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H,y from the Local Distance Ladder
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Hy from Planck CMB
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Hy-tension
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CMB measurements
Local distance ladder

CMB with Planck

Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67.49 £ 0.53
Pogosian et al. (2020), eBOSS+Planck QnH2: 69.6 + 1.8
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60

Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 + 0.54
Ade et al. (2016), Planck 2015, Hy = 67.27 + 0.66

CMB without Planck

Dutcher et al. (2021), SPT: 68.8 1.5

Alola et al. (2020), ACT: 67.9+1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.361333
Tiinshaw et al. (2013), WMAPS: 70.0 + 3.3

No CMB, with BBN

D'Amico et al. (2020), BOSS DR12+BBN: 68.5 + 2.2
Colas et al. (2020), BOSS DR12+BBN: 68.7 + 1.5
Philcox et al. (2020), P;+BAO+BBN: 68.6 £ 1.1
Ivanov et al. (2020), BOSS+BBN: 67.9 1.1

Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 +0.97

Pi(k) + CMB lensing
Philcox et al. (2020), Pj(k)+CMB lensing: 70.613:]

Cepheids - SNla
Riess et al. (2020), R20: 73.2+1.3

Hy ~ 73 km/s/Mpc

Breuval et al. (2020): 72.8 £2.7

Riess et al. (2019), R19: 74.0 1.4

Camarena, Marra (2019): 75.4 £ 1.7

Burns et al. (2018): 73.2+2.3

Dhawan, Jha, Leibundgut (2017), NIR: 72.8

[)

Hy ~ 67 km/s/Mpc
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Feeney, Mortlock, Dalmasso (2017): 73.2
Riess et al. (2016), R16: 73.2
Cardona, Kunz, Pettorino (2016), HPs: 73.8 £2.1
Freedman et al. (2012): 74.3+2.1

TRGB - SNla

Soltis, Casertano, Riess (2020): 72.1 £2.0
Freedman et al. (2020): 69.6 £ 1.9

Reid, Pesce, Riess (2019), SHOES: 71.1+1.9
Freedman et al. (2019): 69.8 + 1.9

Yuan et al. (2019): 72.4£2.0

Jang, Lee (2017): 71.2x2.5

Miras — SNila
Huang et al. (2019): 73.3+4.0

Masers
Pesce et al. (2020): 73.9+ 3.0

Tully — Fisher Relation (TFR)
Kourkchi et al. (2020): 76.0 £ 2.6
Schombert, McGaugh, Lelli (2020): 75.1 £ 2.8

Surface Brightness Fluctuations
Blakeslee et al. (2021) IR-SBF wf HST: 73.3+ 2.5
Khetan et al. (2020) w/ LMC DEB: 71.1+4.1

SNII
de Jaeger et al. (2020): 75.8%33

HIl galaxies
Fernandez Arenas et al. (2018): 71.0 £ 3.5

Lensing related, mass model - dependent
Denzel et al. (2021): 71. 8*§§
Birrer et al, (2020), TDCOSMO+SLACS 67.4143, TDCOSMO; 74,5321
ang, Birrer, Hu (202 ): Ho=73. 65+
Millon 2t al. (3020). THCOMO: 1295 izg
Baxter et al. (2020): 73.5+5.3
Qi et al. (2020): 73.6*12
Liao et al. (2020): 72.877"
Liao et al. (2019): 72.2 £ 2.1
Shajib et al. (2019), STRIDES: 74. 2*39
Wong et al. (2019), HOLICOW 2019: 73. 3+”
Birrer et al. (2018), HOLICOW 2018: 72. 5+§%
Bonvin et al. (2016), HOLICOW 2016: 71.9*5

Optimistic average
Di Valentino (2021): 72.94 £ 0.75
Ultra — conservative, no Ceehelds, no lensin
alentino (2021): 72.7 £ 17

GW related

Gayathri et al. (2020), GW190521+GW170817: 73. 4*1”
Mukherjee et al. (2020), GW170817+ZTF: 67.6*

Mukherjee et al. (2019), GW170817+VLBI: 68.3%3 53
Abbott et al. (2017), GW170817: 70. 0+l

