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Method CCSNR (100 yr)−1) Reference
Galaxy models 2.1 [3576]

3.2+7.3
−2.6 [3543]

1.4+1.6
−0.9 [3577]

CCSNR measurements 1.7 ±1.1 [3578]
2.4–2.7± 0.9 [3579]
2.30 ±0.48 [3092]

Counts of massive stars 1 - 2 [3580]
NSs 7.2 [3094]
SN remnants 0.43 [3581]
26Al distribution 1.9 ± 1.1 [3582]
Combination of different methods 1.63 ± 0.46 [3094]

Table 15. The expected CCSNR per century in the Milky Way estimated with different proxies.

magnitudes range from −4 to 0 mag (SN1181) [3572] and their observability timescales span
from 6 months (SN1181) to 3 years (SN1006) [3573]. SN 1054 and 1181 have been classified
as CCSNe due to the presence of a pulsar in their remnants: SN1054 is thought to be a
IIn-P [3574], while SN1181 classification remains uncertain, with several subtypes proposed,
including (SNIb, SNIc, SNII-L, and possibly an underluminous SNII-P) [3575].

The first attempt to estimate the Galactic CCSNR [3576] was made by combining rate
measurements from other galaxies and from the historical SNe in the Galaxy. This approach
yielded a Galactic SN rate of 2.5(100 yr)−1 and CCSNR of 2.1(100 yr)−1, assuming that
about 85% of all SNe are core-collapse events.

Ref. [3543] presented a new measurement of the Galactic CCSNR by exploiting advance-
ments in models of Galactic stellar populations and modern dust maps. They performed
a Monte Carlo simulation to determine the position and dust extinction of Galactic SNe
modeling both progenitor and dust distributions with a double-exponential function and
adopting new estimates of the Galactic scale lengths, heights and total extinction along any
line of sight. The resulting cumulative apparent magnitude distribution for Galactic CCSNe,
derived under the assumption of a Salpeter IMF and a range mass for CCSN progenitors of
8 − 100M⊙, when combined with the number of historical SNe suggests a value of 3.2+7.3

−2.6
(100yr)−1 for Galactic CCSNR.

More recently, ref. [3577] conducted a similar study analysing the SN visibility by the
naked eye in our Galaxy. They adopted the spatial distributions of SN and dust by [3543]
and modeled the sky distributions for naked eye SNe using axisymmetric models of MW.
Their fiducial model was compared to the location of historically SNe, which all avoid the
high-probability region (95%), likely due to spiral arm effects. The authors calculated the
fraction of SNe visible to the naked eye and found that about 33% of CCSNe are visible at a
magnitude limit of mV,lim = −2 mag. The number of historical SNe within the observable
fraction suggests an underlying CCSNR of 1.4+1.6

−0.9 (100yr)−1.
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CCSNR from measurements in the local Universe. Historically, the CCSNR in the
Local Universe has been estimated for samples of galaxies with various Hubble types and sizes
and has been normalized to B-band or K-band galaxy luminosities. The Galactic CCSNR
can be inferred by adopting a morphological classification and luminosity for MW, along
with the corresponding value of CCSNR measured in the local Universe.

Ref. [3578], exploiting their CCSNR measurements for a sample of more 10000 galaxies
and assuming that the MW is a type Sb± 0.5 galaxy with a luminosity of (2.0 ± 0.6) ×
1010LB,⊙ [3583], obtained a value of (1.7 ± 1) (100 yr)−1 for the Galactic CCSNR.

Ref. [3579] estimated the CCSNR for a sample of 800 galaxies from the Shapley-Ames
catalogue and SN discoveries by [3584]. Assuming that the MW is a Sbc galaxy, with properties
similar to the Sab-Sd galaxies for which they estimated the rates, and a B-band luminosity
of (2.6 ± 0.6) × 1010LB,⊙ [3579], they obtained a Galactic SN rate of (3.0 ± 1.0)(100yr)−1

and, by assuming that CCSNe account for 80% − 90% of all SNe, they derived a CCSNR
in the range [2.4 − 2.7] ± 0.9 per 100yr.

Ref. [3092] estimated the CCSNR per unit luminosity for a galaxy sample monitored by
LOSS. They assumed that the MW has the average size of a Sbc and a B-band luminosity
by [3583] and derived a Galactic CCSNR of (2.30 ± 0.48) (100yr)−1.

These results, based on similar assumptions about the morphological classification and
luminosity of the MW, are in good agreement within the reported uncertainties. Considering
the uncertainties in the Hubble type and luminosity of the MW we can conclude that these
measurements have an uncertainty approximately a factor of two.

CCSNR from the local massive star birthrate. An estimate of CCSNR can be inferred
by extrapolating a direct census of massive stars within solar neighborhood.

