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We revisit the flux of chameleons (light scalar particles which could play a role in the dark energy
phenomenon) produced in the interior of the Sun. Our novel analysis incorporates various important details
and new processes that have previously been overlooked, including the impact of the bulk magnetic field
profile, as well as Primakoff production of chameleons in the electric fields of electrons and ions. In this
paper we consider only the contributions of transverse photons. The production of chameleons from
longitudinal electromagnetic excitations will be presented in a dedicated follow-up work. Demanding that
the total flux of chameleons does not exceed 3% of the solar luminosity leads to the stringent upper limit on
the chameleon-photon conformal coupling βγ ≲ 1010, assuming that the height of the chameleon potential
is set to the dark energy scale Λ ¼ 2.4 meV, and independently of other couplings to matter. Although this
bound is tighter than current upper limits on βγ from the CAST helioscope, these limits will have to be
reassessed in terms of the updated solar chameleon flux we have computed. We argue that solar
chameleons, potentially detectable in next-generation helioscopes such as IAXO, can be used to probe a
region of chameleon parameter space that has yet to be covered.
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I. INTRODUCTION

The search for new light (typically bosonic) particles is a
steadily growing endeavor which continues to spark inter-
est and intense activity within the experimental, theoretical,

and phenomenology communities [1–5]. The reason is, at the
very least, threefold. First, light particles appear ubiquitously
in some of the most well-motivated extensions of the
Standard Model (SM) of particle physics, including but
not limited to string theory [6–10], as well as bottom-up
extensions of the SMwhere otherwise accidental symmetries
are gauged [11–17]. Furthermore, important technological
advances have placed awide range of experimental facilities,
now reaching maturity or soon to start taking data, in the
position of being able to probe or exclude a number of key
theoretical benchmark scenarios, whereas important com-
plementary constraints are expected at the same time from
cosmological and astrophysical observations (see, e.g.,
Refs. [18–52]). Last but definitely not least, new light degrees
of freedommay be at the origin of the dark matter (DM) and
dark energy (DE) components which add up to 95% of the
Universe’s energy budget [53–55].
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The accelerated cosmological expansion first inferred in
1998 [56,57] and now corroborated by a wide variety of
probes [58–60] is often explained assuming that around 70%
of the energy budget of the Universe is in the form of an
exotic component referred to as dark energy, whose nature,
however, remains a mystery to date [61–65]. The simplest
possibility is one where DE is related to a cosmological
constant ΛDE ≈ 2.4 meV—however, if the microphysical
origin thereof is interpreted in terms of zero-point vacuum
energy density of quantum fields [66–70], such a scenario
suffers from a number of severe fine-tuning problems [71]
(see, however, Refs. [72,73]). Another possibility of par-
ticular interest resolves around the idea that themicrophysics
of DE resides in a new light boson yet to be discovered.
Such a “quintessence” field would be most easily distin-
guishable from a cosmological constant through its time-
varying imprint on the cosmological background [74–78].
Intriguingly, recent results from the Dark Energy Spec-
troscopic Instrument (DESI) in combination with other
cosmological probes tentatively hint towards a strong pref-
erence for an evolving DE component [79–81] (see also
Refs. [82–96]), potentially constituting the signature of a
quintessence field [97]. Novel signatures of quintessence
fields, andmore generally evolvingDE components, are also
among the key science goals of ongoing and next-generation
cosmological surveys [98–102].
A scenario where a new light, possibly (pseudo)scalar,

degree of freedom may be at the origin of the DE
phenomenon and thereby explain cosmic acceleration is
a particularly intriguing one [103]. However, such a
scenario also poses significant challenges. First, in most
models this degree of freedom would have to be extremely
light, at least on cosmological scales, in order to be frozen
or nearly frozen by Hubble friction. Additionally, unless a
protection mechanism or symmetry is at play, such a
particle would naturally couple to matter fields, typically
at least with gravitational strength [104,105]. This would
give rise to unobserved, and thereby undesired, long-range
fifth forces [106–108], alongside a host of other potentially
interesting effects which can be searched for on astro-
physical and cosmological scales [109–118]. However,
unless one is willing to fine-tune the model parameters,
a mechanism which allows for significant deviations from
general relativity on cosmological scales, while dynami-
cally suppressing fifth forces on local scales (for instance,
altering the force’s strength, range, or behavior as a
function of distance), is required in order for such a
scenario to be phenomenologically viable. Many such
screening mechanisms have been proposed. Examples
include the chameleon [119,120], symmetron [121], envi-
ronmental dilaton [122], and Vainshtein [123] mechanisms:
we refer the reader to Ref. [124] for a recent review on
screening mechanisms.
In this work, our focus is going to be on chameleon-

screened scalars, wherein the field acquires a density-
dependent effective mass meff . Other cases of scalar

particles following in a similar fashion are beyond the
scope of this work. In high-density environments—such as
on local scales, where the existence of fifth forces is much
more constrained—the chameleon’s mass meff becomes
large, leading in turn to a short-ranged fifth force which
allows chameleons to escape detection in solar system or
terrestrial searches for fifth forces [119,120,125–127]. On
the other hand, chameleons can propagate freely in low-
density environments, for instance on cosmological scales.
Such a density-dependent behavior is made possible by
virtue of a direct coupling of the scalar field to the local
density (as a result, such a scenario can also be interpreted
in terms of the scalar field leading to a modification of
gravity).
Intriguingly, theories equipped with screening mecha-

nisms are amenable to local tests of their associated effects,
opening the window towards terrestrial, and more generally
local, tests ofDE (see, e.g.,Refs. [128–154] for a rich array of
examples in the chameleon case). As alluded to earlier, des-
pite their elusive nature, a rich array of experiments is aimed
at detecting new light bosons, for instance through direct
detection in liquid xenon [155–157], argon [158], resonant
conversion in cavities [159,160], photon-chameleon-photon
or “afterglow” transitions with laser experiments [161,162],
and optomechanical force sensors [163] among others. It is
therefore natural to ask whether at least part of the exper-
imental setup currently in place can be used to detect
(chameleon-)screened light particles, which could ultimately
be linked to the DE problem.
One environment which has attracted particular attention

in this context is the Sun. The reason why the Sun is among
the favorite laboratories for particle physicists is to be
sought in its hot and dense environment, its proximity
compared to other astrophysical objects, as well as the
presence of a strong magnetic field, all of which conspire to
provide a natural setting for the potential production of new
light particles. Chameleons can be produced in the Sun
through a variety of mechanisms. One proposed channel
involves the conversion of thermal photons into chame-
leons in the Sun’s magnetic field [164]. If sufficiently
weakly coupled, these scalar bosons could then escape the
Sun, contributing to its energy loss. This argument can be
used to constrain the chameleon couplings in much the
same way as with axions, dark photons, and so forth.
Furthermore, chameleons escaping the Sun could reach the
Earth, leading to the possibility of direct detection thereof.
Indeed, solar (but more generally stellar) production is
often the starting point for studies which look into the
possibility of detecting new light particles [165] (see, e.g.,
Refs. [166–195] for examples of studies in this direction).
From the considerations laid out above, the question of

