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Hubble constant in the axi-Higgs universe
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The A-cold-dark-matter (ACDM) model provides an excellent fit to the cosmic microwave background
(CMB) data. However, a statistically significant tension emerges when its determination of the Hubble con-
stant Hy is compared to the local distance-redshift measurements. The axi-Higgs model, which couples an
ultralight axion to the Higgs field, offers a specific variation of the ACDM model. It relaxes the H, tension
as well as explains the "Li puzzle in big bang nucleosynthesis, the clustering Sg tension with the weak-lensing
(WL) data, and the observed isotropic cosmic birefringence in CMB. In this Letter, we demonstrate how the
H, and Sg tensions can be relaxed simultaneously, by correlating the axion impacts on the early and late
universe. In a benchmark scenario (m = 2 x 1073° eV) selected for upcoming experimental tests, the analysis
combining the CMB+BAO (baryon acoustic oscillation)+WL+SN data yields Hy = 69.9 &+ 1.5 km/s/Mpc and
Sg = 0.8045 £ 0.0096. Combining this [excluding the SN (supernovae) part] with the local distance-redshift
measurements yields Hy = 72.42 £ 0.76 km/s/Mpc, while Sy is slightly more suppressed.
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Introduction. One of the greatest successes in cosmology is
the precise measurements of cosmic microwave background
(CMB) which support the inflationary-universe paradigm
combined with the A-cold-dark-matter (ACDM) model.
However, as data improve, a significant discrepancy emerges
between its Hubble constant Hy = 67.36 & 0.54 km/s/Mpc
determined by Planck 2018 (P18) [1], and Hy = 73.3 £ 0.8
km/s/Mpc obtained from the local distance-redshift (DR)
measurements (see Ref. [2] and also Refs. [3,4] and refer-
ences therein). At the same time, the ACDM /P18 data fitting
gives the clustering Sg = 0.832 + 0.013 [1], while the recent
weak-lensing (WL) data of KiDS-1000 and DES yield Sg =
0.76610:02 [5] and 0.77375:9%6 [6], respectively.

The axi-Higgs model recently proposed [7] suggests a
potential solution to the Hj tension by coupling ultralight
axions to the Higgs field. This model can further explain the
"Li puzzle in big bang nucleosynthesis (BBN) [by shifting
the Higgs vacuum expectation value (VEV) [8-18]], as well
as the CMB Ss tension with the WL data and the observed
isotropic cosmic birefringence (ICB) in CMB [19]. In this
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Letter, we will demonstrate how this model resolves the H
and Sg tensions simultaneously, by correlating axion impacts
in the early and late universe.

Keeping all parameters in the standard model of particle
physics unchanged, the axi-Higgs model with a single ax-
ionlike particle a and the electroweak Higgs doublet ¢ is
given by

Via,¢.¢") = m’a*/2 + [mF (a) — k"¢

2
’

ey
@

where the axion mass m is ~10730-10"2° eV [7]; m, and «
are fixed by the Higgs VEV today vy = 246 GeV and the
Higgs mass my = 125 GeV; dv = Av/vyg = (v — vg)/vg is
the fractional shift of v from vo; Mp; = 2.4 x 10!8 GeV is the
reduced Planck mass.

The perfect square form of V (a, ¢, ¢™) here is crucial. It
suppresses the impact of the Higgs evolution, such that the
axion evolves as if it is free [7]. In this context, the axion
(1) lifts v (and hence electron mass m, [20]) in the early
universe (while keeping the Higgs energy density unshifted
[7]) and relaxes it to today’s value in the late universe, (2)
contributes to dark matter (DM) density in the later universe
and impacts the comoving diameter distance, (3) explains the
ICB data with its Chern-Simons coupling to photons, (4) with
its superlong de Broglie wavelength, dampens the clustering
amplitude, and (5) provides observable tests via atomic clock
and quasar spectral measurements.

Concretely, the axion field stays in a misaligned initial state
aipi until the Hubble parameter H (z) drops to ~m. Then a rolls
down along the potential, and deposits its vacuum energy into
DM. This occurs at the redshift z, ~ 1000-100, and deter-
mines today’s relic abundance w,. Since zggn ~ 10° at BBN

F(a) = (14 68v)* = 1 + Ca* /M3,
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TABLE I. Marginalized parameter values in the ACDM model and the axi-Higgs model with Ny is the number of observables and Ny is
the number of model parameters. The upper bounds of w, are shown at 95% confidence level.

