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Stellar energy loss is a sensitive probe of light, weakly coupled dark sectors, including ones containing
millicharged particles (MCPs). The emission of MCPs can affect stellar evolution and therefore can alter
the observed properties of stellar populations. In this work, we improve upon the accuracy of existing
stellar limits on MCPs by self-consistently modeling (1) the MCP emission rate, accounting for all relevant
in-medium effects and production channels and (2) the evolution of stellar interiors (including back-
reactions from MCP emission) using the MESA stellar evolution code. We find MCP emission leads to
significant brightening of the tip of the red-giant branch. Based on photometric observations of 15 globular
clusters whose bolometric magnitudes are inferred using parallaxes from Gaia astrometry, we obtain robust
bounds on the existence of MCPs with masses below 100 keV.
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I. INTRODUCTION

Stellar interiors are among the best places to probe
weakly coupled extensions of the Standard Model (SM),
including hidden sectors containing light degrees of free-
dom [1]. Particles within hidden sectors can be produced
from extremely rare processes in the thermal plasma of
the stellar interior. Despite the weak couplings, the total
integrated emission rates can be relatively large due to the
high density, temperature, and volume of stars. Highly
interactive particles, for instance, photons from the SM,
have a short mean free path in stellar interiors and diffuse
out slowly over tens of thousands of years. In contrast,
weakly coupled hidden-sector particles have a long mean
free path in the SM plasma, traversing the star within a
matter of seconds. Their unimpeded emission can therefore
be an important source of stellar energy transport and
loss, and the emission of these particles can affect stellar
evolution in analogy to that of SM neutrinos. These
considerations have provided some of the strongest

constraints on low-mass axions, dark photons, scalars
coupling to various fermions, millicharged particles
(MCPs), and other particles beyond the SM [2–19].
Some of the existing stellar limits on hidden sectors rely

on a heavily simplified treatment of stellar interiors, in
some cases assuming a single plasma frequency ωp and
temperature T averaged over an entire star or even over an
entire population of stars. Some hidden-sector emission
mechanisms are extremely sensitive to these assumed
properties; for instance, even in the SM the neutrino
emissivity from plasma processes Qν scales as Qν ∼
ω15=2
p T3=2 [20]. In this work, we identify MCPs as particles

whose emission from stellar interiors merits a more detailed
analysis. Specifically, we consider interactions of the form

L ⊃ qeχ̄γμχAμ þ χ̄ði∂ −mÞχ ð1Þ

for Dirac fermion MCPs χ. The fractional MCP charge q
could arise in various ways, for instance, as the low-energy
limit of a theory with an additional light Uð1Þ0 gauge field
that mixes with SM hypercharge; for the purposes of this
work, we treat q and m as phenomenological parameters
without specifying their origin. It is timely to more
accurately quantify the stellar limit on the existence of
MCPs at and above the ∼keV mass scale, since MCPs
(which would be produced at an irreducible level by the
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freeze-in mechanism [21]) are a key target of the sub-MeV
dark matter direct detection program, with proposed
experimental methodologies coming to fruition in the next
decades [22].
Current stellar limits on MCPs are competitive with

cosmological limits on MCPs as dark matter [23].
However, form near or above the ∼keV scale, the dominant
MCP emission channel is a Compton-like process with a
rate that is exponentially sensitive to the assumed properties
of the stellar interior. It is therefore worthwhile to assess the
accuracy of the simplifying assumptions that were used in
previous analyses. Most notably, the backreaction from the
emission of MCPs (which was not considered in previous
works) can alter the properties of the stellar interior,
potentially amplifying or quenching the effects of MCP
emission. A fully self-consistent treatment of the effects
of energy loss requires the use of modern stellar evolu-
tion codes.
We focus on the effect of MCPs on the tip of the red-

giant (RG) branch (TRGB), which is one of the most
sensitive probes of physics in the cores of evolved stars.
Our results are summarized in Fig. 1. Energy loss to
neutrinos produced by plasmon decay is known to delay
the onset of helium burning in evolved RG stars. Because
the TRGB brightness is insensitive to uncertainties in stellar
mass, metallicity, and modeling details, it is a particularly
clean diagnostic of physics beyond the SM. The robustness
of the TRGB is what makes it suitable for use as a standard

candle in the distance ladder [24]. In this work, we account
for the effects of MCP emission on the TRGB using a
modified version of the Modules for Experiments in Stellar
Astrophysics (MESA) code [25–30]. Using this framework,
we simulate stellar evolution varying over MCP parameters
and stellar properties like the metallicity. In contrast to
previous works that relied on a simple rescaling of the
results presented in Ref. [1], we compare the predicted
TRGB to a set of 15 recent TRGB measurements from
globular clusters (GCs), with distances calibrated astro-
metrically using Gaia parallaxes [31].
The rest of this article is organized as follows. In Sec. II

we review the computation of energy-loss rate from
plasmon decay to light particles. We focus on the special
case where the MCP is heavier than half the plasma
frequency in Sec. II B, requiring a proper treatment for
the 2 → 3 MCP emission process, e−γ → e−χχ̄. In Sec. III
we describe the physical effects of MCPs in a RG star and
provide details of our implementation of energy loss into
the MESA stellar evolution code. Our results and constraints
are presented in Sec. IV. Concluding remarks and dis-
cussion follow in Sec. V.

