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The circular polarization of gravitational waves is a powerful observable to test parity violation
in gravity and to distinguish between the primordial or the astrophysical origin of the stochastic
background. This property comes from the expected unpolarized nature of the homogeneous and
isotropic astrophysical background, contrary to some specific cosmological sources that can produce
a polarized background. However, in this work we show that there is a non-negligible amount of
circular polarization also in the astrophysical background, generated by Poisson fluctuations in the
number of unresolved sources, which is present in the third-generation interferometers with signal-
to-noise ratio larger than two. We also explain in which cases the gravitational wave maps can be
cleaned from this extra source of noise, exploiting the frequency and the angular dependence, in
order to search for signals from the early Universe. Future studies about the detection of polarized
cosmological backgrounds with ground- and space-based interferometers should account for the

Circular Polarization of the Astrophysical Gravitational Wave Background

presence of such a foreground contribution.

Introduction The astrophysical gravitational wave
background (AGWB) generated by the superposition of
many unresolved signals emitted by stellar-mass binary
black holes (BBH) [1-4] is one of the main target of the
third-generation (3G) interferometers Einstein Telescope
(ET) [5] and Cosmic Explorer (CE) [6]. Such AGWB is
assumed to be unpolarized in General Relativity, since
the V' Stokes parameter of the gravitational wave emit-
ted by each binary is washed out by the average over
the inclination angle of the system w.r.t. the direction of
observation, if such an angle is distributed isotropically.
However, the AGWB is not perfectly homogeneous and
isotropic, but it exhibits anisotropies of about 1 part in
100, mainly due to the shot noise fluctuation in the num-
ber of GW sources [7-9, 35]. In this letter we compute
the amount of circular polarization of the AGWB induced
by these Poisson fluctuations, which are expected to be
large in light of the low number of BBH detected by LVK
in the local Universe [11]. The computation of the cir-
cular polarization of the AGWB is similar to the CMB
one, because also in the case of photons the only non-
vanishing Stokes parameter at the isotropic level is the
intensity /temperature, while the polarization of the ra-
diation can be detected by looking at the anisotropies
generated by scalar perturbations (E modes) or by weak
lensing and primordial GWs (B modes) [12, 13].

Our main result is that the sky map of the circular
polarization of the AGWB has zero average, but non-
vanishing fluctuations, which are generated by a flat
(in the multipole space) angular power spectrum and
which decrease with the observing time as 1/v/Typs. The
amount of circular polarization produced by deviations
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FIG. 1: Plot of the dominant contribution to the intensity
(solid blue) and to the circular polarization (solid orange) of
the AGWB as a function of the frequency. The contribution
to the intensity is isotropic, while the circular polarization is
anisotropic, because it is generated by the shot noise of the
sources. In the same figure the Power-Law Sensitivity (PLS)
curves of the detector network made by one Finstein Telescope
and two Cosmic Ezplorer (SNR = 1) for the intensity (dashed
blue) and circular polarization (dashed orange) for one year
of observation are depicted.

from an isotropic distribution of the sources is present
in the network ET+CE with signal-to-noise ratio (SNR)
larger than two for any observing time. To observe such a
background it is necessary to combine the techniques used
to measure an isotropic and circularly polarized stochas-
tic background [14—-17] and to observe the anisotropies of
stochastic backgrounds [18-22].



Furthermore, in our work we have shown how the cir-
cular polarization of the AGWB constitutes a trouble-
some foreground for the detection of the V Stokes pa-
rameter of stochastic backgrounds of cosmological origin
(CGWB), which could be generated by several mecha-
nisms in the early Universe, (e.g., axion inflation [23—
27], Chern-Simons operators [28-30]). More specifically,
we have found that the different angular and frequency
dependence of the circular polarization of the AGWB
and the CGWB allows us to discriminate between the
two contributions, although the astrophysical foreground
gives non-negligible corrections to the estimate of the cos-
mological background that need to be properly taken into
account.

