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The high-temperature plasma in the solar interior generates stochastic gravitational waves (GWs).
Owing to its significance as the primary source of high-frequency GWs in the Solar System, we reexamine
this phenomenon by highlighting some physical processes, including the contribution of macroscopic
hydrodynamic fluctuations. Our analysis builds upon several studies of axion emission from the Sun,
particularly in relation to the treatment of plasma effects. The resulting GW spectrum is comparable to
many well-motivated early-Universe signals, yet orders of magnitude below the current sensitivities of
axion helioscopes such as (Baby)IAXO.
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Introduction—While current observational efforts [1–6]
to detect gravitational waves (GWs) have predominantly
focused on frequencies below a few kilohertz, a growing
community is seriously considering higher frequencies
with the hope of detecting early Universe signals [7].
This prompts the identification of GW backgrounds
associated with the standard model (SM) at this fre-
quency range. The dominant source of such GWs is
the Sun.
A seminal work by Weinberg [8] estimated a total power

of approximately 6 × 107 W. Although this figure turns out
to be an excellent approximation (we find 1.3 × 108 W),
his spectrum was calculated only for soft gravitons
from proton and electron collisions and neglected radial
dependences—particularly of plasma effects [9,10]—as
well as additional contributions such as that of photo-
production [11,12]. Employing a state-of-the-art solar
model, we revisit the computation of the solar GW
spectrum. For this we rely on several studies of axion
emission from the Sun and show that they can be adapted to
solar GWs, particularly those related to the treatment of
plasma effects. Additionally, we point out the contribution
from hydrodynamical fluctuations, which was previously
overlooked but is essential for completing the spectrum in
its low-frequency range. Our prediction of the complete
solar GW power spectrum is summarized in Fig. 1.
We organize the discussion as follows. We start by

reviewing properties of the solar plasma that will be

relevant throughout, then we compile all the contributions
to the GW spectrum of the Sun and clarify what has been
omitted in the literature. Subsequently, we discuss impli-
cations for axion helioscopes. In the Supplemental
Material [13], we provide the details of our calculations.
Throughout, we adopt Heaviside units, take ℏ ¼ c ¼ 1,
and utilize the Minkowski metric ημν ¼ diagðþ − −−Þ.
The solar plasma—Wemodel the Sun as a nonrelativistic

plasma composed of electrons (e) and nucleons (Z)
following a Maxwell-Boltzmann distribution. We take

FIG. 1. GW power per unit logarithmic frequency originating
from the solar thermal plasma as a function of the frequency,
ω ¼ 2πf.
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the corresponding temperature and number density distri-
butions from the B16-GS98 solar model [14] and estimate
the electron density assuming full ionization. Elements
heavier than helium are negligible and are excluded from
the analysis.
GWs originate through microscopic and macroscopic

mechanisms, respectively corresponding to particle colli-
sions emitting one graviton, h [15], and GW emission
sourced by hydrodynamic fluctuations. The former corre-
sponds to frequencies much larger than that of collisions in
the solar plasma, so there is sufficient time for them not to
interfere with each other [17]. Below all collision frequen-
cies of the plasma, fluctuations are large compared with the
characteristic microscopic dimensions, allowing a hydro-
dynamical approach to calculate GW emission [18,19].
The estimation of the collision frequencies for each

species, ωðiÞ
c , is therefore of utmost importance for this

Letter. By following the approach detailed next, we obtain
the results presented in Fig. 2. We first calculate the
viscosity cross section, σV . For instance, for eZ,

σðeZÞV ¼
Z

dσ
dΩ

ðeZÞ
sin2θdΩ ≃

2πα2Z2

E2
i

LCoulomb; ð1Þ

and we proceed similarly for ee. The collision frequencies
are then estimated from the corresponding scattering rate

as ωðeÞ
c ¼ neσ

ðeeÞ
V vþP

Z nZσ
ðeZÞ
V v.

