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ABSTRACT

Context. The Lunar Gravitational Wave Antenna (LGWA) is a proposed gravitational-wave detector that will observe in the decihertz
(dHz) frequency region. In this band, binary white dwarf systems are expected to merge, emitting gravitational waves. Detecting this
emission opens new perspectives for understanding the Type Ia supernova progenitors and for investigating dense matter physics.
Aims. In this paper, we present the capabilities of LGWA to detect and localize short-period double white dwarfs in terms of sky loca-
tions and distances. The analysis employs realistic spatial distributions and merger rates, as well as binary-mass distributions informed
by population-synthesis models.

Methods. The simulated population of double white dwarfs was generated using the SEBA stellar-evolution code, coupled with dedi-
cated sampling algorithms. The performance of the LGWA detector, both in terms of signal detectability and parameter estimation, was
assessed using standard gravitational-wave data analysis techniques, including Fisher matrix methods, as implemented in the GWFISH
and LEGWORK codes.

Results. The analysis indicates that, over 10 years of observation, LGWA could detect approximately 30 monochromatic Galactic
sources and ten extragalactic mergers, demonstrating the unique potential of decihertz gravitational-wave detectors to access and char-
acterize extragalactic double white dwarfs (DWDs) populations. This will open new avenues for understanding Type Ia supernova

progenitors and the physics of DWDs.
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1. Introduction

The Lunar Gravitational-Wave Antenna (LGWA) is a proposed
Moon-based gravitational-wave (GW) detector with an observa-
tion band spanning from about 1 mHz to 1 Hz (Ajith et al. 2025;
Harms et al. 2021). The working principle relies on the excitation
of the Moon’s vibrational modes, in particular the quadrupolar
eigenmodes, induced by the apparent tidal forces associated with
the transit of a GW. The amplitude of the modes can be mea-
sured by an array of four seismometers (van Heijningen et al.
2023), from which it is possible to reject the seismic back-
ground and reconstruct the original waveform (Harms 2022).
The possible observation band is determined by both the lunar
response to GW excitation and the instrumental detection noise
(Cozzumbo et al. 2024). The LGWA can fill the gap in the deci-
hertz band, bridging between the space-detector LISA and future
terrestrial GW detectors such as the proposed Einstein Telescope
(Punturo et al. 2010; Branchesi et al. 2023) and Cosmic Explorer
(Evans et al. 2021, 2023; Gupta et al. 2024) in a very physics-rich
frequency window (Ajith et al. 2025; Arca Sedda et al. 2021).
Other proposed lunar-based GW detectors are the Laser
Interferometer Lunar Antenna (LILA) and the Laser Interferom-
eter On the mooN (LION), which each consist of triangle-shaped
laser interferometers (Jani & Loeb 2021; Jani et al. 2025;
Amaro-Seoane et al. 2021). In the decihertz band, other pro-
posed detectors are the Deci-hertz Interferometer Gravitational
wave Observatory (DECIGO) with its precursor mission
B-DECIGO (Kawamura et al. 2006, 2011; Sato et al. 2017;
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Isoyama et al. 2018), the Taiji, Tiangin and TianGO detectors
(Luo et al. 2021; Hu & Wu 2017; Luo et al. 2016; Kuns et al.
2020), the Big Bang Observer (BBO), and the Advanced Laser
Interferometer Antenna (ALIA) as follow-on missions to LISA
(Crowder & Cornish 2005). All of the aforementioned proposed
decihertz detectors are long-baseline laser interferometers.
White dwarfs (WDs) are the evolutionary endpoint of stars
with an initial mass of M < 10 M (Saumon et al. 2022); they
are compact objects (with a high density, ~10° g/cm?) supported
by the electron degeneracy pressure, which can sustain a stable
configuration only for M < Mcy, where Mcy = 1.4 Mg is the
Chandrasekhar mass (Chandrasekhar 1931). White dwarfs can
be found in binary systems, due to the individual evolution of
the component stars. The processes that lead to the formation of
a short-period double white dwarf (DWD) that will merge in less
than a Hubble time are complex and involve at least two episodes
of mass transfer, one of which is a common envelope (CE) phase
(Woods et al. 2012), during which both stars are embedded in
a gas envelope resulting from the expansion of one of the two
stars in the latter stage of evolution. The envelope exerts a drag
force on the system, which consequently shrinks; the energy
lost by drag contributes to heating the CE, which is eventually
expelled, leaving a short-period DWD. The binary shrinks due to
the emission of GWs and ultimately merges. A merger between
two WDs with a total mass of M, > Mcy is a potential pro-
genitor of Type Ia supernovae (SNe Ia; Webbink 1984; Wang &
Han 2012). A SN Ia is a thermonuclear explosion believed to be
generated by the accretion of a carbon—oxygen (CO) WD from
a companion: when the Chandrasekhar mass is reached, the star
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collapses due to the insufficient electron degeneracy pressure,
starting a carbon-burning phase that produces heavier elements
up to iron. This sudden energy production results in an explosion
that incinerates the star, probably leaving no further remnants.

The scenario involving two CO WDs is called double-
degenerate (DD), contrary to the single-degenerate (SD) sce-
nario in which the supernova results from the He and H accretion
of a CO WD from a non-degenerate companion. We note
that both channels are probably present, especially taking into
account the phenomenological variety of SN Ia events. Both sce-
narios benefit from indirect evidence, even if the DD scenario
would better explain the lack of H and He emission in SN Ia
spectra (Leonard 2007). In conclusion, there is still no definitive
evidence of the progenitor’s nature (Ruiter & Seitenzahl 2025;
Maoz & Mannucci 2012). The quest for the progenitor is par-
ticularly important given the role of SNe Ia as standard candles
in the measurement of the Hubble constant (Riess et al. 1995,
2022; Pascale et al. 2025), and the tension with CMB measure-
ments (Planck Collaboration XIII 2016; Planck Collaboration VI
2020; Di Valentino et al. 2021).

LGWA offers a novel way to characterize short-period
DWDs in terms of properties and rate. By comparing these mea-
surements with the observed SN Ia rate, LGWA will enable the
identification of the dominant formation channel and progeni-
tor systems of SNe Ia. During the merging of DWD systems,
the GW carries information regarding the matter effects that
shape the interaction dynamics. LGWA observations will probe
the physical processes involved in the last years of evolution of
the DWDs, exploring processes that are only observable with
detectors sensitive in the decihertz band.

Observing GWs from extragalactic DWDs would provide a
means of independently calibrating cosmic distances. By iden-
tifying the host galaxy and combining its redshift with the
luminosity distance inferred from the GW signal, it becomes
possible to estimate the Hubble constant (Hj). These systems can
act as standard sirens (Maselli et al. 2020; Schutz 1986; Krolak &
Schutz 1987), offering a novel and complementary approach to
addressing the Hubble tension, similar to the method employed
with GW 170817 (Schutz 1986; Abbott et al. 2017). A multimes-
senger detection of a DWD that bursts into a SN Ia would directly
prove the presence of the DD formation channel and calibrate the
SN Ia as standard candles. The opposite (GW detection without
EM counterpart or EM detection without GW event) does not
necessarily rule out the possibility of a DD event, as there are
models in which the deflagration happens a long time after the
coalescence of the two CO WD (Shen et al. 2012). Furthermore,
the detection of a GW signal without an electromagnetic counter-
part does not preclude the identification of the host galaxy. If the
DWD is well localized by the GW signal, it can enable a “dark
siren” measurement of the Hubble constant (Finke et al. 2021;
Leandro et al. 2022; Gair et al. 2023). Throughout this paper,
Hy =70km s~ Mpc™! is assumed.

While lower-frequency instruments such as LISA are
expected to detect approximately 10000-20000 (Korol et al.
2017) or more (Korol et al. 2022) resolvable inspiral signals
from DWD systems in the Milky Way (MW), and millions more
contributing to a confusion-limited GW foreground at low fre-
quencies (Korol et al. 2022), LGWA will be uniquely capable
of observing the final inspiral phase and merger of extragalactic
DWDs. In fact, the merging frequency for these systems matches
the peak sensitivity of LGWA (Sect. 2). A simplified estimate
of the detector’s observational capability can be obtained by
comparing the GW amplitude from a nearby DWD source with
the expected power spectral density (PSD) of the instrument, as
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is detailed in Appendix A. A similar method was adopted by
Pichardo Marcano et al. (2025) in their analysis of LILA (former
GLOC) and LGWA. However, assessing the realistic potential
of LGWA requires more than analyzing a single system with
fixed parameter. To reliably estimate detection rates and parame-
ter estimation capabilities, these results must be placed within
the context of a realistic, population-wide model of DWDs.
In particular, the binary-mass distribution is highly nontrivial
(see Sect. 3), shaped by complex stellar evolution processes and
diverse star formation histories (SFHs). Assuming a simplified,
approximately uniform mass distribution leads to a significant
overestimation of the number of detectable systems.

In this work, an efficient and reliable method is provided
to simulate the rare but loud population of short-period DWDs
(Sect. 3), taking into account the absolute abundance weighted
by the SN Ia rate, and the detailed distribution of the DWD
set in the parameter space arising from the main astrophysi-
cal phenomena. The simulated population is then analyzed in
order to assess the LGWA performances in terms of detection
and parameter estimation, with particular care with regards to
the localization capabilities (Sect. 5). Our analysis, based on the
assumption that observed SNe are produced by DWD mergers,
suggest that LGWA will be able to detect from a few to ten extra-
galactic events during the ten-year mission lifetime; however, the
uncertainty on this estimation is heavily affected by the merging
frequency of the systems, which depends on the complex physics
of the matter-dominated merging process.