whether the terrestrial experimental setup in place is
suitable to detect chameleon-screened particles is some-
what intertwined with the issue of the production of
chameleons in the Sun. Surprisingly, this is a question
which has received very little attention to date. Indeed, the
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state of the art for what concerns production of solar
chameleons dates back to two (it is fair to say not widely
known) works from 2010 and 2011, respectively [196,197].
The problem was reconsidered in 2021 by some of the
authors of the present work (together with one of the authors
of Refs. [196,197]) in Ref. [198]. However, the update was
limited to the detection channel. Specifically, Ref. [198]
studied the possibility that interactions between solar cha-
meleons and electrons in direct detection chambersmayhave
been responsible for the excess observed by the XENON1T
experiment [199], albeit with no significant changes with
respect to the original work. However, the model adopted to
study solar chameleon production in these works is rather
simplistic, envisaging exclusively Primakoff-like production
in the solar magnetic field, with the latter approximated as
being a narrow shell located in the tachocline. All of these are
clearly approximations at best. To draw a parallelism, the
issues of production of solar axions [200–202] and sub-
sequent terrestrial detection thereof [203–205] (and similarly
for hidden photons as well as other light bosons) is instead
one which has received significantly more attention, despite
the underlyingmathematical and physical tools being admit-
tedly rather similar.
Regardless of the reason behind the lag in the solar

chameleon literature relative to the solar axion and hidden
photon cases, the time is ripe to revisit the issue of production
of chameleons in the Sun, and fill in a number of gaps present
in the state of the art. This is therefore the goal of the present
work. We provide a thorough investigation of various points
which were overlooked in previous literature. For instance,
we extend the Primakoff production mechanism to include
also the production of chameleons in the electric fields of
electrons and ions present in the solar plasma. This is not a
mere repetition ofwhat has alreadybeen done for axions, as it
requires a careful treatment of longitudinal photon modes
(plasmons) which, due to selection rules, do not play a role in
the solar axion case. A detailed study of the plasmon
processes will be covered in a dedicated follow-up work
(part II of this series). Moreover, we consider the full solar
magnetic field profile, rather than limiting the latter to a thin
shell around the tachocline, and discuss in detail solar
luminosity bounds on chameleons, in particular on their
couplings to photons and matter. Our results lead us to
identify significant differences with respect to the previous
state of the art, and grant us a much better understanding
of the resulting spectrum of solar chameleons in the
OðeV–keVÞ range, while also opening the window towards
the possibility of experimentally distinguishing solar cha-
meleons from solar axions. Our investigations should there-
fore ultimately be understood as being preparatory to a study
on the detectability of solar chameleons, and possibly the
physics of DE, in terrestrial laboratories. We plan to address
these very important issues in a follow-up paper.
The rest of this work is then organized as follows. In

Sec. II we discuss in detail the methods and assumptions

adopted in our calculation of the solar chameleon spectrum.
The results of this calculation are presented in Sec. III,
which presents a detailed overview of the various processes
we consider. We critically discuss our findings in Sec. IV,
where we provide a detailed comparison to other existing
experimental setups. Finally, in Sec. V we draw concluding
remarks and outline interesting directions for possible
follow-up work. A detailed derivation of the photon-
chameleon conversion probability is provided in the
Appendix. The code used for the numerical analysis carried
out in this work is made available on GitHub.1 Throughout
our work we make use of natural units with ℏ ¼ c ¼ 1,
unless otherwise indicated.

II. METHODS

A. Modeling the solar interior

Assessing the composition of the Sun at its different
layers plays a significant role for both astrophysical models
of stellar evolution and the understanding of fundamental
physics such as neutrino oscillations [206]. For this, the
inner distribution of the Sun is a subject of intense work that
has led to the definition of a standard solar model, see, e.g.,
Refs. [207–209]. Models for the solar interior include but
are not limited to GN93 [210], GS98 [211], AGSS09 [212],
C11 [213], AGSS15 [214,215], B16 [216], AAG21 [217],
and B23 [218].
Here, we adopt the AGSS09 solar model [212], which is

based on a description of the Sun as a spherically
symmetric and quasistatic star. Although this is not the
most recent model in the literature, it is well suited for our
purpose and allows us to directly compare our results with
previous studies in which AGSS09 is also used—we do not
expect significant changes to our results were we to use the
latest solar model.2 Within the adopted model, the stellar
structure is specified by a set of differential equations and
boundary conditions for the luminosity, radius, age, and
composition of the Sun [220].3

Though in the standard solar models discussed in the
previous references the Sun is modeled as a quasistatic
environment, there exist seismic solar models which
include large-scale magnetic fields in different regions of
the solar interior [222,223]. According to these models,
the radiative zone (r≲ 0.7R⊙) hosts a magnetic field of
intensity Brad∈ ½200 T;3000 T�; the tachocline (r ∼ 0.7R⊙)

1https://github.com/tomasoshea/chameleon.
2A detailed analysis of the uncertainties due to different solar

models for the axion case can be found in Ref. [219]. The
uncertainty in the Primakoff flux is estimated to be around 10%–
15%. We expect a similar uncertainty for the chameleon case,
though we have not performed an explicit analysis with the
different models.

3The code is archived at https://wwwmpa.mpa-garching.mpg
.de/˜aldos/solar_main.html. See in addition the model by Bahcall
presented in Ref. [221] and archived at http://www.sns.ias.edu/
bp2004stdmodel.dat.
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a magnetic field of intensity Btach ∈ ½4 T; 50 T�; and the
exterior (convective) zone (r≳ 0.9R⊙) a magnetic field of
intensity Bconv ∈ ½3 T; 4 T� [219]. So far, only the contri-
bution from the tachocline has been considered in the solar
chameleon literature. We shall see that the core magnetic
field provides a larger contribution to the resulting flux. See
Sec. IV for a discussion of the validity of using a static solar
composition and magnetic field model.
The magnetic field is modeled by assuming three distinct

sections of quadrupolar solar magnetic fields, with profiles
given by the following [223]:

Bðr; ϑÞ ¼ 3BiðrÞ cosðϑÞ sinðϑÞêϕ; ð1Þ

where r is the radial coordinate, ϑ the polar angle, and the
functional form of Bi is

BiðrÞ ¼ Ki

�
r
d

�
αi
�
1 −

�
r − r1
d

�
2
�

βi
B̂i: ð2Þ

The fitting parameters entering into Eq. (2) are listed in
Table I, with the index i labeling the different zones.
The solar model provides the profiles for the temperature

T and the density ρ as a function of the inner radius r.
Assuming charge neutrality, the electron number density in
terms of the atomic mass unit mu and the mean molecular
weight per electron μe is then ne ¼ ρ=ðmuμeÞ. The corre-
sponding plasma-induced effective photon mass can be
expressed as follows [165]:

mγ ¼
�
4παemne

me

�
1=2

; ð3Þ

with αem ≈ 1=137.036 being the fine structure constant.
Figure 1 reports the square root of the magnetic field profile
with the parameters of Table I (black curves), along with
the profiles for the temperature (cyan curve) and the plasma
frequency given by Eq. (3) (green curve). Also shown is the
effective mass of the chameleon (blue curves), discussed
later in the text and given by Eq. (18). The profile of the
latter is given for the parameters of the chameleon theory
n ¼ 1, the chameleon-photon coupling βγ ¼ 1010, the

height of the chameleon potential appearing in Eq. (6)
set to the “DE scale” Λ ¼ ΛDE ¼ 2.4 meV, and for differ-
ent values of the chameleon-matter coupling: βm ¼ 101

(solid blue curve), βm ¼ 102 (dashed blue curve), and
βm ¼ 103 (dot-dashed blue curve). The parameters βγ and
βm characterize the strength of the interactions of the
chameleon with photons and matter fields, respectively,
and their meaning is discussed later in the text, in Sec. II B.