Characterization of the astrophysical background A
GW of frequency f is described by the strain h;;(f,7) =
hy(f)eij+(n) + hu(f)eij x (), where 7 is the direction
of observation in the sky. Given a direction of observa-
tion 7 and a coordinate system {&,¢, 2} arbitrarily ori-
ented, we define! the orthonormal basis {f, @, 0} by using
4 =nxz/|nx 2| and © = n X 4. These allow us to define
the following real polarization tensors [15, 31],

UiUj — ViV; _ WiV + Uy (1)

Cij,+ = T ) Cij,x = V2 )
which are related to the chiral ones by
hy —ihy hi 4 ihy
V2 V2
The intensity and the circular polarization associated to
this wave are defined by using

St = |hg)* + |he)?, Sy = |hg|* -

hr = hy = (2)

hol?. (3)

We characterize the AGWB in terms of energy density
per logarithmic frequency, normalized to the critical en-
ergy density of the Universe today, for the intensity and
polarization
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where Hj is the value of the Hubble parameter at present
and the Stokes parameters have been computed by con-
sidering the total AGWB strain, hagwg, which is the
sum of the strains emitted by all the unresolved sources.
To compute the GW energy density associated to the
intensity and polarization we use the prescription given
by [1, 2],

QAG.VVB -
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(5)
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1 When 7 || 2 the unit vectors @ and © stay in the (&,¢) plane.

where « identifies the Stokes parameters I and V/, 7] rep-
resents the intrinsic parameters of a binary, €2, is the solid
angle at the emitter, z is the redshift at which the GWs
are emitted, and ¢4 the time-delay between the formation
of the binary and the merger [32]. We have discretized
the parameter space in small bins of width Atg, A6 and
Az. Ngw(ﬁ,td,g,z) is the number of unresolved BBH
mergers in the observation time T,s, characterized by
the parameters g in the comoving volume along the di-
rection 71 at redshift z and formed at ¢(z) —t4. Additional
details about the population of BBHs can be found in the
Supplemental Material, which includes also Refs. [33-38].
We have also introduced the “polarized energy spectrum”

dE” nd2(2)cf? =
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with x1, x2 the spin of the BHs in the binary, dj, the lu-
minosity distance of the source, G the gravitational con-
stant and S, defined in Eq. (3). The dependence on
the inclination angle of the binary ¢ is encoded in the
factor [39-42]

1tcos?. 2
(%) + cos? ¢

(1 + cos® 1) cost

a=1
a=V

Qalv) (7)

We consider all the events with SNR < 20 for each of
the interferometers of the network as unresolved sources.
This very conservative choice has been made to avoid er-
rors in the estimate of the AGWB amplitude due to the
subtraction of the resolved sources [43—-46]. The impor-
tant thing is that the number of GW events depends on
the inclination angle through

Now (i ta,,2) ~ pl1) = ==, ©)
where we have considered a uniform distribution for the
inclination angle of the binary. The homogeneous and
isotropic contribution to the AGWB depends on the fol-
lowing integrals over the inclination angle of the binary,

O g ~ / dup(1)Q1 (1) =
Wows ~ / 4 p()Qu (1) = (9)

with Q4 (¢) defined in Eq. (7). This means that the
isotropic distribution of sources washes out the circular
polarization of the single sources, which sum incoherently,
as expected [2].

Shot-noise contribution to the circular polarization
However, the astrophysical background is produced by
the superposition of the finite number of unresolved sig-
nals, therefore it is affected by shot-noise. More specif-
ically, the number of GW events Ngw that contribute

4
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to the background is obtained as the sum of the GW
events over all halos in the Universe. Both the number
of halos and the GW events in a single halo fluctuate fol-
lowing a Poisson distribution, therefore the total number
of mergers is described by a Compound Poisson Distri-
bution (CPD) [7, 8]. The expectation value of the CPD,
Naw, is used in Eq. (5) to compute the homogeneous
and isotropic contribution to the background, Q% wg,
which results in the integrals of Eq. (9) over the inclina-
tion angle. In the Supplemental Material, we show that
the covariance associated to the shot-noise fluctuation is

Cff’ an/ = COV {QiGWB (n, f), QX/GWB(ﬁla f’)}

- ffr -
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(10)

where N}, is the average number of halos with mass M}, in
the Universe at time ¢(z) —t4, while NGW|h is the average
number of GW sources per halo of mass M), with param-
eters § produced at (z) —tg. AQ is the solid angle of the
pixels in which we have divided the sky, AQ = 47 /Npix.
The two contributions to the shot-noise match the results
of [7-9] and, in agreement with [35], we have found that
the Néw‘h term is subdominant. The covariance of the
shot-noise is proportional to dz4/, which means that the
angular power spectrum of the signal is the same at all
multipoles [7-9]. In this case, the sum over all possible
inclination angles of the binaries does not give a vanishing
contribution to the circular polarization of the astrophys-
ical background as in Eq. (9), because the integral over
the inclination angle that determines the amplitude of
the fluctuations is quadratic in @, defined in Eq. (7),

cll . 284
ffan ™ 315
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(11)

Since the intensity of the AGWB is dominated by the
homogeneous and isotropic contribution, in this work we
do not focus on the shot noise fluctuation in the intensity,
although an amplitude close to the one of the circular
polarization is expected, because (92/105)/(284/315) =~
0.972.

