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We study the detectability of GeV-band gamma-ray polarization with the AMS-02 experiment and its
proposed successor AMS-100, from Galactic and extragalactic sources. Characterizing gamma-ray
polarization in this energy range could shed light on gamma-ray emission mechanisms in the sources;
physics beyond the Standard Model, such as the presence of axionlike particles (ALPs), could also induce a
distinctive energy-dependent polarization signal due to propagation effects in magnetic fields. We present
estimates for the minimum detectable polarization from bright sources and the forecast reach for ALPs. We
show that AMS-02 will have sensitivity to gamma-ray polarization only for the brightest steady-state
Galactic sources, such as the Vela and Geminga pulsars; it is not expected to be capable of detecting
polarization in Galactic or extragalactic sources that have been previously proposed as good targets for
ALP searches with gamma-ray intensity measurements. However, AMS-100 observing the extragalactic
source NGC1275 would be expected to probe new parameter space even for unfavorable B-field models,
with prospects to measure the energy-dependence of such a signal. For Galactic sources, polarization
measurements could provide a unique test of scenarios where ALPs induce energy-dependent features in
the photon intensity. However, in the absence of a bright transient source (such as a Galactic supernova), the
parameter space that would be probed by this approach with ten years of AMS-100 data is already
nominally excluded by other experiments, although this conflict may be avoided in specific ALP models.
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I. INTRODUCTION

The existence of dark matter has long been one of the
greatest puzzles in our understanding of the Universe. One of
the leading candidates for dark matter particles is a hypo-
thetical particle called the axion [1-5] introduced by Peccei
and Quinn [6,7] to resolve the puzzle of the lack of observed
CP violation in quantum chromodynamics (QCD). More
generally, axionlike particles (ALPs) are ultralight pseudo-
scalar bosons predicted in many theoretical frameworks
beyond the Standard Model of particle physics, e.g.,
Refs. [8—10]. In contrast to QCD axions, the characteristic
parameters of ALPs—the mass m, and the photon-axion
coupling g,,,—are not necessarily related to each other. In
the presence of an external magnetic field, the photon-ALP
mixing can lead to energy-dependent modifications to both
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the flux and the polarization of photons from astrophysical
sources, over a wide range of frequencies.

The effects of ALPs on the polarization of light have
been studied for various astrophysical sources (e.g.,
gamma-ray bursts [11], magnetic white dwarfs [12], active
galactic nuclei [13,14], and pulsars [15]). These studies are
typically applied to photon energies below the MeV scale.
Extending the studies of polarization to the GeV region
requires the measurement of electron-positron pair produc-
tion. To date, no data on polarization has been released
for photons of energies above the pair creation threshold
(~1 MeV), although the Fermi Large Area Telescope
(Fermi-LAT) has the potential to detect high degrees of
linear polarization from some of the brightest gamma-ray
sources [16]. Challenges and future directions for gamma-
ray polarimetry have been reviewed in Ref. [17].

In the gamma-ray band, ALP-induced modification of
intensity spectra from Galactic pulsars [18] and supernova
remnants [19] has already been studied in data from the
Fermi-LAT gamma-ray telescope. Intriguingly, these
studies have claimed a hint of a possible signal, with a
favored mass of ~neV and coupling g,,, ~ 107" GeV~".
The tension of these results with the limits from the CAST
helioscope [20] might be reconciled by considering the
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different environmental conditions inside the Sun and the
dilute interstellar medium where the photon-axion mixing
occurs [21], or by nonstandard ALP couplings [22].
Additional experimental data such as polarization from
these Galactic sources could provide valuable input in
testing the ALP hypothesis and perhaps probing the
properties of ALPs.

The Alpha Magnetic Spectrometer (AMS-02) has a high
precision silicon tracker [23-25] with which to measure the
trajectories of electrons and positrons; it provides the oppor-
tunity for such a GeV-scale gamma-ray polarization meas-
urement. AMS-02 is a multipurpose high energy particle
experiment that has been installed in the International Space
Station since 2011. Besides precision results on charged
cosmic rays (see a review of AMS-02 results in Ref. [26]),
AMS-02 has the capability to measure gamma rays in the
MeV-GeV region for a wide range of astrophysical sources
[27], and its advantages for measuring gamma-ray polariza-
tion have been briefly discussed in Ref. [28].

In this paper, we estimate the possible imprint of ALP
dark matter in energy-dependent gamma-ray polarization,
and discuss the implications for the sensitivity of AMS-02
and proposed next generation spectrometer experiments in
space. Proposals for such experiments include ALADInO
and AMS-100 [29,30]; we will focus on AMS-100, which
aims to have near-4zsr sky coverage, and geometric
acceptance exceeding that of AMS-02 by roughly a factor
of 1000. We consider the extragalactic source NGC1275 at
the center of the Perseus cluster, which has been studied in
the context of ALP searches using X-ray polarimetry (e.g.
in Ref. [14]) and gamma-ray intensity measurements (e.g.
Refs. [21,31-35]), and a range of bright Galactic pulsars
and supernovae.

This paper is structured as follows: in Sec. II, we
summarize the formalism to model photon-ALP mixing
in our galaxy, discuss the Galactic and extragalactic sources
we consider, and describe our modeling of the relevant
magnetic fields. In Sec. III, we describe how polarization is
measured by the AMS-02 detector. In Sec. IV, we describe
our pipeline for computing the projected sensitivity for the
current AMS-02 and future proposed experiments. We
present our results and discuss implications for future
measurements in Sec. V. Finally, in Sec. VI, we summarize
our findings and discuss the prospects for detection of (ALP-
induced) polarization with AMS-02 and successors. In the
Appendixes, we discuss the dependence of our results on the
choice of energy binning, and the sensitivity of our Galactic
results to the inclusion of individual sources.

II. PREDICTING THE ALP-INDUCED
POLARIZATION SIGNAL

A. Photon-ALP mixing

Photon-ALP mixing in the presence of an external
magnetic field is described by the following Lagrangian:

L= g,,aE B, (1)

where g,,, is the photon-axion coupling constant, a is the
ALP field with mass m,, and E and B are the electric and
magnetic fields, respectively. Assuming the variation of the
magnetic field in space occurs on much larger scales than
the photon or axion wavelength, the equations of motion
for a photon or ALP of energy E travelling along the z
direction can be reduced to a linearized form [36]:

[7.)
(E + M- iaz) |7y>

|a)

where [y,) and |y,) correspond to the two linear polariza-
tion states of the photon field. We can always choose a
coordinate system such that the external magnetic field
transverse to the propagation direction, B |, aligns with the
y direction. The mixing matrix is then [37,38]

=0, @)

A, 0 0
M=1 0 4 4y, (3)
0 A, A,

where A | = Ay + 2Aggp, A = Ap + 7/2Aggp, the ALP
mass term is A, = —m2/(2E), and the ALP-photon mixing
term is A,, = g,,B,/2. The photon mass term A, =
—a)gl/ (2E) accounts for plasma effects during photon
propagation, where w, = \/(47aN,)/m, is the plasma
frequency calculated from the fine structure constant a, the
electron number density N,, and the electron mass m,.
Aggp 18 a one-loop QED correction to the photon polari-
zation in the presence of an external magnetic field. Note
that off-diagonal terms that induce Faraday rotation are
negligible [37], and therefore are dropped within our
treatment. The numerical values for the parameters can
be calculated (e.g., in Refs. [11,37]) to be

N E \-!
Ay =—1.1x1077 < kpc!,
! . <10‘3 cm‘3) <GeV> pe
E B \?2
Agep = 4.1 x 10— | (== ] kpe!,
Qe = 5 <G6V> <HG> P
ma\2( E \™!
A, =-78x1072 —=% — kpc™!
“ x (neV) <GeV> pe

. B
A, =152x10" <g”> (L> kpel. (4)

107" GeV~!

The eigenvalues of the mixing matrix can be easily
found to be Ay=A, and A, =(A+A,*
\/ (A — A,)* +4A7,)/2. The solution is proportional to

exp [-i(E + A.)z]. The oscillation wave number is thus
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Ay, = \/(AH — A,)? +4A2, [38]. Since the first term

inside the square root is inversely proportional to energy
and the second term is independent of energy, the oscil-
lation pattern will change at a critical energy E. when the
two terms are around the same order (A — A,)* ~4A7,.
We can solve for the critical energy as

1
UL T B SN e
Ec_§|ma—a)pl|Bl Gapy

lmg—ap| (B! g -
=25GeV—-> | —= ) (5
¢ (1neV)? (pG) (10‘11 GeV~! ®)
At energies above E ., the oscillation wave number A,
is dominated by the energy independent part A,,. The
conversion probability for photon mixing into ALP after a
distance d can be found to be [37]

5 Sin?(Agsed/2)

P = (Apad? =3 =25 (6)

and so this probability becomes maximal and energy
independent at energies above E.. At lower energies, the
oscillation probability is suppressed by (A,,/Aqc )%

The oscillation length [18] scales as the inverse of the
oscillation wave number. Thus, if we can treat the magnetic
field B, as being roughly constant, the oscillation length
can be written as

B -1 g -1

loe =32 kper/1 + (E.JE)* [ == )
: pey/ T+ /)<pG> <10—11 GeV~!

(7)

We observe that, for typical values of the magnetic field
in our Galaxy (O(pG), and for E comparable to E,
oscillations are relevant for sources at Galactic-scale dis-
tances for g,,, ~ 107" GeV~L.

All else being equal, a larger source distance d allows for
more oscillation and thus is favorable for probing larger
Losc» corresponding to smaller couplings g,,,. Thus extra-
galactic sources such as galaxy clusters can allow access to
smaller couplings, as can strong fields in the neighborhood
of the sources themselves. However, our knowledge of the
magnetic field along the line of sight for extragalactic
sources is generally rather limited compared to our knowl-
edge of the magnetic field of our Galaxy. Thus for each
extragalactic source, the magnetic field needs to be mod-
eled independently (as done in e.g. Ref. [14]). We will work
out one example for an extragalactic source (NGC1275)
that would allow sensitivity to smaller g,,, for plausible
magnetic field models.

