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Axion helioscopes as solar magnetometers
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Axion helioscopes search for solar axions and axionlike particles via inverse Primakoff conversion in
strong laboratory magnets pointed at the Sun. Anticipating the detection of solar axions, we determine the
potential for the planned next-generation helioscope, the International Axion Observatory (IAXO), to
measure or constrain the solar magnetic field. To do this we consider a previously neglected component of
the solar axion flux at sub-keV energies arising from the conversion of longitudinal plasmons. This flux is
sensitively dependent to the magnetic field profile of the Sun, with lower energies corresponding to axions
converting into photons at larger solar radii. If the detector technology eventually installed in IAXO has an
energy resolution better than 200 eV, then solar axions could become an even more powerful messenger
than neutrinos of the magnetic field in the core of the Sun. For energy resolutions better than 10 eV, IAXO
could access the inner 70% of the Sun and begin to constrain the field at the tachocline: the boundary
between the radiative and convective zones. The longitudinal plasmon flux from a toroidal magnetic field
also has an additional 2% geometric modulation effect which could be used to measure the angular

dependence of the magnetic field.
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I. INTRODUCTION

Axions [1-5] and axionlike particles [6] (hereafter
referred to as axions) are light pseudoscalars with
extremely weak couplings to Standard Model fields.
Although by construction axions are difficult to observe,
they are expected to possess an experimentally advanta-
geous coupling to the photon, g,,. In the absence of any
accidental cancellations, this coupling is a generic feature
of the most well-known and well-motivated models known
as “QCD axions” [7], which are involved in the solution of
Peccei and Quinn to the strong CP problem [1,2]. This
coupling is the most widely studied as it facilitates axion-
photon conversion inside magnetic fields [8—10].

Experimental searches for axions via their photon
coupling fall broadly into three categories: light-shining-
through-wall experiments, which search for axions con-
verting to and from photons either side of an opaque barrier
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[11-15]; haloscopes, which search for the cold population of
axions that could constitute the dark matter halo of the
Milky Way [16-32]; and helioscopes, the subject of this
work, which search for the thermal flux of axions expected to
be emitted by the Sun [33-42]. See Ref. [43] for a recent
overview of experimental searches.

A helioscope consists of a long magnet bore pointed at the
Sun, with the field aligned in the transverse direction. When
the flux of ~keV solar axions passes through this applied
field, a small number will convert into UV-x-ray photons.
The expected number of signal photon events is given by a
convolution of the solar axion flux with the axion-photon
conversion probability which is maximized for long, strong,
and uniform magnetic fields. The CERN Axion Solar
Telescope (CAST) [36—42] ran from 2003-2017 with a field
of up to 9.5 Tand alength of 9.26 m. It set a final constraint of
Gay > 6.6 x 107" GeV~! [42], the strongest limit to date for
the majority of the axion mass range below m, ~ 10 meV.
The next-generation helioscope, the International Axion
Observatory (IAXO) [44,45], aims to have sensitivity to
couplings more than an order of magnitude below CAST:
well into the territory of QCD axion models between
m, ~ 10731 eV.

© 2020 American Physical Society
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There are substantial prospects for IAXO to discover the
QCD axion or one of the multiplicity of proposed axionlike
particles [6,46-51], as well as to resolve numerous model
dependence issues relating to said models if the axion is
detected first elsewhere (see e.g., Ref. [52]). Here we
instead consider the potential for IAXO to perform highly
novel postdiscovery solar physics by constraining the
poorly understood magnetic field of the Sun. The prospects
were brought to light recently in Ref. [53] which calculated
a previously ignored component of the solar axion flux due
to the conversion of longitudinal plasmons.

The flux of axions from longitudinal plasmons is distinct
from other sources of solar axions—such as the Primakoft,
and “ABC” fluxes—and has several interesting differences.
The flux arises as a resonance at the plasma frequency at a
particular solar radius. This means that the frequency of the
axions generated by the conversion of longitudinal plasmons
can be directly mapped to the particular solar position at
which they converted. Additionally, and most importantly for
this study, the size of the flux from a particular position is
proportional to the square of the magnetic field at that
position. Taken together we can see that the longitudinal
plasmon flux provides an almost direct way to measure the
profile of the solar magnetic field, where previously only
bounds over certain regions of the Sun were possible.

In this paper we show that longitudinal plasmon flux
could be extremely useful probe of the solar magnetic field
profile, as well as just a new source of axions. Indeed, this
work follows several previous studies of the potential for
postdiscovery physics and astrophysics with axions [54-58].
In the event of discovery,1 axions—together with neutrinos—
could establish a powerful multimessenger astroparticle
probe of the invisible interior of our Sun.

The structure of the paper is as follows: in Sec. I we
review the calculation of the two principal fluxes of solar
axion relevant for the coupling g,,: Primakoff and longi-
tudinal plasmon conversion. Then in Sec. III we review the
status of our understanding of the solar magnetic field so
that we can place a window on potential models. In Sec. IV
we overview the formalism for calculating the signal in a
helioscope and summarize the experimental parameters
envisaged for IAXO. Our results are presented in Sec. V
and in the Appendix we briefly describe our statistical
approach.

II. SOLAR AXIONS

If an axion exists then the Sun may be a powerful factory
for them, generating them in its interior through several
different processes. Via the coupling to the photon, g,,, the

lRf:cently an excess of low energy electronic recoils was reported
by the XENONIT Collaboration [59] with a spectrum consistent
with solar axions. Although we caution that the axion couplings
required to fit the signal are ruled out by several astrophysical
bounds on stellar cooling [60-62] and SN1987A [63].

most widely considered process is Primakoff conversion:
photons converting into axions in the electromagnetic fields
of the electrons and ions making up the solar plasma. This
flux is dominant in hadronic QCD axion models like the
KSVZ [64,65], but is a major component of the flux for
DFSZ models as well [66,67].2 Here we extend the set of
solar axion fluxes to include the flux from the conversion of
longitudinal plasmons.

To calculate any flux of solar axions one must assume a
solar model. Following previous work on this [53], and
related subjects [68,69], we use the Saclay model [70,71]
which provides® the temperature 7(r), and electronic and
ionic densities, n,(r) and n;(r), as a function of radial
position, r, in the solar interior.

A. Primakoff flux

For the axion flux from Primakoff processes we will not
use the commonly adopted empirical formula, but instead
make a slightly refined calculation, as in Refs. [53,72],
which accounts for the nonzero plasma frequency, @, (r).
This only affects the flux for axion energies below ® <
300 eV so is a small correction to the final signal—but is a
necessary refinement when also considering the flux from
longitudinal plasmon conversion also present at these
energies. The rate of Primakoff conversion to axions with
frequency w is written as [72]

G2 k2T [1 sin® @
r == dcos® ,
al@.1) 64x /_1 €08 (x —cos 0)(y — cos )

(1)
where

x(r) = (kg + k7 (r))/2kak, (r),
y(r) = x(r) + k3 (r)/ 2k .k, (r). (2)

For ultrarelativistic axions we can assume the dispersion
relation k, ~ w. The screening scale k,(r) is given by the
Debye-Hiickel formula which sums over electrons (e) and
ions (i) with atomic numbers Z;,

2(p :4”—6’ n,(r n;(r)Z2
£0) = 305 (ml + om0z ). )

The fine structure constant is given by a. The dispersion
relation for the transverse plasmons involved in this

*Nonhadronic models also possess a tree-level coupling to
electrons, so in these cases the axion flux has a large contribution
from “ABC” processes: atomic recombination and deexcitation,
bremsstrahlung, and Compton scattering [68]. For this work we
will only be interested in g,, so do not consider this flux.

