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High-frequency gravitational waves (f ≳ 1 MHz) may provide a unique signature for the existence of
exotic physics. The lack of current and future gravitational-wave experiments sensitive at those
frequencies leads to the need of employing different indirect techniques. Notably, one of the most
promising ones is constituted by graviton-photon conversions in magnetic fields. In this work, we focus on
conversions of a gravitational-wave background into photons inside the Milky Way magnetic field, taking
into account the state-of-the-art models for both regular and turbulent components. We discuss how
graviton-to-photon conversions may lead to imprints in the cosmic photon background spectrum in the
range of frequencies f ∼ 109–1026 Hz, where the observed photon flux is widely explained by
astrophysics emission models. Hence, the absence of any significant evidence for a diffuse photon flux
induced by graviton-photon conversions allows us to set stringent constraints on the gravitational-wave
strain hc, strengthening current astrophysical bounds by ∼1–2 orders of magnitude in the whole range of
frequencies considered.
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I. INTRODUCTION

The detection of a gravitational wave background (GWB)
at high frequencies f ≳MHz has been proposed as a
smoking gun for exotic physics, since no astrophysical
source is expected to produce gravitational waves (GWs) in
such a frequency range [1–7]. Conversely, GWBs generated
in the early Universe could be characterized by signals
falling in this high-frequency range, allowing one to probe
inflation [8–11], first-order phase transitions [12–16], topo-
logical defects [17–21], and primordial black holes [22–27]
(see also Ref. [28] for a review).
However, probing GWs above the MHz is way beyond

the sensitivities of current GWexperiments, such as LIGO,
Virgo and KAGRA [29,30], and also out of the reach for
future ground-based ones, as Einstein Telescope [31,32]

and Cosmic Explorer [33]. Therefore, different indirect-
detection techniques have to be developed to probe high-
frequency GWs. In this regard, an interesting possibility
discussed in literature consists in exploiting the so-called
inverse Gertsenshtein effect, i.e., the conversion of
GWs into photons inside magnetic fields [34–42]. This
phenomenon is completely analogous to axion-photon
conversions [36], widely used to probe the QCD axion
and other axionlike particles. Hence, some pionee-
ring works have recently analyzed the physics potential
of experiments originally thought for axion searches to
probe the parameter space of GWs in the high-frequency
range [43–45]. Analogously, another intriguing opportu-
nity deals with the detection of observable signatures
related to GW conversions in cosmic magnetic fields,
such as planetary magnetospheres [46,47], the Milky
Way magnetic field [47,48], extra-Galactic, primordial
magnetic fields [49], and magnetic fields in Galaxy
clusters [50].
In this work, we discuss the possibility of probing high

frequency GWs in a vast frequency range, 109–1026 Hz,
through GW-photon conversion inside the Galactic mag-
netic field. The diffuse photon flux originated by GW
conversions can then be compared with observations of the
cosmic photon background (CPB) from radio to gamma
rays, in order to constrain the relic density of GWs. This
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topic has been recently studied in Ref. [47], by comparing
the expected flux of photons originated by GW conver-
sions in the turbulent Galactic magnetic field to observa-
tions of the various diffuse photon backgrounds. In the
present work, we build on these results and improve the
treatment of the magnetic field adding the contribution of
the regular component, which we describe by employing
realistic models that fit synchrotron measurements [51].
Moreover, we consider astrophysical backgrounds con-
tributing to the diffuse emission and perform an accurate
fitting procedure to constrain the possible GWB converting
into photons. This procedure allows us to improve current
constraints on the strain associated to a diffuse GWB,
strengthening by ∼1–2 orders of magnitude the results
present in the previous literature in the entire frequency
range considered.
This work is structured as follows. In Sec. II we review

the theory associated to the Gertsenshtein effect, consid-
ering separately the simplified treatment for a constant
magnetic field. In Sec. III we study graviton-photon
conversions in the benchmark Milky Way magnetic field
model adopted in this work, discussing also the relative
importance of the turbulent component. In Sec. IV we
present the measurements of the CPB in the range of
frequencies considered as well as the state-of-the-art
emission models used to fit the data. The constraints
obtained by employing these observations are discussed
in Sec. IV B. Finally, in Sec. V we summarize our results
and conclude.

II. GRAVITON-PHOTON CONVERSIONS

The dynamics of the graviton and photon fields in
a magnetized medium is generically described by the
action [39]

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p ðLgr þ LemÞ; ð1Þ

where we are assuming natural units ℏ ¼ c ¼ 1 and a flat
space-time metric signature η ¼ diagð1;−1;−1;−1Þ. In
this equation we have introduced the metric tensor deter-
minant

ffiffiffiffiffiffi−gp
associated to a curved space-time metric

gμνðxÞ. In particular, gμνðxÞ can be expanded as

gμνðxÞ ¼ ημν þ
2

MP
hμνðxÞ ð2Þ

in which hμνðxÞ encodes small gravitational perturbations
around the flat space time metric ημν, i.e., jhμνj ≪ 1. Given
these definitions, the free-graviton Lagrangian reads