2. DWD merging process
2.1. Merging frequency for DWD systems

The small radius of WDs (order of magnitude of 10° m) implies
that the GW-radiating phase is very long, before other effects
such as magnetic braking, Roche overflow, and tidal disruption
take over. In the following, the maximum GW frequency reached
by a DWD system as a function of the WD masses is estimated
considering different masses, m;, m;, an eccentricity of € = 0,
and the WD radius, Rwp. The assumption € = 0 is justified by
the fact that close WD binaries exhibit highly circularized orbits,
a consequence of the CE phase experienced during the evolution.
Hydrodynamic simulations (Lorén-Aguilar et al. 2005) show
that the merging occurs when the distance between the WDs is
approximately two to three times the WD radius. This limit is
heavily dependent on the physics of the merging process, and
thus is not easily to model with simple considerations. In the fol-
lowing, we consider two scenarios: the “Roche scenario” and the
“Contact scenario.” The estimates corresponding to the Roche
and Contact approximations represent the two extreme scenarios
that encompass the range of realistic detection situations, which
will become accessible as waveform models improve.

Roche scenario. The matter of two WD behaves as an inviscid
fluid; the tidal disruption happens when the least massive star
fills its Roche lobe. This limit is set by the condition that the
Roche lobe volume will be equal to the star volume. The Roche
volume is calculated following the Roche radius prescription by
Eggleton (1983), where g = m; /m; is the mass ratio:
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The WD volume is given by the theoretical mass-radius (MR)
relation (Padmanabhan 2001):

-1/3 4/311/2
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The MR relation can also be simulated by the population synthe-
sis code SEBA (Portegies Zwart & Verbunt 1996; Toonen et al.
2012) to better account for low-density regime effects'. Com-
pared to the more complete SEBA MR relation, we verify that
the simple theoretical prediction (Eq. (2)) with g, = 2 holds well
(better than 1%) for masses > 0.5M; at lower masses the com-
plete degeneration approximation is not satisfied, making Eq. (2)
less reliable. However low-mass systems are not relevant due to
the excessively low merging frequency. In the following Eq. (2)
is thus used to approximate the MR relation. Note that the begin-
ning of the Roche overflow is set by the least massive WD, and
the GW waveform is not sharply cut at this frequency.

R(M) =~

Contact scenario. The matter of two WDs behaves as a rigid
solid; the disruption happens at the contact of the two spherical
WDs. In this case, the merging distance is given by d = R(m;) +
R(my), with R(M) from Eq. (2). This assumption brings the risk
of overestimating the signal-to-noise-ratio (S/N); however, it rep-
resents a much more realistic assumption: the frequency cutoff
for the Roche scenario is intended to be a strongly conservative
estimation of the maximum frequency, up to which the wave-
form approximants available today are reliable. In reality we can
expect the waveform to reach and pass the contact frequency,
even if strongly influenced by matter effects. To account for the
range between these two extreme scenarios, in this paper we con-
sider both the scenarios for the extragalactic DWD population.
For the Galactic population, only the Roche scenario is applied,
since it is already largely sufficient to assure a detection.
In the Newtonian limit, the orbital frequency is

@ = Qnfory = Y 3)

G
&
The frequency of the GW quadrupole mode is f = 2 forp.-

Figure 1 shows the approximate maximum frequency
reached before the merging as a color scale, with white contours
for some values of fi.x. The Roche and contact scenarios are
represented by the upper and the lower half-planes, respectively.
The simulated Galactic population that is discussed in Sect. 3 is
overlaid in the plot, distinguishing the super-Chandrasekhar frac-
tion (red) from the sub-Chandrasekhar fraction (gray). Note that,
even if in principle a super-Chandrasekhar DWD can exist with a
mass combination of m; > 0.7 Mgy, my < 0.7 M, the population
extends mainly in the region where both masses are >0.7 M. In
particular, the most populated region in the high-mass (M, >
Mcy) area is the “stripe” defined by m; € [0.7,1.4] My, my =
0.8 M; for simplicity, in the following, this strip is called the
“super-Ch branch”. The CO DWDs, namely those with compo-
nent masses of approximately 0.5 < Mco/Ms < 1.2, which are
the principal candidates for a SN Ia progenitor, merge at 0.05—
0.1 Hz, namely the most sensitive frequency band of LGWA. At
these frequencies, neither LISA nor ET has a sufficient sensitiv-
ity to detect the DWD merger, making LGWA a uniquely capable
instrument for its observation (Ajith et al. 2025). Note that the
systems above the super-Ch branch are extremely rare. It is cus-
tomary to use a binary defined by m; = my = 1.2 M or even

I An accurate description of the SEBA usage is provided in Sect. 3.2.
For now it is used only to simulate the MR relation.
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Fig. 1. Dependence of the merging frequency with respect to the com-
ponent masses for the Roche scenario (upper semiplane) and contact
scenario (lower semiplane). The reported population (red for m; + m, >
My, and gray for m; + my < Mcy,) is presented in Sect. 3, and corre-
sponds to the simulated MW DWD population.

1.4 M, to quickly test the capabilities of a detector when con-
sidering DWD mergers. However, these results show that such
simplified estimates have limited value, as they do not accurately
reflect the true underlying mass distribution.

2.2. The binary system GW emission

The long observing duration of the LGWA mission, combined
with its low-frequency sensitivity, makes it particularly well
suited for detecting long-lived monochromatic sources such as
DWDs, for which, given a sufficiently wide orbital separation,
the orbital evolution is driven predominantly by GW emission.
The system is modeled by two masses, m; and m,, separated
by a distance, d, following quasi-circular orbits on the xy plane:
for DWDs, a treatment of the eccentricity, &, is not necessary
(see Sect. 3). In the Keplerian limit, the slow inspiral of the two
point-masses follows a series of stationary circular orbits with a
frequency given by Eq. (3). The energy radiated from the system
via GW emission is (Peters & Mathews 1963)

dE

dE _ 326" mims(my + my)
dt

55 7 f(e, )
where f(g) an eccentricity correction that reads f(0) = 1, so it is

not considered in the following.
1G
The energy of the Keplerian system is E(d) = -3 m;mz'

So, by substituting d(E) in Eq. (4) and integrating, it is possible
to obtain E(f), and thus d(f). Using this result in Eq. (3) results
in

8
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where fy is the GW frequency at ¢t = 0, and M is the chirp
mass, M = (mmy)*°(m; + my)~">. The merger time, f,, can
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be obtained by posing f(,) = oo, and thus?

ty = Jo

wioo

(6)

A waveform template was used for the estimation of
the detector response, chosen from a set of approximants
from LALSIMULATION (part of LALSUITE, LIGO Scientific
Collaboration 2018), a software package currently used by the
LIGO/Virgo/KAGRA collaboration. We used the template IMR-
PHENOMD (Husa et al. 2016; Khan et al. 2016; Piirrer et al.
2023). The model is very accurate in the LGWA frequency band
and has already been implemented in the Fisher-matrix code
used for this study, GWFISH? (see Sect. 4.1). Furthermore, it
enables sufficiently fast analyses, even for large-population stud-
ies. In the LGWA frequency band, the modeling is also very
accurate. The template depends on a set of parameters: the two
masses, m, my, the luminosity distance, the inclination angle,
0, namely the angle between the observer and the total angular
momentum of the system, the polarization angle, v, the initial
phase of the waveform, the position in the sky in the usual (RA,
Dec) coordinates, the time of arrival at the geocenter at the nomi-
nal merger (without considering the real merger, namely the time
at which the Roche overflow occurs), and a frequency cutoff used
to simulate both a system that does not merge during the obser-
vation period, and for which the waveform is truncated, or the
occurrence of the Roche overflow in merging systems. A descrip-
tion of these parameters can be found in the documentation of
GWFISH.

3. Generation of the synthetic population

In order to simulate with accuracy the response of LGWA to
the DWD population, inside and outside our Galaxy, it is imper-
ative to generate a reliable synthetic population. The adopted
procedure is summarized in this section; further details and
explanations are reported in Appendix B.

3.1. Population size estimation

In order to generate a realistic population, it is important to esti-
mate the number of DWD systems in our Galaxy and in the local
Universe. Our analysis assumes that every super-Chandrasekhar
DWD system leads to a SN Ia, and therefore the SN Ia rate
derived from this assumption should be considered a lower
limit, since other final outcomes are possible from a super-
Chandrasekhar DWD merging (Luo et al. 2025). However, two
opposite effects must be considered too: firstly, some SNe Ia
may originate from sub-Chandrasekhar mass binaries (Badenes
& Maoz 2012; Ruiter & Seitenzahl 2025; Scalzo et al. 2014; Liu
et al. 2023), and secondly, some of the SNe Ia may result from
the SD scenario, in a mixed progenitor scenario, as well as other
proposed scenarios (Ruiter & Seitenzahl 2025; Liu et al. 2023).
At this stage, it is not realistically possible to determine how
these different contributions balance out. Gravitational wave
observations will also contribute to clarifying this aspect.

The adopted SN Ia rate in our Galaxy is » = (5.4 + 1.2) -
1073 yr’1 (Li et al. 2011), and is considered constant over time:

2 Note that this expression is obtained in the Newtonian limit, so it is
an approximation that is valid only for d > Rg. (Rsc = 2GM/ c? being
the Schwarzschild radius); this regime is not reached, since the merging
occurs well before.

3 https://gwfish.readthedocs.io/
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this approximation is valid on the timescales of the detectable
DWDs (those characterized by a GW frequency above 1 mHz)
because the time required to merge starting from f; = 1 mHz
is around 1-3 Myr depending on the masses, sufficiently small
compared with the entire Hubble time (13.5 Gyr) to consider
the SN Ia rate locally fixed. In the following, we derive the
density distribution in frequency space of the DWD population
necessary to sustain this rate.

Let A(f) be the DWD spectral density, such that dN =
A(f)df is the number of DWDs with frequency between f and
f + df. The merging of these dN systems will occur in a time
interval of dt = t,,(f) — t,,(f + df), where t,, is the merger time
given by Eq. (6). The merger rate is then

__dNGp) _ s
dt(f) tm(f) - tm(f + df) -
It follows that

tm(f)_tm(f+df) _ _rdtm(.f)
df a df =

The spectral density is obtainable by combining Eq. (6) and (7),
obtaining a power-law with spectral index —11/3:

Af)=r @)

8 {5
/l(f)zgrAf(M).