B. Photon-chameleon system

We consider a theory featuring a chameleon field ϕ
modeled as a real scalar field and described by the
following action [224]:

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p
LEðgμν;ϕÞ

þ
Z

d4x
ffiffiffiffiffiffi
−g̃

p X
i

Lmðg̃μν;ψ iÞ þ SSM: ð4Þ

In the above action, the first term describes the dynamics of
the scalar field coupled to the metric tensor gμν in the
Einstein frame, and is given by the following:

LEðgμν;ϕÞ ¼ X − VselfðϕÞ; ð5Þ

where X ¼ −ð1=2Þð∂μϕÞð∂μϕÞ is the kinetic term of the
chameleon field, and VselfðϕÞ is the self-interacting poten-
tial. As per standard choice in the field, we parametrize it

TABLE I. Coefficients for the solar magnetic field model in
Eq. (2), taken from Ref. [223]. Some parameters are defined in
terms of the tachocline radius r0 ¼ 0.712R⊙ and the parameter
λ ¼ 1þ 10r0=R⊙.

Parameter Radiative zone Tachocline Outer layers

B̂i 200–3000 T 4–50 T 3–4 T
Ki ð1þ λÞð1þ 1=λÞλ 1 1
αi 2 0 0
βi λ 1 1
d 0.712R⊙ 0.02R⊙ 0.035R⊙
r1 0 0.732R⊙ 0.96R⊙

FIG. 1. Radial profiles (as a function of distance from the center
of the Sun, in units of solar radius) for the square root of the
magnetic field in the Sun (black curve), the plasma frequency/
effective photon mass (green curve), the Sun’s temperature
profile (cyan curve), and the chameleon effective mass meff
(blue curves), with the latter calculated assuming n ¼ 1, chame-
leon-photon coupling βγ ¼ 1010, and different values of the
chameleon-matter coupling βm ¼ 101 (solid curve), 102 (dashed
curve), and 103 (dot-dashed curve). The magnetic field shown is
the upper limit given in Table I.
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through an energy scale Λ and an index n as follows [74]:

VselfðϕÞ ¼ Λ4

�
1þ Λn

ϕn

�
: ð6Þ

In the literature, the quantity Λ for which cosmic accel-
eration in agreement with observations is recovered is often
fixed to the value ΛDE ¼ 2.4 meV, usually referred to as
the DE scale. The value used for the quantity ΛDE serves as
a benchmark over which different experimental results are
compared.
The second term in Eq. (4) describes the coupling of

the chameleon to the matter fields ψ i for the ith species
through a universal coupling to the metric in the Jordan
frame g̃μν. As a consequence of diffeomorphism invariance
of GR, the relation between the metrics in the Einstein
and Jordan frames can generically include functions of
both the scalar field ϕ and its kinetic term, in the following
form [225–227]:

g̃μν ¼ A2ðϕ; XÞgμν þ B2ðϕ; XÞ∂μϕ∂νϕ; ð7Þ

where the functions Aðϕ; XÞ and Bðϕ; XÞ describe the
conformal and disformal components of the transformation,
respectively, and in general can be functions of both ϕ and
its kinetic term X. In what follows we make the following
choice for consistency with Ref. [198]:

A2ðϕ; XÞ ¼ 1þ 2βi
ϕ

MPl
; ð8Þ

B2ðϕ; XÞ ¼ 2

M4
i
: ð9Þ

In particular, with our choice neither A nor B depend on X
(this implies, for instance, that we do not include a kinetic-
conformal coupling—see Ref. [198] for more in-depth
discussions on the rationale behind the above choice). In
Eqs. (8) and (9), βi are the species-specific conformal
couplings and the energy scaleMi parametrizes the strength
of the disformal coupling of the chameleon with the ith
species. The chameleon couples tomatter and radiation fields
through the coupling to the metric in the “Jordan frame” g̃μν,
which acts as an effective dimension-five interaction that
practically introduces an effective density-dependent cou-
pling. Finally, the last term in Eq. (4) denotes the SM action:

SSM ¼
Z

d4x
ffiffiffiffiffiffi
−g

p ðLEM þ LmÞ; ð10Þ

where the interaction of the electromagnetic (EM) field Aμ

with the electric current Jμ is described by the Maxwell
Lagrangian:

LEM ¼ −
1

4
FμνFμν þ AμJμ; ð11Þ

with the EM field strength being Fμν ¼ ∂
μAν − ∂

νAμ, while
Lm describes the kinetic motion of the plasma field inside
the Sun.
In terms of the effective theory under consideration, the

action in Eq. (4) can be expressed as follows:

S¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
X−VeffðϕÞþ

1

M4
γ
ð∂μϕÞð∂νϕÞTμν

γ

�
þSSM;

ð12Þ

where Mγ is the energy scale for the disformal coupling
associated to the chameleon interacting with the photon
field, whose stress-energy tensor is given by the following:

Tμν
γ ¼ FμαFν

α −
1

4
gμνFαβFαβ: ð13Þ

Finally, the effective potential to which the chameleon field
responds combines the self-interacting potential and the
conformal couplings, and is given by the following:

VeffðϕÞ ¼ VselfðϕÞ þ
βm
MPl

ρmϕþ βγ
MPl

ϕ
1

4
FμνFμν; ð14Þ

where βγ is the coupling constant for the conformal
chameleon-photon interaction, ρm is the energy density
of nonrelativistic matter at the relevant location inside the
Sun, and βm is an effective coupling to nonrelativistic
matter that results from modeling the interaction with the
dense matter environment in the solar interior in terms of
the energy density of the ith field ρi as follows:

X
i

βiρi ¼ βmρm: ð15Þ

The action in Eq. (12) governing the evolution of the
chameleon field leads to the equations of motion provided
in the Appendix. In what follows, we neglect the disformal
coupling in Eq. (12) since the energy scale Mγ could
be several orders of magnitude above the current bounds
Mγ ≳ 10−3 eV [228] (see also Ref. [198] for further dis-
cussions on this point).
Although neither the self-interacting potential given in