II. ENERGY-LOSS RATES

For a given m → n process, the energy density loss rate
from a thermal plasma into final-state particle X can be
expressed as

QX ≡ dEX

dVdt
¼

Z Ym
i¼1

�
đ3pi

2Ei

�Yn
j¼1

�
đ3pj

2Ej

�

× ð2πÞ4δð4Þ
�Xm

i¼1

pi −
Xn
j¼1

pj

�
jMm→nj2FEX; ð2Þ

where F is a phase space factor expressed in terms of the
phase space density f of each particle,

F ¼
Ym
i¼1

fi ×
Yn
j¼1

ð1� fjÞ −
Yn
j¼1

fj ×
Ym
i¼1

ð1� fiÞ; ð3Þ

and where plus (minus) signs correspond to Bose (Fermi)
statistics. Because of the rareness of the processes that
produce MCPs, their occupation number in the final state is
much smaller order unity, allowing us to approximate F ≈Q

m
i¼1 fi throughout this work (this criterion can be violated

in a stellar basin of nonrelativistic MCPs [34], but here
we are concerned primarily with energy loss where the
dominant contribution is from the emission of relativistic
MCPs). Note that, in general, QX is a function of the
ambient temperature and density; both of these can enter in
thermal phase space factors and they additionally lead to
nontrivial in-medium effects for nonrelativistic plasmas.

FIG. 1. Limits on the fractional charge q as a function of mass
m. The red shaded region shows the limits (at 95% confidence)
obtained in this work, while the dashed red line shows previous
constraints from the TRGB [5,6]. Other shaded regions corre-
spond to existing constraints from solar energy loss (which may
be modified at large values of q due to magnetic trapping) [32]
and Supernova 1987A [33]. Above the purple line, MCPs would
be overproduced as dark matter via the freeze-in mechanism [21].
Dark blue lines are the projected sensitivities of a direct deflection
setup searching for a solar basin of MCPs with perturbed (solid)
and unperturbed (dot-dashed) phase space distributions [34].
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A. Emission of low-mass MCPs

For MCPs that are lighter than the plasma frequency ωp,
the leading production channel is plasmon decay, γ� → χχ̄,
which has no vacuum analog. Plasmons correspond to
poles in the in-medium photon propagator, hence their
properties depend on the properties of the background.
Stellar interiors can be generally characterized as either
classical nonrelativistic plasmas or degenerate plasmas. We
determine plasmon properties using the approximations
developed in Ref. [20]. We find that, to very good accuracy
(better than the few-percent level), for the temperatures and
densities relevant to stellar interiors, the residues of the
poles in the photon propagator are unity in the relevant
classical and degenerate limits. This applies for both
transverse modes and longitudinal modes up to a maximum
momentum where the plasmon would cross the light cone,
kmax ∼OðωpÞ. Furthermore, we approximate the plasma
frequency as

ω2
p ¼ 4παneffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p2
F þm2

e

p ; ð4Þ

where pF ¼ ð3π2neÞ1=3 is the Fermi momentum. In the
nondegenerate limit where pF → 0, this reduces to the
classical result, ω2

p ¼ 4παne=me. With the plasma fre-
quency of Eq. (4), we find that to very good approximation
the longitudinal and transverse plasmon dispersion rela-
tionships are ωL ¼ ωp and ω2

T ¼ k2 þ ω2
p, respectively.

Using the analytic approximations for the plasmon
dispersion relations, we can compute the energy-loss rate
from plasmon decay to two MCPs from Eq. (2),

Qχ ¼ 2

Z
đ3p1

2E1

đ3p2

2E2

đ3k
2ω

ð2πÞ4δð4ÞðK − p1 − p2Þ

× jMγ�L;T→χχ̄ j2E1f�ðωÞ: ð5Þ

Here, p1 and p2 are the four-momenta of final-state MCPs,
K ¼ ðω; k⃗Þ is the four momentum of the plasmon with ω
and k being linked through the dispersion relations, and the

factor of 2 accounts for the energy lost to the second MCP
since the integral is identical if we relabel 1 ↔ 2. The
matrix elements for the different photon polarizations and
MCP spins is in Table I, along with the total energy-loss
rates per unit volume.

