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Calibrating the Ladder: the “direct” way

o SNla act as standard candles to measure distances and determine H|,

m = — 2.5log F/F, .+ const. m — M = Slog(D; /10pc)
F(z) = 17D, (2)? M = —2.5log F(10 pc)/F..; + const .

D, ~czH!, zx1

Cepheids Verde++ 2311.13305
Baseline [2112.04510] 1

[
Boosted by deepSIP [2306.00070]
[2209.02546]

two-rung [2204.10866] 1

near Infrared

TRGB
CCHP [2106.15656]

EDD [2108.00007] 1
CATS [2304.06693] 1

Variations
Miras [1908.10883]

[
(250km/s) Masers [2001.09213] 1
(CosmicFlows3) Masers [2001.09213] 1
SNae Type II [2203.08974] 1

Beyond
SBF [2204.12060] 1

[
(refitted, massive only) SBF [2204.12060] 1
(no SNIa) SBF [2101.02221]
HIT [1710.05951] -
[ I
[ I

(Cepheid+TRGB) BTF [2004.14499
(CosmicFlows3) BTF [2006.08615
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Calibrating the ladder: the “indirect” way

o The Baryonic Acoustic Oscillation: a in the sky

dy(z%) o« 1/Hy
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o Planck measures 0, at but r, & d, are model dependent.

o H, 0 Appears d A - Summary of other measurements: Verde++ 2311.13305
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A “late-time” 2olution to the Hubble tengion?

< dZ/

= ﬂ dA(Z) = [
’ HO\/Qm(l +2)3 + Q\ (1 + z)30+w) + ...

$ dy(z+)
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A “late-time” 2olution to the Hubble tengion?

< dZ/

H, T = Qx(Z) !

= _I’S(Z*) | ds(z) = [
’ HO\/Qm(l +2)3 + Q\ (1 + z)30+w) + ...

T dy(z+) |

© ‘phantom dark energy’ w < — 1, DE-DM interactions, decaying DM, and many more...

[http:/larxiv/insert_your_favorite_ model_here.com]
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A “late-time” 2olution to the Hubble tengion?

< dZ/

= M dy(z) = [
’ HO\/Qm(l +2)3 + Q\ (1 + z)30+w) + ...

¢ = | HO T :> QX(Z) i
d(z+)

© ‘phantom dark energy’ w < — 1, DE-DM interactions, decaying DM, and many more...

[http:/larxiv/insert_your_favorite_ model_here.com]

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

Planck
Planck+-SHOES
Planck+BAQO-+Pantheon
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A “late-time” 2olution to the Hubble tengion?

< dZ/

dy(z) = [
0 HO\/Qm(l +2)3 + QA (1 + 2)30+w) + ...

H, T = Qx(Z) !

© ‘phantom dark energy’ w < — 1, DE-DM interactions, decaying DM, and many more...

[http:/larxiv/insert_your_favorite_ model_here.com]
o Planck data can easily accommodate a higher H,: problem with BAO and Pantheon

Planck B Planck+SHyES B Planck+DESI4+Pan*
DESI 2404.03002, Cortésé&Liddle 2404.08056, Shlivko& Steinhardt 2405.03933, Berghaus++ 2404.14341, Efstathiou 2408.07175
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The tengion ig truly between calibrators!

BAO: 0,(z) = rizdrag) SNla: m(z) =5 10g10(DL(z)) +M,
4(2)

© GR + photon conservation imposes the “distance-duality relation”: D,(z) = D;(z)/(1 + z)°
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The tengion ig truly between calibrators!

2 Planck SHOES |

BAO: 0,(2) = rS(Zdra)g) SNla: m(z) = 5logo(Dy(2) )(+ M,
AL

© GR + photon conservation imposes the “distance-duality relation”: D,(z) = D;(z)/(1 + z)°
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The tengion ig truly between calibrators!

SHOES
BAO: 0,(z) = ‘ SNla: m(z) = 5logo(D(2))(+ M,

© GR + photon conservation imposes the “distance-duality relation”: D,(z) = D;(z)/(1 + 2)2{

|

VP, Smith, Calderon, Simon 2407.18292
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BAO calibrated with Planck, SN calibrated w/ SHYES (r;(z4) = 147.09 £0.26)

0.1

Z

o Assuming 7, ~ 147 Mpc and M, ~ — 19.25, D,(z) and D;(z) are incompatible! Still true with DESI
Camarena&Marra 2101.08641, Efstathiou 2103.08723, Raveri 2309.06795
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The tengion ig truly between calibrators!