ACDM Axi-Higgs ACDM Axi-Higgs
(CMB+BAO+WL+SN) (CMB+BAO+WL+DR)

p 0.02251 +0.00013 0.02272 +0.00020 0.02267 £0.00013 0.02299 +0.00014
e 0.11801 0.00081 0.1205+0.0019 0.11657 £0.00077 0.1228 +0.0014
Hy 68.24 £0.36 69.9+1.5 68.96 £0.34 72.42£0.76
Vini/ Vo 1 1.0123 £ 0.0086 1 1.0254 £ 0.0050
1000w, 0 <1.25 (95%) 0 <1.32 (95%)
Wa 0.3244 +0.0056 0.3454+0.020 0.3356 +0.0053 0.377+0.010
Wiy 0.14116 +0.00078 0.1444 £ 0.0022 0.13988 +0.00075 0.1470 £0.0017
S 0.8084 +0.0093 0.8045 £ 0.0096 0.7902 £+ 0.0088 0.7970 £ 0.0088
1006, 1.04129 4 0.00029 1.04115 £ 0.00030 1.04154 £ 0.00028 1.04107 £ 0.00030
Ny —Nx 19-3 19-5 21-3 21-5

while z, ~ 1100 at recombination, aj; yields dvi,; = Svggn =
8V throughout the BBN-recombination epoch. Replacing
the coefficient C and ajp; by Svip; and w, (C == 0.128vipi/w,),
we have five parameters to determine: the baryon density
wp, the DM density w, (excluding the w, contribution), h =
Hy /100 km/s/Mpc, 8viyi, and w,, with

h2:Zwi:a)b+a)a+wa+w,\. 3)

Considering that the share of w, is tiny and its effects
on standard cosmological parameters are typically of percent
level, we will apply a leading-order perturbative approach
(LPA) [7] in this study. While it is well known that establish-
ing a (semi)analytical relation between the Hubble constant
and model parameters would be important for revealing the
underlying mechanism to address the Hubble tension (see,
e.g., Refs. [21,22]), a systematic method for achieving this
goal has been missing. The LPA strongly responds to this
need, allowing us to clearly see how a cosmological model
such as “axi-Higgs” interplays with the observation data, with
relatively small computational effort.

The effects of varying the other cosmological parameters
are subleading. So we simply fix them to the default/best-
fit values of ACDM/P18 [1]. These parameters include the
density w, for two massless neutrinos and one light one
(m, = 0.06 eV), A; = 2.10055 x 10~ and n; = 0.966 05 of
the initial curvature spectrum, and the reionization optical
depth 7, = 0.054 31. Notably, for m ~ 107391072 eV, the
axion perturbations affect the low-/ plateau of the CMB spec-
tra with a level below that of cosmic variance [23-26], while
their effects in the high-/ region which are characterized by
a sub-Jeans scale are essentially suppressed. The axion per-
turbations thus can be safely neglected in the LPA analysis
here. Note that this feature is not shared by the model of
early dark energy (EDE) [27,28], where the favored axion is
relatively heavy (m ~ 10727 eV; see, e.g., Refs. [28-30]) and
its perturbation effects hence may not be negligible [31] (see
Supplemental Material Sec. C for details [32]).

We summarize the main analysis results in Table I with
m=2x 1073 eV as an axi-Higgs benchmark. Combining
the CMB+BAO (baryon acoustic oscillation)+WL+SN (su-
pernovae) data yields Hy = 69.9 + 1.5 km/s/Mpc and Sg =

0.8045 £ 0.0096. Especially, dvin = 1.23% agrees well with
duvgpn = 1.2% required to solve the TLi puzzle [7]. The
DR data further upshift Hy to 72.42 £ 0.76 km/s/Mpc with
8Vini = 2.54%, which is higher than needed by BBN. This ten-
sion however can be solved by introducing a second axion [7],
conveniently the one (m ~ 10722 eV) for fuzzy DM [33-35].
The LPA analysis. We separate the LPA analysis into
the following steps: (1) Determine the set of parameters
X characterizing the relevant model (X = {wp; @¢; h; Vini; @4}
for the axi-Higgs model) and a collection of compressed
observables Y representing the data, where Ny > Nx; (2)
define a reference point (here we choose the best fit in the
ACDM/P18 scenario [1] as the reference point, i.e., X =
{0.02238;0.1201; 0.6732; vg; 0}), with the observable refer-
ence values Y = Y(Xet); (3) derive variation equations of
these observables with respect to X at the reference point,

Y =dInY = Y|b8a);, + Y dw. + Y|h8/’l =+ Y‘vim(Svini + Y0,

“
where Yy =0dInY/dInX, with an exception of Y, =
dInY/dw,, and their values are calculated either analytically
from their definition or numerically using public Boltzmann
codes; and (4) apply a likelihood method to these variation
equations, to find out the parameter values favored by the data.