®)

We inferred a total number of super-Chandrasekhar DWD
equal to (2.0 + 0.5) - 10* for the frequency band between 1 mHz
and 5mHz, 228 + 62 DWDs between 5mHz and 1dHz and
42 + 11 between 1 dHz and 5 dHz. The reported errors were cal-
culated propagating both the error on the rate estimation and the
statistical dispersion of the function A(M) (defined in Eq. (5)).
This dispersion was computed from the Galactic DWD popula-
tion obtained in Sect. 3.3, considering only super-Chandrasekhar
systems. As the errors were calculated from a mixed approach,
they are intended to be indicative. Note that the influence of other
effects at the merger time does not affect the estimations at lower
frequencies, since it can simply be modeled as a time shift in
Eq. (6), as long as the main effect that shrinks the orbit during
the majority of the inspiral is the GW energy loss.

3.2. Primordial population and evolution

The DWD parameter distribution being poorly known, the
present stellar population can be generated evolving a primordial
population with the code SEBA*. This code makes it possible
to completely simulate the evolution of a stellar population; in
particular, for the sake of this analysis, it is used to evolve a pop-
ulation of binaries in the parameter ranges where the formation
of a DWD is possible. We sampled the population parameters,
namely the masses, m; and my, the initial orbital separation,
the eccentricity, and the metallicity, Z, accordingly with some
distributions implemented in the code. The fiducial parameter
distributions and parameter intervals were chosen according to
Korol et al. (2017) and are reported in Table 1. Despite effec-
tively using a thermal distribution for the eccentricity, all the
short-period DWDs show & = 0 at the formation of the DWD,
at the end of the second CE phase. Thus the effects of eccentric-
ity are neglected, considering only circular orbits, as anticipated
in Sect. 2.2. The CE treatment is implemented in SEBA fol-
lowing the ya prescription, which is thoroughly motivated and

4 https://github.com/amusecode/SeBa
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Table 1. Initial population parameters.

Parameter Distribution ~ Interval

Primary mass KroupaIMF 095 My < M < 10 M,
Secondary mass ratio  Uniform 0< % <1

Orbital separation Log-uniform 1R, <d < 10° R
Eccentricity Thermal O<e<l1

Metallicity Z=0.014

discussed in Toonen et al. (2012). This prescription reproduces
well the observations specifically in the context of DD SN Ia pro-
genitors, which is the main target population of this paper. After
the sampling, every binary system in the population is evolved
independently for a chosen time interval, taking into account all
the major effects that contribute to the evolution of the single
stars and the system as a whole. The state of the system for every
relevant evolutionary phase is stored.

The resulting population consists of a sample of binary sys-
tems, each with its evolutionary history over a 13.5 Gyr evolution
time interval. This corresponds to a “§ burst,” from which we
obtained the simulated populations through a convolution with
the respective SFHs.

For every ¢, 0 < t < 13.5Gyr = t, in the population a cer-
tain number of new systems are formed (systems/year); it is thus
possible to define a formation rate, Rspp(?) € [0, 1], by normal-
izing the SFH of the population at the value that it reached
at the peak of star formation. For the time interval (z,t + 6t)
a fraction, Rgspy(?), of the whole SEBA population is sampled
and the frequency is evaluated at the present time, namely at
the time 7 = fo — 7 + £ - 6t in the simulation. The parameter £ is
drawn randomly from the interval (-0.5, 0.5) for every system to
account for a uniform distribution within the minimum period,
ot, and thus smoothes the § functions into a continuous distribu-
tion. If the algorithm finds a system that for 7 lies in the LGWA
frequency band, the system is added to the convolved present
population. In addition, let M; be the “total simulation mass,”
namely the sum of the masses of the stars at the time of formation
(7 = 0); this characteristic mass is used in Sect. 3.3 to correctly
account for the various stellar populations within the MW?>. Fur-
ther details and motivations for the use of this procedure are
discussed in Appendix B.1.

3.3. Star formation histories

Once the ¢ population sample has been evolved, the final popu-
lation is generated via the convolution with a chosen SFH. The
spatial distribution of the DWDs (see Sect. 3.5) needs to be
performed considering distinct components of the total Galac-
tic population. We considered a central bulge, a thin disk, and
a thick disk as is described in Sect. 3.5. In principle, other stel-
lar populations could also be simulated, such as the Magellanic
clouds, the single globular clusters, and finally other galaxies
within the horizon of LGWA, to completely model its detection
capabilities. However, for this analysis an accurate SFH model
is developed for the MW and then reused to also model the
extragalactic DWD population.

3 This is the most reliable estimation of the convolved population mass,
even if it does not represent the effective mass at the end of the evo-
Iution. Obtaining this second estimation would require the complete
simulation of the entire population evolution, which is not reasonable
considered the necessary computational cost.
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Fig. 2. Star formation history of the two Galaxy disks, with data from
Snaith et al. (2014) for comparison. The normalization of the SFH is not
used for the convolution procedure, but the ratio between normalizations
is a byproduct of the entire simulation of the DWD population.

The SFH of the various components is usually derived from
the chemical analysis of the stellar populations; this results in a
series of star formation rates at any time from formation up to the
present day. To simulate the SFH, a simple analytical approxi-
mant is chosen that closely resembles the experimental data. The
discrepancy between the approximant and the true SFH is neg-
ligible, as the global properties of the convolved population are
(a posteriori) very robust. The important characteristics of the
SFH are the overall abundance and the approximate distribution
in time. The SFH of the disks was chosen in accordance with
Snaith et al. (2014, 2015), and presents an early phase of bursty
star formation in the thick disk, followed by a clear gap approx-
imately 7.5 Gyr ago, and a less intense phase in which the thin
disk is formed. Figure 2 shows the original data from Snaith et al.
(2014) with the two approximants for the disks superimposed.

The SFH of the bulge was chosen according to Lian et al.
(2020) (based on CCSNe yields by Kobayashi et al. 2006) to
be a Gaussian burst with 4 = 1 Gyr, o = 0.66 Gyr, followed by

t
a low-intensity exponential tail, SFHjye = 0.1 exp( ~33G )
3 Gyr

(normalized with respect to the peak of the Gaussian burst).
Note that the tail, being nearly quiescent, is less important from
the point of view of the total stellar mass produced in the over-
all SFH, but it is relevant for the final number of present-day
DWDs: the binary systems that formed from stars that originated
in the burst are more likely to have already coalesced. In fact, the
fraction of the DWDs in the bulge that were formed in the expo-
nential tail account for 40% of the bulge DWD population. A
complete consensus on the SFH of the various components has
not yet been reached; for example, regarding the bulge, an oppo-
site model is presented by Haywood et al. (2016), with a more
intense SFR in the late phase. In principle, with the straightfor-
ward procedure described here it is simple to compare different
possible SFHs.

The DWD relative abundance among the components was
chosen by comparing the mass of the simulations, M;puige.
M min, and Mg ik, with the estimated masses reported in
Table 2 and accounting for the total number of super-
Chandrasekhar DWDs, N,,, = 2 - 10* after the estimations pre-
sented in Sect. 3.1. Although the normalization of the overall
SFH for the three components has been chosen a posteriori
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Table 2. Parameters of the Galactic model.

Parameter Value Meaning

ro 0.075 kpc B radius, power decrease
Teut 2.1 kpc B radius, exponential cut
a 1.8 Power decrease exponent
q 0.5 B z semiaxis oblation
Zdthin 300 pc Scaleheight of the TnD
Zdthick 900 pc Scaleheight of the TkD
R 4thin 2.53 kpc Scalelenght of the TnD
R thick 3.38 kpc Scalelenght of the TkD
M, 8.9-10°M, B total mass

Mupin 3.5-10'© M, TnD total mass

M inick 1.0-10'° My TKD total mass

Notes. Data from McMillan (2017). “B” = bulge, “TnD” = thin disk,
and “TkD” = thick disk.

via the total mass and the abundance of super-Chandrasekhar
DWDs, the ratio between the sampling coefficients of thin and
thick disks perfectly matches (better than 1%yo) the ratio between
the peaks of the SFHs as given by Snaith et al. (2014), also
reported in Fig. 2. This demonstrates the robustness of the pro-
cedure and the validity of the chosen SFHs. For the bulge, the
direct comparison with the original SFH provided in Lian et al.
(2020) is more difficult, since the conversion from surface SFR
density and total SFR is dependent on the chosen spatial distribu-
tion (whereas the normalized SFH is not, namely the conversion
occurs via a simple multiplicative coefficient). However, since
the bulge SFH also influences the sampling coefficients of the
disks, this is also an indication that the treatment for the bulge is
accurate.

The mass and frequency distributions of the three popula-
tions are plotted and commented on in Fig. B.2. Note that the
differences in abundance and distribution are due only to the cho-
sen SFH, since the three populations were obtained starting from
the same original ¢ burst.

3.4. Other parameters

To carry out a complete GW analysis with GWFISH, it is
necessary to fix additional source parameters. The system incli-
nation, cos 6, the polarization angle, and the phase are sampled
uniformly in the respective domains. The components of the
WDs spins along the orbital angular momentum, a; and a,, are
sampled uniformly between 0 and 0.1 in units of m%,z-

3.5. Spatial distribution within MW

The mass distribution of the MW is still a matter of debate,
and growing evidence shows that the structure of the Galaxy is
very complex (Di Matteo 2016). Since an accurate sampling of a
realistic structure is difficult to implement, and is not expected
to significantly impact the results compared to other adopted
approximations, we adopted a simple model, while still correctly
accounting for the overall distribution of the stellar population.
The model consists of a central bulge, a thin disk, and a thick
disk. In the following a cylindrical coordinate system is used,
with the origin in the Galactic center of mass, the z axis as the
Galaxy’s rotational symmetry axis, R = 4/x? + y? the radial dis-
tance from the z axis, and 6 the angular variable. This model is
thoroughly described in McMillan (2017); in addition to being
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accurate, it is easily implementable in a sampler thanks to the
analytical form of the stellar densities. The parameters used are
listed in Table 2.