Lgr ¼
M2

P

2
R; ð3Þ

where R is the Ricci tensor and MP ≃ 2.44 × 1018 GeV is
the reduced Planck mass. On the other hand, the dynamics
of the electromagnetic field AμðxÞ interacting with the
graviton field is described by

Lem ¼ −
1

4
gμαgνβFμνFαρ

þ
Z

d4x0AμðxÞΠμνðx; x0ÞAνðx0Þ; ð4Þ

where Fμν ¼ ∂μAν þ ∂νAμ is the electromagnetic field
strength and Πμνðx; x0Þ is the photon field polarization
tensor describing photon propagation in a magnetized
medium.
In the Coulomb gauge, a photon with energy ω is

described by

Aiðx; tÞ ¼
X
λ¼x;y

AλðxÞϵiλe−iωt; ð5Þ

where the sum runs over the two independent photon
polarization states in the plane transverse with respect to the
direction of motion, which we identify as the z axis.
Analogously, the graviton field in the transverse-traceless
gauge can be expanded as

hijðx; tÞ ¼
X
λ¼×;þ

hλðxÞeijλ e−iωt; ð6Þ

in which the spin-2 polarization tensors feij×; eijþg are
chosen such that

eij× ¼ ϵixϵ
j
y þ ϵiyϵ

j
x eijþ ¼ ϵixϵ

j
x − ϵiyϵ

j
y: ð7Þ

Starting from the action in Eq. (1), it is possible to
derive the equations of motion (EoMs) of the full system
[34,36,39]

�
i
d
dz

− ω

�
0
BBBB@

hþ
h×
Ax

Ay

1
CCCCA ¼ H

0
BBBB@

hþ
h×
Ax

Ay

1
CCCCA; ð8Þ

where ω is the energy of the beam and a one-dimensional
propagation along the z-axis is considered. In this regard,
we highlight that Eq. (8) derives from a one-dimensional
reduction of Maxwell’s equations describing electrody-
namics in presence of an external graviton source term. As
discussed in Refs. [52–54] for the axion case, a complete
three-dimensional treatment could introduce non-negligible
corrections to the one-dimensional approximation adopted
in this work. In the one-dimensional case, the evolution of
the four-component field is governed by the Hamiltonian
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H ¼
�

0 Hgγ

Hgγ Hγγ

�
; ð9Þ

whereHγγ is a 2 × 2matrix encoding the photon dispersion
relation

Hγγ ¼
 

Δxc2ϕ þ Δys2ϕ ½Δy − Δx�cϕsϕ
½Δy − Δx�cϕsϕ Δyc2ϕ þ Δxs2ϕ

!
: ð10Þ

In this expression sϕ and cϕ refer to the sine and the cosine
of the angle between the transverse component of the
magnetic field BT and the orientation of the ϵx polarization

vector, i.e., cϕ ¼ BT · ϵx=jBTjjϵxj and sϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − c2ϕ

q
. The

term Δx (Δy) takes into account medium effects on the
dispersion relation of the x (y) photon polarization state

Δλ ¼ Δpl þ Δλ
QED þ ΔCMB; ð11Þ

where λ ¼ x, y. The different terms are related to the
effective photon mass in a plasma, QED vacuum effects
and scattering on cosmic microwave background (CMB)
photons, respectively. Explicitly, they read [55–57]

Δpl ¼ −
ω2
pl

2ω

≃ −1.1 × 10−3
�

ω

1 MeV

�
−1
�

ne
10−2 cm−3

�
kpc−1;

Δλ
QED ¼ κλ

4α2B2
Tω

45m4
e

≃ 4.5 × 10−12κ

�
ω

1 MeV

��
BT

1 μG

�
2

kpc−1;

ΔCMB ¼ 44π2α2T4
CMBω

2025m4
e

≃ 8.7 × 10−11
�

ω

1 MeV

�
kpc−1; ð12Þ

where κλ ¼ 7=2, 2 for x and y photon polarization states,
respectively, ωpl ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4παne=me

p
is the plasma frequency,

ne and me are the electron number density and the free
electron mass, and TCMB ≃ 2.73 K [58] is the CMB
temperature. Notice that, in general, Δx;y

QED ≪ ΔCMB and
Δx ≃ Δy. Thus, in the following we will drop polarization
indices. The off-diagonal term

Hgγ ¼
�Δgγsϕ Δgγcϕ
Δgγcϕ −Δgγsϕ

�
ð13Þ

causes graviton-photon mixing. In this expression we
introduced

Δgγ ¼
BTffiffiffi
2

p
MP

≃ 8.8 × 10−10
�

BT

1 μG

�
kpc−1: ð14Þ

We highlight that Eq. (8) holds as long as mixing particles
are relativistic and their dispersion relation is given

by k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 − ω2

pl

q
≃ ω, where k is the particle wave

number [36,59]. In this work we are interested in the range
of frequencies f∈ ½109; 1026� Hz, corresponding to photon
energies 4 μeV≲ ω≲ 4 GeV. On the other hand, for typical
Milky Way electron densities ne ∼ 10−2 cm−3, plasma
frequencies are always in the range ωpl ∼ 10−3–10−2 neV.
Thus, the approximation leading to the EoMs considered is
always valid in our framework. Moreover, Eq. (8) holds for
photon energies ω≲ 100 TeV, where absorption effects due
to scattering over CMB and extra-Galactic background light
(EBL) photons is negligible (see Refs. [57,60,61] for some
works on this topic).
Since, in general, ½HðzÞ; Hðz0Þ� ≠ 0 for z ≠ z0,