SAt http://irfu.cea.fr/dap/Phocea/Vie_des_labos/Ast/ast_visu
.php?id_ast=1444.
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FIG. 1. The solar plasma frequency w, = \/4zan,/m, as a
function of solar radius, assuming the Saclay model [70,71]. We

also label in purple, red and green respectively three regions of
the seismic B-field model in which the magnetic field is
important: the inner radiative zone, the tachocline, and the upper
layers. These will be important when we discuss the longitudinal
plasmon flux which will originate from these particular ranges
of radii.

‘< written: 22
process is written: k, (r) = o” — o,

plasma frequency,

(r), where @, (r) is the

dran
2=__"¢ 4
@y m, (4)

This imposes a restriction on the range of possible axion
energies generated by Primakoff processes: @ > w,,(r).
Therefore the refinement of allowing w,, # 0 only leads to a
suppression of the flux relative to the simplified calcula-
tion. The plasma frequency as a function of radius is shown
in Fig. 1.

We then integrate the conversion rate I, _, , (@, r) over the
Sun to calculate the flux of axions arriving at Earth with
energy ,

dd, 1 /Ro )
Y T T AT r-ar
do (1 AU) Jo

This flux is shown as a blue line on Fig. 2 assuming
Gay =5x 107" GeV~!. It is dominant for > w,(r = 0) ~
0.3 keV.

a)_sz_,a(a), r)
2 e?/Tr) — 1~

(5)

B. Plasmon conversion flux

The next source of axions, and the one which is our
primary concern here, is the flux from the conversion of
longitudinal plasmons (LPlasmons) sourced by the solar
magnetic field B(r). The conversion of LPlasmons to new
particles in the presence of strong magnetic fields has been
considered in the past for a variety of models and
environments, see e.g., Refs. [74-77]. The calculation
was most recently revised for the LPlasmon-axion con-
version in the Sun in Ref. [53] using thermal field theory.
We summarize quickly the calculation here before discus-
sing the solar magnetic field, which is the primary source of
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FIG. 2. Flux of axions arriving at Earth originating from the two
process we study here: the Primakoff effect (blue) and the
conversion of longitudinal plasmons (red). For both fluxes we
use the plasma frequency profile w,(r) calculated under the
Saclay standard solar model, and for the LPlasmon flux we
assume the seismic solar magnetic field profile from Ref. [73] but
with varying normalizations. The solar radius from which the
LPlasmon flux originates can be obtained by inverting
@ = w,(r), we show this scale with an auxiliary horizontal axis
in red.

uncertainty—and what we would like to determine
with IAXO.

The rate of LPlasmon-axion conversion is obtained by
relating the axion self-energy in the presence of a magnetic
field (proportional to gtz,},) to the corresponding photon
damping rate of transverse and longitudinal quanta I'yy
[68,78]. From the pioneering work of Weldon [79] we
know in general that the emission rate of a boson by a
thermal medium is related to the self-energy of the particle
in the medium, II, via [79,80]

[ L (6)

w(e®T —1)

The self-energy we are interested in here is the longitudinal
part of the axion’s: ImlIl,;. This is dependent on the
component of the magnetic field parallel to the axion
momentum, B = k- B, and reads

Z
ImII = m2q? lem . ’ 7
al = MaJay b w? — a)% — iZLImHy,L ( )

where we have introduced the vertex renormalization
constant Z; =w?/(w*—k?) and the equilibrium LPlasmon
self-energy Imll, ; = —Z;'wl;. The four-momentum of
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the external axion is packaged as (w, k). Plugging these
into the emission rate formula, Eq. (6), we find the rate of
axions produced from LPlasmons [53,74]:

2 R2
- gayBH O)ZFL
FLP—NJ(CO) - ea)/T -1 (wz _ w%)z + (a)FL)Z : (8)

This formula exhibits a resonance at the plasma frequency
w,. Approximating the resonance with a delta function,
S(w — a)l,),4 we can then integrate over phase space and
over the Sun to get the luminosity in axions,

#k 9Bz
Lip.,= [ & —6(w — . 9
T Kl v e L CET AR

If, for now, we assume spherical symmetry for the
magnetic field B (r) = B(r), the flux at Earth at a distance
of rg =1 AU away from the Sun is obtained as

do, p 1 / ;. @ 92,B(r) 277
= d — (o —
do ~nd Jo T Rmp et —1 3 2@ T )

1 Ro w292 B(}’)z
= dr P —2 7 §5(w —
IZJTVgBA rr ew/T(r)_l (a) wl’(r))
1 L, e?gg,B(rg) 1

= r
lzﬂré 0 em/T(ro) -1 |a)’p(r0)

, (10)

where in the final step 7 is given by inverting = w,,(r),
and w),(r) = dw,(r)/dr.

Thus we see that—thanks to the resonance—axions with
a particular energy originate from a particular solar shell.
This fact is precisely why we anticipate that axions could be
a valuable probe of the solar magnetic field. In effect, a
measurement of the axion flux at decreasing energies can
be recast as a measurement of the solar magnetic field at
increasing radii. We discuss the details of the solar
magnetic field in the next section but for now we show
an example of the LPlasmon-axion flux in Fig. 2 (red)
along with the Primakoff flux (blue). For this particular
example of a motivated solar magnetic field profile, we can
see that for certain energy ranges below 0.3 keV the
LPlasmon flux dominates, even for the most conservative
field normalizations. For context, in this range we also
indicate parallel to frequency, the value of the radius from
which the LPlasmon originates, i.e., the value that satisfies
o = w,(r) following the line on Fig. 1.

*We have checked that the out-of-resonance production of
axions is negligible. This is expected in the narrow-width
approximation for the plasmon in which the real part of the
polarization function is much larger than the imaginary part.

III. SOLAR MAGNETIC FIELD

A. Solar models

All the necessary ingredients to compute the solar axion
flux are given in a standard solar model (SSM), a simplified
description of the Sun [81-83]. To build an SSM, one
usually assumes spherical symmetry and hydrostatic equi-
librium. Any dynamical effects, rotation, or magnetic fields
are neglected. Energy is transported by radiation (i.e.,
photons), and in the outer 30% (by radius) by convection
as well. The former is described using theoretical opacity
calculations like OPAL [84] or OP [85], whereas the latter
is treated phenomenologically through a mixing length
parameter. The Sun is evolved from a homogeneous zero-
age model defined by a set of adjustable parameters which
are chosen to match the present-day age, luminosity, size,
and surface metal to hydrogen ratio.

All of the solar model properties of the Sun are known
with great accuracy, with the exception of its chemical
composition. There are a variety of empirical methods of
determining the Sun’s chemistry, from the infrared-optical
spectrum of the photosphere, the x-ray spectrum of the
corona, as well as the abundances of CI chondritic
meteorites [86]. Furthermore, with helioseismology—the
study of acoustic sound wave propagation inside the Sun—
we can determine the sound-speed profile, the depth of the
convective zone, as well as the surface helium abundance.