SHOES
BAO: 0,(z) = ‘ SNla: m(z) = 5logo(D(2))(+ M,

o GR + photon conservation imposes the “distance-duality relation”: D,(z) = D;(2)/(1 + Z)z\

|
|
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VP, Smith, Calderon, Simon 2407.18292
-=-=-- ACDM

—~~
oV}
=
Q
=
1))
e
p—
g
<

BAO calibrated with Planck, SN calibrated w/ SHYES (r;(z4) = 147.09 £0.26)

0.1

Z

o Assuming 7, ~ 147 Mpc and M, ~ — 19.25, D,(z) and D;(z) are incompatible! Still true with DESI
Camarena&Marra 2101.08641, Efstathiou 2103.08723, Raveri 2309.06795

o Solving the tension require to either change calibrators or break the DDR relation
Aylor++ 1811.00537, Tutusaus++ 2311.16862
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The tengion ig truly between calibrators!

SHOES
BAO: 0,(z) = ‘ SNla: m(z) = 5logo(D(2))(+ M,

o GR + photon conservation imposes the “distance-duality relation”: D,(z) = D;(2)/(1 + Z)z\

|
|
|

VP, Smith, Calderon, Simon 2407.18292
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SN & BAO calibrated w/ SHQES (ry(z4) = 136.9+2.1)

0.1

o Assuming 7, ~ 147 Mpc and M, ~ — 19.25, D,(z) and D;(z) are incompatible! Still true with DESI
Camarena&Marra 2101.08641, Efstathiou 2103.08723, Raveri 2309.06795

o Solving the tension require to either change calibrators or break the DDR relation
Aylor++ 1811.00537, Tutusaus++ 2311.16862
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The coemic ealibration tengion

o What is the impact of calibrating the BAO+SN1a Hubble diagram with either Planck or SHOES?
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The coemic ealibration tengion

o What is the impact of calibrating the BAO+SN1a Hubble diagram with either Planck or SHOES?

B  DESI+PantheonPlus
. . , VP, Smith, Calderon, Simon 2407.18292

§—19.3
—19 .4

—18.60 —18.55 9700 10300 0.27 0.33 135 145 0.68 0.74
ﬂ HOrs(Zd) [km/s] Qm rs(Zd) [MPC]

o Under ACDM, BAO and SN1a provide tight constraints to ji = M — 510g,,(h); Hyr;; €2,
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The coemic ealibration tengion

o What is the impact of calibrating the BAO+SN1a Hubble diagram with either Planck or SHOES?

H DPr+ Bl DP* +Planck Bl DP* +SHOES
Vi, Siiiili, Calderon, Simon 2407.18292

=B @ | ® N /| &
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4l Y 4 e A
—18.60 —18.55 9700 10300 0.27 0.33 135 145 0.68 0.74
f Hory(zq) [km/s] Q, rs(za) [Mpc]

o Under ACDM, BAO and SN1a provide tight constraints to ji = M — 510g,,(h); Hyr;; €2

m

o Calibrating the BAO and SN1a leads to measurement of H, and @, = Q h*
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The coemic ealibration tengion

o What is the impact of calibrating the BAO+SN1a Hubble diagram with either Planck or SHOES?

Bl Dprt Bl DP* +Planck B DP* +SHOES

Vi, Siiiili, Calderon, Simon 2407.18292

=B e ® (N | /| @
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Under ACDM, BAO and SN1a provide tight constraints to g = M — 510g,4(h); Hyr;; €2

m

Calibrating the BAO and SN1a leads to measurement of H, and @, = Q h*

The Hubble tension could have been called “physical matter density tension” (or “Dark Energy tension™)

Challenge for new physics: Reduce the sound horizon and compensate the larger @,, on the CMB

See also Jedamzik++ 2010.04158, Blanchard++ 2205.05017, Pedrotti++ 2408.04530

U. Poulin - LUPM (CNRS / Montpellier) CERN workshop (online) - 12/09/24




The Hubble tengion beyond H,

o Under ACDM, the SH,ES calibration implies additional tensions!

B DESI+PantheonPlus

B DESI+PantheonPlus+Planck

B DESI+PantheonPlus+SH)ES

flat ACDM
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The Hubble tengion beyond H,

o Under ACDM, the SH,ES calibration implies additional tensions!

B DESI+PantheonPlus B DESI+PantheonPlus+Planck B DESI+PantheonPlus+SH)ES
®  &F & N\

i ] e e ) N A
: . . . 25 3.0 0.8 1.0 125 13.5
102w, Sg tu [Gyr]
VP, Smith, Calderon, Simon 2407.18292

flat ACDM

o BBN tension: @, is much larger in the "SHyES cosmology” in order to adjust the low 7
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The Hubble tengion beyond H,

o Under ACDM, the SH,ES calibration implies additional tensions!

