
 New ideas for detecting 
gravitational waves

Camilo A. Garcia Cely 

Alexander von Humboldt & Ramón y Cajal Fellow

January 17, 2022

BCTP, Bonn



Camilo A. Garcia Cely 

Outline
• Motivation


• Gravitational Waves and the Gertsenhstein Effect


• CMB observations and 21–cm cosmology


• Experimental efforts on terrestrial experiments


• Conclusions



Motivation



Camilo A. Garcia Cely 

• Predicted by Poincaré (1905)

• Einstein provided a firm theoretical background for them (1916) 

Gravitational Waves



Camilo A. Garcia Cely 

• Predicted by Poincaré (1905)

• Einstein provided a firm theoretical background for them (1916) 

□ hμν = − 16πGTμν

Gravitational Waves



Camilo A. Garcia Cely 

□ hμν = − 16πGTμν

Gravitational Waves

• Predicted by Poincaré (1905)

• Einstein provided a firm theoretical background for them (1916) 



Camilo A. Garcia Cely 

Gravitational Waves

□ hμν = − 16πGTμν

• Predicted by Poincaré (1905)

• Einstein provided a firm theoretical background for them (1916) 



Camilo A. Garcia Cely 

Credit: NASA Goddard Space Flight Center

Gravitational Wave Spectrum



Camilo A. Garcia Cely 

Credit: NASA Goddard Space Flight Center

Gravitational Wave Spectrum



Camilo A. Garcia Cely 

Gravitational Wave Spectrum

Credit: NASA Goddard Space Flight Center

cosmological phase transitions
Baldes, CGC 2019
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Radio and TeV astronomy

Aggarwal et al, 2020
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• The conversion of gravitational waves into 
electromagnetic waves is a classical process. Its 
rate does not involve 


• The process is strictly analogous to axion-
photon conversion.


• Involving gravity the conversion probabilities 
are extremely small. It may be compensated by a 
‘detector’ of cosmological size.
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Axion dark matter
• The strong CP problem: experiments put a 

strong upper bound on the electric dipole of 
the neutron
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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

Cosmic magnetic fields in 2021

The adiabatic evolution of the magnetic field due to 
cosmic expansion is determined by the scale factor.  
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THE COSMIC MICROWAVE BACKGROUND SPECTRUM FROM THE FULL COBE1
FIRAS DATA SET

D. J. E. S. J. M. J. C. R. A. AND E. L.FIXSEN,2 CHENG,3 GALES,2 MATHER,3 SHAFER,3 WRIGHT4
Received 1996 January 19 ; accepted 1996 July 11

ABSTRACT
We have reÐned the analysis of the data from the FIRAS (Far-InfraRed Absolute Spectrophotometer)

on board the COBE (COsmic Background Explorer). The FIRAS measures the di†erence between the
cosmic microwave background and a precise blackbody spectrum. We Ðnd new, tighter upper limits on
general deviations from a blackbody spectrum. The rms deviations are less than 50 parts per million of
the peak of the cosmic microwave background radiation. For the Comptonization and chemical poten-
tial, we Ðnd o y o \ 15 ] 10~6 and o k o \ 9 ] 10~5 (95% conÐdence level [CL]). There are also reÐne-
ments in the absolute temperature, 2.728 ^ 0.004 K (95% CL), the dipole direction, (l, b)\ (264¡.14
^ 0.30, (95% CL), and the amplitude, 3.372^ 0.014 mK (95% CL). All of these results48¡.26 ^ 0.30)
agree with our previous publications.
Subject headings : cosmic microwave background È cosmology : observations

1. INTRODUCTION

The FIRAS (Far Infrared Absolute Spectrophotometer)
instrument aboard the COBE (COsmic Background
Explorer) satellite et al. and references(Boggess 1992
therein ; et al. was designed to measure theBennett 1992a)
spectrum of the cosmic microwave background radiation
(CMBR). In the simple, hot big bang model, the spectrum
has a blackbody form, but it could be distorted by energy
release after a redshift z D 3 ] 106 (Peebles 1971 ; Sunyaev
& Zeldovich After the annihilation of positrons and1980).
the decoupling of neutrinos until z D 3 ] 104, the CMBR
was the dominant energy Ðeld. The number of photons
exceeds the number of baryons by a factor D109, so excel-
lent sensitivity is required to detect even large radiant
energy releases.

Spectral distortion limits from the FIRAS were presented
by et al. These were based on D40 days ofMather (1994).
high Galactic latitude data from a single detector and scan
mode. The dipole spectrum was also determined et(Fixsen
al. from this single detector. et al.1994a) Wright (1994)
found that the spectrum and dipole are consistent with a
simple big bang model.

All of the previous work in this frequency range (2È21
cm~1) was based on part of the data from a single detector.
This paper uses all of the low-frequency data from the 10
month mission, except for the Ðrst month when settings
were frequently readjusted to reach the optimum condition,
approximately doubling the statistical weight of the results.
There have been several improvements in the calibration
that we note, but the basic calibration process remains the
same.

1 The National Aeronautics and Space Administration/Goddard Space
Flight Center (NASA/GSFC) is responsible for the design, development,
and operation of the Cosmic Background Explorer (COBE). ScientiÐc guid-
ance is provided by the COBE Science Working Group. GSFC is also
responsible for the development of the analysis software and for the pro-
duction of the mission data sets.

