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ABSTRACT: Axion couplings to photons could induce photon-axion conversion in the pres-
ence of magnetic fields in the Universe. This conversion could impact various cosmic
distance measurements, such as luminosity distances to type la supernovae and angular
distances to galaxy clusters, in different ways. In this paper we consider different com-
binations of the most up-to-date distance measurements to constrain the axion-photon
coupling. Employing the conservative cell magnetic field model for the magnetic fields in
the intergalactic medium (IGM) and ignoring the conversion in the intracluster medium
(ICM), we find the upper bounds on axion-photon couplings to be around 5x 107! (nG/B)
v/Mpc/s GeV~! for axion masses m, below 10713 eV, where B is the strength of the IGM
magnetic field, and s is the comoving size of the magnetic domains. When including the
conversion in the ICM, the upper bound is lowered and could reach 5 x 107 GeV~! for
mge < 5 x 10712 eV. While this stronger bound depends on the ICM modeling, it is inde-
pendent of the strength of the IGM magnetic field, for which there is no direct evidence
yet. These constraints could be placed on firmer footing with an enhanced understanding
and control of the astrophysical uncertainties associated with the IGM and ICM. All the
bounds are determined by the shape of the Hubble rate as a function of redshift recon-
structable from various distance measurements, and insensitive to today’s Hubble rate, of
which there is a tension between early and late cosmological measurements. As an ap-
pendix, we discuss the model building challenges of the use of photon-axion conversion to
make type Ia supernovae brighter to alleviate the Hubble problem/crisis.

KEYwORDS: Cosmology of Theories beyond the SM, Beyond Standard Model

ARX1v EPRINT: 2011.05993

OPEN AccCESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP02(2022)103


mailto:manuel_buen-abad@brown.edu
mailto:jiji_fan@brown.edu
mailto:chensun@mail.tau.ac.il
https://arxiv.org/abs/2011.05993
https://doi.org/10.1007/JHEP02(2022)103

Contents

1 Introduction 1
2 Axion-photon conversion 3
2.1 Basic formulas 3
2.2 Intergalactic medium propagation )
2.3 Intracluster medium propagation 6
2.4 Effects on distance observables 8
2.4.1 Luminosity distances and distance moduli 8

2.4.2 Angular diameter distances of galaxy clusters 10

3 Data and methodology 11
3.1 Datasets 12
3.1.1 Pantheon 12

3.1.2 Cluster angular diameter distances 13

3.1.3 BAO 13

3.1.4 SHOES 14

3.1.5 TDCOSMO 14

3.1.6 Planck 15

3.2 Methodology 15

4 Results 16
5 Conclusions 20
A Brightening Supernovae with axions and the Hubble crisis 22

1 Introduction

Axions, as periodic scalar fields, arise ubiquitously in both low-energy phenomenological
models [1-8] and quantum gravity theories [9]. They serve as an important benchmark
of feebly-coupled light particles beyond the Standard Model (SM). In particular, one of
the most active experimental and observational targets is the coupling of an axion, a, to
photons, which takes the form

La'y = —gcz%aF;WF“V = GJavyy akE - B, (11)

where F* is the electromagnetic field strength, F* = %e”” P9 F s is its dual field strength,
and E and B are the electric and magnetic fields. The axion-photon coupling coefficient



Jay~ has mass dimension —1 and is inversely proportional to a high energy scale. Various
introductions to axion physics basics can be found in [10-13].

On the other hand, the past 20 years have seen an increased interest and corresponding
progress in the efforts to measure various cosmic distances to chart out the expansion his-
tory of our Universe. One outstanding example is the measurements of luminosity distances
(LD), Dy, to Type Ia supernovae (SNIa). SNIa are used as “standard candles” in the Uni-
verse given their very similar peak brightnesses. A large number of SN surveys have brought
about the Pantheon dataset, which is the largest and most accurate SNIa compilation at
present [14]. It consists of a total of 1048 SNIa in the redshift range of 0.01 < z < 2.3,
which can be used to constrain Dy, as a function of redshift z. Since Dy, (z) is determined
by the Hubble expansion rate H(z), the Pantheon sample could consequently determine
the shape of H(z), at late times. Type la supernovae samples are also a crucial input for
late-time measurement of today’s expansion rate Hp, SHOES [15, 16], which is seriously
at odds with the early time determination using the CMB data collected by the Planck
satellite [17]. This is dubbed the “Hubble problem” or “Hubble crisis” (see [18, 19] and ref-
erences therein). In addition to LD measurements, there have been several kinds of precise
measurements of angular diameter distance (ADD), which is defined as D4 = d/6 for an
astrophysical object of physical size d and angular size . Two examples we will use in this
paper are from Baryonic Acoustic Oscillations (BAO) [20-22] and galaxy clusters [23, 24].

These two seemingly unrelated subjects (axions and their couplings to photons in
particle physics on the one hand, and cosmic distances in cosmology on the other) have
an intriguing connection. The coupling of axions to photons in eq. (1.1) suggests that
in the presence of an external magnetic field photons could convert into axions, and vice
versa. Indeed, since there could exist non-negligible magnetic fields in the intergalactic
medium (IGM) and/or in the intracluster medium (ICM), the propagation of photons
from astrophysical sources could be affected by their conversion into light axions in certain
regions of the axion parameter space. This in turn could affect the inference of various
distance observables. Take SNIa for example. Assuming the standard model of cosmology,
ACDM, photons in the optical band converting into axions could result in a significant
dimming of SNIa at higher z’s, while SNIa at lower z’s are less affected or not affected at all.
An effective luminosity distance Dy (z) which takes into account photon-axion conversion
could then be constrained by the Pantheon sample, which is consistent with the prediction
of pure ACDM. Other distance observables may be modified by photon-axion conversion as
well, albeit in different ways. One such example is the angular diameter distance D 4(z) to
galaxy clusters. In summary, conversion of photons into axions is effectively equivalent to
a departure of the Hubble diagram, H(z), from that of ACDM at late times, which could
be constrained by various combinations of cosmic distance measurements.

In this work, we consider different combinations of cosmic distance measurements and
carry out statistical analyses to map out the allowed parameter space in the plane of the
axion’s mass and coupling to photons, m, and g,y respectively. Analyses using cosmic
distance measurements have been performed before, e.g., in refs. [25-27] with an older and
smaller dataset of SNIa. In addition to including more and updated datasets, our analyses
differ from previous ones in the choice of observables. Earlier works usually interpret



the constraints as arising from violations of the “Etherington relation” [28], the distance
duality relation between Dy and Da: Dp(z) = (1 + 2)2D(2). In other words, the chosen
observable is the ratio Dy /D 4. It is then (implicitly) assumed that the violation due to
photon-axion conversion could be parametrized by a single parameter, e.g., € such that
Dy, = Da(1 + 2)**¢. As we will discuss in detail, depending on the datasets involved, Dy,
and D 4 could be affected by photon-axion conversion in very different ways and the photon-
axion conversion may not be encoded in a single function of z or a single parameter. Instead,
we simply choose the observables to be those quantities directly measured or inferred in
each dataset, such as the apparent magnitude of SNIa, the ADDs to galaxy clusters, and
the characteristic angular scale of the matter two-point correlation function for BAO; and
build corresponding likelihood functions.