In the past, theoretical determinations of solar abundan-
ces, like the well-known “GS98” calculation [87], found
surprisingly good agreement with helioseismology despite
many simplifying assumptions. More modern composition
calculations on the other hand, for example the “AGSS09,”
while more sophisticated in construction, ultimately found
abundances that were in substantial tension with observed
data [88-91]. This issue has not yet been resolved, and is
known as “solar abundance problem” [92]. The current
status of the problem is summarized in Ref. [93].

Nevertheless, the temperature and plasma frequency
profiles of the Sun predicted by different solar models
are consistent to a good degree. We therefore choose to use
the reference seismic Saclay model [71,73],5 as it is the
most complete publicly available model concerning the
external layers. Uncertainty in the plasma frequency and
the temperature stemming from the SSM abundance
problem is less than a few percent [92]. So for fluxes
dependent on these parameters, this propagates to an
uncertainty of less than 10% [69]. Therefore we can safely

5Sornetimes, the expression “seismic model” is also used for
models in which one takes the sound-speed profile and the
density as an input, computes the pressure assuming hydrostatic
equilibrium, and finally derives the temperature and the helium
abundance with some additional input physics. On the other hand,
the model built in Ref. [73] is based on standard 1D stellar
evolution codes to compute a model in agreement with seismic
observation.
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focus on the solar magnetic field uncertainty, which will
almost certainly be larger.

B. The magnetic field

While SSMs are quasistatic simplifications of a star, they
can be augmented to include dynamical effects and
information about the magnetic field. In fact this can be
important as magnetic pressure will affect the sound speed,
the density as well as neutrino fluxes [73].

The magnetic field of the Sun is most important in three
separate regions: the central radiative zone (r < 0.7R,); the
boundary between the radiative and convective zones
known as the tachocline (r ~ 0.7R); and the upper layers
(rz0.9).

The most easily detectable LPlasmon flux will be from
the central radiative zone, in which the central magnetic
field may be extremely high. The topology of this field is
likely to be mostly toroidal, however it has been shown that
a purely toroidal field would be subject to instabilities
[94,95]. A poloidal component would act to stabilize the
field [96-98], however if this component were too large it

|

rad
2
=T
Biach |:l - < d‘azhh) :|
F—Tupper 2
Bouler |:1 - ( d pf) ) :|
upper

0

would penetrate the convective zone and cause a large
unobserved asymmetry between the two halves of the
magnetic cycle. This argument implies a strong bound
of <10>-10° G on the poloidal part of the radiative zone’s
magnetic field, but not on the toroidal part. Both toroidal
and poloidal components would have originated from a
small seed poloidal field present in the pre-main sequence
phase of the Sun’s evolution [99].

In the Saclay model, the magnetic field is assumed to be
purely toroidal [73],

B(r) :B(r)%Pk(cosﬁ)é[ﬁ (11)

in heliocentric spherical coordinates (r,6,¢), where
Py(cos 0) are Legendre polynomials and &, a unit vector
pointing in the azimuthal direction. We assume a quad-
rupolar field, i.e., k =2, in accordance with surface-
magnetism observations [70,100]. In Ref. [53] the
Legendre polynomial was neglected, reducing the flux
by a factor of 1.2. The radial profile is given by

Trad

N\ 4 2 2]*
Bo(l +/1)(1 +;) (—) - (—) for r < reg, A= 1074 + 1

for |r - rtachl < dtach (12)

for |I" =T upper| < dupper

for r > Rg.

T [eV]

1000

2(IJO

250 10

1001

B(r) [G]

Helioseismology

Radiative zone

FIG. 3.

Upper
layers

Tachocline

Solar magnetic field B(r) as a function of radius (r), plasma frequency (), ) or temperature, (7). The three distinct regions of

the seismic solar B-field model are labeled. For each we bound the possible magnetic field strengths between our most and least
conservative values discussed in Sec. III. These windows are B,,q € [2,30] x 10% G for the radiative zone; By, € [4,50] x 10* G for
the tachocline; and Bypper € [3,4] % 10* G for the upper layers. We also show as horizontal lines some of the constraints on certain parts

of the magnetic field discussed in Sec. III.
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The three regions describe the radiative, tachocline and
outer regions of the Sun. For the radiative zone we use
rwa = 0.712R; the tachocline is centered on ryy, =
0.712R, and has half-width thickness di,, = 0.035Rq;
finally, the upper layers are centered on ryyp., = 0.96R
with dypper = 0.035R. These three regions can be iden-
tified from left to right in Fig. 3. For context we also
indicate the scales of w,, and T for the corresponding solar
radius, r. Since the LPlasmon flux as a function of energy
traces the radial profile of the magnetic field via @, (r), the
three distinct regions are also visible in the flux, as was
shown in Fig. 2.

The normalizations of the magnetic fields
(Brads Biach» Bupper) Present the greatest uncertainty. One
can consider, for example, the benchmark values of
Ref. [73] in which the authors vary the magnetic field
strengths over the ranges: By = 1-5 x 10’ G; By, =
3-5x10° G and By = 2-3 x 10* G. However, other
studies indicate that this range for B4 is too high. For
example, Ref. [99] claims a tighter bound on the magnetic
field in the radiative zone using measurements of the solar
oblateness:

Bog <7 % 10°G. (13)

The tachocline is the name given to the transition layer
between the radiative and convective zones. In the radiative
zone the rotation rate is uniform whereas the convective
zone has differential rotation. The range of field strengths
of the tachocline 3-5 x 10° G is in reasonable agreement
with helioseismology [100-104]. These studies are a
mixture of both upper bounds [100,101] and fits which
are improved by the presence of a magnetic field [102,103].

A different approach is to simulate the structural changes
to the Sun associated with a magnetic field [105].
Structurally, the tachocline ought to be a wide boundary
because of radiative spreading, also known as differential
rotation burrowing [106,107]. Surprisingly though the
tachocline is observed to be rather narrow. A potential
explanation for this found by Ref. [105] is if the magnetic
field’s Lorentz force acts to suppress the differential
rotation. However this explanation invokes a slightly lower
value for the field than the aforementioned values, at
Buen ~ 5 x 10* G. So we will use this value instead for
our lower bound in the tachocline.

Finally, for the upper layers we merely remark here that
this flux is likely to be unobservable for the foreseeable
future. Not only would this require energy resolutions at the
~1 eV level, the overall flux itself is extremely weak. We
will present results on this region for completeness, but
do not consider field strengths larger than the B,y =
4 x 10* G of the seismic model.

So to summarize, we will bound a window of reasonable
field normalizations. Based on the discussion above, we
choose

By € [2.30] x 10° G,
Bua € [4,50] x 10* G,
Bupper € [3,4] x 104 G. (14)

In Fig. 3 the solar magnetic field profile for the seismic
model is shown bounded over these ranges. We emphasize
that while the magnetic field of the Sun is certainly
nonzero, the lower bounds we have chosen here are only
partially based on existing constraints, and are otherwise
somewhat arbitrary. Our motivation for setting a bench-
mark window—rather than simply an upper bound—is to
allow us to demonstrate in a clearer fashion how the
projected B-field sensitivity of IAXO is dependent on
the size of the field normalization. In that spirit we fix this
window of values for all results presented here.