In order to study the mixing of photons from an
unpolarized source, we need to work with the density
matrix instead [37]:

7:)
p=| Ir) | & (sl (sl (al), (8)
|a)
that obeys the von-Neumann-like equation
.dp
L = lp Myl ©

This equation can be solved using the transfer matrix 7,
defined as the solution to Eq. (2) with the initial
condition 7 (0,0;E)=1. We can write p(z) = 7 (z,0; E)
p(0)T7(z,0; E). In general, B, will not remain in the same
direction along the line of sight, and might form an angle y
with the y direction that changes along the z direction. If we
divide the distance from the source to the Earth into N
consecutive steps and assume the angle y does not change
within each step, then the propagation of the whole beam
can be described by the transfer matrix

N
T(ZN,Zléll/N, ---,l//1§E) = HT(ZiJrlaZi;l//i;E)- (10)

Finally, let us estimate how our signal sensitivity will
depend on the axion parameters m, and g,,,. We will be
interested both in searching for the presence of an induced
polarization signal, and (if such a signal is detected)
measuring its energy dependence to constrain its origin.
For the second type of search, we require the polarization to
vary with energy in the GeV band. For the first type of
search, £ > E, is favorable as this maximizes the con-
version probability. However, the energy dependence of the
conversion probability is most pronounced when E. is
greater than the energies of interest (i.e. the AMS-02 energy
band around 0.1-10 GeV).

Note that we can rewrite the conversion probability in
terms of the critical energy E, and oscillation length /.:

o sin?(2zd/ Ly, ) (1)
" (EJEP + 1)
Thus we see that when E > E., there is only one
relevant scale /.. The oscillation signal will then generally
be non-negligible once the distance to the source d
becomes comparable to /... Furthermore, when E > E,.,
lose < 1/Gqy,. Thus we expect to lose sensitivity to the
oscillation signal at a fixed value of g,,, for each source,
corresponding to [, becoming large compared to d and
thus ensuring a small conversion probability even for
E> E_., if the approximation E > E_. is good in the
region that is marginally constrained.
This argument holds for all axion masses, but for
m, > wy, E. increases proportionally to m2/ Gayy- Thus

a line with g, « m2 (starting at a critical mass determined
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by the plasma frequency) will keep E, fixed, and a line with
this slope will form the boundary between the regions with
E > E,_ (higher g,,,) and E < E, (lower g,,,). If we can
estimate the polarization signal region as requiring E 2 E.
and /. 2 d, then this will define a minimum testable g,,,,
which is mass independent at low m, (fixed by [, < d)
and then grows proportionally to m?2 at higher m, (where
extrapolating the low-m, line would lead to E < E.).

Now the energy variation in the polarization is sup-
pressed in the region with £ > E_, but if £ < E,. leads to
an undetectably small polarization signal overall, we might
expect that E. must lie within some specific range of
energies (comparable to those we observe) in order for
the energy variation to be measurable. In this case, the
sensitivity region will be bounded below in g,, by the
requirement that [, < d, and to the sides by g,, « m?
lines of fixed E... The sensitivity region could potentially be
improved in this case by combining gamma-ray polariza-
tion measurements with those from lower-energy instru-
ments, but we will not pursue this idea further in this work.

We can refine this estimate slightly by noting that if
l,s. < d, then small energy-dependent changes in [, can
affect the phase at the O(1) level in Eq. (11). For E > E_,
we can approximate the change in [, over an energy range
AE as

2

E
Alge ¥ =5 Lo AE.

(12)

Then A(d/loe) ~ (d/lose)(1 +5) for AE~E, and so
the phase difference scales as E2/lo. & g/ oy, =
mt/ Jayy- Thus we expect to lose sensitivity to the
energy-variation signal at low ALP masses, as previously,
but with a boundary curve of slope g,,, m? rather than
m2. We will see that these estimates are sufficient to
understand the shape of our sensitivity forecasts.

These arguments also clarify how measurements of
gamma-ray polarization could improve on previous studies
in the X-ray band; detection of polarization is easiest for
E > E., with detection of energy dependence requiring
E ~ E_, so measuring polarization at higher E gives access
to parameter space that predicts higher values of E.. Since
where the plasma mass can be neglected, E. « m2/ Gayy»
this implies we will be able to test higher m, for a given
value of g,,,; the high-m, cutoff associated with the critical

energy will move to the right, proportionally to v/E. Thus
we expect that moving from keV-scale X-ray polarization
to GeV-scale gamma-ray polarization could buy roughly 3
orders of magnitude of reach in m,. Thus for example
Ref. [14] forecasts that X-ray polarization studies of the
bright extragalactic source NGC1275 will have sensitivity
down to g,,, slightly below 107! GeV~!, up to masses
around m, ~ 107'2 eV (where there is a sharp cutoff in
sensitivity); we may hope for a comparable sensitivity up to

m, ~ 107 eV, although the sensitivity to Gayy Will depend
on our ability to measure small polarization fractions and
hence on the photon statistics.

B. Modeling the Galactic magnetic field

In this work, we model the Galactic magnetic field
(GMF) as described in Ref. [39], with an updated set of
parameters from Ref. [40]. For Galactic sources, we assume
the axion-photon conversion takes place during propaga-
tion through the GMF (as opposed to conversion in the
source), so our GMF model is relevant to the signal from all
Galactic sources. This GMF model contains four different
components: a disk component, a toroidal component, an
out-of-plane component and a striated random field. The
striated random field is aligned with the regular field
everywhere but with its direction randomized at small
scale; its strength can be modeled as the strength of the
regular field with an extra O(1) multiplicative factor. So the
combined field will only differ from the regular field by a
similar multiplicative factor. Therefore we only consider
the disk, out-of-plane, and toroidal components; the disk
and out-of-plane components generally dominate along the
lines of sight to the sources we consider. The disk
component lies strictly on the Galactic plane and contains
eight spiral arms with different strengths that decrease
exponentially as they rotate away from the Galactic
Center.' The disk component slowly transits into the
toroidal component as it deviates away from the Galactic
plane. The out-of-plane component has a radial B-field
contribution and a contribution perpendicular to the
Galactic plane.

C. Sources of gamma rays

In this work, we will consider both polarized and unpo-
larized sources of GeV-scale gamma rays. Polarization has
been measured for a number of Galactic and extragalactic
source classes across a broad range of frequencies, but
measurements in the GeV band are challenging both because
of a lack of instruments designed for polarimetry, and
because of the relatively small photon counts from typical
sources in this energy range. A review of results in the hard
X-ray and soft gamma-ray band, and future prospects in
gamma-rays, can be found in Ref. [17]; the expected GeV-
band sensitivity to polarization for the Fermi-LAT, which
uses a similar detection technique to AMS-02 in this regard,
has been estimated in [16].

Pulsars frequently have observed emission extending
into the GeV band, which can be attributed to synchrotron
radiation, curvature radiation, and/or inverse Compton
scattering (e.g. Ref. [42] and references therein). All of

'We note that, in the original paper [39], the stated expression
for the dividing line between the spiral arms r=
r_cexp [¢tan(90° — i)] should be r = r_ exp[(¢ — x)tan(i)]
as noted in Ref. [41].
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these mechanisms are capable of generating linearly
polarized gamma-ray emission, but the degree of polari-
zation and its energy dependence can potentially distin-
guish between them. Reference [42] models the emission
from the outer magnetosphere of rotation-powered pulsars,
assuming gamma-ray emission comes from synchrotron
and/or curvature radiation from accelerated primary elec-
trons. That work predicts phase-averaged polarization
degrees up to 40%—60% if curvature radiation is the
dominant gamma-ray emission mechanism, or 10%-20%
if synchrotron radiation is responsible, at GeV-band ener-
gies and above. One particularly bright pulsar and standard
calibration source is the Crab pulsar/nebula. Multiple
instruments have sought to measure polarized soft
gamma-ray emission from the Crab in the keV-MeV band,
finding central values for the linear polarization fraction
ranging from around 15% to nearly 50% (e.g. Refs. [43—46]
and references therein).

It therefore seems plausible that pulsars may emit GeV-
band gamma rays with a wide range of polarization
fractions, so we test the effect of assuming either unpo-
larized or linearly polarized gamma-ray emission from
pulsars at the source. The detection of polarized emission
from pulsars would not (in itself) be a reliable indicator of
the presence of ALPs, but an upper limit on polarization
across multiple sources could still be used to set a bound on
ALP-photon oscillation, and the energy dependence of the
polarization could (in principle) be used to separate ALP-
sourced polarization changes from an astrophysical back-
ground. The detection of polarized GeV-band gamma rays
from Galactic pulsars would be an exciting discovery in
itself, with implications for pulsar emission modeling,
independent of any implications for ALP models.

Gamma-ray emission from supernova remnants may be
hadronic or leptonic in origin. The hadronic gamma-ray
emission from collisions of accelerated protons producing
neutral pions (which then decay to gamma rays) is expected
to be unpolarized, but inverse Compton signals may have a
nonzero linear polarization fraction. In the X-ray band,
polarized emission attributed to synchrotron has been
detected from supernova remnants (e.g. Ref. [47], who
find a polarization degree around 20%), and for soft gamma
rays, Compton scattering has been discussed as a source of
polarization [48]. Given the relatively low observed polar-
ized fractions in the X-ray band and the likelihood that 7°
emission contributes in the GeV band (e.g. Ref. [49]), we
will assume that GeV-band emission from supernova
remnants is predominantly unpolarized in this work (this
is consistent with [16] which considered only pulsar and
blazar sources), although we would caution against inter-
preting any detection of a modest polarization signal as
requiring ALPs or other new physics.

Extragalactic gamma-ray sources may also have sub-
stantial polarization; e.g. Ref. [50] found that blazar
polarization could reach maximum values as high as

70% in the case of hadronic emission and 40% for leptonic
emission (although these are upper limits and the true
values could be much lower). Again the physical mecha-
nism generating the polarization in these cases is synchro-
tron radiation, including synchrotron from protons in the
hadronic case. Reference [14] cites estimated linear polari-
zation fractions of 0-5% for NGC1275 in the X-ray band,
and treats the linear polarization fraction as independent of
energy.

Finally, gamma-ray emission could in principle also be
circularly polarized at the source, but we expect that a large
circularly polarized fraction would require some new
mechanism for emission or scattering of the gamma rays
(e.g. Refs. [51,52]). We will show some results for a
circularly polarized source for completeness; note however
that AMS-02’s method for measuring gamma-ray polari-
zation is only sensitive to the linear polarization fraction.