Eq. (8) does not admit analytical solutions. Therefore,
the system has to be solved numerically, considering
the evolution from an initial state made of unpolarized
gravitons ð1= ffiffiffi

2
p

; 1=
ffiffiffi
2

p
; 0; 0ÞT at z ≃ 20 kpc. Then, the

probability to have graviton-to-photon conversions along
the trajectory of the beam towards the observation point at
z ¼ 0 is given by

Pgγ ¼ jAxð0Þj2 þ jAyð0Þj2: ð15Þ

A. Homogeneous magnetic fields

If the magnetic field is assumed to be constant and
homogeneous along the line of sight, then the evolution
equations significantly simplify. In this case, assuming a
propagation along the z axis, the xmode of the photon field
can be taken to be parallel to BT. In this case, it is possible
to separate the 4 × 4 differential equation system into two
independent 2 × 2 systems that can be solved analytically.
In particular, it can be shown that fAx; h×g and fAy; hþg
polarization states couple separately. In particular,

�
i
d
dz

− ω

��
Ax

h×

�
¼
� Δ Δgγ

Δgγ 0

��
Ax

h×

�
; ð16Þ

and the same holds for fAy; hþg. In this case, propagation
equations can be solved analytically by diagonalizing the
mixing matrix. Therefore, the conversion probability sim-
ply reads [36]

Pgγ ¼ jhAλjhλij2;

¼ 4Δ2
gγ

Δ2
osc

sin2
�
Δoscz
2

�
; ð17Þ

where
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Δosc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ 4Δ2

gγ

q
: ð18Þ

The behavior of the oscillation length losc ¼ 2π=Δosc is
displayed in Fig. 1. In this figure, we assumed an electron
number density ne ¼ 10−2 cm−3, which is compatible with
the values expected in the Milky Way. The low-frequency
behavior is determined by Δpl ∼ ω−1, so that the oscillation
length increases linearly with the frequency. For frequen-
cies f ≳ 1023 Hz (ω≳ 4 GeV) scattering over CMB pho-
tons starts to dominate over plasma effects and the
oscillation length decreases as losc ∼ Δ−1

CMB ∼ ω−1.
In the range of frequencies f ∼ 1018–1028 Hz, losc ≫ z

and many graviton-photon oscillations are possible on a
typical Galactic scale z ≃ 20 kpc. In this regime, graviton-
photon mixing is strong and the conversion probability
results to be energy independent:

Pgγ ¼ ðΔgγzÞ2 ≃ 7.8 × 10−17
�

BT

1 μG

�
2
�

z
10 kpc

�
2

: ð19Þ

III. GRAVITON-PHOTON CONVERSIONS
IN MILKY WAY MAGNETIC FIELDS

A realistic estimation of the conversion probability
within the Milky Way depends on the morphology of
the model assumed to describe the Galactic magnetic field.
As a first approximation, we neglect the contribution from
the turbulent component of the field, coherent over small
scales lcorr ∼ 10–100 pc [62–65], since it is affected by
large uncertainties (see Sec. III A for further details). In this
regard, we highlight that the previous analyses dealing with
graviton-photon conversions in the broadband CPB spec-
trum considered the turbulent component only [47].

In this work, we adopt the Jansson-Farrar model [51] as
benchmark model for the Milky Way, regular magnetic
field, which takes into account a disk field and an extended
halo field with an out-of-plane component, based on
WMAP7 Galactic synchrotron emission map [66] and
extra-Galactic Faraday rotation measurements. In particu-
lar, we employ the updated parameters given in Table C.2
of Ref. [67] (“Jansson12c” ordered fields), matching the
polarized synchrotron and dust emission measured by the
Planck satellite [68–70]. Figure 2 displays the all-sky map
of the conversion probability obtained by integrating
numerically the EoMs in Eq. (8) in the strong mixing
regime ω ∼ 100 MeV and by considering a beam propa-
gation starting from z ¼ 20 kpc from Earth. Since in this
regime the conversion probability is energy independent,
it strictly reproduces the morphology of the magnetic
field model employed. In particular, it is significantly
stronger around the Galactic center l∈ ½−7.5°; 7.5°� and
b∈ ½−15°; 15°�, where l and b are the Galactic longitude
and latitude, respectively. In the range l∈ ½−30°; 30°�, out-
of-plane components of the Jansson-Farrar model makes
possible to have a large amount of power also at high
latitudes. On the other hand, for Galactic longitudes
l∈ ½−180°;−30°� ∪ ½30°; 180°�, we observe a significant
conversion probability just along the Galactic disk.
In order to compare the behavior of the numerical

solutions of the EoMs and the analytical result in
Eq. (19), it is convenient to introduce the average absolute
value of the transverse magnetic field component along the
line of sight considered

hBTi2 ¼
1

L2

�����
Z

L

0

Bxðz; l; bÞdz
����2 þ

����
Z

L

0

Byðz; l; bÞdz
����2
�
;

ð20Þ

FIG. 1. Graviton-photon oscillation length as defined in
Sec. II A. Here the electron number density is fixed at
ne ¼ 10−2 cm−3. The plot shows the behavior for two different
values of the transverse Galactic magnetic field intensity. At
f ≲ 1023 Hz the oscillation length is determined by Δpl, while at
higher frequencies ΔCMB plays the dominant role (see text for
details).