This rather large window of possible values demonstrates
why an axionic measurement of the magnetic field could be
so valuable. The LPlasmon flux is an almost direct probe of
the field’s profile, whereas other probes have to date only
been able to put bounds on the field in certain radial ranges.

C. Complementary measurements

All the measurements and inferences of the solar
magnetic field discussed so far suffer greatly from uncer-
tainties, and are sometimes drawn under different assump-
tions. Therefore a direct measurement, or even just a
complementary constraint on the strengths of these fields
would be highly sought after. We predict that the sensitivity
of JAXO may easily overcome any other probes of the
strength of B.

In particular, around the core of the Sun r < 0.097,
where helioseismology loses accuracy, one can consider
bounds from the ®B neutrino flux. The presence of a
magnetic field modifies the pressure inside the star with
an additional py,eneic = B?/8r; this implies a change in
the gas temperature 67/T ~ Pragnetic/ Peas- The neutrino
flux from 3B decay is very sensitive to the core temperature
(as the flux scales as 7245 [108]), which leads to the upper
limit [99]

Bere S2x 10° G (15)

Since this field is considerably stronger than the value we
assumed in examples presented so far for the radiative zone
normalization, we can already see that solar axions could
provide a much stronger bound than neutrinos.

Possibly the most novel aspect of the solar axion
LPlasmon flux is its direct dependence on the radial profile
of the field, something which is not immediately accessible
with other techniques. Moreover, the solar axion flux at
higher energies corresponds to smaller radii, so measure-
ments of the field in the core of the Sun are in fact the least
demanding of a detector’s energy resolution. In summary,
the LPlasmon flux should be an ideal tool to measure the
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magnetic field in the central regions of the Sun and would
be highly complementary, as we will demonstrate quanti-
tatively in Sec. V.

D. Angle and time dependence

In Eq. (10) we assumed spherical symmetry for the solar
magnetic field. Given that a more realistic topology for the
field is likely to be toroidal, we should check the effect this
has on the LPlasmon flux.

To determine this, we go back to Eq. (9) and leave
incomplete both the angular integral over the magnetic field
and the wave vector of the emitted axion and the volume
integral over the Sun. Instead we can write down the rate of
axion emission from a particular point in the Sun

2 p2..2
dN dQ, Ja,Bj@
v [ G 58 = ay(1)

drdwdV ~ | (2z)3 e/ —12
_ gﬁyB(r, 0)20*5(w — a)p(r))
167%(e?/T(r) — 1)

/ko(R -B)2.
(16)

The remaining delta function will be used to integrate over
the volume of the Sun. We now assume that the magnetic
field has a toroidal configuration, like Eq. (11) which was
in the form: B = B(r,0)é(¢). Adopting heliocentric
Cartesian coordinates and using spherical angles (6, ¢)
for the magnetic field and (0, ¢;) for the axion, we can
write

B= €, = (—sing,cos¢,0),
k = (sin 6 cos ¢y, sin O sin ¢y, cos 0,

= k - B = sin 6, sin(¢ — ¢). (17)

As we are interested in the flux passing through IAXO, we
can treat the Sun as pointlike and only worry about a very
small range of angles, Og < 0; < 04 + 0 where Og is
heliocentric polar angle position of the Earth. The small
angle we need to integrate over is § & d/rg where d is some
small test distance in the polar direction (for example, the
size of IAXO). This defines a cylindrical surface for the
flux to pass through of height d and radius rg sin@g.
Integrating over the full azimuthal angle will allow us to
simplify the problem via the circular symmetry of the
magnetic field, which ensures that any point on the cylinder
will experience the same flux.

The azimuthal part of the solid angle integral in Eq. (16)
is simply,

/d¢k(f< -B)? = zsin?0,, (18)

which can then be integrated over the polar angle,

. Og+5
/ko(k-B)2 :n/ ? 7 do, sin® 0,
963

~ 76 sin’ Og,
d
= " sin’ 0, (19)
T'e

Now we can write down the differential flux at Earth by
considering the fact that the axions from a given (r, ¢, 0)
will be emitted over a surface S = d X 2zrg, sin Og:

d®; p
dwdV

1 dN,,
~ SdidedV

_ sin’0g gz,B%(r.0)0?
- 327%r% (e”/T) - 1)

(r.9.0)

S(w—w,(r)). (20)

We then finally integrate over the solar volume to get the
final flux we will use,

d®;p / 3..dP p
— [ &S (19, 6). 21
Pl A AL AL (21)

Compared to the spherically symmetric assumption,
Eq. (10), the toroidal configuration gains us a factor of
3sin?fg/2 due to the preferential emission towards the
Earth which orbits approximately above the solar equator
sinfg ~ 1.

But while sinfg ~ 1 is approximately true, the Sun’s
rotation axis is in fact slightly tilted from the ecliptic by
7.25°. Because of this we expect that the LPlasmon flux
from a toroidal field will modulate by ~1.6% biannually.
We show this modulation in Fig. 4. We have calculated
0g (1) by first taking the right ascension and declination of
the ecliptic as a function of time, (@ (7), 8¢ (?)), and then
computing the angle between this plane and the solar
north pole: (aiF,55°)=(286.13°,63.87°). The modulation
caused by sin? Og(#) is shown as a dashed line in Fig. 4.

However another source of time dependence that will
affect both Primakoff and LPlasmon fluxes is an additional
~T7% annual modulation due to the change in the distance
between the Earth and the Sun because of the Earth’s orbital
eccentricity:

10~ AT ()] e

where e =0.016722 and T =1 year and ¢, =3 days
relative to Jan 1. This source of time dependence is known
with effectively negligible uncertainty so could be safely
accounted for in some modulation analysis. Such an
analysis may be of great interest since this time dependence
would allow the experiment to access angular information
about the magnetic field. For instance a measurement of the
size of the modulation with respect to the total average
LPlasmon flux would constrain the ratio between the
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FIG. 4. Percentage modulation in the Primakoff and LPlasmon signals over one year. The modulation of the Primakoff signal is due
solely to the changing Earth-Sun distance, whereas the LPlasmon flux modulates with distance and the position of the Earth with respect
to the solar equator. Because of the toroidal shape of the magnetic field, axions from LPlasmon conversion are preferentially emitted
from the equator. The LPlasmon flux therefore modulates biannually and is a maximum when the ecliptic plane crosses the solar
equatorial plane—the modulation due to this effect alone is shown as a dashed line.

toroidal and poloidal components of the field. If the
magnetic field was highly poloidal, for example, almost
all the axions would be emitted away from the equatorial
plane, leading to a large suppression of the signal. Since the
modulation of a toroidal field is only a percent level effect
we expect to need probably around 100 times more events
from the LPlasmon flux than would be needed to initially
measure the flux, so would only be possible for relatively
large values of g,,. Nevertheless it could be of great interest
postdiscovery and we leave a detailed exploration of this to
future work.

