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Chameleon dark energy models are a popular alternative to the standard cosmological constant model.
These models consist of a new light degree of freedom, called chameleon, with a density dependent mass
and a nontrivial coupling to both matter and photons. Owing to these couplings, chameleons can be
produced inside the sun. However due to their density dependent mass, the chameleons produced in the
solar core are screened and cannot escape whereas those produced outside the solar core, such as in the
tachocline region with energies of the order of few a keV, can escape from the sun and travel all the way
toward Earth. Hence the Earth is expected to receive a flux of solar chameleons. In this work we propose a
light shining through wall (LSW) type of experiment in which the Earth itself acts as a wall. Both photons
and chameleons are incident on the light side of the Earth. While all the photons are stopped by the Earth,
only a fraction of the chameleons are stopped by the earth due to screening. Those chameleons which are
not screened by the earth pass directly through the Earth and exit the night side. Here these chameleons
interact with the geomagnetic field and convert into x-ray photons. A space-based x-ray telescope orbiting
the Earth can detect these x-ray photons, while passing through the night side, thereby acting as a detector
in this LSW type experiment. We show that such a kind of setup can be complementary to other terrestrial

experiments looking for chameleons.
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I. INTRODUCTION

Observations suggest our Universe is currently under-
going a phase of accelerated expansion [1,2]. This
accelerated expansion is thought to be driven by a
mysterious quantity dubbed dark energy (DE). The recent
measurements from the Planck mission [3] suggest that
almost 70% of our Universe’s energy budget is made up of
this mysterious dark energy and yet we still do not know
what it is [4-6]. The simplest DE candidate is a cosmo-
logical constant (CC) which arises due to the collective
zero point energy of all the quantum fields existing in
our Universe. However this model of DE has a serious
disadvantage in that the calculated value of this zero
point energy from quantum field theory is orders of
magnitude greater than the required value for explaining
the current acceleration. This mismatch is referred to as
the cosmological constant problem [7-9], and it is one of
the most perplexing problems in modern physics. Several
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alternative models have been proposed to explain DE in
order to avoid the cosmological constant problem. A
common feature of such models is the presence of addi-
tional degrees of freedom which drive the accelerated
cosmic expansion. Such models predict a wide array of
novel astrophysical and cosmological phenomena which
are being or will be explored by present or future
cosmological surveys [10-19].

One popular class of such alternative DE models are the
quintessence models. Such a kind of model was first
proposed in [20]. These models propose that the accel-
erated cosmic expansion is due to a scalar field rolling
down a flat potential. In order for the scalar field to evolve
cosmologically, its mass must be of the order of the present
Hubble scale H, implying that it must be an ultralight
field. Now generically such a scalar field can also have a
small coupling with matter. However such a matter cou-
pling would lead to a violation of the equivalence principle
(EP) and result in the existence of a fifth force and the
existence of such a fifth force is strongly constrained by
solar system tests of GR [21,22]. This problem is avoided if
there exists some form of a screening mechanism in the
theory which dynamically suppresses fifth-force in the
solar system [23-26]. The chameleon effect, first proposed
in [27,28], is one such screening mechanism. A scalar field
exhibiting the chameleon effect is called a chameleon field
or simply chameleon. The primary feature of a theory
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exhibiting the chameleon effect is the existence of a
coupling of the chameleon field with matter that leads to
a unique density dependent mass of the scalar field [29,30].
Typically in these models the mass of the chameleon field
increases with increasing matter density and vice-versa.
Thus, in regions of high matter density, such as the Earth,
the mass of the chameleon field can be sufficiently large for
it to evade fifth-force search experiments whereas in the
cosmic vacuum, where the density is almost zero, it will
have a very small mass as required for explaining the
cosmic expansion.

The coupling of the chameleon field with matter almost
automatically implies the existence of a coupling with
photons [31]. This chameleon-photon coupling has many
interesting phenomenological consequences and it has
been used to search for DE chameleons both directly and
indirectly [32-37]. In this work we focus on one such
phenomenon due to the chameleon-photon coupling.
Chameleon theories, being screened theories, imply that
chameleon particle production inside the core of the sun is
highly suppressed due to the enormously high density of
the environment. Nevertheless due to the presence of the
chameleon-photon coupling, chameleon particles can still
be produced inside the Sun in regions outside the core
where there exists strongly magnetized plasma. In par-
ticular, the solar tachocline, which is the region of
transition from the radiative interior to the convective
outer zone, is expected to host extremely strong magnetic
fields. In this region chameleon particles can be produced
from thermal photons via a Primakoff-like process. The
produced chameleons can be relativistic and, owing to
their weak interaction with matter, can have a large mean
free path. This in turn would enable the chameleon
particles to escape from the sun resulting in a solar
chameleon flux. This possibility in turn opens up a
new avenue in the detection of DE and it has been
explored in several works [37—41].