+3
Follin, Knox (2017): 73.3+ 1.
*1

1
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Hy-tension

CMB with Planck -
Balkenhol et al. (2021), Planck 2018+SPT+ACT : 67,49 +0.53 = e+
Pogosian et al. (2020), eBOSS+Planck QpnH2: 69.6 + 1.8 = p——
Aghanim et al. (2020), Planck 2018: 67.27 +0.60 — o
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 £ 0.54 — o+ Ho
Ade et al. (2016), Planck 2015, Hy = 67.27 £ 0.66 = e 1 1
]2 CMB without Planck [km s™ Mpc™]
Dutcher et al. (2021), SPT: 68.8+1.5 — —a—
Aiola et al. (2020), ACT: 67.9+1.5 — —_—
Aiola et al. (2020), WMAP9+ACT: 67.6 +1.1 = —c—
}: CMB measurements Zhang, Huang (2019), WMAP9+BAO: 68.36'33 ol
8 O | fiinshaw et al. (2013), WMAP9: 70.0 £ 2.3 — —_—
. No CMB, with BBN -
Local dl Stance ladder D'Amico et al. (2020), BOSS DR12+BBN: 68.5+2.2 = e
Colas et al. (2020), BOSS DR12+BBN: 68.7 +1.5 = f—o—
7 8 - Philcox et al. (2020), P+BAO+BBN: 68.6 + 1.1 — f—o—oi
T Ivanov et al. (2020), BOSS+BBN: 67.9+1.1 — —oc—1
. Alam et al. (2020), BOSS+eBOSS+BBN: 67.35 + 0.97 — —
S Pi(k) + CMB lensing -
1 T Philcox et al. {2020), P,(k)+CMB lensing: 70.613] =1 k { .
76 - Indirect
— Cepheids — SNla i
O T Riess et al. (2020), R20: 73.2 +1.3 = —e— DI reCt
74 4 ? Breuval et al. (2020): 72.8 £2.7 - P
(@ S Riess et al. (2019), R19: 74.0£ 1.4 — 1
[ ) Camarena, Marra (2019): 75.4 1.7 — ——oc—
2 = H ~ 73 km/S/M C Burns et al, (2018): 73.2%2.3 .
O — Dhawan, Jha, Leibundgut (2017), NIR: 72.8 +3.1 i
~— 72 1 b ® ® Foliin, Knox (2017): 73.3+ 1.7 — [ —
/) 1 Feeney, Mortlock, Dalmasso (2017): 73.2+1.8 = ——
Riess et al. (2016), R16: 73.2 = 1.7 — —c—
é o B Cardona, Kunz, Pettorino (2016), HPs: 73.8 2.1 — ————
[ ] Freedman et al. (2012): 74.3+2.1 = —_—
- 70 TRGB - SNla -
N i Soltis, Casertano, Riess (2020): 72.1 2.0 — | —a |
Freedman et al. (2020): 69.6 1.9 — | . s |
o Reid, Pesce, Riess (2019), SHOES: 71.1+1.9 - e
6 8 E . Freedman et al. (2019): 69.8 1.9 = —_——
I I Yuan et al. (2019): 72.4 2.0 | —_——
i B Jang, Lee (2017): 71.2 2.5 — —_—
Miras — SNla -
66 ] Huang et al. (2019): 73.3+4.0 - I i
~J m Masers -
HO — 67 k /S/M pC Pesce et al. (2020): 73.9+3.0 — e — -
64 { L Tully - Fisher Relation (TFR) -
Kourkchi et al. (2020): 76.0 2.6 — o
Schombert, McGaugh, Lelli (2020): 75.1 £2.8 — e ——
Surface Brightness Fluctuations -
62 1 Blakeslee et al. (2021) IR-SBF w/ HST: 73.3+2.5 = e
Khetan et al. (2020) w/ LMC DEB: 71.1+4.1 — I {
SNII
de Jaeger et al. (2020): 75.8*53 — F |
HIl galaxies -
2000 2005 20 1 0 20 1 5 2020 Fernandez Arenas et al. (2018): 71.0+3.5 - L 1
. . Lensing related, mass model - dependent
Pubhc atlon ear Denzel et al. (2021): 71.8%3¢ ! 4
Birrer et al, (2020), TDCOSMO+SLACS: 67.41%:3, TDCOSMO: 74.5% om k t o o o o et e e -
Yang, Birrer, Hu {3020): Ho = 73.65:1% — ——y
Millon et al. (2020), TDCOSMO: 74.2 £ 36 — ——y
Baxter et al. (2020): 73.5+5.3 — b |
Qi et al. (2020): 73.6*1¢ = —e—
Liao et al. (2020): 72.8115 — e —
Liao et al. (2019): 72.2 £ 2.1 ————|
H U an d Wan 20 23 Shajib et al. (2019), STRIDES: 74.2+32 P —
Wong et al. (2019), HOLICOW 2019: 733:}} -1 —o—
Birrer et al. (2018), HOLICOW 2018: 72.5‘:% - p——————i
Bonvin et al. (2016), HOLICOW 2016: 71.9%53 = e
Optimistic average -
. Di Valentino (2021): 72.94 £ 0.75 — —o—
Ultra — conservative, no Cepheids, no lensing -
Di Valentino (2021): 72.7 1.1 = —e—i
GW related -
Gayathri et al. (2020), GW190521+GW170817: '13.4':5;19~§ - |
Mukherjee et al. (2020), GW170817+ZTF: 67.6353 = F J