Before proceeding we reiterate here for clarity that our
computation of the LPlasmon flux now differs from
Ref. [53] and accounts for the Legendre polynomial form
for the polar angle dependence of B(r,0) as well as the
preferential equatorial emission of axions. This leaves us
with an additional factor of

d 2 3.
<<@P2(0059)> >COS€ x§<sm29®),z 1.8 (23)

which we multiply Eq. (10) by.

IV. IAXO

A. Helioscope formalism

The next step is to take the fluxes we have written down
and use them to calculate the signal from the back
conversion of the solar axions into photons inside a
laboratory magnetic field. The standard design of a helio-
scope consists of a long magnetic bore pointed at the Sun
with a collecting photodetector at one end. Since the setup
relies on two instances of axion-photon conversion, the
signal is ultimately proportional to giy for the Primakoff
and LPlasmon fluxes. The expected number of photons
reaching a detector placed at the end of the helioscope of
length L is given by the integral,

ddp

do
N, :St/da)eD(a))eT(a))<dw + ==

dw

)Pwm), (24)

where S is the total cross-sectional area of the helioscope,
and ¢ is the measurement time (given by the total exper-
imental duration multiplied by the experiment’s duty cycle
of around 50%). We allow for two efficiency functions
describing the detector (ep) and the telescope itself (er).
When the magnet bores are filled with a vacuum, the
axion-photon conversion probability has the form,

a B al 2 . L
P - (22 ().
q 2

where By, is the helioscope’s applied magnetic field, and
g = m2/2w is the axion-photon momentum transfer. The
conversion probability is maximized when the axion’s mass
is negligible, or at least very small, and the interference
patterns caused by the mismatch in the axion and photon
dispersion relations take place over scales much longer than
the magnet length. In the above equation this is when
gL < m. For L ~ 20 m, this coherent conversion condition
holds up until around m, ~ meV. For larger masses the
signal suffers from rapid oscillatory features which ulti-
mately suppress the total rate of photon production.
Helioscopes operating in a vacuum mode therefore steeply
lose sensitivity to large axion masses.

This is unfortunate since for CAST and IAXO these
masses correspond to QCD models. So to rescue the
experimental sensitivity at higher masses the coherence
condition must be somehow recovered. This can be
achieved by filling the bore with a buffer gas such as
“He or *He. The new medium provides an effective photon

mass m, = \/4man,/m,, which for an appropriate choice
of electron density can be made equal to m,, thereby
matching the photon and axion dispersion relations. When
this occurs, the axions and photons remain in phase along
the magnet length and the signal is amplified again.

(25)
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TABLE I. Experimental parameters for the three stages of IAXO: the prototype babylAXO, the baseline IAXO
and the upgraded IAXO+.

babyIAXO TIAXO IAXO+
Magnetic field By [T] 2.5 2.5 35
Magnet length L [m] 20 20 22
Number of bores ng 2 8 8
Total aperture area S [cm?] 0.77 2.26 3.9
Measurement time t [years] 1.5 3 5
Telescope efficiency er 0.7 0.8 0.8
Detector efficiency &p 0.35 0.7 0.7
Detector area Aget [cm?] 2x0.3 8x0.15 8 x0.15
Background Dy, [keV~!cm=2s7!] 1077 1078 1077

In the buffer gas regime, the conversion probability is
instead [10]

P 9uB\? 1
o\ 2 ) ¢P#+1%/4

x (1 +e Tt —2¢Tt/2cos(gL)),  (26)

where the momentum transfer is now, g = |mj — m}|/2w,
and I is the inverse absorption length for photons in the
buffer gas. A search over a range of m, can then be
performed by tuning the photon mass, which in practical
terms means tuning buffer gas pressure, p. For our
purposes it is sufficient to approximate the inverse absorp-
tion length and photon mass with an empirical formula
found from a fit [109] to x-ray mass-attenuation-coefficient
data on “He [110],

b
r~029— 2 (Tlar> m"! (27)
o (keV) 1Ty (K)
p(mbar)
~ [0.02 2D oy 2

B. Experimental parameters

The numerical values we adopt for the experimental
parameters entering Eq. (24) are summarized in Table I. For
the baseline IAXO, we use the configurations anticipated
in the conceptual design report [44,45] which assumes
eight bores (total § = 2.26 m?) and a 6 year total data-
taking time (including both vacuum and buffer gas runs).
We also show the expected parameters for the prototype
“babylAXO” and the upgraded version named “TAXO+.”

The collaboration is considering several detector tech-
nologies for the focal planes of the telescope, optimized for
energies between 10 keV down to well below 1 keV.
Several promising proposals are under investigation such as
the well-established micromegas, with ~200 eV resolu-
tions [111,112], as well as metallic magnetic calorimeters

which have demonstrated a full width at half maximum
resolution of ~2 eV [113]. We implement the effect of the
energy resolution in our calculations by convolving Eq. (24)
with a Gaussian of width E,. The energy threshold is also
assumed to be equal to E.. Following Refs. [44,45] we
assume the telescope and detector efficiency functions are
flat in energy, with er = 0.8 and ep = 0.7 respectively.

We impose a hard threshold cutoff at E < E ., since we
cannot assume any energy sensitivity below this. However
this is still a simplification relative to the true final
sensitivity of IAXO’s detectors. The efficiency function
ep will certainly have a dependence on energy which
suffers at energies close to E,., however this will vary with
the precise technology. So we adopt this simplification,
which was done for IAXO’s projections, and remain naive
with regards to the final detector. This consequently means
that our results must be interpreted not as a definitive
prediction for the sensitivity of IAXO, but instead a guide
towards the energy sensitivity required to probe the B field
to a given radius. In fact the study we present here provides
substantial additional motivation for detectors with excel-
lent sub-10 eV energy resolutions.

C. Signal spectra

In the left-hand panel of Fig. 5 we show the resulting
photon spectra for both the Primakoff and LPlasmon
fluxes. We assume an energy resolution of 10 eV, so only
the LPlasmon flux from the radiative zone is visible. In fact
for this mass range the additional number of events due to
this flux can be quite large: between 24800-300 for m, =
1-6 meV and g,, = 5 x 107! GeV~!. Notice also that the
different spectra for different masses diverge from each
other only at energies below ~500 eV, precisely where the
LPlasmon flux is amplifying the signal. This observation
will be relevant later when we discuss how the LPlasmon
flux can enhance IAXO’s ability to measure the value of m,,
in its vacuum mode.

On the right-hand panel of Fig. 5 we show a set of
spectra for the buffer gas mode. Here we fix the axion mass
at m, = 107! eV and instead vary m, between 0 and m,,
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Photon spectra in IAXO over a range of axion masses in the vacuum mode (left) and for a single mass but a range of pressures

in the buffer gas mode (right). The solid lines show the contribution to the signal from the Primakoff flux alone, and the dashed lines
indicate the upper bound of the contribution from the LPlasmon flux assuming the seismic solar model. For the left-hand panel we have
selected a particular small range of masses for which the additional flux raises the small differences between the spectra. Over this range,
the LPlasmon flux provides an additional discriminant on the value of m,; which would require a much higher value of g,, to measure
otherwise. On the right-hand panel we express the pressure settings in terms of m, /m,. The indigo line, m, = 0, is equivalent to a
vacuum, and the red line, m, = m,, is equivalent to p,,,,: the pressure that maximizes the overall signal. Notably, the lowest energy part
of the spectrum is amplified rather than suppressed as the pressure is decreased, we discuss this subtlety further in the text. On the left we
assume a realistic energy resolution of 10 eV, and on the right we assume a much more optimistic 1 eV which allows us to display the

spectra from the solar B field all the way up to the upper layers.

effectively varying the pressure between a vacuum and
Pmax: the maximum pressure required to restore the axion-
photon dispersion relations. When m, = m, the total
number of photons is maximized, and with decreasing
pressures (lower m, ) the spectrum is suppressed. However
not all of the spectrum is suppressed evenly by the axion-
photon interference, in fact the lowest energy components
are enhanced as the pressure is lowered down to a zero.