Equation (10) shows that the correlation of the shot-
noise at different frequencies, for f < 100Hz, is equal
to one, because Q% cwp(, f) ~ f?/3. thus any depen-
dence on the frequency can be factored out. This means

that the circular polarization of the AGWB at fpi, uni-
vocally determines the amplitude of the fluctuations at
f < 100 Hz, because the signal scales as (f/ foiv)?/3. As
we will see in the next paragraph, the spectral tilt pre-
dicted by the binary evolution is a crucial ingredient to
detect (and to subtract) the intensity and the circular
polarization of the AGWB.

There is a large amount of uncertainty in the covari-
ance of the circular polarization due to shot-noise, for
example, coming from the BBH merger rate and from
the distribution of the intrinsic parameters of the bina-
ries. The shot-noise fluctuation is also sensitive to the
number of sources that the detector network can resolve;
thus the shot-noise changes if the sensitivity of the in-
struments changes and if a different SNR threshold of
the single source is chosen. The shot-noise scales indeed
with +/Ngw, while the homogeneous and isotropic term
depends linearly on Ngw. Note also that in this work we
have not focused on the intrinsic [47-52] and kinetic [53—
55] anisotropies, induced by GR corrections and by our
peculiar motion w.r.t. the sources respectively, because
these effects are expected to be negligible if compared to
the shot noise [35, 54].

Detection with 3G interferometers The detectability
of the anisotropies of the intensity of the AGWB, includ-
ing the shot-noise, has been already discussed in [35],
therefore in this section we focus on the detectability
of the circular polarization of the AGWB, marginaliz-
ing w.r.t. the intensity (monopole + shot-noise) of the
AGWB. In analogy with the computations of [15-17], it
can be shown that the covariance matrix associated to
the determination of the shot-noise map, QXqwg(f, f),
is

1 2 i
cov%,_T — (12
o= 3, Tr (BY, 87 BY ST )
where
VAB 3I{O2 + Xk X * f2/3
Byt = a0 (FAanB fo = FXaFia ) il
piv
(13)

with fpiv = 1 Hz in our case and F4 the pattern function
of the detector A along the direction of observation .
The matrix Sy is proportional to the covariance matrix
of the data,

piv,i/ ’

SHP = NP 43N Bl oot (14)
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with N ]’f‘B the power spectrum of the noise of the inter-

ferometers and Qa SN , the realization of the shot-noise we

would like to measure at f = fpiv. The value of the SNR
depends on the specific realization of the shot-noise of the



circular polarization?, but we know that on average it is
equal to

- (S O T 9

n,n’

We have computed the SNR for the detector network
assuming ET in a 10-km arm triangular configuration
placed in Sardinia [56], a L-shape 40km CE in Hanford,
and 20km CE in Livingston [57]. We find (SNR) ~ 2.2
for any observing time, showing that the circular polar-
ization of the AGWB can be a target for the 3G detec-
tors. In Figure 1 we have plotted the result of the “mean
amplitude” of the fluctuation in the circular polarization
and the intensity of the AGWB and we have compared
them with the Power-Law Sensitivity (PLS) curves for
the network ET+CE. The PLS for the polarized back-
ground extends the result obtained in [58] to the case of
an anisotropic background with constant angular power
spectrum. Furthermore, a joint estimate of the AGWB
anisotropies with other Stokes parameters (as the inten-
sity), would increase the SNR and could be used to con-
strain the BBH population too, as we will discuss in the
next paragraph.