Mukherjee et al. (2019), GW170817+VLBI: 68.3_4‘;‘% , 1
Abbott et al. (2017), GW170817: 70.0+1%
T T T T
y 65 70 75 80

E. Di Valentino 2021

(©)2025 van Putten 2 |st Recontres du Vietnam



Cosmological Constant Problem (a revisit)
(Zel'dovich 1967, VWeinberg 1989)

A g 12 4
drk=dk 1 A
(p) = J - K2+ m? ~ —2
0o 2n)° 2 1672

\ 8nG
(p) ~2707274G72 =2 x 10" GeV* >

3H?
T

/Zeldovich paradox of QFI on a classical vacuum,
locally, ignoring causality on a Hubble scale
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Inequivalent background vacua

Asymptotic Minkowski
vacuum: classical s &
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Causal boundary conditions on a Hubble scale
van Putten Ap) 837,22 (2017)

5
C
Causal limit of luminosity Ly = E
-7 T ~~_ Hubble horizon
// \\
( | RH — C/H
/
\\ //
Implied pressure:
Ly/c 2 o)
p — — — _pC: QA ——
47R?, 3 3

A formal treatment follows the detailed nature of the Hubble horizon

(©)2025 van Putten 2 | st Recontres du Vietnam 9



UV-shadows of 7

Primitives: UV-divergent in 7

IR consistent completion outside the Swampland
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Dark side of 7: scaling dimension

QFT predicts a a bare energy density p, = hc/l;:

4 1
Ao =8nGc™"py ~ —.
h
Ay is a primitive by UV-divergence in i ~ lg.
[R-consistency with classical spacetime (G, ¢) requires a coupling @, o h.

Scaling dimension of the phase space Is 2, not 3: van Putten CJPh, 91,377 (2024)

A, = 47:Ré/l§ to the Hubble scale Ry = ¢/H,

A = ayAy=2H"/c*

Dynamical A consistent with the swampland conjectures

(©)2025 van Putten 2 |st Recontres du Vietnam | |



... In the shadow of h

Sub-Hubble scale variations: Einstein equations.

Super-Hubble scale variations (k ~ O): a global gauge @, = @, [%] .e., a
normalized propagator:

i
(@ - @) — €

oi®)’
No asymptotically flat Minkowski spacetime in FLRWV:
®, 7] = |20y =gd"
where A = AR - nonlocal by the Friedmann scale factor a.

van Putten, 2020, MNRAS, 491, L6

(€)2025 van Putten 2 |st Recontres du Vietnam 12



... the trace of the Schouten tensor

A = AR with A ~ 1/6:

Jan A. Schouten
J. (1883-1971)

1
A =—R
6
Supported by

O Confrontation with data (Hy, BAO, age): 4 =~ 1/6 within 1%
I —q

© Entropic forcing with az; = > ag a;g=cH: A =1/6
[t follows that
A=(-qH?
where ¢ Is the deceleration parameter. van Putten, 2015, MNRAS, 450, L48;

2020, MNRAS 491, L6;
2021, PLB, 823, 136737

(©)2025 van Putten 2 |st Recontres du Vietnam |3



. heat from broken time-translation symmetry

Scaling dim 2 of phase space by horizon area Ay
(Bekenstein 1981, 't Hooft 1991)

Hubble horizon J. Bekenstein

ole horizon (1947-2015)
/7 g A \
/
Heisenberg: ! L N= AH/412
\ p.=Q0/Vy ; by Hubble
¢ = AHR \ i e duin
N, s
whereby \"»\. S
Q 3C3 p ......”. Q -_ N€
Vy, 24, '€

A = 1/2x fixed by first law of
thermodynamics.

