Modified recombination meets the Hubble tension
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I1to calculus meets the Hubble tension: Effects of small-scale electron
density fluctuations on the CMB anisotropies
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ABSTRACT

In this work, we develop a novel formalism to include the effect of electron density fluctuations at ultra small scales (well below
the sound horizon at last scattering) on the observed anisotropies of the Cosmic Microwave Background (CMB). We treat the
electron field as an independent stochastic variable and obtain the required ensemble-averaged photon Boltzmann equations
using It0 calculus. Beyond changes to the average recombination history (which can be incorporated in the standard approach)
our work identifies two new effects caused by the clumpiness of the medium. The first is a correction to the Thomson visibility
function caused by correlations of the electron fluctuations along the line of sight, leading to an additional broadening of the
visibility towards higher redshifts which causes extra damping and smearing of the CMB anisotropies. The second effect is a
reduction of the effective scattering rate in the (pre-)recombination era that affects the photon transfer functions in a non-trivial
manner. These new effects are subdominant in ACDM but can be significant in cosmologies with an early onset of structure
formation (e.g., due to generation of enhanced small-scale power) as suggested by a number of indicators (e.g., the abundance
of high redshift galaxies observed by JWST). We discuss the relevance of these new effects to the Hubble tension, finding that
corrections which cannot be captured by simple modifications to the average recombination history arise. This highlights how
important an understanding of the recombination process is in cosmological inference, and that a coordinated simulation and
analysis campaign is required as part of the search for the origin of the various tensions in cosmology.

Key words: Cosmology - Cosmic Background Radiation; Cosmology - Theory



How does the recombination history enter all this?
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Getting the job done for Planck

Hydrogen recombination

Helium recombination

Two-photon decays from higher levels

(Dubrovich & Grachey, 2005, Astr. Lett., 31, 359; Wong & Scott, 2007; JC & Sunyaeyv, 2007; Hirata, 2008; JC & Sunyaev 2009)

Induced 2s two-photon decay for hydrogen
(JC & Sunyaev, 2006, A&A, 446, 39; Hirata 2008)

Feedback of the Lyman-a distortion on the 1s-2s two-photon absorption rate

(Kholupenko & Ivanchik, 2006, Astr. Lett.; Fendt et al. 2008; Hirata 2008)

Non-equilibrium effects in the angular momentum sub-states

(Rubino-Martin, JC & Sunyaev, 2006, MNRAS; JC, Rubifno-Martin & Sunyaev, 2007, MNRAS; Grin & Hirata, 2009; JC, Vasil & Dursi, 2010) J

Feedback of Lyman-series photons (Ly[n] = Ly[n-1])

(JC & Sunyaev, 2007, A&A; Kholupenko et al. 2010; Haimoud, Grin & Hirata, 2010)

Lyman-oc escape problem (atomic recoil, time-dependence, partial redistribution)
(Dubrovich & Gracheyv, 2008; JC & Sunyaev, 2008; Forbes & Hirata, 2009; JC & Sunyaev, 2009)

Collisions and Quadrupole lines

(JC, Rubifio-Martin & Sunyaev, 2007; Grin & Hirata, 2009; JC, Vasil & Dursi, 2010;
JC, Fung & Switzer, 2011) &

Raman scatterin

(Hirata 2008; JC & Thomas , 2010; Haimoud & Hirata, 2010)

Similar list of processes as for hydrogen

(Switzer & Hirata, 2007a&b; Hirata & Switzer, 2007)

Spin forbidden 2p-1s triplet-sing!et transitions

(Dubrovich & Grachey, 2005, Astr. Lett.; Wong & Scott, 20 Switzer & Hirata, 2007; Kholupenko, Ivanchik&Varshalovich, 2007)

Hydrngen continuum oEacity during He | recombination
(Switzer & Hirata, 2007; Kholupenko, Ivanchik & Varshalovich, 2007; Rubifno-Martin, JC & Sunyaeyv, 2007; JC, Fung & Switzer, 2011)