The paper is organized as follows: in section 2, we discuss the basic formalism of
axion-photon conversion in the IGM or the ICM. We also explain how Dy and Dj4 could
be affected by the conversion. In section 3, we describe the datasets included in our
analyses and the statistical method we use. In section 4, we present and discuss the results
as constraints on the axion parameter space. We conclude in section 5. Throughout the
paper, we assume that there is negligible axion production at SNIa and that, consequently,
the effect of photon-axion conversion in IGM is to dim the SNs. In appendix A, we will
entertain the readers with the possibility of resonant axion production at SNIa, which might
open up the possibility of brightening SNIa through IGM conversion. We will explain the
related model building challenges and why this could not work as a solution to the current
Hubble problem/crisis.

2 Axion-photon conversion

In this section, we will first review the basic formulas that describe photon-axion conversion
in a magnetic field. We will then discuss the models of the two media, IGM and ICM, in
which the conversion takes place. Lastly, we will discuss how various cosmic distances, Dy,
to SNIa and D4 to galaxy clusters, could be affected by the conversion in different ways.

Throughout the rest of this paper we will make frequent reference to the parameters
that describe axion-photon conversion in a flat ACDM cosmological setting. As a short-
hand, we denote these parameters as @ = {Q, Hy, Mg, gayy } and © = OU{M, r&r28}; where
Q, is the fraction of today’s energy density in the cosmological constant, H is the Hubble
parameter, m, is the axion mass, gy, is the axion-photon coupling, M is the absolute
magnitude of the SNIa standard candles, and &% is the comoving sound horizon size at
the time of baryon drag.

2.1 Basic formulas

In the presence of external magnetic fields, the operator in eq. (1.1) implies that the
propagation eigenstates of the photon-axion system are mixtures of axion and photon
states. As a result, there is a non-zero probability Py that a photon oscillates and converts
into an axion while traveling through the magnetic field, effectively resulting in photon
number violation. When birefringence and Faraday rotation effects are small, as is the



case with propagation in the IGM [29], the axion mixes only with the photon polarization
parallel to the component of the magnetic field By, which is transversal to the direction
of motion. In the simple case of photons with energy w propagating in a constant and
homogeneous magnetic field with B = |Bp|, the axion-photon conversion probability is
given by the well-known formula [30-33]:

2A.)2 5 [k
Py = (k;) sin (;) , (2.1)

where x is the distance traveled by the photon, and

k= \/(QAa7)2 + (Aa - Aw)z y (2.2)
B m?2 m?
Angwf;, AQEQ—:, AWEQTZ’ (2.3)
in which mgy = 47:7‘;:6 is the effective photon mass squared in the presence of an ionized

plasma with an electron number density ne.'

The photons associated with typical observables travel through various environments,
such as the IGM or the ICM, traversing a large number of magnetic domains. In order to
quantitatively describe this phenomenon, some simplifying assumptions are made about
the configuration of the magnetic fields in these environments and about the path traveled
by the photons. We adopt the simple cell magnetic field model, first introduced in [33] and
further developed in [25, 36]. In this model the magnetic field is assumed to be split into
domains (cells) in which it can be taken to be homogeneous. The photon path, extending
from a source at some distance y to the observer, is assumed to cross a large number N of
these magnetic domains. Each ¢-th domain has a physical size L; and a randomly oriented
magnetic field of strength B; [36], whose component perpendicular to the photon’s path
is the same in each domain. With these simplifications, the resulting net probability of
photon-axion conversion over many domains is then given by [25]

N
Po(y) = (1— A) (1 DIl ZP)) , (2.4)

=1

0
where A = % (1 + %‘é) depends on the ratio of the initial intensities of axions and photons
vy

coming from the source, denoted by I? and Ig respectively; and Fy; is the conversion
probability in the i-th magnetic domain, which can be obtained from eq. (2.1) for x = L;.

Since N is very large, eq. (2.4) can be rewritten as an integral. In order to do this,
we further assume that y is a distance that scales linearly with N, such that s = y/N
remains constant as N goes to infinity. For example, for IGM propagation the domains
are typically assumed to be evenly distributed in comoving space, which means that each

'Neutral atoms, dominated by hydrogen, also contribute to the effective photon mass [34, 35]. For
optical energies this contribution is negative but negligible, whereas for X-ray energies it is positive and
sizeable. However, since the ionization is very close to 1 at the low redshifts we are interested in, this effect
is subdominant when compared to the uncertainty in the value of n. itself in the IGM.



domain has comoving size s and the distance to the source is a comoving distance y = Ns.
Under these assumptions, we have

)
Po(y) = (1—A) [1—exp i/dy’ In (1 - ;Po(y’)> . (2.5)
0

The ratio of the observed photon flux and the emitted photon flux from the source is then
given by
P, =1-PF,,. (2.6)

2.2 Intergalactic medium propagation

We will consider the propagation of photons in different media. In this section, we focus
on the IGM first. The IGM, more precisely the space between large scale structures, could
be home to primordial magnetic fields, which serve as “seeds” for the observed magnetic
fields in astronomical sources of different sizes, from stars to galaxy clusters. They could
be generated during the preheating/reheating epochs immediately after inflation or during
cosmological phase transitions before the formation of CMB. Magnetic fields produced at
late times (at redshifts z < 10) from outflows of already formed galaxies could also reside
in IGM. For a review of the generation mechanisms of IGM magnetic fields, see [37].

At the moment, there is no direct evidence of the IGM magnetic field. Instead there
are observational upper and lower bounds on the amplitude of the magnetic field in IGM.
CMB anisotropies set upper limits about nG on the present value of primordial magnetic
field [38-41]. Other methods, such as the non-observation of Faraday rotation of the
polarization plane of radio emission from distant quasars, set a similar upper limit [37].2
On the other hand, the non-observation of very high energy ~-ray cascade emission sets a
lower bound on the magnetic field Bigy = 10719G for a coherent length above Mpc and
becomes more stringent at smaller coherent lengths. For recent reviews of the constraints,
see [37, 43, 44]. In our paper, we will adopt the cell magnetic field model in comoving
space for the IGM. More concretely, we take 1 nG as a convenient benchmark value for
the component of the comoving magnetic field perpendicular to the line of sight, as well
as comoving coherent length (sjgy) benchmarks of 0.1 Mpe, 1 Mpe, and 10 Mpc for
the domain sizes. The cell magnetic field model is a very simple approximation to the
structure of astrophysical magnetic fields. However, it has been shown to give the same
results for axion-photon conversion as other more refined methods (such as power spectrum
models) at high photon frequencies, while underestimating the conversion probability at
lower frequencies [25, 45, 46]. The cell magnetic field model thus leads to conservative
bounds on the axion parameter space. Finally, we caution the reader that the bounds we
derive on axion coupling from datasets that are sensitive to the photon propagation in IGM

2There is a slightly stronger upper bound on primordial magnetic field, which is ~ 0.3 — 0.5 nG from
ultra-faint dwarf galaxies [42]. It is based on a strong assumption that the primordial magnetic field follows
ideal magnetohydrodynamics. We will not adopt it in our paper. In [41], where the magnetic field is
assumed to be present at the onset of recombination, the amplitude is constrained by Planck 2015 to be
smaller than 0.83 nG.



should be understood as an upper bound on g, X 1?11%/1 for a fixed coherent length. We
leave the discussion on more general combinations of Bigy and sigwm to section 4.
Another important quantity of IGM that matters in our analysis is the electron density
ne, which determines the plasma photon mass. At low redshifts, most of the baryons
are in photoionized diffuse intergalactic gas (Lyman-« forest) and warm-hot intergalactic
matter [47]. Among these two structures, Lyman-a forest contributes 28 £11% of the total
mass (at z < 0.5) [47] but occupies 2 90% of the total volume [48]. The other structures,
including warm-hot intergalactic matter, are more condensed and take up a much smaller
volume. Thus, what matters more for the photon propagation is the Lyman-« forest.