B. Emission of high-mass MCPs

At higher masses, when ωp < 2m in a given region of
the stellar interior, plasmon decay is no longer kinemati-
cally allowed. The next leading order process for producing
MCPs is a 2 → 3 process resembling Compton scattering
but with the final-state photon replaced with an off-shell
plasmon that branches into 2 MCPs, e−γ → e−χχ̄. It has
been previously shown that the energy loss through this
process can be modeled in terms of the decays of a thermally
distributed population of “off-shell” plasmons [6]. In fact,
Eq. (5) can be modified to account for a population of
plasmons with an arbitrary four momentum K as [6,32]

Qχ ¼ 2

Z
đ3p1

2E1

đ3p2

2E2

đ3k
2ω

dω2

2π
ρL;Tðω; kÞE1f�ðωÞ

× ð2πÞ4δð4ÞðK − p1 − p2ÞjMγ�L;T→χχ̄ j2; ð6Þ

where ρL;Tðω; kÞ is the spectral function for the plasmon
which can be understood as the probability that a plasmon
with the four momentum K exists in the plasma [35],

ρL;Tðω; kÞ ¼
2ImΠL;T

ðω2 − k2 − ReΠL;TÞ2 − ImΠ2
L;T

: ð7Þ

Here, ΠL;T is plasmon self-energy at finite temperature and
density. The real part of ΠL;T sets the dispersion relation of
the associated mode, given by the approximations of the
previous subsection.We note that the approximations for the
real part of the self-energy given in the previous section are
not valid when the plasmon is highly off shell [1]. We have
explicitly checked that the on-shell approximation is valid in
the temperature range of interest and using the full self-
energy for off-shell plasmons [36] does not modify our
production rates. On the other hand, the imaginary part of the

TABLE I. Matrix elements for plasmon decay to MCPs and energy-loss rates to MCPs for light MCPs with masses below the plasma
frequency (such that plasmon decay is the dominant production channel). The form of the plasmon phase space depends on the

dispersion relation. For the transverse mode, ω ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ ω2

p

q
and no further closed-form analytic progress is possible (note that the

integrals for the transverse processes are closely related to the plasmon number density). Meanwhile, the phase space for the longitudinal

mode is independent of k, since ω ¼ ωp, and we integrate only over k <
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
p − 4m2

q
.

Plasmon polarization jMγ�L;T→χχ̄ j2 Qχ

Transverse 8q2e2ðωE1 − p2
1ð1 − x2Þ − kp1xÞ 2q2e2

3ð2πÞ3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

ω2
p

q
ðω2

p þ 2m2Þ R k2dk
1−eω=T

Longitudinal 4q2e2 ω2

k2 ðωE1 − 2E2
1 þ kp1xÞ q2e2ω2

p

3ð2πÞ3
R
k2dk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

ω2
p−k2

q
ω2
p−k2þ2m2

ðω2
p−k2Þð1−eω=T Þ
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self-energy specifies the damping rate. At the energies we
consider, the transverse mode is primarily damped through
Thomson scattering,

ImΠT ¼ ωneσT ¼ ωne
8πα2

3m2
e
: ð8Þ

In contrast, the longitudinal mode is either Landau
damped (when k > kmax), or damped by Thomson scatter-
ing (when k < kmax) [20,37]. Since we only integrate over
momenta k < kmax, the damping rate for longitudinal
plasmons is defined by the corresponding Thomson scat-
tering cross section [37],

ImΠL ¼ 8πα2ne
9meT

ωk
ωp

: ð9Þ

Using these expressions for the real and imaginary part
of the plasmon self-energy and the matrix element for
plasmon decay, we can write a general energy-loss rate for
transverse and longitudinal plasmons into MCPs with an
arbitrary mass.
Integrating Eq. (6) over the MCP phase space, we obtain

Qχ ¼
Z

k2dk
Z

∞

2mχ

ωdω
π

ρL;TðωÞhjMγ�L;T→χχ̄ j2ifγ� ðωÞ; ð10Þ

where the momentum-averaged matrix element is

hjMγ�L;T→χχ̄ j2i ¼
Z

đ3p1

2E1

đ3p2

2E2

ð2πÞ4δð4Þðk − p1 − p2Þ

× E1jMγ�L;T→χχ̄ j2: ð11Þ

The spectral function ρL;Tðω; kÞ is highly peaked when
the dispersion relation is satisfied, i.e., when the plasmons
are on shell, ω2 − k2 ¼ ReΠL;T , where ReΠT ¼ ω2

p

and ReΠL ¼ ω2
p − k2. This implies that, for ωp ≥ 2m,

the integral over the spectral function is sensitive to this
peak and therefore

R
dωρL;Tðω; kÞ is well approximated by

a Dirac δ function. In this case, Eq. (10) reduces to the
expressions given in Table I for both the longitudinal and
transverse case. On the other hand, for ωp < 2m, the
integral over ω always misses the peak of the spectral
function and the energy-loss rate is exponentially sup-
pressed. Additionally, it becomes highly sensitive to the
MCP mass and the temperature of the stellar interior. This

has the potential to significantly impact the shape of the
constraint depending on the assumptions about the stellar
interior. We provide the complete expressions for QMCP for
the longitudinal and transverse case in Table II.
In Fig. 2, we show the energy-loss rate through the decay

longitudinal and transverse plasmon modes as a function of
theMCPmass, for T ¼ 100 eV (left) and T ¼ 1 keV (right)
and for ωp ¼ 0.042 and ωp ¼ 0.42 keV. The energy-loss
rate is clearly quite sensitive to the temperature, especially for
off-shell plasmon decay to high-mass MCPs. Furthermore,
forωp ≥ 2m, the energy-loss rate is independent of theMCP
mass, while for ωp ≤ 2m, it is exponentially suppressed as
discussed above. We note that although the transverse mode
gives the dominant contribution to the energy loss in a wide
range of parameter space, the contribution of the decaying
longitudinal mode cannot be ignored and may in fact even
exceed the transverse contribution for large masses and low
temperatures (left panel of Fig. 2).

