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Axions with couplings g,,, ~few x 107'! GeV~! to electromagnetism may resolve a number of

astrophysical anomalies, such as unexpected ~TeV transparency, anomalous stellar cooling, and x-ray
excesses from nearby neutron stars. We show, however, that such axions are severely constrained by the
nonobservation of x rays from the magnetic white dwarf (MWD) RE J0317-853 using ~40 ks of data
acquired from a dedicated observation with the Chandra X-ray Observatory. Axions may be produced in the
core of the MWD through electron bremsstrahlung and then convert to x rays in the magnetosphere. The
nonobservation of x rays constrains the axion-photon coupling to g,,, < 5.5 X 10-13 \/m GeV~! at

95% confidence for axion masses m, <5 x 107 eV, with C,,, and C

ayy the dimensionless coupling

constants to electrons and photons. Considering that C,,, is generated from the renormalization group, our
results robustly disfavor g,,, = 4.4 x 107'" GeV~"! even for models with no ultraviolet contribution to C,,..

DOI: 10.1103/PhysRevLett.128.071102

Axions are hypothetical pseudoscalar particles that
couple through dimension-5 operators to the standard
model. In particular the quantum chromodynamics
(QCD) axion couples to QCD, which allows it to solve

the strong- CP problem [1—4]; this coupling also generates

amass m3° ~ AéCD /f for the particle, with f, the axion

decay constant and Agcp the QCD confinement scale. In
this Letter we probe axions with masses m, < 1072 eV that
do not necessarily couple to QCD (but see Refs. [5-8])
though they couple to electromagnetism and matter. Such
axions, often referred to as axionlike particles, are espe-
cially motivated theoretically in the context of the String
axiverse [9—14]. In the axiverse it is natural to expect a large
number N of light axions, with m, < mSCD. One linear
combination couples to QCD and receives a mass from
QCD, becoming the QCD axion, while the rest of the N — 1
states remain light and retain their non-QCD couplings to
the standard model. It is well established that axions may be
produced within stars including white dwarfs (WDs) (see,
e.g., Refs. [15-17]) and escape the stars due to their weak
interaction strengths with matter. Recently we pointed out
that such axions could produce x-ray signatures through
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axion-photon conversion in magnetic WD (MWD) mag-
netospheres in our previous paper [18] [see Refs. [19-28]
for related discussions about axion-photon conversion in
neutron star (NS) magnetospheres]. In this Letter we collect
and analyze data from the MWD RE J0317-853 to look for
evidence of this process.

The couplings of the axion a with mass m, to electro-
magnetism and electronic matter are described through the
Lagrangian terms

1 -
’C'int ) _ZgayyaF/wF,w + ga—l’:: (a/la)é}/ﬂySEv (1)
with F (F) the (dual) quantum electrodynamics field
strength, e the electron field, and m, the electron mass.
It is convenient to parametrize the coupling constants by
Yayy = CayyaEM/(Z”fa) and Yaee = Caeeme/fa’ where the
C’s are dimensionless. Most laboratory and astrophysical
searches for axions focus on the axion-photon coupling,
with current constraints illustrated in Fig. 1. Low-mass
constraints arise from the nonobservation of photons from
super star clusters (SSCs) [29] (see also Ref. [30]) and
SN1987A [31] and searches for spectral modulations with
Fermi [32], HE.S.S. [33], and Chandra [34] (but see
Ref. [35]). The constraints from the solar axion search with
the CAST experiment [36] and from horizontal branch
(HB) star cooling [37] are equally strong and extend over
the whole mass range in Fig. 1, which also shows the
predicted coupling-mass relations in the DFSZ [38,39]

Published by the American Physical Society
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FIG. 1. We constrain g,,,gu.. < 1.3 x 107 GeV~! at 95%

confidence for low m, from the nonobservation of x rays from the
MWD RE J0317-853. We translate this result to constraints
on g, assuming (1) a tree-level axion-electron coupling with
Cgee = Cgyy and (ii) the loop-induced Cy,, = 1.6 x 10~ 4Caw that
represents a conservative W-phobic axion (the loop-induced C,,,,
is generically larger). The expected 68% (95%) containment
region for the power-constrained 95% upper limit is shaded in
green (gold) for the W-phobic scenario. Previous constraints are
shaded in gray [52].

and KSVZ [40,41] QCD axion models. The additional
constraints shown in Fig. 1 require the axion to be dark
matter [42-51] (see Ref. [52] for a summary).

