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Detectability and parameter 
estimation of stellar origin black 
hole binaries with next generation 
gravitational wave detectors
Mauro Pieroni1*, Angelo Ricciardone2,3 & Enrico Barausse4,5,6

We consider stellar-origin black hole binaries, which are among the main astrophysical sources for 
next generation gravitational wave (GW) detectors such as the Einstein Telescope (ET) and Cosmic 
Explorer (CE). Using population models calibrated with the most recent LIGO/Virgo results from 
O3b run, we show that ET and CE will be capable of detecting tens of thousands of such sources 
(and virtually all of those present in our past light cone up to z � 0.7 for ET and z � 1 for CE) with 
a signal-to-noise ratio up to several hundreds, irrespective of the detector design. When it comes 
to parameter estimation, we use a Fisher-matrix analysis to assess the impact of the design on the 
estimation of the intrinsic and extrinsic parameters. We find that the CE detector, consisting of two 
distinct L−shape interferometers, has better sky localization performance compared to ET in its 
triangular configuration. We also find that the network is typically capable of measuring the chirp 
mass, symmetric mass ratio and spins of the binary at order of 10−5 , 10−4 and 10−4 fractional error 
respectively. While the fractional errors for the extrinsic parameters are of order 10−2 for the sky 
localization, luminosity distance and inclination.

The European Strategy Forum on Research Infrastructures (ESFRI) has recently decided to include the Einstein 
Telescope (ET) gravitational wave (GW) detector in the 2021  roadmap1,2. At the same time the US community 
is planning to build the Cosmic Explorer (CE), a next generation GW detector with better sensitivity than exist-
ing LIGO/Virgo  interferometers3. Together with  LISA4, this experimental effort is bound to revolutionize our 
understanding of the gravitational Universe. After the first detection of GWs by the LIGO/Virgo  collaboration5–8, 
nowadays the detection rate of binary black holes (BBHs) is around one per week. With next generation detec-
tors, it is expected that ET at design sensitivity will perform around ∼ 105 − 106 BBH detections and ∼ 7× 104 
binary neutron star (BNS) detections per  year9,10, i.e. up to several per hour. Moreover, given the one order of 
magnitude improvement in sensitivity compared to second generation interferometers, ET or CE will be able 
to detect BBHs and neutron star - black hole (NSBH) binaries with total mass between 20 and 100 M⊙ , up to 
redshift z ∼ 20. For BNS binaries (i.e. total masses ∼ 3M⊙ ), ET or CE should be able to reach z ∼ (2− 3)11,12.

Such estimates are of course related to the detector configurations/positions and to the astrophysical popula-
tion. At the time of writing, the final configuration and locations of ET and CE have not been yet decided. For 
ET, a triangular detector configuration seems the most plausible option. Concerning the location, at the moment 
there are two possibilities: one in Sardinia (Italy) and one in the Eusebio region of the Netherlands. On the US 
side, the shape of the CE interferometers should remain L-like, but characterized by longer arm-lengths (in 
particular, one interferometer of 40 km and one of 20 km).

The increased sensitivity of these detectors will have an impact on the parameter estimation accuracy, both 
for extrinsic and intrinsic source parameters. In this paper, we assess the detectability and the parameter esti-
mation accuracy for one of the prime astrophysical sources for ET and CE, i.e, stellar-origin black hole bina-
ries (SOBHBs). We build simulated populations of SOBHBs according to the latest mass functions inferred by 
LIGO/Virgo13, and adopting the  IMRPhenomXHM14 waveform model, which includes higher order modes, and 
assumes quasi-circular (i.e. non-eccentric) and non-precessing black hole binaries. Then we use a Fisher matrix 
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analysis to compare the accuracy in parameter estimation of the two detectors: one case where ET consists of 
three co-located nested detectors in a triangular configuration placed in Sardinia, and two hypothetical CE 
detectors consisting of two L-shaped interferometers placed one in Livingston and one in Hanford (where the 
two LIGO detectors are currently located).