. van Putten MNRAS, 491, L6
Big Bang & (2020); JHEAR 45, 194
(2025); arXiv:2408.13 121

(©)2025 van Putten 2 | st Recontres du Vietnam |4



Analytic solution to Hubble expansion

A =(1-q)H?*

1
QA=§(1—q).

This enters the first Friedmann equation:

Q,+Q +Qr+Q, =1

— The Hamiltonian energy constraint is now second order in time. ..

(©)2025 van Putten 2 | st Recontres du Vietnam



Analytic solution to Hubble expansion

A =(1-qH?*
1 +A(2)
=0t =Y 7y
g (1+2) 2

30
AQ) = Ag(0) + AL + Ay + A2, Z, = (1 +9)" = 1, Ag = - Az(; Z1,,(2)

6 3
Af2) =, 025,,(2), Ay(2) = EZM;/(Z), Ag(z) = 3

Z3+y(Z)'

\/ 1 + gQM,OZS(Z) + Q, 1 Ze(2) + %QK,OZ4(Z)
g = 1: H(Z) — H()

1 +7

(©)2025 van Putten 2 | st Recontres du Vietnam



Hubble constant H,,

V1 + 300252 + Q,074(2)

1 +7

H(z) = H,

van Putten 2021 PLB 823 136737
O’Colgain, van Putten & Yavartanoo 2019 PLB 793 121

Subject to Planck BAO data:

6
H, ~ A Planck ~ 73 km s™'Mpc~!.

van Putten 2024 arXiv:2403.10865;
2024, PoS 463 arXiv:2408.13121

(©)2025 van Putten 2 |st Recontres du Vietnam |7



Larger H, from dynamical DE

NACDM assumes stable dS, van Putten (2017)
unstable dS favors higher HO O’Colgain, van Putten & Yavartano (2019)

St A: Unstable dS

B: ACDM (stable dS)

H, is the extrapolation
ofdataz > 0toz =0

Z Abchouyeh & van Putten (2021)

H,, estimates are sensitive to future (in)stability of de Sitter space

18



... confrontation with data

Camarena & Valerio (2020)

B Pantheon
= Abchouyeh & van Putten (2021
Q dq/dz l y ( ) B Supercal
2.5 m
: A
2.0
s Polynomial Fit .
/Z\}\ . . 0 -
el - - Unparticle
& 1.0 : - _05k+
. Unparticle Without A 0.5
- ACDM S —1F . \
0.5 -
- Polynomial Fit 15k 7
- Scale Invariant
0.0 ot
~=- van Putten ! | ! ! ! ! ! !
69 72 75 78 81 -2.0-1.5-1.0-0.5 0.0

Z10  —08  —06  —04 -02 00 0.2 Ho %

do = 2qp.acpm = — 1 go = — 1.08 £0.29
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Tension free solution consistent with Planck BAO

Bootstrapping  consistency with model-independent results
Planck

Planck /CMB? J / A—scaling/BAQO" JCDM/LDL¢ Cubic/LDL SHOES/LDLS
H, 67.36 + 0.54 73.79 +0.59 74.9 +2.60 74.44 + 4.9 73.04 + 1.04
a0 ~0.5273 +0.011 ~121+0.014 ~1.18+0.084 ~1.17+0.34 ~1.08 +0.29
Qpro 0.3153 % 0.0073 0.2628 + 0.0061 0.2719 + 0.028 _ _
S, 0.832 +0.013 0.756 + 0.012
T, 13.797 +0.023 1344 +0.022 )

Table 1

Estimates of (Ho, gy, Qo, wm) With 1o Uncertainties by Nonlinear Model Regression Applied to the Coefficients of the Truncated Taylor Series (16) of Cubic and
Quartic Order, and to (Hj, w,,) in (13) from A = w% and ACDM

(©)2025 van Putten

9o < 4

increasing DE

2 | st Recontres du Vietnam

model H, 40 Qo Whn ' (0)
Cubic 744 + 49 —1.17 £ 0.34 249 £ 0.55 -0.17
Quartic 745 £ 7.3 —1.18 £+ 0.67 2.54 +1.99 —0.18
A = W 749 +£ 2.6 —1.18 + 0.084 2.37 £ 0.073 0.2719 £ 0.028 —0.18
ACDM 66.8 = 1.9 —0.50 £+ 0.060 1.00 £+ 0.030 0.3330 + 0.040 0.5
Note. H, is expressed in units of km s~! Mpc ™.

van Putten, 2025, JHEAP 45 194
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L DL In the Wowa—plane (H(z)-data of Farooq et al. 2017)

LDL in 2nd quadrant of the wyw -plane

wow,a (68% ) &

w(a) (68% )