III. ENERGY LOSS IN RG STARS

A. Effects of beyond-SM particle emission

In standard stellar evolution, stars that have exhausted
their core supply of hydrogen depart from the main
sequence. As the inert helium core contracts under gravi-
tational pressure, its internal temperature rises, driving the
star upward in luminosity and causing the envelope to
expand, cooling the surface of the star and creating the RG
branch in color-luminosity space. At the same time, a shell
surrounding the helium core continues to fuse hydrogen,
enlarging the core over time. In low-mass stars, this trend
terminates at the TRGB with the ignition of helium, which
is almost solely dependent on the mass of the helium core
and is largely independent of other stellar properties.
The required core mass for the onset of helium ignition is

rather sensitive to energy loss. For instance, SM plasmon
decays to neutrinos have the effect of enlarging the required
core mass for helium ignition. Beyond-SM neutrino proper-
ties, such as a small charge or magnetic moment, can be
constrained because this would yield an even brighter
TRGB than observed [12–16]. Many previous works use
a simple criterion in setting limits on physics beyond the
SM, demanding that the total energy loss to new states not
exceed twice the standard neutrino luminosity of the core
(as this would cause the core mass at helium ignition to
change by more than 5% with respect to the standard

TABLE II. General expression for the energy-loss rate to MCPs using the matrix elements provided in Table I and the plasmon spectral
density ρL;TðωÞ as defined in the text. These expressions reduce to the ones in Table I in the limit ωp ≥ 2m.

Plasmon polarization Qχ

Transverse 2q2e2

3ð2πÞ3
R
kdk

R
dω
π ρTðωÞfγ� ωkðω2−k2þ2m2Þ

ω2−k2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðω2 − k2Þðω2 − k2 − 4m2Þ

p

Longitudinal q2e2

3ð2πÞ3
R
kdk

R
dω
π ρLðωÞfγ� ω3kðω2−k2þ2m2Þ

ðω2−k2Þ2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðω2 − k2Þðω2 − k2 − 4m2Þ

p
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theoretical expectation [1]). However, later work has
included self-consistent stellar simulations with new phys-
ics. For instance, Ref. [16] simulated a population of stars,
constraining the neutrino dipole moment based on the
TRGB of the ω-Centauri (ω-Cen) GC. More recently,
Refs. [38,39] used MESA to simulate the evolution of
GCs in the presence of axionlike particles and dark
photons, respectively. They found that the more realistic
treatment of energy loss can lead to bounds that are stronger
than previously published results for some masses, while
opening up other areas of parameter space. There have also
been recent developments on the observational side, for
example, Ref. [40] compared a set of TRGB calibrations
from other galaxies to local GCs, updating I-band magni-
tudes using Gaia distances and combining observational
and theoretical uncertainties in order to set limits on axion
and neutrino properties. Recently, Ref. [41] highlighted that
degeneracies exist between new physics and the effects of
standard stellar parameters on the TRGB. However, the
range of stellar parameters explored in that work was far
wider than independent measurements of metallicity, age,
stellar mass at the TRGB, and helium fractions would
allow. These degeneracies should thus be largely mitigated
with the use of independent astronomical data.
Prior constraints on light MCPs from stellar energy loss

have assumed an energy-loss mechanism similar to plas-
mon decay to neutrinos [2], i.e. leading to core cooling and
a delayed (and therefore brighter) TRGB. Reference [6]
updated the computed emission rates by including off-shell
plasmon decay. However, constraints were set by a simple
rescaling of the limits in Ref. [1], assuming a single plasma
frequency across an entire star. Reference [32] computed
the effect of MCP emission in the Sun using the Garching

Stellar Evolution Code [42] and set relatively robust
bounds using helioseismology. In the calculations
described below, we aim to apply many of these state-
of-the-art developments in the field in order to modernize
the bounds on MCPs from the TRGB.

B. Numerical modeling

We use MESA to account for the cumulative effect of
MCP emission over the lifetime of the star. We use the
run_star_extras module to include the extra energy-
loss rate from both the transverse and longitudinal modes as
given in Table I at each time step, based on the stellar
temperature and composition profiles. This is then fed into
the stellar evolution code via the extra_heat hook, as a
radial array of energies that contribute to the total energy
budget of the star. We run our simulations starting with a
pre-main-sequence model and evolve them through to the
horizontal branch phase. We take the maximum brightness
as the LTRGB. The absolute magnitudeMbol is then obtained
via the standard definition

Mbol −M⊙ ¼ −2.5 logðLTRGB=L⊙Þ; ð12Þ

where M and L are absolute magnitudes and luminosities,
respectively.
The GC sample that we use contains clusters with ages