D. Selecting and modeling Galactic sources

In this work, we will assume supernova remnants are
unpolarized sources, and consider pulsars both for the
polarized and unpolarized cases. We employ the same
sample of six pulsars used in Ref. [18]. Note that in order to
obtain a large oscillation signal, it is favorable to have a
large B, component and a long path length. We observe
that the radial component of the total B-field is relatively
small compared with the azimuthal and perpendicular
components. Accordingly, we prefer sources at low
Galactic latitudes where the emitted photons can pass
through the spiral arms, and sources that have relatively
large and well-determined distances. The sample we use
corresponds to six bright pulsars selected according to these
criteria. We also selected four of the five brightest super-
nova remnants from the Fermi-LAT fourth source catalog
(4FGL) [53] using the same criteria; we did not include the
W28 supernova remnant, which is the fourth brightest
overall, due to a relatively small transverse magnetic field
along the line of sight to this source. The distances to these
sources are taken from Refs. [19,54]. In addition to these
sources, which are chosen to be favorable for observations
of ALP-photon oscillation, we also consider two sources
chosen purely for their brightness: the Vela and Geminga
pulsars. These pulsars are very nearby and so are unlikely
to be good candidates for observing ALP-induced polari-
zation, but their high photon fluxes make them good
candidates for observations of intrinsic (astrophysical)
polarization.2

The positions of these sources are listed in Table I and
are shown, together with the magnetic field strength in the

*The uncertainties on the distances to IC443 and W44 are not
clearly defined in the original references (although they are
certainly non-negligible). The distance to W51C is taken to be
5.5 kpe, following Ref. [19], which is also consistent with the

measured value of 5.41%03¢ kpc given in Ref. [55].
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TABLE 1. The list of selected Galactic sources, with their
Galactic longitude (/), latitude (b), and heliocentric distance (d)
with corresponding errors. The first six entries correspond to
pulsars and the others to supernovae (see the text for references).

Source name ] b d [kpc]
J1420-6048 313.54 0.23 57+09
J1648-4611 339.44 -0.79 4.9+0.7
J1702-4128 344.74 0.12 4.7+0.6
J1718-3825 348.95 -0.43 3.6+04
J2021 + 3651 75.22 0.11 10:%
12240 + 5832 106.57 -0.11 7.3+0.7
IC443 189.065 3.235 L5
w44 34.560 -0.497 3
W5IC 49.131 -0.467 5.5
W49B 43.2515 —-0.1761 10£2
Geminga 195.13 4.27 0.25
Vela 263.55 -2.79 0.29

Galactic plane, in Fig. 1 (positions for Geminga and Vela
are not shown because they essentially coincide with the
Sun’s location on the scale of this plot). The exposure for
AMS-02 [27] can be reduced in regions such as the north
pole and the South Atlantic Anomaly due to a decrease in
data acquisition efficiency. The sources considered in this
paper have been verified to be located outside these regions
of low exposure.

The pulsars are fairly young and rotation powered. Their
emission spectra are modeled as a power law with an
exponential cutoff as in Ref. [18]:

15 T T T T
I
10- x PSR J2021 + 3651 4
PSR J2240 + 5832 41
X
— 5 r ~
8 10 O
X =
> 41-1 o
SNR IC 702 — 4128 -
48 — 4611
-5t -2
-3
1955 10 -5 0 5 10
x [kpc]
FIG. 1. The strength of the Galactic magnetic field, based on

the model in Ref. [39], as a function of position in the Galactic
plane. The selected pulsars and supernova remnants are indicated
as crosses and triangles, respectively. The position of the Sun is
marked as a red point. Geminga and Vela are not indicated
because of their proximity to the Sun (which also makes them
poor targets for an ALP search).

-T
d—N: Ny <£> exp {— E ] (13)
dE E, E.u
The parameters include the normalization factor N at scale
energy E,, photon index I', and cutoff energy E.,. Values
for these parameters (taken from Ref. [18]) are presented in
Table II.

The emission spectra of the supernova remnants are
modeled by a log-normal representation as in the fourth
Fermi-LAT catalog [53],

—a—plog(E/E
d—N:K<£> Blog(E/Eo) (14)
dE E,

with the best fit values of K, Ey, a, # given in Table III.

Unlike the other pulsars, Geminga and Vela have
significantly curved spectra and are described by a sub-
exponentially cutoff power law,

dN E\rotd/b d E\?
i o(e) e (- () )] o

For Geminga, we have a prefactor Ny=0.30696 x
107 MeV~'ecm™2s7!, local spectral index y, = —2.0288,
local curvature d = 0.71448, index b = 0.6806, and
energy scale E, = 1.70533 GeV. For Vela, we have
Ny = 0.41083 x 107 MeV~' ecm™2 57!, local spectral
index y, = —2.2607, local curvature d = 0.57942, index
b =0.4922, and energy scale Ey = 1.97637 GeV.

E. Selecting and modeling extragalactic sources

As mentioned in Sec. II, distant sources should generi-
cally allow us to probe lower couplings, especially if we
have reason to believe there is a substantial magnetic field
along the line of sight. Most of the prominent extragalactic
gamma ray sources are active Galactic nuclei (AGNs), the
brightest of which have comparable gamma ray flux to
bright Galactic sources over the energy range of AMS-like
detectors. Examples of such sources include NGC1275 and
Markarian 421 [53]. Furthermore, one of the most well

TABLE II. Best fit spectral parameters for pulsars, with
combined uncertainties (shown in parentheses), taken from
Ref. [18], including the normalization factor N, at scale energy
E,, photon index I', and cutoff energy E.

NO EO Ecut
Pulsar name [107° MeV~'ecm™2s7!]  [GeV] r [GeV]
J1420-6048 0.0014(2) 5.6 1.794) 4.3(4)
J1648-4611 0.0022(1) 2.9 0.98(3) 3.1(2)
J1702-4128 0.15(3) 0.1 0.8(1) 0.8(1)
J1718-3825 0.021(1) 1.2 1.58(4) 2.2(2)
J2021 + 3651 0.15(1) 0.8 1.59(3) 3.2(3)
72240 + 5832 0.0065(1) 12 151)  1.6(4)
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TABLE III.  Best fit spectral parameters for supernova remnants
and the extragalactic source NGC1275, from the fourth Fermi-
LAT catalog [53]; see Eq. (14) for parameter definitions.

K E,

SNR name [10™ MeV~'ecm™2s7!]  [GeV] a p
1C443 0.0025754 4.55086 2.2838 0.1226
W44 0.0080814 2.79088 2.5268 0.2389
WsSIC 0.0050819 2.76802 2.2054 0.1086
W49B 0.00077392 4.55187 2.2827 0.1118
NGC1275 0.039039 0.9749 2.0594 0.0719

studied AGNs, NGC1275, is at the center of the Perseus
cluster, which is estimated to have a much stronger
magnetic field compared to the GMF [56]. We will thus
work with this source as an illustrative example, noting that
an analysis combining multiple sources with careful mod-
eling of their line-of-sight magnetic fields could potentially
give improved sensitivity.

NGC1275 has a Galactic longitude of 150.58° and a
Galactic latitude of —13.26°% its estimated distance is
68.2 Mpc. We model the emission spectrum of NGC1275
by a log-normal representation [as in Eq. (14)] with the best
fit parameters [53] again given in Table III. We follow
Ref. [14] for the modeling of the magnetic field. Specifically,
we take a central magnetic field strength of 25 pG as
indicated in Ref. [56]. The magnetic field falls off radially
as B « n%7 as modeled in Ref. [57] for galaxy clusters. The
radial behavior of electron density is modeled in Ref. [58] as

39x107 | 405x107° o
n, = .
© (L (r/80)MF (14 (r/280)%)%

There is not much known on the coherence length of the
B-field of the Perseus cluster, so we parametrize it (as in
Ref. [14]) using the values motivated by a study of the
structure of the magnetic field in the cool core cluster A2199
[59]. The minimum coherence length is assumed to be
3.5 kpc and the maximum coherence length 10 kpc. The
magnetic field along the line of sight is simulated with the
above setup; a set of coherence lengths is drawn randomly
from the probability distribution P(I = x) o x~!2, until the
sum of the lengths adds up to 1 Mpc. In each domain, the
magnetic field is assumed to be constant with fixed random
direction.

As discussed previously, the radiation from the AGN
could have a non-negligible polarized component due to
synchrotron radiation, but for simplicity we will assume an
initially unpolarized source for this analysis.

F. Expected perturbation of the gamma-ray
polarization

By solving Eq. (2) numerically, we obtain the intensity,
polarization degree, and polarization angle of photons as

functions of both the distance along the line of sight from
the pulsars and the photon energy. As an example, Fig. 2
shows the calculated results for PSR J2021 + 3651,
approximately matching the best-fit parameters for the
ALP explanation of the excess claimed in Ref. [18]:
specifically, we take g,,, =3.543 x 107" GeV™' and
m, = 4.41 x 107 eV. The photon-ALP mixing is related
to the strength of the transversal magnetic field as shown in
Figs. 2(a), 2(c), and 2(e). This effect will induce modifi-
cation of gamma ray spectra as shown in Fig. 2(b). The
intensity results in Figs. 2(a) and 2(b) are similar to the
calculation in Ref. [18], which we employ as a cross-check,
although we use an updated magnetic field model so the
results are not identical.

As we can see from Eq. (3), only the component parallel
to the magnetic field will oscillate, so the final spectrum
depends on the initial polarization state and the initial
polarization angle. Figure 2(d) shows the polarization
degree of photons as a function of photon energy, assuming
three cases for the initial polarization: an initially unpolar-
ized beam, and two initially 100% linearly polarized sources
with different initial polarization angles. The initial polari-
zation of the blue curve aligns with the transverse external
B-field at the position of the source, while the initial
polarization angle of the purple curve is chosen such that
the oscillation amplitude is maximized, which corresponds
to tan @ ~ 3 (where 6 is the angle between the polarization
vector and the external transverse B-field at the source
position). We observe that in this example, a large energy
dependence can be obtained in the polarization degree, for
either a polarized or unpolarized source (although for a
polarized source it depends on the initial polarization angle).

III. POLARIZATION MEASUREMENT
BY PAIR PRODUCTION

Above the energy threshold of pair production
(~1 MeV), the polarization of photons can be measured
by the converted electron-positron pair. The detection of
linearly polarized photons by pair production was proposed
in the 1950s by Refs. [60,61]. The main signature from a
polarized source of gamma rays is the preferential ori-
entation of the plane in which the electron-positron pair is
emitted. The kinematics of electron-positron pair produc-
tion is shown in Fig. 3. The azimuthal angle ¢ is defined as
the angle between the electron-positron plane and the
direction of the electric field of the primary gamma-ray.
The asymmetry of the azimuthal distribution carries infor-
mation on the polarization of the source.