In this work we too explore the above avenue but in a
different setup. The solar chameleons escaping the Sun
spread out in all directions. Hence all the planets, including
the Earth, is expected to receive a flux of solar chameleons
alongside photons. Whereas all the photons are blocked by
the Earth, a fraction of the chameleon flux can travel right
through the Earth and exit the night side of the Earth where
the solar photon background would essentially be zero. We
show that these exiting chameleons can convert into
photons, via the same Primakoff-like process, while trav-
eling through the Earth’s magnetic field. We further show
that for certain chameleon models these photons, which
would have energies of the order of a few keV, would give
rise to x-ray signals which can be detected by future x-ray
telescopes orbiting the Earth. In such cases we find that
nonobservation of an x-ray signal will set constraints on the
chameleon-photon coupling which are complementary to
the existing constraints.

The rest of this paper is organized as follows. In Sec. 11
we give a brief outline of chameleon scalar field models. In
Sec. III we elaborate on the chameleon-photon coupling,
discussing its phenomenological consequences, most
importantly the phenomenon of chameleon-photon oscil-
lation in an external magnetic field. The production of
chameleons inside the Sun via the chameleonic Primakoff-
like effect is discussed in Sec. IV using which we calculate
the solar chameleon flux. In Sec. V we outline how
chameleon photon oscillation results in the production of
a flux of x-ray photons in the Earth’s atmosphere. We also
explore the parameter space of different chameleon models
and find the ones that can result in a detectable x-ray signal
in a future x-ray observatory. We summarize and conclude
in Sec. VL

II. CHAMELEON MODEL

The chameleon model [27,28] is a scalar field model of
DE. It consists of a scalar field, which we call the
chameleon field or simply chameleon, ¢, whose main
features are (a) a runaway potential (typically taken to be a
power law type potential) and (b) a nontrivial coupling to
matter. The net result of these two features is an effective
potential for the chameleon which depends on the matter
density of the surrounding environment leading to an
environment dependent mass of the chameleon. This
environment dependent mass is the primary feature of this
model.

In particular, the chameleon model introduces an addi-
tional scalar field, ¢, whose behavior is governed by the
Lagrangian [27],

£5 =] 2R -2y

+ Ly, gld) (1)

where My is the reduced Planck mass, R(g) is the Ricci
scalar and w(i) are the matter fields. Each matter field, 1//(’7,
couples conformally to ¢ through the metric

g =A%) g (2)

where g, is the Einstein frame metric and A(¢) is the
conformal coupling function. Here V(¢) is the potential of
the chameleon field.

The form of the potential V(¢) is so chosen that it is
monotonically decreasing and satisfies the conditions
V.,dV/dp,d*V/dg?*,... - 0 as ¢ — oo and V,dV/de,
d*V/d¢?, ... - oo as ¢p — 0. Out of many possible poten-
tials that satisfy the previous criteria, in this work we shall
focus on inverse power law models [20,29] with a potential
of the form
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where A and A’ are some energy scales of the model. For
the chameleon model to account for the observed accel-
erated expansion of the Universe at large scales, we require
that A’ = Apg = 2.4 meV [29,30]. The parameter A on the
other hand is not bound by any such restrictions. Two most
commonly used choices for this parameter are [42] are
A = Apg and A =1 peV. The second choice corresponds
to the region of the parameter space where solar chame-
leons could show up in dark matter direct detection
experiments [41]. In this work we shall consider the second
choice of A. As for the parameter 7, it can only take certain
integer values as discussed later.

Coming to the conformal coupling function, again there
are a wide variety of possible choices. In this work we shall
assume an exponential coupling of the form

V(g) = A"+ (3)

A(¢) = eﬁmd)/MP] (4)

where f,, is the dimensionless coupling constant of
chameleon with matter.