∼10–13 Gyr. In this range, the TRGB is represented by
stars with masses in the range 0.8–0.9M⊙. Rather than
simulate a full population for each cluster, we perform
simulations using a set of fiducial values for the astrophysi-
cal and modeling parameters. We additionally vary these
parameters to quantify the extent to which they affect our

FIG. 2. Energy-loss rate normalized with the photon-MCP coupling arising from transverse (solid) and longitudinal (dashed)
plasmons as a function of the MCP mass for T ¼ 100 eV (left) and T ¼ 1 keV (right), for two representative values of the plasma
frequencies, ωp ¼ 0.042 and ωp ¼ 0.42 keV. These frequencies correspond to ne ¼ 10 keV3 (1.3 × 1024=cm3) and ne ¼ 103 keV3

(1.3 × 1026=cm3), respectively.
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results. As a benchmark, we focus on a 0.8M⊙ star and set
the initial helium fraction to Y ¼ 0.241, the mixing length
parameter α ¼ 2.0, and we do not include mass loss.
Throughout this work, all simulations shown assumed this
same set of fiducial values unless otherwise specified.
Because GCs cover a wide range of metallicities, we do
vary [M=H] to cover the full range spanned by the data and
interpolate results to match the reported value of [M=H] for
each cluster.
To verify the robustness of these assumptions, we have

performed a set of simulationswith andwithout the effects of
plasmon decay to MCPs that span a range in mass-loss rate,
mixing length parameter α, metallicity and initial helium
fraction. The results are presented in Fig. 3 in terms of the
variation of MTRGB with respect to the fiducial magnitude
(when all the parameters are set to their default values). In
Fig. 3, the fiducial value for [M=H] is set to−1.42, the value
reported forω-Cen [31].We also show the 68% containment
on ω-Cen’s TRGB luminosity as a gray band.
We vary the mass-loss rate by scaling the Reimers mass-

loss factor η from zero to 1.6 × 10−13M⊙ yr−1, which is
twice the typically used value [43] of 8 × 10−14M⊙ yr−1,
found to reproduce the observed envelope mass of RG
stars. As shown in Fig. 3, even unphysically large mass-loss
rates do not appreciably change the TRGB magnitude.

Similarly, we vary the convective mixing length α and
initial helium fraction over a wide range, finding no
significant change in MTRGB, except for especially large
values ofY≳0.28where dimming of the TRGB is observed.
Because of the age of GC stars ∼13 Gyr, the initial helium
content should be close to primordial YP ≃ 0.24, so such a
large Y would have to have resulted from an unrealistically
large core dredge-up after H exhaustion—this is unlikely, as
the effects of He dredge-up should be more than compen-
sated by diffusion (see, e.g., Ref. [44]).
Figure 3 also shows the effect of varying the metallicity

within the reported errors for ω-Cen. The small correlation
that can be seen is consistent with the expected effect of
metallicity on the TRGB, but is small enough within this
range to justify using a fixed value of [M=H] for each
individual cluster.
Finally, Fig. 3 shows the change in luminosity of the

TRGB with stellar mass, becoming slightly dimmer for SM
stars with increased mass; once energy loss from plasmon
decay to MCPs is added, the TRGB actually becomes
insensitive to the stellar mass.

IV. EFFECT OF MCPs ON THE TRGB

A. Simulated stellar interiors

Figure 4 shows the energy-loss profile in a simulated
0.8M⊙ star due to SM processes and due to the effect of
plasmon decay to MCPs, just before the TRGB. The key

FIG. 3. Variation of the bolometric magnitudeMTRGB of ω-Cen
without (triangles) and with (dots) MCPs (m ¼ 10 eV and
q ¼ 2 × 10−14), compared to our fiducial model, when varying
the convection mixing length parameter α, metallicity [M=H],
initial helium fraction Y, and stellar mass. In each set of
simulations, only one parameter varies at a time while others
are held at their fiducial values (red × on the corresponding axes).
The [M=H] axis covers the range of uncertainty in the metallicity
measurement of ω-Cen. The 1σ uncertainty on MTRGB is
indicated by the shaded band.

FIG. 4. Energy-loss processes per unit stellar mass in a 0.8M⊙
star with [M=H] = −2.05 just before the TRGB without (solid)
and with (dashed) the effects of a light charged particle with
m ¼ 7 keV. The self-consistent modeling of MCP emission
results in a lower rate of energy loss from SM neutrino processes.
MCP energy loss is large outside of the degenerate helium core,
in contrast to SM plasmon decay to neutrinos, which occurs
in the core.
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SM processes include neutrino production from nuclear
fusion, plasmon decay, bremsstrahlung, photoneutrino, pair
annihilation, and recombination. The inclusion of MCP
emission, which alters the free-electron density and temper-
ature profile of the star shown in Fig. 5, also affects the SM
energy-loss rates. For all the energy-loss channels, solid
lines represent the SM, while dashed lines represent the
case where the emission of light MCPs with q ¼ 5 × 10−14

