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Constraints on Axions from Patchy Screening of the Cosmic Microwave Background
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The resonant conversion of cosmic microwave background (CMB) photons into axions within large-
scale structure induces an anisotropic spectral distortion in CMB temperature maps. Applying state-of-the-
art foreground cleaning techniques to Planck CMB observations, we construct maps of axion-induced
“patchy screening” of the CMB. We cross-correlate these maps with data from the unWISE galaxy survey
and find no evidence of axions. We constrain the axion-photon coupling, g,,, <2 x 10712 GeV~!, at the
95% confidence level for axion masses in the range 1073 eV < m, < 107'? eV. These constraints are
competitive with the tightest astrophysical axion limits in this mass range and are inferred from robust
population-level statistics, which makes them complementary to existing searches that rely on modeling of

individual systems.
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Introduction—Axions are one of the most compelling
extensions to the standard model of particle physics.
Originally, the quantum chromodynamics (QCD) axion
was proposed as a solution to the strong CP problem [1-4].
However, theoretical interest has expanded to more general
“axionlike particles,” which couple to two photons via the
following Lagrangian:
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where a is the axion [5], m, is the axion mass, g,,, is the
axion-photon coupling, F,, is the electromagnetic field-
strength tensor, and F v 18 its dual. Such axions naturally
emerge in many beyond standard model scenarios, includ-
ing string theory, where they can span a wide range of
masses [6-9]. Moreover, axions are a well-motivated dark
matter candidate [10—-13]. Consequently, there are many
ongoing and upcoming lab experiments dedicated to
searching for axions across a vast range of masses (see
reviews [14—16] and references within).

Astrophysical axion searches typically leverage the
interaction term in Eq. (1), which induces photon-axion
oscillations in the presence of an external magnetic field.
Similar to the Mikheyev-Smirnov-Wolfenstein (MSW)
effect in neutrino oscillations [17,18], the probability of
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photon-axion conversion depends on the properties of the
medium through which the photon propagates. Notably,
resonant (i.e., enhanced) conversion occurs when the axion
mass equals the photon’s plasma frequency, which is set by

FIG. 1. TIlustration of the physical process studied in this Letter:
CMB photons (ycmp) undergo resonant conversion into axions
(a) within the magnetized plasma of galactic halos (B ). The
dashed circles illustrate the resonance location for the halos,
which is set by the free-electron density. The conversion of CMB
photons into axions leads to an anisotropic screening of the CMB
temperature that is correlated with the positions of galaxies. The
inset panel shows the imprint of photon-axion conversion on a
CMB temperature map. Note the effect has been greatly amplified
for illustrative purposes.
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the free electron density of the medium [19]. Thus,
cosmological environments, which typically have low free
electron densities and large-scale magnetic fields, provide a
powerful setting to search for resonant photon-axion
conversions for light-axion models.

The cosmic microwave background (CMB) acts as a
natural backlight for exploring photon-axion conversion
throughout the Universe. Specifically, the conversion of
CMB photons into axions introduces secondary anisotro-
pies in both the intensity and polarization of the CMB [20-
27]. In this Letter, we study the resonant conversion of
CMB photons into axions as they traverse the ionized gas
and magnetic fields within galactic halos. This conversion
leads to anisotropic, i.e., “patchy,” screening of the CMB
temperature that is spatially correlated with the locations of
galaxies [21,22,25] (see Fig. 1 for an illustration).

Recently, Ref. [25] derived theoretical predictions for the
imprints of axion-induced screening by large-scale struc-
ture (LSS) in the CMB and forecasted that an analysis
combining current galaxy survey and CMB temperature
data can provide competitive sensitivity to the axion-
photon coupling for m, ~ 1073 eV axions. In this
Letter, we perform the first such analysis. Specifically,
we present the first measurement of the cross-correlation
between axion-induced CMB screening and the galaxy
number density field. We find no evidence for axion-
induced screening of the CMB, and constrain the axion-
photon coupling g,,, <2 x 10712 GeV~! for axions with
mass 107" eV <m, <1072 eV. The Supplemental
Material (SM) [28] contains further information validating
our measurement and theoretical modeling.