FIG. 2. All-sky map for graviton-photon conversion probability
in the strong mixing regime f > 1019 Hz for the Jansonn-Farrar
Milky Way magnetic field model. The Figure is shown in
Mollweide projection. Horizontal and vertical lines are equally
spaced by Δθ ¼ 30°.
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where Bx and By are the magnetic field components parallel
to Ax and Ay, respectively. In this expression, we set
L ¼ 20 kpc. Analogously, the average value of the electron
density along the chosen line of sight can be defined as

hnei ¼
Z

L

0

dz neðz; l; bÞ: ð21Þ

Figure 3 displays the energy behavior of the conversion
probability for the Jansson-Farrar magnetic field model,
comparing the numerical solution of the EoMs (red line) and
analytical expression in Eq. (16) obtained by employing the
average values hBTi and hnei (black line). In particular, the
line of sight assumed in this plot is the Galactic Center
direction ðl; bÞ ¼ ð0°; 0°Þ, along which hBTi ≃ 0.91 μG
and ne ¼ 7.1 × 10−2 cm−3. We observe that at frequencies
f > 1019 Hz the two approaches provide the same results.
Actually, in this range of frequencies the oscillation length
losc is larger than the Galactic magnetic field scale
(losc > 20 kpc), and graviton-photon oscillations are not
affected by the magnetic field morphology along the line of
sight, which varies over scales l ∼ 1 kpc. On the other hand,
at lower frequencies the detailed magnetic field structure
becomes important and the results provided by the
two approaches are different. In particular, for frequencies
f < 1019 Hz the conversion probabilities associated to the
exact solution are always larger than the homogeneous
magnetic field approximation. Indeed, as shown in Ref. [71]
for the axion case, the probability to observe axion-photon
oscillations is essentially proportional to the B-field power
spectrum, which is enhanced by the presence of inhomo-
geneities. Hence, since inhomogeneities are washed out in
the constant magnetic field approximation, the conversion

probability results to be reduced. Nevertheless, in both cases
the probability scales asPgγ ∼ ω2 in the range of frequencies
f < 1018 Hz, where plasma effects play the dominant role
(see Sec. II A).
It is worthy to observe that at frequencies f ≲ 1016 Hz,

where the oscillation length is smaller than the Galactic
magnetic field scale losc ≪ 20 kpc, the numerical solutions
of Eq. (8) start to be affected by numerical artifacts, due to
loss of precision in computation of highly oscillatory
solutions. Therefore, for our comparison with data related
to the CPB, we will employ the analytical expression in
Eq. (17). This choice is justified by the previous compari-
son between the two approaches, which assures that the
constant magnetic-field approximation provides the most
conservative limits on a diffuse photon excess.

A. Turbulent component

Radio observations of synchrotron emission and polari-
zation revealed the existence of a small-scale component of
the Milky Way magnetic field related to the turbulent
interstellar medium (see, e.g., Ref. [72]). This component
is known as the random or turbulent magnetic field, and it is
expected to have an amplitude comparable to that of the
regular magnetic field, but a much shorter correlation
length, lcorr ∼Oð10–100Þ pc [62,63,73]. In order to model
a turbulent component of the magnetic field, the simplest
possible choice is to adopt a cell model, in which the
magnetic field along a given line-of-sight is taken to be
constant within a series of domains with (possibly) variable
length and magnetic field intensity [71,74,75]. Clearly, this
toy model does not correspond to magnetic fields actually
realized in nature, but it captures the most important aspects
of graviton-photon oscillations in magnetic fields charac-
terized by a short correlation length with respect to the size
of the whole region considered L ∼Oð10Þ kpc. As a first
approximation, it is possible to assume that the intensity of
the random magnetic field changes suddenly moving from
one cell to the other so that the different magnetic domains
appear to be separated by “hard edges.”On the other hand, a
more realistic choice for the field configuration would
require model with smoothed edges between the domains.
In the context of axion-photon conversions, the difference
between this model and the cell model was investigated in
Refs. [71,76], following analytical arguments. As an illus-
trative example, the upper panel of Fig. 4 show a possible
configuration of such a field, assuming a cell scale lcorr ∼
200 pc and transverse magnetic fields amplitudes which
vary randomly between BT ∈ ½−1; 1� μG. The solid black
line refer to a possible hard-edges configuration, while red
and green solid lines depict two smoothed versions of the
considered field, obtained as

