] +254+Mp

Binned at zgao
Kyrenp ooue)sI(]

Anchor on Mp
_____________é

1
|

I

mp(z) = 5log,, [czHo_lf(z, qo)] + 25+ Mp

probes
CMB 2.3 0.15 0.023
1000 100 10 1 0.1 0.01 0.001 ya
- N /H/_/
D. C and V. Marra, arXiv:1910.14125 SNe-92 SNe-1
14
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Inverse distance ladder

168
162
156

< 150 1
144 -
138 -

132 -

CMB CMB
CMB-lensing CMB+lensing
SNe+a 1 Bao SNe—FozLBAo-FT;mb
SNe+0ga0 SNe+0pa0+rg™"
6 69 72 75 78 81 84 6 69 72 75 78 81 84
HO HO

a1 BAO : Power spectrum reconstruction and full-shape analyses (BOSS collaboration)

OBAO :

parametric fit to the angular 2-point correlation function w(6)
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Inverse distance ladder

SNe—FOéJ_BAQ*FTgmb CMB
SNe+0pao+rs™ CMB-lensing
i SNe+a gao+7§™"

Astro prior
SNe+(9]3Ao-|—7“2mb
Hy local

~195 —194 —193 -192 —19.1 —19.0 6 69 T2 75 78 81 84
MB HO
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Inverse distance ladder

I

SNe-+a i pao+r§™ Tension between a | g40 and 040
SNe-+6pao+rg"™ Local deceleration parameter < —1
Astro prior
Type of analysis Constraint on gp
SNe+4a | Bao qo = —1.08i3;§3
SNe+60pao g =—1.1175727
SNetaipao +r$™ | qo = —1.097739
SNe+6pa0 + 75" | qo = —1.1170:30
SNe+a pao + Mg | g = —1.087735
195 —194 —193 —19.2 —19.1 —19.0 SNe+8pao + Mp | qo = —1.1170:29

Mp

Cosmic distance ladder: g = —1.08 £0.29.
Tension on Mp! ’

(assuming o pao and CMB)
In agreement with analysis from P. Lemos et al., arXiv:1806.06781

qo : ~ 20 "curiosity” with CMB
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Mp and physics beyond ACDM

I

B Discrepancy on Hy between CMB and cosmic distance ladder.
B Discrepancy on Mpg calibration from CMB+BAO and Cepheids.
B Mp is the backbone of SHOES analysis.

Credits: Renan Alves de Oliveira

PPGCosmo Seminars - Hubble tension from a Supernova perspective 16 -



Mp and physics beyond ACDM

I

B Discrepancy on Hy between CMB and cosmic distance ladder.
B Discrepancy on Mpg calibration from CMB+BAO and Cepheids.
B Mp is the backbone of SHOES analysis.

Credits: Renan Alves de Oliveira

Time to incluse Mg on cosmological analysis?
Are we trying to fit the right high hell on the left foot?
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Mp vs Hy: hockey stick model

I

H? .
(2) = Qnro(1 + 2)3 + Qro(1+ 2)* + Qao(l + 3)39{3}

Hg

o Jwe— (T4 wz)z/ze if 2 < 2 (the blade) _ _
R if 2 > z (the shaft) __1twe % (I+z)In(l+2) -2z ifz<z
g(z) = 2z In(1 + z) (T+ze)In(142¢) — 2z if 2> 24

_1- ----- 80 l'
—— hsCDM, w,= =5 )
Y 781 —— hsCDM, w, = — 14
———- ACDM with Hy = 73
~3; 761 - ACDM with Ho = 68
N —41 741
s N
-5 T /2
=6 —— hsCDM, wy= -5 701
_7_ —_— hSCDM, Wy = -14 68_
----- ACDM |
8000 002 004 006 008 010 66',,”. - e
z 10— 107% 103 102 107! 100
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Mp vs Hy: hockey stick model

I

0 = {Hoa QmO, QbO,'wa?, 2t MB7nS}

Xiot. 7o (0) = XZmb T Xbao T Xone T X7, Xtot.arg () = Xemp T Xbao T Xone + Xir,

@ CMB: gaussian prior on (R, la,QbO,hQ,ns)
B BAO: 6dFGS, SDSS-MGS and BOSS-DR12 (dy (2),da(z) and H(z))
B Supernovas: Pantheon supernovas (0.01 < z < 2.3)
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Mp vs Hy: hockey stick model

I

0 = {H07 QmOy Qb())wwa 2t MB7nS}

Xiot. 7o (0) = XZmb T Xbao T Xone T X7, Xtot.arg () = Xemp T Xbao T Xone + Xir,

Analysis with )Zfot Ax? best-fit vector distance distance
prior on Hy {Ho, 20, Wz, 2t, Mg, 2po, ns } from Hgml from M%zl
wCDM 1045.8 0O {69.6, 0.29, -1.08, , -19.39, 0.046, 0.97} 2.8 3.8
hsCDM 1035.1 -10.7 | {72.5, 0.26, -14.4, 0.010, -19.42, 0.043, 0.97} 0.5 4.9
Analysis with )Zfot A best-fit vector distance distance
prior on Mg {Ho, 210, W, 2, M, Qpo,ns} from H(P){21 from M%zl
wCDM 1051.9 0 {69.4, 0.29, -1.07, , -19.39, 0.047, 0.97} 2.9 3.8
hsCDM 1055.4 3.5 |{69.3,0.29, -1.73, 0.055, -19.41, 0.047, 0.97} 3.0 4.4
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Mp vs Hy: hockey stick model