The bulge was modeled through the distribution

() = - (r’/rcm)z],

Po
1+ /o) e"p[

with ¥ = /R? + (z/q)?, while the disk density is the sum of two
parts, the thin disk and the thick disk, each parametrized with

>
palR.) = S exp| - £ - |
Zd

Despite being distinguishable by the chemical composition, this
double disk modeling was used exclusively to account for a better
spatial distribution.

3.6. Extragalactic sources: Spatial distribution and DWD
populations

While for the MW the populations are distributed following
a multicomponent spatial model, for the extragalactic sources
this is superfluous: as the distance of a galaxy grows larger
than its size, the spatial distribution of the population becomes
negligible in determining the detectability of the single DWD.
Thus, these sources are associated directly with the position of
the respective galaxy centers. For each galaxy within 30 Mpc
(the estimated horizon of LGWA as described in Appendix A),
we extracted the following data from the HyperLeda® catalog
(Makarov et al. 2014):
— Position: RA, Dec, and distance modulus, ey, Which is
related to the luminosity distance, d;, through the following
relation’:

Mpest = Jlog(d)) + 25.

— B band magnitudes: the apparent magnitude, mp, in the B
band corrected for Galactic extinction, and the absolute B
magnitude, Mp.

— K band magnitude: the apparent magnitude, mg, was used
to compute the B — K color. Since the K band refers to the
near-infrared spectrum, which is nearly not affected by the
dusts, an extinction correction was not applied.

— Morphological type of the galaxy, expressed in the Hubble
morphological classification.

The SN Ia rate for each galaxy in our sample was estimated
based on observed SN Ia rates in the local Universe. These
rates are provided as functions of various galaxy properties,
including luminosity in the B and K bands, stellar mass, and
morphological type. Specifically, we adopted the rate—size rela-
tions described in Li et al. (2011), and we used two parameters:
the B band luminosity and either the morphological type or the
B — K color. The rates were calculated preferably from the B — K
color (obtained as mp — mg) and the B band luminosity. When
this was not possible due to the lack of a K apparent magnitude,
which was the case for a non-negligible fraction of the popu-
lation, the morphological type and the B band luminosity were

6 http://leda.univ-1lyonl.fr/

7 The parameter my is obtained as a weighted average between two
different measurements of the distance modulus: m,, which is measured
using the redshift and is more important at higher distances, and my
which is obtained with independent methods, and is more reliable on
small distances.
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Table 3. SNuB coefficients for the SN Ia rate calculation.

Type SNuB(L,) RSS; B-K SNuB(Ly) RSSg
E 0.305 023 <23 0.158 ~0.25
SO 0282 023 2328 0.152 ~0.25
Sab  0.271 023 2831 0231 ~0.25
Sb 0217 ~023 3.1-34 0.248 ~0.25
Sbc  0.198 ~023 3.4-3.7 0.260 -0.25
Sc  0.200 023 3.7-4.0 0250 ~0.25
Sed  0.165 023 >4.0 0.305 ~0.25
Ir  0.000 -0.23

Notes. Data from Li et al. (2011), corrected for cosmology. The
reference B band luminosity is 2.2 - 10'° L.

Pl s 7 ¥o
. kiaTh0% 2200 90% ,-60° -30°

. &
we, L

7

Distance (Mpc)

Fig. 3. Extragalactic population: the plot shows the position of the
galaxies from the HyperLeda catalog; the color bar indicates the lumi-
nosity distance, and the size of every dot represents the rate associated
with the relative galaxy. For graphical clarity, the size, s, of the markers
are related to the SN Ia rate, r, through the relation s o log(r + 1). Note
the incompleteness of the population along the Galactic plane (green
line; the green dot represents the Galactic center).

used. See Appendix B.3 for further details. The B luminosity
is Lg = 10704Ms=Mso)f -~ where My is the absolute corrected
B band magnitude and Mgy = 5.31 + 0.03 mag is the abso-
lute magnitude of the Sun in the B band. The B luminosity is
expressed in units of 10'°Lg as a reference scale unit for the
luminosity of galaxies.

Galaxies lacking both datasets comprise a minor component
(mainly negligible stellar aggregates) and are not expected to
significantly affect the overall SN Ia rate. Therefore, they were
excluded from the analysis.

The rate-size relations that relate the B band luminosity
and galaxy color or morphological type to the rate, r, are
phenomenologically parametrized by (Li et al. 2011)

s

L RSSp
r(Lg) = SNuB(Lo) - Ly - (L—;)

where SNuB is the rate for a galaxy with luminosity L = 10'°L,
and RSSj is a power-like correction to the simple linear relation
between the size (luminosity) and the rate, gauged with respect
to a “typical galaxy” with luminosity Lgy = 2.2 - 10'° L,. Both
the coefficients also depend on the choice of either color or mor-
phological type as the secondary parameter. The average-size
SNuB coefficients and the relative RSSg from Li et al. (2011)
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are listed® in Table 3. The rates are expressed in units of one SN
Ia every 100 years. A plot of the positions of the galaxies with
the corresponding rates and distances is shown in Fig. 3.

The estimation of the cumulative SN Ia rate within 10 Mpc
is 31 £ 7 SN/100 yr, 245 + 67 SN/100 yr for a 20 Mpc horizon,
and 650 + 157 SN/100 yrs for a 30 Mpc horizon. The errors were
computed via a Monte Carlo error estimation starting from the
errors on the parameters given by Li et al. (2011), and a 20%
correction has been applied to account for the Zone of Avoidance
(see Sect. 3.7).

Since the detectable population outside our Galaxy consists
only of the most massive DWDs that experience the merging
(see Sect. 5), only super-Chandrasekhar merging systems were
considered. The realistic number of mergers expected is not suf-
ficient to produce a significant statistics, so a higher number
was considered and the results are to be intended as probabilis-
tic, once normalized to the true number of expected events. A
broader population was obtained by considering all the merg-
ing events produced by the synthetic population in a time span
from the nominal observation time, fy = 13.5 Gyr to #y + 2.4 Myr.
The time interval of Ar = 2.4 Myr was chosen observing that
the merger rate of the population is stable for 2.4 Myr and then
drops, due to the fact that the population is depleted from the
DWD that merged in the meantime. The merger rate was deter-
mined by evolving the separation between the binaries only
under GW energy dissipation and considering a Roche scenario
as the merging condition. From the resulting population, we
chose to sample a merging population 500 times larger than the
expected one (without incompleteness correction; see Sect. 3.7).

3.7. Error budget

The produced population can suffer from some errors. The most
important are listed below, with a correspondent estimation of
the relative error induced on the synthetic population.

— Statistical sampling: given the high number of sampled
parameters and the relatively small number of systems in the
overall population, the population is subject to considerable
fluctuations if the sampling is repeated. This behavior can be
modeled with a Poisson statistic.

— Initial conditions and parametrization: the population was
generated starting from a set of fiducial distributions and
parameters. Note, however, that the total abundance of
objects was set independently by the SN Ia rate: for this rea-
son, changes in the initial parameters do not propagate on the
global number of super-Chandrasekhar sources, which rep-
resent the main target population for LGWA (see Sect. 5).
The effect of slightly different parametrizations is only a
subdominant rearrangement of the mass distribution. We
estimated the error contribution from the initial conditions’
parametrization to the mass and S/N distributions to be <3%
for the super-Chandrasekhar subpopulation and <7% for
the sub-Chandrasekhar one. Such effects are analyzed and
discussed separately in Appendix C.

— Incompleteness of the HyperLeda catalog: as is shown in
Fig. 3, it is not possible to identify the galaxies that are
behind the Galactic plane; this will cause a systematic under-
estimation of the sources that will be visible to LGWA even

8 Note that since in the HyperLeda catalog Hy = 70km s~ 'Mpc™' is

assumed, while in Li et al. (2011) Hy = 73 km s"]Mpc", the rates have
2

been corrected by a factor of ¢ = (%) ~0.919 via

SNuB o = SNuBy; - ¢

— -1
and Lpocorr = Lpori - q -
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if obscured by the MW disk for electromagnetic observa-
tions. This systematic error does not exceed 25% of the total
population, corresponding to the Zone of Avoidance caused
by the obstruction of the MW (Kraan-Korteweg & Lahav
2000). The bias due to incompleteness would be between
20% and 25% if not properly corrected. Although we always
apply a correction, a potential systematic error of ~5% is
also taken into account.

— Errors in the rate estimation due to uncertainty in the param-
eters reported in Table 3: the SNuB coefficients present a
moderate error of approximately 5%, the corrective parame-
ter RSS 3 around 60-90%. This is due to the limited number
of SNe Ia used to calibrate the parameters. The induced
statistical error is ~16%, obtained by Monte Carlo method
in a 30 Mpc radius. We estimated the potential systematic
error to be ~5% by comparing the two possible rate calcula-
tion procedures (rates obtained preferably from either color
or morphological type; see Fig. B.3). Correspondingly, the
Galactic population inherits from the adopted SN Ia rate an
uncertainty of ~20%.

— Errors in the HyperLeda data: generally negligible when
compared with the previous sources of error; the major
error source is the estimation of the distance and the color,
which can be affected by the extinction. Since a correc-
tion for the extinctions is already given in the catalog, this
is not considered to be a significant systematic source of
error. The morphological type is used marginally in order
to recover a minor fraction of the rate; thus, errors regarding
the morphological type are not relevant.

The statistical error associated with the results is thus given by
the Poissonian statistics; the other sources of error are system-
atic, since they arise from possible inaccuracies in the global
parameters that describe the entire population. The systematic
error for the Galactic population is’ 20% & 7% = 21% (from
rate uncertainty and initial conditions for a population includ-
ing sub-Chandrasekhar binaries), and 16% & 3% & 5% = 17%
for the extragalactic population (from rate uncertainty, initial
conditions for super-Chandrasekhar binaries, and potential resid-
uals from Zone of Avoidance correction). We remark that these
margins are widely conservative in order to avoid a possible
underestimation of the errors. In addition, we prefer to report
the Poissonian and the systematic errors separately.