Specifically, the photon event distribution over the
azimuthal angle ¢ has the following form [62]:

dN/dp < 1+ A - Pcos(2¢), (17)

where A is the analyzing power depending on the angular
resolution of the detector and the kinematics of the pair
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FIG. 2. Example of expected photon intensity and polarization from the pulsar PSR J2021 4 3651, with ALP parameters
Gayy = 3.543 X 10710 GeV~!, m, = 4.41 x 107 eV. (a) The intensity of photons at 3 GeV versus the distance along the line of
sight from the pulsar. (b) The intensity of photons versus the photon energy. (c) The polarization degree of photons at 3 GeV versus the
distance along the line of sight from the pulsar. (d) The polarization degree of photons versus the photon energy. (e) The polarization
angle of photons at 3 GeV versus the distance along the line of sight from the pulsar. (f) The polarization angle of photons versus the
photon energy, at the Earth’s location. The red curve assumes an initially unpolarized source; the blue and violet curves assume initially
100% polarized source with different initial angles (see text for details). The transversal magnetic field B | in units of pG is shown as the

dashed green line in (a), (c), and (e).

production, and P is the degree of the photon polarization.
For silicon-strip pair-production detectors operating in the
energy range above 0.1 GeV, such as AMS-02, the value of
A can be approximated as a constant value 0.14 [28,63].

This number arises from the inherent angular depend-
ence of the pair-production cross section and does not
incorporate detector resolution effects. We caution that the
effective polarization asymmetry can depend sensitively on
the design of the detector; Ref. [28] finds that the effective
value of A is significantly suppressed for the Fermi-LAT,

for example. While that work argues that the AMS-02
tracker has a number of properties that are favorable for
gamma-ray polarimetry (specifically, “thin wafers, narrow
readout pitch, and large distance between layers”™), a detailed
detector simulation to establish the appropriate A value for
AMS-02 has not yet been performed to our knowledge,
although there has been recent work to improve the vertex
reconstruction with the specific goal of measuring gamma-
ray polarization [64]. Furthermore, these properties would
not necessarily be preserved in AMS-100. On the other
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FIG. 3. Kinematics of electron-positron pair production. The x
and y axes are aligned with the directions of the electric field and
magnetic field carried by the light source, respectively. The
3-momenta of the incoming photon, the emitted electron and
positron are denoted as l_c}, D.-»and p,+. The x— or electric field
direction is also called the polarization direction of the source.
The electron and positron form a plane (green) which is
perpendicular to the x-y plane (blue). The azimuthal angle ¢
is defined as the angle between the electron-positron plane and
the direction of the electric field.

hand, the effective value of A can potentially be enhanced by
cuts on the event kinematics, as e.g. events with energy more
evenly split between the electron and positron also exhibit a
larger azimuthal-angle dependence [62]. Such cuts would
improve A at the cost of statistics.

We thus consider A ~ 0.14 to be a reasonable benchmark
for both AMS-02 and for future successor instruments,
but to the degree that instrumental effects degrade A in
AMS-02, it would make the polarization signals we discuss
more difficult to see. For AMS-100, we seek to understand
the science case for taking polarimetry into account in its
design, and so will show results with A = 0.14 while
understanding that design choices and selection cuts could
either enhance or degrade this value.

Figure 4 shows the expected observation in azimuthal
distribution with fully polarized (P = 100%) and unpolar-
ized (P = 0%) photons; a sinusoidal shape is expected for
polarized photons while a flat distribution is expected for
unpolarized photons. The sinusoidal shape of the distribu-
tion indicates that for polarized photons, the electron-
positron plane is preferentially aligned with the electric
field of the source. The degree of polarization P is
determined by the magnitude of the sinusoidal oscillation.
We reiterate that instrumental effects leading to uncertain-
ties in the azimuthal angle reconstruction should be
incorporated at the level of the analyzing power A.

— P=100%
---P=0%

1+A

Normalized Events

Azimuthal Angle ¢ [Rad]

FIG. 4. The expected event distribution as a function of
azimuthal angle ¢ with fully polarized (red solid line) and
unpolarized (blue dashed line) photons. A sinusoid shape is
expected for polarized photons while a flat distribution is
expected for unpolarized photons.

The measurement of gamma rays with the AMS-02
experiment is described in Ref. [27]. The effective accep-
tance using photons converted in the upper detector
increases as the energy increases from nearly zero at
~100 MeV, reaching 140 cm?sr at ~5 GeV, and then
decreases to zero at 1 TeV. For photon sources close to
the zenith of AMS-02, the effective area is ~180 cm?. For
point sources, it is the exposure rather than the overall
acceptance that is important. A realistic calculation of the
AMS-02 exposure over six years, accounting for the
efficiency of various selection cuts, is conducted in
Ref. [27] for one specific energy (2 GeV). For our
AMS-02 calculations, we digitize the results of that work
for the exposure (for the conversion analysis, not the
calorimeter events) at the positions of our sources. We
then rescale the results by a factor of 10/6 to obtain a
10-year sensitivity. The resulting exposures (at 2 GeV) are
described in Table IV. We extend the results to our full
energy range (100 MeV-10 GeV) by assuming the energy
dependence of the exposure is dominated by the energy
dependence of the effective area, which is given for the
conversion analysis in that same work.

The proposed next-generation magnetic spectrometer
AMS-100 aims for an effective acceptance of 30 m?sr
for photon conversions in the silicon tracker layers [29].
Compared to the peak effective acceptance for AMS-02
conversion events, which is 140 cm? sr as discussed above,
we expect an increase in statistics by roughly a factor of
2000, averaged over the whole sky.

Since AMS-100 would be located at Lagrange point 2 and
has a very different (cylindrical) geometry to AMS-02,
rather than rescale the AMS-02 exposure, we simply assume
a uniform exposure over the sky for AMS-100. This leads
to an average exposure over 10 years of 30 m?sr x
10 yr/(4z sr) = 7.5 x 10'> cm? s. We furthermore assume
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TABLE IV. Estimated signal and background (bkg) counts for
AMS-02 in ten years for selected sources, along with exposure at
2 GeV and Galactic latitude. The first six entries correspond to
pulsars, the next four to supernovae, and the last three to our
example extragalactic source and Geminga and Vela pulsars.

Estimated  Estimated bkg

counts for counts for ~ Exposure at Galactic

AMS-02 AMS-02 2 GeV latitude
Source name in ten years in ten years [10° cm?s]  b[7
J1420-6048 14 62 0.308 0.23
J1648-4611 6 194 0.729 -0.79
J1702-4128 8 250 0.866 0.12
J1718-3825 29 200 0.923 -0.43
J2021 + 3651 246 173 1.79 0.11
12240 + 5832 13 71 1.70 —0.11
1C443 185 49 1.60 3.235
W44 209 357 1.43 —0.497
WsI1C 124 219 1.52 -0.467
W49B 53 272 1.48 —0.1761
NGC1275 133 13 1.82 —13.26
Geminga 2244 13 1.62 4.27
Vela 2191 12 0.737 -2.79

that this corresponds to the peak acceptance/exposure as a
function of energy, and rescale the exposure at lower and
higher energies according to the energy dependence of the
AMS-02 effective area, since the silicon tracker design is
similar.

Reference [29] also suggests a smaller AMS-100 path-
finder. The pathfinder would have geometrical acceptance
of 0.2x the AMS-02 value, so we simply scale down the
exposure by this factor. (Note that Ref. [29] characterizes
this pathfinder as “10% scale,” but roughly a factor of 2 of
this loss would come from removing the calorimeter, which
is irrelevant for our analysis.) We hereafter denote this
20%-scale pathfinder as AMS-100P.

Having obtained the energy-dependent exposure for both
telescopes, we integrate these functions over the energy
spectra of the sources (as given in Tables II and III) to
obtain the total number of expected counts.

IV. ESTIMATING SENSITIVITY

Having introduced the physics behind detection, in this
section, we will make projections for both AMS-02 and
future AMS-like detectors. If the gamma-ray polarization
of the sources was well-understood, we could perform a
(forecast) likelihood analysis for the detectability of a
signal from new physics; however, as discussed above,
we do not have such a model for the source polarization.
We will thus perform two more generic analyses in this
section, addressing sensitivity to (1) a non zero polarized
fraction from an initially unpolarized source (unbinned
analysis) and (2) variation in the polarization fraction as a
function of energy (binned analysis). The first analysis is

appropriate for a first measurement of GeV-energy gamma-
ray polarization from a given source, and for constraining
the effects of ALPs via the polarization they should
inevitably induce in gamma-rays from initially unpolarized
sources. In the event of a detected polarization signal, the
second analysis would potentially allow us to distinguish
ALP-induced polarization from other sources of polariza-
tion, which would not be expected to have the same energy
dependence. A null result in either channel could be used to
set upper limits on an ALP-induced polarization signal; our
analysis will focus on detection sensitivity, but we will
discuss the implications of a null result in Sec. V.

A. Sensitivity to polarization fraction

We first investigate the detectability of a nonzero
polarization for AMS-like detectors, without specifying
the source of the polarization. This analysis is broadly
applicable and can be employed to estimate the ability of
these detectors to measure polarization induced by ALP-
photon mixing from an initially unpolarized source.

An analytical expression for the minimum detectable
polarization (MDP) can be given in terms of the observed
counts by [16]

MDP(p) = 2V _Aln(p) V vaj Ay

(18)

where A = 0.14 for AMS-02 as defined before, Ng and Np
are signal and background counts respectively, and p is the
probability threshold for a detection, i.e. above the
MDP(p) polarization threshold, the associated modulation
amplitude has probability < p that it would be exceeded by
a statistical fluctuation if the true polarization fraction were
zero. Note that while the MDP is commonly used as an
estimate of the sensitivity of a polarimeter, it is not the same
as (for example) “the true polarization value for which the
zero-polarization hypothesis is expected to be excluded
with a given p value” (see also [65] for discussion); the
latter quantity depends on the uncertainty in the extraction
of the polarization amplitude when the true polarization is
nonzero, whereas MDP is calculated purely under the zero-
polarization hypothesis. However, it is useful as an estimate
for the number of counts needed to render polarization
potentially detectable.