Given the potential and the coupling function, starting
from the Lagrangian in Eq. (1) and working in the Einstein
frame,we can now obtain the equation of motion of the
chameleon field [27,30]

dV
O = eff 5
v= (5)
where V. is given by
Veff = V(¢) —+ peﬂ1r1¢/MPl (6)

and p is the total nonrelativistic matter density in the
surrounding of the chameleon field. Thus we see from
Eq. (5) that the dynamics of the chameleon field is
governed by an effective potential V. which is explicitly
dependent on the surrounding nonrelativistic matter
density p.

The above effective potential has a density dependent
minimum located at

Mo A\ 1/ (1)
¢min = (n 3 ) . (7)
Bmp

The chameleon rest mass squared, which is simply
d*V g /d¢p?* evaluated at ¢p = by, is

Lt B (” +1 n ﬂm>
MP] ¢min MP]

m2(p) = e (8)

which is, as mentioned previously, dependent on the
nonrelativistic matter density p. An important point to note

from Egs. (6), (7) and (8) is that the nature of the
dependence of ¢, and m. on p crucially depends on
the parameter 7.

Now as we mentioned earlier, models with extra light
scalar fields are severely constrained from solar system
tests for the existence of a fifth force. On the other hand for
a scalar field driven accelerated expansion of the universe,
the scalar field must be light. Hence for the chameleon
model to successfully explain DE, the chameleon mass
must depend on p in such a way that in a region of low
matter density (e.g., the intergalactic space) it has an
extremely low mass whereas in a region of very high
matter density (e.g., inside Sun or other solar system
objects) it has a very high mass so that any fifth-force
mediated by this scalar particle is effectively screened
[29,30]. These conditions are satisfied when either n is a
positive integer or it is an even negative integer.

In our work we shall consider n to be a free parameter
and show our results for different values of n.

III. CHAMELEON-PHOTON MIXING

Apart from its coupling to matter, the chameleon field, in
general, can also couple to photons. Following [38], we
assume the chameleon-photon interaction term to be of
the form

elrd/Mp

‘Cint = \/_—g F;wFﬂD (9)
where 3, is a dimensionless coupling constant which we
consider to be a parameter of the model. Here F, is the
electromagnetic field strength tensor. The dimensionless
chameleon-photon coupling has already been constrained
from different astrophysical observations and ground based
experiments (see Ref. [42] for a summary of existing
constraints).

An immediate consequence of this coupling is that the
chameleon mass is also affected by the energy density of
the electromagnetic field in the environment. Thus the
effective chameleon mass is a function of both the matter
density, p and the electromagnetic energy density B2/2,
where B is the magnetic field in the environment. Typically
the contribution of the electromagnetic field to the total
energy density is orders of magnitude smaller than the
contribution from ordinary matter density and hence
throughout our work we ignore the electromagnetic con-
tribution. A second consequence of this chameleon-photon
coupling is that the chameleon mixes with the photon. This
mixing arises due to the term

L=t gp (10)

in the interaction Lagrangian (9). In presence of an external
magnetic field, the mixing term results in a beam of
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chameleons oscillating into photons and vice versa. This
chameleon-photon oscillation in external magnetic field is
not only responsible for the production of chameleons
inside the Sun but we shall also employ this same
mechanism to detect these chameleons. Hence we shall
first outline the dynamics of a chameleon oscillating into a
photon in an external magnetic field.

Assuming a beam of chameleons propagating along the z
axis in a homogeneous and transverse external magnetic
field of strength B which is aligned in a fixed direction, the
equation of motion (EoM) of the chameleon and the
electromagnetic fields are [32]

2
Bw
PR+ | 0 —op Z2|a | =0 (1)
p,Bo
0 My m% ¢

where @ is the energy of the chameleons/photons and a)%, =
4rzan,/m, is the photon plasma mass in the medium and
n, is the electron density in the medium through which the
chameleons are propagating. Here A and A, are the
parallel and perpendicular components of the photon field
with respect to the external magnetic field. The above EoM
is similar to the photon-axion EoM in external magnetic
field excepting a crucial difference—the axion couples to
the polarization parallel to the external magnetic field (4))
[43] whereas the chameleon couples to the polarization
perpendicular to the external magnetic field (A ). This is a
crucial difference when it comes to differentiating whether
a potential signal originated due to axion conversion into
photon or a chameleon conversion into photon.