We first estimate the number of observed sources as a function of redshift and total mass, both for ET and 
CE separately and for a network consisting of both detectors simultaneously, assuming a threshold in signal-
to-noise ratio (SNR) of 20. We also comment on the horizon distance of these detectors, highlighting how the 
increase in this quantity relative to previous generation detectors will greatly enhance the discovery space also in 
‘exotic’ regions of the parameter space (e.g. for putative black holes of sub-solar mass, which cannot be produced 
by stellar evolution and which could therefore be of primordial origin)15–19.We also look at the distribution of 
the number of events and at the detected fraction of the astrophysical population, for the two detectors and the 
network, and we study the SNR distribution of the predicted detections.

We then move to the estimation of the errors on the source parameters, both intrinsic and extrinsic. Among 
the latter, we include the luminosity distance dL , the sky localization � , the polarization angle ψ and the inclina-
tion angle ι . We quantify the fraction of events that can be detected with a sky location error smaller than 10, 
1 and 0.1 square degrees, both at low ( z < 2 ) and high redshift ( z > 2 ). Similarly, we calculate the percentage 
of events that can be detected with a relative statistical error better than 20% , 10% and 5% on the luminosity 
distance. These estimates are relevant e.g. to project how GWs can potentially be used for investigating the large-
scale structure (LSS) of the  Universe20–26, for studying the properties of the host  galaxies27 and for constraining 
cosmological  parameters28–31.

We also study the degradation of the luminosity distance estimates due to weak lensing, as a function of 
redshift. The latter acts as a systematic bias, which can influence astrophysical and cosmological parameter 
 estimation32–35.

Regarding the intrinsic source parameters, we derive projected errors on the chirp mass Mc , the symmetric 
mass ratio η , the two spins χ1,2 , again for ET and CE independently, and for a network of the two. For a selected 
event with large SNR in our simulated populations, we also present detailed Fisher Matrix posterior forecasts.

The structure of the paper is the following: in Sect. 3 we specify the assumed ET and CE detector properties, 
and we explain the procedure adopted for generating our simulated catalogues of sources; in Sect. 4 we present 
our parameter estimation results for the extrinsic and intrinsic parameters. A conclusion and an appendix on 
the adopted mass function and spin distribution for our simulated populations conclude the paper.

Detector characterization and catalogue generation
Detector properties. ET and CE are next generation interferometers that will have an order of magnitude 
better sensitivity and a wider accessible frequency band (from 3 Hz to many kHz ) than current GW detectors. 
The final configuration and the location of the detectors have not been finalized yet. However, in this paper, 
considering the most recent public specifications, we consider the most plausible case where ET consists of 
three co-located nested detectors in a triangular configuration placed in Sardinia. More in detail for ET each 
individual detector will be composed of two interferometers, one specialised for detecting low-frequency GWs 
and one for high-frequency GWs, forming a so-called xylophone configuration. The two interferometers will be 
of Michelson type with an opening angle of 60 degrees. Since the two detectors have a similar geometry, they will 
share common tunnels. As for the exact location, we consider the Sos Enattos mine in the city of Lula in Sardinia 
(N 40◦ 26′ , E 9◦ 26′ ). For CE we consider the case of two L-shaped interferometers placed one in Livingston (N 
30◦ 33′ , W 90◦ 46′ ) and one in Hanford (N 46◦ 27′ , W 119◦ 24′ ), where the two LIGO detectors are currently 
located. In the ET case, we consider a 10 km arm length, while for CE we consider 40 and 20 km respectively. We 
focus on the ET-D noise power spectral  density1,2, while for CE we consider that  of3,36. In Fig. 1, we show the ET 
and CE strain sensitivities taken  from37. For future reference, we also show the power law  sensitivities38,39 for sto-

Figure 1.  Plot of ET-D and CE strain sensitivities.
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chastic backgrounds, computed considering one year of mission and an SNR threshold of 10 for the background. 
In this study we do not consider networks that include current generation interferometers nor their upgraded 
A+ versions, but we just focus on next generation ones. The A+ detector generation will have an improvement in 
sensitivity of a factor ∼ 2 to 4 depending on the frequency, compared to current generation detectors, driving the 
transition to next generation detectors such as ET and CE. For a detailed analysis including networks consisting 
also of A+ detectors,  see40.