The likelihood function is defined as

1 Ty—1
_E(YO_Yt) b (YO—Y;)], (5

1
Jamz P [

with Y, = Yier(1 +8Y). Here, the subscripts “o” and “t”
represent the observation values and model predictions, re-
spectively. X is the covariance matrix, given by X;; = p;;0,0;,
where p;; measures the observable correlation with p;; = pj;
and p; = 1, and o; is observation variance. The numerical
Markov chain Monte Carlo (MCMC) sampler COBAYA [36]
is used to sample the likelihood function for our analysis.

To represent the CMB data, we consider the sound horizon
at recombination /,, the Hubble horizon at matter-radiation
equality oy, the damping scale at recombination /p and Sy. I,
determines the position of the first acoustic peak and also the
peak spacings. lq sets up the threshold for radiation to domi-
nantly drive gravitational potential, while /;, is the scale below
which fluctuations are suppressed by photon-baryon coupling
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TABLEII. Representative Yy values in the axi-Higgs model. The
ACDM(+m,) model shares the values of Y}, ¢ ,(+Y},,)-

X

Y wp W, h Vini [OR

lq 0.0550 —0.1203 —0.1934 0.6837 —2.6364
leg 0.0942 0.5082 —0.1934 0.0154 —2.6376
Ip 02459 —0.0962 —0.1934 0.4553 —2.6315
St —0.1398 0.8484 —0.2619 0.0788 — 16.082
a1 (0.698) 0.1466 0.0969 —0.7175 —0.9852
«;(0.698) 0.1256 —0.0160 —0.4483 0.6162 — 1.9252
ay(0.845) 0.1354 0.0370 —0.5747 — 1.4838
S — 0.1007 1.0578 —0.7658 0.0788 — 14.337
mg(1.36) —0.0018 — 0.0099 0.0237 0 —0.0829

and multipole anisotropic stress. Phenomenologically, /.4 and
Ip determine the relative peak heights while [, also deter-
mines the modulation between the even and odd peaks. As
pointed out in Refs. [37-39], the CMB temperature spectrum
C/T can be effectively characterized by these scale parame-
ters. The CMB polarization spectrum CEE and cross spectrum
CEE measure similar acoustic features [1] and can couple to
these scales also. As for S; = 03921'25 [40], it encodes the
CMB lensing spectrum Cg"b and reflects the CMB constraints
on matter fluctuation. Moreover, we include the BAO scale
parameters in the direction transverse [o (Zefr)] and parallel
[or (zer)] to the line of sight, respectively, and the isotropic
BAO scale parameter [y (Zer )], the galaxy-clustering ampli-
tude (Sg) from WL, and the supernova luminosity [mp(Zefr)]
(or the local DR measurements). Conveniently, we denote
Yome = {la; leqs Ip, Si}, YBao = {os (Zesr), o) (Zefr ), @y (Zeir )}
Ywr = {Sg}, Ysn = {mp(zerr)}, and Ypr = {Hp}. The data
respectively applied to them include the following:

(1) CMB: P18 (TT,TE,EE + lowE + lensing) data [1];

(2) BAO: low-z surveys 6dF [41], MGS [42], and high-z
eBOSS ELG [43] for ay; high-z eBOSS LRG [44], Quasar
[45], Lyman-« [46] for o, oy ;

(3) WL: DES Y1 [6] and KiDs-1000 [5];

(4) SN: Binned Pantheon samples [47];

(5) DR: SHOES-19 [48], HOLiCOW [49], MCP [50],
CCHP [51], SBF [52], and MIRAS [53].