BsmoothðxÞ ¼
Z

dy
1ffiffiffiffiffiffiffiffiffiffi
2πσ2

p e−
ðx−yÞ2
2σ2 BTðyÞ; ð22Þ

FIG. 3. Graviton-photon conversion probabilities along
the direction of the Galactic Center. In particular, the black
line refer to a constant and homogeneous Galactic magnetic
field hBTi ¼ 0.91 μG and electron number density hnei ¼
7.1 × 10−2 cm−3, while the red line depicts the probability
computed by solving numerically Eq. (8), which takes into
account the full morphology of the Jansson-Farrar (JF) model.
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where BT is the cell model magnetic field transverse
component and σ is a smoothing scale. In particular, we
assumed σ ¼ 100 pc and σ ¼ 200 pc for red and green
lines, respectively.
Starting from Eq. (16), it is possible to calculate, at the

lowest order in 1=MP, the transition amplitude for graviton-
photon conversion as [71]

AðiÞ
g→γ ≃

Z
z

z0

dz0 Δgγ;ie
−i
R

z0
z0

dz00Δi

¼
Z

dΦi
Δgγ;i

jdΦi=dz0j
e−iλΦi ; ð23Þ

where i ¼ x, y is associated to a given Δgγ;x ¼ Δgγsϕ or

Δgγ;y ¼ Δgγcϕ. Here we defined λΦiðz0Þ ¼
R
z0
0 dz00Δi and

λ ¼ 1=f. Then, following the discussion in Ref. [71], one
realizes that the conversion probability is proportional to the
power spectrum of BT=jdΦi=dz0j on scales dictated by 1=f,
which encodes the properties of magnetic field and plasma
and their correlation lengths. The lower panel of Fig. 4
shows the behavior of the conversion probability for the
hard edges and smoothed configurations considered. We
can appreciate that at frequencies f > 1019 Hz the graviton-
photon oscillation length is much larger than the domain
size losc ≫ 200 pc. Hence, the oscillation probability is not
sensitive to the detailed structure of the turbulent magnetic
field and for all the three models the probability can be
simply estimated as [65]

Pturb ≃ NΔP ¼ hBTi2Llcorr; ð24Þ

where N ¼ L=lcorr is the number of cells and ΔP is the
conversion probability in a single domain. Thus, in this
frequency range, one expects the turbulent magnetic field
contribution to be suppressed by a factor lcorr=L with respect
to the regular one. This behavior can be appreciated by
comparing the probabilities for turbulent configurations to
the results obtained for the regular component associated to a
homogeneous field with BT ¼ 1 μG, displayed in Fig. 4 as a
light-gray solid line. At lower frequencies the oscillation
length is comparable or smaller than turbulent field scales
and the conversion probability is strongly affected by the
magnetic field structure over small scales. In particular, hard
edges at cell boundaries enhance the magnetic field power
spectrum leading to higher conversion probabilities with
respect to the smooth-edges configurations. Thus, in agree-
ment with the results of Refs. [47,61], the hard-edges
assumption leads to an overestimation of the conversion
probability by a factor ∼N in the range of frequencies where
Pgγ ∼ ω2. In this regime, the turbulent component with hard-
edges configuration could provide a contribution compa-
rable to the regular one, while, in case of the smoothed
configurations, this contribution can be safely neglected.
Thus, the impact of the turbulent component in the oscil-
latory regime results to be strongly dependent on the
assumptions made on the B-field power spectrum.
In general, the previous discussion suggests that the

turbulent magnetic field contribution might give a sizeable
contribution at low frequencies, where small-scale anisot-
ropies could power the field power spectrum. Indeed, we
showed that the detailed structure of the turbulent compo-
nent is relevant when we approach to short oscillation
lengths. However, the small-scale structure of the turbulent
B field, which is essential to determine the associated power
spectrum, is still largely unclear. Therefore, in order to make
our results less arbitrary, in the following we will focus just
on the regular Milky Way magnetic field, neglecting the

FIG. 4. Upper panel: representation of a possible configuration
of the Galactic turbulent magnetic field component. Here we
assume a cell model characterized by a maximum magnitude of
the transverse component jBTj ¼ 1 μG and the magnetic field is
assumed to vary randomly over scales lcorr ∼ 200 pc. In particu-
lar, the black lines refer to fields which change value suddenly
moving from one cell to the other (hard edges), while the red and
green lines have been obtained by smoothing the magnetic field
variations at the boundary of each cell (see text for details). Lower
panel: Graviton-photon conversion probabilities associated to the
three turbulent magnetic field configurations displayed in the
upper panel. For comparison, the regular component assuming an
homogeneous field with BT ¼ 1 μG is displayed as a a light-gray
solid line.
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contribution from the turbulent one. We stress that this is
quite orthogonal to the treatment of [47].