Waveforms, astrophysical black hole populations and catalogue generation. In our analysis 
we adopt the  IMRPhenomXHM14 waveform model, as implemented in  PyCBC41. This waveform class includes 
higher order modes, and assumes quasi-circular (i.e. non-eccentric) and non-precessing black hole binaries, 
with χ1,2 the dimensionless spin parameters projected on the orbital angular momentum axis.

Overall, we therefore characterize our simulated black hole binaries by the following parameters:

where z is the redshift of the event, θ and φ are respectively the declination and right ascension of the source, 
ψ is the polarization angle, ι is the inclination angle, τc is the coalescence time and φ0 is the initial phase of the 
binary. Below, we will perform a Fisher matrix analysis on these 11 parameters.

For a given detector, whose instrumental response can be characterized through the sky-dependent pattern 
functions F+/×

ij  (for the definition see for  example42), the signal can be expressed as:

The (optimal) SNR for a given source can then be computed  as43 i.e.

where h is the waveform for the event, and (a|b) denotes the noise weighted inner product:

where Sn(f ) is the detector strain sensitivity and f1 , f2 are chosen to be the minimum and maximum frequencies 
of the detector’s range.

We simulate catalogues of SOBHB systems by considering the latest population models from LIGO/Virgo O3b 
 run13 and the latest cosmological parameters constraints  from44. In more detail, we consider a “power-law plus 
peak” mass function as described in the supplementary material, with a mass range m1,m2 ∈ [2.3, 100.0]M⊙ . 
For the spin distribution, we use the LIGO/Virgo default spin model that we summarize in the supplementary 
material. For the SOBHB merger rate, since ET and CE will reach large redshift, we have assumed that the merger 
rate tracks the Madau & Dickinson star formation rate as a function of  redshift45 convolving this with the time 
delay between the formation of the binary and its merger. For the time delay distribution we have considered 
an inverse power-law40,46

between tmin
d = 10Myr and tmax

d = 10Gyr . This means that the merger rate increases up to z ∼ 2 and then 
decreases again at higher redshift. This dependence has also been considered in the LIGO/Virgo papers on the 
GW stochastic  background47. We considered just one type of population of astrophysical objects  (see48 for an 
analysis which take into account different populations). The normalization of the merger rate is chosen such 
that its local value at z = 0 matches with the latest LIGO and Virgo observations (i.e., R0 = 17.3 Gpc−3yr−1 , k 
= 2.9)13. We focus on the redshift interval 0 < z < 15 , but our results are insensitive to the maximum redshift 
that we consider.For simplicity, we do not consider the possibility of two or more overlapping signals and that 
we are able to identify all the events (techniques such as those employed in the LISA Data  Challenge39,49–51 may 
be beneficial to treat that case, or the inclusion of anisotropies could  help52).

In terms of redshift reach, next generation detectors will be significantly better than LIGO/Virgo: comparing 
to the latter, which are sensitive to events up at redshift z � 1 , ET and CE should reach up to z ≃ 20 , depending 
on the  mass12, potentially probing the dark era of the Universe preceding the birth of the first stars, and opening 
the possibility to test a possible primordial origin for, at least part of, the BH population. In particular, in Fig. 2 
we show the detector reach for equal mass, sky and inclination averaged binaries, in terms of the cosmological 
redshift, as a function of the source-frame total mass of the coalescing BHB and considering our default SNR 
threshold of 20. As can be seen, ET and CE can reach a similar redshift, however ET will be able to detect BHs 
with larger masses (up to ∼ 103M⊙ up to z ∼ 10 ). On the other hand, very small source-frame total mass sources 
(below 1M⊙ ), which cannot be produced by stellar evolution and which could therefore point at the existence of 
primordial black holes, can be observed up to z ≈ .5 (1) for ET (CE), if they exist.