Ref. [3580] estimated the local massive-star birthrate from a sample of 420 O3-B2 dwarfs
within 1.5 kpc of the Sun to a limiting magnitude of 8 mag in V band. To extrapolate the
local birthrate to the entire Galaxy, they adopted a two-component “disk + hole” model
for the stellar density distribution, along with models for extinction and main-sequence star
lifetime. The authors found that the massive-star birthrate is on average 7.86 stars kpc−3

10−6 yr−1 and 176 stars kpc−3 10−6 yr−1 on the Galactic-plane and concluded that many
more galactic OB stars likely remain to be discovered.

Assuming a mass cutoff of 10 M⊙ for CCSN progenitors, the resulting CCSNR ranges
from 1 to 2 (100yr)−1 depending on the values of the model parameters.

Ref. [3585] compiled a sample of massive stars (O and early B type) within 3 kpc detected
in 2MASS [3586] and observed by Hipparcos [3587] with parallax and precise photometry.
Luminosities and temperatures of these stars were used to estimate the masses and ages
adopting mass tracks and isochrones from different sources, such as [3588–3590]. The authors
identified 759 stars with masses greater than 8M⊙ and inferred a CCSNR of 21.3±4.7 per
Myr within 600 pc from the Sun.

CCSNR from NSs birthrate. The census of NSs, considering their various manifestations,
can also provide an estimate of the CCSNR, as they are the outcomes of core collapse events
for the progenitor mass range assumed in our analysis.
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Ref. [3591] reviewed the NS birthrate estimates in the literature by analysing different
classes of NSs: magnetars, radio pulsars, Rotating Radio Transients (RRATs), X-Ray Dim
Isolated Neutron Stars (XDINSs) and X-ray binaries. For the magnetars, the authors used
an overall estimate derived from two different age estimation methods: i) spin-down age
estimates [3592], ii) SN remnant age estimates [3593].

For radio pulsars, they used estimates from three different studies [3594–3596]. The
birthrate of XDINSs was estimated by [3597] from a sample of seven XDINSs detected by
the ROSAT All-Survey. Finally, the authors assumed a direct proportionality between the
pulsars and the RRATs birthrate, as in [3598].

If we consider the average of the birthrate values presented by [3591], based on the
Galactic electron density model NE2001 [3094], we obtain a CCSNR of 7.2 (100yr)−1. This
value is higher than the other estimates and suggests that there may be an excess of NSs
in the Galaxy, known as the NS ‘birthrate problem’.

CCSNR from the SN remnant birthrate. Approximately 300 SN remnants have been
observed in our Galaxy through their radio emission [3571]. However, only a small number
have been physically characterized, including determination of evolutionary state, explosion
energy and age as discussed in [3599]. The authors developed a set of spherically symmetric SN
remnant models based on hydrodynamic calculations and used them to estimate age, explosion
energy, and circumstellar medium density for a sample of 43 Galactic SN remnants whit known
distances and temperatures, assuming spherically symmetric evolution of the SN remnant.

The distribution of ages yields a SN birthrate of 1/260 yr for the sample of 43 SN
remnants and of 1/160 yr including 15 Galactic SN remnants from [3581]. A final correction
for the incompleteness of X-ray observations of SN remnants increases the birth rate to ∼1/35
yr,which corresponds to a CCSNR of ∼ 0.43 (100yr)−1. This result is significantly lower than
other CCSNR estimates, likely due to the incompleteness of the SN remnant sample.

CCSNR from 26Al distribution in the MW. Ref. [3600] suggested that the injection of
elements into the interstellar medium, such as 26Al, may originate from CCSNe. Ref. [3582]
analysed the γ-ray emission from 26Al decays to derive its distribution using INTEGRAL
data. By mapping the isotope, they found an irregular distribution, primarily concentrated
along the plane of our Galaxy. This result strongly supports the hypothesis that CCSNe are
26Al emitters, as CCSNe are mainly located in this region. The mean mass of 26Al ejected in
the Galaxy has been estimated by combining observations with the theoretical models. The
26Al yield was inferred from the total mass, assuming a Scalo IMF (i.e. ϕ(m) ∼ m−2.7) [3601],
the isotope lifetime (1.04 Myr) and a progenitor mass range (10 − 120)M⊙. By correlating
the observed 26Al γ-ray emission with the expected 26Al yield [3602] they estimated the
CCSNR to be (1.9 ± 1.1) (100yr)−1.

CCSNR combining different proxies. Ref. [3094] obtained a more precise estimate
of the Galactic CCSNR by combining various measurements from the literature over the
past twenty years with direct information on the CCSNR from historical SNe in the Local
Group. Their first estimate is based on the following measurements: i) counts of massive stars
(CCSNR=(1.5±0.5)(100yr)−1 [3580]), ii) the NS birthrate (CCSNR=7.2 (100yr)−1) [3591], iii)
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CCSNR measurement from a large galaxy sample by [3092] (CCSNR= (1.95±0.41)(100yr)−1),
iv) Galactic enrichment of 26Al (CCSNR=(1.9 ± 1.1) (100yr)−1 [3582]). By multiplying
the likelihood functions of these different estimates, the authors obtained a CCSNR of
(1.79 ± 0.55) (100yr)−1.