4. Gravitational-wave analysis

The analysis of the GW signal emitted by the populations gen-
erated in the last section was performed by the codes GWFISH
(Dupletsa et al. 2023), used as a preferred tool to characterize an
accurate response, and LEGWORK (Wagg et al. 2022a,b), used
as an alternative to estimate the S/N in the case that the sys-
tem is not suitable for the GWFISH elaboration. We distinguish
between “inspiraling” sources, for which the frequency cutoff
is due to the end of the observational period, and “merging”
sources, for which the frequency cutoff is due to the merg-
ing of the binary. In particular we provide an analysis of the
entire MW population, which consists of inspiraling sources, in
Sect. 5.1; the MW merging population is treated in Sect. 5.2.
Regarding the extragalactic population, in Sect. 5.3 the analysis
of the only super-Chandrasekhar merging population is pre-
sented, since as is demonstrated in Appendix A these are the
only observable systems outside the MW. In the following we
present an introduction to the used codes.

° @ represents quadratic summation.
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4.1. GWFIsH

This tool enables accurate simulations of the response of a GW
detector to a signal characterized by the parameters simulated
in Sect. 3, providing an estimation of the errors on the inferred
values of the parameters using the Fisher-matrix formalism (see
Appendix D). At present, the GWFISH code can provide excel-
lent simulations of the detector’s response when the source is
relatively close to the merging, but cannot simulate a nearly sta-
tionary low-mass source far from the merger. This does not imply
that LGWA cannot detect these systems, which can become visi-
ble after 10 years of signal integration. For this reason, in the fol-
lowing we present an analysis of the LGWA sensitivity obtained
by GWFIsH referred only to the merging events. Thus, the
max_frequency_cutoff parameter is set to be the Roche over-
flow frequency that characterizes the merging (black marks in
Fig. B.2) for a conservative estimation, or the contact frequency
for a more realistic but possibly slightly over-optimistic sce-
nario. Note that during the observational period the probability
of observing a Galactic SN Ia is negligible, while the expected
SN Ia rate for extragalactic population is such that some merging
events are expected within the mission lifetime. GWFISH is thus
used to precisely characterize merging extragalactic systems and
merging super-Chandrasekhar systems.

4.2. LEGWORK

We computed an estimation of the S/N for monochromatic MW
binaries with the code LEGWORK, originally developed for
LISA, and thus already implementing the S/N calculation for
monochromatic sources. The LGWA noise PSD provided in the
GWFISH resources was used to implement the LGWA response
into the code. Note that the S/N calculated in this way is only a
rough approximation, since the Doppler shift due to the detector
proper motion, the source position in the sky, and the inclination
are not considered for every specific object. The result is a mean
S/N, averaged over this parameter subspace, which is anyway
useful to estimate global properties of the population.

5. Results
5.1. S/N of the MW inspiraling population

The S/N distribution resulting from the LEGWORK elaboration
of the entire (super- and sub- Chandrasekhar) MW inspiraling
population is presented in Fig. 4. The plot presents the cumu-
lative distribution of the sources: for every p, the graph gives
the number of sources with S/N > p. This directly quantifies the
number of observable objects, once a certain S/N threshold is
fixed. This distribution follows a power law, I = « - p%: the expo-
nents, S, for the three populations are not exactly the same due to
different characteristics (mass and spatial distributions), but they
are sufficiently similar to allow one to also fit the total distribu-
tion with a power law. In addition, the majority of the observable
sources come from the thin disk only. The « coefficients corre-
spond to the number of sources with S/N > 1. For typical S/N
thresholds of 8 and 12, over an observing period of ten years
30 + 5(stat) + 6(sys) and 17 + 4(stat) + 4(sys) visible sources are
expected, respectively.

The Galactic inspiraling population emits in the most sensi-
tive band of LISA, and thus it will not be a prerogative of LGWA
only. Repeating the same estimation using the LISA PSD results
in a systematically higher S/N. The simultaneous detection of
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Fig. 4. Cumulative distribution of the S/N for the three MW components
(colored) and total (black) over ten years of LGWA observation. The
plot indicates the cumulative distribution, namely for each S/N thresh-
old, p (x axis), the counts (y axis) provide the number of objects with
the S/N larger than the threshold p. The power-law fits are also reported
explicitly.

common sources can, however, be relevant both for scientific and
instrumental purposes, such as detector calibration.

5.2. Super-Chandrasekhar MW merging population

We present a statistical characterization of the MW merging pop-
ulation, although given the SN Ia rate it is unlikely to observe
these events. Not all the simulated systems are treatable by
GWFI1sH, as we show in the lower right plots of Fig. 5: the col-
ored dots represent the elaborated objects with the corresponding
S/N; the rest are rejected by the code (super-Chandrasekhar
systems represented in dark gray). The lacking population corre-
sponds approximately to the fraction of the super-Chandrasekhar
population with m, < 0.73 M, which has a lower maximum fre-
quency cutoff due to the larger radius of the lighter companion
following the MR relation. However, the S/N is still high at the
boundary, a sign that this population can also be detectable at the
merging. The DWDs that can be simulated present a S/N > 102,
with a typical S/N~4 - 10% and some well above this typical value.

Figure 5 shows the distribution of the localization parameters
(S/N, relative error on luminosity distance, and error on angular
sky location) within the three MW populations and extragalactic
population (see Sect. 5.3). The plots are structured to present the
population density (color scale) in the S/N versus o p,/D; space
(upper plot) and in the S/N versus o space (lower plot); the
middle plot has two vertical scales, one in black that represents
the 1o error (standard deviation) of the sky location, measured
in square radians, and a secondary red scale that represents the
90% sky area in square degrees, as a widely used measure for
the sky localization precision. Finally, on the sides the marginal
distributions are reported as histograms.

The distribution in the upper plots of every graph (relation
between the relative error of the luminosity distance and the S/N)

features a neat border of the population distribution. This effect
is expected, and explained in Appendix D.2. The best angular
precision corresponds to ~0.3 arcsec, and the most probable
value to ~330 arcsec, both expressed at CL = 90%. This makes
the LGWA resolution at the level of precise EM observatories
within the framework of galactic high-S/N merging events.

Given the errors on sky localization and luminosity distance,
it is possible to estimate the volume that contains the source as
the portion of space identified by the 1o errors on the localiza-
tion parameters. This is a fundamental parameter, as accurately
locating a source requires it to be confined within a reasonably
small volume. The typical distances between stars in the MW
strongly depend on the position, but an order of magnitude of
the typical distances is around 0.1 to 10 pc. This means that the
volume needed to identify a single star should be <1073 pc?,
although for the population near the Solar System, more acces-
sible to optical observations, higher volumes can be enough. In
addition, optical characterization of the possible sources (e.g.,
via spectral classification) can further increase the minimum vol-
ume if needed. In the bottom right plots of Fig. 5, the relation
between the distance and the volume is presented: only a negli-
gible part of the MW population lies under the (very strong) limit
of 1073 pc?; however, the majority the systems are limited in a
maximum volume of less than 10° pc®, which is enough to apply
other identification techniques to better constrain the position of
the source if it is visible to electromagnetic detectors.

5.3. Extragalactic population

For the extragalactic population, the fraction of the systems that
cannot be elaborated is *8% of the population. Given the esti-
mation of the SN Ia rate obtained in Sect. 5.3 associated with
a local rate density of 30.8 SN Mpc™ (100 yr)~!, it is a priori
expected that one or two SN events will be observed in a 10 Mpc
radius during the 10 year observational period.

The detection and localization performances are presented
for the two merging scenarios in Figure 6; the two upper plots are
analogous to the ones presented in Fig. 5 for the Galactic popu-
lation. It is clear that in the Roche scenario the majority of the
events are not detectable; this changes considering the contact
scenario, in which also very high S/N are possible. The lower
plots represent the relative and absolute abundance of observ-
able sources as a function of the distance, for the two scenarios.
This representation is useful in order to normalize the test pop-
ulation (500 times larger than the real) to the actual rates. For
each scenario and for a set of eight S/N thresholds between 3
and 10 two quantities are shown: the colored uniform line, rel-
ative to the left vertical scale, shows the percentage of systems
that are detectable given the S/N threshold within the reported
distance. The dashed lines represent the total absolute number of
detections given a S/N thresholds within the reported distance,
and were obtained by multiplying the percentage of detected sys-
tems by the previously found rates, accounting for the mission
duration and the incompleteness factor. In the Roche scenario,
this value saturates quite early at low values, indicating that
observable events with these conditions are not expected. On
the contrary, for a 10 year observational period the contact sce-
nario predicts a total of 10 + 3(stat) + 2(sys) detectable events
for a S/N threshold of 8, and the total number is not saturated
yet at 30 Mpc, hinting at the possibility of observing events even
further. It is thus extremely important to better characterize the
expected physics of the merging, and in particular the merg-
ing frequency, as this is the main parameter that determines the
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Fig. 5. Analysis of the super-Chandrasekhar merging MW population under Roche scenario. The three main plots represent the distribution of S/N,
error on sky localization, and relative error on luminosity distance for every MW component. In the lower left plots, the left column represents
the binaries elaborated with GWFish; the colored dots correspond to the elaborated objects with corresponding S/N, gray dots to rejected super-
Chandrasekhar binaries, and light gray dots to rejected sub-Chandrasekhar binaries. The right column represents the 1o fiducial volume of the
elaborated population. The S/N color scale is common for all the plots.
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Right column: contact scenario. Upper row: localization and detection

performance. Lower row: cumulative detections (detection percentage and total number of detections) for different S/N thresholds.

observability of the merging DWD given the operative frequency
window of LGWA.