Similar to the case of axion as shown in [43], we first
linearize Eqn. (11) to get the linearized EoM. Since A
evolves independently we can ignore it. We then solve the
linearized EoM with the initial conditions—A | =0, ¢ =1
and obtain the chameleon to photon oscillation probability
after traveling a distance z as

. ) A(z)
P..,(z) = sin* O sin? <m> (12)
where
2wf,B
an20 — — B (13)
MPl(wp - mc)

and A(z) = (w3 — m%)z/2w.

In the calculation above we have neglected two effects.
Firstly, in presence of an external magnetic field, the
vacuum becomes birefringent. This effect is manifested
in the above EoM as an additional mass term Aqgp of both
the photon polarization states. Additionally in presence of
an external magnetic field, the medium through which the

photons propagate also become birefringent (Cotton-
Mouton effect) which also results in a mass term for both
of the photon polarization states. However, for the magnetic
field strength values considered here, the contribution of
both of these effects to the photon’s effective mass is
negligible as compared to the plasma mass in the medium.
Hence these effects can be safely neglected.

With the above chameleon to photon oscillation prob-
ability we now show how this mechanism leads to the
production of chameleons inside the sun.

IV. SOLAR CHAMELEONS: CHAMELEONIC
PRIMAKOFF-LIKE EFFECT

Chameleons can be produced inside the Sun thanks to
their coupling with the photon. From the form of the
chameleon-photon coupling, one can naively expect that
just like axions, chameleons can be copiously produced via
Primakoff effect, Compton scattering and bremsstrahlung
emission. However, thanks to the density dependent mass
of the chameleon, inside the Sun where densities are
extremely high, the high mass of the chameleons largely
suppress the above three processes in the solar interiors
thereby preventing efficient production of chameleons. As
a result the Sun is effectively screened [29,30], which is in
fact an essential requirement of the chameleon model in
order to escape the bounds from fifth-force searches.
Nevertheless chameleons can still be produced inside the
Sun via the chameleonic Primakoff-like effect [38,41].

Inside the Sun, there exists strong magnetic fields. The
thermal photons present inside the Sun, while traversing
through these strong magnetic fields can oscillate into
chameleons. Unlike the photons which have a small mean
free path in the fully ionized interior of the Sun, the
chameleons, by virtue of their weak interaction with matter,
have much longer mean free paths. Hence chameleons
produced close to the surface can escape the Sun thereby
contributing to the solar chameleon flux.

In this work following [38—40], we consider chameleon
production from photons in the solar fachocline region. The
tachocline region is a thin shell of thickness 0.05R, located
at a radius of R, = 0.7Rq, where R, is the radius of the
Sun. It is generally believed that this tachocline is the
source of the solar magnetic field and it is accepted that this
region has a magnetic field of strength B = 20-50 T [44]
and a density of p = 0.2 g/cm?. For this work, we shall use
the rather conservative value of B =30 T.

The thermal photon flux in the tachocline region is
around n, = 10! cm™2s~!. These photons have a plasma
frequency given by w’ = 4mwan,/m, where n, =p/m,
assuming electrical neutrality of the solar plasma with m,,
being the proton mass. These photons, while passing
through the tachocline, oscillate and produce chameleons.
The probability of a single photon converting into chame-
leon over the length of one mean free path while traveling
through the tachocline is
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FIG. 1. Total oscillation probability Py, of a thermal photon
into chameleon in the solar tachocline as a function of the
effective chameleon mass for two different values of thermal
photon energy @ = 1 keV and @ =5 keV. The values of the
chameleon couplings are taken to be—p, = 10'* and ,, = 10
The strength of the magnetic field in the tachocline is chosen to be
B =30 T. The sharp peak in the oscillation probability is due to
resonance where the chameleon mass in the tachocline becomes
equal to the photon plasma mass in the tachocline.

A
P — sin20( sin? . (14
chameleon(w) S <51n (COS 29) > ( )

where we average out the chameleon production over the
photon mean free path A in the tachocline

(s (2) ) =1 [ (22 s

Typically in the tachocline 4 = 10 cm. For the standard
values of the parameters involved, A(4) > 1 and 6 < 1
implying

1
Pchameleon (C()) = 5 02' (16)

Hence the probability of producing one chameleon in one
second out of one thermal photon is

Ptotal(a)> = NPchameleon(a))v (17)

as Pehameleon < 1. Here N =13 is the number of inter-
actions the photon experiences inside the solar magnetic
field in 1 second.

