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Looking at the Hubble tension ocean with different eyes

Credits: Riess, Nat. Rev. Phys. 2 (2020) 10

Why does ΛCDM fit data so well? Do we really need new physics? If so,
at what time(s), and with what ingredients?

Early times:
early ISW

effect
⇐⇒

Consistency
tests of
ΛCDM

⇐⇒
Late times:
ages of old

objects
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The Hubble tension and new physics

Hubble tension appears to call for (substantial) early-time new physics...

Increasing H(z) just prior to z?:
“least unlikely” proposal?

Credits: Knox & Millea, PRD 101 (2020) 043533

Example: early dark energy (some
debate as to how much it works)

Need ≈ 12% (!!!) EDE around zeq

ww�
Why is there no clear sign of new

physics in CMB data alone?
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Early-time consistency tests of ΛCDM

Why is there no clear sign of early-time
new physics in CMB data alone?y

Why does ΛCDM fit CMB data so well?y
(Early-time) Consistency tests of ΛCDM
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The early ISW (eISW) effect

Around recombination: Universe not fully matter dominated =⇒ residual
decay of gravitational potentials =⇒ eISW effect sources anisotropies

Θ =

∫ η0

0

dη

∝ g(Θ0 + Ψ)︸ ︷︷ ︸
Sachs-Wolfe

+∝ gvb
d

dη︸ ︷︷ ︸
Doppler

+∝ e−τ (Ψ̇− Φ̇)︸ ︷︷ ︸
ISW

+∝ (gΠ + ¨[gΠ])︸ ︷︷ ︸
Polarization

 j`(k∆η)

ΘISW
` (k) =

∫ ηm

0

dη e−τ
(

Ψ̇− Φ̇
)
j`(k∆η)︸ ︷︷ ︸

early ISW

+

∫ η0

ηm

dη e−τ
(

Ψ̇− Φ̇
)
j`(k∆η)︸ ︷︷ ︸

late ISW

(A substantial amount of) New physics increasing H(z) around zeq/z?
should leave an imprint on the eISW effect!
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eISW consistency test

Introduce scaling amplitude/fudge factor AeISW SV, arXiv:2105.10425

ΘeISW
` (k) = AeISW

∫ ηm

0
dη e−τ

(
Ψ̇− Φ̇

)
j`(k∆η)

Consistency check: within ΛCDM, is the data
consistent with AeISW = 1?

Looks familiar? It should remind you of Alens Calabrese et al., PRD 77 (2008) 123531

Cφφ` → AlensC
φφ
`
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eISW consistency test
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SV, arXiv:2105.10425

Related works: Hou et al., PRD 87 (2013) 083008; Cabass et al., PRD 92 (2015) 063534; Kable et al., ApJ 905 (2020) 164
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eISW consistency test

Is the data consistent with AeISW = 1? (7-parameter ΛCDM+AeISW)

0.95 0.96 0.97 0.98

ns

0.022

0.023

ω
b

0.90 0.95 1.00 1.05

AeISW

0.95

0.96

0.97

0.98

n
s

0.022 0.023

ωb

ΛCDM+AeISW

ΛCDM
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Yes!

SV, arXiv:2105.10425

Other parameter constraints very
stable, no more than ≈ 0.3σ shifts
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eISW consistency test: robustness of results

External data/different likelihoods
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Extended parameter space(s)
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Take-away message: ΛCDM (robustly) aces the eISW consistency test!
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Implications for early-time new physics: EDE case study

High H0 EDE fit to CMB at the cost of increase in ωc → worsens tension
with WL/LSS data? Hill et al., PRD 102 (2020) 043507; Ivanov et al., PRD 102 (2020) 103502; D’Amico et al.,

JCAP 2105 (2021) 072; see partial rebuttals in: Murgia et al., PRD 103 (2021) 063502; Smith et al., arXiv:2009.10740
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Implications for early-time new physics: EDE case study

Let’s extract only the eISW contribution to temperature anisotropies...

Low ωc
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Almost 20% eISW excess!