The average electron density of Lyman-a forest is about 6.5 x 10~8cm™3

, assuming its
mass fraction to be the central value 28%. This, however, is not the entire story. Recent
simulations show that for diffuse gas, most of the volume is occupied by cosmic voids (large
under-dense patches) and sheets (two-dimensional structures of matter), which constitute
approximately ~ 30% and ~ 40% of the entire volume at z < 2 respectively [48]. Their
mass fractions are significantly smaller, however, 8% and 20% respectively [48]. Based on
this, the electron density of the sheet component of the Lyman-« forest is about half of
the average one over all components, 3 x 10~8cm™3; while the electron density of the void
component is about 1/4 of the average, 1.6 x 1078cm ™2 at z = 0. We will take these two
values as benchmarks of the plasma electron density in IGM in our analysis.

For photons traveling through the IGM, egs. (2.5) and (2.6) could be rewritten in terms
of z as

1 (1 - %PO(Z,; mmgav'y))
H(2';Q, Hp) ’

1]
Pwlg;M(z; 0)=A+(1—A)exp [s /dz' (2.7)
0

where H(2';Qn, Hy) = Ho\/Q + (1 — Q) (1 + 27)3 is the Hubble expansion rate in flat
ACDM; and Py(2'; ma, gayy) is the axion-photon conversion probability in eq. (2.1) with all
the relevant quantities appropriately rescaled by the redshift [25]: s = sigy is the comoving
IGM domain size; + = L = sigm/(1 + 2’) their physical size, Bigy — Bram(1l + 2)2
the component of the IGM magnetic field perpendicular to the line of sight, n.icm —
netem(1l + 2')? the IGM electron number density, and w — w(1 + 2’) the photon energy.
The benchmark values of Bigum, siam, and ne1gm are discussed and explained above.

2.3 Intracluster medium propagation

The angular diameter distances to galaxy clusters, as we will see in section 2.4, rely on
measurements of cluster X-ray brightness. The X-ray photons are produced throughout the
cluster via Bremsstrahlung and line-emission involving the ionized plasma composing the
ICM. These photons travel first through the ICM and then the IGM to reach the detector.

Faraday rotation measurements in long wavelengths have shown [49-52] that ICM has
magnetic fields with a strength of order O(uG). Therefore a fraction of the X-ray photons
could convert into axions. This possibility has been studied in the literature and yields
some of the strongest limits on couplings of very low mass axions to photons [53-57]. We
devote the rest of this section to the computation of the effect ICM propagation has on



X-rays photons as they leave the cluster. In order to perform this calculation, we need
prescriptions for the ICM’s electron number density n.jom and magnetic field Brou.
We model ne 1oy with the double-g profile [24, 58]

Ne oM () = neo | f (1 + :2> +(1—-f) <1 + Tg) ; (2.8)
cl

T'co

where n. o is the central density, rc1, 72 are the two core radii, f is the fractional contri-
bution from the inner core, and £ is the slope. Eq. (2.8) allows us to compute the photon
plasma mass m., necessary for the calculation of the axion-photon conversion probability
in eq. (2.1). The values of the parameters for the double-3 profiles of the clusters we use
in this work can be found in [24].

For the magnetic field we follow previous literature [51, 52, 57, 59] and assume the
magnetic field follows a power law on the number density:

ne(r) >77
B r)=DB ( , 2.9
1eM(r) = Bret e (oot (2.9)
where 7 is some reference radius from the cluster’s center, Bief is the magnetic field value
at that point, and n some power. We will take the two models of the ICM magnetic field
of the Perseus cluster found in [57] and the one for the magnetic field of the Coma cluster
in [51] as benchmarks for our analysis of the ICM effect:

Model A : rret = 0 kpc, Byt = 25 uG, n=0.7, (2.10)
Model B : rref = 25 kpc, Bt = 7.5 uG, n=0.5, (2.11)
Model C : rref = 0 kpc, Bret = 4.7 uG, n=0.5. (2.12)

At small radii in Model A, r < 10 kpc, the electron number density is underestimated and
spherical symmetry is unjustified. Therefore, we exclude the photon-axion conversion in
the region of r < 10 kpc, following the treatment in [57]. We take Licn = 6.08 kpc to be the
(uniform) size of the magnetic domains, which is the mean of the L =12 distribution between
3.5—10 kpc proposed in [57].> We take the virial radius of the cluster to be Ry;; = 1.8 Mpc,
that of the Perseus cluster.* In treating the orientation of the magnetic field, we assume
Biet to be the magnetic field value in the transverse direction, perpendicular to the photon’s
propagation direction. If we take the direction of the magnetic field to distribute uniformly

3We have also computed the line of sight-averaged survival probability by using random magnetic field
domain sizes instead, drawn from the truncated power law distribution. We take one realization for each
cluster, each realization in turn consisting of about ~ 500 domains. The corresponding constraint on gu-~
is similar to our main results with at most 10% variation. Another cross-check we have done is setting Licm
to be the lower or upper end of the truncated power law, 3.5 kpc and 10 kpc, respectively. This leads to a
change in the gq~, contour within 20% across the entire mass range. Note that we take a slightly different
approach for drawing the random domains for Model B compared to [57]. We do not account for the linear
growth of the coherence length of the domain size.

4We also performed our analysis with different Ryi’s for each cluster instead, using the parameters of
DM halo NFW profile listed in [24]. This made the analysis more computationally expensive, and yielded
identical results to those with fixed Ryi; = 1.8 Mpc.



between 0 and m, it is equivalent to substitute B2, with B2, <sim2 (B - R)> ~ BZ;/2, with
B the direction of the magnetic field and k that of the photon propogation. This will
make the bound on g4, derived from the ICM effect about a factor of V2 weaker. This is
verified numerically by assigning a random orientation in each domain.?

For X-rays originating at a radius r in the cluster, we can then approximate the ratio of

outgoing to initial X-ray photon flux after axion-photon conversion, following eq. (2.4), as:

N(r)
Py (1 1y Gary) = A+ (1— A) T (1 - zPo(ri)> , (2.13)
i=1
where N (r) = (Ryir — 7)/Licm is the number of domains with size Licy from origin point
r to the virial radius of the cluster Ryiy; Py(r;) is the axion-photon probability conversion
at the center 7; of the i-th domain, given by eq. (2.1); B = Bicm(r) according to the three
benchmarks in egs. (2.10)—(2.12); and ne = ne1om(r) according to eq. (2.8).

Finally we want to comment on the uncertainties associated with the ICM magnetic
fields. Recently, for example, just how coherent or turbulent these fields are has been the
subject of some concern, and the stringent bounds on the axion-photon coupling relying
on the ICM propagation in [57] has been questioned [60]. As we will discuss below in
more detail, we sidestep this issue by computing and comparing bounds based on various
settings that, either include ICM photon-axion conversion with one of the benchmarks in
egs. (2.10)—(2.12), or ignore the ICM conversion altogether.

2.4 Effects on distance observables

In the absence of a significant initial axion flux from the sources, non-negligible axion-
photon mixing results in dimming: the brightness of a distant source will be decreased by
a factor of P,,. Historically, this effect was used in an early attempt at explaining away
the cosmological constant [33]. While the cosmological constant has since been vindicated,
the observation (or lack thereof) of dimming of distant sources can be used to constrain
the axion parameter space.