To define LCoulomb, we note the following. Screening
gives rise, in the nonrelativistic limit, to an effective
Yukawa potential with a range given by the Debye-
Hückel screening scale, κ¼½4παðneþ

P
ZZnZÞ=T�1=2 [9];

see Fig. 2. For instance, for eZ collisions,

VCoulomb ¼ −Zα=r → −Zαe−κr=r. For nonrelativistic col-
lisions, the scattering rate associated with these potentials
may be nonperturbative. Nevertheless, in the Sun the
scattering largely occurs either in the Born regime, where
perturbation theory is applicable, or in the semiclassical
regime, where classical physics can be employed. In these
cases, the viscosity cross section is given by the last equality
in Eq. (1), where the Coulomb logarithm, LCoulomb, equals
log 2pi=κ and logEi=ðZ2ακÞ in the Born and semiclassical
approximations, respectively [20,21]. Throughout, pi (pf)
denotes the initial (final) momentum of the colliding
particles in the center-of-mass frame, and Ei is their total
kinetic energy.
We note that the collision frequencies should be regarded

as transition scales, particularly because Eq. (1) is valid
only up to logarithmic accuracy [22], and different pre-
scriptions exist for the velocity averaging [20]. Here we
follow [17] and take v as equal to its thermal average. For
further details, see the Supplemental Material [13].
GWs from hydrodynamical fluctuations—We closely

follow Ref. [18] to calculate this contribution. In essence,
GWs in this limit are sourced by tensor fluctuations of the
energy-momentum tensor, whose Fourier transform is
largely independent of the frequency and wave number.
Being purely hydrodynamical, the tensor fluctuations are
simply proportional to the shear viscosity, η, of the plasma.
Plugging them into Einstein’s equations, one obtains

dP
dω

����
hydrodynamics

¼ 16Gω2

π

Z
Sun

d3r ηT: ð2Þ

While this emission has not been previously investigated
for the Sun or stellar plasmas, it is known that it contributes
to the GWemission from the early Universe plasma, that is,
to the cosmic gravitational microwave background
(CGMB) [18,23,24]. The only conceptual difference here
is that viscosity must be computed differently because the
solar plasma is nonrelativistic.
Owing to the significant mass ratio between protons and

electrons, the primary source of shear viscosity may be
attributed to momentum transfer involving protons. For this
we note that proton-proton collisions in the Sun are
semiclassical. Moreover, the proton component of the solar
plasma is not strongly correlated, meaning that the average
Coulomb potential energy is much smaller than the thermal
energy (which follows from αn1=3p =T ∼ 0.03–0.07 ≪ 1).
This justifies employing the numerical fits to the state-of-
the-art simulations reported by Ref. [25]—more precisely,
its Eq. (31)—for the calculation of the viscosity. In practice,
this is merely a slight modification of the Landau-Spitzer

theory, which predicts η ∼mpvp=σ
ðppÞ
V [22]. Let us remark

that Eq. (2) loses its validity at very low frequencies—
where large-scale solar phenomena must contribute to the

GW signal [26]—or when ω≳ ωðpÞ
c as sound waves

FIG. 2. Screening scale (dotted line), temperature (solid line),
plasma frequency (dashed line), and collision frequencies (dot-
dashed lines) as a function of distance from the center for the
adopted solar model [14]. See the text for details.
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associated with the hydrodynamical fluctuations are
damped by viscosity [28].
The solar GW power spectrum from hydrodynamic

fluctuations is given by the dash-dotted line in Fig. 1,
where we conservatively put a cutoff for frequencies above

0.05ωðpÞ
c jcenter in light of damping.