Shown in Fig. | is the probability of producing one
chameleon in one second out of one thermal photon
Eq. (17) in the solar tachocline as a function of chameleon
mass for two different choices of thermal photon energy w.
From this figure we see that for low chameleon masses
P11 18 constant. It sharply rises due to resonance when the

chameleon mass becomes equal to the photon plasma mass

in the tachocline and then it rapidly drops for even higher
chameleon masses.

Now assuming a blackbody distribution for the thermal
photons

o’ 1
Py(w) = ﬁm (18)
with temperature 7 = 200 eV and 711 = %@W being the

average number of photons at temperature 7', we can obtain
the chameleon spectrum produced from the solar tachocline
due to the conversion of thermal photons as

q)cham(w) = py(a))Ptotal<w)ny‘ (19)

Multiplying Eq. (19) with @ we can get the energy
spectrum of the solar chameleons as

l(a)) = wq)cham (C()) . (20)

Shown in Fig. 2 are the differential flux of the chame-
leons produced from the solar tachocline (left panel) and
the energy spectrum of these produced chameleons (right
panel) for two different values of n namely, n = 1 (blue
solid line) and n =3 (red dotted-dashed line) with
A =1 peV in both the cases. The values of chameleon
couplings are taken as #, = 10'* and $,, = 10%. We can see
from Fig. 2 that the solar chameleon flux for the n =1
model (blue solid line) is lower than that for the n =3
model (red dotted-dashed line). This happens because for
the n = 1 model and for the chosen value of $,,, chameleon
mass in the tachocline is greater than 10 eV and hence it is
greater than the photon plasma mass in the tachocline. On
the other hand for the n = 3 model, the chameleon mass is
around 1 eV and hence it is lower than the photon plasma
mass. Now from Fig. 1 we see that for m, < w, the total
oscillation probability in Eq. (17) is greater than that for
m. > ,. As a result the flux for the n = 1 model is less
than that for the n = 3 model. Furthermore with increasing
n, m, decreases further and goes below 1 eV and hence for
models with n > 3, the solar chameleon flux is identical to
that for the n = 3 model.

Now these chameleons are produced over a wide range

of energies. On the other hand the mass of these produced

chameleons in the tachocline is <keV. Using |k|?> = @* —

m?2 where /? o and m, are the chameleon 3-momentum,
energy and mass, we see that majority of the produced
chameleons have |k|> >0, implying they are highly
relativistic. These relativistic chameleons can escape from
the solar interior and come out of the Sun resulting in a
solar chameleon flux.

In the above discussion we have left out an important
issue. The chameleons produced in the tachocline, while
propagating outside, can convert back into photons due to
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FIG. 2. Left: the differential chameleon flux produced inside the Sun due to the conversion of thermal photons in the solar tachocline
for A =1 peV and n = 1 (blue solid line) and A = 1 peV and n = 3 (red dotted-dashed line). Right: the differential energy spectrum of
the solar chameleons produced in the solar tachocline for A = 1 peV and n = 1 (blue solid line) and A = 1 peV and n = 3 (red dotted-
dashed line). The values of the chameleon couplings are taken to be f, = 103 and f3,, = 107. The strength of the magnetic field in the

tachocline is chosen to be B = 30 T.

inverse Primakoff effect, which in turn will get trapped.
Thus a portion of the chameleon flux can be lost inside the
Sun. However similar to the case of axions, we expect this
phenomenon to not have much effect in the outgoing
chameleon flux.

V. CHAMELEON SIGNATURES IN X-RAY
OBSERVATIONS

The chameleons produced in the Sun along with the
photons travel toward the Earth and are incident on the light
side the Earth. Once they reach Earth, whereas all the
photons are absorbed by the surface of the Earth, some of
the chameleons can pass directly through the Earth while a
small portion cannot. This is again due to the density
dependent mass of the chameleon.

The density of the Earth increases as we move from the
surface toward the core. Thus the mass of the chameleons is
different at different depths. Using the preliminary refer-
ence Earth model [45], we find that the mass of the
chameleons at the core, where the density is highest, can
vary from few peV to tens of keV depending on the value of
p.- Hence for a given f,, only chameleons with an energy
@ > m.(peore) can pass through the Earth and escape into
the night side of the Earth. Once outside the Earth, these
chameleons travel through the geomagnetic field. This
geomagnetic field will induce chameleon-photon oscilla-
tion which can result in observable x-ray signals. Before
calculating the observable x-ray flux, we first calculate the
chameleon-photon oscillation probability in the geomag-
netic field.