Finally, to estimate a maximum volume, Vp,,x, that can be tol-
erated to correctly discriminate the host galaxy (confusion limit),
the HyperLeda catalog was once again used: since the MW is
located in a mass overdensity, the confusion limit was estimated
in three different “shells”: from D; = 0 to 10 Mpc, from 10 to
20 Mpc, and finally from 20 to 30 Mpc. The average confusion
limit was obtained as the inverse of the numerical density of
galaxies in the corresponding spatial shell. The resulting con-
fusion limits are 10, 15.5, and 29.8 Mpc?, respectively. The 1o
volumes relative to the detected events, with a S/N threshold
of 5, are nearly all under these limits in the respective shells.
This means that for merging DWDs the confusion limit is nearly
never surpassed, due to the inevitable S/N threshold that limits
the detection. Thus LGWA can fulfill the requirements needed to
perform this type of identification, under the more general condi-
tions of detection. In addition, we provide in Table 4 the typical

localization capabilities for the subpopulation with S/N>8 under
the contact scenario hypothesis.

6. Conclusions

The LGWA detector will give access to the decihertz frequency
band in the GW spectrum, which is expected to contain a mul-
titude of observable objects and new physics; in particular, the
DWDs merge in this band, and are possible candidates for SN Ia
progenitors, as is discussed in Sect. 2. A fiducial synthetic pop-
ulation of DWDs has been generated, following the latest and
most reliable physical models regarding stellar structure, star for-
mation, stellar evolution, and mass distribution within the MW
and for the extragalactic population, calibrating the size of the
populations with the expected SN Ia rates (see Table 4). The pop-
ulation synthesis highlights a crucial feature of the short-period
DWD mass distribution, namely the existence of a super-Ch
branch: the super-Ch binaries are clustered in a branch in which
the most massive star has a mass ranging from ~0.8 My to
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Table 4. Summary table of the significant quantitative findings.

Galactic DWD (spiraling)

Extragalactic DWD (merging)

Quantity Value Ref. in text  Value Ref. in text
Detectable (S/N > 8) 30 + 5(stat) + 6(sys) Sect. 5.1 10 =+ 3(stat) + 2(sys) Sect. 5.3
Total abundance (5.5 £ 0.007(stat) + 1(sys)) - 10°
Super-Ch. abundance (2 £ 0.01(stat) + 0.4(sys)) - 10* Sect. 3.1 50 % 7(stat) + 9(sys)
. . -3
90% sky area [deg?] Medl?n 8.6-10 . .
95% interval [3.6-10%,1.5-107]
. = Sect. 5.3,
d; relative error Medl.an 4.9-10 Fig. 6
95% interval 631072, 1.5 101]
Median 1.5-1073

Fiducial volume [Mpc3] .
95% interval

[2.9~ 1077,2.6 - 10*1]

Notes. The merging case refers to the contact scenario, as in the (very conservative) Roche scenario the extragalactic detection rate is negligible.
The total and super-Chandrasekhar abundances refer to the systems with f > 1 mHz and d;, < 30 Mpc. The observation time is 10 years in both

cases.

Mcp with a 0.8 My companion. The region above the super-
Ch branch in mass space is not populated. This is important
when considering the possible masses of a test binary system
while evaluating the theoretical performances of a GW detector.
In particular, it is more meaningful to compare different systems
inside the super-Ch branch (thus with m, ~ 0.8 M fixed and
my € [0.8,1.4] M) than to compare equal-mass systems as is
often done.

Afterward, an analysis of the detectability of the population
binaries was performed using the codes GWFISH and LEG-
WORK. For Galactic spiraling DWDs we found a power-law
S/N cumulative distribution with spectral index 8 = —1.19 and
N(S/N > 1) = 334. Considering a representative S/N threshold
of p = &, this implies that N(S/N > 8) = 30. For merging DWDs,
LGWA can effectively localize and thus identify a significant
fraction of the sources as a single systems in the MW and as
a single galaxies for the extragalactic population. The precision
that should be reached by the detector is generally enough to
locate the object unambiguously and link it to a potential electro-
magnetic observation, under the wider requirement of detection.
The confusion limit, however, can be reached by some objects,
implying that other studies are advisable on this topic, covering
at least two aspects:

— A more detailed estimation of the properties of the expected
sources, in particular for what regards the exact merging fre-
quency of the DWDs, which introduces a frequency cutoff
that is crucial to determine the S/N and the localization pre-
cision. A small variation in the frequency cutoff implies a
considerable change in the S/N and localization quality;

— A precise model of the waveform, which is heavily affected
by mass effects and does not correspond to a pure general
relativity waveform, especially in the latter phases of the
merging. Since this last phase could account for a significant
fraction of the S/N of the event, it is essential to produce a
set of reliable approximants.

In properly covering the parameter space, this future models
should consider with care in particular the systems within the
super-Ch branch, for the reasons explained before. Already a
coarse-grained sampling of the super-Ch branch would be of
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great utility in clarifying the merging frequency indetermina-
tion issue, which represents by far the main uncertainty in the
foreseen performances of LGWA.

The detection rates depend on the chosen S/N threshold,
and are presented in Sect. 5.1 for the spiraling binaries inside
the MW and in Sect. 5.3 for the merging systems outside the
Galaxy. We provide a summary of the main quantitative find-
ings in Table 4. The expected detection rate for a S/N threshold
of 8 over a 10 year observation period is 30 + 5(stat) + 6(sys)
spiraling binaries inside the MW and 10 =+ 3(stat) + 2(sys) extra-
galactic mergings, under the hypothesis of the contact scenario.
Although this estimate is susceptible to fluctuations depending
on the true dynamics of the merging process and the true correla-
tion between a super-Chandrasekhar DWD merging and a SN Ia
event, which we assumed to be exact, our results clearly demon-
strate the transformative impact of LGWA on our understanding
of DWD populations and their role as Type Ia SN progenitors.
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Appendix A: Observability analysis

Before simulating a realistic population, it is useful to consider
the observability and parameter estimation of the detector on an
averaged population with simple uniform prior distributions. In
particular this approach is useful to understand the sensitivity of
the detector for the extragalactic DWD merging population. Fol-
lowing the approach of Song et al. (2025), the S/N and the error
on the estimation of the luminosity distance are evaluated for a
simple DWD population, varying the masses and the luminos-
ity distance. In particular these quantities are evaluated for every
triplet (m, my, d;) with m;, m, in the interval [0.6 Mg, 1.4 M]
at steps of 0.1 My and d; in a set of 6 representative distances
of 2, 5, 10, 20, 30, 40 Mpc. For every combination, a sample
of 20 system is analyzed with GWFISH, completed with the
other parameters (cos 6, a, sind, ¥, ¢) drawn uniformly in their
respective domains. Note that, since we are interested in merg-
ing signals, a frequency cutoff has been introduced following the
Roche overflow merging hypothesis treated in Sect. 2.1, using the
explicit analytical formulas provided. From this sample is than
extracted the mean of the S/N, the mean error on the luminosity
distance, the best S/N and the smaller error on d;. Since LGWA
will be meant to study both the overall statistical characteristics
of the population and the single high-S/N cases, these quantities
are good indicators of the performances in the two cases.

The results for the S/N are shown in Fig. A.2a. The plot
reports over the diagonal the mean S/N, and the best S/N under
the diagonal. The S/N is encoded by the color scale. the red-
edged dots correspond to S/N < 5, namely those systems which
will be surely not seen because of the S/N threshold. Here a S/N
threshold of 5 is chosen as a simple possible representative value.
The choice of the mass range is justified by the fact that lower
masses will have, even in the best-case scenario, a S/N that does
not allow the detection. It is evident that the S/N is mainly deter-
mined by the mass of the lighter WD in the binary, since it is
the one that will overflow the Roche lobe, setting a maximum
frequency cutoff. As said previously, the most interesting range
is the super-Ch branch, which is quite well probed at distances
< 5Mpc and begins to fade with increasing distance. Note that,
for visualization purposes, the maximum S/N shown is 100, but
for di = 2 and 10 Mpc the S/N of the most massive systems sat-
urates, reaching up to ~103. The main difference between the
averaged systems and the better systems is mainly the possibility
to access masses of 0.1 Mg, less for the best systems (and conse-
quently a global equivalent shift in the S/N value towards higher
S/N). Some systems are observable even beyond 40 Mpc, but it
is clear from the synthetic population shown in Fig. 1 that there
are very few systems in this region.

The results for the error on the luminosity distance are plot-
ted in Fig. A.2b, with the same convention adopted for Fig. A.2a.
The color scale is in units of Mpc. The boundaries of the color
scale have been chosen to have a maximum of 5Mpc, since
beyond this threshold it becomes impossible to correctly locate
the host galaxy. In this case it’s evident the strong difference
between the average case and the best case for nearby sys-
tems. This is due to a large variability of the error, that strongly
depends on the choice of the remaining parameters which are
randomly drawn. Although it is already evident that a good esti-
mation of the host galaxy can be done only below 10 Mpc, a more
complete treatise of this estimation is presented in Sect. 4 on the
realistic DWD population. These results enforces the fact that the
interesting systems lie approximately below 30 Mpc.
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Fig. A.1: Smoothed S/N (with an averaging radius of 0.05 M,,) for the
extragalactic population under the contact scenario assumption. Only
the systems with individual S/N>5 are colored, the gray population
presents a lower S/N.

As a confirmation of these results, in Fig. A.l is plotted
the mass distribution of the super-Chandrasekhar merging extra-
galactic population, displaying the S/N for only the systems with
S/N>5 for the contact scenario, namely the most optimistic. The
displayed S/N is “smoothed”, namely it is averaged in the mass
space over a radius of 0.05 M, in order to show the mean depen-
dence of the S/N from the mass combination. It’s evident that
only the super-Chandrasekhar systems are detectable outside the
Galaxy.

