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High-frequency gravitational waves (HFGWs) carry a wealth of information on the early Universe with a
tiny comoving horizon and astronomical objects of small scale but with dense energy. We demonstrate that
the nearby planets, such as Earth and Jupiter, can be utilized as a laboratory for detecting the HFGWs.
These GWs are then expected to convert to signal photons in the planetary magnetosphere, across the
frequency band of astronomical observation. As a proof of concept, we present the first limits from the
existing low-Earth-orbit satellite for specific frequency bands and project the sensitivities for the future
more-dedicated detections. The first limits from Juno, the latest mission orbiting Jupiter, are also presented.
Attributed to the long path of effective GW-photon conversion and the wide angular distribution of signal
flux, we find that these limits are highly encouraging, for a broad frequency range including a large portion
unexplored before.
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Introduction.—The successful detection of gravitational
waves (GWs) by the Laser Interferometer Gravitational-
Wave Observatory (LIGO) opens up a window to observe
the Universe otherwise inaccessible [1]. This has motivated
a series of ongoing and to-be-launched projects to detect
the GWs with a frequency ranging from ∼103 Hz to orders
of magnitude below that. Yet, the GWs with a frequency
above that could have also been produced in the early
cosmological events such as preheating and high-
temperature phase transition and the violent astronomical
activities of small-scale objects, e.g., merging of primordial
black holes and intercommutation of cosmic strings. Thus,
detecting high-frequency GWs (HFGWs) is of high scien-
tific value (for a review, see, e.g., [2]).
However, the detection of HFGWs has been significantly

less explored than that of low-frequency GWs [3–5].
Because of the shorter wavelength of HFGWs, this
task is more challenging. One traditional wisdom is to
employ the inverse Gertsenshtein effect [6–11], where the
HFGWs are expected to convert to signal photons in an
astronomical [12–16] or artificial [17–38] magnetic field.
To compensate for the weakness of gravitational coupling,
the magnetic field needs to be either strong or distribute
broadly in space. Nonetheless, the existing proposals
are subject to a variety of weakness, such as relatively

short path for high-efficient conversion [e.g., neutron star
(NS) [11] ], large uncertainty of cosmic magnetic field
strength [15], highly specific detection frequency band (for
a recent effort to address this, see Ref. [38]), and narrow
angular distribution of signal flux (especially for some
laboratory experiments).
Alternatively, in this Letter, we propose to detect the

HFGWs using the nearby planets such as Earth and Jupiter
as a laboratory, where the GW-photon conversion is
expected to occur in their planetary magnetosphere.
Because of its relatively big size, the path for the effective
conversion in such a laboratory is typically long.
Particularly, as to be shown, such an effective conversion
can be achieved across the full electromagnetic (EM)
frequency band of astronomical observation, ranging from
radio waves to PeV photons. Moreover, as the detectors are
positioned in the planetary magnetosphere, the stochastic
signals can be detected in a wide range of directions.
Combining these features creates a new operation space for
detecting the HFGWs (for applying the planets to detect
dark matter, see, e.g., [39–45]).
As a proof of concept, we consider the satellite-based

detectors at low Earth orbit (LEO), with a bird view to the
dark side of Earth. Both diffuse sky background and
sunshine are expected to be occulted by the Earth then.
We will present the first limits for some specific frequency
bands and project the sensitivities for the future more-
dedicated detection. It is important to note that the variety
of detector designs, such as terrestrial versus satellite based,
bird view versus bottom view, etc., can have significant
impacts on the sensitivities. Therefore, this Letter should
be considered as a starting point for more systematic
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exploration of the opportunities presented by such a
laboratory, rather than a full demonstration of the sensi-
tivity potential of this strategy.
GW-photon conversion probability.—With a WKB

approximation, the inverse Gertsenshtein effect is charac-
terized by a mixing matrix [11,46] (see Supplemental
Material Sec. A for details [47])

� Δγ ΔM

ΔM 0

�
: ð1Þ

Here ΔM ¼ 1
2
κBt encodes the GW-photon mixing, with

κ ¼ ð16πGÞ1=2 and Bt being the component of external
magnetic field B transverse to the GW traveling direction.
Δγ ≈ Δvac þ Δpla is the effective photon mass. Δvac ¼
7αω=ð90πÞðBt=BcÞ2 denotes the QED vacuum effect, with
α the fine-structure constant, ω the angular frequency, and
Bc ¼ m2

e=e. Δpla ¼ −m2
pla=ð2ωÞ represents the plasma-

mass contribution with m2
pla ¼ 4παnc=mc, where nc and

mc are the number density and invariant mass of charged
plasma particles. By diagonalizing this mixing matrix, one
can obtain the GW-photon conversion probability in a
homogeneous magnetic field [15,55]