B DESI+PantheonPlus B DESI+PantheonPlus+Planck B DESI+PantheonPlus+SH)ES

e & & ' W,

flat ACDM

s | Y | | \

2.5 3.0 0.8 1.0 12.5 13.5
102w, Sg tu [Gyr]
VP, Smith, Calderon, Simon 2407.18292

o BBN tension: @, is much larger in the "SHyES cosmology” in order to adjust the low 7

o S tension: amplitude of fluctuation increases because of the larger w,, Jedamzik & Pogosian 2010.04158
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The Hubble tengion beyond H,

o Under ACDM, the SH,ES calibration implies additional tensions!

B DESI+PantheonPlus B DESI+PantheonPlus+Planck B DESI+PantheonPlus+SH)ES

o & & ' W,

flat ACDM

s | Y | | \

2.5 3.0 0.8 1.0 12.5 13.5
102w, Sg tu [Gyr]
VP, Smith, Calderon, Simon 2407.18292

o BBN tension: @, is much larger in the "SHyES cosmology” in order to adjust the low 7

oS¢ tension: amplitude of fluctuation increases because of the larger w,, Jedamzik & Pogosian 2010.04158

o Age of the universe tension: f;; 1s younger by about 1 Gyr than in Planck/ACDM!
Bernal++ 2102.05066, Boylan-Kolchin 2103.15824, Vagnozzi 2105.10425
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The Hubble tengion beyond H,

o Under ACDM, the SH,ES calibration implies additional tensions!

B DESI+PantheonPlus B DESI+PantheonPlus+Planck B DESI+PantheonPlus+SH)ES

o & & ' W,

flat ACDM

/| o b | | \

2.5 3.0 0.8 1.0 12.5 13.5
102w, Sg tu [Gyr]
VP, Smith, Calderon, Simon 2407.18292

BBN tension: @y, is much larger in the "SHyES cosmology” in order to adjust the low r

S¢ tension: amplitude of fluctuation increases because of the larger w,, Jedamzik & Pogosian 2010.04158

Age of the universe tension: f;; is younger by about 1 Gyr than in Planck/ACDM!
Bernal++ 2102.05066, Boylan-Kolchin 2103.15824, Vagnozzi 2105.10425

~ Another challenge for new physics: remove those additional tensions! See also Vagnozzi 2308.16628
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How to regolve the cogmic calibration tengion

Bernal++ 1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schoneberg (VP) ++ 2107.10291

103

_ N\CDM prediction

10° 10°

y4

Zs
r =J dz &(2)

A

87G/34/ pior(2)
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How to regolve the cogmic calibration tengion

Bernal++ 1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schoneberg (VP) ++ 2107.10291

v \CDM prediction
104 105 10°
Z

o r, does not reach 10Mpc before z ~ 25 000: new physics between recombination and 25 0007?

A

Zs
r =J dz &(2)

87G/34/ pior(2)
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How to regolve the cogmic calibration tengion

Bernal++ 1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schoneberg (VP) ++ 2107.10291

?[insert new physics here]

N \CDM prediction
104 105 106
Z

o r, does not reach 10Mpc before z ~ 25 000: new physics between recombination and 25 0007

A

Zs
r =J dz &(2)

87G/34/ pior(2)
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How to regolve the cogmic calibration tengion

Bernal++ 1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schoneberg (VP) ++ 2107.10291

?[insert new physics here]

N \CDM prediction
104 105 106
Z

o r, does not reach 10Mpc before z ~ 25 000: new physics between recombination and 25 0007
affect ¢ OM-photon geattering? DM-b geattering?

&«

J'Z* CS(Z)
ry=1 dz
o 87G/3/pio(2)
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How to regolve the cogmic calibration tengion

Bernal++ 1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schoneberg (VP) ++ 2107.10291

?[insert new physics here]

N \CDM prediction
104 105 106
Z

o r, does not reach 10Mpc before z ~ 25 000: new physics between recombination and 25 000?

affect z< modified recombination physice? affect cq: DM-photon scattering? DM-b ccattering?

e «

J'Z* CS(Z)
ry=1 dz
o 81G/34/pio(2)
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How to regolve the cogmic calibration tengion

Bernal++ 1607.05617, Raveri 1902.01366, Aylor++1811.00537 , Knox&Milllea 1908.03663, Schoneberg (VP) ++ 2107.10291

