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• The conversion of gravitational waves into electromagnetic waves 
is a classical process. Its rate does not involve  

• Cosmological conversion 

• The process is strictly analogous to axion conversion.

ℏ

Raffelt, Stodolski’89
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P ∼ GB2L2

The (inverse) Gertsenhstein Effect 
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⟨Bi(x)Bj(x′￼)⟩ =
1

(2π)3a(t)4 ∫ d3keik⋅(x′￼−x) ((δij − ̂ki
̂kj) PB(k) − iϵijk

̂kkPaB(k)) ,

Durrer, Neronov, 2013
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( □ + ω2
pl) Aλ = − B∂ℓhλ

□ hλ = 16πGB ∂ℓAλ

ωpl = e2ne /me

ℓosc ≃ 4ω/ω2
pl

EFFECT AFTER RECOMBINATION

The plasma frequency acts as an 
effective mass term
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( □ + ω2
pl) Aλ = − B∂ℓhλ

□ hλ = 16πGB ∂ℓAλ

The plasma frequency acts as an 
effective mass term

ωpl = e2ne /me

Although cosmic magnetic fields are not 
expected to be perfectly homogeneous, 
coherent oscillations take place in 
highly homogeneous patches.

ℓosc = 4ω/(1 + z)2Xe(z)ω2
pl,0 ≪ 1 pc

⟨Γg↔γ⟩ =
2πGB2ℓ2

osc
Δℓ

ℓosc ≃ 4ω/ω2
pl
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Potential of Radio Telescopes as High-Frequency Gravitational Wave Detectors
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(Received 11 June 2020; revised 6 August 2020; accepted 7 December 2020; published 14 January 2021)

In the presence of magnetic fields, gravitational waves are converted into photons and vice versa. We
demonstrate that this conversion leads to a distortion of the cosmic microwave background (CMB), which
can serve as a detector for MHz to GHz gravitational wave sources active before reionization. The
measurements of the radio telescope EDGES can be cast as a bound on the gravitational wave amplitude,
hc < 10−21ð10−12Þ at 78 MHz, for the strongest (weakest) cosmic magnetic fields allowed by current
astrophysical and cosmological constraints. Similarly, the results of ARCADE 2 imply hc < 10−24ð10−14Þ
at 3–30 GHz. For the strongest magnetic fields, these constraints exceed current laboratory constraints by
about 7 orders of magnitude. Future advances in 21 cm astronomy may conceivably push these bounds
below the sensitivity of cosmological constraints on the total energy density of gravitational waves.

DOI: 10.1103/PhysRevLett.126.021104

Gravitational waves (GWs) produced in the early
Universe [1,2] can traverse cosmic distances without experi-
encing any interactions, making them a unique probe of very
high energy physics. Since the comoving Hubble horizon
grows with time, GWs produced at energies around the scale
of grand unification have frequencies in the MHz and GHz
regime today, far beyond the reach of the laser interfero-
meters LIGO, VIRGO, or KAGRA. See Refs. [3–8] for
some existing laboratory bounds at these frequencies.
Here we focus on searching for high-frequency GWs

exploiting the (inverse) Gertsenshtein effect [9,10], which
describes the conversion of GWs into photons in the
presence of a magnetic field (see, e.g., Refs. [7,8,11–16]).
As an immediate consequence of general relativity and
classical electromagnetism, this is a purely SM process.
Involving gravity, the conversion probability is extremely
small which may, however, be compensated by considering a
“detector” of cosmological size. In fact, magnetic fields with
cosmological correlation lengths might well permeate our
Universe with certain astrophysical observations strongly
suggesting a lower limit of order 10−16 G [17–19], and the
CMB setting an upper bound in the pG-nG range [20–22].
See Ref. [23] for a comprehensive review.
The pioneering study [24] proposed the inverse