Foreground subtraction We have shown that the cir-
cular polarization of the AGWB constitutes a target for
the 3G interferometers, but, at the same time, it could
also be a limitation for the detection of polarized cosmo-
logical signals. For simplicity, we consider a homogeneous
and isotropic cosmological background characterized by
a power-law spectrum of the following form,

0L _ il f o
haws() = Aows (135)

QgGWB(f) = AgGWB (1{&> s (16)

where ALqwp: Alcws (the amplitudes of the back-
ground at 1Hz), nl. and n}. are the cosmological param-

eters we would like to estimate. In this letter, we show an
example of foreground removal for nl. = n¥. = nr, esti-
mating the amplitude flgGWB7 marginalizing over all the
other parameters. Since the background is isotropic, the

marginalized covariance of the amplitude of the circular

2 The angular power spectrum of the shot noise is constant in
the multipole space, thus all the first few multipoles give non-
negligible contributions to the SNR.

polarization is
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where 1}‘“’3 =>4 BV”;‘B is proportional to the overlap
reduction function of the interferometer pair (A, B). The
tensor B is defined as in Eq. (13), but with ™7 instead
of f2/3. The first term is the standard one computed,
for instance, in [18-22], while the second one is the co-
variance due to the component separation evaluated for
the first time for the anisotropic cabe in [54]. It is clear
that when ny — 2/3 and when C oAl is independent

of A and [ (i.e., monopole signal), the CGWB and the
AGWB are indistinguishable and the second contribu-
tion is proportional just to the amplitude of the AGWB
fluctuations and it looks like the cosmic variance term
ComPUted in [‘)9] AV ~ 0.12nstr + | forcground‘ In our
case, the AGWB is not isotropic, but flat in multipole
space. This means that the factor that multiplies C}/f‘,/ AP
is much smaller than one also in the case nr — 2/3.
This is equivalent to say that measurements of the first
few multipoles allow to break the degeneracy between the
AGWB and the CGWB monopoles. The covariance due
to the component separation is proportional to 1/Tgps,
which implies that it scales in the same way of instrumen-
tal noise. We have found indeed that, although the detec-
tion of the circular polarization of the CGWB is mainly
limited by instrumental noise, for any observing time the
SNR receives corrections from the presence of the astro-
physical foreground of ~ 20% when nY. is approximately
larger than minus one and smaller than three3. More
specifically, the square root of the covariance computed
in Eq. (17) is reduced by the 20% when the astrophysical
foreground is not considered, which means that neglect-
ing the circular polarization of the AGWB computed in
this work would lead to an underestimated error on the
reconstruction of the circular polarization of the CGWB.

Conclusions Usually, measurements of the Stokes pa-
rameters of the SGWB are considered an efficient way
to separate signals that overlap at interferometers, since

3 When the filter applied to the data is chosen to maximize the
amount of information from the shot noise, the shot noise is about
twice the error due to instrumental noise, while in this case the
filter used is different, thus the shot noise is smaller than the
uncertainty associated to the detector response.



the homogeneous and isotropic part of the astrophysical
signal has a vanishing circular polarization, contrary to
some cosmological models that can show up a polarized
background. In this letter we have shown that a non-
negligible amount of circular polarization is present also
in the AGWB, induced by the anisotropic distribution
of the sources. In particular, we have focused on the
AGWRB generated by BBH mergers, for which the Pois-
son fluctuation of the number of sources, characterized
by a flat angular power spectrum in the multipole space,
generates a net amount of circular polarization, with a
f?/3 trend, which is sufficiently large that it is present
at the level SNR ~ 2.2 at the network ET+CE for any
observing time and must be included in the noise model
for these analyses. Although the significance of the de-
tection does not improve with Tips, any increase in the
number of detectors considered in the analysis would in-
crease the SNR, because the outputs of the detectors in
the network are correlated. In addition, the discussion
we have done in this work is valid for any distribution
of sources, thus it could be easily extended to stochas-
tic backgrounds emitted in different frequency bands or
for terrestrial detectors with different sensitivities. Fur-
thermore, the circular polarization of the AGWB consti-
tutes a troublesome foreground that limits the detection
of a stochastic background of cosmological origin. In this
preliminary work we have evaluated the efficiency of the
subtraction of the circular polarization of the AGWB for

ET+CE in the presence of a cosmological signal described
by a power law. By exploiting the different features of the
cosmological and astrophysical spectra, such as the fre-
quency dependence and the features in the sky maps, it
is possible to reconstruct the primordial background with
very good precision, being limited just by instrumental
noise as for the case of the intensity. The error associ-
ated to the component separation of the cosmological and
the astrophysical background is not very large because of
the significant difference between the sky maps of the
CGWB we have considered (isotropic) and the AGWB
map (white noise in the angular space), however it gives
corrections of the order of 20% to the total SNR, thus it
has to be carefully taken into account.
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POPULATION OF BINARY BLACK HOLES