In this section, we discuss the impact of dimming via axion-photon mixing on lumi-
nosity distances to type Ia SN and on angular diameter distances to galaxy clusters.

2.4.1 Luminosity distances and distance moduli

The flux F' from a source of luminosity L located at redshift z is given by:

L

F(z) = PW(Z)F%(Z) : (2.14)

where P, accounts for the possible non-conservation of photon flux between the observer
and the source, and the luminosity distance Dy, is:

Di(z) = (1+z)/dz’ H(lz,). (2.15)
0

5The code to implement the randomized magnetic field could be found here.


https://github.com/ChenSun-Phys/cosmo_axions

Flux measurements of distant sources such as SNIa, our primary concern in this section,
are usually expressed in terms of the source’s apparent magnitude m, which is conventionally
written as:

m(z) = M+ p(z)
u(z) = —5logy, ( F(z)/Fm) , (2.16)

where M (Fp) is the absolute magnitude (flux) of the source, defined at a distance of 10
pc from it; and p is called the distance modulus which, from eq. (2.14), can be rewritten as:

u(z) = 25 + 5logyy ( DE (2)/Mpe) (2.17)

where DS (2) = D (2)/,/Py(2) is the effective LD in the presence of axion-photon con-
version, and we have taken P,, to be 1 at a distance of 10 pc from the source.

Putting everything together and making explicit the dependence on the parameters 6
in our analysis, the effective apparent magnitude of the SNIa located at redshift z is

m(2;0, M) = M + 25 + 5logyq (D§(2;0) /Mpc) | (2.18)
D3(2;6) = Dp(2; 9, Ho)/\/ Pyy(2:6), (2.19)

with Dr,(z;Qp, Ho) given by eq. (2.15) and P, (z; 0) by eq. (2.7). We will take A in eq. (2.7)
to be 2/3 since the initial axion flux from SNIa is negligible [36]. Note that ref. [36] didn’t
consider the possibility of resonant production of axions at SNIa, which we will entertain
in appendix A and show that it doesn’t modify the conclusion.

Finally, we want to comment on the energy dependence of the photons. The photons
from the SNIa are in the optical band with w & 1 eV. If the source is observed in various
frequencies, its magnitude or flux will in general undergo spectral distortion (also called
chromaticity) as a result of the photon energy dependence of P,,, which can in principle
be used to further constrain the axion parameter space. In the parameter space we are
interested in, however, this distortion is negligible. This can be estimated by comparing
the oscillation probabilities for the B band (4.3 eV) and V band (3.4 eV) photons respec-
tively. The achromaticity requirement from data [61] could be translated into a constraint
of ‘Pf; — P%‘ < 0.03 [62]. For illustrative purposes let us assume that the photons trans-
verse N = 3000 magnetic domains and g,y = 10~ GeV~!. The probability difference
computed using eq. (2.5) and eq. (2.6) is presented in figure 1. One can see from the fig-
ure that even with this relatively large gqy, (Which is already excluded by SN1987a [63]),
the monochromaticity requirement only constrains m, in a tiny range around 10~ '4eV.
Therefore, we do not consider achromaticity in the SNIa observations from photon-axion
conversion further in our analysis.
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Figure 1. The achromaticity bound assuming 3000 random magnetic field domains and ggyy =

107 GeV.

2.4.2 Angular diameter distances of galaxy clusters

The angular diameter distance D4 (ADD) is defined as the ratio of an astrophysical object’s
physical size d to the arc 6 that it subtends in the sky. It can be shown to be equal to:

Da(z) = d ! /dz'
0

1
z

iR (2.20)

9:1—1—2

In general ADDs are unaffected by the axion-photon conversion since they do not rely
on brightness measurements of any kind. This is the case, for example, for observations that
measure the imprint of the comoving sound horizon on the galaxy two-point correlation
function, such as the BAO measurements. However, microwave and X-ray surveys can be
used to determine ADDs to galaxy clusters, which would then be impacted by axion-photon
conversion. Indeed, it has been shown in [64] that ADDs to galaxy clusters can be obtained
from measurements of the clusters’ X-ray surface brightness Sx, due to Bremsstrahlung and
line-emission resulting from ion-electron collisions in the ICM; combined with observations
of the brightness temperature decrement ATgy from CMB photons undergoing inverse
Compton scattering with the same ICM, the so-called Sunyaev-Zeldovich effect (SZE):°

ATE,

D4(z) x Sx(t ot

(2.21)

As we have seen in section 2.3, X-rays originate in the cluster’s ICM and are affected
by axion-photon conversion as they travel through the ICM magnetic fields. Eq. (2.13)
describes the ratio of outgoing to produced X-rays flux, for photons traveling radially

5Note that any prior photon-axion conversion effects in IGM, as the photons travel from the surface of last
scattering to the clusters, would leave the brightness temperature decrement ATsz unaffected. This is be-
cause this quantity is concerned with the relative brightness of the CMB photons that pass through clusters
compared to those that do not. However, the absolute value of CMB distortion effects due to photon-axion
conversion from the surface of last scattering can be used to constrain the axion parameter space, see [65, 66].
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outwards from their oirigin at a distance r from the cluster’s center. Since clusters are
extended objects in the sky, the change in the X-ray brightness Sx is not exactly described
by eq. (2.13), there being photons whose path from the interior to the exterior of the cluster
and from there to the observer is not radial. Nevertheless, we expect that a good proxy for
the exact ICM effect across the surface of the cluster is to weigh P, by the integrand sourc-
ing the brightness Sx and average over the line of sight. Indeed, Sx o [ d! ng,ICMAee [64],
where [ is the line-of-sight variable, and A, the cluster cooling rate, which scales like the
square root of the ICM temperature, ~ Te1 2. From [24], we see the ICM temperature is
approximately constant throughout most clusters, except for only a handful of them where
the temperature fluctuates at most by a factor of four with small angular variation, such
as RX J1347.5-1145, Abell 1835, Abell 2204, and Abell 1914. The resulting factor of two
change in A, leads to a percentage level change in the weighted average of P,,. Therefore,
we approximate the suppression on the X-ray brightness Sx due to the ICM effect with:

f dr nz,ICM (T)P’Y’Y(T; Mg, gaﬁw)
ICM _ Tini
<P7S (mmga’y’\/)) = Romr s (2.22)
AfA dr n? jom(r)

where the integral is taken from some initial radius ri,;. For the ICM magnetic field Model
A we follow [57] and take ri,; = 10 kpc, whereas for models B and C we take 7y = 0 kpc.
The suppression described in eq. (2.22) immediately implies that there is a fraction
1-— <P$SM> of the initial X-ray flux that has converted into axions. This means that the
ratio of axions to photons outside the cluster is given by:
Iglusters 1— <PWI§M>

= . 2.23
Islusters <P59M> ( )

clusters
Ia

This changes the value of Ax = % (1 + W) in eq. (2.7) that describes the subsequent
X-ray propagation in the IGM.

Following the scaling described in eq. (2.21), we can combine egs. (2.22) and (2.23)
with the formula in eq. (2.7), for photons of both CMB and X-ray energies propagating in
the IGM, in order to finally arrive at the effective ADDs to clusters:

PISM(2:0, wons)?
P’{’gM(z; 0’ WX, AX)<PngM(ma’ ga'y'y» ’

D (2:0) = Da(z; Q4 Ho) (2.24)

with D 4(z;Qx, Hp) given by the standard cosmology formula in eq. (2.20). Acyp = % is
used in the computation of the numerator in eq. (2.24) according to eq. (2.7), since the

ICM only affects photons of microwave energy in a negligible way.