?[insert new physics here]

N \CDM prediction
104 105 106
Z

o r, does not reach 10Mpc before z ~ 25 000: new physics between recombination and 25 000?

affoct 2= modified recombination phygice? affect c.: DM-photon scattering? DM-b seattering?

cy(2) increage plz): Neff? Early Dark Energy?

r, =J dz
o 87G/3v/p(2) &= Modified Gravity?
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Early Universe -
(Hubble) -
EMG -

NEDE A
EDE -

Early Universe -
(Recombination) -
Varying m,+€;. 1
Varying m,
Primordial B -

Dark Radiation -
Majoron A

SIv+DR 4

DR-DM -

mixed DR

SIDR

AN,

Late Universe A

DM — DR -

DM — DR+WDM -
MPEDE A

PEDE A

CPL A

ACDM -

The H, olympics: fairly ranking models

mm= Planck+BAO-+SN
wes - Planck+BAO+SN+SHOES Mp

EMG A
NEDE -
EDE -

ANUI‘

Varying m,+€, 1

Varying m,
Primordial B
ANy,

Majoron
SIv+DR
ANy,

DR-DM +

mixed DR
SIDR
ANy,

DM — DR
DM — DR+WDM
CPL

MPEDE
PEDE
CPL

ACDM

O

Schoneberg (VP) ++ Phys. Report. 2107.10291
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Can modelg regpect degeneracies impose by the distance ladder?

o Exotic expansion history via Early Dark Energy: boost in H(z ~ 3500) through a scalar-field
Riess&Kamionkowski 2211.04492, VP, Smith, Karwal 2302.09032, Mcdonough++ 2310.19899, Efstathiou ++ 2311.00524

o Exotic recombination via electron mass increase Am,/m, > 1 atz 2 z... Hart&Chluba 1912.03986
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Can modelg regpect degeneracieg impoge by the distance ladder?

o Exotic expansion history via Early Dark Energy: boost in H(z ~ 3500) through a scalar-field
Riess&Kamionkowski 2211.04492, VP, Smith, Karwal 2302.09032, Mcdonough++ 2310.19899, Efstathiou ++ 2311.00524

o Exotic recombination via electron mass increase Am,/m, > 1 atz 2 z... Hart&Chluba 1912.03986

B DPt B DPT +Planck

B DP* + SHOES

W DP* +Planck+SHOES / EDE

flat ACDM
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o Models affecting expansion history (EDE) can reduce tension to ~ 3¢ level: can we do better?
Niedermanné&Sloth 1910.10739, Aloni++ 2111.00014
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Can modelg regpect degeneracieg impoge by the distance ladder?

o Exotic expansion history via Early Dark Energy: boost in H(z ~ 3500) through a scalar-field
Riess&Kamionkowski 2211.04492, VP, Smith, Karwal 2302.09032, Mcdonough++ 2310.19899, Efstathiou ++ 2311.00524

o Exotic recombination via electron mass increase Am,/m, > 1 atz 2 z... Hart&Chluba 1912.03986

B DpPt B DP* +Planck M DP* + SHOES W DP* +Planck+SHOES/EDE I DP™* 4+ Planck+SHOES / varying m,

_192! flat ACDM

~—19.3|
=

~19.4] -- NN LS

0.70 0.75 350 S5 05 : Rk R [ e
h r S(Zd) [MpC] W

VP, Smith, Calderon, Simon 2407.18292

o Models affecting expansion history (EDE) can reduce tension to ~ 3¢ level: can we do better?
Niedermanné&Sloth 1910.10739, Aloni++ 2111.00014

o Models affecting solely recombination are disfavored: they lead to low €2
Lee (VP)++ PRL 2022, Lynch++ 2404.05715
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Congequences beyond H,

o What is the impact of new physics beyond H,,?

B DPr —— DP™* +Planck —— DP* +SHOES EDE B varying m,

~19.2| flat ACDM | | |
§—19.3 0 @ | | » | @
g |

—19.4

ZE) 2.6 3.0 ; ; 1.0 124 130 13.6 0.95 1.00

10%w,, ty [Gyr] ng
VP, Smith, Calderon, Simon 2407.18292
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Congequences beyond H,

o What is the impact of new physics beyond H,,?

B DPr —— DP™* +Planck —— DP* +SHOES EDE B varying m,

~19.2| flat ACDM | | |
§—19.3 0 @ | | » | @

—19.4

ZE) 2.6 3.0 ; ; 1.0 124 130 13.6 0.95 1.00

10%w,, ty [Gyr] ng
VP, Smith, Calderon, Simon 2407.18292

o No more tension with BBN
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Congequences beyond H,

o What is the impact of new physics beyond H,,?