I

0 = {Ii)aﬁmoaﬁb())%az_ta MB7nS}

Xiot. 7o (0) = XZmb T Xbao T Xone T X7, Xtot.arg () = Xemp T Xbao T Xone + Xir,

Analysis with )Qfot Ax? best-fit vector distance distance
prior on Hy {Ho, 20, Wz, 2t, Mg, 2po, ns } from Hgml from M%zl

wCDM 1045.8 0 {69.6, 0.29, -1.08, , -19.39, 0.046, 0.97} 2.8 3.8

hsCDM | 1035.1 (72.5, 0.26, -14.4, 0.010, -19.42, 0.043, 0.97} 0.5 4.9

Analysis with | X A best-fit vector distance distance
prior on Mg {Ho, 210, W, 2, M, Qpo,ns} from H(P){21 from M%zl

wCDM 1051.9 0 {69.4, 0.29, -1.07, , -19.39, 0.047, 0.97} 2.9 3.8

hsCDM | 1055.4 {69.3, 0.29, -1.73, 0.055, -19.41, 0.047, 0.97} 3.0 4.4
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Mp vs Hy: hockey stick model

' - = Hp=173.2
- = Mp = —19.244 + 0.075

BN Local Mp prior
B Local H prior

0.09r
5 0.067

0.03r

—19.2¢

~19.3}
=

65 70 75 20 —10 0
HO Wy
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Mp vs Hy: hockey stick model

78~

=

| —_ HO — 732 76:~ — Hy prior

- — Best-fit hsCDM with prior on Hj

- = Mp=-19.244+0.075 _ .,

BN Local Mp prior
B Local H prior

H(z) [km/s/Mpc]
N
N

70}

(o))
(0]
—_—

66

16"4 | 0001 | 0010 | ‘HHO‘.I1OO‘

0.09r

I ~19.2}
+0.06 9 :

0.03} -19.3}

i 1f1I1ﬁ%ﬂﬂ%ﬁﬁ@ﬁ1 |

-19.5}

—19.2¢

Mg [mag]

~19.3}
=

65 70 75 90 —10 0 003 0.6 1941 194 _19.7t

~196f — Mg prior

e Pantheon SNe: best—fit hsCDM with prior on Hg

M 0.05 0.10 0.50 1
z
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>

Inverse ladder

Mp vs Hy: hockey stick model

—— (CMB+BAO+SNe  ==-=-- CMB-+BAO+SNe+Mp

‘ - = Hy="73.2
- = Mp = —19.244 + 0.075

BN Local Mp prior
B Local H prior

0.09r
I
5 0.067 _;'I
—19.5
0.03r
l
~19.2F + T ]
| |
~19.3¢ T T ] !
- |
| - | p—— || |
1
l
65 70 75 —-20 =10 O 0.03 0.06 —19.41 —-19.24
H, . 2 M
19-3
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Mp vs Hy: hockey stick model

>

! - = Hy =732 —— CMB+BAO+SNe  ===- CMB+BAO+SNe+Mp

- = Mp = —19.244 + 0.075

BN Local Mp prior i
B local Hy prior o

Inverse ladder

0.09r

5 0.067

~195 ) —19.4
0.03

~ 4.30 tension on M pg!

~19.2} i
103 | CMB+BAO-+SN: —19.401 & 0.027
194t A | @E i Local constraint: —19.244 4 0.037
65 70 75 20 —10 0 0.03 0.06 ~19.41 —159.24

H, . 2 M
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Mp and physics beyond ACDM

I

B Late dark energy fails to raise the Hubble constant (G. Benevento et al.

arXiv:2002.11707)

' LR | ! LR | ! LR | ! LR |
0.0001  0.001 0.01 0.1 1
Z

—— LDE +Hy ML — ACDM ML

LDE +M ML
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Mp and physics beyond ACDM (@G>

B Late dark energy fails to raise the Hubble constant (G. Benevento et al.

arXiv:2002.11707)
B Supernova data are insensitive to late time changes in the dark energy (G.

Efstathiou et al. arXiv:2103.08723)

1

70
0.8 -

68
0.6 -
< T
0.4 -

0.2 64

0 62

1 1 I ]
0.00 0.15 0.30 0.45 66 68 70 72 74
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Conclusions

I

® No strong evidence systematics error (that can solve the tension).

B Other measurements would be crucial to confirm (or ruled out) new
physics/systematics

® Local constraint on gy shows a "curious” tension 20 with ACDM

B There is a tension between o and ¢ BAO data set.

® Inverse distance ladder does not agree with the Cepheid calibration
Mp (if rg CMB and agap are assumed)

B Use a Mp prior instead of a H prior: avoid SN double-counting, pure
astrophysical and account for the tension with Cepheids.

B late-time modifications to ACDM do not solve the Hubble
discrepancy!

PPGCosmo Seminars - Hubble tension from a Supernova perspective 21



Obrigado!
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