P ¼ sin2ð2ΘÞ sin2
�

L
losc

�
¼ ðΔMLÞ2sinc2

�
L
losc

�
: ð2Þ

Here Θ ¼ 1
2
arcsinðΔMloscÞ and losc ¼ 2=ð4Δ2

M þ Δ2
γÞ1=2

are the GW-photon mixing angle and oscillation length,
respectively. L is the travel distance of GWs in the magnetic
field. For a general path from l0 to l1, the conversion
probability can be evaluated as [11,56]

P ¼
����
Z
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dlΔMðlÞ exp
�
−i

Z
l
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dl0Δγðl0Þ
�����

2

: ð3Þ

To have a taste, we first evaluate P0, the conversion
probability for a radial path from zero altitude to infinity
over the planet equator. We consider the NSs also for
reference. The magnetic fields of both can be modeled as a
magnetic dipole, with the magnetic axis aligned with the
rotation axis. Then they are transverse to the radial path,
with Bt ¼ −B0ðr0=rÞ3. Here r0 is radius and B0 is surface
magnetic field strength. We show P0 as a function of
frequency for the Earth, Jupiter, and two benchmark NSs in
Fig. 1. Because of their difference in plasma density profile
and external magnetic field strength, the curves demon-
strate quite different features.
For the planets, the plasma density is described by a

barometric formula, which yields an exponentially sup-
pressed plasma mass as r increases. If ω is not too small,
we can set Δγ ≈ Δvac and then obtain

P0 ¼
8<
:

1
4
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where ωtra is determined by r0 ≈ loscðr0Þ, corresponding to
the transition point of planet curves in Fig. 1. Consisting
with Fig. 1 which is full-calculation based, P0 is approx-
imately a constant for ω≲ ωtra and drops as ∝ ω−4=5 for
ω≳ ωtra. These relations can be qualitatively explained
with Eq. (2). In the homogeneous magnetic field, an
optimal probability P ≈ Δ2

ML
2 can be achieved for

sincðL=loscÞ → 1 or losc ≳ L, a case dubbed as “coherent
conversion” [58,59], for given L. When losc becomes
smaller than L, P is suppressed by l2osc=L2. Extending this
criterion to the planets, we have coherent conversion near
their surface for L ∼ r0 ≲ loscðr0Þ or ω≲ ωtra, where
P0 ∝ Δ2

Mðr0Þr20 ∝ B2
0r

2
0. P0 for the Jupiter in this region

is then ∼104 times larger than that of the Earth, as its B0 and
r0 are both 10 times larger. For r0 > loscðr0Þ, the coherent
conversion is suppressed near the planet surface. It can
only occur for r� ≈ loscðr�Þ > r0, with a reduced rate
P0 ∼ Δ2

Mðr�Þr2� ∝ B2=5
0 r6=50 ω−4=5. As shown in Fig. 1, the

frequency band for EM astronomical observations falls
entirely into the range of near-surface coherent conversion
for both Earth and Jupiter.
In comparison, due to the large strength of their external

magnetic field, the NSs tend to have a suppressed losc. The
near-surface coherent conversion thus becomes difficult to
achieve. For the two benchmark NSs in Fig. 1, it takes place
between 102–1011 GHz for the NS2, and hardly occurs for
the NS1 [60]. In the high-frequency limit, the vacuum effect
dominates. P0 is given by the 2nd formula in Eq. (4). At the
low-frequency end, the plasma effect becomes dominant,
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FIG. 1. P0 as a function of f ¼ ω=2π. We show ðr0; B0Þ for the
planets and ðr0; B0; 2π=ΩNSÞ for the NSs, where r0, B0, and ΩNS