IV. DISTORTIONS IN THE CPB SPECTRUM

A diffuse and isotropic GWB at frequencies f > 109 Hz
can be converted into photons inside the Galactic magnetic
field, giving rise to a diffuse photon flux. In particular,
a GWB is associated to the flux of gravitons per unit
frequency and solid angle which can be expressed
as [77,78]

d2Fg

dfdΩ
¼ 1

4π

dρGW
df

;

¼ π

4
M2

plfh
2
c; ð25Þ

where we have introduced the GW spectral energy density
dρGW=df and the characteristic strain hc [77], and Ω is
the solid angle. Then, the induced photon flux can be
evaluated as

d2Fg→γ

dfdΩ
ðf;ωÞ ¼ d2Fg

dfdΩ
ðfÞPgγðf;ΩÞ: ð26Þ

In particular, Eq. (26) points out that the spatial distribu-
tion of the induced photon flux reproduces the morphology
of the Milky Way magnetic field, encoded in the con-
version probability, Pgγ .
Equation (26) implies that a too large GWB might give

rise to a relevant diffuse photon flux, imprinting distortions
in the observed CPB. Hence, current observations of the
CPB naturally imply limits on the considered GWB. In the
next section, we briefly review the set of CPB data
employed in this work to derive observational constraints
on the GWB.

A. Observations and emission models

The set of the CPB measurements employed in this work
is taken from Ref. [79], which gathered the most recent
measurements of the sky-averaged intensity spectrum from
radio to γ-ray energies, reviewing the current understanding
of the CPB. In the following we briefly describe the datasets
considered in the different frequency ranges. Moreover,
current observations of the CPB are well explained by
different, astrophyisical emission models in most frequency
bands. Effectively, accounting for the astrophysical contri-
butions to the CPB reduces the room left for a graviton-
photon conversion signal, as we will show in Sec. IV B. For
each section of the CPB we report some illustrative models
aiming to explain the observed emission in the frequency
band considered, which will be used later on.
(1) Cosmic radio background (CRB), [109–1010 Hz].

Data in this frequency band come from a combina-
tion of ground and balloon-borne instruments. Data

reported in Fig. 5 include measurements of the
ARCADE experiment [80] and its successor,
ARCADE-2 [81], the TRIS experiment [82], and
VLA [83,84] and ATCA [85] telescopes. These data
are well interpolated by the low-frequency tail of
a blackbody spectrum at the CMB temperature
TCMB ¼ 2.7255� 0.0005 K [58].

(2) CMB, [1010–1012 Hz]. High-precision CMB spec-
tral measurements have been provided by the FIRAS
instrument over the COBE satellite [86]. This
spectrum is described as a blackbody radiation left
over from the hot and early phase of the Universe,
characterized today by a temperature T ¼ TCMB.

(3) Cosmic infrared background (CIB), [1012–1014 Hz].
The CIB radiation is expected to be mainly emitted
by dust heated by stars within unresolved galaxies.
Since objects in our Solar System significantly
contribute to radiation emission in this band, this
region of the spectrum results to be particularly
difficult to measure and experimental observations
mostly provide upper and lower limits. Measure-
ments in this frequency band comes from PACS
[87], SPIRE [88], BLAST [89], SCUBA-2 [90],
DIRBE [91], FIS [92], and PLANCK [93]. Together
with these measurements, Ref. [79] provides a vast
catalog of upper and lower limits obtained by
summing up the contribution of resolved sources.
An attempt to model CIB and the cosmic optical
background (COB) is performed in Ref. [94], by
making a weighted sum of EBL emission inferred
from spectra of observed galaxies.

FIG. 5. Full spectrum of the CPB in the range of frequencies
considered in this work. All the data employed in this figure are
taken from Ref. [79]. The different colors refer to the different
regions of the spectrum described in Sec. IVA. In particular,
upward and downward arrows display upper and lower limits on
the CPB intensity. We also show in gray the emission models
reported in Sec. IVA, introduced to explain observations in the
different ranges of frequencies. Definitions given in list in
Sec. IVA.
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(4) COB, [1014–1015 Hz]. The COB spectrum is domi-
nated by the emission coming directly from stars.
Also in this case, Milky Way dust emission generates
an unavoidable foreground for optical-frequency
measurements and direct estimations of the COB
are particularly challenging. Hence, in this energy
range, current direct observations just place upper
and lower limits on the photon intensity, as reported
in Ref. [79]. As for the CIB spectrum, we character-
ize the emission in optical frequencies via the model
in Ref. [94].

(5) Cosmic ultraviolet background (CUB),
[1015–1016 Hz]. The origin of this background
can be linked to hot young stars and interstellar
nebulae. Actually, the CUB spectrum is poorly
studied because UV light is efficiently absorbed
by neutral hydrogen and Earth’s atmosphere. Since
data in these frequency range contain systematic
uncertainties hard to quantify, observations provide
only upper and lower limits [79].

(6) Cosmic x-ray background (CXB), [1016–1019 Hz].
Diffuse emission in the x-ray band is attributed to
emission of bremsstrahlung photons in the hot
accretion disks around active Galactic nuclei [95].
Moving from soft to hard x-ray spectra, datasets
characterizing these wavelengths have been provided
by ROSAT and ASCA experiments [96], the SWIFT
x-ray telescope [97], XMM-Newton [98], CHAN-
DRA [99], RXTE [100], BeppoSAX [101], INTE-
GRAL [102], BAT telescope [103], and HEAO [104].
We employ the model in Ref. [105] as benchmark
active Galactic nuclei emission model in this fre-
quency range.