BBHs are characterized by their intrinsic properties 5, by the redshift of the merger z and by the time delay between
the formation of the binary and the merger of the two objects*. In our work we assume that we can factor out the
dependence of the binary parameters w.r.t. the redshift and the time delay,

dNew >

~ dR

(td, Z) dv ~

—(tq,0,2) = p(6
dtddadz(d ) =p0)

T, (za)w(0, 2), (18)

b5 d2d0,

where Ty is the observation time, while the comoving volume element is defined by

dVv

_ ex?(za)

(19)

Tzan, ) = HG)

with x comoving distance. Note that however this is not true in general and one should use a generic, non-factorable
expression, derived from the posterior of the observation of resolved sources at interferometers. Furthermore, we
assume that the distribution of the astrophysical parameters that characterize the binary can be factorized in the
following way,

=

p(0) = p(m1, ma2)p(x1, x2)p(t) - (20)

We use the Power-Law + Peak mass distribution for BHs of masses between my, = 2.5 Mg and mpya.x = 100 Mg,
and a uniform distribution in the mass ratio ¢ = ma/mq, with ¢ <1 [11, 33]. We assume that the spin distribution of

4 For practical purposes, here we include in the description of the population the detector window function w, thus the population discussed
here is not the full BBH population, but the one that contributes to the astrophysical background.



the compact objects is a Gaussian centered in 0 and covariance 0.1, while for the inclination angle we are considering
an isotropic distribution of the sources, therefore we assume that cos: is drawn from a uniform PDF, thus
dcost 1

p(t) = p(cost) a0 = 3 sine for 0<:<m. (21)

The merger rate has been derived from the Star Formation Rate (SFR) at a given redshift, by using

R.(2) = / dM;,, (SFR(Mh,z)>j—AAZ(Mh,z) [yr~! Mpc~3], (22)

where we have used the average SFR per halo from Universe Machine [34] as in [35] and the halo mass function of [36].
We connect the merger rate to the SFR by using

J dtap(ta) Ry [2a(2,ta))]
[ dtap(ta)Rilza(z = 0,ta))]’
where the LVK normalization considered has been taken from the central value of (for BBH), Riyk(z = 0) =

23.974% Gpc=3 yr=! [11]. The time delay distribution has been taken as an inverse power law from 50 Myr to the age
of the Universe [37, 38]. It is therefore straightforward to see that the merger rate for a given time delay is

R(Z) = RLVK(Z = 0)

(23)

dR(tq, 2) p(ta)Ru[za(z, ta))]

——2 =R z2=0 . 24
dtd LVK( )fdtdp(td)R*[Zd(Z = O,td))] ( )

By combining Eqs. (18), (24), it is straightforward to see that the mean number of GW events per halo is
— > Rivk (0)(SFR(Mp, ta, 2))

N, My, tq,0,2) =

awin (M b0 2) = gy (ta) Rulea( = 0.8))
dv (25)

p(ta)p(O)w(d, 2)T,

Aty AGAz.

b 12dQ, (2)

SHOT-NOISE COMPUTATION

We are looking at the fluctuations of the object dNgw/ dtddé: which is the number of GW event at z with parameters
0 and time delay t4. We describe this events by using

dN ~ dN. S
G-YV (ﬁathevZ) = ZiG\N-‘(ﬁaMhatdaoaz)AMha (26)
dt dédz A dM;dtydodz

where we have defined the discrete summation in the following way,

New (M, e d Ngwn (ML .
> dNgw ( _'h) AM, = cawin( L )AM,SZ), (27)
M, thdtddez i=1 thdtddgdZ

and we have defined the number of GW events per each bin in all the halos of mass M), as

Ny (n,Mp,tg,z i
dNgw (Mp) AM n( )dNGW|h(M)

dMydtadddz " S dtudddz

(28)

Both the number of GW events per halo and the number of halos with a given mass fluctuate according to a Poisson
distribution,

*Né;w K N
A s

[
Néwin! (29)
N}ILVheho
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where the mean number of GW events per halo has been computed in Eq. (25), while the average number of halos is
simply defined by

Nh(thtd7 ) Mhytda )AM}La (30)

dNp, (
dMy,

with d Ny, /dMj, the halo mass function. Note that p(ﬂ_') contains also information about the orientation angle of the
binary. Ngw is obtained by the sum of many Poisson variables, therefore it follows a Compound Poisson Distribu-
tion [7-9]. The expectation value of the CPD is the product of the expectation values of the two Poisson distributions,