2qgy — 1

6 ] Wy =

: Abchouyeh & van Putten
1 | E | (under review)

LDL favors a dynamic DE - increasing with time

(©)2025 van Putten 2 | st Recontres du Vietnam 2|



Extrapolating late-time JCDM

0.5

™ -0.5F

-1.54=

(€)2025 van Putten

N g(a)
[ Iw(a)

T wow,

—— ACDM

LDL in 2nd quadrant of the wyw,-plane

|—— w(a) (68% ) —— wow, (68% )

wo

Second quadrant of the wyw ~plane: increasing DE

2 | st Recontres du Vietnam
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wow,CDM fit by CAMB

wow,CDM emulation (wy, w,) = (—1.5444,0.6841)
|

6000 Py T I T
£\ 3 Planck 2018
‘E 4000 o ——ACDM: Hy=67,Qr =0 .
3 F \ | . — . WowaCDMI HO = 73, QK = —0.007
E;* 2000 - § A S e
00 500 1000 1500 2000 500
&
| | | |
100 wow,CDM - ACDM: & = 8.0488 ||

ACDM - Planck: 6 = 27.9918
wow,CDM - Planck: ¢ = 28.3838

oo oo N/ VW

50 -

Deviation
(e ]

-50

-100 — l l |

Key I1s wy (substantial degeneracy with respect to w,)

(€)2025 van Putten 2 | st Recontres du Vietnam 23



Phantom crossing?

T g(a)

0.5 P %:((fv?a | CAMB ﬂtS 1o
g || = Planck 2018

(nearly indistinguishable)

Expected phantom crossing z € [0.25,0.65]

(€)2025 van Putten 2 | st Recontres du Vietnam 24



DESIDR1 (0.3 < 7z < 2.3)

1-2', S LR | B 3y -} LI I ] A | IR I g R0 | J
E D.I/D.\ :
1.15; D.I/DA|: = 0.95 3
11 - HJ/HA B
[ 1/3 ]
o [ | == [(HD)*/(HD)’] )
= 105} g
© [ )
— [
1 -
o.gsz’/\ :
095 caaaaal N i | 1 s aaaaal N sanal 1 saaaaal PR saaal N L P ]
102 10! 10° 10’ 102 10° 10*
1.05 : : : — :
[ ]z-range BAO/DESI (2024)
M J1+3%
@)
. -
— 1} ]
-
DESI @ N\ JCDM
/ \_
095 L A A A A L A l ' A 1 A A L L A

10" 10° 10’

redshift z

R: distance ratio of angle-averaged distance to the sound horizon
at the baryon drag epoch.

van Putten, 2025, JHEAP 45 194
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Conclusions

In the shadows of 7, causality in IR-consistency gives DDE A ~ H?
from scaling dim 2 of cosmological spacetime.

A ~ H? resolves Zeldovich' paradox of a UV-divergent Ay

(©)2025 van Putten 2 |st Recontres du Vietnam
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Conclusions

In the shadows of 7, causality in IR-consistency gives DDE A ~ H?
from scaling dim 2 of cosmological spacetime.

A ~ H? resolves Zeldovich' paradox of a UV-divergent A,

J = (1 — g)H? derived from global gauge by Hubble horizon,

(©)2025 van Putten 2 |st Recontres du Vietnam
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Conclusions

, causality in IR-consistency gives DDE A ~ H /&
from scaling dm 2 of cosmological spacetime. T Wt

A ~ H? resolves Zeldovich' paradox of a UV-divergent A,

J = (1 — g)H? derived from global gauge by Hubble horizon:

6 5
o lension-free fit with LDL satisfying Hy = \/;Hé\, Qo= gﬂf\},o

e Consistent with the Planck BAO constraint on QM,th
e Likely phantom crossing z € [0.25,0.65]

e Consistent with DESI constraints on R.
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Conclusions

, causality in IR-consistency gives DDE A ~ H /&
from scaling dm 2 of cosmological spacetime. T Wt

A ~ H? resolves Zeldovich' paradox of a UV-divergent A,

J = (1 — g)H? derived from global gauge by Hubble horizon:

o lension-free fit with LDL satisfying Hy = \/gHé\ Q0= %QII\\LO
e Consistent with the Planck BAO constraint on QM,th
e Likely phantom crossing z € [0.25,0.63]
e Consistent with DESI constraints on R.
Outlook:
A appears to be of . potentially involving additional cosmographic terms

J, 8, etc. when considered over the full expansion history of the Universe.
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