As a first optimistic estimate, we take Nz = 0. We see
that for the MDP to be below 1 with p = 0.05, we need
Ng > (2v/=1n0.05/0.14)% ~ 600. This sets a floor for the
brightness of sources where we can hope to measure
polarization. A reduction in A from 0.14, due to instru-
mental effects, would increase this threshold by a factor
of (0.14/A)2.

For each of the sources we consider, we compute the
expected number of photons in 10 years of AMS-02 or
AMS-100 data, estimating the exposure as described in the
previous section. In Table IV we show the estimated counts
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for each source in AMS-02. We see that of the sources we
consider, only the Geminga and Vela pulsars are expected
to have enough photons to be above the (zero-background)
threshold at which MDP < 1. Ignoring the background
counts (which as we will show are quite small for both
Geminga and Vela), the MDP is 0.52 for Geminga, and
0.53 for Vela. This marginal detectability does rely on
being able to achieve A = 0.14; a reduction in A by a factor
of 2 would push both these sources below the threshold for
MDP < 1L

What of the backgrounds? A full analysis including the
diffuse photon background and the background from
misidentified cosmic rays would take into account the
probability that each event is associated with the source vs
being part of the background, based on its distance from the
center of the source and the point spread function of the
instrument.

Such an in-depth analysis is beyond the scope of this
article; instead, we estimate the background by computing
the background within a 1° radius of each source, which
corresponds roughly to the 68% containment region of the
AMS-02 point spread function at an energy of 700 MeV
[27]. The angular resolution improves at higher energies, to
slightly below 0.1° (in 68% containment angle) at 10 GeV,
and degrades at lower energies, to around 3° at 200 MeV
(below this energy the effective area for conversion events
becomes negligible). We could average this angular reso-
lution function over energy, weighting by the expected
photon counts; this inherits the energy dependence of the
effective area, and we will also assume a photon source
with a spectral index of dN/dE ~ E~> — E~3 (typical of the
Galactic diffuse emission). For this range of photon spectra
we obtain photon-number-averaged values for the 68%
containment angle of ~0.9-1.5°, supporting our use of 1° as
an estimate.

Before we go on to discuss the modeling of the diffuse
photon background, let us briefly discuss misidentified
cosmic rays. Reference [27], which we use for our exposure
estimates for AMS-02 (including selection cuts), suggests
that in a broad region including the Galactic plane (Galactic
latitude |b| < 8°) the cosmic-ray background is generally
subdominant to the diffuse photon background. However,
not all our sources are along the plane. Reference [27] also
provides an estimate for cosmic-ray background events
based on the observed difference between the measured and
modeled gamma ray signals; they show that the back-
ground is declination dependent, but has a maximum value
of around 20,000 events/sr at high declinations (at lower
declinations this rate is suppressed by a factor of around 2),
in 6 years of AMS-02 data. This corresponds to 19 events in
a 1° radius circle in the 6-year dataset of that work, so
roughly 32 events over 10 years. Thus, for any source
where the minimum detectable polarization is below 1
(requiring Ng > 600), we see that this background must be
negligible (< 5%) compared to the signal, with the ratio

TABLE V. Estimated signal and background counts for AMS-
100 in ten years with MDP for selected sources. The first six
entries correspond to pulsars, the next four to supernovae, and the
last three to our example extragalactic source and Geminga and
Vela pulsars. 1 should be understood as there is no way to
distinguish a polarized source from an unpolarized one with the
statistics.

Estimated Estimated bkg

counts for  counts for MDP for

AMS-100 AMS-100  MDP for AMS-100
Source name in ten years in ten years AMS-100 with bkg
J1420-6048 291,744 1,287,312 0.05 0.11
J1648-4611 53,938 1,704,463 0.11 0.61
J1702-4128 62,565 1,847,690 0.10 0.55
J1718-3825 198,806 1,386,797 0.06 0.16
J2021 + 3651 881,567 619,863 0.03 0.03
J2240 45832 49,832 269,155 0.11 0.28
1C443 741,047 196,893 0.03 0.03
W44 938,385 1,603,193 0.03 0.04
Ws1C 522,037 926,101 0.03 0.06
W49B 230,353 1,174,738 0.05 0.13
NGC1275 468,941 44,404 0.04 0.04
Geminga 8,853,197 49,339 0.01 0.01
Vela 19,042,725 102,915 0.01 0.01

V/Ng + Ng/Nj thus changing only at the percent level due
to the inclusion of this background. For this reason, we will
ignore the cosmic-ray background for the remainder of our
analysis.

In contrast, the diffuse photon background can be
important, especially for relatively faint sources lying in
the Galactic plane. We employ the Pass 8 (P§R3) model for
the diffuse Galactic gamma-ray emission provided by the
Fermi-LAT Collaboration® to obtain the photon flux at the
location of each source (as a function of energy), and then
use the previously derived exposure at the source location
to convert this flux to a number of counts. The results are
shown in Table IV, for the total counts integrated from 0.1
to 10 GeV. We see that for sources in the Galactic plane,
the backgrounds are often comparable to the counts from
the sources themselves; however, for NGC1275 and the
Geminga and Vela pulsars, which are further from the
Galactic plane, the backgrounds are expected to be quite
subdominant.

As a result, for the sources where polarization may be
detectable with AMS-02—i.e. the Geminga and Vela
pulsars—we expect the zero-background MDP estimate
to be quite accurate.

For the other sources, we will now move on to the
prospects with AMS-100. Table V shows the estimated
MDP both with and without background events. As we see,
for the best sources in all categories (Galactic pulsars,

3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Background
Models.html
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Galactic supernovae, and the extragalactic source
NGC1275), we expect to have MDP at the 1%—4% level
even in the presence of backgrounds, and the backgrounds
do not markedly degrade the estimated MDP, although for
other sources the impact of backgrounds can be substantial.

Finally, with these diffuse photon background results in
hand, let us briefly revisit our neglect of the cosmic-ray
background. We see that for Vela, Geminga, and NGC1275,
the two backgrounds are of the same order; however, they are
both very subdominant compared to the source brightness.
For all other sources, the diffuse photon background
dominates over the cosmic-ray background. Thus we expect
our neglect of the cosmic-ray background to have no
qualitative effect on our results. If AMS-100 sought to
study faint sources far from the Galactic plane in polariza-
tion, the cosmic-ray background might then become a
limiting factor.

B. Monte Carlo simulations for
ALP parameter space

In this light, we now move on to study the degree to
which AMS-100 could constrain ALP parameter space.
(We do not perform this analysis for AMS-02 given the
results of the simple MDP estimate, which suggest that
none of the more distant sources will have the statistics
required to measure any level of polarization.)

For each of the sources discussed in this work, and for
each point {m,, g,,, } in ALP parameter space, we calculate
the expected photon polarization spectrum at the AMS-100
detector using the modeling described in Sec. II. We
compute the expected counts and their polarization fraction
over the full 0.1-10 GeV energy range, and in four or ten
log-spaced energy bins, using the detector properties
described in Sec. III. For each choice of binning, we
average the forecast linear polarization fractions as a scalar
sum over the total counts within each bin (weighted by the
number of photons as a function of energy) and use it as the
true polarization fraction for the Monte Carlo (MC)
simulations. To treat it more rigorously, one should average
the individual polarization + intensity vectors, using a
vector sum over counts instead. In practice, we have
confirmed that since the polarization angle varies contin-
uously without sudden jumps, the two averaging methods
yield similar results. The spectral distortion due to the bin-
to-bin migration is negligible for these wide bins.

We then simulate the observed counts as a function of
azimuthal angle (independently by energy bin where
appropriate), treating the counts as random Poisson vari-
ables in 10 uniform angular bins from O to 2z. The mean
value for each Poisson distribution is predicted by Eq. (17)
using the true polarization as input for the polarization
degree P, and determining the normalization from the
expected detected events with A = 0.14. We perform 1000
draws from the Poisson distribution to account for the
randomness.
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with initially unpolarized photons from W44 in the unbinned
analysis, in one example realization. We assume ten years of
exposure with AMS-100. The orange line is the fitted function and
the blue dots are results from MC simulation. The ALP parameters
are g,,, = 3.543 x 10719 GeV~!, m, = 4.41 x 107 eV.

For NGC1275 there is an additional subtlety that the
magnetic field involves a random draw. We draw 100
different B-field configurations for NGC1275, and for each
ALP parameter point, we simulate 1000 realizations for
each B-field configuration.

For each realization (and each energy bin where appro-
priate), the event distribution as a function of azimuthal
angle ¢, with the error approximated by the square root of
the number of counts,4 is fitted to the functional form of
Eq. (17) to obtain the reconstructed polarization degree and
its uncertainty (using the SciPy curve_fit function, which
implements a weighted least-squares fit). We confirmed
that the distribution of reconstructed polarization is con-
sistent with the input to the simulation, and that the error
bars are consistent with the scatter across simulations. Thus
for each realization (mock dataset) and for each source, we
have an estimate for the polarization in the ith energy bin as
P; == AP;. These are the data that enter into our subsequent
analyses.

Figure 5 shows an example of a simulated event
distribution (in azimuthal angle) for a unbinned (in energy)
analysis for the W44 supernova remnant, assuming initially
unpolarized photons with ALP parameters g,,, = 3.543 x
10719 GeV~! and m, = 4.41 x 107 eV. As previously,
W44 gives rise to 938,385 expected counts over ten years
with AMS-100.

“This approximation should be valid in the limit of a large
number of counts; as discussed above, where the number of
counts is <600 we will not be able to detect even a large
polarization fraction, so this should be a good approximation for
the parameter space of interest.
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C. Statistical tests for polarization
and energy dependence

Given a set of polarization values and error bars for each
energy bin, we are interested in determining:

(1) Inthe case of a single large energy bin, the p value of
the (mock) data with respect to the zero-polarization
hypothesis.

(i1) In the case of multiple energy bins, the p value of the
(mock) data with respect to the hypothesis of
energy-independent polarization.

To compute the p values we employ a y? test. For
Galactic sources, having determined these results for each
realization, we average the p value across the 1000
realizations to obtain the expected p-value (for exclusion
of the null hypothesis/detection of a signal).