Conventions: We work in natural units, 7 = kz =
¢ = 1. We assume a flat ACDM fiducial cosmology based
on the Planck 2018 analysis [52]: Qmh* = 0.1201,
Qph? = 0.0224, h = 0.6732, In(10'°A;) = 3.0448, n, =
0.9661, and 7 = 0.0543. Here, Q.4,,*> and Q h’ are the
present-day physical cold dark matter and baryon densities,
respectively, h = H,/100 km/s/Mpc is the dimensionless
Hubble constant, A, and n, are the amplitude and spectral
index of primordial scalar perturbations, respectively, and =
is the optical depth to reionization.

Axion screening of the CMB—We first review the
theoretical formalism describing axion-induced screening
of the CMB, and its cross-correlation with the galaxy
distribution. For more details, see Ref. [25] and the SM of
this Letter.

Consider a CMB photon with frequency v propagating
through a halo with free electron density n,(x) and mag-
netic field B(x). The interaction in Eq. (1) leads to a mixing
between the component of the photon polarized along the
direction of the transverse magnetic field and an ultrarela-
tivistic axion with mass m, < v. The mixing is most effi-
cientif the axion mass is equal to the in-medium plasma mass,

m,(x) = \/4ran,(x)/m, ~ 3.7 x 107" eVy/n,/cm™3,

where o is the fine-structure constant [53]. In the

Landau-Zener approximation, the probability for the photon
to resonantly convert into an axion is [19,54,55]

27%vg2,, | B ? | dInm2(x)|™!
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where B® is the component of the magnetic field transverse
to the propagation direction of the photon evaluated at the
resonance location and ¢, is the time of resonance.

Equation (2) leads to a spatially anisotropic screening of
the CMB temperature which is conveniently described by
the dark-screening optical depth [25,56,57],

() =Y P (X (fes). V. (3)

res

where the sum is taken over all resonances along the line of
sight, 7. Consequently, photon-axion conversion induces
an anisotropic spectral distortion in the CMB tempera-
ture [58] T9(v,f) = Toypt® (v, #)[(1 — e)/x], where
x=2av/Tcyp is the dimensionless frequency, Tcevp &
2.726 K is the CMB monopole temperature, and the term in
parentheses accounts for the conversion from specific
intensity to CMB thermodynamic temperature units. For
convenience, we define the axion screening map at a
reference frequency of v = 353 GHz and label the map
as T%s; gy, () when the normalization is relevant.

In this Letter, we investigate the cross-correlation
between the axion-induced screened CMB temperature,
T¢(f), and the projected galaxy overdensity, 8,(1). Since
both 7% and o, are defined on the sphere, it is convenient to
work in the spherical harmonic basis. The cross-correlation
is then described by the angular cross-power spectrum,

(BgemTe, ) = 65,65 .CI'", where ¥ is the Kronecker

delta, and we have assumed that 7¢ and 0, are statistically

isotropic. Not only is C%" more sensitive to Gayy than CL'T*
(see Ref. [25] and the SM), but the cross-correlation is
immune to biases from foreground contaminants in the
axion screening map that are uncorrelated with the galaxy
overdensity map._