Note that the large number of detected events by ET or CE, which we will show below to be of order 104 
SOBHBs at high redshift and with a quite high SNR, will allow for gaining insight on stellar evolution and star 
formation (e.g. the impact of the metallicity)53. Besides this, the large statistics will also allow to use GW sources 
in combination with other cosmological probes like Large-Scale Structure (LSS), to shed light on formation 
 scenarios24,25, clustering  properties26,30,54, and test of General Relativity/Modified  Gravity34,55,56.

(2.1)z, m1, m2, χ1, χ2, θ , φ, ψ , ι, τc , φ0 ,

(2.2)h = F+ij h
+
ij + F×ij h

×
ij .

(2.3)SNR2 = (h|h) ,

(2.4)(a|b) = 2

∫ f2

f1

a(f )b∗(f )+ a∗(f )b(f )

Sn(f )
df ,

(2.5)p(td) =
1

ln
(

tmax
d /tmin

d

)

td
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With these assumptions, we generate mock catalogues of SOBHB mergers for an observation time of one 
year. In Fig. 3 we show the number of generated events (“full catalogue”) and the ones detected with SNR > 20 
for the two detectors separately and for a network ET+CE, as a function of redshift. In the case of the network 
we define an event detectable if it is detected with SNR larger than 20 in both detectors. We can note that at 
low redshift the difference between the two detectors is rather small, while starting from z ∼ 1 CE is able to 
detect more events. However, when the network ET+CE is considered, essentially all the events up to z ∼ 1.5 
are detectable. For comparison, at the present LIGO/Virgo sensitivity, the number of detected BBH events with 
SNR > 20 is around  four13.

We then show in Fig. 4 the distribution of events per year as a function of the detector-frame total mass. Note 
that the distribution of events shows a double peak structure, which reflects the power-law+peak mass intrinsic 

Figure 2.  Horizon distance plot for ET and CE for equal mass system of black holes and assuming that all the 
events above SNRth = 20 are detectable.

Figure 3.  Total number of detected black hole mergers as a function of redshift, for ET, CE and the detector 
network ET+CE. Also shown is the intrinsic number of events that would be detected with an infinitely sensitive 
detector (“full catalogue”).
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mass distribution adopted in this analysis. We can see that both ET and CE can detect a large number of GW 
sources with large masses. Some of these may also be observable (during their inspiral phase) in  LISA57, which 
would greatly enhance the possibility to use these sources to test General  Relativity58,59 or to detect interactions 
with the surrounding astrophysical  environment60,61 (even if undetected as resolved events, these SOBHBs may 
also appear in LISA as a stochastic  background50,62,63).

In order to assess the accuracy with which the two detectors can estimate SOBHB parameters, we use a Fisher 
matrix  analysis43,64–66. The latter is computationally efficient and can be run on thousand of sources, while being 
accurate only in the limit of high  SNR43. The Fisher matrix Ŵ for the signal h has the following  elements43

where we are using the noise weighted inner product of eq. (2.4) and θi is the vector of source parameters. The 
derivatives with respect to all the parameters are computed analytically, except for the two masses m1 , m2 and 
the spin parameters for which we use a fourth order finite difference scheme with Richardson extrapolation to 
vanishing step. Tests of convergence and robustness are performed on the fly trough our code. From the Fisher 
matrix we can build the covariance matrix � by taking its inverse, � = Ŵ−1 . In order to stabilize this numerical 
operation, we condition the parameters which are likely to have the lowest information i.e. the initial phase φ0 , 
the sky localization parameters θ and φ , the inclination ι and the phase ψ . In practice, this corresponds to add-
ing a small number, which we set to be ǫ = 10−10 , on the diagonal entries of the FIM corresponding to possibly 
poorly constrained parameters. This is equivalent to assuming a loose Gaussian prior with variance 1/ǫ on those 
parameters. We have also tested that our choice of prior does not affect the parameter reconstruction.

The estimated statistical error on a parameter �θi is then computed by extracting the corresponding diagonal 
element of the covariance matrix, while the error on combinations of the parameters is computed by performing 
standard error propagation.