For NGC1275 analyses, we need to take into account the
uncertainties in the B-field model. For each ALP parameter
point and each of the 100 choices of B-field configuration,
we evaluate the expected p value as described above
(averaging over 1000 realizations), and then rank the
B-field configurations by the expected p value (independ-
ently for each ALP parameter point). We will show results
for the median B-field configuration by this metric (i.e.
50% of B-field configurations would predict a higher
expected p value and 50% lower), as well as for an
“unfavorable” B-field configuration at the 95th percentile
of p value (i.e. 95% of B-field configurations would predict
a lower p-value/higher significance of detection).

1. Detecting ALP-induced polarization
Jrom an initially unpolarized source

The first test we perform examines the detectability of a
nonzero polarization degree generated by ALP-photon
mixing; the null hypothesis is that the signal is unpolarized.
We use one large energy bin, so the data for each realization
are a single polarization measurement P + AP, and the null
hypothesis (zero polarization) has no free parameters, so
there is only 1 degree of freedom per source. We perform
separate analyses for the combined Galactic supernova
remnants on one hand, and the extragalactic source
NGCI1275 on the other hand. We evaluate the test statistic
(TS), for a combination of sources, as

=Y (1) (19)

sources

and convert this result to a p value using the y? distribution
with a number of degrees of freedom equal to the number of
sources.

An alternative TS would be to compute the Poisson
likelihood of drawing the observed distribution of counts
with respect to azimuthal angle, under (1) the zero-
polarization hypothesis and (2) the alternative hypothesis
where the polarization fraction is allowed to vary.

Maximizing the likelihood ratio L£/L, gives a best-fit
value for the polarization fraction, and 21In L,/ L, then
yields a TS which is y? distributed under certain assump-
tions. Equation (19) provides an approximation to this TS
when the likelihood can be approximated as Gaussian.

The assumption of a > distribution for the TS is
expected to be imperfect, in particular because the null
hypothesis here corresponds to a boundary of the parameter
space. This can be addressed by simulating the distribution
of our TS under the null (zero polarization) hypothesis.

As a check on our simulation pipeline and approxima-
tions, we fixed the polarization fraction of the incoming
photons (rather than predicting it from the ALP parame-
ters), and computed the relationship between the true
polarization and the expected p value for exclusion of
the null hypothesis, in two ways:

(1) Choosing the TS to be 21In L,/ Ly, we computed
the distribution of this TS under the null (zero
polarization) hypothesis. We then evaluated this
TS in simulations with a fixed larger polarization
fraction, and converted to a p value based on the
probability of finding an equal or higher TS in the
null-hypothesis simulations.

(2) Choosing the TS as given in Eq. (19), we evaluated
this TS in simulations with a fixed larger polariza-
tion fraction, and converted to a p value using the y?
distribution with an appropriate number of degrees
of freedom (as described above).

In Fig. 6 we show the result of these two calculations as a
function of the true polarization, for an example source.
We found that the two calculations are generally in
reasonable agreement, and the second (simpler) approach
always slightly underestimates the constraining power of
the analysis. Accordingly, we use the second method for
the rest of our analyses, noting that this may lead to
slightly weaker sensitivity forecasts. We attribute the
fairly good agreement to the fact that achieving an
expected p value of 0.05 requires both a large number
of photon counts (meaning the Poisson distribution can be
well-approximated by a Gaussian) and that the true
polarization is well away from the boundary value of
zero polarization. In this case we also find quite
close agreement between the polarization degree corre-
sponding to p = 0.05 and the analytic MDP calculation
for p = 0.05 [Eq. (18)].

It is already apparent from Table IV that detection of an
ALP-induced polarization signal with AMS-02 is implau-
sible, since polarization is only expected to be detectable at
all in Geminga and Vela (which are not favorable targets for
an ALP-induced polarization signal). Furthermore, the
relatively high MDP even for these sources means that
we do not expect to be able to obtain meaningful con-
straints on the energy dependence of the polarization
fraction with AMS-02, even if a polarization signal is
detected.
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FIG. 6. The expected p value for exclusion of an unpolarized
signal, as a function of the photon polarization on arrival of the
signal at the detector, for a photon count rate consistent with the
supernova W44 (i.e. 938385 counts in AMS-100 data as blue lines
and 20% of that as orange lines). The dotted line corresponds to our
first approach, deriving TS from the log likelihood ratio and
determining the p value using Monte Carlo. The solid line
corresponds to the second (simplified) approach, where we make
a Gaussian-likelihood approximation for the TS and approximate
its distribution under the null hypothesis by a y? distribution. The
dashed purple line corresponds to p value = 0.05.

However, for AMS-100 (or AMS-100P), many sources
will have sufficiently high statistics to measure both
polarization and its energy dependence. As a result, from
this point on we will focus solely on AMS-100/AMS-100P
when forecasting sensitivity to ALP parameters.

2. Detecting variation of polarization
in energy spectrum

In the event of a detection of polarization (i.e. exclusion
of the zero-polarization null hypothesis), from an initially
polarized or unpolarized source, we could take the analysis
a step further and investigate if the detected polarization
exhibited the oscillatory behavior (with respect to energy)
generated by ALP-photon mixing. Such an analysis would
require, as a minimum, having the sensitivity to exclude a
constant, energy-independent polarization fraction. Thus in
this section we take the null hypothesis to be that the
polarization signal does not vary with energy. We employed
our simulations of ALP signatures to ask whether a future
detector, such as AMS-100, could successfully exclude this
hypothesis in the presence of an ALP signal.

We used a multibin y? test on our simulated data for the
linear polarization spectra from 0.1 to 10 GeV, with the
energy range being divided equally in log scale into four
(ten) bins for Galactic (extragalactic) sources (we discuss
the dependence on the choice of binning in Appendix A).
We assume ten years of AMS-100 data. The simulations in
each bin are similar to the one shown in Fig. 5, but with
fewer counts. Given an inferred polarization fraction (P;)
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FIG. 7. An example of fitting a constant line to an energy

dependent polarization to test the variation for PSR J2021 +
3651. The blue dots are the expected polarizations in each energy
bin and the orange line is the fitted constant linear polarization
as the null hypothesis. The simulation assumes ten years of
AMS-100 data, and the ALP parameters are g, = 3.543 X
1071 GeV~! and m, = 4.41 x 107 eV.

and its error bar (AP;) in each bin, where i indexes the
energy bins, we minimize the y? for a one-parameter model
with constant (energy-independent) polarization fraction,
for each source independently, and then sum the y? over
sources:

S G B

sources i

We then translate the y? test statistic for this model to a p
value for exclusion, using the y* distribution with the
appropriate number of degrees of freedom. Since the model
has 1 degree of freedom (per source), the number of degrees
of freedom per source equals the number of energy bins
minus one. The simulated data and best-fit constant-
polarization model for one example are shown in Fig. 7.

We perform separate analyses for (1) NGCI1275,
(2) Galactic supernova remnants, and (3) Galactic pulsars
(as described in Sec. I C), considering different possibil-
ities for the initial polarization of the pulsars. As in the
single-bin analysis, for the NGC1275 analysis we repeat
the calculation for 100 different realizations of the
NGC1275 magnetic field.

V. RESULTS

A. Extragalactic sources

We summarize the regions of ALP parameter space where
we expect to be able to exclude the relevant null hypotheses,
using NGC1275 observations, in Fig. 8. We show contours
of the expected (1-p-value) for exclusion of an unpolarized
signal in AMS-100P (upper left) and AMS-100 (upper
right), and for exclusion of an energy-independent
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Expected sensitivity with ten years data from NGC1275, for (left panels) AMS-100P and (right panels) AMS-100. We

randomly sampled 100 B-field configurations and calculated the expected p value for each of them; at each point in ALP parameter
space we rank the B-field configurations by their corresponding expected p value. All panels show the contours of (1—expected p
value) for (upper panels) detecting ALP-induced polarization (i.e. excluding the no-polarization hypothesis), or (lower panels) detecting
energy dependence (i.e. excluding the constant-polarization hypothesis), for the median B-field scenario at each point. The green line
corresponds to the p = 0.05 contour (for the median B-field scenario). The cross-hatched region in each plot shows the contour
corresponding to a p-value of 0.05 for the 95th best B-field scenario (out of 100) at each point.

polarization in the same two experimental configurations
(lower left and right). In all panels, we show the results for
the median realization (ranked by p value at each point) of
the NGC1275 B-field. In the cross-hatched regions we show
the expected p = 0.05 contour when instead at each ALP
parameter point we choose the B-field configuration that is
ranked 95th (out of 100) in terms of the expected p value. We
observe that in the analysis of energy dependence, in
particular, the effect of the more unfavorable B-field model
is quite modest for AMS-100. In the parameter region where
we potentially have sensitivity to energy dependence with
AMS-100, high confidence levels for detection are ubiqui-
tous even for quite unfavorable B-field models. However,
this statement is sensitive to the exact exposure: AMS-100P
has almost the same sensitivity as AMS-100 in the presence
of the median B-field model, but the sensitivity to energy-
dependence is almost entirely lost for an unfavorable
B-field model.

In Fig. 9, we compare our derived sensitivity regions to
existing constraints. We see that AMS-100, or even a
smaller pathfinder such as AMS-100P, would extend its
reach into parameter space that is not yet tested by any
experiment, and also offer the possibility of detecting
energy dependence of the polarization for 10719 eV <
m, <1078 eV. The region in which energy dependence
could potentially be detected is similar in shape and reach
to (but does not perfectly coincide with) the region
excluded by updated analyses of gamma-ray intensity
variation from NGC1275 using Fermi-LAT data [21,32],
with our forecasts for both AMS-100P and AMS-100
extending to slightly lower coupling; this is not surprising,
as intensity variations with energy will generally be
accompanied by polarization variations, and vice versa.
We do not overplot these constraints directly in Fig. 9
because the analyses employ different magnetic field
models, and this may drive artificial differences between
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FIG. 9. Sensitivity region (expected p < 0.05) for signals from
NGC1275 with the median B-field configuration, compared to
other existing constraints. The shaded region indicates the
projected sensitivity region for detecting an energy-dependent
polarization signal from AMS-100 with ten years of data. The red
dashed lines indicate the projected sensitivity region for detecting
an ALP-induced polarization signal with ten years of data from
AMS-100, as labeled in the plot. The possible signal from Fermi-
LAT [18] is shaded in light blue. The other existing constraints
are plotted using AxionLimitPlotter [66].

the apparent constraints/sensitivity. A detailed comparison
would require use of a shared set of magnetic field
configurations.