(spinning velocity) are in unit of km, Gauss, and second−1,
respectively. The green region denotes the EM observation
frequency band in astronomy, ranging from radio waves to
PeV photons.
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yielding a sine-wiggling P0. With the Goldreich-Julian
model for the NS plasma density [61], where jΔplaj ∝ nc ¼
ð2=eÞΩNS · B½1 − ðΩNSr=cÞ2sin2θ�−1 ∝ jBj, jΔplaj decays
more slowly than Δvac does as r increases. The coherent
conversion then takes place at a larger r�, compared to the
high-frequency case, yielding a more suppressed P0 as ω
decreases [62].
Now let us consider a satellite-based detector positioned

at altitudeH and latitude λO0 , and define its instant spherical
coordinate system with ẑ0 pointing to the planet’s center
(see Supplemental Material Sec. A for details [47]). Then
we are able to evaluate PðΩ0Þ of HFGWs traveling to this
detector in all directions, where Ω0 ¼ fθ0;ϕ0g. Figure 2
displays the θ0 dependence of PðΩ0Þ, with P̄ðθ0Þ ¼
ð2πP0Þ−1

R
2π
0 PðΩ0Þdϕ0. While this figure is drawn with

f ¼ 108 GHz, the features that it demonstrates are almost
unchanged for the GW frequency range of interest. Here we
neglect the plasma effect which is expected to be small. We
split the photon incoming directions into planet-cone (PC)
fθ0 < θc ¼ arcsin½r0=ðr0 þHÞ�g and outer-space (OS)
(θ0 > θc) regions, based on whether the line of sight
intersects with planet surface. For all sets of ðH=r0; λO0 Þ,
P̄ðθ0Þ peaks sharply at the PC edge and drops quickly away
from it. For λO0 ¼ π=2, it drops all the way to zero at θ0 ¼ 0,
as Bt vanishes in this direction for a detector right above the
planet poles. As H=r0 increases, with a cost of smaller PC,
P̄ðθ0Þ tends to have a bigger value inside the PC due to a
longer GW-photon conversion path.
Sensitivity analysis.—The stochastic GWs are typically

isotropic and stationary [63]. For a detector in the planetary
magnetosphere, we have the GW-converted photon flux
(see, e.g., [64])

Φγ ¼
Z
ΔΩ

dΩ0
Z

dω
1

ω

d
dω

dρGW
dΩ

PðΩ0Þ; ð5Þ

where ΔΩ denotes the detector field of view (FOV),
d2ρGW=dΩd lnω ¼ ω2h2c=ð4πκ2Þ [63] and hc is the GW
characteristic strain. Note, the angular distribution of
GW-converted photons is determined by PðΩ0Þ and only
those falling into the detector FOV can contribute to Φγ .
The signal and background counts for a narrow frequency
band Δω, a short observation time Δt and an effective
detector area A are then given by

s ≈ΦγAΔt ≈
h2c
4πκ2

hPidetAΔtΔωΔΩ;
b ≈ΦbAΔt ≈ ϕbAΔtΔωΔΩ: ð6Þ

Here hPidet ¼
R
ΔΩ PðΩ0ÞdΩ0=ΔΩ, essentially determined

by the detector position and pointing direction fθ0det;ϕ0
detg,

denotes the average GW-photon conversion probability
over its FOV. If the detector points to the planet center
(θ0det ¼ 0), hPidet is ∝

R
ΔΩ P̄ðθ0Þ sin θ0dθ0=RΔΩ sin θ0dθ0 and

increases with ΔΩ inside the PC. The 95% upper limit on
hc can be derived from s=

ffiffiffi
b

p
≈ 1.64 in the large-back-

ground limit:

hc;95% ≈ 4.5κ

�
ϕb

AΔtΔωΔΩ

�
1=4

�
1

hPidet

�
1=2

ð7Þ

In this Letter, we mainly consider the LEO satellite
which has a bird view to the dark side of Earth. With the
detector FOV restricted to inside the PC, the dominant
backgrounds vary from atmospheric thermal emissions in
the infrared (IR) band [65] to cosmic photon albedo (see,
e.g., [66]) throughout the optical—γ-ray region. We sim-
plify the analysis by assuming a uniform background flux
ϕb. We will briefly discuss the Jupiter case also. Given the
strong angular dependence of PðΩ0Þ (see Fig. 2), an
efficient detection requires proper design for satellite orbit
and full optimization of detector performance. Below let us
consider some specific examples.
We first consider the detection of HFGWs in the Earth’s