is included self-consistently, lowering the energy loss from
SM channels. The structure of the emission region for
plasmon decay to MCPs, which has prominent support in
the envelope outside of the degenerate helium core, also
differs substantially from SM plasmon decay to neutrinos
which primarily occurs in the core. Thus, the previously
used method of modeling MCP production as a scaling
correction to the neutrino production rate leads to quali-
tatively incorrect modeling of the stellar structure.
Figure 5 shows the stellar temperature T, free-electron

density ne, and MCP emission QMCP profiles as a function
of the enclosed mass for evolved stars on the RG branch,
just before the TRGB. The lower panel shows the stellar
radius as a function of enclosed mass. The stellar profiles
are shown for different MCP masses at a fixed charge (top)
and for different MCP charges at fixed mass (middle). The
solid line represents the stellar structure in the absence of
new physics. In all cases, the energy loss from MCPs in the
core leads to a reduction in core temperature, a longer
period of hydrogen shell burning, and the production of a
more massive core before the onset triple-α ignition.
As expected, the effect on the core mass is larger for

smaller m, where MCP emission in the entire core can
occur. The high plasma frequency required for on-shell
decay to more massive MCPs, discussed in Sec. II B, leads
to a suppression of MCP emission, resulting in an addi-
tional step down of QMCP in the inner core. The middle
panel of Fig. 5 shows the effects of a larger value of q on a
star for m ¼ 7 keV. Here, q is increased to 7 × 10−13,
around an order of magnitude larger than constraints that
we obtain at this MCP mass. In this case, the core
temperature drops by a factor of 3, actually lowering
MCP emission from the inner core in comparison to
models with a lower charge. The subsequent core con-
traction ultimately changes the qualitative features of
the stellar structure. A shallower density gradient devel-
ops, erasing the sharp boundary between the helium core
and the envelope, producing a broad, high-temperature
shell leading to enhanced MCP energy loss. The main
features remain, notably a larger helium region, and a
TRGB that is a full 0.8 magnitude brighter than in the
SM—more than 3 standard deviations away from the
measured value for M92.
The net effects of MCP emission lead to a delay in

helium ignition and thus a higher luminosity (lower
bolometric magnitude) as a star reaches the TRGB. We
illustrate the effect on a population of stars with isochrones

representative of ω-Cen shown in Fig. 6. These color-
luminosity diagrams show the distributions for a population
of stars with [M=H] = −1.42 and masses between 0.7 and

FIG. 5. Temperature T, free-electron number density ne, and
MCP luminosity Q just before the TRGB as a function of
enclosed stellar mass with [M=H] = −2.05. Top: the MCP charge
is fixed at q ¼ 7 × 10−13 assuming m ¼ 7 keV (dashed), m ¼
10 eV (dotted). Middle: the MCP mass is fixed at m ¼ 7 keV,
with q ¼ 7 × 10−13 (dot-dashed), q ¼ 5 × 10−14 (dashed). In all
panels, the SM prediction is shown as a solid line. Bottom: the
stellar radius as a function of the enclosed stellar mass.
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3M⊙, taken at age snapshots of 1, 5, 10, and 13 Gyr in the
SM (solid lines) and in the presence of a q ¼ 2 × 10−14

MCP in the low-mass m ≪ 1 keV limit (dashed lines). For
representative ages of Milky Way GCs (∼10–13 Gyr), the
TRGB luminosity increase due to MCPs remains insensi-
tive to the exact age.

B. Constraints

In order to set limits on theMCP charge q as a function of
the MCP mass m, we compare the results given by our
simulation to recently reported TRGB magnitude measure-
ments. Reference [31] obtained bolometric magnitudes
for 22 GCs using photometric data from the Hubble
Space Telescope and ground-based optical measurements.
They report two distinct values of Mbol based on different
distance-measurement techniques: first via a zero-age hori-
zontal branch (ZAHB) calibration and, second, with dis-
tances measured using Gaia astrometric data [46] and
line-of-sight velocities from ground-based instruments
including Keck the very large telescope [47]. Even though
parallax distances are only provided for 16 of the 22 clusters,
they are reported with higher precision and with errors that
aremore reliably estimated for each cluster. Thoughwe have
not explicitly checked in the present work, it is also possible
that the properties of the ZAHB luminosity will be modified
by the additional MCP emission considered here, whereas
astrometry would be unaffected. Therefore, while we
compare constraints on MCPs obtained using both tech-
niques (parallax and ZAHB) in the Appendix, for our main
results we use the parallax distances.
The astrometric dataset does contain one outlier,