Eq. (6) nor the interactions individually feature a minimum,
the effective potential VeffðϕÞ does present such a mini-
mum for a field value ϕmin in the presence of an ambient
matter and electromagnetic energy density. For example,
assuming the presence of a bulk magnetic field B in the
solar environment leads to the condition:

−
∂Vself

∂ϕ
ðϕminÞ ¼

βm
MPl

ρm þ βγ
2MPl

B2: ð16Þ

As discussed further in Sec. IV, even the largest allowed
values of the solar magnetic field provide a negligible
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impact in the above equation with respect to the contribu-
tion from ρm, so that we can safely approximate the
density-dependent minimum as follows:

ϕmin ≈
�
nΛnþ4MPl

βmρm

� 1
nþ1

: ð17Þ

Accordingly, the corresponding density-dependent effec-
tive mass in an environment with matter density ρm is given
by the following:

m2
effðρmÞ ¼

∂
2Vself

∂ϕ2
ðϕminÞ ≈ nðnþ 1ÞΛnþ4

�
βmρm

nMPlΛnþ4

�nþ2
nþ1

:

ð18Þ

III. RESULTS

In what follows, we will numerically determine the solar
chameleon flux. We begin by reconsidering the production
of chameleons in the solar magnetic field, considering also
the contribution from the core magnetic field (whereas
previously only the tachocline had been considered).
Additionally, we consider Primakoff production in the
electric fields of ions and electrons in the Sun which has
been overlooked in the previous literature. Our derivations
assume a scalar field featuring a conformal coupling to
photons and a mass term L ⊃ − 1

2
m2ϕ2—therefore, our

results can be applied to a fixed-mass scalar, or alternatively
to a chameleon field upon replacement of m with the
density-dependent effective mass given in Eq. (18).

A. Chameleon production in bulk magnetic fields

The thermal field theory approach is one of the most
straightforward and elegant ways of estimating the cha-
meleon production rate in the solar magnetic field. For the
axion case, this is discussed, for example, in Ref. [229] and
in Appendix C of Ref. [230], which we closely follow here.
The Lagrangian in Eq. (12) contains the following term:

L ⊃
βγ
MPl

B · ð∇ϕ ×AÞ: ð19Þ

Note that we ignore the disformal coupling since, as argued
in Ref. [198], the disformal channel must be subdominant
in the magnetic field Primakoff process due to energy loss
considerations in horizontal branch stars. The diagram
shown in Fig. 2 describes the following lowest-order
contribution to the scalar self-energy in a plasma:

πϕ ¼
�
βγB⊥kϕ
MPl

�
2 ðω2

γ − k2γ − πγÞ�
jω2

γ − k2γ − πγj2
; ð20Þ

where B⊥ is the component of the B field perpendicular
to k, and πγ is the photon self-energy, which takes the
following form:

πγ ≈m2
γ − iωΓγ; ð21Þ

with the real part mγ being the plasma frequency, inter-
preted as the effective mass of the transverse photon
modes, given by Eq. (3). Γγ is instead related to the rates
for photon production, Γpro

γ , and absorption, Γabs
γ , by the

general relation [231]:

Γ¼ Γabs−Γpro ¼ ð1− e−ω=TÞΓabs ¼ ðeω=T − 1ÞΓpro: ð22Þ

We see that the rate of production of scalars is related to the
self-energy by the following relation:

Γpro
ϕ ¼ −Im½πϕ�

ωðeω=T − 1Þ ; ð23Þ

which combined with Eq. (20) leads to

Γpro
ϕ ¼

�
βγB⊥
MPl

�
2 k2ϕ
jω2 − k2γ − πγj2

Γγ

eω=T − 1
: ð24Þ

Note that the sum over transverse photon polarizations is
implicitly included in the definition of B2⊥ ¼ B2

x þ B2
y,

where x and y are the directions orthogonal to the direction
of propagation. The function Γγðω; rÞ accounts for the
production and absorption of photons in the Sun by various
processes: it is discussed at length in Ref. [232] and
summarized in the Appendix of Ref. [233].
In this work we assume that only the Thomson and free-

free contributions are important, an assumption which is
valid for high energies. The form of Γγ used here is shown
explicitly in Eq. (A20). The reason for neglecting addi-
tional contributions to Γγ requires further clarification. In
fact, these terms could in principle be relevant at low
energies. For example, it was shown that the full form of Γγ

adds a significant flux in the case of low energy solar
hidden photons, for energies ω≲ 10 eV [233], and in this
work we are interested in chameleons with energies down
to 1 eV. However, in our case the additional terms can be
ignored as the chameleon field at such low energies
depends on the weak magnetic field at the solar surface.
Furthermore, preliminary studies into the plasmon contri-
butions appear to show that the magnetic field contribution
is subdominant at all energies. Therefore, it can be shown

FIG. 2. Feynman diagram relevant for the lowest-order con-
tribution to the self-energy of scalars ϕ arising from the scalar-
photon coupling in the presence of an external B field.
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that the effect of including extra photon absorption proc-
esses has a negligible impact on the total production rate of
solar chameleons.
Finally, to obtain the total production rate Ṅ we need to

integrate over the phase space, as follows:

dṄ ¼ dV
d3kϕ
ð2πÞ3 Γ

prod
ϕ : ð25Þ

This can be written as

dṄ
dω

¼ 2β2γ
πM2

Pl

Z
R⊙

0

dr r2B2⊥ðrÞ
ωðω2 −m2Þ3=2
jω2 − k2γ − πγj2

Γγ

eω=T − 1
:

ð26Þ

If we consider the case pγ ¼ pϕ, the above simplifies to the
following:

dṄ
dω

¼ 2β2γ
πM2

Pl

Z
R⊙

0

drr2B2⊥ðrÞ
ωðω2−m2Þ3=2

ðm2
γ −m2Þ2þðωΓγÞ2

Γγ

eω=T − 1
:

ð27Þ

Alternatively, the production rate can be derived through a
kinetic approach, as shown in the Appendix.

B. Primakoff production from charged particles

The Lagrangian terms relevant for Primakoff production
are the following:

L ⊃
−βγ
4MPl

ϕFμνFμν − eAμψ̄γ
μψ : ð28Þ

These allow for production of scalars through the inter-
actions of photons with charged particles (electrons and
ions) in the solar plasma, γ þ Ze → Zeþ ϕ. This process
has been overlooked in the past. We find, however, that it
contributes significantly to the emission rate of solar
chameleons. Furthermore, the flux generated through this
process suffers only from marginal astrophysical uncer-
tainties, since it depends mostly on the solar temperature,
density, and chemical composition, which are known
quite well. On the other hand, the process of chameleon
production in the solar macroscopic magnetic field, studied
in the previous section, is relatively more uncertain due to
the less well known structure of the magnetic field inside
the Sun (especially in the radiative zone). Note that here we
have again ignored the disformal coupling, leaving the
study of this production channel for future works.
The diagram relevant for Primakoff production through

interactions with electrons is shown in Fig. 3 (the diagram
for production through interactions with ions is completely
analogous), and its matrix element takes the following
form:

Mλ ¼ ðū2γμu1ÞΓμ
λ ; ð29Þ

where λ stands for the photon polarization state, ui is the
spinor for electron i with four-momentum pi and spin state
si, and Γμ

λ contains all the nonspinor parts of the matrix
element, given by the following:

Γμ
λ ≡

−βγe
MPlp2

q
½ðpq · pγÞϵμλ − ðpq · ϵλÞpμ

γ �: ð30Þ

In the above, we have used 1=p2
q as the photon propagator,

ignoring medium-induced effects as these will be included
later through a screening factor. In the limit me → ∞, the
spin-averaged sum of the matrix element squared for any
M of the form given by Eq. (29) reduces to the following:

jM̄j2λ → j2meΓ0
λ j2; ð31Þ

assuming the initial and final electron spins are the same,
which can be assumed in the case of scalars. In this paper
we will consider only the transverse contributions, but there
also exists a significant contribution at low energies from
longitudinal plasmons. These will be considered in detail in
a separate paper (part II of this analysis).
Averaging over the two transverse photon polarizations,

we get the following contribution to the matrix element:

jM̄j2t ¼
2β2γe2m2

e

M2
Pl

k2ϕω
2
γ

q4
ð1 − x2Þ; ð32Þ

where e is the electron charge, me is the electron mass,
pq ¼ ðEq;qÞ ¼ pϕ − pγ ¼ p1 − p2 is the four-momentum
transferred, and x≡ cosðkϕ;kγÞ. For the initial and final
particles we have used the notation pa ≡ ðωa;kaÞ. We have
also used the fact that in the me → ∞ limit, p2

q → −q2. It
has been shown [165,234,235] that the photon propagator
in the nondegenerate plasma should be corrected to account
for Debye screening by replacing 1=q2 → SðqÞ=q2, where
SðqÞ takes the following form:

SðqÞ≡ q2

q2 þ κ2
; ð33Þ

and κ is the Debye screening scale:

FIG. 3. Feynman diagram relevant for Primakoff production of
scalars ϕ from electron-photon interactions.
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κ2 ¼ 4πα

T

X
i

Z2
i ni; ð34Þ

with the sum extending over all charged particles present in
the Sun, and ni being the number density of particle i. The
matrix element in Eq. (32) therefore takes the following
form:

jM̄j2t ¼
2β2γe2m2

e

M2
Pl

k2ϕω
2
γ

1 − x2

q2ðκ2 þ q2Þ : ð35Þ

Using the above form for jM̄j2t , we can now compute the
total production rate of scalars from this process, which
takes the following form:

dṄ
dω

¼ β2γα

8πM2
Pl

Z
R⊙

0

r2dr

eω=T − 1

ω2kϕ
kγ

Iðu; vÞ
X
i

Z2
i ni; ð36Þ

where we have summed over all charged particles in the
Sun, and Iðu; vÞ is given by the following integral:

Iðu; vÞ≡
Z þ1

−1

1 − x2

ðu − xÞðvþ u − xÞ dx

¼ ðuþ vÞ2 − 1

v
ln

�
uþ vþ 1

uþ v − 1

�

−
u2 − 1

v
ln

�
uþ 1

u − 1

�
− 2: ð37Þ

Finally, in Eq. (36) we have defined the quantities u and v
as follows:

u ¼ kγ
2kϕ

þ kϕ
2kγ

; ð38Þ

v ¼ κ2

2kγkϕ
: ð39Þ

Making use of the dispersion relations kγ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 −m2

γ

q
and

kϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 −m2

p
, we can then calculate the production rate

of either fixed-mass scalars, or chameleon-screened scalars.
A comparison between the contributions to the solar
chameleon flux resulting from the transverse photons
interacting with the electric fields of electrons and ions
(solid teal curve) and the bulk magnetic field channel
discussed earlier (dot-dashed orange curve) is shown in
Fig. 4. These are normalized by β2γ, in order to factor out the
dependency on the chameleon-photon coupling, given that
these fluxes scale as β2γ .

C. Photon coalescence

Aside from the processes considered so far, the scalar-
photon interaction potentially allows for other processes to

play a role in the production of solar chameleons. In
particular, these are the photon coalescence (γγ → ϕ) and
plasmon decay (γT → γLϕ) processes, which should in
principle be allowed as production processes for ϕ. In the
case of axions (a), it was shown that the production rates
from the processes γLγT → a and γT → γLa reduce to
the e−γT → e−a production rate in the limit κ → ∞,
implying that there is no new contribution from these
processes [165,236]. The processes involving plasmons
can be shown to be limiting cases of the Primakoff
process [165,236,237], as will be discussed further in part
II of the series. This implies the only truly new process is
the coalescence of two transverse photons γTγT → ϕ.
However, such a channel is subject to the kinematical
restriction m2

eff ≥ 2m2
γ , and for the range of parameters in

which we are interested we have explicitly checked that
meff ≪ mγ holds everywhere in the Sun. This implies that
solar production of scalars does not enjoy contributions
from photon coalescence or plasmon decay processes, and
that all of the production through the two-photon vertex
comes from the Primakoff process.

IV. DISCUSSION

As a light particle, the chameleon is subject to a wide
range of bounds arising from fifth force searches. Various
tests for the existence of a fifth force have been performed
to search for chameleons and other elusive particles, with
no evidence for such fifth forces so far. These bounds

FIG. 4. Comparison of the emission spectra (differential par-
ticle production rate per unit energy) of solar chameleons arising
via Primakoff production from (transverse) photons (“T,” solid
teal curve) in the presence of charged particles, as well as from
production in the bulk magnetic field (“B,” dot-dashed orange
curve). The width of the orange band reflects the uncertainty on
the value of the magnetic field strength. See Sec. II for details.
Note that the production rate is normalized by β2γ, in order to
factor out the dependency on the chameleon-photon coupling.
We have adopted the AGSS09 stellar model [212], whereas
the chameleon parameters are fixed to βm ¼ 102 and n ¼ 1, with
the height of the potential set to the dark energy scale
ΛDE ¼ 2.4 meV. Note that the low-energy contribution from
the outer convective zone is not displayed due to the very low
production rate.
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translate into limits on the parameters that specify the
chameleon model, namely βm, βγ, n, and Λ. We now
critically discuss how our results can be related to the
bounds obtained from such searches.
One powerful technique devised to search for chame-

leons is atom interferometry [238,239] which, setting the
height of the potential to the DE scale Λ ¼ ΛDE, provides
the bound βm ≲ 103 for n ≲ 10 [240–242]. In particular,
for n ¼ 1, the 95% confidence level (CL) upper limit
βm ≲ 360 is obtained. For the same theoretical setup,
torsion balance experiments instead set βm≳10. For n¼1,
this leaves a window in parameter space, 10≲ βm ≲ 103,
which can be covered via experiments testing for viola-
tions of the equivalence principle, such as the Eöt-Wash
[108,243,244] and MICROSCOPE experiments [245,246].
In fact, the allowed window for n ¼ 1 chameleons corre-
sponding to a cosmologically viable DE region has recently
been probed with levitated force sensors [247], excluding
the region 5≲ βm ≲ 630 at 95% CL.
Aside from laboratory bounds, searches for solar cha-

meleons can place an independent bound on the chame-
leon-photon coupling βγ . Such a search performed in the
CAST experiment initially resulted in the 95% CL upper
limit βγ ≲ 1011 [248], later refined to βγ ≲ 5.7 × 1010 [249].
Here, we demand that the luminosity carried away by solar
chameleons Lϕ resulting from our computation does not
exceed 3% of the total solar luminosity L⊙, as inferred from
recent solar studies performing global fits to helioseismic
and solar neutrino observables [250]. These considerations
result in the following upper limit on the chameleon-photon
coupling:

βγ ≲ 1010: ð40Þ
While the above limit we obtained from energy loss
considerations is slightly more stringent than the limit
reported by the CAST collaboration, the latter analysis only
accounts for the production of chameleons in the tacho-
cline, in the same vein as Ref. [198]. Therefore, a new
analysis accounting for the new production channels and
therefore flux contributions presented here should be
carried out in order to assess the correct bound CAST
can place on βγ . Even without explicitly performing such an
analysis, we can expect that the resulting constraint should
actually be more stringent than the βγ ≲ 5.7 × 1010 limit
reported previously, since the flux resulting from produc-
tion of chameleons in the tachocline provides a lower limit
to the total flux accounting for all the channels we
discussed here. Although a reliable calculation of the
bound will require more sophisticated limit setting tech-
niques involving CAST data and the complete chameleon
spectrum including longitudinal contributions, a prelimi-
nary analysis suggests that the updated CAST bound would
be around βγ ≲ 6 × 108, a significant improvement even
with respect to the solar energy loss bound set in this paper.

A detailed study, including all contributions and exper-
imental data, is in preparation.
Focusing on n ¼ 1 chameleons (while still setting

Λ ¼ ΛDE), the laboratory and solar bounds translate into
the constraints on the couplings βm and βγ shown in Fig. 5
(left panel), where we display the three bounds on βm
arising from atom interferometry (blue region), torsion
balance experiments (red region), and levitated force
sensors (green region), along with the upper bounds on
βγ obtained from the CAST experiment (black horizontal
line) and from our analysis (red horizontal line). Given
that the regions enclosed within the bands are those
excluded by the corresponding experiments, we see that
levitated force sensors in principle have closed the remain-
ing viable window of parameter space for n ¼ 1 chame-
leons, as discussed in Ref. [247].
The situation is different if we change the potential index

n. In this case, the levitated force sensor constraints of
Ref. [247] do not apply, as these have been derived
assuming n ¼ 1. On the other hand, the results derived
in the present work, and thereby our constraint reported in
Eq. (40), are virtually independent of n as long as it is not
too large (n≲ 200, with extremely large values of n being
anyhow of limited theoretical interest). The right panel of
Fig. 5 is therefore analogous to the left panel discussed
previously, but focusing on n ¼ 4 chameleons, for which

FIG. 5. 95% confidence level upper limit on the chameleon-
photon coupling βγ obtained from demanding that the luminosity
carried by solar chameleons does not exceed 3% of the total
solar luminosity (red horizontal line, with the region above
the line excluded), while fixing Λ to the dark energy scale
ΛDE ¼ 2.4 meV, assuming n ¼ 1 (left panel) and n ¼ 4 (right
panel). We also show the upper limit from CAST [249] (black
horizontal line, again with the region above the line excluded),
whereas the vertical shaded bands indicated regions of the
chameleon-matter coupling βm excluded from atom interferom-
etry (“AI,” blue region), levitated force sensors (“LFS,” green
region, only for n ¼ 1 chameleons in the left panel), and torsion
balance experiments (“TB,” red region). Note that the CAST
bound was calculated assuming only production of solar cha-
meleons from the magnetic field in the tachocline: recalculating
the bound adopting the full spectrum we have studied in the
present work is expected to lead to a tighter limit. See Sec. IV for
more details.
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the atom interferometry and torsion balance constraints
weaken slightly. In this case, laboratory searches do not
completely close the available βm parameter space, but
leave the window 10≲ βm ≲ 3 × 103 open. We also note
that, for general n, the laboratory bounds can be weakened
by a slight reduction in the value of the cosmological
parameter Λ: in particular, the levitated force sensor
constraints can be evaded for Λ≲ 1 meV. Obviously,
reducing Λ implies that some degree of fine-tuning of an
overall additive constant is required if the chameleon
particle in question is to drive cosmic acceleration.4

A few comments are now in order for what concerns the
regime of validity of our results. In Sec. II we stated that
the contribution to the chameleon effective mass from the
photon coupling could be ignored. This amounts to the
assumption that βmρm ≫ βγB2=2, which has been assumed
in all subsequent calculations. Obviously, for sufficiently
large values of βγ and in the presence of a sufficiently large
background magnetic field this assumption may be spoiled:
should this occur, we would need to make the replacement
βmρm → βmρm þ βγB2=2 in Eq. (18). We see that for the
solar magnetic field model adopted, this would lead to a
suppression in the solar flux for values of βγ ≳ 1015, given
that the contribution from βγB2=2would lead tom2

eff > ω2 in
the solar regions with the strongest magnetic field. However,
our model assumes that certain regions do not feature bulk
magnetic fields—therein obviously βγB2=2¼0, implying
that the form of meff we have adopted is valid. Adopting
only contributions to the flux from solar regions with
B ¼ 0 according to our model, we find the upper limit
βγ ≲ 4 × 1013 ≪ 1015, implying that for our magnetic field
model the effective chameleon mass contribution from the
photon coupling can safely be ignored.
By assuming a static solar and magnetic field model, we

have ignored the effects of solar dynamics, which is
expected to be important in the outer convective zone.
However, the flux of chameleons produced in this region is
too low to have an impact on the solar energy loss bound, or
to be detected by current or near-future technologies. As the
production rate is very low compared to that in the core,
this low-energy contribution is not displayed in Fig. 4.
Furthermore, a preliminary analysis suggests that at these
low energies the production mechanisms discussed in this
paper are subdominant to plasmon processes. As a result,
we see the static solar model as a justifiable assumption.