High ωc
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No more than . 3-5% eISW excess

Generic to models increasing pre-recombination H(z), not just EDE
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Recap: eISW effect and early-time new physics

Early-time new physics should leave an imprint on eISW effect

Consistency test: in ΛCDM, Planck highly consistent with AeISW ≈ 1

Challenge for early-time new physics, need to match this prediction

Example: EDE compensates extra eISW with increase in ωc

Generic problem for models increasing pre-recombination H(z)
=⇒ need extra ingredients?
=⇒ relation to S8 discrepancy?
=⇒ can’t go beyond H0 ∼ 70 with early-time new physics?
=⇒ related: H0 from BOSS DR12 P(k) inferred from keq and rs
consistent: no evidence for non-standard pre-recombination physics?
Philcox et al., PRD 103 (2021) 023538

Why aren’t there clear signs of substantial early-time new
physics solving the Hubble tension?
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Late-time consistency tests of ΛCDM

Is ΛCDM really all there is at late times?y
(Try to) Test ΛCDM making no

assumptions about early-time physicsy
Learn something about H0 in the process?
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Old astrophysical objects at high redshift

Historically (1960s-1998) high-z OAO provided the first hints for the
existence of dark energy (Ω 6= 1, ΩΛ > 0)

What can OAO do for cosmology in the 2020s?
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Cosmology with old astrophysical objects

tU(z) =

∫ ∞
z

dz ′

(1 + z ′)H(z ′)
∝ 1

H0

Pros and cons:

OAO cannot be older than the Universe → upper limit on H0

tU(z) integral insensitive to early-time cosmology

=⇒ late-time consistency test for ΛCDM independent of the
early-time expansion!

Ages of astrophysical objects at z > 0 hard to estimate robustly
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Old astrophysical objects and the Hubble tension

Usefulness in relation to the Hubble tension:

Reliable high tU measurement(s) would disfavor models with high H0

and standard post-recombination physics

OAO cannot be older than the Universe → upper limit on H0

Contradiction between OAO upper limit on H0 and local H0

measurements could indicate the need for non-standard late-time
(z . 10) physics, or non-standard local physics

Conclusions completely independent of pre-recombination physics

Role of age of the Universe today tU(z = 0) recently appreciated in the
Hubble tension context Jiménez et al., JCAP 1903 (2019) 043; Bernal et al., PRD 103 (2021) 103533
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OAO age-redshift diagram

Age-redshift diagram up to z ∼ 8
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SV et al., arXiv:2105.10421

Galaxy ages estimated (mostly by CANDELS team) via SED fitting, QSOs
ages via growth model Pacucci et al., ApJ Lett. 850 (2017) L42
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Results

Assume ΛCDM at late times, constrain H0, Ωm, and incubation time τin
Prior for τin following Jiménez et al., JCAP 1903 (2019) 043; Valcin et al., JCAP 2012 (2020) 022
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H0 < 73.2 (95% C.L.)

≈ 2σ tension with
Cepheid-calibrated SNeIa
H0 measurement

Tighter (but less robust)
results using non-flat
prior on Ωm

(in principle can also
constrain w , ΩK ,...)
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Implications for the Hubble tension

CAVEAT – if the OAO ages are reliable, possible explanations for the
previous results include:

#1: ΛCDM is not the end of the story at z . 10

#2: Nothing wrong with ΛCDM at z . 10, need local new physics...
Examples: screened 5th forces (Desmond et al., PRD 100 (2019) 043537; Desmond & Sakstein, PRD 102 (2020)

023007), breakdown of FLRW (Krishnan et al., arXiv:2105.09790; arXiv:2106.02532),++

#3: A combination of the above

#4: Just a boring 2σ fluke or systematics?

If #1, maybe the answer to the Hubble tension is a combination of
(mostly) pre-plus-post-recombination new physics?
If #2, maybe the Hubble tension is not cosmological, but non-local vs
local discrepancy? See hints for this in Lin, Chen & Mack, arXiv:2102.05701

Several other hints that pre-recombination new physics alone not enough
to solve Hubble tension Krishnan et al., PRD 102 (2020) 103525; Jedamzik et al., Commun. Phys. 4 (2021)

123; Lin et al., arXiv:2102.05701; Dainotti et al., ApJ 912 (2021) 150
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Conclusions

Hubble tension ocean/model space is too vast: need more general
(consistency) tests to identify promising directions

Early times: no signs of new physics in early ISW effect → AeISW ≈ 1
sets important challenge for early-time new physics (EDE case study)

Late times: slight discrepancy between ages of oldest astrophysical
objects (upper limit on H0) and local H0 measurements

Question for everybody:

Do you think early-time new physics
alone can solve the Hubble tension?

Please let me know through this poll: linkto.run/p/Y7MXGGBI
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