We model CY" using the halo model formalism in
Ref. [25]. We model the galaxy distribution using the halo
occupation distribution (HOD) from Ref. [59]. We model
the electron distribution using the “active galactic nuclei
(AGN) feedback” model from [60]. We model the halo
magnetic field using the [llustrisTNG simulations [61]. The
IlustrisTNG simulations are state-of-the-art cosmological
magnetohydrodynamical simulations that have been shown
to reproduce a wide range of observed galaxy properties
[62-66]. In this Letter, we compute the spherically aver-
aged, mass-weighted mean magnetic field profiles for halos
in the TNG100-1 and TNG300-1 simulations—the highest-
resolution runs of the IllustrisTNG (110.7 Mpc)® and
(302.6 Mpc)? comoving-volume simulations, respectively.
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We compute the profiles for 101'Mg — 10"°M halos
between redshifts 0 < z < 1.5, covering the range of halo
masses and redshifts in our galaxy sample. Because of the
limited number of massive halos in the TNG100-1 simu-
lation, we use the TNG300-1 simulation to estimate the
magnetic field profiles for halos with M}, = 10'*M . Our
improved magnetic field modeling in massive halos leads to
a final constraint that is better than the forecast from
Ref. [25]. Finally, we conservatively neglect conversions
that occur deep within the halo or in its outermost regions,
where theoretical modeling, particularly of the electron
distribution and magnetic field, has more uncertainties.
Specifically, we only consider conversions that occur
between 0.1 Ryp. < r < min(Ry;, 1.08 Rygo.), Where r
is the distance to the halo center, Ry, is the radius at
which the average density enclosed within the halo equals
200 times the critical density of the Universe at the halo
redshift, and R; is the virial radius. The second upper
bound comes from the truncation scale used in the best-fit
HOD model for the galaxy sample considered here [59]. In
SM, we provide constraints for various models of the
electron distribution, magnetic field, and galaxy distribu-
tion, and offer additional details regarding the halo model
calculation.

Axion screening and galaxy data—From Eq. (3), the
resonant conversion of CMB photons into axions causes a
spectral distortion in the CMB temperature with the
following spectral energy distribution (SED) [67]:

T(x) M<1 —e‘x>’ ”

Tcms X

where x = 27v/ Ty Consequently, we can leverage the
constrained needlet internal linear combination (NILC)
method [68—70] to construct maps of axion-induced screen-
ing from multifrequency CMB temperature data. In gen-
eral, the ILC procedure [71-74] constructs the minimum-
variance linear combination of the observed frequency
maps that ensures unit response to the signal of interest.
In NILC, the weights are computed on a frame of needlets
[75], which have compact support in both real and
harmonic space. NILC is particularly well-suited for
CMB analyses since Galactic contributions are often
localized in real space, whereas extragalactic contributions
are often better described in harmonic space. We use
constrained NILC [69,76], which exactly removes contri-
butions from unwanted signals in the map that have a
known SED, albeit at the cost of increasing the noise of the
map. We construct our NILC maps using pyiLcC [70,77].
For our fiducial analysis, we use the Planck NPIPE
(PR4) [78] CMB temperature maps at 30, 44, 70, 100, 143,
217, 353, and 545 GHz. Following similar analyses in
Refs. [57,70,79], we preprocess the maps by masking the
Galactic plane and bright point sources, and subsequently
inpainting these masked regions. Since we are interested in

cross-correlating our axion map with LSS tracers, we need
to use the constrained NILC to “deproject” foreground
contaminants that are correlated with the unWISE galaxies,
particularly the thermal Sunyaev-Zel’dovich (tSZ) effect
[80,81] and the cosmic infrared background (CIB) [82].
The tSZ effect has a known spectral response and can be
deprojected exactly. Since there is no exact model for the
CIB SED, we follow Refs. [57,70,79] and model the CIB as
a modified blackbody. We fix the CIB temperature Tcig =
20 K and spectral index fcig = 1.6. To account for devia-
tions in the CIB SED from a modified blackbody, we also
deproject the first derivative of the SED with respect to
P, following Ref. [85]. The SM presents extensive
validation of our map-making and foreground-cleaning
procedure.