Most of the observables relevant for fifth force experi-
ments are independent of βγ, and as a result these
experiments can be used to place limits in the βm − Λ
parameter space that are independent of βγ . On the other
hand, the solar energy loss arguments discussed earlier,
and based on the novel production mechanisms we have
studied, set an upper limit on βγ for given values of Λ, βm,
and n. As such, unless we were to perform a global
parameter scan (which is beyond the scope of the present
work, but could be explored in a follow-up work), our
analysis cannot place exclusion limits in the βm − Λ plane.
Nevertheless, we can still identify the region for which the
limit we obtained in Eq. (40) holds, i.e., the region for
which m2

eff ≪ ω2, so that the solar chameleon flux is
completely independent of the chameleon model param-
eters other than βγ (even when considering values of Λ
other than the dark energy scale). This region is given by
the red-shaded area of Fig. 6. This section of parameter
space can be interpreted as the region of parameter space
of interest for future experiments that will be sensitive to
solar chameleons, including next-generation helioscopes
such as the International Axion Observatory (IAXO)
[253,254] as well as its predecessor BabyIAXO [255].
Such experiments will in fact be able to search for solar
chameleons within the parameter space shown in Fig. 6
and, should no signal be observed, they will be able to
place an upper limit on βγ which is more stringent than the
solar energy loss limit calculated in this work. These and
related aspects, including detailed forecasts for the future

FIG. 6. Comparison in the βm-Λ plane of the region of validity
of the solar energy loss bound calculated in this paper against
other existing experimental bounds, for n ¼ 1 chameleons (with
the dark energy scale ΛDE ¼ 2.4 meV marked by the black
horizontal line). The shaded regions labeled TB (torsion balance,
green region), AI (atom interferometry, blue region), and “LFS”
(levitated force sensor, orange region) are excluded by the
corresponding probes. Note that these previous bounds are
independent of βγ and are therefore hard bounds, whereas the
red shaded region labeled “This work” corresponds to the region
for which the limit βγ < 1010 we derived in Eq. (40) holds, as
discussed in the main text. Solar chameleons, and in particular
next-generation helioscopes, can therefore be used to explore a
region of parameter space that has yet to be studied.

4Such tuning is obviously also present in self-accelerating
scenarios, defined as acceleration in the Jordan frame but not the
Einstein frame in the complete absence of any cosmological
constant. In this case, the latter is therefore arbitrarily set to zero,
thus leaving the so-called “old cosmological constant” problem
open. In passing, we note that a powerful no-go theorem excludes
the possibility of chameleon self-acceleration [251], but leaves
open the possibility of a quintessence chameleon driving cosmic
acceleration (see, e.g., Ref. [252]).
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reach of IAXO and BabyIAXO, will be explored in a
future work currently in progress.
As discussed in Sec. III B, theϕF2 scalar-photon coupling

results in a term proportional to ϕðE ·Eþ B · BÞ. This
results in a difference in the available production mecha-
nisms for scalars when compared with axions with their
aFF̃ ∝ aE ·B pseudoscalar coupling. The result is that
axions can be produced by longitudinal plasmons (which
have only an electric and no magnetic component) in the
presence of an external magnetic field, and scalars in an
electric field. The scalar-photon coupling also implies the
existence of plasmon coalescence and decay processes;
however, it can be shown that these can be treated as limiting
cases of the Primakoff process. Preliminary results for the
longitudinal contributions to solar scalar production show
that they are important at low energies and appear to
dominate over the magnetic field production. This will be
explored in detail in part II of our analysis, to be presented as
a separate paper.

V. CONCLUSIONS

Motivated by the steadily growing interest in the search
for new light particles, which could also be at the origin of
dark matter and dark energy, we have reconsidered the
possibility of producing (scalar) chameleon particles in
the Sun. Chameleons are a well-motivated class of par-
ticles which, as a result of direct couplings to photons and
matter fields, feature a density-dependent effective mass:
this allows them to satisfy constraints from fifth-force
searches on local scales, while remaining extremely light
on cosmological scales and thereby potentially playing the
role of dark energy and driving cosmic acceleration. Earlier
studies considered the possibility of producing chameleons
in the dense, hot (and magnetic) solar interior, but only
considered production from the magnetic field in the
tachocline [196–198]. In the present work, we revisit this
problem incorporating several previously overlooked
details and production channels. Specifically, we include
the contribution of the bulk magnetic field throughout the
solar interior (thereby not limiting ourselves to the tacho-
cline), as well as Primakoff production of chameleons in
the electric fields of electrons and ions. Our results show
that all these channels contribute significantly to the
production rate and resulting flux of solar chameleons,
which therefore has been completely revised compared to
earlier studies. Finally, we have argued that the processes of
photon coalescence and plasmon decay do not play a
significant role in our derivation. We note that our results
can be applied to both fixed-mass scalars and chameleons
with density-dependent effective mass.
We have then used our revised solar chameleon flux to

derive a novel bound on the chameleon-photon conformal
coupling strength βγ by demanding that the total luminosity
carried by solar chameleons does not exceed 3% of the
solar luminosity, as required by global fits to helioseismic

and solar neutrino observables. We derive the upper limit
βγ ≲ 1010, a bound which is independent of other couplings
to matter (and in particular of the conformal chameleon-
matter coupling strength βm). This constraint is shown in
Fig. 5 along with the bound on βγ from CAST [249], as well
as the most updated constraints on βm, for both n ¼ 1 and
n ¼ 4 chameleons (left and right panels, respectively). We
note, however, that the bound βγ ≲ 5.7 × 1010 from CAST
has been derived assuming only production from the mag-
netic field in the tachocline. This limit clearly needs to be
revised in light of our more complete derivation of the solar
chameleon flux: since the previously computed flux actually
represents a lower limit to the onewehave derived,we expect
that adopting our findings should tighten the CAST upper
limit on βγ , given that the solar chameleon flux scales as β2γ .
Although the majority of our results have been derived
setting the height of the chameleon potential Λ to the dark
energy scale ΛDE ¼ 2.4 meV, we have then extended our
analysis considering more general values of Λ. The red
shaded region inFig. 6 shows the region ofβm − Λ parameter
space where our solar energy loss limit on βγ holds. This is
compared to a number of other existing laboratory con-
straints, from atom interferometry, levitated force sensors,
and torsion balance experiments. We clearly see that solar
chameleons allow for the exploration of a region of chame-
leon parameter space that has yet to be covered.
Our study opens up various interesting avenues for

potential follow-up work. The most pressing one is without
doubt a dedicated study of the contribution of longitudinal
plasmons to the solar chameleon flux, expected to be
important especially at low energies. This will be studied in
a separate work (part II of this series). With these results at
hand, a dedicated study on the detectability of solar
chameleons is then in order. In fact, the solar chameleons
whose flux we have characterized can reach Earth and
interact with terrestrial detectors. These include obviously
next-generation axion helioscopes such as IAXO and
BabyIAXO, as well as (multitonne) dark matter direct
detection experiments. The present work is therefore
naturally preparatory to studies on the detectability of solar
chameleons in terrestrial experiments (in part updating the
results of the earlier Ref. [198], which focused on dark
matter direct detection experiments, in light of the updated
solar chameleon flux). Such a possibility would naturally
enhance the science reach of these experiments, primarily
envisaged for the study of (among others) axions and
weakly interacting massive particles, at zero extra cost.
These and related possibilities are part of ongoing inves-
tigations which we plan to discuss in follow-up works
which are currently in progress. Broadly speaking, it is our
hope that our work will stimulate further studies assessing
detection prospects of new light particles (including those
equipped with screening mechanisms, not necessarily of
the chameleon type). More importantly, considering the
original theoretical motivation for chameleon particles, our
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work can also be the starting point for the exploration of
nongravitational interactions of dark energy, potentially
leading us to unravel the physics behind cosmic acceler-
ation in terrestrial laboratories and enabling direct detection
of dark energy.
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APPENDIX: KINETIC DERIVATION OF THE
CONVERSION PROBABILITY