3 Data and methodology

Having explained described the effects that axion-photon conversion has on various cosmo-
logical observables, we devote this section to describing the datasets and methodology we
have used for our model fits.
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3.1 Datasets

For our analysis we consider data from the following experiments, which we will combine
in different ways:

o Pantheon: the Pantheon dataset [14], consisting of apparent magnitude measure-
ments of 1048 SNIa;

o Clusters: a set of ADDs measurements for 38 galaxy clusters [24];

e« SHOES: measurements of the absolute magnitudes of 19 SNIa by the SHOES collab-
oration [15];

« TDCOSMO: the Hubble parameter as measured by the TDCOSMO collaboration
using strong lensing [67];

e BAO: the measurements of the imprint of baryon acoustic oscillations in galaxy
distributions [20-22];

e Planck: the value of the comoving sound horizon at the epoch of baryon drag, given
by the Planck collaboration’s observation of CMB anisotropies [17].

In the rest of this section, we will describe in more detail these datasets and provide
their corresponding likelihoods, some of which are inspired by MontePython [68, 69]. We
will then use these likelihoods to constrain the axion parameter space.

3.1.1 Pantheon

As we have seen in the previous section, axion-photon conversion impacts those cosmic
distance measurements that rely on the brightness of astrophysical sources. The observation
of the brightness of SNIa is one such kind of measurement. The Pantheon dataset is the
most up-to-date collection of apparent magnitude measurements for 1048 SNIa in the
redshift range of 0.01 < z < 2.3 [14]. The corresponding likelihood we use is given by

1048

—2In Lpay = Y ACHTA;, (3.1)
i,j=1

Ay = mP —m(z:0, M), (3.2)

where CT2" is the Pantheon inverse covariance matrix; mfan is the Pantheon measurements
for the apparent magnitudes of the SNIa located at redshift z; while m®®(z;; @, M) is the cor-
responding theory prediction given by eq. (2.18) in the axion-photon conversion model. We
take M as a free parameter in our MCMC runs and fit together with the model parameters.

For the SNIa in the Pantheon set, we will take the energy of their optical photons to
be w = 1 eV, the IGM magnetic field Bigy = 1 nG, the comoving size of the magnetic
fields sigm € {0.1,1,10} Mpc, and the IGM electron number density n.jom either 1.6 x
1078 em™3 or 3.0 x 107® cm™3. All benchmarks are in accordance with the discussion in

section 2.2.
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3.1.2 Cluster angular diameter distances

Measurements of angular diameter distances (ADDs) to galaxy clusters, inferred from SZE
and X-ray cluster data, are also sensitive to axion-photon conversion in a manner described
in section 2.4, and can therefore be used to constrain the axion parameter space. In our
present work we use the sample of 38 clusters from [24] as listed in their table 2, which
assumes spherically symmetric clusters in hydrostatic equilibrium.”

We then construct a likelihood for the ADD measurements from this dataset taking
into account the statistical and systematic uncertainties enumerated in table 3 of [24],

which we add in quadrature. The likelihood is given by:

> (DA1 - DY (= e>>2

(3.3)

—2In Ly :Z

cl
i=1 i

where DI (z;; 6) is given by eq. (2.24). The data in [24] provides not only the redshifts and
ADDs to these clusters but also the means and uncertainties of the nc o, f, 71,2, and 3
parameters for the double-g profile of eq. (2.8) describing the ICM electron number density
ne1cm. We have computed the impact of the uncertainties in these parameters on the line
of sight-averaged ICM survival probability of eq. (2.22). We found that these uncertainties
only lead to a variation below 4% on top of the result using the mean values. We therefore
ignore these subdominant effects, and restrict ourselves to the mean values provided by [24].

For the factors in eq. (2.24) related to IGM propagation we assume the same benchmark
quantities as for the SNIa Pantheon dataset. For the factors dealing with the ICM effect,
we use the three benchmark magnetic field models described in egs. (2.10)—(2.12). We take
the CMB photons to have energy woyp = 2.4 x 107% eV. We average the X-ray photon
energy in the band 0.7 — 7 keV using the measured temperature of each cluster [24], and
the resulting photon effective energy is around wx = 5 keV, which we use for our fits. In
light of the uncertainties in the axion-photon conversion for X-rays in the ICM discussed
in section 2.3, we also perform fits to the ADD data ignoring the ICM effect.

3.1.3 BAO

Galaxy surveys can determine the imprint of baryon acoustic oscillations on matter dis-
tribution and then ADDs at low redshifts. More concretely, they measure ratios of the
comoving sound horizon at the epoch of baryon drag rgrag to either the comoving angular
diameter distance Djys(z) = (1 + 2)D 4(z), the Hubble distance Dy (z) = z/H(z), or the
combined distance Dy (z) = (DM(z)QDH(z))l/?’.

We use the recent observations of 7% /Dy, at z = 0.106 by 6dFGS [20], of Dy, /rdra8 at
z = 0.15 by SDSS using the MGS galaxy sample [21], and of both Dj;/r3" and r&2& /Dy
at z = 0.38, 0.51, and 0.61 by BOSS, from the CMASS and LOWZ galaxy samples of

"The sphericity requirement is relaxed in the sample of 25 clusters studied in [23], where an elliptical
morphology is assumed instead. In it, however, the values of the ACDM cosmological parameters are fixed,
since they are highly degenerate with the shape parameters, whose determination is the main goal of the
paper. Since we are interested in fitting the cosmological parameters along with those of the axion-photon
system, we use the dataset in [24] instead. Note that [24] quantifies an error of 15% arising from the
sphericity assumption.
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SDSS-IIT DR12 [22]. We use the covariance matrix to take care of the correlation between
the three redshift bins from BOSS as the middle one completely overlaps with the other
two. There is no correlation between 6dFGS, MGS sample, and BOSS since BOSS only
contains data with z > 0.2.

Note that since none of these surveys rely on the brightness of sources, these mea-
surements are insensitive to axion-photon conversion effects, and therefore can be used
to constrain the cosmological parameters { Hyp, 25} of ACDM. Since these measurements
depend on 3¢ whenever we use these datasets we include 79"8 as an extra parameter to
our model.

Schematically, then, the BAO likelihood is given by:

—2InLpao = Y ACIACA;, (3.4)
1,J
A; = QA0 — QYN (2 Qn, Ho, r{™), (3.5)

CBAO

where is the inverse covariance matrix of the BAO measurements. Q?AO is the

drag

quantity being measured at redshift z;, and QACDM(zi; Qp, Ho, 7

) is the model’s predic-
tion, which depends only on the cosmological parameters {Hy, 2y, rg“ag} and is therefore

identical to that of ACDM.

3.1.4 SHOES

The SHOES collaboration used parallax to deduce the distances to standard candles such
as Cepheid variables in order to determine the absolute magnitude of 19 accompanying
SNIa [15]. We then construct the corresponding likelihood:
19 SHOES 2
M - M
—2In LgHoEs = Y (l STO0RS ) (3.6)
i

=1

Note that we are using the SHOES collaboration’s determination of the absolute magnitude
M and not their value for Hy, since this was determined under the assumption of photon
flux conservation, which is not true in the axion-photon conversion framework.