Detailed feedback of helium photons
(Switzer & Hirata, 2007a; JC & Sunyaev, 2009, MNRAS; JC, Fung & Switzer, 2011)

ANe /Ne~01 %




3s and 3d two-photon decay spectrum

— 3s-->1s,all

Lorentzian profile
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to 2y-transitions from d-states
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5s two-photon decay spectrum

S5s --> 1s, all $ 3 S5s --> 1s, all
5s --> 1s, non-resonant  $ q 5s -=> 1s, non-resonant
5s --> 1s, cascade 5s --> 1s, cascade

analytic approximation analytic approximation

0.99

- matters become more complicated quickly
—> splitting of resonance and non-resonant parts simplify the computation greatly
—> luckily including these effects up to n ~ 4-5 is enough

JC & Sunyaev, 2008, A&A, 480



Cumulative Changes to the lonization History

Comparison with original version of RECFAST
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Biases as they would have been for Planck

RECFAST (original) — CosmoRec
Planck TT,TE.EE + lowP + ext
T~ -1.80-2.4x 104

050]-024 * Biases a little less
significant with real
Planck data

e absolute biases
very similar

 |n particular ns
would have been
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Importance of recombination for inflation constraints
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Analysis uses refined recombination model of CosmoRec
JC & Thomas, 2010, ArXiv:1010.3631




Importance of recombination for inflation constraints
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ACT, SPT, and chaotic inflation

Renata Kallosh!, Andrei Linde! and Diederik Roest?
! Department of Physics and SITP, Stanford University,
Stanford, California 94305 USA and
2Van Swinderen Institute for Particle Physics and Gravity,
University of Groningen, 9747 AG Groningen, The Netherlands

We show that the simplest generalization of the chaotic inflation model %m2¢2 with nonminimal

coupling to gravity (1 + ¢)R provides a good match to the results of the latest data release of the
Atacama Cosmology Telescope and South Pole Telescope, with r ~ 10™2.
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We show that the simplest generalization of the chaotic inflation model %m2 ¢? with nonminimal

coupling to gravit
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Recombination problem seems solved! ***

What could be wrong then?

*** There are still a few standard processes that could contribute at ~0.1%...
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Varying fundamental constants

Luke Hart



Varying the fine-structure constants at recombination
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Constant change of a and me were frequently considered
(e.g., Kaplinghat et al., 1999; Battye et al., 2001; Planck Collaboration, 2015)



Varying the fine-structure constants at recombination
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Constraints using Planck 2015

Parameter Planck 2015 + varying agm/@Em. 0 + varying p + varying agm/agm,0 and p
Qph? 0.02224 + 0.00016 0.02225 + 0.00016 0.02226 + 0.00018 0.02223 +0.00019
Q.h? 0.1193 +£0.0014 0.1191 +£0.0018 0.1194 +£0.0014 0.1193 +0.0020
1006mc 1.0408 + 0.0003 1.0398 + 0.0035 1.0408 + 0.0003 1.0406 = 0.0051
T 0.062 +0.014 0.063 +£0.014 0.062 +0.014 0.063 +0.015
In(10104,) 3.057 +0.025 3.060 + 0.027 3.058 + 0.026 3.059 + 0.027
ng 0.9649 + 0.0047 0.9668 + 0.0081 0.9663 + 0.0060 0.9666 + 0.0081
QEM / @EM.0 — 0.9993 + 0.0025 — 0.9998 + 0.0036
p — — 0.0008 + 0.0025 0.0007 + 0.0036
Ho [kms~! Mpc™] 67.5 +0.6 67.2+1.0 67.5 +0.6 673+ 1.4
. . 1.20 |
* For a, Planck 2015 gives slight Planck 2013 Planck 2015 + BAO |
improvement over Planck 2013 1,14 "Eneeso |
because of polarization (~30%) |
_ 1.081
. . ()
 Constraint on me asymmetric € 1.0
>
_ 0.046
me/me,O — 0-961:).072 S 0.96 -
- BAO improves me constraint and 0.901
allows breaking degeneracies 0gal | | , | |
between a and me 0.984 0.988 0.992 0.996 1.000 1.004

Aem/AEM, 0
Luke Hart & JC, 2017 me/me,o = 1.0039 + 0.0074 with BAO



Possible link to the Hubble tension in 20197
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What does the data tell us about the
recombination history?