(7) Cosmic γ-ray background (CGB), [1020–1026 Hz].
The CGB covers all the range of frequencies
f ≳ 1019 Hz. At these energies, the dominant
emission is expected to come from quasars and
blazars [106], supernova explosions [107] and star-
forming galaxies [108]. CPB data employed at
these wavelengths comes from observations of
the GRS experiment [109], COMPTEL [110],
EGRET [111], and Fermi-LAT [112]. In order to
avoid to saturate photon intensity, we assume blazar
emission as modelled in Ref. [113] as only emis-
sion source in this frequency band.

At higher frequencies f ≳ 1028 Hz, very-high energies
photons undergo pair production absorptions by back-
ground low energy photons from EBL γVHE þ γEBL →
eþ þ e−. Thus, absorption effects are not negligible any-
more and graviton-photon propagation has to be described
by means of a Liouville equation (see Ref. [114] for a recent
work considering the axion case). Therefore, in this work,
we decided to neglect measurements of the photon
background by the Large High Altitude Air Shower
Observatory [115].

B. Constraints on the GWB

Conversions of a large GWB may have given rise to an
observable diffuse photon flux in the range of frequencies
considered 109 Hz ≲ f ≲ 1026 Hz. Nevertheless, as dis-
cussed in the previous section, observations of the CPB are
well explained by the emission models in the different
energy ranges. Thus, if conversions of GWs contribute to a
diffuse photon background, the flux intensity associated to
this contribution has to be smaller than the relative
discrepancies between measurements and the emission
models explaining observations in a given frequency
range. Namely, we require

1

4π

dFg→γ

df

����
f¼fi

≲
���� d2F

exp
γ;i

dfdΩ
−
d2Fth

γ;i

dfdΩ

����; ð27Þ

where d2Fexp
γ;i =dfdΩ and d2Fth

γ;i=dfdΩ are the measured
and theoretically predicted CPB at frequency fi, and
dFg→γ=4πdf is the photon flux induced by graviton-photon
conversions averaged over the whole solid angle. The
theoretical predicted CPB contributions are the ones
detailed in the previous section, corresponding to the
astrophysical models in Fig. 5. By computing the photon
flux induced by conversions by means of Eq. (26), and from
the residuals computed in Eq. (27), we can derive upper
limits on the GW strain.
Figure 6 displays our new constraints on the character-

istic strain associated to a GWB at high frequencies
f ≳ 109 Hz. In particular, the fiducial constraint derived
in this work is displayed as solid red line. A more
conservative limit on the characteristic strain can be
obtained without assuming any model for the emission
of the radiation contributing to the CPB. In this case,
constraints on the characteristic strain can be derived by
requiring that GW conversions do not produce a photon
background larger than the observed fluxes

1

4π

dFg→γ

df

����
f¼fi

≲ d2Fexp
γ;i

dfdΩ
: ð28Þ

In Fig. 6, this conservative constraint is displayed as a
dashed red line. We can appreciate that, in the conservative
estimation, the bound relaxes of less than one order of
magnitude in the CMB region, where the black body
spectrum at TCMB interpolates the data with a high
precision level. On the other hand, the fiducial and the
conservative limits are strictly comparable in the rest of the
CPB spectrum, where data-to-model discrepancies are of
the same order of magnitude of measurements.

V. DISCUSSION AND CONCLUSIONS

In this work we have studied the phenomenology
associated to conversions of high frequency GWs into
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photons inside Galactic magnetic fields. For this purpose,
we focused on the regular magnetic field component that
has been modeled through the realistic Jansson-Farrar
model, analyzing as well the impact of a possible turbulent
component which is expected to be small.
The comparison of our results to observations of the

CPB in the range of frequencies 109 ≲ f ≲ 1026 Hz
allowed us to derive the strongest astrophysical bounds
on the characteristic strain related to a GWB in this
frequency range. Indeed, we reinforced at least by one
order of magnitude the limits introduced in Ref. [47]
(brown solid line), which considered the turbulent mag-
netic field component only. In this regard, the subplot in
Fig. 6 shows the improvement factor between our bound
and the constraint from Ref. [47] in the whole frequency
range considered. In particular, our results are compared to
the contours shown in Fig. 3 of Ref. [47] for the case of a
turbulent field of average magnitude BT and correlation
length lcorr ¼ 100 pc. This difference is manly due to the
magnitude of conversion probabilities associated to mag-
netic fields coherent over Galactic scales, which result to
be ∼2 orders of magnitude larger than the case of turbulent
fields with short correlation lengths (see Sec. III A).