3.1.5 TDCOSMO

The Hubble parameter can be determined through strong lensing. A sample of 7
such lenses was used by the TDCOSMO collaboration to determine a value of Hy =
74.51%:? km sec™'Mpc™! [67]. We note that this measurement is independent of pho-
ton brightness and thus constrains Hy only, not the axion parameter space. The likelihood
we use is therefore:
D 2
—2InLyp = (HOJT;H‘)> , (3.7)

where for simplicity we take the symmetrized error TP = 5.85 km sec™! Mpc™ 1.
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3.1.6 Planck

The use of the BAO likelihood defined in eq. (3.4) requires the introduction of the co-
moving sound horizon at baryon drag 79" as an extra parameter in our model. There is
enough constraining power in the late-Universe data from Pantheon+SHOES+TDCOSMO
to determine the value of this parameter. However a different possibility is to use early-
Universe data from Planck’s observations of the CMB anisotropies [17], which yield
r?ragpbs = 147.09 £+ 0.26 for TT,TE,EE+low-E+lensing measurements. The likelihood
we use is then simply given by:

drag,P1 _ ,.drag 2
TS> (3.8)

TS
—2InLp = < Pl

In the next section we describe how we deal with the so-called Hubble crisis and the
discrepancies between SHOES, TDCOSMO, and Planck.

3.2 Methodology

We consider various combinations of the datasets described in section 3.1, as well as different
assumptions regarding the ICM and IGM, with the goal of deriving and comparing bounds
on the axion parameter space (Mg, gayy) in different cases:

e Farly vs. late: in light of the Hubble crisis and the disagreement regarding Hy and
rd7& hetween the SHOES collaboration on the one hand and the Planck collaboration

on the other [18, 19], we split our datasets into two subsets with likelihoods given by

Learly = Lpan - Le1 - LBAO - Lp1, (3.9)
Liate = Lpan - Le1 - LBAO - LsHoES - £TD » (3.10)

and we fit to each likelihood separately.

o with vs. without ICM propagation: given the debate surrounding the robustness of
bounds on axion-photon interactions obtained from ICM propagation effects [57, 60],
we perform fits both with and without this effect. For the analyses that include the
ICM effect, we assume three different models for the ICM magnetic field: A, B, and
C, given by egs. (2.10)—(2.12).

e IGM electron number density: we take two benchmarks for the IGM electron number
density: ne1 = 1.6 x 1078 cm—3 and Neo = 3.0 1078 em ™3, described in section 2.2.

o IGM magnetic domain sizes: we take three benchmarks for the coherent length of
the IGM magnetic domains: sigm € {0.1,1,10} Mpe, described in section 2.2.

We employ the likelihood-ratio test in order to find the 95% confidence level (C.L.)
one-sided upper limits on the axion parameter space, putting constraints on the axion’s
coupling to photons at fixed masses. We will describe the procedure below, following
ref. [70]. We first take the total likelihood Liot(©) from one of the options described in
the itemized cases above, based on either eq. (3.9) or eq. (3.10), for each of the ICM and
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IGM assumptions listed above. Lio(®) is a function of the combined set of cosmological
and axion parameters ® = {Hy, Qy, M, rf}rag , Mg, gay~ - We then scan over the parameter
space of & = {Hy, Qp, M, rdas, Jayv} to find the maximal likelihood at a fized axion mass
Mq, Maxe Liot(Ma) = Lmax(Ma). We allow gqq- to take imaginary values as well, in order
to cover the case with negative signal strength ggw < 0. We then follow the prescription
in ref. [70] to construct the test statistic in eq. (3.11). Instead of taking an evenly spaced
grid, we make use of the public MCMC code emcee [71] to speed up the maximization of
the likelihood. After that, at each point in the {mg, goy~} axion parameter space, we scan
over the set of cosmological parameters only o = {Hp, Qp, M, 3?8} to find maxs Liot =
Lmax(Ma, garyy). Then we compute the log-likelihood ratio,

AX%ot = _2ln[ﬁmax<ma7ga'y’y)/ﬁmax(ma)] . (3.11)

We then set AxZ, = 2.71 (the value for 95% C.L. one-sided upper limits with one degree
of freedom [70]) to find the 95% C.L. upper bound. The range of parameters we scan is:
0.6 < Qy < 0.75, 60 < Hy/(km sec™* Mpc™!) < 80, —21 < M < —18, 120 Mpc < rd2e <
160 Mpe, 10717 < (m,/eV) < 10711, 10718 < (g4,,GeV) < 1078, This range is motivated
by physical considerations (e.g., g;ﬂ}y < 10'® GeV, the Planck scale)® and sufficiently broad
to include the points that maximize the likelihoods.

4 Results

In this section, we will present our results, based on the datasets and methodology described
in the previous section. Our python code, which implements both the physics of axion-
photon conversion and the MCMC analysis of its parameters using emcee, is publicly
available at https://github.com/ManuelBuenAbad/cosmo__axions.

First, we vary both m, and g4, to find the best fits for a given dataset. We find
no evidence for axion-photon conversions, for any combinations of datasets, with the IGM
and ICM assumptions considered and listed in the previous section. In order to investi-
gate whether the axion-photon conversion and its impact on physical observables has been
mismodelled, or whether there are unaccounted systematics in our datasets, we need to
compare the best fit x? values with non-negative signal strengths (i.e. real Jar) to those
where negative signal strengths (i.e. imaginary gq~) are allowed. When only non-negative
signal strengths are considered, we find that the best fits are consistent with the null hy-
pothesis, or equivalently, ACDM with no axion-photon conversion. Now we allow negative
signal strengths. For our analyses involving Lear1y and no ICM conversion, gq4-’s at best fits
take imaginary values with the absolute values in the range between 10~12-10711 GeV !,
and a |Ax?| difference from that of the null hypothesis in the range 3.2-3.8. For cases
with Learny and ICM conversion, gq~’s at best fits are around imaginary 10712 GevV 1,
with |Ax?| < 2.2 with respect to the null hypothesis. On the other hand, fitting with
Liate vields |garqy| ~ 10713-10711% GeV™! (some real, some imaginary) with |Ax?| < 1,

8Note that when gav~ is sufficiently small, i.e., close to 10718 GeV ™!, the axion-photon conversion is
negligible and the model is essentially ACDM.
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Figure 2. 95% C.L. upper bound on g,y as a function of m, from likelihood-ratio tests. We
assume Bigm = 1 nG. Left: bound from Leay; right: bound from Li,.. Dashed curves assume
Ne1 = 1.6 % 1078 cm 3 while solid curves assume N2 = 3.0 % 1078 cm 3. From top to bottom, the
four sets of curves (each set with a solid and a dashed line for two different n.’s) correspond to not
including ICM effects on the galaxy cluster data, or including ICM effects assuming magnetic field
models A, B, or C in egs. (2.10)—(2.12). Here we set sigm = 1 Mpc. The tiny differences between
the solid and dashed lines are numerical noise, as we have corroborated with multiple runs.

independent of whether ICM conversion is implemented or not. In most of these cases, the
|Ax?| difference between the best fits allowing only non-negative signal strengths and those
allowing negative signal strengths is below 1o. In all of the cases, this difference lies below
the 20 level (the two-sided x? thresholds for two degrees of freedom are 2.28 and 5.99 for
68% and 95% respectively). This indicates both a consistent modeling of the axion-photon
conversion and a correct accounting of the uncertainties in the dataset.

We then use the log-likelihood ratio in eq. (3.11) to obtain 95% C.L. upper bound in
the (Mma, gayy) plane assuming Bigm = 1 nG from both Learly and Liate, which is shown in
figure 2. We also show constraints from varying the electron density in IGM and models
to describe possible ICM effects on D4 to galaxy clusters as described in section 2.3 and
section 2.4.2.