At lower masses and couplings there is a region of
parameter space where there is no detectable energy
dependence, but an ALP-induced polarization signal could
be measured (by AMS-100, its pathfinder, or a similar
experiment). Here there is no competing constraint from
gamma-ray intensity measurements, since for intensity
measurements the signal of interest intrinsically involves
energy-dependent variation.

We have focused in this work on detection sensitivity
(for polarization and/or energy-dependent polarization), but
we can also consider the upper limits that could be placed
on ALP parameter space in the event of a null result.
Formally, computing the forecast upper limits would
require resimulating our mock data with a different choice
of fiducial parameters (i.e. for the no-signal case, rather
than for each choice of ALP parameters); in the energy-
dependence analysis this would also entail choosing a
fiducial value for the energy-independent polarization
fraction. However, to the degree to which the error bars
in the inferred polarization (overall or bin-by-bin) are
driven by the number of observed photons, the uncertain-
ties will be largely independent of the fiducial choice of
polarization model. In this case, we expect a close
correspondence between the expected y? test statistic for
the signal hypothesis when the ground truth contains no
signal, and the test statistic for the case we computed, when
the ground truth and the hypothesis being tested are
reversed [since this just corresponds to a sign flip in
P; — Poge 1n e.g. Eq. (20), and this term is squared].

So in this sense we may expect the region of ALP parameter
space that can be ruled out by a null result to be similar to
the region where we have sensitivity to detect a signal.

However, this argument neglects the systematic uncer-
tainties associated with the modeling of the magnetic field.
As discussed above, in the region where AMS-100 would
have sensitivity to energy-dependent polarization, the
signal is relatively robust to uncertainties in the B-field
modeling, and accordingly a null result (either in the
overall polarization search or the search for energy
dependence) could provide constraints on ALPs. The
lower-mass region of ALP parameter space where we
would expect to detect polarization but no energy depend-
ence will be more challenging to either distinguish from
astrophysics (in the presence of a polarization detection) or
to firmly exclude (in the event of a null result), given the
dependence on the B-field configuration shown in Fig. 8.
The full version of AMS-100 would improve markedly on
AMS-100P in this regard, for both energy-independent and
energy-dependent analyses.

B. Galactic sources

We summarize the regions of ALP parameter space
where we expect to be able to exclude the relevant null
hypotheses, using observations of Galactic sources, in
Fig. 10. We show the 95% confidence sensitivity to
polarization for AMS-100 and AMS-100P in the left panel,
and in the right panel show the sensitivity to energy
dependence of polarization for a range of Galactic sources
and assumptions about the initial polarization, for AMS-
100. In particular, we find that the contours for pulsars and
supernova remnants are rather similar, although unpolar-
ized (or circularly polarized) sources allow for probing
slightly lower g,

We additionally explored measuring variation in the
polarization angle with energy, as well as variation in the
polarization fraction. This analysis has some additional
subtleties due to the periodicity of the polarization angle,
and because a measurement of polarization angle neces-
sarily requires a detection of nonzero polarization fraction.
However, this analysis could potentially close sensitivity
gaps for cases where the polarization is high but almost
energy independent, which can occur for a source that is
initially highly polarized. In practice, we find that the
sensitivity region for this analysis is similar to that in
Fig. 10, so we do not show it separately; more specifically,
the inclusion of the energy dependence for the polarization
angle slightly extends the minimum g,,,, that can be probed
in the case of initially linearly polarized sources to be
similar to that for unpolarized sources.

In Fig. 11, we compare our derived sensitivity regions for
Galactic sources to existing constraints. The results are less
optimistic compared to the extragalactic case, with the
entire parameter space in which AMS-100 could detect
ALP-induced polarization being nominally in conflict with
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FIG. 10. Left panel: region of ALP parameter space where the expected p value satisfies p < 0.05, for detection of ALP-induced
polarization (assuming initially unpolarized sources), using ten years of data from AMS-100P (red) and AMS-100 (blue). The sources
employed are four Galactic supernova remnants (see text for details). Right panel: region of ALP parameter space where the expected p
value satisfies p < 0.05, for detection of ALP-induced energy-varying polarization, using ten years of data from AMS-100. Different
lines correspond to different source populations, plus (in the case of pulsars) different assumptions for the initial polarization. The two
cases with 100% initial linear polarization correspond respectively to the polarization at the source being aligned with the transverse
Galactic magnetic field (green dotted line) and the angle between the two being = tan~! 3 (purple solid line), which maximizes the initial

oscillation amplitude.
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Left panel: region with expected p value satisfying p < 0.05 for detection of nonvanishing linear polarization, compared to

other existing constraints. Right panel: region with expected p value satisfying p < 0.05 for detection of energy dependence in linear
polarization, compared to other existing constraints. Again, the possible signal from Fermi-LAT [18] is shaded by light blue. The other

existing constraints are plotted using AxionLimitPlotter [66].

CAST limits (and others). However, there is overlap
between the AMS-100 forecast sensitivity and the param-
eter region proposed in Ref. [18] to explain intensity
spectrum variations in pulsars observed by Fermi-LAT,
suggesting that for specific models that explain this signal
while evading the CAST limits (and other competing
bounds), a polarization signal could potentially be within
reach in the future.

Similarly, a null result in this search (even with AMS-100)
would not nominally constrain new ALP parameter space
due to the overlap with existing bounds, but could help test
models which evade these bounds due to specific model-
dependent features. The uncertainty in the B-field modeling
is less severe in this case than for the NGC1275 study, but

would need to be accounted for in a detailed study of the
implications of either a detection or a null result.

C. Understanding the shape of the constraints

As expected from the discussion in Sec. II, we see that for
both Galactic and extragalactic sources, the parameter
region where we have sensitivity to ALP-induced polariza-
tion requires exceeding a fixed value of g, for low m, then
above a threshold value of m 4, the limiting value of g,,,, rises
roughly quadratically with m,. This is consistent with our
discussion in Sec. II. To exclude energy-independent polari-
zation, we also need to be above a critical mass threshold,
which is nearly independent of g,,,: this can be understood
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from our discussion in Sec. II suggesting that the low-m,,

boundary line for this analysis should scale as gf,]/,?.

The minimum g,,, to which we have sensitivity is about 2
orders of magnitude lower for NGC1275 compared to the
Galactic source analysis. This can be understood from the
fact that in our modeling for NGC1275, the distance traveled
in the magnetic field is 1 Mpc, which is around 2 orders of
magnitudes longer than for the Galactic sources. Recall from
the discussion in Sec. II that for £ > E_. the conversion
probability is controlled by /... /d where L,s. < 1/g,,,,50 we
would naively expect an increase in d by 2 orders of
magnitude to extend sensitivity in g,,, by the same degree
(if the B-fields are comparable), as observed.

D. The possibility of a Galactic supernova

We have focused in this article on steady-state sources. It
has recently been pointed out that ALP production inside a
Galactic supernova could lead to a burst of ALPs escaping
prior to the bulk of the electromagnetic radiation (similar to
neutrinos), and the conversion of these axions to photons in
the magnetic field surrounding the star and in the GMF
could lead to a striking signal in gamma-ray telescopes
[67].° We would expect these converted photons to be close
to fully polarized. In this subsection we briefly estimate
how such a signal would appear in AMS-02 polarization
measurements.

The field of view for AMS-02 conversion photons can be
estimated as 0.5-0.7 sr (depending mildly on energy), from
the results for acceptance and effective area provided in
Ref. [27], so the chance that a given Galactic supernova
occurs within the field of view is only O(5%) (we caution
that this is only an order-of-magnitude estimate that
does not account for AMS-02’s nonuniform exposure).
Nonetheless, we will here take the optimistic approach of
assuming a Galactic supernova at a distance of 10 kpc, located
such that its photons reach AMS-02 with near-perpendicular
incidence. To estimate the counts from such an event, we
employ the example axion spectrum arising from pions (which
is the dominant contribution), integrated for 10 s
after the supernova, calculated by Ref. [67] for g,, =
1072 GeV~! and E = 0.1-1 GeV. We weight this spectrum
by the effective area for AMS-02 pair-conversion photons
giveninRef. [27],for E = 0.2 —1 GeV (the effective area falls
rapidly to zero below 0.2 GeV). We find that with the “KSVZ”
parameters of Ref. [67], where KSVZ denotes the Kim-
Shifman-Vainshtein-Zakharov model, a minimal benchmark
axion model based on heavy vectorlike quarks, we would

There has been follow-up work on axion production in
supernovae in e.g. Ref. [68] which explores some of the
uncertainties in these processes; we do not delve into these
uncertainties, as the goal of this section is simply a first estimate
of the detectability of such a signal.

expectroughly 9.5 x 10'%(g,,, /107> GeV)? axions incident
on the detector; the measurable photon counts will be this
number multiplied by the axion-photon conversion proba-
bility. For the “ALP” parameters of that reference (differing
from the KSVZ case in the couplings relevant for axion
production in the supernova), the corresponding number is
roughly 26, 000(g,,,/107'? GeV)? axions.

Reference [67] estimate that the conversion probability
is ~107(g,y,/107'% GeV)? in the GMF, for m, <2 x
10~" eV. For conversion in the fields of the star, we
employ the result given in the supplemental material of
Ref. [67] for the red supergiant conversion probability; for
energies exceeding 100 MeV, the conversion probability is
found in that work to be nearly energy independent and
~2 x 1078(g,,,/10712 GeV)?, for m, <5 x 107 eV.

For a blue supergiant progenitor, the conversion prob-
ability is estimated by the authors of Ref. [67] to be ~6 X
10~ for g,,, = 107'2 GeV~! and a surface magnetic field
of 100G, corresponding to the conservative constraints in
that work. For a surface magnetic field of 1 kG, which the
authors of that work consider more realistic, the conversion
probability (for g,,, = 107'? GeV~!) varies from ~6 x 1077
at 0.1 GeV to ~3 x 1077 at 1 GeV, corresponding to a
signal roughly 1 order of magnitude larger than the red
supergiant case [69].

With the red supergiant conversion probabilities, we see
that in order to distinguish a fully polarized signal from an
unpolarized signal at 95% confidence (i.e. requiring MDP
< 1, so at least ~600 counts), for AMS-02 we would need
Gayy 27 x 10712 GeV~!, for the ALP benchmark and for
masses m, <2 x 107! eV (where the conversion in galac-
tic fields dominates). For larger masses, up to m, <5 %
1073 eV, the corresponding sensitivity would be Gayy 2 3 X
107" GeV~!. For the KSVZ benchmark, the correspond-
ing numbers are g,, % 2 x 107 GeV™! (m,<2x
10" eV) and g, 2 7% 1075 GeV~! (m, <5 x 107 eV).