The origin of this peculiarity can be understood by
considering the energy dependence of P,,_, (@) in Eq. (26).
For a given value of m, and a pressure somewhere in
between zero and p,,,, the probability will scale with @? at
very low energies, and then as w2 at higher energies
(because of the energy dependence of I'). The regimes cross
over when g% ~T2/4, at an energy g, « p'/>!. So for
accessing features at very low energies, it is more favorable
to have @ be lower so that the desired part of the
spectrum is in the regime @ > @, Where P ~ »?. For the
sub-100 eV spectrum, the vacuum setting is optimal, even
for large axion masses. This is why the dashed lines on the
right-hand of Fig. 5 continue to rise at low energies as
the pressure is decreased, even as the high energy part
of the spectrum becomes suppressed by oscillations. The
oscillations begin at @, which corresponds to when
exp (-I'L) ~2exp (=I'L/2) in Eq. (26). Over all axion
MAasses Woge > Weross-

These arguments inform to us that even though the buffer
gas mode is essential for discovering the higher mass
axions, a low pressure or vacuum mode is still desirable for
studying very low energy components like the upper layers
or the tachocline. The radiative zone is in an intermediate
energy range and the pressure must be chosen so that
Deross S 20 eV and o, 2 300 eV.

D. Background

The background level in the IAXO detectors is expected
to be extremely low at around 1078 to 10™° cm™2s~! keV~!
[44,45], amounting to only a few counts in the signal region
of interest over the full data-taking campaign. The number
of events due to the background is given by

Nbg = Adett(Emax - Eres)q)bg (29)

where the total detector area is Ay and @, is the estimated
background flux (both given in Table I). We assume that the
background does not depend on energy. This assumption is
justified from an experimental standpoint [45]; it is also
unlikely that our results will be sensitive to it either, since
there are no background sources that would mimic an axion
signal.
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E. Search strategy

The precise search strategy envisaged for [AXO has not
yet been finalized. In principle there are many potential
options which could target certain mass ranges. To have
some concreteness, we have simply implemented a search
strategy which attempts to replicate the most recent
published projections made by the IAXO Collaboration
[52]. We assume that a 6 year total data-taking time is split
evenly between three phases:

(1) Vacuum phase: fixed vacuum pressure mode with no
scanning, sensitive to the full range of axion masses,
but with a loss in sensitivity above ~1072 eV.

(i1) Intermediate buffer gas phase: scanning over lin-
early spaced pressures between p = 0.036 and
0.44 mbar. This gives approximately horizontal
sensitivity to g,, over a range of axion masses that
bridges the gap between the KSVZ line at 2 x
1072 eV and the DFSZ I line at 7 x 1072 eV.

(iii) High mass buffer gas phase: pressure values be-
tween p = 0.44 and 2.916 mbar that are spaced
proportionally to 1/p. This maintains DFSZ 1I
sensitivity between 7 x 1072 and 1.8 x 107! eV.

107
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= — New=7
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10711
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FIG. 6. Expected 95% CL exclusion limit projected for IAXO,
as calculated via our profile likelihood ratio test. We show the
result from a toy Monte Carlo simulation of the test on mock data
(black line) as well as the result using Asimov data (red). The
projection is roughly equivalent to a constant expected event
number line for N, = 7 (shown as a green line). In this plot and
subsequent ones we also show the relevant existing constraints on
Jay- Experimental constraints are shown in dark red and include
the results from CAST [42] and dark matter axion haloscopes
[16-18,22,25,27,28,31]. Astrophysical constraints are shown in
green: the stellar bound from horizontal branch stars in globular
clusters [114], and a recent indirect dark matter search with radio
observations of neutron stars [115].

Helium-4 begins to condense above 16.405 mbar at
T, = 1.8 K, corresponding to maximum mass for the
buffer gas phase of m, = 0.4 eV. Fortunately QCD axions
above this mass are already excluded by a stellar evolution
bound using horizontal branch stars in globular clusters
[114]. So we do not need to worry about switching the
buffer gases to *He, as was the case with CAST [40].

For our analysis we will assume that the data from the
three phases are combined and analyzed jointly. The
respective sensitivities of each are thereby allowed to
overlap. Our reproduction of TAXO’s sensitivity is shown
in Fig. 6. The statistical approach we have used to derive
this limit is explained in Sec. A.

V. RESULTS

A. Axion mass sensitivity

One of the challenges faced by helioscope experiments is
the measurement of the axion mass. Axion masses in the
buffer gas regime are straightforwardly measurable because
the signal is maximized when the effective photon mass
(given by the gas pressure) matches the axion mass. On the
other hand, axions lighter than an meV are essentially
indistinguishable from being massless. So the axion mass is
not a determinable parameter for much of the parameter
space. However there is an intermediate regime as dis-
cussed in Ref. [116] where the oscillatory features that are
present in the signal for m, Z meV could be used as a
handle on the axion mass. This allows IAXO to extend its
sensitivity to a nonzero m, down to around 10~ eV. For
masses below this, the part of the photon spectrum that
contains information about the axion mass gets rapidly
pushed below any semi-realistic energy threshold. In light
of the low energy LPlasmon flux however we now have an
additional source of signal at very low energies. This means
that the axion mass discrimination should be possible to
lower masses than when only the Primakoff flux is
accounted for.

In Fig. 7 we show IAXO’s sensitivity to a nonzero value
of the axion mass. We do this by calculating expected
discovery limits for a 36 acceptance of m, > 0 in 50% of
experiments. We compare the mass discovery limit under
the assumption of solely the Primakoff flux (solid line),
with the same limit assuming both the Primakoff and
LPlasmon flux from the seismic solar model. We see that
indeed the axion mass sensitivity can be pushed down to
masses almost an order of magnitude lower. The axion
mass sensitivity is also improved in the buffer gas mode.
Although the LPlasmon flux is a negligible increase in
signal for these masses, because we conduct the test against
the massless hypothesis which does have a sizeable signal
from the LPlasmon flux, the mass discrimination requires
fewer overall events.