For our galaxy sample, we use infrared-selected galaxies
from the unWISE catalog [86-90] constructed from data
collected by the Wide-field Infrared Survey Explorer
(WISE) mission [91,92]. The unWISE catalog includes
over 500 million galaxies across the full sky, making it
particularly well-suited for cross-correlation analyses. In
this Letter, we use the low-redshift unWISE “Blue” sample
[90], which has a mean redshift of 7~ 0.6. The unWISE
catalog also contains higher-redshift “Green” (z ~ 1.1) and
“Red” (z = 1.5) samples. However, these samples are more
strongly correlated with the CIB, which is predominantly
sourced by higher-redshift dusty star-forming galaxies
[93,94]. Indeed, in the SM we demonstrate that our fiducial
analysis methods are insufficient for removing high-red-
shift CIB contributions that are correlated with the unWISE
Green sample, despite their robust performance for the Blue
sample. Finally, even in the absence of CIB contamination,

modeling the cross-correlation CL‘ZTH for these high-redshift
galaxy samples is challenging due to increased uncertainty
in the magnetic field and electron number density models.

Cross-correlation measurement—We compute the angu-
lar cross-power spectrum between the axion screening map
and the unWISE Blue galaxy catalog using NAMASTER
[95-97], which accounts for the mask-induced mode
coupling. We mask the galaxy map using the union of
the unWISE mask [90] and the Planck CMB lensing mask,
leaving 51% of the sky unmasked. We mask the axion map
using the union of the preprocessing mask with the Planck
70% Galactic plane mask, leaving 62.5% of the sky
unmasked. We estimate the cross-power spectra in multi-
pole bins between 5 < £ < 3000 with width AZ = 150. To

estimate the covariance of CZT-‘” o we compute the
Gaussian covariance using the improved narrow kernel
approximation [98]. Our analysis includes only multipoles
with bin centers between 300 < # < 2000. As described in
SM, we exclude the two bins below # = 300 to avoid
contributions from the ISW effect and to mitigate the
impact of possible large-scale residual extragalactic fore-
grounds present in our axion screening maps. We exclude
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FIG. 2. Measured cross-correlation between our axion screen-
ing map and the unWISE Blue galaxy sample. The measurement
is consistent with zero (PTE of 0.61), thus we find no evidence of
axion-induced screening. The solid lines show halo model
predictions for the cross-correlation for two axion masses,
assuming g,,, = 4 x 107'? GeV~1.

bins with Z > 2000 to account for potential limitations in
the HOD modeling on smaller scales. Detailed discussions
of the cross-power spectrum measurement are provided
in SM.

Figure 2 presents the measured cross-power spec-
trum between our axion-induced screening map and the
unWISE Blue galaxy sample, C;ZT353 9%« The measured
cross-correlation is consistent with zero, with a y? value
of 9.2 for 11 degrees of freedom. This corresponds to a
probability to exceed (PTE) of 0.61. Thus, we do not detect
axion-induced screening. For comparison, the solid lines
in Fig. 2 show the halo model predictions for two diffe-
rent axion masses assuming an axion-photon coupling
Gayy =4 x 10712 GeV~!. The theoretical prediction for
the cross-correlation is negative since photon-axion con-
version decreases the CMB intensity near galaxies.

Constraints on the axion-photon coupling—Using the

. . T4
measurement and theoretical predictions for C? WO we
can exclude regions of the m, — g,,, plane. We assume a
Gaussian likelihood, which is given by, up to a constant,

(e 10) = (s¢2 ) et (s 0).  (5)

where 6 = (g,,,.m,) is the parameter vector, 5C9(0) is
the difference between the measured cross-power spectrum
and our theoretical model, and C;}, is the inverse of the

C‘?Ta covariance matrix, which accounts for the noise and
mask-induced mode coupling in our maps. To obtain the
posterior distribution of @, we vary the axion mass over 55
values logarithmically spaced between 10713 eV and
4 x 1072 eV. For each value of m,, we sample from
the posterior distribution of g,,, assuming a uniform prior
on the axion-photon coupling, with g,,, >0 GeV~l.

10710
T un WISE Blue x Planck
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@) § SN1987A-y
c
& M87 AGN
1012 4 MS87 Stars
M82 Stars
1071 10712
mg [eV]
FIG. 3. Constraints on the axion-photon coupling, g,,,. The red

region indicates the 95% upper exclusion limit on g,,, derived in
this Letter. The shaded blue region denotes the 95% bound set by
CAST [99]. The solid gray lines show the 95% confidence limits
derived from various high-energy astrophysics searches for
photon-axion or axion-photon conversion in a single galaxy
[110], including the absence of spectral distortions in the AGN
spectrum of M87 [103], the nonobservation of y-rays from axions
produced in SNI1987A and converting within the Galactic
magnetic field [100], and the absence of x-ray signals from
stellar axion production and conversion in M82 and M87 [104].
We present a more detailed comparison with existing constraints
in the text.