Gertsenshtein effect in cosmic magnetic fields to search

for GWs but neglected the plasma mass of photons, as
pointed out in Ref. [25]. The idea was revisited in Ref. [26]
suggesting an observable effect, however as noted in
Ref. [15] decoherence effects were not correctly accounted
for. More recently, Ref. [27] studied the production of GWs
from CMB photons. In this Letter, we focus on CMB
distortions arising from the Gertsenshtein effect during the
dark ages, i.e., the period between recombination and
reionization. Because of the small fraction of free electrons
in this period, the effective plasma mass of the photons is
suppressed, increasing the conversion probability between
GWs and photons. Taking into account inhomogeneities in
the thermal plasma and in the cosmic magnetic fields, we
demonstrate that existing measurements of the Rayleigh-
Jeans tail of the CMB spectrum, performed, e.g., by
ARCADE 2 [28] and by EDGES [29], can be translated
into constraints on GWs in the MHz-GHz regime. These
are competitive with, or even exceed, current laboratory
constraints, depending on the assumptions on the cosmic
magnetic fields.
The Gertsenshtein effect.—Calculating the conversion

rate for this oscillation process requires solving Maxwell’s
equations for the vector potential Aμ, describing the
electromagnetic radiation, together with the linearized
Einstein’s equations for the metric gμν ¼ ημν þ hμν, in
which hμν describes the GWs. In this work we will adopt
ημν ¼ diagðþ − −−Þ and work with natural Heaviside-
Lorentz units (ℏ ¼ c ¼ 1), except in this section, where
we keep fundamental constants explicitly to emphasize that
the Gertsenshtein effect is a classical phenomenon.
Let us ignore the Universe expansion first and consider a

GW propagating in the ê3 direction inside a fixed box of

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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An absorption profile centred at 78 megahertz in the 
sky-averaged spectrum
Judd D. Bowman1, Alan E. E. Rogers2, Raul A. Monsalve1,3,4, Thomas J. Mozdzen1 & Nivedita Mahesh1

After stars formed in the early Universe, their ultraviolet light is 
expected, eventually, to have penetrated the primordial hydrogen 
gas and altered the excitation state of its 21-centimetre hyperfine 
line. This alteration would cause the gas to absorb photons from 
the cosmic microwave background, producing a spectral distortion 
that should be observable today at radio frequencies of less than  
200 megahertz1. Here we report the detection of a flattened 
absorption profile in the sky-averaged radio spectrum, which is 
centred at a frequency of 78 megahertz and has a best-fitting full-
width at half-maximum of 19 megahertz and an amplitude of 0.5 
kelvin. The profile is largely consistent with expectations for the 
21-centimetre signal induced by early stars; however, the best-fitting 
amplitude of the profile is more than a factor of two greater than 
the largest predictions2. This discrepancy suggests that either the 
primordial gas was much colder than expected or the background 
radiation temperature was hotter than expected. Astrophysical 
phenomena (such as radiation from stars and stellar remnants) are 
unlikely to account for this discrepancy; of the proposed extensions 
to the standard model of cosmology and particle physics, only 
cooling of the gas as a result of interactions between dark matter 
and baryons seems to explain the observed amplitude3. The low-
frequency edge of the observed profile indicates that stars existed 
and had produced a background of Lyman-α photons by 180 million 
years after the Big Bang. The high-frequency edge indicates that 
the gas was heated to above the radiation temperature less than 
100 million years later.

Observations with the Experiment to Detect the Global Epoch of 
Reionization Signature (EDGES) low-band instruments, which began 
in August 2015, were used to detect the absorption profile. Each of the 
two low-band instruments consists of a radio receiver and a zenith- 
pointing, single-polarization dipole antenna. Spectra of the brightness 
temperature of the radio-frequency sky noise, spatially averaged over 
the large beams of the instruments, were recorded between 50 MHz 
and 100 MHz. Raw spectra were calibrated, filtered and integrated over 
 hundreds of hours. Automated measurements of the reflection coeffi-
cients of the antennas were performed in the field. Other measurements  
were performed in the laboratory, including of the noise waves and 
reflection coefficients of the low-noise amplifiers and additional  
calibration constants. Details of the instruments, calibration, verifica-
tion and model fitting are described in Methods.

In Fig. 1 we summarize the detection. It shows the spectrum 
observed by one of the instruments and the results of model fits. 
Galactic synchrotron emission dominates the observed sky noise, 
 yielding a power-law spectral profile that decreases from about 
5,000 K at 50 MHz to about 1,000 K at 100 MHz for the high Galactic 
latitudes shown. Fitting and removing the Galactic emission and  
ionospheric contributions from the spectrum using a five-term,  
physically motivated foreground model (equation (1) in Methods) 
results in a residual with a root-mean-square (r.m.s.) of 0.087 K.  