GWs from particle collisions—This contribution to the
solar GW spectrum is obtained by thermally averaging
individual graviton emission rates,

dP
dω

����
collisions

¼
Z
Sun

d3r
X
i

ω

�
dΓðiÞðrÞ
dωdV

�
: ð3Þ

Here i runs over the processes detailed below, whose rates,
to leading order in the screening scale, are summarized in
Table 1 of the Supplemental Material [13]. These rates
are calculated in the traceless-transverse gauge [29] by
squaring the relevant amplitudes using CalcHEP [31] and
FeynRules [32] and taking the nonrelativistic limit for
electrons and nucleons (see also [33–35]). We assume
spherical symmetry for the integration in the Sun.
Bremsstrahlung (eZ → eZh and ee → eeh)—We

account for plasma effects following the bremsstrahlung
treatment of Ref. [10]. This entails modifying the propa-
gator of the photon exchanged by the charged particles with
an effective mass equal to κ, as suggested by the afore-
mentioned Yukawa potential. In addition to corrections
of order κ2=p2

i , this introduces an infrared cutoff. This is
essential because, in the absence of screening, the rates
exhibit a logarithmic divergence for soft gravitons. A more
rigorous formulation can be achieved using thermal field
theory, wherein the inclusion of hard thermal loop self-
energies in the propagators naturally regulates such diver-
gences across a broad frequency range, as has been done for
axions; see [36]. In this formalism, the screening scale
squared κ2 appears as a photon self-energy in the static limit
(ω → 0) [37,38].
Notably, our explicit computations reveal that the

bremsstrahlung rates depend on a common regulating
logarithm, which for soft gravitons approaches the one
entering the viscosity cross section of Eq. (1). This is not a
coincidence: soft theorems [8] arising from basic principles

of quantum field theory dictate that ωdΓðeZÞ=dωdVjsoft ¼
ð32G=5πÞE2

i sin
2θnenZσ

ðeZÞ
V v for ω ≪ Ei ∼ T, and there is

a similar expression for ee with a factor 1=2 [39]. Applying
this to the center of the Sun is how Weinberg [8,17]
originally found a flat power spectrum, dP=dω, with only a
minor logarithmic dependence. Interestingly, despite its
quantum-mechanical origin, this formula coincides
[17,41,42] with the classical emission rate of GWs asso-
ciated with the quadrupole of the eZ=ee hyperbolic orbit
for sufficiently soft radiation [43]. Beyond the soft limit,
our rate and the classical rate [46] differ, with the latter
overestimating the spectrum because collisions in the

Sun’s interior are outside the classical regime [41]; see
the Supplemental Material [13].
Weinberg’s calculation motivated studies of brems-

strahlung beyond the soft limit (see also [20,47,48]).
References [49,50] reported rates associated with eZ
(but not ee) using methods similar to ours but assuming
an infinitely heavy nucleon and no screening. Likewise,
bremsstrahlung rates neglecting screening were calculated
while assuming that the emission comes from one electron
moving in the Coulomb potential of a nucleon [51,52] or
another electron [41]. Our results agree with these studies
in the appropriate limit [53].
It is worth mentioning that Ref. [41] calculated ee

bremsstrahlung rates in the nonrelativistic limit through
the following clever insight: photon bremsstrahlung from
ee results from their quadrupole, as their dipole vanishes
by their indistinguishability, which allows the ee electro-
magnetic emission to be adapted to gravitational radiation,
with the adjustment being a mere global factor. Our rates,
obtained through a different approach, support this
conclusion.
Finally, let us remark that our procedure relies on the

validity of the Born approximation, which for ee and eZ
holds throughout the Sun, except in the outermost regions,
approximately the last 15% of the solar radius. Since
bremsstrahlung is dominated by processes at the center,
neglecting nonperturbative corrections to the graviton emis-
sion is justified. The solar GW power spectrum from
bremsstrahlung is given by the solid line in Fig. 1, where

we put a cutoff for frequencies below ωðeÞ
c jcenter. We remark

that for this we use the full rates reported in the Supplemental
Material [13], where further details are provided.
Photoproduction (γZ=e → Z=eh)—This is analogous to