As described in Ref. [18] axions may be produced within
the cores of MWD stars through electron bremsstrahlung
off of ions, using the g,,. coupling, and converted to x rays
in the stellar magnetospheres with the g,,, term in Eq. (1).
Reference [18] identified RE J0317-853 as being the most
promising currently known MWD because of a combina-
tion of (i) the close distance d = 29.38 +0.02 pc, as
measured by Gaia [53], (ii) the large magnetic field
Bpoie ~ 500 MG, and (iii) the high core temperature
Teore ~ 1.5 keV. The predicted axion-induced x-ray signal
is expected to be roughly thermal at the core temperature,
meaning that it should peak at a few keV where Chandra is
the most sensitive currently operating x-ray telescope.

We observed the MWD RE J0317-853 on 2020-12-18
using the Chandra ACIS-I instrument with no grating for
atotal of 37.42 ks (PI Safdi, Observation ID No. 22326).
After data reduction—see the Supplemental Material
[54]—we produce pixelated count maps in four energy
bins from 1 to 9 keV of width 2 keV each. Each square
pixel in right ascension (RA) and declination (dec)
has physical length of ~07492 [note in the RA direction
this is the width in RA x cos(Dec)]. In Fig. 2 we show
the binned counts over 1-9 keV in the vicinity of the
MWD; note that in this region no pixel has more than one
count. The figure is centered at the current location of the
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FIG. 2. The binned counts over 1-9 keV from our ~40 ks
Chandra observation of the MWD RE J0317-853. No counts are
observed within the vicinity of the source, whose location is
indicated along with intermediate locations at various stages in
the astrometric calibration process (see text for details), and also
no more than one count is observed in any pixel. The dashed
circle indicates the extent of the ROI used in our analysis. Inset:
the signal template in gray scale, for the first energy bin, over the
analysis ROL

MWD, labeled ‘Dec. 2020 (calib.)’: RA, =~ 49°18'37"77,
DEC, ~ —85°32'25"81. Figure 2 also shows intermediate
source locations determined during the astrometric cali-
bration process (see the Supplemental Material [54]). The
68% energy containment radius at 1 keV (9 keV) is
approximately 0”5 (0”6). The inset illustrates the expected
template for emission associated with the MWD at 1 keV.
No photon counts are observed near the MWD. The circle
in Fig. 2 has radius 5” and is the extent of our region of
interest (ROI); that is, we exclude pixels whose centers are
beyond this radius in our analysis.

We analyze the pixelated data d = {n, ;}, with n; ; the
number of counts in energy bin i and pixel j, in the context
of the axion model, which is discussed further shortly,
using the joint Poisson likelihood

Noix nij o—Hij(0)

HH"” S

i=1 j=

p(d|M,0) =

with M denoting the joint signal and background model,
with model parameters € = {Ayo. GuceJayy» Ma}» and Npix
the number of spatial pixels. The model predicts y; ;(6)
counts in energy and spatial pixel i, j. The background
parameter vector Ay, consists of a single normalization
parameter in each of the four energy bins that rescales the
background counts’ spatial template. For our background
template, which we profile over, we use the exposure map,
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which is flat to less than 0.5% over our ROI. The signal
model has the two parameters {g,., 94y, M, }» which predict
the counts in each of the four energy bins. The signal
template is centered on the MWD and accounts for the
point spread function (PSF), as illustrated in the inset
of Fig. 2.