This increase in sensitivity assumes that the LPlasmon
flux is accounted for. Therefore this result is model
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FIG. 7. TAXO'’s expected sensitivity to a 3¢ acceptance of a
nonzero axion mass for two different assumptions for the
incoming axion flux. The signal becomes increasingly insensitive
to the value of m, below 1072 eV, but when the low energy
LPlasmon flux is included (dashed line), the additional events at
low energies means the mass can be discriminated from zero
down to lower values. We assume a benchmark magnetic field
which lies in the middle of our window of models, Eq. (14). We
also show for comparison IAXO’s projected 95% CL sensitivity
to g,, from Fig. 6.

dependent. Nonetheless, the distinction between the limits
for the two different flux assumptions is still relevant: it
tells us that the massless axion hypothesis looks signifi-
cantly different to the massive case when the LPlasmon flux
is present. The LPlasmon flux is certainly going to be
present since the Sun must have a magnetic field. So
whichever model is assumed, the mass discovery will
always require fewer overall events than has been consid-
ered in the past.

B. B-field sensitivity

In Fig. 8 we show the sensitivity of IAXO to the three
regions of the solar magnetic field profile individually. For
completeness we assume an energy resolution of 2 eV here
so that we can show results for the magnetic field of the
upper layers. The sensitivity to the radiative zone and the
tachocline are generally unaffected by this choice as long as
we use values E., <30 and 10 eV respectively.

The sensitivities plotted here are the projected median
95% CL exclusion for a nonzero value of the magnetic
field, where each set of curves corresponds to testing for
Brag> Biach 0T Byppe individually. Since these regions do not
overlap in energy, when testing for one field normalization,
we can simply ignore the spectrum from the other two.

A particular sensitivity line on these plots corresponds to
a particular value of magnetic field strength normalization
and should be interpreted in the following way: if the
assumed magnetic field strength used to make the limit is
say, By, then IAXO can constrain all values of B > B; at
95% CL for all axion masses and couplings lying above the
sensitivity line drawn. The shaded regions correspond to
the same range of assumed field normalizations as shown in
previous figures.

To fully demonstrate the full potential of IAXO we define
two different strategies for the left- and right-hand panels of
Fig. 8. The left-hand, prediscovery scenario corresponds to
the B-field sensitivity of IAXO with a 3 year (6 year for the
dashed line) data-taking exposure following the IAXO
search strategy outlined previously in Sec. IV E, and used
in both Fig. 6 and 7. That is to say: if [AXO detects the axion
in its initial search campaign, it will already have the
sensitivity to the solar magnetic profile as shown in the
left-hand panel. The tachocline is therefore not observable in
the prediscovery scenario, but for a large range of axions with
Jay 2 6 x 10712 GeV~! constraints could be placed already
on the radiative zone’s magnetic field.

Measuring the solar magnetic field is truly part of the
postdiscovery physics case for IAXO. So in the right-hand
panel we show enhanced sensitivities which assume a
6 year data-taking exposure with either [AXO or [AXO+, in
which the buffer gas pressure is fixed to the optimum value
required to measure each component of the B field. For the
radiative zone this optimum value is the pressure for which
m, = m,, whereas for the tachocline and upper layers a
vacuum is the optimum pressure over all masses.

The radiative zone is easily within IAXO’s reach, and
could even be constrained well into the QCD axion model
band just above KSVZ. The tachocline is mostly out of
reach unless g,, is only just below CAST. Such an axion
would be detected very soon into IAXO’s initial campaign
(and probably by babyIAXO), but it would still take 6 years
with an upgraded magnet to begin to constrain the
tachocline. We emphasize that we have only fixed a
benchmark data-taking exposure of 6 years here, the
sensitivity could continue to even smaller couplings for
a longer duration, scaling as g,, ~~'/4. This kind of
measurement therefore provides considerable motivation
for continuing IAXO beyond its initial discovery of
the axion.

C. Sensitivity versus radius

Finally, to summarize the sensitivity to the magnetic field
in a simple, digestible way we present Fig. 9, which shows
again the range of magnetic field profiles in detail, along
with TAXO’s sensitivity as a function of radius and E.
This plot demonstrates that even for modest energy
resolutions, IAXO is readily sensitive to a wide range of
well-motivated magnetic field strengths in the inner 50% of
the Sun. Probing up to 0.5 Ry would require energy
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FIG. 8. Median sensitivity at 95% CL to a nonzero value of the magnetic field in the three main regions we study here: the radiative
zone, tachocline and the upper layers. The shaded regions show the sensitivities over the range of field strengths in Eq. (14). The left- and
right-hand panels correspond to two possible data-taking campaigns. The left-hand panel corresponds to the “prediscovery sensitivity,”
which is the B fields that could be constrained with an exposure the same duration as the planned axion search with IAXO (with an
extended 6 year duration indicated with a dashed line). On the other hand the right-hand panel shows the “postdiscovery sensitivity”
which corresponds to a scenario in which the axion is detected and then IAXO continuously observes the solar axion flux for 6 years
with the optimum pressure setting. The dashed line in this case corresponds to the improvement in the lower edge of the shaded regions
when we assume the experimental parameters of IAXO+.

Required Eres [eV]

200 90 40 20
T T T T 8CAST
10° 5B neutrinos
""" 1AXOin2 years =
o
e
2, 2
. kS
\t ______________ =
M IAXO+ in 10 years [
101" <
103 =
Vacuum, m, < 1073 eV
101 1 1 1 8IAXO
0.2 04 0.6
r [Re]

FIG. 9. Sensitivity of JAXO to the solar magnetic field profile. The red bands indicate our range of magnetic field models described in
Sec. III, whereas the blue-green colored region shows the minimum value of g,, required to reach a particular value of B(r). We bound
the region between a maximum value given by the value of g,, already excluded by CAST: geast = 6.6 x 107! GeV~! (i.e., IAXO
cannot probe the field if it requires a coupling larger than what is already excluded) and a minimum value given by the projected
sensitivity of a 2 year IAXO exposure: gjaxo = 4.5 x 10712 GeV~! (i.e., IAXO cannot probe the field for couplings smaller than its
sensitivity). So for example, in 2 years IAXO can probe our range of models for radii r < 0.5R,. As a dashed line we show the
improvement in sensitivity if we assume a 10 year exposure with the upgraded configuration IAXO+. Since accessing the field at larger
radii requires sensitivity to smaller photon energies, we also show on the upper horizontal axis the maximum required energy resolution
as function of r.
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resolutions better than ~30 eV, which is already consid-
erably larger than the demonstrated ~2 eV resolutions of
metallic magnetic calorimeters for instance [113].
Interestingly, we also find that solar axions could easily
constrain the magnetic field of the solar core to smaller
values than is currently possible with the temperature
dependence of the ®B neutrino flux. We also see that for
axion couplings on the larger side, IAXO+ would even be
able to begin to probe the tachocline. The sensitivity shown
in Fig. 9 applies consistently to all axion masses below
approximately 1072 eV.

VI. CONCLUSIONS

Being the only example of a star close by, the Sun
provides our only prototypical example of a stellar mag-
netic field. Therefore it is the basis upon which we must try
to understand the role of magnetic fields in the formation,
structure and evolution of cool stars across the Universe
[117]. Yet the structure of the solar B-field remains poorly
understood [98-104,118]. Most existing measurements of
the field are limited over certain regions and often rely on a
variety of modeling assumptions. In this paper we have
aimed to determine the potential for axion helioscopes to
serve a dual purpose as instruments to measure the
magnetic field of the Sun. While there are already several
ways to constrain the Sun’s magnetic field—including both
solar physical measurements such as helioseismology, and
astroparticle probes like solar neutrinos—there is no single
method to map the entirety of the field profile.