From all the numerical results, we learn that

o The results are very similar for both Learly and Liate, for a given ICM model. The
datasets used in Learny and Liaee mainly differ in Hy and rgrag anchors for BAO. Yet
the constraints on gq-~ are mainly due to the shape of H(z) at late times constructed
from various distance measurements, which are used for both Leay and Liage. In
other words, our bounds do not depend on the resolution of Hubble crisis.

o The bounds are insensitive to the precise values of n.igm.

o We assume Bigm = 1 nG. For our results without ICM effects (red curves in all
the figures of this section), the bounds should be understood as being constraints on
Gayy X ﬁl%, for fixed values of the IGM coherent length sigm. A better understanding
of Bigwm could help improve these bounds.
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Figure 3. 95% C.L. upper bounds on g,y as a function of m, from likelihood-ratio tests, for
various coherent lengths of IGM magnetic field. Dashed curves are from Lea,1y,, while solid curves
are from Liate. We have taken Bigy = 1 nG and ne; = 1.6 x 1078 em ™. We do not include ICM
effects on the galaxy cluster data here.

o Increasing the coherent length sigy strengthens (weakens) the constraints for small
(large) axion masses in proportion to o« 1/+/siam/1 Mpc (o< /sigm/1 Mpc). The
reason for this can be understood from a heuristic treatment of egs. (2.1) and (2.5).
For small axion masses, the conversion probability Py, within a single IGM magnetic
domain, is in its linear regime, i.e. k < sigym in eq. (2.1) and Py ~ (garyy Bram siam)
Eq. (2.5) in turn implies Py ~ y staMm (gayy Biam)? for sources at a comoving distance
y. Consequently the bounds on gq,~ scale with o< 1/,/sigm for small axion masses.
On the other hand, for large axion masses Py oscillates rapidly within a single IGM
domain and sin?(kz/2) averages to 1/2. Therefore Py ~ (gary Biom w)?/mi and
Poy ~ 2—(gayy Bicm w)?/m2. This means that the bounds on Jayy scale with

SIGM
o /siam for large axion masses. The transition between both regimes occurs when

kx ~ O(1), i.e. at my = /w/sigM-

¢ Including the ICM photon-axion conversion effects on the X-ray propagation used for
inferring D4 to galaxy clusters will make the upper limit stronger, for all the ICM
magnetic field models we consider. In particular, for Model A in eq. (2.10), the upper
bound on g,,~ could be improved by one order of magnitude compared to the bound
assuming no ICM effect. What is more, these ICM effects completely overshadow
those from IGM propagation. Even choosing as a benchmark the smallest possible
IGM magnetic field, Bigy = 10716 G, the constraints from ICM conversions remain
the same, as strong as the ones presented in figure 2. In other words, constraints that
include ICM effects are independent of the magnetic field strength of IGM.
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Figure 4. Residuals of the Pantheon SNIa apparent magnitude (left) and the cluster ADD (right)
data, compared to a ACDM benchmark with Q4 = 0.69, Hy = 69 km sec™>Mpc ™!, and M =
—19.39. The colors denote the deviation from this benchmark in these observables, for n.gm =
1.6 x 1078 cm ™3, m, = 107'6 eV, and both Jayy = 6 X 10713 GeV ™! (solid, orange) and gqyy =
6x 10712 GeV ™! (dot-sahed, green). In the right panel, both the case with (diamonds) and without
(lines) ICM effects are presented. For the former, we use the magnetic field model A.

e The galaxy cluster ADD measurements drive the likelihood-ratio, with subdominant
contributions from the Pantheon dataset, both in the case where we ignore or in-
clude ICM X-ray conversion effects. The Pantheon SNIa dataset by itself does place
constraints in the (mg, gayy) parameter space, albeit somewhat weaker ones.

To further illustrate this last point, figure 4 shows the residuals for the Pantheon
apparent magnitude (left panel) and cluster ADD (right panel) data, compared to a ACDM
model with Q4 = 0.69, Hy = 69 km sec”!Mpc™!, and M = —19.39. We also plot the
effects of the axion-photon conversion on those observables, for n.am = 1.6 x 1078 em ™3,
mg = 1071% eV, and both ggy, = 6 x 10713 GeV~! (orange) and Jaryy = 6 x 10712 GeV!
(green). Note that in both panels the disagreement due to IGM conversion grows with
redshift, as the effect gets stronger for the more distant sources. In the right panel, for the
cluster ADD, we consider both cases where we only keep the IGM conversion and ignore
ICM effects (lines), and where we include ICM effects with the model A from eq. (2.10) for
the ICM magnetic field (diamonds). Note that since each cluster has different parameters
for its double-§ profile, the ADD with ICM effects is different for each cluster. Also note
that the presence of ICM conversion is the dominant contribution to the modification of
the ADD distances to clusters, overshadowing the z-dependent IGM effect behind, and
making the bounds independent of Big.

Lastly, we want to compare our results with existing studies in the literature, which
is shown in figure 5. For readability, we only show the 95% C.L. upper limits from either
assuming no ICM conversion effects on the galaxy cluster data or assuming model A in
eq. (2.10) for the effect. The upper limits for model B and C in egs. (2.11) and (2.12) are
in between them. In the figure, we also show several other strong bounds on g4y, in the
same mass range from CAST [72], SN1987a [63] (note that [73] proposes a looser bound,
due to an alternative modeling of the neutrino emission), X-ray searches from super star
cluster [74] and X-ray spectroscopy from AGN NGC 1275 [57] (note that the ICM magnetic
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field modeling for NGC 1275 bound is questioned in [60]). We could see that,

o the weakest limit we have, assuming that no X-ray photon-axion conversion in ICM,
leads to a bound comparable to existing ones from SN1987a and super star cluster:
Jay S (4 —5) x 10712 GeV™! for m, < 5 x 10713 eV, assuming Bigy = 1 nG

and s;gm = 1 Mpce. For other IGM benchmarks, the bounds should be scaled by
(nG/Bigm) <\/Mpc/ SIGM) accordingly for light axions.

o if the magnetic field in ICM is described by model A in eq. (2.10), the strongest limit
we have pushes gz, < (5—6) x 10713 GeV ™! for m, <5 x 10712 V. As mentioned
above, these bounds are independent of Bigy and sign. Note that to avoid a busy
plot, we do not show the bounds assuming model B and C in egs. (2.11) and (2.12).
They are weaker than the one from model A but still stronger than the weakest limit

assuming only IGM conversion.

Note that axions in the narrow mass range (6 x 1073 — 107!!) eV are ruled out by
superradiance of stellar black holes [75] and for even lighter axions with mass around or
below 10720 eV, there exists interesting constraints on Jar~ from AGN [76], protoplanetary
disk polarimetry [77] and CMB birefringence [78], which we do not show in the figure.
In addition, the distortion of CMB spectrum due to ¥ — a conversion only places strong
bounds at m, > 10714 eV [65, 66], which scales with Bigu.

It has been noted in [79] that for ultralight axions, cosmological considerations re-
quiring axions to have a matter-power spectrum that matches that of cold dark matter
constrains the magnitude of the axion couplings to the visible sector. As a result, at least
part of the parameter space the cosmic distance measurements could probe is associated
with non-trivial axion models, in which axions have an abnormally large coupling to pho-
tons, as constructed in [79-82].