At a fixed m, we construct the profile likelihood for
9ayy9aee Dy maximizing the log-likelihood over Ay, at
each g,,,9ace- Our 95% upper limit on gy, gq.. 1S con-
structed directly by Monte Carlo simulations of the signal
and null hypotheses instead of relying on Wilks’ theorem,
since we are in the low-counts limit (see, e.g., [60] for
details). A priori we decided to power constrain [61] our
limits to account for the possibility of under fluctuations,
though this was not necessary in practice.

We also analyze the data using the Poisson likelihood in
the individual energy bins to extract the spectrum dF/dE,
which is illustrated in Fig. 3. In that figure we overlay the
axion model prediction, which we now detail. For pro-
duction via axion bremsstrahlung from electron-ion scat-
tering [16,62], we broadly follow the formalism developed
in Ref. [18], though we make improvements thanks to
updated WD models and luminosity data from Gaia.
Firstly, we improve our modeling of the density profile
and composition of RE J0317-853 using MESA [63] version
12778. We simulate a WD of RE J0317-853’s mass from
stellar birth until it has cooled below RE J0317-853’s
observed luminosity. These simulations account for core
electrostatic effects including ionic correlations and crys-
tallization in the core that modify the profiles from that of a
fully degenerate ideal electron gas, which were neglected in
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FIG. 3. The energy spectrum found from our analysis of the

Chandra data from the MWD RE J0317-853. In each of the four
energy bins the best-fit fluxes are consistent with zero (the 68%
containment intervals are shown). We also illustrate the predicted
axion-induced signal that would be seen from an axion with the
indicated couplings and m, < 1075 eV.

Ref. [18]. We find RE J0317-853 has a predominantly
oxygen-neon core because it completed carbon burning
while ascending the asymptotic giant branch, typical for a
WD of its mass undergoing single-star evolution. We take
as our fiducial profiles those density and composition
profiles from the model for which the luminosity matches
the observed luminosity of RE J0317-853 (see Sec. IV of
the Supplemental Material [54] for further details).

The second improvement we make is in estimating
the core temperature of RE J0317-853. Reference [18]
estimated the core temperature from an empirical core
temperature-luminosity relation using an assumed lumi-
nosity from Ref. [64]. Reference [64] used Hubble parallax
and photometric data along with WD cooling sequences to
estimate the luminosity of RE J0317-853. Here, we
estimate the core temperature from WD cooling sequences
[65] which predict Gaia DR2 band magnitudes. These
cooling sequences are improved over those of Ref. [64]
because they better account for ionic correlation effects
than previous sequences, and our use of Gaia data rather
than Hubble represents an improvement because of smaller
uncertainties on the magnitudes, partly due to improved
parallax measurements. In particular, we fit the models
in Ref. [65] over cooling age and mass to the measured
RE J0317-853 Gaia DR2 data [66]. Although previous
measurements indicated a mass for RE J0317-853 of
21.26 M, we find that the 1.22 M, model provides
the best fit to the data. In the context of that model, we
find that the Gaia data prefers a core temperature
T, = 1.388 £0.005 keV. Therefore we use this model
and to be conservative assume a core temperature at the
lower 1o allowed value, T, = 1.383 keV, since the emis-
sivity increases with increasing 7.

Axion emission from the stellar interior primarily
results from the bremsstrahlung scattering e + (A, Z) —
e+ (A,Z) 4 a where an electron is incident on a nucleus
with atomic number Z and mass number A. The electrons
in a WD core are strongly degenerate with a temperature
T < pp that is much smaller than the Fermi momentum
pr- In this regime, the axion emissivity spectrum is thermal
and given by [16,18,62,67]

dga _ alznggee o’ Z Z%pst (3)
do  4n’m2 /T — 1 Au

which includes a sum over the species s of nuclei that are
present in the plasma; Z; is the atomic number, A; is the
mass number, p, is the mass density, and u ~ 931.5 MeV is
the atomic mass unit. The species-dependent, order-one
dimensionless factor F; accounts for medium effects,
including screening of the electric field and interference
between different scattering sites. For a strongly coupled
plasma [68] we use the empirical fitting functions pro-
vided by Ref. [67]. Whereas Ref. [67] assumes a one-
component plasma, we follow Ref. [69] and generalize to a
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multicomponent plasma in Eq. (3) by summing over the
constituent ionic species; this approach assumes that
possible interference effects can be neglected. Note that
the axion luminosity is given by the integral of the
emissivity over the WD core.