Appendix B: Methods
Appendix B.1: Convolution procedure

The population resulting from the SEBA sampling and evolu-
tion (Sect. 3.2) consists of 2 - 107 binary systems; approximately
75% of the systems become DWD at some point of the evolution
and among these only ~5.8% at the end of the CE phase dis-
play an orbital separation which is sufficiently small in order to
enter the mHz frequency band at some time before the end of the
13.5 Gyr evolutionary period, due to the GW emission. Finally,
only a few hundred fall in the LGWA frequency band exactly at
the end of the evolutionary period, all around the mHz and none
above 10 mHz. Thus the evolution of a single burst cannot con-
tain a statistically relevant sample of the population, since the
expected DWD Galactic population in the mHz should account
for ~2 - 10* systems above Mcy, in order to reproduce the current
SN Ia rate (see the estimations in Sect. 3.1), and the simula-
tion can’t reproduce at all the rare but crucial population with
Jow > 0.01 Hz in the most sensitive band of LGWA.

The solution comes from using the generated population as
a ¢ function and convolve it with a chosen SFH, as detailed in
Sect. 3.2. This approach solves the initial problem as not only
the few short-period DWDs that remain at # = 13.5 Gyr are con-
sidered, but all the systems that at some point of the 13.5 Gyr
evolution had become a DWD. In this way the computationally
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Fig. A.2: Comparison of the mean and best S/N (upper plot) and best error on luminosity distance estimation (lower plot) for different mass
combinations and luminosity distances. The estimation is performed assuming the Roche merging scenario.
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expensive SEBA simulation is better exploited. In addition, the
o-convolving approach benefits from two main advantages:

— A SFH is naturally simulated with accuracy as the convo-
lution of the chosen Rgpy(#) with a Dirac § gives the SFH
itself; this allows one to test multiple SFH hypotheses with-
out running the SEBA simulation multiple times, since only
one run is sufficient to generate the ¢ burst (= 1200 CPU
hours have been used). In addition, different Galactic com-
ponents have different SFHs, hence this approach is ideal to
simulate a complex Galactic structure.

— A large DWD population can be easily produced, allow-
ing for more precise statistical considerations. This could
not be possible with direct evolution simulation, given the
extremely low fraction of observable systems in the total
population.

However, there are some drawbacks to consider:

— The ¢ burst refers to fixed initial parameters that could
change over time in the real SFH. For example, the metal-
licity is expected to increase as the Galaxy ages or vary
for the different Galactic populations (bulge, thin disk, and
thick disk; see Sect. 3.5), but this effect cannot be taken into
account since a variation in the metallicity would require
rerunning the evolutionary simulation. The same is true for
the IMF and the binary fraction.

— The same DWD system is counted more than once if ¢t is
small enough, resulting in a certain degree of correlation
inside the population.

For the former, there is not a simple solution, and it will
contribute for some degree of systematic error. This problem
however is strongly mitigated by the choice of the SFH: in
general, it is expected that Rgpy in the early stages of Galaxy evo-
lution is far higher than in the late stages (Sect. 3.3); this results
in a shorter effective formation period, that can more acceptably
be modeled with fixed metallicity and IMF function. In particu-
lar, the population dependence on the metallicity is investigated
systematically in Korol et al. (2020), where it is shown that the
effect of drastically changing the metallicity (over 3 order of
magnitudes) is only a mild variation of the DWD abundance.
In our case the abundance is independently gauged by the SN Ia
rate, thus this effect is not expected to play a significant role.

For the second point, it is important to estimate how much
time a system remains in the LGWA band. An upper limit is
found using the expression for the time to merge for a binary
system, Eq. 6. The initial frequency for which the algorithm rec-
ognizes the DWD as detectable with LGWA is f; = 1 mHz. The
resulting merger times for the typical DWD masses is around 1
— 3 Myr. This means that the time resolution 67 should be lower
than 1 Myr, otherwise some systems would be lost in the process,
but not too low to cause detectable correlation in the population.
Note that lowering 6t is in principle desirable, as doing so the
resulting population would increase in number. A lower limit
for 6t can be found imposing that the frequency space density
generated by the repetition of one system should be much lower
than the density of different systems. This constraint prevents
the formation of isolated "clusters" in the frequency space due to
the multiple counting of a single system. With really rough esti-
mations (considering one half of the systems in the interval 1 —
5 mHz and imposing there the condition, since the low-frequency
band corresponds to a slower evolution) it is found that this limit
Otmin always lies under 0.001 Myr. The real limit must be even
lower, since all the entire estimation is conservative, but even
this value is far from the 6t required for the generation of the
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Fig. B.1: Present-DWD gain density as a function of time.

complete population. '°. In conclusion, for the chosen initial pop-
ulation size, taking 6¢ € [0.01, 1.0] Myr is a legitimate choice
that does not introduce a significant correlation while exploiting
at the best the DWD systems that had been previously elaborated.
To properly simulate the MW population, it is sufficient a time
interval 6 = 1 Myr.

Appendix B.2: MW populations

We visually report the main properties of the three convolved
populations plotting the mass and frequency distributions of the
sources in Fig. B.2. As highlighted in Sect. 3.2, the differences
between the populations arise only from the choice of different
SFH and the total mass of the respective components. Early or
late periods of SFH contribute differently to the number of DWD
at present time #y: in order to visualize the different gain in terms
of DWD production for different periods we plot in Fig. B.1 the

number density of DWD coming from progenitors produced at
DWD

, normalized to the num-

N6
ber density of the considered progenitors a for the same value

time ¢ in a time bin d¢, namely

of . The plot effectively represents the fraction of systems in
the ¢ burst that after a period 7y — t become observable as short
period DWD in the LGWA frequency band. This shows as late
periods of SFH lead to a DWD gain up to 3 times larger than
early period SFH, for equal SFR. This explains why the thin disk
contains the majority of the DWD systems, together with the big-
ger mass, and as observed in Sect. 3.3, the presence of a long
tail in the bulge SFH results in a bigger DWD population with
respect to the thick disk, while having comparable total masses.

Appendix B.3: Extragalactic rates

As mentioned in Sect. 3.6, the SN Ia rate within 10 Mpc is
31 + 7 SN/100 yrs, 245 + 67 SN/100 yrs for a 20 Mpc horizon
and 650 + 157 SN/100 yrs for a 30 Mpc horizon. These results,
accounting for the statistical errors, are in discrete accordance
with the rates reported in Ajith et al. (2025), based on an inde-
pendent approach. A comparison between the rates obtained in
this paper and the rates reported by Ajith et al. (2025) is pre-
sented in Fig. B.3. The figure presents also a comparison with
the rates obtained by using preferably the morphological type

10 Note that the bigger is the initial SEBA sample, the higher will be the
different-systems density and thus the smaller the minimum 6z, so the
maximum potential size of the convolved population grows faster than
linearly with regards to the SEBA population size.
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Fig. B.2: Three simulated population components of the MW (row 1: thin disk, row 2: thick disk, row 3: bulge). Left: Mass distribution of the
binaries. The color represents the density for more clarity, 10% of the population is showed. Center: Mass distribution of the super-Chandrasekhar
subpopulation. The entire population is shown. Right: Distribution of the super-Chandrasekhar population as a function of the mass of the less
massive WD of the system (x axis), frequency during the LGWA observation period (colored marks, total binary mass as color scale), and final
merging frequency in Roche scenario (black marks). To the left side the marginalized histograms of the population in frequency domain are plotted.
The histograms for the frequency distribution during the observing period are shown in red, the ones relative to the final Roche merging frequency

in black. 5% of the Super-Chandrasekhar population is shown.

instead of the color''. The relative discrepancy between the two
measurements is shown in gray, and is compatible with 0 within
the errors. We observe the rates obtained with the type to be
consistently more abundant by 5% for d; > 20 Mpc.

' The B — K color is still used where the morphological type is not
available.

Appendix C: Sensitivity to initial conditions
choices

In this appendix we evaluate the sensibility of the population’s
characteristics with respect to the choice of the initial conditions,
namely the parametrization of the distribution of m;, g = my/my,
d and ¢ for the ¢ burst population at zero age.

The global abundance of super-Chandrasekhar sources is
fixed by the SN Ia rate, and is thus not sensitive at all to changes
in the parametrization. The abundance of sub-Chandrasekhar
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Fig. B.3: Comparison between rates obtained in this work (with 20%
avoidance zone correction factor (AZC); see Sect. 3.7) and LGWA
White Paper (Ajith et al. 2025). We report the rate calculated prefer-
ably from the B — K color (used in the rest of the paper, here in red)
and the rate obtained using preferably the morphological type (here in
green). The black line shows the discrepancy in percent between the two
estimations. The error bands are obtained with Monte Carlo sampling
using the statistical errors on the parameters given by Li et al. (2011).

binaries instead varies; this population however is not detectable
if extragalactic, and of secondary importance if Galactic.

The main effect of a change in the initial distributions is
thus only a small rearrangement of the sources in the parame-
ters space. In particular we consider only the change in the final
mass distribution, since the frequency distribution is set by Eq. 8,
and the final eccentricity is always & = 0.

The process leading to a formation of a close DWD is highly
non-linear with respect to little variations of the parameters;
however we can directly relate the final mass distribution to
the initial parameter distributions in order to linearly correlate
the densities in parameter space. Given an initial parameter dis-
tribution () dependent of some parameters generically called
¥ (primary mass, mass ratio, separation and eccentricity, here
assumed as independent), the density in mass space is

dN(mi,mp)

Ay =
dm1 dmg

10
f ATty - DI1] €1
0

where I'(¢) is the SFH and Ags,,(7)[¢] is the number density in
mass space of the binaries in the ¢ burst that after a time 7
from zero age fall into the LGWA frequency band. This quan-
tity is both a function of time for fixed initial conditions ¢ and a
functional of the initial distributions ¢ once the time 7 is fixed.
For simplicity we used As,[t] = foto dt As (T)[¢] to estimate the
errors introduced by the uncertainties in the initial parameter
distributions.