B DPr —— DP* +Planck —— DP* +SHOES B EDE B varying m,

—19.2f flat ACDM

<193 0 | | | @
Q |

—19.4

=0 %) 2.6 3.0 ; 09 1.0 2.4 13.0 13.6 0.95 1.00
102w, Ss tu [Gyr] n

S
VP, Smith, Calderon, Simon 2407.18292

o No more tension with BBN

o Sg decreases! But tension remains at the 3o level. Could it decrease further with better model?
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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Congequences beyond H,

o What is the impact of new physics beyond H,,?

B Dpt —— DP* +Planck —— DP* +SHOES B EDE B varying m,

. W 4
0 Q ' V| ©

%) 2.6 3.0 ; 09 1.0 2.4 13.0 13.6 0.95 1.00
102w, Ss tu [Gyr] n

S
VP, Smith, Calderon, Simon 2407.18292

—19.2f flat ACDM

<193 0
.0

—19.4

o No more tension with BBN

o Sg decreases! But tension remains at the 3o level. Could it decrease further with better model?
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 remains young: f; 1s unaffected by early-time new physics
Bernal++ 2102.05066, Boylan-Kolchin 2103.15824, Vagnozzi 2105.10425
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Congequences beyond H,

o What is the impact of new physics beyond H,,?

B Dpt —— DP* +Planck —— DP* +SHOES B EDE B varying m,

—19.2f flat ACDM

<193 0
.0

—19.4

- N N
22 2.6 3.0 : 0.9 - 1.0 124 =130 136 0.95 1.00

102wy, Sg ty [Gyr] n

S
VP, Smith, Calderon, Simon 2407.18292

S —

No more tension with BBN

Sg decreases! But tension remains at the 3o level. Could it decrease further with better model?
Hill et al. 2003.07355, Ivanov++ 2006.11235 , d’Amico++ 2006.12420, Niedermann-++ 2009.00006, Smith-++ 2009.10740, Murgia++ 2009.10733

Age of the universe remains young: f;; 1S unaffected by early-time new physics
Bernal++ 2102.05066, Boylan-Kolchin 2103.15824, Vagnozzi 2105.10425

n, increases in EDE! Back to being compatible with 1?7 Constraints from LSS?
Gen Ye+-+ 2103.09729, 2205.02478, Goldstein++ 2303.00746
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Synergy between early and late-time?

o Constraints to £, are an important part of the problem: how to relax them?
o Hints of dynamical dark energy: could it play a role in the tensions?
DESI 2404.03002, Cortés&Liddle 2404.08056, Shlivko& Steinhardt 2405.03933, Berghaus++ 2404.14341, Efstathiou 2408.07175

o Test: Open the late-time expansion history (wy, w,, £2;)

HE Drt Bl DP+ +Planck B DP* +SHOES W DP* +Planck+SHOES / EDE B DP+ +Planck+SHOES / varying m,
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o m, model has almost no tension with ;, ~ —0.0114 £ 0.0031; No impact for EDE.
Sekiguchi++2007.03381
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Synergy between early and late-time?

o Constraints to €2 are an important part of the problem: how to relax them?
o Hints of dynamical dark energy: could it play a role in the tensions?
DESI 2404.03002, Cortés&Liddle 2404.08056, Shlivko& Steinhardt 2405.03933, Berghaus++ 2404.14341, Efstathiou 2408.07175

o Test: Open the late-time expansion history (wy, w,, £2;)
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o m, model has almost no tension with ;, ~ —0.0114 £ 0.0031; No impact for EDE.
Sekiguchi++2007.03381

o Localized energy injection or a broad change affecting several cosmic epochs?
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Stop calling it HO tension!

- The “HO tension” should really be called cosmic calibration tension

\
4
“ Calibrating the ladder has implications beyond the value of Hy: smaller 7;;, larger w,, and larger Sg
I
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« New physics must reduce the sound horizon r, and accommodate larger w,,

\
4
»N « Models affecting the pre-recombination expansion history favored but not fully successful

« Or maybe need new degrees of freedom at both early- and late-times?
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« New physics must reduce the sound horizon r, and accommodate larger w,,

\
4
»N « Models affecting the pre-recombination expansion history favored but not fully successful

« Or maybe need new degrees of freedom at both early- and late-times?

- We haven’t found the solution yet, but there is a lot we understand!