Our fiducial WD model leads to the predicted axion
luminosity L, ~ 8 X 107*L 4 (gae./10713)%. Accounting for
modeling uncertainties on RE J0317-853 we estimate the
limit on g,,, may be ~10% stronger, as illustrated in the
Supplemental Material, Fig. S4 [54]. Axions may also be
produced by the g,,, coupling from electro-Primakoft pro-
duction, which we compute in the Supplemental Material,
though as we show in the Supplemental Material Figs. S2 and
S3 [54], this process is subdominant compared with brems-
strahlung for RE J0317-853.

The axions then undergo conversion to X rays in the
MWD magnetic fields. The conversion probability p,_,,
may be calculated numerically for arbitrary magnetic
field configurations and axion masses m, by solving the
axion-photon mixing equations in the presence of g,,,,
though it is important to incorporate the Euler-Heisenberg
Lagrangian term which modifies the propagation of pho-
tons in strong magnetic fields and suppresses the mixing
[20]. The magnetic field of the MWD is found to vary over
the rotation period between 200 MG and 800 MG [70]; we
follow Ref. [18] and assume a dipole field of strength 200
MG, to be conservative. Note that at low axion masses and
high B-field values the dependence of the conversion
probability on the magnetic field is mild: p,_, < B*/>
[18]. Using the offset dipole model from Ref. [70] increases
the conversion probabilities by up to ~50% [18] at low
masses, which may increase the limit by ~10% relative to
our fiducial case. Numerically the conversion probabilities
are O(10™) x (g,,,/107"" GeV™1)? for m, < 107 eV
and drop off for higher masses. The distance is fixed at
the central value measured by Gaia d = 29.38 pc [53]
because the distance uncertainty only leads to a ~0.1%
uncertainty on the flux. In Fig. 3 we illustrate the energy-
binned spectrum prediction from axion-induced emission
from the MWD for m, <107 eV and g,.c9uy, =
1072 GeV~!. Note we neglect conversion in the
Galactic magnetic fields, which we estimate to be sub-
dominant to that in the WD magnetosphere.

We find no evidence for the axion model, with the best-
fit coupling combination being zero for all masses. We thus
set 95% one-sided upper limits on the coupling combina-
tion guee9ay, at fixed axion masses m, using the profile
likelihood procedure. For low masses m, < 107> eV the
limit is gueeGay, < 1.3 X 1072 GeV~!. This limit is around
3 orders of magnitude stronger than that set by the CAST
experiment on this coupling combination [36]. Our limit
also severely constrains the low-mass axion explanation
of stellar cooling anomalies [17], which prefer g,,,9gce ~
2 x 1072 GeV~! as illustrated in Fig. 4, where we show
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FIG. 4. The 95% one-sided limit on the axion-photon and axion-
electron coupling from this Work [gueegay,| < 1.3 X 1072 GeV~!
assuming m, < 107 eV. For m, > 1077 eV the leading con-
straint on g,,, is from the CAST experiment [36] and HB star
cooling [37], while for m, < 107'° eV it is from x-ray observa-
tions of SSCs [29]. The leading limits on g,,,, are from WD cooling
[71] and TRGB observations [72,73], while the 68% containment
region for explaining stellar cooling anomalies [17], along with the
best-fit coupling, is also indicated and in tension with our null
results. In the regime that is excluded by WD cooling, our analysis
should be modified to account for stellar energy loss into axions.
Dashed diagonal lines show the relations C,,./C,, = 1 and also
Coee/Cayy = 1.6 X 107, the latter corresponding to the W-phobic
loop-induced axion-electron coupling.

our low-mass limit in the g,, — gq.. plane, along with
current constraints.