magnetosphere. Take the Suzaku mission [67] as an
example. The Suzaku has a low inclination orbit (see
Table I). It revolves at low latitude and has a performance
relatively insensitive to season alternation. Equation (7)
thus applies approximately for the entire observation
period Tdark. Also, as the Suzaku FOV is small, hPidet
does not vary much for θ0det ≪ θc. For θ0det ¼ 0 we have
hPidet ≈ 5 × 10−35. As for the background flux in the
dark side, it has been measured by the Suzaku to be ϕb ≈
6.3 × 10−8 cm−2 s−1 keV−1 arcmin−2 for ω ∼ 0.5–10 keV
[67]. For one-year operation, we have

hc;95% ∼ 2 × 10−25: ð8Þ

This limit can be scaled to other missions with similar
properties, following Eq. (7).
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FIG. 2. P̄ðθ0Þ as a function of θ0 for a satellite-based detector,
with f ¼ 108 GHz. The color and line style denote the normal-
ized altitude H=r0 and the latitudes λO0 respectively for the
satellite. The vertical lines denote θc for the PC with different
H=r0 values.
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Notably, the satellite at a high inclination orbit has quite
different properties. It scans over the high latitude region
also, where the conversion probability varies more inside
the PC and becomes bigger for a region extending from the
PC edge to its inside, compared to the low-latitude case (see
Fig. 2). The sensitivity thus could be optimized by taking a
detector with either a large FOV covering the whole PC or a
small FOV but pointing to the region near the PC edge.
Moreover, the observation of such a satellite in the dark
side of Earth is sensitive to the season alternation. So we
need to generalize Eq. (7) by binning the detector FOVand
observation time in this case. The limit shall be obtained
from the combined statistics (see Supplemental Material
Sec. B for details [47]).
Next, we consider the HFGWs conversion in the Jovian

magnetosphere. Take Juno, the latest mission orbiting the
giant, as an example. The Juno is settled at a highly
elliptical polar orbit with a Perijove ∼ 5000 km [80] and a
high inclination angle (∼90°). For each orbit, the Juno
spends a few hours around the Perijove in observing the
Jupiter’s cloud. So Δt is ∼105 s for the ∼35 rounds of its
prime mission. As a conservative estimate, we consider
the Juno observation of aurora emissions by the Jovian
Infrared Auroral Mapper (JIRAM) [81] and UV emissions
by the ultraviolet spectrograph (UVS) [82], which set,
respectively, ϕb ∼ 4.2 × 104 cm−2 s−1 eV−1 arcmin−2 for
ω ∼ 0.35 eV [83] and ∼34 cm−2 s−1 eV−1 arcmin−2 for ω ∼
8 eV [84]. We take θ0det ∼ 0.8θc for hPidet and assume
hPidet to vary little with time. Then, with ΔΩ ∼ 10−3 sr and
3 × 10−4 sr, A ∼ 2 and 6 cm2, and Δω ∼ 1.4 × 1013 and
0.9 × 1015 Hz, we have

hc;95% ∼ 4 × 10−22 and 2 × 10−23; ð9Þ

for the JIRAM and the UVS, respectively.
As a reference, let us consider the conversion of HFGWs

in the NS magnetosphere. The NSs are remote. So we have
hPidet ∼ P0 and ΔΩ ∼ πr20=d

2, where d is their distance to

the Earth. Take the Magnificent Seven (M7) x-ray dim
isolated NSs as an example, which have d ∼Oð100Þ pc
and B0∼1013G, and hence P0 ∼ 10−18 and ΔΩ ∼ 10−30 sr.
The PN and MOS of the XMM-Newton telescope have
measured the flux of, e.g., J0420 (d ≈ 345 pc), to be ϕb ∼
1017–1019 cm−2 s−1 keV−1 arcmin−2 for ω ∼ 0.5–1 keV,
where A ∼ 1500 cm2 and Δt ∼ 105 s. Such an intensity
consists well with the background model of thermal surface
emissions [85]. By applying Eq. (7), we find

hc;95% ∼Oð1Þ × 10−20: ð10Þ

Because of the extreme smallness of ΔΩ, this limit is about
5 orders of magnitude worse than that in Eq. (8). This
highlights in part the merit of nearby planets in performing
the task of detecting HFGWs.
It is also informative to compare these limits with the

ones recast from the existing laboratory experiments for
axion detection [24]. In these experiments, the magnetic
field is typically confined inside a long straight pipe, with
a small cross-sectional area. The GW-photon conversion
is suppressed outside the small opening angle of the long
pipe. The signal flux in Eq. (5) is thus strongly limited by
the detector geometry (see Supplemental Material Sec. C
for details [47]). Taking the CERN Axion Solar Telescope
(CAST) experiment [86] as an example, we have the
recast limit