Combining these data yields a block-diagonal covariance
matrix: ¥ = diag{Xcmp, a0, ZwL> LSN/DR}-

The Y|x values are presented in Table II (see Supplemental
Material Secs. A and B [32] for a full list of Y and X, and
Yx, respectively). The relevant variation equations then can
be read out directly, using these Y|x values as the inputs of
Eq. (4). For example, we have

8log = 0.09428w), + 0.50828, — 0.19345h
+0.01548viy; — 2.6376w, (©6)

for Y = lq. Since [oq has been precisely measured, a shift in
h has to be compensated for by shifts in the other quantities,
to keep 8l.q = 0. Separately, with Sg, <« 0, lowering Sg needs
only a small w,.

We first test the LPA validation with Ycyg in the ACDM
model. As shown in Fig. 1, the LPA exceptionally reproduces
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FIG. 1. Comparison of the marginalized contours and posterior
distributions of ACDM between the LPA and the P18’s [1] analyses.

the marginalized contours of wj, w., and Hy and their poste-
rior distributions obtained by P18 [1]. Numerically, the LPA
results (Xppa) only differ from the marginalized ACDM /P18
ones (Xpjg) slightly, for both central values and their un-
certainties (see Table III). The LPA is equally successful
while being applied to the ACDM + m, model [54,55], where
Svini = ém,. This provides an even more crucial test on the
LPA validity as this model is characterized by its own pa-
rameters. The LPA validity is then expected for the axi-Higgs
model (see Supplemental Material Sec. D [32] for details): In
terms of cosmological phenomenology, the axi-Higgs model
differs from ACDM + m, mainly in the impacts on the
comoving distance to last scattering. Note, for other cosmo-
logical models, the LPA validity needs to be further tested.

Hy and Sg in the axi-Higgs universe. Despite the sharing
of m, as a free parameter in the recombination epoch, the
axi-Higgs model is essentially different from ACDM + m,,
due to the impacts of the time-varying axion field. According
to Refs. [54,56], an upward shift of m, will reduce the cross
section of Thomson scattering (oam, ) and modify various
atomic processes crucial to recombination. It thus increases
z+ and decreases the comoving sound horizon and damping
scale at z,.. The axion evolution here causes a positive shift to
v or m, at z > z, and then brings it back later to today’s value
[7]. In contrast, such a mechanism is lacking for ACDM + m,
[54,56]. Moreover, the axion at z < z, tends to reduce the
comoving diameter distance, because of its contribution to
H (z). This provides extra flexibility to resolve the impacts of
varying Hy on the CMB scale parameters. As to be shown
below, a combination of these effects raises Hy to a value
higher than what the ACDM + m, model allows, without
breaking our knowledge on today’s electron.

Let us start with the Hubble flow of axi-Higgs,

H(z) = 100 km/s/Mpc[w,(1 + 2)* + (0, + wp)
X (142)° + g(2)wq + wal?, )
where w, is the radiation density, and

(1+2z)%,

2K 2q < Zx,
w= {15 ®

> Zq-

L022059-3
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TABLE III. Test of the LPA validity in the ACDM model.

X wp w, h S
Xpig [1] 0.02237 £ 0.00015 0.1200 £ 0.0012 0.6736 £+ 0.0054 0.832 +0.013
Xipa 0.02237 £ 0.00014 0.1200 £ 0.0011 0.6735 £ 0.0050 0.832 £ 0.013

The evolution of §H(z) = [H(z) — Hyer(2)]/Hrer(z) and its
derivatives with respect to w4 then can be derived from
this formula. We show both of them in Fig. 2 using the
best fit of ACDM/P18 as the reference scenario as before.
According to this figure, H(z) deviates from its ACDM pre-
diction since z > zeq, Which is sequentially taken over by
¢, g, and w,. The evolution of H(z), can be separated
into three stages. In the early time, the axion is dark energy
(DE)-like. H(z)|, evolves as 1/w,(142)* for z>z¢q and
x1/(wp + w:)(1+ z)? after that. So its value is suppressed
at high redshift. This lasts until the axion becomes DM-like
at z ~ z,. H(z)|, then evolves roughly as a constant oc1/w,,
during z ~ 100 — 1, with a wiggling feature developed for
its curve due to axion oscillation. In the A-dominant epoch
(z < 1), H(z)), drops quickly as z goes to zero, as H(z)),
(1 4+ z)*/wx. Such an evolution pattern of H (z)|,, particularly
its big value after recombination, results in a universal neg-
ative dependence of the CMB and BAO scale parameters on
w, (see Table II and Supplemental Material Sec. B [32] for
details). Consider loq o< H(zeq)Ds as an example. H (zeq) is
determined by the early-time cosmology and hence less in-
fluenced by w,, while the diameter distance D, = OZ * Hdé,) is
closely related to cosmic evolution after recombination, varied
2o —H(Z)j,w,dz . .
as ~ |0 —er with respect to w,. So we necessarily
have leq, < 0 (as a comparison, we have loq,c > 0). Note, both
H (zeq) and D, and hence /.4 are insensitive to §viy;.