It is instructive to translate our limit to one on g,,,, alone
by assuming a relation between the dimensionless coupling
constants C,,, and C,,,. Note that in the DFSZ QCD axion
model there is a tree-level coupling between the axion and
electron, such that C,,, ~ C,,,, while in the KSVZ model
no ordinary matter is charged under the Peccei-Quinn
symmetry and so C,, =0 at tree level, though it is
generated at one loop [74]. The loop-induced value of
C,y, depends on the relative coupling of the axion to
SU(2), versus hypercharge U(1),. If the axion couples
only to SU(2), [U(1),] then we expect, at one loop,
Couee ~48x107*C,,, (Cypp ~1.6 x1074C,,,) for f, =~
10° GeV~! (see Refs. [18,74,75] and the Supplemental
Material [54]). To be conservative we assume in Fig. 1 the
W-phobic axion scenario, where the axion only couples to
U(1)y (but see the Supplemental Material, Fig. S2 [54]).
We also show the limit on g,, for axion models with
Cyee = Cyyy» which is nearly 2 orders of magnitude
stronger than the loop-induced limit. Note, however, that
assuming C,, = C,,, allows constraints on g,,, from WD
cooling [71] and tip of the red giant branch (TRGB)
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observations [72,73] to be recast as constraints on g,,, at
the level of few x 10713 GeV~!, which are not shown in
Fig. 1. Couplings C,., ~ C,, may arise naturally in
models with ultraviolet operators of the form aeyse.

Our results have strong implications for a number of
astrophysical anomalies and planned laboratory experi-
ments. For example, the WD cooling anomaly prefers g,,, ~
1.6 x 10713 [17]. In order for a low-mass axion to explain
this result and be compatible with our upper limit, one would
need C,, $2.2C;c (gay, < 8.1 X 10713 GeV~'), which
would not be able to also explain the axion-photon coupling
Gayy ~ 107" GeV~! suggested by the global fit to stellar
cooling data [17] (see Fig. 4) or the TeV transparency
anomalies, which prefer g,,, 2 2 x 107! GeV~! for m, <«
1078 eV [76]. Anomalous x-ray emission from nearby
isolated Magnificent Seven NSs may be interpreted as
low-mass (m, < 107> eV) axion production from nucleon
bremsstrahlung in the NS cores and conversion to x rays
in the NS magnetospheres [27,77]. The required
coupling combination to explain the x-ray excesses is
JayyJaNN 2 107! GeV™!, with g,yy = Coyymy/fa the
axion-nucleon coupling, with mj the nucleon mass and
C,yn the dimensionless coupling. The nonobservation of x
rays in this work from the MWD implies that if axions
explain the Magnificent Seven excess they must be electro-
phobic, with C,,, < 4C,yy- Lastly, we note that our results
are especially relevant for the upcoming ALPS II light-
shining-through-walls experiment [78]. The last stage of the
experiment will have sensitivity to g, 2 2 x 107! GeV~!
for m, <107 eV, meaning that much of the axion param-
eter space to be probed is constrained by the current analysis
(see the Supplemental Material, Fig. S2 [54]).

Asisevidentin, e.g., Fig. 2 with ~40 ks of Chandra data
we are able to perform a nearly zero-background search; an
additional order of magnitude in exposure time would
allow us to improve the sensitivity to g,, by a factor of
~1.5. The proposed Lynx X-ray Observatory [79] aims to
improve the point source sensitivity by roughly 2 orders
of magnitude compared with Chandra. A ~ 400 ks
observation with Lynx or a similar future telescope of
RE J0317-853 (see the Supplemental Material, Fig. S1
[54]) may be sensitive to axions with g,,, ~ 107" GeV~!
for Cy., ~ C,yy» which may probe photophilic QCD axion
models [5-8] in addition to vast regions of uncharted
parameter space for the hypothetical axiverse.
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