the Primakoff and Compton production of axions. Our
results with κ ¼ ωpl ¼ 0 coincide with the differential rates
for graviton emission reported in Ref. [11]. Nevertheless,
from this it is impossible to make sense of the integrated
rate, as it diverges due to the collinear divergence appearing
at θ ¼ 0. To tackle this problem, we again employ insights
from axion physics [10]. Concretely, we note that charged
particles in the solar plasma mutually interact through their
Coulomb fields, leading to a pair correlation function
[10,54,55]. This gives rise to an effective form factor,
FðθÞ, that depends on the screening scale κ and regularizes
the total rate.
If one neglects such correlations and instead considers

photons scattering off individual screened charges, one
finds a rate with jFðθÞj → jFðθÞj2 [56]. In practice, this
corresponds to modifying the photon propagator with an
effective mass, a picture which is appropriate if the
scattering process is so slow that the charged particles
can move around and rearrange themselves [38]. This issue
has been revisited recently for the Primakoff process
of axions, which accounts for the velocity in the form
factor [57]. From this study the difference between the two
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approaches is expected to be negligible. See the
Supplemental Material [13] for a detailed discussion.
Note also that the dispersion relation of the initial-state

photon is influenced by the surrounding plasma, which
imparts an effective mass to transverse photons equal to the
plasma frequency, ωpl ¼ ð4πneα=meÞ1=2; temperature-
dependent corrections are negligible, as the plasma is
nonrelativistic and nondegenerate. Moreover, since the
solar temperature is much greater than ωpl (see Fig. 2),
the kinetic energies of all particles are well above the plasma
frequency, and the GW spectrum remains largely insensitive
to the photon’s effective mass, a fact we have verified
explicitly. The main consequence is the phase-space factor
pi=ω, that provides a lower cutoff to the photoproduction
contribution at each point of the Sun. We note that this is
completely analogous to the Primakoff effect for axions,
which we discuss in the Supplemental Material [13] for
completeness. It is noteworthy that Ref. [12] calculated
photoproduction rates using semiclassical methods and
including the effect of the plasma frequency but did not
account for screening, which is the dominant effect.
The resulting solar GW power spectrum from photo-

production is given by the dashed line in Fig. 1.
Transition regime and other processes—As it shifts from

macroscopic to microscopic fluctuations, dP=dω transi-

tions from ∝ ω2 to ∝ ω0 within the range ωðpÞ
c ≲ ω≲ ωðeÞ

c .
As in the case of the CGMB, a thorough examination of
this regime necessitates a hydrodynamical simulation.
Nevertheless, we postulate a double-broken power law,
ω2=ðω2 þ ω2

0Þ. The Landau-Spitzer viscosity for protons

give ω0 ≈ ðωðpÞ
c ωðeÞ

c Þ1=2 ∝ 1=η. Notably, the interpolating
law with the predicted scale ω0 ∝ 1=η is also found in
analytical studies of the energy-momentum tensor for
relativistic plasmas in the so-called shear channel [18].
It is also worth mentioning that power shifts from dP=dω ∝
η ∼ 1=σV to soft bremsstrahlung, where dP=dω ∝ σV .
Interestingly, the same behavior is found for the CGMB
because σV ∼ α2=T2.
Additionally, we find that bremsstrahlung—also known

as free-free emission—largely dominates over free-bound
transitions—recombination of unbound charged particles
into atomic states and a graviton—and bound-bound
transitions—graviton emission from atomic transitions.
In contrast, such processes are important for axions [58,59],
giving the axion solar spectrum distinct small peaks
depending on the solar model [57]. While a similar effect
might be expected for GWs due to the analogy with axions,
the quadrupolar nature of graviton emission renders
free-bound and bound-bound contributions negligible, as
detailed in Sec. III of the Supplemental Material [13],
following [60–63]. Hence, the GW spectrum from the Sun
lacks such small peaks.
The same applies to photoproduction from longitudinal

photons at frequencies ωpl, particularly in the presence of

the solar magnetic field [57,64–66]. This follows from the
fact that gravitons couple uniquely to photons and fer-
mions, leading to fixed relative contributions in the solar
GW spectrum. In contrast, axions possess model-depen-
dent couplings to photons and fermions, allowing scenarios
where bremsstrahlung is subdominant compared to such
photoproduction processes. In the light of this, the latter
hardly contribute to the GW spectrum around ωpl ∼
0.3 keV or lower where bremsstrahlung dominates by
more than 5 orders of magnitude.
Discussion and outlook—Our interpolation of the solar