hc;95% ∼ 8 × 10−26: ð11Þ

Projected sensitivities.—To demonstrate the potential of
detecting stochastic HFGWs with the LEO satellites, we
define two benchmark scenarios, dubbed “conservative”
and “optimistic,” in Table I. The choice of orbit in these two
scenarios echoes the discussions above on its impacts
on the detection efficiency. Figure 3 shows the projected
95% CL limits on the characteristic strain of HFGWs for a

TABLE I. Benchmark scenarios for sensitivity study. For the conservative case, we take the Suzaku-like low
inclination orbit [68] with one year operation. The detector FOV and effective area are assumed to be the same as
those of the existing missions including Nimbus [69] (IR), Hubble [70,71] (ultraviolet (UV)-Optical), Voyager [72]
(extreme UV (EUV)), Suzaku [67] (X-ray) and Fermi-LAT [73] (γ-ray). For the optimistic case, we take the Safir-2-
like high inclination orbit [74] with ten year observation. A FOV covering the whole PC is considered. The effective
area is set in a way such that the corresponding etendue for the IR, UV-optical, EUV and X-ray bands [75] is
consistent with that of future missions [76–79].

Satellite orbit Detector properties

H (km) θinc Tdark (s) IR UV-Optical EUV X-ray γ-ray

Conservative 600 31.4° 107 ΔΩ (sr) 1.6 × 10−2 10−6 10−5 3 × 10−5 2.4
A (cm2) 0.1225 4.5 × 104 1 250 8000

Optimistic 800 98° 108 ΔΩ (sr) 3.4 3.4 3.4 3.4 3.4
A (cm2) 0.1 102 102 102 104
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wide range of frequencies, including a large portion unex-
plored before.
In the γ-ray band, the limits are strengthened with a rate

faster than ∼f−1=2, due to the reduction of albedo back-
grounds [93]. For the x-ray region, the background flux is
taken from the Suzaku measurement. Its conservative limits
thus represent the first limits from this mission. For the UV-
optical band, we consider the cosmic background [87,88]
with a frequency-dependent reflectance of atmosphere
[89,90]. The limits get nearly 1 order of magnitude stronger
at the right edge of the UV-optical band, due to the ozone
absorption of cosmic photons. Such a trend extends to the
EUV band, where photodissociation and photoionization
become important [100] and a reflectance of ∼10−3 [92] is
thus approximately taken for cosmic photons. As for the IR

band, the backgrounds are modeled with a blackbody
spectrum at 294 K [65]. These thermal radiations peak at
f∼1013 Hz, and are quickly suppressed for f > 1014 Hz.
We also present the limits from the observations of Jupiter
and NSs in some specific frequency bands. For the
optimistic estimate of Jupiter limits, we take ΔΩ ¼ 4 sr,
A ¼ 100 cm2, and Δt ¼ 107 s. Notably, the energy density
contribution of GWs with such a large stochastic magnitude
at these frequencies is too significant, compared to the BBN
constraints and the cosmic critical value today.Nevertheless,
the presented limits lay a foundation for further searching for
astrophysical signals of, e.g., PBH mergers and advancing
detector technologies capable of detecting the signals from
the early Universe.
Summary and outlook.—In this Letter, we have proposed

to detect the stochastic HFGWs in the planetary magneto-
sphere. Because of the relatively long path for effective
GW-photon conversion, the wide angular distribution of
signal flux and a full coverage of the EM observation
frequency band in astronomy, this strategy creates a new
operation space. With the proof of concept presented, we
can immediately see several important directions for next-
step explorations.
First, extend the detection of HFGWs from the PC to the

OS. As indicated by Fig. 2, the GW-photon conversion
probability right outside the PC can bemuch higher than that
inside. Moreover, a detector oriented toward the OS may
receive considerably less atmospheric thermal radiation.
Second, extend the satellite-based detection to terrestrial
observations, which may allow the sensitivities to cover the
radio bands. Third, extend the dedicated study to Jupiter and
even the Sun, given their stronger magnetic field, larger
space for an effective GW-photon conversion, and the active
and upcoming missions. We leave these explorations with
refined analysis to a paper in preparation [62].
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