The magnetic field of the Earth, referred to as the
geomagnetic field, can be well approximated as a dipole
field for distances less than 1000 km above the surface. The
field strength at the equator is Bg ~3 x 107 T and it falls

off as 1/r’. However over distances L < Rg, where Rg, is
the radius of the Earth, the geomagnetic field can be
assumed to be fairly constant. Therefore the chameleon-
photon oscillation probability in the geomagnetic field is
simply the oscillation probability in a homogeneous field.
Hence the probability of the escaping chameleons to
oscillate into photons after traveling a distance L in the
geomagnetic field is simply given by Eq. (12) which we
rewrite as

a3 (=),

where ¢ = |w? — m2|/2w with @, being the photon plasma
mass and m, being the chameleon mass in the Earth’s
atmosphere.

Hence at a fixed distance L from the surface of the Earth
in the night side, the expected differential photon flux due
to the conversion of chameleons is

R2

L q)cham (C())

(Dy(a)) = Py(L) D2®

(22)

where Dy, is the distance from the Earth to the Sun and is
equal to 1 A.U.

Shown in Fig. 3 is the expected differential photon flux
at a distance of 600 km from the surface in the night side of
the Earth, for two different choices of n namely, n = 1
(blue solid line) and n = 3 (red dotted-dashed line), with
A =1 peV. The values of the chameleon coupling to
photon and matter are the same as in Fig. 2: g, = 10"
and f3,, = 10?. To calculate this flux, we have used the
oscillation probability in Eq. (21) setting L = 600 km and
using the chameleon mass and photon plasma mass in the
Earth’s atmosphere at 600 km to calculate g. These have
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FIG. 3. Spectrum of the regenerated x-ray photons in the night
side of the Earth at a distance of 600 km from the surface,
produced due to the conversion of solar chameleons into photons
in the geomagnetic field. The blue solid line and red dotted-
dashed line correspond to chameleon models with A =1 peV
andn =1and A = 1 peV and n = 3. The values of chameleon-
matter and the chameleon-photon coupling are chosen as f, =
10" and B,, = 10%.

been calculated by considering the mean atmospheric
density at 600 km, which is roughly 1.56 x 10713 kgm™3
and the atmospheric electron density at that altitude at night
time, which is roughly 7 x 10° cm™ [46].

Two things to note from Fig. 3. First, the photons
produced due to the conversion of chameleons in the
geomagnetic field have energies in the range of a few
keV meaning that they are x-ray photons. Second, we see
that for n = 3 case the x-ray photons have a smooth
spectrum whereas for the n = 1 case the x-ray photon
spectrum is suddenly cutoff at around 0.8 keV. This is
because for n = 1 and the chosen value of f,,, m.(Peore) ~
0.8 keV where p.o. =~ 13 gcm™ [45]. Hence as discussed
previously, chameleons with energies much greater than
0.8 keV can pass through the Earth whereas those with
energies lower than 0.8 keV are absorbed and hence a
sudden drop in the x-ray photon spectrum.

An important point to mention here is that apart from
chameleons, axions can also be produced inside the Sun
[47] and in the same way as discussed above, they can also
result in a x-ray signal in the night side of the Earth due to
axion-photon oscillation [48]. However there is a crucial
difference between the signal generated by axions oscillat-
ing into photons and chameleons oscillating into photons in
the geomagnetic field. The photons produced from axions
are polarized parallel to the geomagnetic field whereas the
photons produced from chameleons are polarized
perpendicular to the geomagnetic field. This difference
in polarization state of the x-ray photons can be used to
distinguish between the x-ray signal from a chameleon and
that from an axion.

The x-ray photons thus produced can be detected by
an x-ray telescope orbiting the Earth and passing through
the night side. As an example in this work we study the
potential of XRISM, an upcoming space based x-ray
telescope, to detect this x-ray signal.

XRISM [49] is a next generation Xx-ray telescope
launched in September 2023 as a successor to the erstwhile
Hitomi x-ray telescope. XRISM is placed at a low Earth
orbit at an altitude of 550 km. It is currently undergoing
calibration and is expected to make observations soon. The
XRISM is equipped with two instruments for studying soft
x-ray—Resolve x-ray spectrometer and Xtend x-ray imager.
The Resolve instrument will have similar capability as that
of the soft x-ray telescope for spectrometer on board Hitomi
whereas Xtend will be an improved version of the soft x-ray
telescope for Imager of the Hitomi mission. In this work we
present the possibility of detecting the chameleon-induced
x-ray photons using the Resolve instrument of XRISM as
an example.