The absorption profile is found by fitting the integrated spectrum 
with the foreground model and a model for the 21-cm signal  
simultaneously. The best-fitting 21-cm model yields a symmetric 
U-shaped absorption profile that is centred at a frequency of 
78 ±  1 MHz and has a full-width at half- maximum of −

+19 MHz2
4 , an 

amplitude of . − .
+ .0 5 K0 2

0 5  and a flattening factor of τ= −
+7 3

5 (where the 
bounds provide 99% confidence intervals including estimates of  
systematic uncertainties; see Methods for model definition). 
Uncertainties in the parameters of the fitted profile are estimated 
from statistical uncertainty in the model fits and from  systematic 
differences between the various validation trials that were performed 
using observations from both instruments and several  different data 
cuts. The 99% confidence intervals that we report are calculated as 
the outer bounds of (1) the marginalized statistical 99% confidence 
intervals from fits to the primary dataset and (2) the range of best- 
fitting values for each parameter across the validation trials. Fitting 
with both the foreground and 21-cm models lowers the residuals to 
an r.m.s. of 0.025 K. The fit shown in Fig. 1 has a signal-to-noise ratio 
of 37, calculated as the best-fitting amplitude of the profile divided 
by the statistical uncertainty of the amplitude fit, including the cova-
riance between model parameters. Additional analyses of the 

1School of Earth and Space Exploration, Arizona State University, Tempe, Arizona 85287, USA. 2Haystack Observatory, Massachusetts Institute of Technology, Westford, Massachusetts 01886, USA. 
3Center for Astrophysics and Space Astronomy, University of Colorado, Boulder, Colorado 80309, USA. 4Facultad de Ingeniería, Universidad Católica de la Santísima Concepción, Alonso de Ribera 
2850, Concepción, Chile.
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Figure 1 | Summary of detection. a, Measured spectrum for the reference 
dataset after filtering for data quality and radio-frequency interference. 
The spectrum is dominated by Galactic synchrotron emission.  
b, c, Residuals after fitting and removing only the foreground  
model (b) or the foreground and 21-cm models (c). d, Recovered  
model profile of the 21-cm absorption, with a signal-to-noise  
ratio of 37, amplitude of 0.53 K, centre frequency of 78.1 MHz and  
width of 18.7 MHz. e, Sum of the 21-cm model (d) and its residuals (c).

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Gravitational waves (GWs) produced in the early
Universe [1,2] can traverse cosmic distances without experi-
encing any interactions, making them a unique probe of very
high energy physics. Since the comoving Hubble horizon
grows with time, GWs produced at energies around the scale
of grand unification have frequencies in the MHz and GHz
regime today, far beyond the reach of the laser interfero-
meters LIGO, VIRGO, or KAGRA. See Refs. [3–8] for
some existing laboratory bounds at these frequencies.
Here we focus on searching for high-frequency GWs

exploiting the (inverse) Gertsenshtein effect [9,10], which
describes the conversion of GWs into photons in the
presence of a magnetic field (see, e.g., Refs. [7,8,11–16]).
As an immediate consequence of general relativity and
classical electromagnetism, this is a purely SM process.
Involving gravity, the conversion probability is extremely
small which may, however, be compensated by considering a
“detector” of cosmological size. In fact, magnetic fields with
cosmological correlation lengths might well permeate our
Universe with certain astrophysical observations strongly
suggesting a lower limit of order 10−16 G [17–19], and the
CMB setting an upper bound in the pG-nG range [20–22].
See Ref. [23] for a comprehensive review.
The pioneering study [24] proposed the inverse

Gertsenshtein effect in cosmic magnetic fields to search

for GWs but neglected the plasma mass of photons, as
pointed out in Ref. [25]. The idea was revisited in Ref. [26]
suggesting an observable effect, however as noted in
Ref. [15] decoherence effects were not correctly accounted
for. More recently, Ref. [27] studied the production of GWs
from CMB photons. In this Letter, we focus on CMB
distortions arising from the Gertsenshtein effect during the
dark ages, i.e., the period between recombination and
reionization. Because of the small fraction of free electrons
in this period, the effective plasma mass of the photons is
suppressed, increasing the conversion probability between
GWs and photons. Taking into account inhomogeneities in
the thermal plasma and in the cosmic magnetic fields, we
demonstrate that existing measurements of the Rayleigh-
Jeans tail of the CMB spectrum, performed, e.g., by
ARCADE 2 [28] and by EDGES [29], can be translated
into constraints on GWs in the MHz-GHz regime. These
are competitive with, or even exceed, current laboratory
constraints, depending on the assumptions on the cosmic
magnetic fields.
The Gertsenshtein effect.—Calculating the conversion