Axions would therefore be a greatly welcomed new
handle on the solar magnetic field. Axions converting from
longitudinal plasmons at a given position inside the Sun
have an energy equal to the plasma frequency at that
position, and a flux proportional to the square of the
magnetic field. In other words, the number of signal
photons from axions converting back into photons inside
a helioscope provides information about the strength of the
magnetic field, and the energies of those photons provide a
measure of the positions they originated from. Therefore a
measurement of this flux of axions could be almost directly
recast as a measurement of the magnetic field profile.

We have centered our experimental configuration around
the baseline and upgraded versions of [AXO as summa-
rized in Table I. However the main uncertainty regarding
the final specification of IAXO is the energy resolution of
its detectors. Measuring the magnetic field at larger solar
radii requires smaller energy resolutions. So we have
framed our discussion around the resolution required to
probe out to a certain solar shell. This main result is
summarized in Fig. 9. If we assume the most optimistic
energy resolution of say metallic magnetic calorimeters
~2 eV, we could expect IAXO or IAXO+ to be sensitive to
the inner 70% of the Sun and potentially measure the field
out to the tachocline. For axions heavier than ~10~% eV the
sensitivity steeply declines as shown in the left-hand panel

of Fig. 8. In a postdiscovery campaign in which the
pressure setting could be optimized to focus on certain
parts of the axion spectrum, we find that IAXO+ would be
able to constrain the magnetic field of the radiative zone
even for couplings within the QCD axion band. This is
shown in the right-hand panel of Fig. 8.

An interesting side effect of the longitudinal plasmon flux
is that it can improve IAXO’s ability to measure the value of
the axion mass, as shown in Fig. 7. This result assumes that
the flux from the radiative zone is correctly modeled in our
likelihood analysis, so the enhanced sensitivity is model
dependent. Nevertheless, the LPlasmon flux is guaranteed at
some level as long as the Sun has a magnetic field, which it
demonstrably does. Therefore the extra source of axions we
have studied here is not only beneficial with regards to
measuring the magnetic field but would also help us in
determining the axion’s properties. Moreover, this could go
beyond simply the mass: since the LPlasmon flux is only
dependent on g,,, it could also help in distinguishing the
axion-photon and axion-electron fluxes for nonhadronic
QCD axion models (see e.g., Ref. [119]), though we have
not explored that possibility here.

IAXO may also have sensitivity to the angular structure
of the solar magnetic field, rather than just the radial profile.
In Fig. 4 we showed that there is a 1.6% biannual
modulation present in the flux from a toroidal magnetic
field. We have calculated the time dependence of this
modulation over the year so that it can be of future use. A
more detailed exploration of how such a modulation signal
could be used to constrain the angular profile may reveal
more of [AXO’s future potential as a solar magnetometer.
This would probably require many more events to make use
of than our benchmark cases, and perhaps a helioscope
even larger than IAXO. Though in the event of a detection
of solar axions this expense might be much more easily
spared.

The results presented in this work are reproducible via
publicly available python notebooks [120].
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APPENDIX: STATISTICAL METHODOLOGY

Our statistical methodology which is used to derive all
limits in this paper is based on a frequentist profile
likelihood ratio test between a null and alternative hypoth-
esis, Hy ;. In order to use asymptotic limits for likelihood
ratios, we will assume that H, is nested within a more
general H,. Furthermore, to facilitate the later use of
Asimov data, we adopt a binned likelihood for the model,
L which is the product of Poisson probability distribution
functions P for N, photons, given an expected number
Nexp, for each of the Ny,  bins:

N bins

£ = [ PN INixp (4. iy B) + Nipg (@,)]. - (A1)
i=1

The expected number of photons N, in bin i is obtained
by (1) calculating the full spectrum using Eq. (24);
(2) applying the Gaussian energy resolution kernel with
width E..; and then (3) integrating the convolved spectrum
over the ith bin. Throughout we assume that the back-
ground level is flat and that Ngg is given by Eq. (29) but
with the energy interval replaced by the bin width.

First, to calculate IAXO’s projected exclusion limit on
Jay» We define a test statistic using the likelihood ratio—at
fixed values of m, and magnetic field parameters B—
which tests for H; when g,, > 0 (signal + background)
against H, which has g,, = 0 (background only),

E(ma, 0, B, (ibg)
‘C(mw .@a;ﬂ B? (IA)bg) ’

4(m,) = ~2In (A2)

where the ~ parameters are the maximum likelihood

estimators (MLEs) under H, and the parameters
are the MLEs under H(. Parameters without hats are fixed.
The asymptotic distribution of g under H, is a ‘“half-
chi-squared” distribution: 18(0) + 147, according to
Chernoff’s theorem [121]—a special case of Wilks’ theo-
rem [122] that is applied when testing for a parameter at the
boundary of its allowed space (see e.g., Ref. [123] for more
discussion of this distinction). To calculate the expected
95% CL exclusion limit that could be set on g,, by IAXO,
we perform Monte Carlo simulations using mock datasets
to obtain the distributions of ¢ under Hy ;.

While doing this, we can also validate an asymptotic
limit of the test using Asimov data, which might free us of
performing more Monte Carlo simulations. Asimov data is
the name given to a set of mock data which exactly matches
the expectation, i.e., Ni, = Nix, + Nj, over all bins.
When performing the likelihood ratio test on the Asimov
dataset, the resulting value of g quickly approaches the
median of the true distribution as the number of (signal or
background) events increases [124]. Although this approxi-
mation only holds exactly in the limit of high statistics, a
reasonable estimate of the median ¢ is reached even for
relatively low numbers of events O(10). In order to infer
the significance of the Asimov result without generating the
correct distribution of ¢ under H, we can use another
asymptotic limit: the significance of a particular test result
g* under H, is approximately +/g*. Since the null dis-
tribution is a half-chi-squared, a confidence level of 95% (p
value of 0.05) corresponds to \/g* = 1.64.

In Fig. 6 we show our estimation of the expected one-
sided 95% CL exclusion limit that could be set by IAXO.
With a black line we show the result from the full
Monte Carlo simulation of the null and alternative distri-
butions of g, assuming no asymptotic results. Then as a red
line we show the Asimov approximation which obtains
extremely good agreement. We also show the expected 1
and 2¢ containment of the median 95% CL exclusion limit
which can also be obtained straightforwardly with the
Asimov dataset. For reference we also show in green a
contour of values of (g,,,m,) for which the expected
number of events is N, = 7. Since the spectral shape
of the axion signal does not change much with mass, the
exclusion limit is roughly (though not precisely) the same
as a constant event number contour. All of our remaining
results in the next section are obtained in a very similar
way. For example we can find the projected limits for the
axion mass by floating m, in Eq. (A2) and testing for the
hypothesis of m, > 0 against the case m, = 0. The validity
of Chernoff’s theorem and the Asimov dataset for this exact
scenario were already validated in Ref. [116].

We can also find projected limits for the exclusion of
nonzero values of any parameter in 13 describing the B field
in the same way. To have the O(> 10) events needed to
measure the LPlasmon flux, one will necessarily also have
many more events from the Primakoff flux. So it is safe to
assume that the Chernoff and Asimov assumptions will be
valid here too.
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