Figure 3 shows the constraints on the axion-photon
coupling, g,,,, derived in this Letter. The shaded red region
shows the 95% one-tailed upper confidence limit on g,,,

derived from C{}T”. The shaded blue region shows the
laboratory constraints from the CERN Axion Solar
Telescope (CAST) [99]. The grey lines depict some of
the most stringent astrophysical bounds in this region of
parameter space, which are derived from Solar Maximum
Mission y-ray observations of SN1987A [100,101],
Chandra x-ray observations of active galactic nuclei
(AGN) in M87 [103], and NuSTAR x-ray observations
of M82 and M8&7 [104]. There are also tight bounds on the
axion-photon coupling in this mass range from observa-
tions of the AGN spectra of NGC 1275 [105] and H1821 +
643 [106]. We do not include these in Fig. 3 for visual
clarity, as they overlap with the M82 stellar axion pro-
duction constraint. We also note that constraints on axions
in this mass range that are independent of the axion-photon
coupling can be derived from black hole superradiance
[107,108]. However, such constraints only apply if the
axion self-interaction is small [109].

Conclusions—In this Letter, we have derived new limits
on the axion-photon coupling for light axions by ana-
lyzing the cross-correlation of galaxies with foreground-
cleaned maps of resonant axion-induced screening in
the CMB. Utilizing state-of-the-art CMB and LSS
datasets, we have constrained the axion-photon coupling
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Jayy S2x 10712 GeV™! at the 95% confidence level
for 10713 eV <m, < 10712 eV.

Our constraints are significantly tighter than the labo-
ratory bounds from CAST and are competitive with the
most stringent limits from previous astrophysical axion
searches. Notably, unlike conventional astrophysical axion
searches, which are typically based on photon-axion con-
version within a single galaxy, our constraints are derived
by searching for statistically averaged photon-axion con-
version in the circumgalactic medium (CGM) of tens of
millions of galaxies. By focusing on photon-axion con-
versions outside of the halo center, our constraints are less
sensitive to the complex modeling of the magnetic field
within galaxies. Finally, the photon source in our analysis is
the CMB, which has remarkably well-understood statistical
and physical properties. Consequently, our constraints are
highly complementary to existing astrophysical axion
bounds.

There are several possible extensions to this Letter. First,
near-term CMB and LSS surveys are expected to improve
our constraints by an order of magnitude [25]. Cross-
correlating with a higher-redshift tracer could also improve
our sensitivity to m, = 1072 eV axions [25]. Additionally,
axion-photon conversion produces unique signatures in the
CMB polarization that one could search for using similar
methods to the analysis in this Letter. On the modeling side,
as with all astrophysical axion searches, our constraints
depend on assumptions about the electron distribution and
magnetic field strength in astrophysical environments.
While we have employed state-of-the-art models for the
electron density and magnetic field strength within halos,
these quantities, particularly the latter, remain subject to
considerable uncertainty. Fortunately, significant improve-
ments in understanding these quantities are expected in the
near future. For example, measurements of the kinematic
Sunyaev-Zel’dovich effect [111-113] and fast radio bursts
[114,115] will help model the electron distribution.
Furthermore, future observations will better constrain the
magnetic field profile around halos [116-118]. These
observational improvements will be supported by advance-
ments in cosmological magnetohydrodynamical simula-
tions [119]. In conclusion, the axion search conducted in
this Letter not only provides some of the most stringent
constraints on 10713 eV < m, < 107!2 eV mass axions, but
also lays the foundation for future astrophysical searches
for these elusive particles using CMB and LSS datasets.
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