The result derived in Sec. III A can alternatively be
obtained through a kinetic approach. For this, we recast the
photon-scalar Lagrangian from Eq. (4) in the form

L ¼ −
1

4
FμνFμν þ 1

2
AμΠμνAν þ

1

2
∂μϕ∂

μϕ −
1

2
m2ϕ2

−
βγ

4MPl
ϕFμνFμν; ðA1Þ

where the polarization tensor Πμν, which can be identified
with the photon self-energy, results from approximating the
induced current in a plasma as a linear response, and is
given by the following:

Jν ¼ 1

2
ΠμνAμ: ðA2Þ

Themass term squaredm2 defined as in Eq. (18) accounts for
the effects of the self-interaction potential and the coupling of
the chameleon to matter. The same result can be obtained
including the full Lagrangian in Eq. (12). Equation (A1)
leads to the following equations of motion (EoM):

ð∂2 þm2Þϕ ¼ −
βγ

4MPl
FμνFμν; ðA3Þ

∂αFαβ

�
1þ βγ

MPl
ϕ

�
¼ −

βγ
MPl

∂αϕFαβ − AαΠαβ: ðA4Þ

We are considering a constant external magnetic field, so
treat the photon field Aμ as a background field plus a
perturbation Aμ → Āμ þ Ãμ, where the bar represents the
background and the tilde the perturbation. We can do the
samewith the scalar field ϕ → ϕ̄þ ϕ̃where the background
field ϕ̄ is the fieldwhen only the external B field is present, in
which case Eq. (A3) reduces to the following:

0 ¼ m2ϕ̄þ βγB2

2MPl
; ðA5Þ

which in itself leads to the following field configuration:

ϕ̄ ¼ −βγB2

2MPlm2
: ðA6Þ

Equation (A3) with the perturbation can now be written as
follows:

∂
2ϕ̃ ¼ −m2ϕ̃ −

βγ
MPl

∂μÃνF̄μν; ðA7Þ

where the background terms have canceled and we have
ignored higher order perturbation terms. Following the same
stepswith Eq. (A4) and taking the Lorenz gaugewe reach the
following:

∂
2Ãβ

�
1þ βγ

MPl
ϕ̄

�
þ βγ
MPl

∂αϕ̃F̄αβ ¼−ΠαβðĀαþ ÃαÞ: ðA8Þ

In the presence of only background fieldswe seeΠαβĀα ¼ 0,
and using ϕ̄ in Eq. (A6) yields the following:
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∂
2Ãβ

�
1 −

β2γB2

2M2
Plm

2

�
þ βγ
MPl

∂αϕ̃F̄αβ ¼ −ΠαβÃα; ðA9Þ

and using the form of F̄μν for an external B field in the z
direction, we obtain the following EoM:

ðð1 − a2Þ∂2 þ πyÞAy −
βγ
MPl

∂xϕBz ¼ 0; ðA10Þ

ð∂2 þm2Þϕþ βγ
MPl

∂xAyBz ¼ 0; ðA11Þ

where a2 ≡ β2γB2

2M2
Plm

2, and we have dropped the tildes. After

Fourier transforming and performing the field redefinitions
A →

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2

p
A, βγ → βγ=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2

p
, and πy → πy=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2

p
,

we get the EoM:

�
ω2 − k2 −

�
πy iχ

−iχ m2

���
Ay

ϕ

�
¼ 0; ðA12Þ

where χ ≡ βγkxBz=MPl. We can diagonalize this rotating by
the following matrix:

R≡
�

cos θ i sin θ

i sin θ cos θ

�
ðA13Þ

whose inverse is just its Hermitian conjugate, with the
rotation angle given by

tan 2θ ¼ 2χ

m2 − πy
: ðA14Þ

This results in the following EoM:

�
ω2− k2−

�
πyþOðM−2

Pl Þ 0

0 m2þOðM−2
Pl Þ

���
A0
y

ϕ0

�
¼ 0:

ðA15Þ

As these primed states propagate freely, a formal solution for
their evolution is as follows:

�
A0ðLÞ
ϕ0ðLÞ

�
¼

�
e−ikγL 0

0 e−ikϕL

��
A0

ϕ0

�
; ðA16Þ

so that the original states can be obtained by rotating back
into the original basis via a matrix describing the mixing of
the different states:

�
AyðLÞ
ϕðLÞ

�
¼ R−1

�
e−ikγL 0

0 e−ikϕL

�
R

�
Ay

ϕ

�
: ðA17Þ

The conversion probability is given by the diagonal term
squared, which is

Pγ→ϕðLÞ ¼
���� sin 2θ2

ðe−ikϕL − e−ikγLÞ
����
2

: ðA18Þ

Assuming θ ≪ 1, which corresponds to the weak coupling
we expect, we can use the fact that sin 2θ ≈ tan 2θ. We can
see that kϕ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 −m2

p
, and using the following result from

Weldon [231],

πy ¼ m2
γ − iωΓγ ðA19Þ

we find kγ ≈
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 −m2

γ

q
þ iΓγ=2 for Γγ ≪ mγ. We have

assumed the following form:

Γγ ¼
64π2α3

3m2
eω

3

ffiffiffiffiffiffiffiffiffi
me

2πT

r
neð1 − e−ω=TÞ

X
i

Z2niFi þ
8πα2

3m2
e
ne;

ðA20Þ
where the sum is over all ion species in the Sun, and Fi is
the thermally averaged Gaunt factor for species i. For the
numerical results Fi was taken from Ref. [256] and the sum
over ions has been assumed to include only hydrogen and
helium. The conversion probability can finally be written in
the following form:

Pγ→ϕðLÞ ≈
�

βγBz

MPl

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2

p
�

2 ω2

ðm2 −m2
γÞ2 þ ðωΓÞ2

× ð1þ e−ΓL − 2e−ΓL=2 cosðqLÞÞ; ðA21Þ

where q≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 −m2

γ

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 −m2

p
. The factor

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2

p

from the redefinition of βγ has been shown explicitly here,

but we will assume from now that a2 ≪ 1 so
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − a2

p
→ 1.

For production in the solar interior, for ϕ to escape the Sun
ΓL ≫ 1 is required, so the conversion probability reduces to
the following L-independent expression:

Pγ→ϕ →

�
βγBz

MPl

�
2 k2ϕ
ðm2 −m2

γÞ2 þ ðωΓÞ2 : ðA22Þ

We can then use Eq. (25) as in Sec. III A, with the following
definition:

Γpro
ϕ ¼ ΓγPγ→ϕ

eω=T − 1
; ðA23Þ

with production rate then given by

dṄ
dω

¼ 2β2γ
πM2

Pl

Z
R⊙

0

r2drB2
zðrÞ

ωðω2−m2Þ3=2
ðm2

γ −m2Þ2þðωΓγÞ2
Γγ

eω=T − 1
:

ðA24Þ
Identifying Bz with B⊥, we see that Eq. (A24) is identical
to Eq. (27).
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