The Resolve instrument is expected to have a back-
ground rate of <2 x 1073 photonss~' cm™2keV~! over an
energy range 0.3-12.0 keV and an effective area of
approximately 200 cm? [50]. Using the upper bound of
the background rate and following [48] we calculate the
sensitivity of Resolve over the operating energy range,
assuming a uniform background rate over the entire
energy range, for 1 year of observation of the night side
of the Earth. This turns out to be approximately
7.07 x 1078 photonss™! cm™2keV~!. Hence for a given
chameleon model we consider the x-ray signal produced
in the geomagnetic field to be observable if @, (w) is
greater than the above-mentioned sensitivity for the
given values of f3,, and f3,. Using this criterion we identify
the regions of the f, vs f, parameter space
of four different chameleon models—A =1 peV and
n=1, A=1peV and n=9, A=1 peV and n =10,
and A =1peV and n = 12—which can produce a
detectable x-ray signal.

The blue shaded regions shown in Fig. 4 are the regions
of the §,, vs p, parameter space that can be explored by
1 year of observation of the night side of the Earth by
XRISM Resolve for four different chameleon models—
A=1peV and n=1 (top left), A=1peV and n =9
(top right), A =1 peV and n =10 (bottom left), and
A=1peV and n =12 (bottom right). Also shown in
the figures are the existing constraints in this parameter
space. The green shaded regions are excluded by the
GammeV-CHASE experiment [35]. The pink shaded
regions are constrained by the nonobservation of polari-
zation of light coming from distant stars due to chameleon-
photon mixing in the Milky Way magnetic field [33].

From Fig. 4 we see that for the chameleon model A =
1 peV and n =1 (top left) the region of the parameter
space where detectable x-ray signals can be obtained is
already ruled out by the constraint from starlight
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FIG. 4. Region of the f3,,-, parameter space of different chameleon models that can be explored by 1 year observation of the night
side of Earth by XRISM (blue shaded region). The parameters of the chameleon models are mentioned at the top of each figure. The
sharp peak in our constraints is due resonant chameleon production in the solar tachocline leading to a higher chameleon flux and
consequently a stronger x-ray signal. Existing constraints from GammeV-CHASE and starlight polarization in this parameter space are

shown by the green and pink shaded regions, respectively.

polarization. On the other hand for n =9, 10 and 12
models there exists a thin region of the parameter space in
between the existing constraints from GammeV-CHASE
experiment (green shaded region) and starlight polarization
observation (pink shaded region) which can result in an
observable x-ray signal. Non-observation of any x-ray
signal will consequently rule out this thin blue shaded
regions of the three chameleon models, thereby filling the
gap between the two existing constraints. For all the other
chameleon models between n =1 and n =9 we have
checked that the situation is similar to the n = 1 case i.e.,
the region of the parameter space which can produce
observable signal is well within the presently excluded
region and hence these models are not shown here. On the
other hand for chameleon models with n = 11, 13, 14 and
15 we found that the situation is similar to the n =9, 10
and 12 cases viz., there exists a thin region of the parameter
space in between the two existing constraints which can
produce observable x-ray signals and can thus be probed

using the above setup. Furthermore. we observed that with
increasing n, the width of this thin region increases. Thus
for n > 9 the constraint on the chameleon parameter space
from our setup can bridge the gap between the two existing
constraints.

Finally, we show in Fig. 5 how the region of the $,, vs. §,
parameter space for the A =1 peV and n = 9 chameleon
model that XRISM can probe, changes for a shorter (and
thereby more feasible) observation time. We find that for
one week (month) of observation of the night side of the
Earth, XRISM can probe the entire region enclosed by the
red (cyan) dashed line in Fig. 5. For reference, the region
accessible to XRISM for one year of observation is the
region enclosed by the blue dashed line (which is the same
as shown in Fig. 4). Thus, we find that for shorter
observation times, the XRISM can still probe regions that
are complementary to the existing constraints on this
parameter space. This also turns out to be the case for
all chameleon models with n > 9.
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FIG. 5. XRISM projected limits on the f,,-, parameter space
for the A =1 peV and n =9 chameleon model for 1 month
(cyan dashed line) and 1 week (red dashed line) of observation of
the night side of Earth. Also shown for comparison is the
projection for 1 year (blue dashed line) of observation of
the night side of Earth (same as Fig. 4). Existing constraints
from GammeV-CHASE and starlight polarization in this param-
eter space are shown by the green and pink shaded regions
respectively.