AMS-100 is expected to have a field of view close to 47,
thus greatly improving the odds of seeing the supernova in
the first place. If we approximate its effective area as the
effective acceptance divided by 4z, we would obtain a peak
effective area of 30/4x ~ 2.4 m?, compared to 180 cm? for
AMS-02. This corresponds to an increase in effective area
by a factor of around 130.

Since the axion luminosity and the conversion probability
each scale independently as gﬁw, an AMS-100-like experi-
ment would improve the sensitivity to g,, by a factor of
130"/ ~ 3.4. Similarly, if the stellar conversion probability
we use above is underestimated by roughly an order of
magnitude (as might be the case for a blue supergiant
progenitor with kG surface magnetic field), that would
improve the sensitivity to g,, by a factor of 10/4 ~ 1.8
in the high-ALP-mass region where conversion on stellar
magnetic fields dominates.
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VI. SUMMARY AND OUTLOOK

We have analyzed the detectability of gamma-ray polari-
zation, both astrophysical and induced by new physics such
as ALP-photon mixing, in the AMS-02 and (proposed)
AMS-100 detectors. Compared with existing X-ray polari-
zation measurements, gamma-ray polarization would both
provide a new window on astrophysical production mech-
anisms for gamma rays in bright sources, and could offer
sensitivity to regions of ALP parameter space where the
critical energy for oscillations is high and consequently the
signal is suppressed at low photon energies.

We have shown that with AMS-02, we only expect
sufficient statistics to detect polarization for the brightest
Galactic gamma-ray sources, such as the Vela and Geminga
pulsars. These sources are relatively close to Earth and we
do not expect a significant ALP-induced polarization
signal, but an indication of any gamma-ray polarization
in these sources could shed light on their (astrophysical)
gamma-ray production mechanisms and serve as a proof of
principle for future searches.

Detection of ALP-induced polarization in gamma rays
would thus have to wait for a future mission, but we have
shown that AMS-100, or a proposed pathfinder with
smaller effective area by a factor of 5 (denoted AMS-
100P), would each be able to probe currently unconstrained
regions of ALP parameter space using observations of the
bright AGN NGCI1275. Specifically, AMS-100 would
extend the g,, reach down to ~7 x 107" GeV~' for
masses up to ~2 x 107 eV, with the median B-field
configuration, and would retain much of this sensitivity
even for unfavorable B-field configurations (at the 5th
percentile of significance, among B-field models we
tested).

Galactic sources are less favorable for probing small g,,,,
due to the smaller propagation distance through substantial
B-fields (compared to NGC1275, which is located in the
core of the Perseus cluster). We have shown that the region
where AMS-100 has sensitivity is nominally excluded by
existing bounds from CAST, SHAFT, and ABRA 10 cm.
This is broadly consistent with previous studies of energy-
dependent modulation of the intensity signal in gamma-rays
from pulsars, which claimed a nominal detection of a signal,
but in ALP parameter space that is in tension with existing
bounds [18]. Some models have been proposed to alleviate
or remove these tensions, and in such models, the AMS-100
sensitivity region from our work overlaps with the signal
region found in the literature for intensity fluctuations, and
could thus serve as an independent check for at least part of
the parameter space. Similarly, gamma-ray observations of a
Galactic supernova could offer sensitivity to new regions of
ALP parameter space [67], and we have estimated the
sensitivity of AMS-02 to the polarization signal from such
a source (assuming the roughly 5% chance that the super-
nova occurs within the AMS-02 field of view). AMS-100

would be an excellent supernova detector due to its nearly 4z
field of view, and we have also estimated the sensitivity in
this case. Polarization is unlikely to be the first detection
channel for ALPs in such an event, as a polarization
measurement requires a substantial photon flux (in AMS-
like detectors, at least 600 photons are required for a fully
polarized signal to be above the MDP with p = 0.05), but
could serve as a powerful cross-check on the ALP origin of
such a signal.
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APPENDIX A: NOTE ON CHOICE
OF ENERGY BINNING

One of the choices we made in this study is the number
of energy bins characterizing the energy dependence. In
general, increasing the number of bins is preferable to
better capture the oscillation pattern, but is computationally
more expensive; very narrow bins may also violate our
large-photon-count approximations and require us to use
the full Poisson likelihood. By default, we use four energy
bins in our Galactic analysis and ten energy bins in our
extragalactic (NGC1275) analysis. Here in this section we
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FIG. 12. Sensitivity (1—expected p value) to energy dependence of polarization with ten years of AMS-100 data from NGC1275.
Contours show the results for the median B-field configuration (ranked by expected p value); the cross-hatched region corresponds to
p <0.05 for an unfavorable B-field model (95th/100 in significance). Left panel: results of analysis with 4 log-spaced energy bins.
Right panel: results of analysis with 10 log-spaced energy bins, as in Fig. 8.

discuss the possible effects of choice of binnings on our
result and justify our choices.

We do not expect this choice to significantly affect the
minimum g, to which we have sensitivity; as described in
Sec. II, this boundary is primarily determined by the
oscillation length [,,.. However, using a too-small number
of bins could lead to “holes” in our sensitivity region, due
to averaging out of oscillations over too-wide bins, and
could also lead to a loss of sensitivity at lower m, where the
critical energy E,, and hence the characteristic scale of the
oscillations, is reduced. This is especially the case for the
extragalactic analysis, where the uncertainty in the B-field
means that it is possible to find B-field configurations that
evade detection specifically by falling into one of these
averaging-induced blind spots.

without energy resolution effects
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We demonstrate this point in Fig. 12, which shows the
sensitivity regions for the energy-dependence analysis for
NGC1275 for the cases of 10 bins and 4 bins. We see that
when the median-p-value B-field configuration is chosen
for each parameter point (underlying contours), the bin-
ning makes very little difference. But when we instead
choose an “unfavorable” B-field configuration (ranked
95th out of 100 in terms of p value at that point), using
only 4 bins removes an O(1) fraction of the region where
the expected p value is below 0.05, in particular erasing
sensitivity at lower m,, since the holes in sensitivity are
exactly what dominates the unfavorable case; thus a finer
binning improves sensitivity quite considerably. In a real
analysis, where there is only one dataset (rather than a
large ensemble of simulations), an even finer binning

with energy resolution effects
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Sensitivity to energy dependence of polarization with 10 years of AMS-100 data from NGC1275, as in the bottom right panel

of Fig. 8. Left panel: contours of 1—expected p value, for the median B-field model. The green line corresponds to the expected
p = 0.05 contour. The cross-hatched region corresponds to expected p < 0.05 for the 95th best B-field scenario (out of 100). Right
panel: results of identical analysis accounting for energy resolution effects.
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(limited by the AMS-02 energy resolution) might be
appropriate.

However, as shown in [27], the energy resolution of
AMS-02 is non-negligible: around 15% at 200 MeV and
grows with energy to 28% at 10 GeV. One might worry that
the non-negligible energy resolution will cause a substan-
tial number of photons to be detected in neighboring bins
that do not reflect their true energy, thus flattening out the
energy-dependent polarization pattern, especially for finer
binnings. We test this effect explicitly for NGC1275 with
10 bins by assuming an unfavorable 28% resolution for all
energy bins. In each energy bin, we randomly draw a
thousand samples according to the emission spectrum and,
for each sample, we assume the detected photon will follow
a Gaussian distribution with a mean value of its true energy
and a standard deviation of 28% of the mean value to
determine the observed energy. This allows us to model
what percentage of photons are transferred to any other
bins, as a function of energy. In each energy bin, we
average over the polarization as before but now taking into
account the transferred photons as well. From there we redo
the rest of the analysis as before with the same set of
random B-field configurations. The result compared to the
one neglecting energy-resolution effects is shown in
Fig. 13. The plot looks almost identical for p < 0.5,
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justifying our decision to neglect energy-resolution effects
for our default binning (the case with 4 wider bins, rather
than 10, will be even less sensitive to the energy resolution),
although there is some modification to the contours for
higher p (but this in any case corresponds to scenarios
where the ALP-induced signal cannot be distinguished
from constant polarization).

APPENDIX B: IMPACT OF ASTROPHYSICAL
BACKGROUNDS

As discussed in the main text, astrophysical diffuse
gamma-ray backgrounds may confuse the signal from
the sources. In this appendix, we test the effects of
backgrounds by adding them to our simulated datasets
for AMS-100, assuming that the ALP-induced polarization
effect on the backgrounds can be neglected. For each
source, we compute the number of expected background
counts per bin in energy and azimuthal angle, as described
in Sec. IVA, and then perform a Poisson draw to determine
the actual number of background events in each bin in the
mock data. We then compute the expected p values (testing
for a polarization signal, and for energy-dependent polari-
zation) from these realizations as previously.

Figure 14 shows om Galactic sources. We observe that
inclusion of backgrounds noticeably degrades the sensitivity
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FIG. 14. Contours of p = 0.05 for testing the presence of polarization (upper panels) and the energy dependence of polarization (lower
panels) with 10 years of AMS-100 data from Galactic sources. Left panels show the results with no background, as in the left and right
panels of Fig. 10. Right panels show the results of the identical analysis with background included (in the upper right panel, results are

for AMS-100 only).
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FIG. 15. Sensitivity to polarization (upper panels) or energy dependence of polarization (lower panels) with 10 years of AMS-100 data
from NGC1275. Left panels: contours of 1—expected p value, for the median B-field model, with no background, as in the right panels
of Fig. 8. The green line corresponds to the expected p = 0.05 contour. The cross-hatched region corresponds to expected p < 0.05 for
the 95th best B-field scenario (out of 100). Right panels: results of identical analysis accounting for backgrounds.

region, largely by removing “islands” of lower sensitivity
rather than by changing the minimum testable g,,,,. Figure 15
performs the analogous study for NGC1275, where we see
there is very little impact on the p < 0.05 region (although
there is some impact on the shape of the contours for higher p

in the energy-dependent analysis). This makes sense as the
diffuse background is relatively much larger for distant (and
therefore fainter) Galactic sources that lie in the Galactic
plane, compared to NGC1275, which is both bright and
located away from the Galactic plane.
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