Furthermore, in the range 109 < f < 1012 Hz our bounds
are comparable and even stronger than the ones introduced
in Ref. [78] by considering GW conversions inside mag-
netic fields of a Galactic neutron star population (solid blue
line). For the sake of clarity, we remark that our results are
obtained under the assumption of a one-dimensional propa-
gation of the graviton-photon beam. While this can be a
good first approximation for the phenomenology treated in
this work, it might miss certain effects which emerge in a
pure three-dimensional treatment (see, e.g., Ref. [116] in
which the authors study resonant graviton-photon conver-
sion in strongly magnetized plasmas in neutron star mag-
netospheres). These interesting effects deserve a dedicated
investigation that we plan for a future work.
Further developments for the phenomenology discussed

in this work deal with the implementation of the most
recent models of the large scale coherent magnetic field of
the Milky Way, such as those proposed in Ref. [117].
In parallel to astrophysical arguments, many experimen-

tal ideas have been proposed to investigate graviton-to-
photon conversions in the high-frequency range. In Fig. 6
we report in green current experimental constraints on the
characteristic strain from detectors designed for axion

FIG. 6. Summary plot of current bounds on the characteristic strain associated to a GWB at frequencies f∈ ½109; 1026� Hz. The upper
part of the frame shows the regions of the CPB spectrum associated to each frequency range. The exclusion limits introduced in this work
are displayed as solid and dashed red lines for the fiducial and the most conservative bound, respectively. We report limits introduced in
Ref. [47] by employing a turbulent Galactic magnetic field component characterized by and average magnitude BT ¼ 1 μG and a
correlation length lcorr ∼ 100 pc (brown solid line). In particular, the subplot inset shows the factor of improvement between the bound
introduced in this work and the constraint of Ref. [47] in the whole range of frequencies considered. In addition, we also display limits
from Ref. [78] by considering conversions in the Galactic Neutron Star (NS) population (blue solid line). Green areas refer to regions
excluded by the OSQAR and CAST experiments [40], as well as the exclusion region set in Ref. [49] by employing the ARCADE2
telescope. Here, solid and dashed green lines refer to the most conservative and the most aggressive choice of parameters for primordial
magnetic fields. Moreover, we report in gray the projected sensitivities of the ALPS IIc and IAXO future experiments [40]. Finally, dot-
dashed black lines represent the BBN bound and the limit obtained by requiring that the GW energy density does not saturate the total
energy density of the Universe (see Sec. IV B for further details).

CONSTRAINING GRAVITATIONAL-WAVE BACKGROUNDS FROM … PHYS. REV. D 110, 083042 (2024)

083042-9



searches, such as OSQAR and CAST [40], as well as the
bound placed by employing ARCADE2 observations in
searches for a GWB background formed in the period
between reionization and recombination [49]. We observe
that constraints placed in this work are comparable
to OSQAR limit at 2.7 × 1014 Hz≲ f ≲ 1.4 × 1015 Hz
excluding hc ≳ 6 × 10−26, while they result to be five orders
of magnitude stronger than limits from CAST experiment at
5 × 1018 Hz≲ f ≲ 1.2 × 1019 Hz. In addition, we point out
that the constraints in Ref. [40] might have been overesti-
mated since the angular distribution of the signal has not
been properly taken into account (see the Supplemental
Material of Ref. [46] for further details). On the other hand,
the ARCADE2 constraint introduced in Ref. [49] strongly
depends on the choice of the parameters describing primor-
dial magnetic fields, which are affected by large uncertain-
ties. Correspondingly, the excluded values of the strain vary
from hc ≳ 10−14 (solid line) to hc ≳ 10−25 (dashed line). We
also report in gray the projected sensitivities of the ALPS IIc
and IAXO experiments, which may be able to probe
characteristic strains as low as hc ∼ 10−30 at f ∼ 1014 Hz
and hc ∼ 10−29 at f ∼ 1017–1018 Hz, respectively [40].
As a reference, we also report the big-bang nucleosyn-

thesis (BBN) bound (black solid line), placed by requiring
that the energy density stored in GWs ρGW does not exceed
the total energy density associated to the effective number
of massless degrees of freedom Neff [118]

ρGW ≲ 7

8

�
4

11

�
4=3

ΔNeffργ; ð29Þ

where ργ is the current photon energy density and ΔNeff ≲
0.3 from CMB and BBN experiments [119,120]. It is
apparent that the BBN constraint is many orders of
magnitude stronger than astrophysical bounds, especially
in the range f < 1018 Hz. However, it is worthy to high-
light that this bound does not apply to GWs sourced after
the CMB decoupling, such as the scenario considered
in [49].
On the other hand, an unavoidable constraint to consider

is the limit obtained by requiring that GWs do not saturate
the total energy budget of the Universe, i.e., ρGW < ρc. This
argument is again much more constraining than current
experimental and astrophysical bounds in the range of

frequencies f < 1018 Hz. Nevertheless, for higher frequen-
cies, current sensitivity of telescopes and experiments
searching for cosmic electromagnetic radiation are not far
away from cosmological bounds. Hence, future develop-
ments in x- and γ-ray astronomy could open intriguing
perspectives for the detection of a very-high-frequency
GWB. In particular, at x-ray energies the future, ESA
approved, Athena x-ray observatory is expected to push
down the threshold for point-source detection [121]. This
will imply an updated, more constraining measurements of
the remaining diffuse signals as well as it will enable a better
understanding of the population contributing to this diffuse
emission, boosting the sensitivity to exotic signatures.
Similar arguments hold true for future MeV missions, like
the programmed COSI telescope.1 Finally, while at GeV–
TeV energies the future High Energy cosmic-Radiation
Detection facility,2 and the Cherenkov Telescope Array
with its planned extra-Galactic survey [122] will shed further
light on the composition of the extra-Galactic γ-ray
background.
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