In our analysis we focus in particular on the error on the following parameters

• error on the chirp mass �Mc,z , where Mc,z = (m1m2)
3/5/(m1 +m2)

1/5;
• error on the symmetric mass ratio �η , where η = (m1m2)/(m1 +m2)

2;
• error on the sky location, related to the errors on the θ and φ angles by the  relation43,67–69 

• error on the luminosity distance �dL.

(2.6)Ŵij =

(

∂h

∂θ i

∣

∣

∣

∣

∂h

∂θ j

)

,

�� = 2π sin θ
√

(�θ�φ)2 − (�θφ)2 ;

Figure 4.  Total number of detected black hole mergers as a function the detector frame total mass, for ET, CE 
and the detector network ET+CE.
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• error on the two dimensionless spins �χ1 and �χ2;
• error on the inclination angle �ι.

In what follows, we will also compare the statistical error on dL with the systematic error arising from weak lens-
ing, which we compute by using the fitting formula  of33 (used also  in70 for LISA analyses):

Parameter estimation
As shown in the previous section, the CE detector allows for a larger number of detected sources, compared to 
ET. This can be also seen in Fig. 5, where we plot the distribution of the events detected in one year, for ET and 
CE separately and for them working as a network. We can note again that CE has a slightly better ability to detect 
BBH sources at higher redshift; for ET it is expected that a large number of detected sources will be around z ∼ 1 , 
while for CE the maximum is at slightly larger redshift.

In Fig. 6 we also show the distribution of SNR for the detected binaries. One can see that a large number of 
events will have an SNR above 50. This is consistent  with71, confirming that ET and CE will be more sensitive 
than currently operating ground-based and future space-based detectors when it comes to detecting SOBHBs. 
As an example, in Fig. 7 we also show the distribution of source-frame mass and redshift for our simulated 
binaries (for one realization of the universe), together with the SNR (color coded), for the network ET+CE. 
One can see that the distribution in mass qualitatively follows the shape of the power-law+peak mass function, 
while the distribution of events in redshift has a maximum at z ∼ 2 . As expected, the SNR is larger for closer 
and more massive objects.

We will now compare the parameter estimation capabilities of ET and CE, which are an important metric 
to assess the relative performance of different detector designs. As an example, in Fig. 12 we show the Fisher 
matrix posteriors for one of the loudest BH binary system (with SNRET = 607 , SNRCE = 596 ) in a realization of 
our population, i.e. one with dL ≃ 0.57 Gpc, m1 ≃ 38.28M⊙ , m2 ≃ 28.18M⊙ , τc ≃ 0.06 yrs, φ0 ≃ 3.74 , θ ≃ 0.92 , 
φ ≃ 0.05 , ι ≃ 1.67 , ψ ≃ 1.16 , S1 ≃ 0.49 , S2 ≃ 0.40 , cos(θ1) ≃ 0.60 , cos(θ2) ≃ 0.61 , firstly comparing ET with 
CE and then combining the two detectors. As expected, CE, having two detectors at different locations, allows 
for estimating the extrinsic parameters (e.g. dL and sky position) more precisely. This is of course due to the 
possibility of “triangulating” the sources in the sky. We show this also in Fig. 8, where we plot the projected 
error on the sky localization, luminosity distance and inclination for the whole SOBHB population. We can see 
that the two L-shaped CE detectors allow for a better determination of the sky position compared to the single 
ET triangular detector. However, in both cases we can reach a resolution of order 5− 10 deg2 for a quite large 
number of detected events. The combination of the two allows to reach accurate angular resolution up to percent 
level. On the other hand, the difference on the luminosity distance error is not so large, even if CE allows a good 
estimation for a larger number of events. A similar behavior holds also for the inclination angle.

