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Tension in ACDM

» From CMB and local measurements: Hjpig = 67.36 £ 0.54
km/s/Mpc [Aghanim et al., 2020] VS. Hjate = 73.3 £ 0.8
km/s/Mpc [Verde et al., 2019] from z < 2.

» From Bing Bang Nucleosynthesis(BBN): the abundance
ratio "Li/Hx10': 1.6 + 0.3 (observed) vs. 5.6 + 0.3
(theoretical) [zyla et al., 2020, Pitrou et al., 2018, lliadis and Coc, 2020].

» The weak lensing measurement of Sy together with the
clustering parameter og [Troxel et al., 2018] yields a value smaller
Sspes = 0.77370:02% than that given by the CMB-ACDM
value: Sscmg = 0.832 £ 0.013.

» Recently measurement of isotropic cosmic birefringence
(ICB) based on the cross-power (parity-violating) CF? data
in CMB [Minami and Komatsu, 2020], deviate from 0 by ~ 2.40.
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Overview: Changing VEV by an Axion

Tension in Hy can be alleviated if m, is O(1%) heavier when z ~ 1100
(recombination) [Ade et al., 2015, Hart and Chluba, 2020]
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A slowly changing field that moves v o< m.: the axion.
> Introduces a time scale > O(10°) yrs, m, <3 x 10729 eV.
» A light scalar suppresses structure formation (og tension resolved).

> The aF””F,W coupling leading to non-zero ICB [Fujita et al., 2020]
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CMB: Earlier Recombination

The angular sound horizon 6, = o)

(determines the separation between acoustic peaks)
[ cs(2) Y 1
S A= R e

Earlier recombination =- higher H,
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CMB Preference

The two most important (so far) constraints:

(rah)Bao = (99.95 +1.20) Mpc , (6,)cump = (1.04110 + 0.00031) x 1072 .
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Relative to Planck18 fit values,
Changing v by (1-4)%:

> Increased h: 2 0.69

> w,. increases by a few%
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Axion as the Modulator of VEV

The minimal coupling (¢ = Higgs , a = axion):

K
V(¢,a) ~ Vam = p?|o* + Z|¢|4 ,

2 2
u? s (1 + const x AZ—I%L) , k— (1 + const’ x JWGI%L) ,

W > X(m?G(A) — /@K(A)Hqu) - V= |m§G(a) — HK(G)¢T¢‘2 .

“Misalignment” with mg < 1072%V:
> Higgs always in the bottom.
»> a — sub-component of DM.
> 1z = p(axion DM)/p(all matter).
> z~ O(1%) when fq ~ Mpr,.
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os/Ss Tension Resolved

The dillemma of early recombination solution of H tension:
more CDM to fit CMB = higher og [Jedamzik et al., 2020]
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The axion quantum pressure and its
potential force suppress the structural
formation smaller than the Jeans scale.
[Marsh and Ferreira, 2010,

Kobayashi et al., 2017].
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Constraints with Non-zero Axion DM
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BBN: An Alternative VEV

Heuristically, the neutron to proton number ratio n/p can be
written as [Hall et al., 2014]:

_Amnp  tp
~e Tnp g ™™

n
p

» Fermi constant G oc v~ 2 that affect weak interactions. Larger my,
= earlier n <> p freeze out & longer 7.

» Electron mass m, o v. Similar effect.

> Increasing the isospin-breaking Amg, = mgq — m,, o v contributes to
larger Amy,, = my, —my, = later n < p freeze out & shorter 7,,.

> Averaged light quark mass mg = (m,, 4+ mgq)/2 < v. The change of
m, may significantly influence the rates of strong/nuclear interactions.
Essentially changes m., making nuclei unstable.
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Compatibility with BBN and “Li Problem
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Heavy nuclei more fragile as
mq = m, 1, "Li production harder.

[Flambaum and Wiringa, 2007]

X

v mw | Mme | Amg | My n
Y, | 29| 040 | -5.9| 1.0 0.039
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[Dent et al., 2007, Cheoun et al., 2011,

Mori and Kusakabe, 2019]

> Jv = (vBBN — v0)/vo = 1%

> on~dwp~1-—3%

Overlaps w/ CMB preference!
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Isotropic Cosmic Birefringence

If the axion has a coupling with the EM gauge field as

1 a -

—FF
3272 f, ’

the initial phase of axion breaks parity and rotate the linearly
polarized CMB [Harari and Sikivie, 1992]:

L. Fung, LL ,T. Liu, H. Luu, Y. Qiu, H. Tye 2102.11257 & 2105.01631 15 June 2021 12/15



Observational Limits: Atomic Clocks

d(év)/dt limit from atomic
clocks [Lange et al., 2021]:

1071
d(év)| _ d(dp) _ \ o
at |, dt |, -
(0.08 +0.36) x 1016 yr~? i
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21 — ! ; O(10718) yr~! precision is
56000 57000 58000 59000 .
Mocified Julian Date, MJD needed = future improvements of
—30 .
mg 22 x 10777 eV atomic (nuclear) clocks.

Discovery potential within 1-2 decades.
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Direct Detection: Molecular Spectral Lines

o e ' The richness of molecular spectra (electronic,
vibrational or rotational, etc.) helps break the
degeneracy of the line shift caused by the Higgs VEV
variation dv and the redshift z [Safronova et al., 2018]:
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Summary
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» A higher Higgs VEV when z 2> 1100:
» Earlier recombination, larger Hy.
» Compatible with BBN (and "Li)!
» An axionic solution:
» Alleviate tension in og/Ss, even with more DM.

» Naturally explaining the non-zero ICB.
» Great accessibility by different observations.
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