In ACDM, an H, value from local DR measurements is
highly disfavored by the CMB data due to its correlation with
wp and .. The Friedman equation for today’s universe [see
Eq. (3)] indicates that, as & increases, w; tends to increase
faster. Being out of phase between these variations breaks
the variation equations of the CMB/BAO scale parameters
defined by Table II. However, the situation gets changed in

101 L
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FIG. 2. Evolution of H(z)jpcqa and H(z) in the axi-Higgs
benchmark, with the CMB+BAO+WL+SN data. z., denotes the
redshift at the moment of matter-radiation equality.

the axi-Higgs model. Among these scale parameters, varying
h tends to have the largest impact on o via dw,.. This impact
is largely canceled by the w, contribution. As discussed above
[also see Eq. (6)], 8/cq has an opposite dependence on dw, and
w,. As for the impacts brought in by the requested w, on the
other scale parameters, they will be absorbed by a positive
dvini which also compensates for the impacts of shifting 4.
Except leq, these parameters demonstrate a positive and com-
parable dependence on §vjy,;, due to the universal impacts of v
on the sound horizon at recombination and the end of baryon
drag. The interplay of these parameters finally mitigates the
Hj tension. Notably, although the effect of varying m, in the
ACDM + m, model can be encoded as that of dv;,; here,
the absence of w, worsens the fitting of /q and hence limits
the allowed values for / greatly.

We demonstrate the axi-Higgs posterior distributions
for the benchmark of m =2 x 107 eV in Fig. 3 (see
Supplemental Material Sec. E for the impacts of the axion
mass on data fitting, and Sec. F for an overall picture on the
axi-Higgs cosmology [32]). Compared to the ACDM/CMB
[1] and ACDM + m,/CMB + BAO [55] analyses, the
axi-Higgs/CMB + BAO + WL 4 SN scenario yields a
higher Hy value, accompanied by a downward shift of Sg (due

ACDM/CMB
/AT BN ACDM-+m,/CMB+BAO
R B i Higes/CMB+BAO+WL+SN
- @ Ty B oxi-Higes/CMB+BAO-+WL+DR
0.116 y
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5 0
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FIG. 3. Posterior distributions of the model parameters in the
axi-Higgs benchmark scenario. The shaded olive and gray bands
represent the local DR measurement of H,, from the latest SHOES-20
[57] and the weak-lensing measurement of Sy from KiDS-1000 [5],
respectively.

L022059-4



HUBBLE CONSTANT IN THE AXI-HIGGS UNIVERSE

PHYSICAL REVIEW RESEARCH 5, L022059 (2023)

to S« < 0 and w, > 0). The blue solid contours overlap
with the intersection of the shaded olive and gray bands in the
Hy-Sg panel. The Hj and Sg tensions are thus simultaneously
reduced.

Summary and remarks. As a low-energy effective theory
motivated by string theory, the axi-Higgs model broadly im-
pacts our understanding of the universe [7]. In this Letter, we
have demonstrated how the Hj and Sg tensions get simultane-
ously relaxed in this model, by correlating the axion impacts
on the early and late universe.

In the early universe (z > z,), this axion field behaves as
DE. Its main impact is to drive a positive shift in the Higgs
VEV. In the late universe (z < z,), this axion field behaves as
DM. Its main impacts are to (1) increase the H (z) value during
this epoch and hence reduce the comoving diameter distance
at z, and Zz.f, (2) suppress the formation of the structure at a
galactic clustering scale and even above, and (3) shift the v (or

m,) value in the early universe to today’s value vy. Combining
the axion impact at z > z, and item (1) mitigates the Hubble
tension, further including item (2) relaxes the Sg tension, and
finally including item (3) restores our observation on today’s
electron.

To conclude, we stress that a full test of this model is
at hand, due to the oncoming Atomic Clock and the quasar
spectral measurements with the data expected to be collected
by, e.g., the Thirty Meter Telescope [58] and James Webb
Space Telescope [59]. More details on this can be found in
Ref. [7].
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