PCA analysis with Planck 2015
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Planck Collaboration, XIll, 2015; Farhang & JC et al. 2012; Hart & JC, 2018
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Cosmological data seems to be preferring early
recombination scenarios!
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Reconstruction in light of DESI
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What if the Universe is lumpy at recombination?

Some patches will recombine
faster some more slowly...

Modifications are non-linear
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What if the Universe is lumpy at recombination?

Second effect coming from the coherence scale of the fluctuations!
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What if the Universe is lumpy at recombination?

Second effect coming from the coherence scale of the fluctuations!
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What if the Universe is lumpy at recombination?

Second effect coming from the coherence scale of the fluctuations!
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Additional effects of baryon clumping at very
small scales

JC, Vasil & Battye, ArXiv:2505.22242
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What if the Universe is lumpy at recombination?

Third effect on Photon transfer functions can be treated using It6 calculus!
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What if the Universe is lumpy at recombination?

Third effect on Photon transfer functions can be treated using It6 calculus!
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New terms in Boltzmann equation using Ito calculus
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Changes to CMB power spectra

10 1000 2000 3000 4000

Figure 17. CMB TT and EE power spectra, Dy = €(€ + 1)C¢/2n. The solid
black lines show the standard ACDM computation. The other cases where
computed using the log-normal modified BH setup. For Model A, we use a
setup similar to Fig. 8 with 0.(z) = 1 and 7, = 0.01 at z = 1100 and scaling
Eq. (98). Model B is similar to the scenario shown in Fig. 15 with o.(z) = 1
and 7. = 0.1 at z = 1100 with scaling Eq. (99) for zg = 1200 and ¢ = 2.
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How well do these models do?
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How well do these models do?
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Directly Testing recombination with the
cosmological recombination radiation



Average ANCDM spectral distortions
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Dark matter annihilations / decays

10 shell Hydrogen & 10 shell Helium atom

bound-bound HI recombination spectrum

reference model

1\ pre-recombinational
b\ signal from interaction
i\ withHel

J. \

o\

- . JC, 2009, arXiv:0910.3663
Additional photons at all frequencies

Broadening of spectral features

Shifts in the positions
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Testing the origin of the Hubble tension with the CRR

 Hubble tension persists... New Physics?? Total - Golano=09
. . . . . aEM/aEM:o=1:1
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Hart & JC, 2022, ArXiv:2209.12290



Spatial variations from PMF could be seen with CRR

| —— Jedamzik & Abel 2011 (b= 3)
—— QGalli et al. 2021 (b = 0.5)
| — R =01

A]CRR [Jy/sr]

(CRR(p)) # CRR({p))

L
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Using new CRR emulator CRRfast which also models variance terms

Lucca, Rotti & JC, 2023



Spatial variations from PMF could be seen with CRR
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New Probes of the small-scale Universe
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Small-scale power constraints and PBH formation
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Dissipation of small-scale acoustic modes




Dissipation of small-scale acoustic modes
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Dissipation of small-scale acoustic modes

— —undamped
pot. env 2,

Silk-damping is
equivalent to
energy release!