Naw(ta,0,2) = Nuy(My, ta, 2), Nown (M, ta, 0, 2) . (31)
Mp,

This expectation value has been used to compute the homogeneous and isotropic contribution to the background, which
gives zero for the circular polarization . In this section we are interested in evaluating the impact of the fluctuation of
Ngw to the signal. It is possible to show [7-9] that the fluctuation of this shot-noise contribution is equal to

UIQVGWNE;W =cov |:]\/YGVV(7A7,7 tq, é: Z), .NGV\/(TALI7 t:i, 9_77 Z/):| = Z Nh (Ngwm + NCQ}Vvlh) (Sﬁﬁ/&tdté(sé'é'/(szzl , (32)
My,
where we have introduced the short notation for the Kronecker delta,
X =ux
' — 0 r= 57, . 33
{X/ = Zj XX I ( )

On average the shot-noise fluctuation does not contribute to the AGWB signal, but since the covariance is not zero a
net AGWB Stokes parameter is produced by a random realization of the Compound Poisson Distribution,

C?j%,ﬁﬁ’ =cov {QXGWB(ﬁvf)ngGWB(ﬁlaf/)} =
2

1 ff dEY dev /-, UNGWNé;W B
= Z Z 1+Z )(1+Z’)H(Z’) (Pcrit02)2 dfedQe ( ’ af) dfedQ (9,Z,f> T2 (Z) dv (Z’) =

ta, 9 zt), 0’ 2! obs dde dzdQe
=2 0 st (0. f) i (B8) gy
2 2 cri CQ 2
e H(z)] {Tobsﬁ(z)} (Perit?)

Ni(Mp, ta, 2) [NGW|h(Mh7td7§7 2) + Néwyin(Mn, ta, 0, Z)} Sanr -
(34)
We note that the Néw ,, term is always subdominant, independently of the width of the bins, because of the low

number of GW events per single halo. From now on we will therefore focus our analysis just on the linear term, which
is analogous to the covariance obtained by a simple Poisson distribution.

COMPUTATION OF THE COVARIANCE INDUCED BY FOREGROUND SUBTRACTION

In this section we discuss a strategy that could be used to detect the circular polarization of a cosmological back-
ground in presence of the astrophysical foreground we have characterized in this work. The quantity that can be
observed at the interferometer A in a time segment 7' is

dar(t, f) = Z AQ Z FS i (RAGE 4+ hSGWP) +nar(f), (35)

with A€ the solid angle of the pixels in which we have divided the sky, F'§{ the detector pattern function for the
polarization a and n 4,7 the realization of the noise of the interferometer. The covariance of the data is therefore given
by

" 1 5 ’ « «
(dyady p) = 3 Af]} By Z ZB AB QAGWB,ﬁf + QCGWB,ﬁf) ) (36)




where N J‘f‘B is the power spectral density of the noise for the detector pair (A, B) and we have defined

HLLAB __ 3H§ + + % *
Bin =80 1em (Fi paFi ot Fi paFi 5a)
(37)
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Here we consider the simplified situation in which the cosmological background is homogeneous and isotropic, the tensor
tilt of the cosmological background is known and we neglect the leakage of the intensity map into the reconstructed
map of the circular polarization. We quantify the amount of circular polarization of the CGWB by using

_ £\
QgGWB,ﬁf = Alews <1Hz ; (38)

where AKGWB is the unknown amplitude we are interested in. Since the amplitude is proportional to the square of
the strain of the CGWB, we use an estimator quadratic in the data,

Alaws = Z dﬂAEﬁJ}; 50, (39)
A,B,f,f’

where the bias b can be found by imposing that the estimator is unbiased, <AEGWB> = Acgws, while the weights EIJ;’;
are chosen in order to minimize the covariance associated to AgGWB. In [54] it has been shown that this covariance
is the sum of two terms: the first contribution is proportional to fluctuations in the observed data, (d*) — (d?)?,
while the second term is the error associated to the component separation between the CGWB and the AGWB. The
computation of the estimator with the minimum covariance has been done in [54] and the covariance associated to the
estimate of the amplitude of the CGWB is given by

. Va-1pV o—1 Va-lpv g-1 Vv
. 2 L Zadss T (3757 BYas; ) T (157 BYS7") € (40)
AV — 2 3
T Vo1V a1l N L B nr £/ np
obs Zf TI‘ (’yf Sf ’Yf Sf ) |:Zf” TI' (’Y.}c/;/Sf//l’)/f“///Sf//l)} f f

where we have defined

nr
BY.=DBY, . 41
fin fin (1 HZ) ( )
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