GW power spectrum, including all processes, is presented
in Fig. 1. In terms of power, the relative contribution of
each process is as follows: 25% for photoproduction, 33%
for ee bremsstrahlung, 24% for ep bremsstrahlung, and
17% for eHe bremsstrahlung, with the rest attributed to the
hydrodynamical contribution. While the spectrum over
several decades in frequency was not studied before,
corrections of a few to the above percentages—and
correspondingly to the overall spectrum—are expected,
especially after accounting for degeneracy and effects
beyond the Born approximation, as for solar axions [57].
Axion helioscopes [67] can be used as detectors of

gravitational radiation exploiting the inverse Gertsenshtein
effect [68,69], by which GWs convert to electromagnetic
waves in the presence of an external magnetic field.
Reference [70] presented an exclusion bound from
CAST [71] and sensitivity prospects for IAXO [72] and
then compared them to Weinberg’s prediction of the solar
GW spectrum. In Fig. 3 we present their findings in terms
of the GW strain, hc ≡ 2ðG dP=dωÞ1=2=dSunω1=2, together
with the complete spectrum as derived in Fig. 1. For
comparison, we also display the CGMB, whose overall
normalization depends upon the (unknown) maximum
temperature of the primordial plasma [24]. In addition,
we show the cosmic dark radiation bound, arising from
the fact that GWs contribute to the energy budget of the
Universe in the form of radiation and are thus limited by big
bang nucleosynthesis and cosmic microwave background
observations [7,73]. In addition, we derive prospects for
BabyIAXO following Refs. [24,72]. The main challenge
for GW detection in helioscopes lies in technological
limitations related to magnetic fields and scalability.
The strain sensitivity of a typical helioscope scales as
hc ∝ BLA1=2, where B is its magnetic field, L is its length,
and A is its cross section. IAXO achieves BLA1=2≈90Tm2

[24], yielding hc ∼ 10−29 at 1018 Hz, which is still ∼15
orders above the Sun spectrum; see Fig. 3. If these
challenges are eventually overcome and the spectrum is
measured with sufficient spatial and spectral resolution, this
could provide a valuable window into the inner structure of
the Sun, much like what has been envisioned for axions
(see, e.g., [74]).
For further comparison, we include an estimate of the

stochastic background associated with main-sequence stars
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in the Galaxy. Noting that these stars have masses similar to
the Sun [75], we approximate their GW spectrum using that

of the Sun, leading to hcstars ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR
dV nstarsd2Sun=d

2
q

hcSun.

A similar estimation has been performed in Ref. [76] for
stellar neutrinos. Adapting their results for the 7Be line, we
find hcstars ∼ 10−4hcSun. We note that this figure should be
regarded as an order-of-magnitude estimate. Our calcula-
tion of solar GWs reveals a clear similarity between
gravitons and axions. Expanding on this idea, we could
consider the emission of massive spin-2 particles from the
Sun, which could also constitute the dark matter of the
Universe; see, e.g., [77–79]. Extending the methods dis-
cussed here to such particles, we find that the resulting
spectrum is nearly identical to that of the solar GWs,
differing only by an overall factor associated with the
coupling of spin-2 particles to SM fields. In a separate
publication [80], we will discuss this synergy and present
observational prospects at helioscopes.
Our study represents a step toward establishing a multi-

frequency GW background from SM processes that is
similar to that of neutrinos [81,82]. In fact, our approach
can be extended to other stellar plasmas [83] and to the early
stages of the Universe after nucleosynthesis, where plasmas
are also nonrelativistic. Whether we can aspire to probe such
strain sensitivities in the future remains an open question.
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