— full calculation
---undamped x 27

Ideas go back to Sunyaev & Zeldovich, 1970




Distortion due to mixing of blackbodies

Blackbody spectra Photon mixing Blackbody + y-distortion

T1< T
To=(T1+72)/2

Intensity
Intensity

\
\
T\
\
b\
\

y-type distortion /

visible in the Wien tail

Photon Energy | Photon Energy

JC, Hamann & Patil, 2015

Mixing is mediated by Thomson scattering = Silk damping




Scalar power spectrum amplitude

Exploring the small-scale Universe
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Scalar power spectrum amplitude

Exploring the small-scale Universe
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Scalar power spectrum amplitude

Exploring the small-scale Universe
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Scalar power spectrum amplitude

Exploring the small-scale Universe
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Scalar power spectrum amplitude

Exploring the small-scale Universe

SMBH IMBH SBH
10! X >
% \!I " BBN I \
) 5 l; | =
107~ 1 \\ /
\ J
3 \ !
10_ 7 \ [I
N\ / {,;"
\\ // A%
10741 NS
\\ A
\ FIRAS
1072 A \
\
\
10-6 \ 7 Little Red Dots
\ R\
AN ? 0.
10—7 i y-dist \\ ° ‘ M =
108 - \ p-dist
Black Hole Mergers
10-9 _%{ FOSS\L
CMB Anisotropy
1071

10-3 10~2 10~ 10° 10' 102 10° 10* 10° 10 107 10% 10° 10 10 10'2 10 104 10%

Inverse scale in Mpc™*

JC, Khatri & Sunyaev, 2012

JC, Erickcek & Ben-Dayan, 2012
Jeong et al., 2014

Cyr et al., 2023, ArXiv:2309.02366



Scalar power spectrum amplitude

Exploring the small-scale Universe

1 SMBH IMBH SBH

10~ \ -

\ ! BBN

Ny [ Z A \

~2 / <
10 \\\ /I ®\?
N\ ‘
10—3 4 \\ K
\ /
N /
S /
1074 - NS
\\ A
\ FIRAS

1072 A \

\

\

\
v ) ?
\
N\
10~7 - y-dist \\ °
N
108 - \ p-dist
- ﬁh{ FOSSIL
CMB Anisotropy
1071

10-3 10~2 10~ 10° 10' 102 10° 10* 10° 10 107 10% 10° 10 10 10'2 10 104 10%

Inverse scale in Mpc™*

JC, Khatri & Sunyaev, 2012

JC, Erickcek & Ben-Dayan, 2012
Jeong et al., 2014

Cyr et al., 2023, ArXiv:2309.02366



History of distortion experiments and proposals
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History of distortion experiments and proposals
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(PIXIE)

Super-PIXIE

PIXIE PRISM PIXIE

COBE/FIRAS Kogut & Fixsen De Bernardis
Mather & Fixsen

Kogut & Fixsen

ARCADE 2
Kogut & Fixsen

COSMO

Gervasi, Zannoni & Tartari APSERa
Subrahmanyan & Rao

Rubino-Martin
De Bernardis, Masi & Battistelli

1989 0 2008 2011 2013 2015 2016 2018 2022




Conclusions

* We live in an amazing era with lots of high precision data
now and in the future

* We can “park the Hubble tension” but we should not forget it
In the ongoing discussions!

* The small scale Universe is on of the places we have not
constrained as much as we make believe

» Modifying recombination physics is one of the conservative
ways of augmenting our cosmological model

* Is excess lensing possibly also related? Another Ito
problem to solve?

. Could larger 7 also be linked?
More small scale structures — earlier reionization?
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* We live in an amazing era with lots of high precision data
now and in the future

* We can “park the Hubble tension” but we should not forget it
In the ongoing discussions!

» The small scale Universe is on of the places we have not
constrained as much as we make believe

» Modifying recombination physics is one of the conservative
ways of augmenting our cosmological model

* Is excess lensing possibly also related? Another Ito
problem to solve?

. Could larger 7 also be linked?
More small scale structures — earlier reionization?

Still much to do and it could be many things!