NGC 6553, which has a measured magnitude of

Mbol ¼ −4.76� 0.17. This is in significant tension with
the reported ZAHB measurement of −3.93� 0.25 and is
0.7 dex away from any of the other reported magnitudes for
other GCs. Here, the emission of MCPs would actually lead
to a significantly better fit between theory and observation;
however, producing a magnitude this low requires a charge
that is well beyond values allowed by the combination of
other clusters. In some cases, the changes to the stellar
interior induced by such a high MCP charge (and therefore
a high MCP emission rate) cause our models to fail to
converge. For these reasons, we omit NGC 6553 from our
analysis.
We simulate stars on a grid of MCP masses, MCP

charges, and stellar metallicities covering the range of
clusters studied in Ref. [31]. Figure 7 shows the TRGB
magnitude predicted in a 0.8M⊙ star with the metallicity of
M92 for a few MCP masses as a function of the fractional
charge. This is overlaid with the 68% containment on the
TRGB magnitude of M92 [31]. Once the energy-loss rate
becomes large enough, we observe a sharp increase in
TRGB luminosity. The impact of increasing q is mitigated
at higher MCP masses, as off-shell plasmon decay becomes
thermally suppressed, requiring much larger values of q for
any effect to be observed.
To evaluate the upper bound on MCP charge at

a given MCP mass, we define a Gaussian likelihood
LðfMi;obsgjq;mÞ ¼ Q

i LiðMi;obsjq;mÞ such that

−2
X
i

logLiðMi;obsjq;mÞ ¼
X
i

ðMiðq;mÞ −Mi;obsÞ2
σ2i

;

ð13Þ

FIG. 6. Stellar isochrones for a cluster of stars with stellar
masses between 0.7M⊙ and 3M⊙ and a metallicity representative
of ω-Cen, ½M=H� ¼ −1.42, evolved up to the TRGB (indicated
with a star) without MCPs (solid) and with MCPs with m ¼
10 eV and q ¼ 2 × 10−14 (dashed). The isochrones were com-
puted using the MESA isochrones and stellar tracks package [45].

FIG. 7. Bolometric magnitude at the TRGB as a function of
MCP charge q, for MCP masses at ranging from 100 eV to
100 keV, from left to right. Fiducial values, marked as red crosses
in Fig. 3, are assumed in all simulations, with ½M=H� ¼ −2.05,
the metallicity of M92. Also shown are the observed magnitude
(dashed) and 2σ observational uncertainties of the single cluster
M92 on the TRGB luminosity from Ref. [31] (blue) and total
error combined with the theory uncertainty (gray) recommended
in Ref. [48].
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where the index i runs over the list of GCs,Miðq;mÞ is the
predicted bolometric magnitude of the TRGB as a function
of MCP charge and mass at the metallicity of a given
cluster, Mi;obs is the bolometric TRGB magnitude inferred
from measurement, and σ2i represents the uncertainties on
the inferred bolometric magnitudes. Our uncertainties
include the reported observational uncertainties given in
Table 6 of Ref. [31], added in quadrature to the theoretical
uncertainties on the bolometric magnitude predicted by
stellar evolution codes. Following the recommendation of
Ref. [48] we set this theoretical error to 0.12. Applying
Wilks’s theorem, we use a likelihood ratio test to find the
limit on the MCP charge qlim for a fixed MCP mass m. We
set the limit by finding

2½logLðfMi;obsgjqmax; mÞ
− logLðfMi;obsgjqlim; mÞ� ¼ 2.71; ð14Þ

where qmax is the value of the MCP charge that maximizes
the likelihood at MCP mass m and 2.71 corresponds to the
one-sided 95% confidence level (CL) [49].
We simulated MCP masses from 10 eV to 100 keV and

show the resulting limits on the charge q in Fig. 1. We
additionally show prior limits on MCPs from solar model-
ing [32], the absence of anomalous cooling of Supernova
1987A [33], and projected constraints from proposed direct
deflection searches [34].
As expected, our constraints plateau for low masses, as

m ≪ ωp. For the lowest mass considered here, the resulting
95% CL limit is

q < 6.3 × 10−15; ð15Þ

a little more than a factor of 3 stronger than limits based on
those of Ref. [2]. Our sensitivity to previously uncon-
strained regions of parameter space can be attributed in
part to the use of state-of-the-art data three decades after
Ref. [2] was published. We have also included longi-
tudinal plasmon decays for the first time in this analysis,
which can lead to additional energy-loss channels that
are comparable to the transverse mode in some parts of
parameter space. Both of these effects strengthen the
constraining power of our analysis. Meanwhile, some of
the more precise modeling performed in this analysis
weakens the effects of MCP emission. Most notably, we
have found that energy loss from the emission of MCPs
can cause a backreaction on the star that changes the
stellar density and temperature profile in a way that affects
the emission of neutrinos and MCPs. The net result of all
of these factors is a slightly stronger limit than the one
obtained in previous work.
As m increases, the stellar region (notably, the helium

core) in which on-shell plasmon decay can occur shrinks,
leading to a rapid loss of sensitivity above masses
corresponding to half the lowest plasma frequency in

the core. The “kink” seen around 10 keV corresponds to
the transition between having kinematically accessible on-
shell plasmon decay in some part of the star versus relying
purely on off-shell decays throughout the entire star. At
high mass, sensitivity is lost exponentially because of the
temperature scaling of the off-shell plasmon decay rate. In
this region of parameter space, the backreaction of MCP
emission is especially pronounced, causing MCP emis-
sion to be quenched compared to naive predictions based
on SM-only stellar temperature and density profiles. It is
therefore a coincidence that our limit at high masses is
very similar to the estimate performed in Ref. [6], which
was obtained by rescaling the low-mass results from
Ref. [2] using a single plasma frequency for a single
idealized TRGB star obtained from assuming SM-only
properties of the stellar interior. The parts of our improved
analysis that would enhance the strength of the constraint
(including energy loss from the longitudinal mode, using
modern simulations and observations, etc.) appear to be
compensated by the effect of MCP emission on the stellar
interior, which reduces the energy loss from MCP emis-
sion as well as SM channels.