Appendix C.1: Primary IMF

The chosen primary IMF is the Kroupa IMF (Kroupa et al. 1993),
which in the interval 1 < m;;/My < 10 is a power law with
exponent @ ~ —2.7. Since the initial primary mass is directly
correlated with the total mass of the resulting binary, and thus
with the average S/N (see Fig. A.1), among the initial conditions
choices this exponent represents the most influential parameter
in describing the final S/N distribution. Recent measurements
found « in the range between 2.64 and 2.76 over a spatial scale
of 800 pc (Li et al. 2025). We obtain the change in the mass
distribution corresponding to these two limits by downsampling
the original ¢ burst in order to obtain a population distributed
accordingly to the new exponents. The resulting DWD mass dis-
tribution density is evaluated using a gaussian kernel density
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estimator and normalized to the super-Chandrasekhar fraction so
that

= f dmydmy Aslx(@)],
Dcn

where Dcp = {(my, my) my + mpy > Mcy} is the super-
Chandrasekhar portion of the mass space. In Fig. C.1 is reported
the normalized density corresponding to the fiducial Kroupa
IMF distribution «(a) (central plot), and the difference between
the density distributions with the two extremal spectral indexes,
k_ = k(a_ = =2.76) and k, = k(a, = —2.64), and the fiducial
density distribution. The color scale is common, and saturated
for the central plot. In the super-Chandrasekhar region the dif-
ference is generally on the order of some percent of the fiducial
density. In order to quantify the global discrepancy between the
super-Ch densities, we introduce a mismatch measure

2
ox = \/ f@ dmydmy(Asmlk=] = Asplx]) .

Since the density is normalized, this quantity is the frac-
tional standard deviation of the density distribution for super-
Chandrasekhar DWD binaries. We obtain o = 5- 1074, o, =
6-107*, demonstrating that the error contribution due to the IMF
parametrization on the entire D¢y, portion is negligible.

Most significantly, the variations in the marginal distribution

N
of the chirp mass n(M) = IM for my + my > Mgy, is limited

between ~ + 0.02 M(;l (always in normalized units, in which
Niotpe, = 1). This corresponds to a relative error < 2% over the
entire significant super-Chandrasekhar range, 1.4 < Mio:/My <
2.2.

From a global point of view, we find that the fractional differ-
ence in the marginal distribution of the total mass as a function of
the displacement da from the nominal value is well represented
by a linear relation:

0N

~ (M/My —0.7)-2.1 - 6a.

Mot

We can thus see that (at first order) a displacement in the
tilt of the primary IMF distribution induces a proportional tilt

r:l(li\/(/t)) marginal distribution. This discrepancy is piv-
oted around My, = 0.7Mo, since this is the average value for
super-Chandrasekhar systems, which are used to calibrate the
abundance. A steeper IMF (6a < 0) will thus result in more
sub-Chandrasekhar systems. The fractional difference in the
marginal distribution is lower than 5% over the whole observ-
able range, and lower than 2% over the super-Chandrasekhar
subpopulation.

in the

Appendix C.2: Initial mass ratio

We repeat the procedure described in the previous section,
varying the mass ratio distribution. While we assumed a flat
distribution for g = my/m,, there is evidence that the mass
ratio distribution can be expressed with a power law with expo-
nent y weakly depending on the mass of the primary (Duchéne
& Kraus 2013). More recently, Li et al. (2022) found y(m; =
IMy) =212 £ 0.19, y(m; ~ 1.4Mg) = 0.03 £ 0.12 and y(m; ~
2.4My) = —0.42 + 0.27. While the decreasing trend of y as a
function of m, is established, this measure of the spectral index
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Fig. C.1: Comparison of the mass density distributions for extremal values of the Kroupa IMF spectral index. Center: fiducial density @ = —2.7.

Left (right): difference between the density resulting from a_ = —2.76 (o, = —2.64) and the fiducial density.

for m; ~ 1My is in tension with other estimations (Duchéne &
Kraus 2013), probably due to restrictions in the considered mass
ratio range; this subpopulation is however not relevant for LGWA
observations since it produces the extremely light component of
sub-Chandrasekhar DWD. The value for intermediate masses is
compatible with a flat distribution, as assumed; finally, for higher
masses, y = —0.42 + 0.27 is compatible with previous results.

To prove the robustness of our results, we thus evaluate the
changes in the mass ratio distribution by setting y = —0.42 on
the entire mass range. We obtain a super-Chandrasekhar mis-
match value (as defined in the previous section) o = 2 1073. The
marginal distribution of the chirp mass is still confined within
2% of the original distribution for super-Chandrasekhar binaries,
and within 5% for the whole range, thus with an effect compa-
rable with the errors relative to the uncertainties in the primary
mass.

Note that the (although very limited) effect of a negative y
is to enhance the high-mass end of the total mass spectrum, thus
providing more objects with higher S/N.

Appendix C.3: Error propagation on the S/N distribution

Since the GW amplitude depends from m,, m, through the chirp
mass M, only the deviations in the chirp mass distribution will
propagate into deviations in the S/N distribution. Since the S/N
depends on additional parameters (d, @, 0, ¥, 8), local fluctua-
tions in the M distribution result in "diluted" fluctuations of the
S/N distribution across the entire S/N range.

As an example, consider the effect of the luminosity distance
distribution of the binaries. A (possibly big, and for example
positive) deviation of the chirp mass distribution in a small inter-
val [M*, M* + 6 M] would increase the number of binaries with
chirp mass ~M* across the whole range of distance, both near
and extremely far from the detector; thus the excess of binaries
will be distributed across the entire S/N spectrum, despite being
precisely localized in the chirp mass distribution. Similarly, the
distributions of the other parameters contribute to smooth out
local deviations of the chirp mass distribution from the fiducial
one.

Under the hypothesis of a complete smoothing over the S/N
range, the only effect is a global fluctuation of the number of
systems; this corresponds by definition to a net zero variation for
the super-Chandrasekhar population. For a more realistic partial
smoothing, the S/N distribution deviations are strongly bounded
by the maximum deviations in the chirp mass distribution, which
are < 3% for the super-Chandrasekhar population and < 7% for

the sub-Chandrasekhar population, accounting for both primary
IMF and mass ratio errors found before. We use these conserva-
tive upper bounds to account for the possible errors in the binary
IMF of the population. A more detailed computation of the true
error is not relevant, since this is not the main source of error in
our population model.

Appendix D: Fisher matrix formalism

In this appendix the Fisher matrix formalism is outlined with
a practical approach in order to better understand the GWFISH
outputs.

Appendix D.1: Fisher matrix and S/N

Let dy(t) be the signal stream from the detector, that consists of
a real GW signal modeled by an approximant /() that depends
on a parameter set {6;}, over a stochastic Gaussian noise n(f). The
GW signal hy(?) is obtained from the tensor £;; by contracting it
with a response tensor A"/ that represents the sensitivity of the
detector. Note that the tensor A is a function of time, as the
detector is moving over time (with the Moon around the Earth
and the Sun for LGWA). For short-time signals this variation is
negligible, but since a DWD observation is obtained by integrat-
ing the signal over the entire mission lifetime this effect must
be considered. The calculation of the response tensor is imple-
mented in GWFISH. The estimation of the errors is carried out
by applying the Fisher matrix method; the likelihood function
can be approximated by a multivariate Gaussian distribution:

L(dgl6) = N exp | - %Ae"(C‘l){Aej}, (D.1)

where A9 = 8 — 6 and C is the covariance matrix; C~' = F is the
Fisher matrix, and can be obtained as

1 ohon

Sa(f) 86, 8_0, 9=§df ’ (D.2)

Fij = Ohloh)| = 4R fo

where §,(f) is the noise PSD of the detector, assumed to be
known. The Wiener dyadic product (a|b) between two (complex)
functions in frequency space is defined as

(alb) = 4R foo a(f)b*(f)df.
0

D.3
S.0) ©3)
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This approach is valid only under the Gaussian approximation of
the likelihood, and it could fail if the approximation is not satis-
fied. The validity of this method is usually compromised at very
low S/N values or for deviations of the noise from Gaussianity.
The S/N in this setting is

S _ (dh MO,
= = +/(h|h D4
N \/— \/ f TS . B

where the equivalence marked with % indicates the expectancy
value in the approximation of zero-mean Gaussian noise, called
the “optimal S/N.”

Appendix D.2: S/N and o, relation
In general, the GW amplitude depends on d; as h o« dl‘l, thus

O0q,h = ——h It follows that
(hh)  S/IN?

Faa, = 0q,h0q,h) = —— = ——. (D.5)
dL dL

At the same time, the error on dy is 04, = +/Cg,4,; the covari-
ance matrix is obtained inverting the entire Fisher matrix 7, but
for the estimation of o, only the entries of ¥ that in C show
a covariance with d; are needed. In particular, the distance is
strongly degenerated with the inclination angle 6, so that the
covariance cov,, g cannot be neglected. Inverting only the needed
block results in the reduced Fisher matrix:

=_ | Faa, Faw | _ O'?,L cov(f,dy)
7= [ Foa, Foo | | cov(d,dy) o2 . (D.6)
which leads to
1 cov(@,dp)?\ 1
ﬂ,‘d,_ = —2(1 —_— 5 4 2L ) = _2 . k’ (D7)
O—dL O-dLo-H O-dL

where the correction to the simple relation ¥y, 4, = 0'312 has been
condensed in the factor k = (1 — «?)~!, where « is the Pearson
correlation coefficient. Note that k > 1 since —1 <k < 1.

Matching Eq. D.7 and Eq. D.5 results in

ou, _ Vk
d, ~ SIN’

(D.8)

This means that with logarithmic axes (Fig. 5, 6) the popula-
tion will be characterized by the strong constrain of the diagonal
log(S/N) = log(oy, /dL) corresponding to null covariance, but
will extend over the diagonal for higher values of covariance.
The degeneracy between d; and 6 can be very accentuated, so the
population is expected to easily detach from the limit condition
k=0
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