rate for this oscillation process requires solving Maxwell’s
equations for the vector potential Aμ, describing the
electromagnetic radiation, together with the linearized
Einstein’s equations for the metric gμν ¼ ημν þ hμν, in
which hμν describes the GWs. In this work we will adopt
ημν ¼ diagðþ − −−Þ and work with natural Heaviside-
Lorentz units (ℏ ¼ c ¼ 1), except in this section, where
we keep fundamental constants explicitly to emphasize that
the Gertsenshtein effect is a classical phenomenon.
Let us ignore the Universe expansion first and consider a

GW propagating in the ê3 direction inside a fixed box of
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“detector” of cosmological size. In fact, magnetic fields with
cosmological correlation lengths might well permeate our
Universe with certain astrophysical observations strongly
suggesting a lower limit of order 10−16 G [17–19], and the
CMB setting an upper bound in the pG-nG range [20–22].
See Ref. [23] for a comprehensive review.
The pioneering study [24] proposed the inverse

Gertsenshtein effect in cosmic magnetic fields to search

for GWs but neglected the plasma mass of photons, as
pointed out in Ref. [25]. The idea was revisited in Ref. [26]
suggesting an observable effect, however as noted in
Ref. [15] decoherence effects were not correctly accounted
for. More recently, Ref. [27] studied the production of GWs
from CMB photons. In this Letter, we focus on CMB
distortions arising from the Gertsenshtein effect during the
dark ages, i.e., the period between recombination and
reionization. Because of the small fraction of free electrons
in this period, the effective plasma mass of the photons is
suppressed, increasing the conversion probability between
GWs and photons. Taking into account inhomogeneities in
the thermal plasma and in the cosmic magnetic fields, we
demonstrate that existing measurements of the Rayleigh-
Jeans tail of the CMB spectrum, performed, e.g., by
ARCADE 2 [28] and by EDGES [29], can be translated
into constraints on GWs in the MHz-GHz regime. These
are competitive with, or even exceed, current laboratory
constraints, depending on the assumptions on the cosmic
magnetic fields.
The Gertsenshtein effect.—Calculating the conversion

rate for this oscillation process requires solving Maxwell’s
equations for the vector potential Aμ, describing the
electromagnetic radiation, together with the linearized
Einstein’s equations for the metric gμν ¼ ημν þ hμν, in
which hμν describes the GWs. In this work we will adopt
ημν ¼ diagðþ − −−Þ and work with natural Heaviside-
Lorentz units (ℏ ¼ c ¼ 1), except in this section, where
we keep fundamental constants explicitly to emphasize that
the Gertsenshtein effect is a classical phenomenon.
Let us ignore the Universe expansion first and consider a

GW propagating in the ê3 direction inside a fixed box of
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𝒫 ≡ ∫l.o.s.
⟨Γg↔γ⟩dt = ∫

zini

0

⟨Γg↔γ⟩
(1 + z) H

dz

BOUNDS ON STOCHASTIC GRAVITATIONAL WAVES



THREE DIMENSIONAL 
EFFECTS



THREE DIMENSIONAL EFFECTS

- Realistic three-dimensional settings.

-The geometry and the magnetic-field structure 
imprint polarization on the converted signal 
(even for unpolarized GW backgrounds)

-For instance,  the GW analogue of the optical 
Brewster angle allows a magnetic domain to 
act as an ideal polarizer.

-Guidance for experiments and multi-
messenger observations aiming to detect GW–
EM conversion.
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STOKES PARAMETERS

See also Wataru Chiba, Jinno and Nomura, 2025
and Kushwaha and Jain, 2025
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UNPOLARIZED STOCHASTIC GWS  
ON  A MAGNETIC DIPOLE

Potential consequences for neutron stars
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CONCLUSIONS
-Gravitational waves can convert into photons in magnetic fields (inverse 
Gertsenshtein effect).

-Radio observations (EDGES, ARCADE 2) already set strong bounds on high-
frequency gravitational waves.

-Polarimetry in three-dimensional magnetic fields can reveal signatures of 
gravitational wave–photon conversion.

-Different experimental proposals have coalesced on a strain sensitivity of 10^(-22) 
for MHz GWs,  still orders of magnitude away from signals of the early Universe. 
Whether we can hope to probe such strain sensitivities remains to be determined.