VI. SUMMARY AND CONCLUSION

To summarize, in this work we have studied the
possibility of detecting solar chameleons using the
Earth’s magnetic field. We have studied chameleon models
with A =1 peV which are also expected to be detectable
by electron-recoil dark matter detection experiments.
Consequently we have first shown that chameleons can
be produced abundantly in solar tachocline region due to
the conversion of thermal photons into chameleons under
the influence of the strong magnetic field in the tachocline
region. The produced chameleons which have energies
greater than their mass in the tachocline can easily escape
the Sun thereby resulting in a flux of solar chameleons. We
have calculated the differential solar chameleon flux
coming out of the Sun and we have shown that this
differential flux is peaked in the keV energy range.
These escaping chameleons travel through space and reach
Earth along with the photons emitted by the Sun.

Once they reach the Earth, all the photons are blocked by
the Earth. However this is not the case with the chameleons.
Owing to their weak interaction with matter some of the
chameleons can pass through the Earth. This is because,
due to their density dependent mass, chameleons with
energies less than their mass inside the Earth will be
blocked by the Earth. On the other hand chameleons with
energies much higher than their mass inside the Earth can
pass right through the Earth and emerge out in the night
side of the Earth. Once outside these chameleons travel

through the Earth’s magnetic field and oscillate into
photons and back. Since the chameleons typically have
energies of the order of few keV, the produced photons give
rise to an x-ray signal in the atmosphere.

We show that for certain chameleon models, these
x-ray signals are within the reach of future space-based
x-ray observatories such as XRISM orbiting the Earth.
Furthermore this chameleon induced x-ray signal will be
polarized parallel to the direction of the Earth’s magnetic
field. This fixed polarization state is an important feature
that can help us uniquely identify whether a potential signal
is produced by a chameleon or some other exotic particle
such as an axion. Ultimately we show that for the
chameleon models considered here, this setup with an
orbiting x-ray telescope such as XRISM can explore such
regions of the chameleon coupling parameter space which
are unconstrained by other experiments.

Although we have derived our projections assuming one
year of observation of the night side of the Earth with the
XRISM, we find that even for a shorter observation time
such as one month or one week, our proposed setup can still
place constraints on such regions of the chameleon param-
eter space which are complementary to the existing con-
straints. Additionally we find that on increasing the
observation time of the night side of the Earth, our limits
on /3, (blue shaded region) also improve. Nevertheless we
have found that in order to surpass the existing limits (pink
and green shaded regions) with this setup and probe even
smaller values of f3,, one would need an abnormally large
observation time. An alternate way to probe such smaller
values of 3, (and probably the more practical way) would
be to use a dedicated x-ray detector with a much lower
background rate which can achieve a higher sensitivity with
a shorter observation time. Such an experiment would in
turn enable one to place even stronger bounds in f,, vs 3,
parameter space.

We would like to conclude by mentioning that, apart
from chameleons, another popular beyond standard model
particle, namely the axion, which if it exists, can also
produce similar x-ray signals that can be detected by
XRISM. Furthermore, the axion-induced x-ray photons
will be polarized parallel to the external magnetic field, as
opposed to the chameleon-produced x-ray photons, which
are polarised perpendicular to the external field. Hence, this
natural difference in the polarization of the x-ray photons
can be used to distinguish between the two particles.
However, the Resolve instrument of the XRISM telescope
is not capable of conducting such polarization studies of
x-rays, and hence it will not be able to distinguish between
signals produced by an axion and a chameleon. In order to
simultaneously search for solar axions and solar chame-
leons, we would require an x-ray telescope that can detect
and measure the polarization of x-rays. Telescopes such as
the IXPE [51] and the recently launched XPoSat [52],

063033-9



TANMOY KUMAR and SOUROV ROY

PHYS. REV. D 109, 063033 (2024)

which are dedicated polarimetry missions to study x-ray
polarization, might be capable of simultaneously searching
for axions and chameleons. However, such a polarization
study is beyond the scope of the present paper, and we leave
it for future work.
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