To be more quantitative, in Table 1 we have reported the number of sources that can be localized in the sky 
within 10, 1 and 0.1 square degrees, for the two detectors and for the network at low (i.e., z < 2 ) and high (i.e., 
z > 2 ) redshift, for one year of observation. This information is crucial to understand how many detections can 
be useful for cosmography and for cross-correlation with galaxy  surveys72. For comparison, we note that a 10 
deg2 error box is the field of view of  SKA73 or Vera Rubin Observatory (LSST)74. One can see that the difference 
in localization power between ET or CE alone compared to their combination is quite significant both at low 
and high redshift.

We have also estimated the percentage of events that can be detected with relative errors on the luminosity 
distance of 20% , 10% and 5% for redshift below and above z = 2 , including the systematic error due to weak 
lensing. From Table 2, one can see that at low redshift a reasonable number of events are detectable with a 20% 
accuracy in the three configurations (ET, CE and ET+CE). However, as more stringent requirements on the 
determination of the luminosity distance are considered, one can clearly see the benefit of having a network of 
detectors. Note that at high redshift, however, no events are detectable with accuracy below 5% and just a few 
with 10% accuracy. An explanation for this limitation can be obtained from the plot in Fig. 9, where we have 
compared for the network ET+CE the statistical error on the distance with the weak lensing contribution, which 
becomes dominant at high z.

The parameter estimation results for the intrinsic parameters (i.e., detector-frame chirp mass, symmetric 
mass ratio and spins) are shown in Fig. 10. As can be seen, the impact of the detector choice is less significant 
than for the extrinsic parameters. In more detail, with both detectors considered in this work, the chirp mass 
is always estimated to sub-percent error or better, with a slightly better error given by CE. The symmetric mass 
ratio and the spins are estimated to within 1% or better for most detected events, and for the symmetric mass 
ratio a large fraction of sources are expected to be measured even with sub-percent error. Finally in Fig. 11 we 
plot the projected relative error on the difference between the two spins.

In our analysis we have not neglected correlations between the parameters; in fact, in Fig. 12 it can be noticed 
that there are some correlations among some parameters; for instance it is manifest that there is a degeneracy 
θ − φ . Two important remarks about the correlation are the followings: i) to produce Fig. 12, we have chosen 
one of the loudest events (i.e., SNR ≃ 600) which of course translate in tighter errors on several parameters; ii) in 
our analysis we have included higher order modes in the waveform which help in reducing some degeneracies.

(2.7)σlens(z) = dL(z)× 0.066

(

1− (1+ z)−0.25

0.25

)1.8

.
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Conclusions
Among the most interesting proposals to improve the sensitivity of current ground-based GW interferometers 
there are the ET and CE detectors. These interferometers will be characterized by longer arm-lengths and an order 
of magnitude better sensitivity compared to the LIGO/Virgo/KAGRA detectors. They are currently planned to 
have a triangular and L-shape geometry, respectively. With these characteristics, they will offer the possibility 
of exploring our universe up to high redshift and to detect a large number of GW sources, shedding light on the 
population properties of compact objects through the dark age of our universe. In this paper, we have studied 
the detectability and parameter estimation capabilities of ET and CE, considering them both independently or 
in a network. We have developed synthetic catalogues for one of the primary targets of ET and CE – SOBHBs 
– accounting for the latest LIGO/Virgo constraints on the population properties. We have used a redshift-
dependent merger rate and a power-law plus peak mass function.

Figure 5.  Fraction of the astrophysical population of black hole binaries that is detected, with the ET, CE or the 
network ET+CE.
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We have first estimated the number of detectable events with the two detectors and with the network, and 
we have found that both options offer the chance to detect a large number of SOBHBs up to redshift z ∼ 5− 6 . 
When the two instruments are considered in a network, almost all the SOBHBs up to z ∼ 1.5 can be individually 
detected. ET and CE will also detect these systems with a high SNR, which will help in determining the source 
parameters.