V. CONCLUSIONS

We have presented a self-consistent analysis of the
effects of MCP emission (via on- and off-shell plasmon
decay) on the TRGB by implementing this model into a
modified version of MESA. As discussed in Sec. II, we have
implemented the total energy loss through both the trans-
verse and longitudinal plasmon decay channels, using the
in-medium matrix element for the corresponding decay
process, as well as the full spectral function for the
longitudinal and transverse plasmons. The decay of the
longitudinal mode, which we included for the first time, is
the dominant contribution to energy loss for higher MCP
masses and lower stellar temperatures. Using these rates,
we simulate stars starting with a pre-main-sequence model
and evolve until the TRGB. We find that excess energy loss
from MCP emission can alter the density and temperature
profiles of the stellar interior, lowering the energy-loss rates
from SM processes (e.g., plasmon decay to neutrinos),
which partly compensates for the effect of MCP emission.
We also find that the emission morphology of MCPs is
quite distinct from SM emission channels, occurring out-
side of the degenerate helium core. The net effect is that, if
MCPs exist, the TRGB should look substantially brighter
due to their emission. We have checked that the size of this
effect is robust to varying assumptions about stellar ages
and compositions, mass loss, and convective mixing. To set
a limit on the existence of MCPs from the TRGB, we use
15 GCs whose parallax distances are measured with Gaia.
Our resulting limit is stronger and more robust against
theoretical uncertainties compared to previous analyses that
made simplifying assumptions that are not supported by
our simulations.
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The analysis presented in this work paves the way
for several avenues that may further improve the limits on
MCPs. When setting limits on MCPs from the horizontal
branch, previous analyses did not self-consistently
account for deviations in the stellar density and temper-
ature profiles compared to the SM-only stellar structure.
Given that we see such deviations in our simulations, it
will be worthwhile to evolve forward in time to see the
progression and to determine whether the true MCP
emission can be enhanced or quenched compared to the
MCP emission assuming a SM-only stellar structure.
Furthermore, we have not accounted for any trapping
effects due to magnetic fields; such effects were pre-
viously estimated to be relevant in the Sun for large q,
potentially leading to nontrivial energy transport [10]. It
will therefore be worthwhile to consider magnetic trap-
ping for post-main-sequence stars, though little remains
known when it comes to magnetic fields in stellar
interiors. Finally, there may be an opportunity to set
stellar bounds on MCPs from distinct stellar observables
with different systematic uncertainties, including aster-
oseismology. Other stellar populations could provide
additional information. For instance, younger clusters
may provide more stringent information, as the “plateau”
in the TRGB luminosity versus stellar mass does not
dip as quickly as in the SM when MCPs are included.
We leave consideration of all these directions to
future work.
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APPENDIX: COMPARISON OF BOUNDS
COMPUTED WITH PARALLAX

AND ZAHB DISTANCES

We have computed equivalent bounds as the ones
presented in Fig. 1 but using bolometric magnitudes
inferred from ZAHB distance calibrations instead. These
comprise 18 of the 22 GCs presented in Ref. [31], chosen

to span the same range of metallicities covered by our
simulations used for the main results. These are shown
in Fig. 8. They are slightly weaker than constraints
obtained using the parallax distance determinations,
plateauing at q < 10−14 at low MCP masses. Table III
provides numerical values for each value of m simulated
in this work. We keep the parallax results as our
recommended set of constraints, for the reasons stated
in the main body: these parallax distance measurements
are less susceptible to new physics effects, and the
distance uncertainties can be more readily interpreted
in a statistical sense.

FIG. 8. Same as Fig. 1 with constraints constructed from the
ZAHB results of 18 GCs.

TABLE III. 95% CL constraints on the MCP charge q from the
dataset of [31], using parallax distance determinations, shown in
Fig. 1, and ZAHB distance determinations. These are compared
in Fig. 8.

m (keV) log10 q (parallax) log10 q (ZAHB)

0.01 −14.20 −14.06
0.1 −14.20 −14.06
1.0 −14.19 −14.06
3.0 −14.13 −14.00
5.0 −13.94 −13.80
6.0 −13.76 −13.60
7.0 −13.42 −13.22
9.0 −12.16 −12.01
10.0 −12.03 −11.90
12.0 −11.91 −11.78
13.0 −11.86 −11.72
15.0 −11.72 −11.57
17.0 −11.60 −11.43
18.0 −11.51 −11.34
20.0 −11.32 −11.20
40.0 −10.07 −9.97
50.0 −9.47 −9.37
70.0 −8.30 −8.19
100.0 −6.60 −6.43
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