5 Conclusions

In this paper, we show the axion-photon coupling can be strongly constrained by combining
several cosmological distance measurements, including luminosity distances to SNla, angu-
lar diameter distances to galaxy clusters, BAO angular size and etc. In contrast to previous
practices parametrizing Dy = D (1 + 2)?7¢, we demonstrate that the axion-photon oscil-
lation modifies both the luminosity and angular distances in different, non-trivial ways,
which cannot be easily captured by a single parameter e¢. In particular, whether the non-
conservation of photon flux affects a measurement is determined by the experimental ob-
servable instead of a universal cosmological parameter. This is the reason behind the fact
that ADDs from the BAO dataset are not directly affected by the oscillation, whereas
those from galaxy cluster datasets could be strongly affected. For the same reason, we
avoid using existing results derived from analyses that can be affected by the presence of
axion-photon coupling, such as Hy from SHOES. Instead, we only use the determination of
the absolute magnitude M of SNIa from SHOES.

When axion-photon conversion in ICM is neglected, which serves as a conservative
benchmark to avoid the uncertainty of the magnetic field in ICM, we derive a bound com-
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Figure 5. 95% C.L. upper limits on g, as a function of m,. The solid curves are from Liate
while the dashed curves are from Leary, assuming Bigm = 1 nG and sigm = 1 Mpce. To avoid
clumsiness, we only show the upper limits from either assuming no ICM conversion effects on the
galaxy cluster data (top red curves) or assuming model A in eq. (2.10) for the effect (lower blue
curves). The upper limits for model B and C in egs. (2.11) and (2.12) are in between them. We also
show several existing bounds (grey lines) for comparison: CAST [72]; SN1987a [63]; X-ray searches
from super star cluster [74] and X-ray spectroscopy from AGN NGC 1275 [57].

parable to existing bounds from SN1987a and super star clusters. These bounds are effec-
tively constraints on (gayy ¥ ?Ir?é‘ X 4 /%) for small axion masses, and therefore a direct

measurement of Bigym and sigv would fix exactly where this bound lies in the (mq, gay-y)
parameter space. On the other hand, the inclusion of X-ray axion conversion in ICM makes
the bound even stronger, no matter what ICM magnetic model we choose, and these bounds
are entirely independent of the IGM parameters. In particular, model A of the magnetic
field in ICM pushes the bound an order of magnitude stronger. A better understanding of
the magnetic field in ICM could help reduce the uncertainties associated with its modeling.
In addition, positive detection of axion-photon coupling from future experiments probing
axion-photon coupling in this mass range [83-86] could help fix these bounds. Lastly, with
future improvements in the precision of cosmic distance measurements, a better determi-
nation of late-time Hubble diagram H (z) is expected, which could further improve the sen-
sitivity to possible departures from the ACDM prediction due to photon-axion conversion.
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A Brightening Supernovae with axions and the Hubble crisis

In this appendix, we will discuss the interesting possibility of using axions to solve the
Hubble crisis between early and late time measurements. This is not directly related to the
main goal of our paper but has some similar ingredients, such as photon-axion conversion
in IGM due to the magnetic fields. We first discuss some minimum requirements for
this possibility and demonstrate why it does not work, at least for some minimal models.
Ref. [19] also briefly discusses this possibility and comments on the potential observational
challenges it faces, e.g., to explain other late-time datasets such as strong lensing [67].
We will provide a simple argument why this idea could not work even if we simply try to
reconcile the SHOES and Planck results.

The basic idea is that SNIa’s further away on the cosmic distance ladder actually
appear brighter than they would be in pure standard ACDM, because they also produce
axions, which convert to photons en route and increase the net photon flux observed.
Without correcting for the axion effects, the SNIa’s further away will appear to be closer
to us than they actually are. Thus the deduced Dj’s of brightened SNIa’s are shorter,
resulting in a larger deduced Hyp, compared to its true value. More precisely, the effective
luminosity distance DS from the observed flux of photons, F,‘y"OS in SHOES is given by

Ccz LSN
DS~ = , (A.1)
HEHOBS —\[ 47 Frobs

where Lgy is the luminosity of SNIa’s. The Hubble value today measured by SHOES is
related to that inferred from Planck data as HFHOFS = HPlanck(1 4 ¢) where ¢ ~ 10%.
Therefore, assuming Hg) lanck s the true value of the Hubble rate today and to reconcile the

late-time and early-time measurements, we need the observed photon flux to be enhanced
by ~20% compared to the flux without contribution from axions converting into photons.
Using the formalism in section 2, we have observed photon intensity from SNIa further away
(e.g. at redshift z ~ 0.1, or a distance of y ~ 1 Gpc away), enhanced by a factor of about 1.2:

y
1
Poyy=e"+A(l—e")~1.2, wherex=—=- /dy' In (1 — ZPo(y’)> >0. (A.2)
s
0

To satisfy the equation above, we need
0

2 10
r>1, A=z <1 + IQ) ~12=1I) ~08I. (A.3)

- 29 —



Thus we need an initial axion flux I? almost as large as the photon flux I,? emitted by
SNIa further away to solve the Hubble crisis in this scenario!

This poses the first challenge to this potential solution. As shown in ref. [36], the
initial axion flux is negligible considering direct axion productions, namely, non-resonant
conversions of photons in the SNIa’s magnetic fields and in the magnetic fields of their host
galaxies. One possibility that was ignored is the resonant conversion of photons to axions.
In general, it is not easy to generate a large initial axion flux through resonant conversions,
of which the general conditions required could be found in [87, 88]. One necessary but
not sufficient condition is to have a resonant shell in or near the SN, at which m, matches
the plasma photon mass m.. In a SNIa with about one solar mass and a radius of order
10% cm (the characteristic radius at 10 days when SNIa reaches its peak luminosity after
the explosion of its progenitor white dwarf), the average electron density corresponds to a
plasma photon mass ~ 107°eV. In the interstellar medium of the host galaxy outside SN,
the plasma photon mass is of order 107! eV. Thus, to have resonant conversions inside or
near SN, the axion mass has to be m, > 107! eV.

On the other hand, for axion masses m, > 1071 eV, the photon-axion conversion

~

probability is negligible in IGM. For this axion mass range, the conversion probability in
a single magnetic domain is approximately

o B\ 2 10-11 AL 2, B \2 2
pomz(ngﬂ <1017 (10T eV 0 _?eV ( ) (W> (A4
ma Mg Gary 1nG eV

The probability of axion-photon conversion remains tiny after photons/axions travel over

103 — 10* domains from a source Gpc away. This is consistent with our discussion in the
main text. We only see a strong bound for m, < 107'3eV, in which the photon-axion
conversion in IGM becomes non-negligible.

In summary, to have axions brighten SNIa, we need resonant conversions inside or near
SN in order to generate an initial axion flux as large as the initial photon flux. We also
need more axions converting into photons in the IGM rather than the other way around.
Yet as we show above by considering some simple necessary conditions for the scenario to
work, the two requirements mentioned point towards very different axion mass ranges.

As bold model builders, we could consider more complicated scenarios, e.g, a photon-
dark photon-axion system, similar to the setup in ref. [89] for a different purpose. Then
in the IGM, it is the dark magnetic field, which could be much larger than the ordinary
magnetic field, that converts axions into photons or vice versa. Yet even considering a large
dark magnetic field of order 10uG as considered in [89], we could see from eq. (A.4) that the
photon-axion conversion probability is still tiny for axion mass above 107! eV. We will leave
it for interested readers to explore further whether there are loopholes in our arguments.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
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