2 Applied Research Corporation, Code 685.3, NASA/GSFC, Greenbelt,
MD 20771.

3 NASA/Goddard Space Flight Center, Code 685, Greenbelt, MD
20771.

4 UCLA, Physics and Astronomy Departments, P.O. Box 951562, Los
Angeles, CA 90095-1562.

The instrument was recalibrated using the method
described in et al. The calibration wasFixsen (1994b).
applied to the sky data, producing spectra from 2 to 21
cm~1 (5000È480 km). Five important improvements were
made to the calibration : (1) a bias in some pixels is cor-
rected ; (2) insufficiently sampled pixels ““ borrow ÏÏ data from
neighboring pixels in order to determine a template for
deglitching (removing e†ects of cosmic-ray hits on the
detector) ; (3) data with a large number of glitches (cosmic-
ray hits) are deweighted relative to data with few glitches ;
(4) we use 320 points in the spectrum rather than 256 ; and
(5) the data are ““ destriped ÏÏ after the calibration. Each of
these processes is described in more detail below.

2. INSTRUMENT DESIGN, OPERATION, AND DATA

The FIRAS is a polarizing Michelson interferometer,
described by et al. and Fixsen, &Mather (1990) Mather,
Shafer It measures the spectral di†erence between a(1993).
7¡ patch of sky and an internal blackbody. The symmetric
FIRAS optics are di†erential, with two input and two
output ports. One input port receives emission from the sky,
deÐned by a nonimaging concentrator. The other input port
receives emission from an internal reference calibrator
(emissivity B0.98) with an associated concentrator. Each of
the two output beams (arbitrarily labeled ““ left ÏÏ and
““ right ÏÏ) is split by a dichroic Ðlter into low- and high-
frequency beams, separated at 20 cm~1, feeding four silicon
composite bolometer detectors operated simultaneously.

An external blackbody calibrator provides the critical
absolute calibration. The other elements are operated in the
same manner while taking sky data or calibration data, so
the only requirement on them is that they be repeatable.
Although we verify that the emissivities of the concentrators
and the internal calibrator are reasonable, the fundamental
comparison is between the sky and the external calibrator.
During calibration, the sky aperture is completely Ðlled by
the external calibrator with an emissivity greater than
0.99997, calculated and measured. The external calibrator is
isothermal to better than 1 mK at 2.7 K according to calcu-
lation. During calibration, the sky acts as a backdrop to the
external calibrator, so residual transmission is still nearly
2.73 K radiation. Most of the radiation reÑected by the
external calibrator was originally emitted by it and then
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Potential of Radio Telescopes as High-Frequency Gravitational Wave Detectors

Valerie Domcke 1,2,3,* and Camilo Garcia-Cely 1,†
1Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany

2Theoretical Physics Department, CERN, 1 Esplanade des Particules, CH-1211 Geneva 23, Switzerland
3Institute of Physics, Laboratory for Particle Physics and Cosmology (LPPC),

École Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland
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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
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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.

PHYSICAL REVIEW LETTERS 126, 021104 (2021)

0031-9007=21=126(2)=021104(7) 021104-1 Published by the American Physical Society

𝒫 ≡ ∫l.o.s.
⟨Γg↔γ⟩dt = ∫

zini

0

⟨Γg↔γ⟩
(1 + z) H

dz



Camilo A. Garcia Cely 

Rayleigh-Jeans Tail

x = ω/TCMB

dn
/d

x[
cm

−
3 ]

FIRAS

• Largely unexplored with upcoming 
advances in radio astronomy probing it in 
the near future.

ARCADE 2

• Puzzling signal by EDGES.   
(Experiment to Detect the Global Epoch 
of Reionization Signature)

Domcke, CGC 2021
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Expectations for a 21 cm signal

Valdes et al 2013
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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).
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Upper bounds on stochastic gravitational waves
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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.
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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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Experimental efforts on 
terrestrial experiments 

Preliminary work



• A growing community is seriously considering the search 
of high frequency gravitational waves
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ALPs II Preliminary work with Andreas Ringwald and Guillermo Ballesteros

Hawking radiation


What about black hole mergers?

Green, Kavanagh 2020
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Beyond the Gertsenhstein Effect
Preliminary work with  Valerie Domcke and Nick Rodd

In the presence of a static electromagnetic field, a passing GW acts as a source term to Maxwell's equations, acting 
effectively as an additional current. This effective current in turn sources an oscillating electromagnetic field outside the 
boundaries of the external static field. This is different than the inverse Gertsenshtein effect which sources an 
electromagnetic wave in the region of space permeated by the external field.
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Conclusions

• The Gertsenshtein effect during the dark ages provides a powerful way to probe 
gravitational waves in the MHz-GHz range from distortions of the Rayleigh-Jeans 
CMB tail.


• With upcoming advances in 21cm astronomy targeting precisely this frequency 
range with increasing accuracy, it becomes conceivable to push the limits derived 
from radio telescopes below the cosmological bound constraining the total energy 
in gravitational wave


• Interesting prospects in the near future