Using a Fisher matrix analysis, we have then estimated the error on the intrinsic and extrinsic source param-
eters. As expected, the two L-shaped CE interferometers have better sky localization capabilities, while the errors 
on the luminosity distance �dL and the inclination angle �ι are comparable. We have also quantified the number 
of detectable events with given sky resolution ( �� < 10, 1, 0.1 square degrees) at low and high redshift ( z < 2 
and z > 2 ). We have found that the network ET+CE will have a good angular resolution (better than 10 square 
degrees) up to z � 3-4, which may allow for cross-correlating SOBHB events with galaxy surveys such as SKA 
or the Vera Rubin Observatory. The number of detectable events with good angular resolution, however, drasti-
cally decreases at higher z. A similar analysis for the luminosity distance shows that the number of events with 
fixed error (better than 20% , 10% and 5% ) is always larger for the ET detector. Moreover, the network ET+CE 
allows for a very accurate (10% or better) measurement of the luminosity distance for almost half of the detected 
events. At high redshift, especially at z � 3 , the error on the distance increases due to weak lensing. As for the 
intrinsic source parameters, the error on the chirp mass is slightly better for CE. As for the symmetric mass ratio 
and the spins, errors are projected to be comparable for ET and CE, with CE allowing an accurate estimation 
for a larger number of events. When a network of the two detectors is considered, the errors further improve 
down to sub-percent levels.

One limitation of the current work consists in the assumption of non-overlapping signals. The event rate 
that we find for SOBHBs implies a detection every few hours, which would imply the possibility to have many 
of them overlapping. On the other hand we did not include binaries of NSs, which are also a prominent source 
for ET and CE. We leave the inclusion of NS sources and overlapping signals for future works.

Figure 6.  SNR distribution for ET, CE, and the network ET+CE.
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Figure 7.  The distribution of source-frame mass and redshift for one universe realization, together with the 
SNR (color coded), for the network ET+CE.
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Figure 8.  Projected errors on the measurements of the sky position, luminosity distance and inclination, for the 
detected events (SNR > 20 ) in one year for ET, CE and a network ET+CE.
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Table 1.  Percentage of events that can be detected with relative errors within 10, 1 and 0.1 square degrees on 
the sky localization angle. The left table refers to redshifts below z = 2 , while right one refers to redshifts above 
z = 2.

ET CE ET + CE

z < 2

#events 4769 13302 4372

�� < 10 6.5% 16% 99.8%

�� < 1 0.44% 1.62% 59.7%

�� < 0.1 0.% 0.05% 5.9%

z > 2

#events 872 4388 805

�� < 10 4.47% 5.4% 98%

�� < 1 0% 0.2% 26.5%

�� < 0.1 0% 0% 0%

Table 2.  Percentage of events that can be detected with relative errors on the luminosity distance of 20% , 10% 
and 5% . The left table refers to redshifts below z = 2 , while the right one refers to redshifts above z = 2.

ET CE ET + CE

z < 2

#events 4769 13302 4372

�dL < 20% 16% 21% 75%

�dL < 10% 4.4% 7% 45%

�dL < 5% 0.77% 1.3% 13%

z > 2

#events 872 4388 805

�dL < 20% 11% 11.3% 76%

�dL < 10% 0% 0.3% 8.3%

�dL < 5% 0% 0% 0%
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Figure 9.  Projected errors on the measurements of the intrinsic parameters, i.e. the (detector-frame) chirp 
mass, symmetric mass ratio and spins.
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Figure 10.  Projected relative error on the second spin.
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Figure 11.  Fisher-matrix posteriors for ET, CE and the network ET+CE, for one of the loudest system 
(i.e., SNRET = 607 , SNRCE = 596 ) in one of our realizations of the universe, i.e. one withdL ≃ 0.57 Gpc, 
m1 ≃ 38.28M⊙ , m2 ≃ 28.18M⊙ , τc ≃ 0.06 yrs, φ0 ≃ 3.74 , θ ≃ 0.92 , φ ≃ 0.05 , ι ≃ 1.67 , ψ ≃ 1.16 , S1 ≃ 0.49 , 
S2 ≃ 0.40 , cos(θ1) ≃ 0.60 , cos(θ2) ≃ 0.61 . For practical reasons, the central value of τc here is set to zero. The 
credible levels in the plot represent the 1 and 2σ regions for the astrophysical parameters.
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