The second estimate of the galactic CCSNR is based on: i) the Galactic CCSNR from
historical records adopting the fraction of visible CCSNe by [3543], ii) the CCSNR from
neutrino observations of the MW, iii) CCSNR in M31 galaxy, iv) CCSNR in other galaxies
within the Local Group.

By combining these four likelihood functions, a range of [0.66 − 2.04] (100yr)−1 was
obtained. Finally, by incorporating all available information, the first combination of mea-
surements and direct data on the CCSNR in the local Group, the authors performed a global
fit, resulting in a CCSNR of (1.63 ± 0.46) (100yr)−1.

8.3 Neutron stars

Neutron stars are the end product of the collapse of progenitor stars with mass in the range
≈ [9, 20]M⊙. See section 8.2 for a detailed discussion regarding theory and observations
related to star collapses.

8.3.1 Observed NS population

Neutron stars manifest themselves in a bewildering diversity, and over the whole EM spectrum,
from radio to TeV energies. The observed NSs population is dominated by isolated radio or
gamma pulsars, which beamed emission is powered by their large rotational energy, with
about 2500 objects observed.68 Then, there are about 1500 systems consisting of NSs in
binary systems, showing different emission phases, from accreting X-ray binary systems to
rotational powered radio pulsars orbiting low and high mass stars, or transitional pulsars that
oscillate between direct matter accretion and quiescent phases where the radio pulsar switches
on. However, in the last decades, several extreme and puzzling sub-classes of NSs were
discovered: Magnetars, X-ray Dim Isolated Neutron stars (XDINSs), or Central Compact
Objects (CCOs), all somewhat hosting extreme magnetic fields (in the case of CCOs buried
by fall-back accretion after their SN explosion). A recent brief review can be found in [3603].

The majority of NSs show a measurable slow decrease of their rotational frequency νs,
the spin-down ν̇s, consequence of rotational energy losses due to several possible mechanisms,
including emission of EM radiation, particle wind and, possibly, GWs. The star’s rotational
energy loss rate, called spin-down luminosity Lsd, can be related to the spin-down by [3604]

−Ė ≡ Lsd = −4π2I3ν̇sνs (8.8)

where I3 is the star moment of inertia with respect to the star’s rotation axis. Without loss of
generality, we can express the spin-down rate as a power law in terms of rotational frequency,

ν̇s = −Kνns , (8.9)

where the coefficient K and the braking index n depend on the energy loss mechanism. For
instance, n = 1 describes pulsar wind, n = 3 corresponds to magnetic dipole radiation, n = 5

68V. 2.4.0, https://www.atnf.csiro.au/research/pulsar/psrcat/.
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Figure 156. Period versus period derivative of different classes of pulsars. Lines of constant estimated
B-field are also shown, seeeq. (8.12), as well as lines of constant luminosity, see eq. (8.8). Data taken
from [3606, 3607].

to quadrupole gravitational radiation and n = 7 to r-mode GW emission. For the typical
observed spin-down rates, the star’s time-dependent rotation period, P = 1/ν, deriving
from integration of eq. (8.9), can be described by a Taylor expansion around the value P0
at a reference time t0,

P (t) = P0 + Ṗ (t− t0) + P̈
(t− t0)2

2 + . . . . (8.10)

The set of values (Ṗ , P̈ , . . .) are called spin-down parameters and can be in principle
measured from the pulsar timing. From a measure of the first two parameters, an estimation
of the braking index can be obtained from the time derivative of eq. (8.9),

n = 2 − PP̈

Ṗ 2 . (8.11)

In practice, only for a very small number of pulsars the measure of P̈ (which is typically
affected by timing noise) is sufficiently accurate to provide a reliable measure of the braking
index, see e.g. [3605].

From eq. (8.9), and assuming spin-down is dominated by the emission of magnetic dipole
radiation (n = 3), an expression of the magnetic field at the surface can be obtained:

Bs = 3.2 × 1019
√
PṖ G , (8.12)

where the period P is expressed in seconds. The various NSs sub-populations can be effectively
represented in the so-called P − Ṗ diagram, see figure 156, where each known NS for which
rotation period and the first spin-down parameter have been measured, corresponds to a point.
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Figure 157. Position in the sky (galactic coordinates) of the various classes of pulsars shown in
figure 156. Data taken from [3606, 3607].

In general, different sub-populations mostly occupy a different region in the plane. In the plot,
lines of constant spin-down luminosity (eq. (8.8)) and B-field (eq. (8.12)) are also indicated.
The sky distribution (in galactic coordinates) of these objects is shown in figure 157.

Rotating NSs can be sources of long duration GWs, if their shape deviates from axi-
symmetry with respect to the rotation axis. The two basic emission mechanisms (the so-called
‘mountains’ and ‘r-modes’) have been introduced in section 7. Moreover, they can also be
source of burst-like GWs, following e.g. pulsar glitches. A few specific emission mechanisms,
not covered in section 7, will be discussed in section 8.3.2, while a more general discussion
about ET detection prospects will be done in section 8.4.2.

8.3.1.1 Galactic radio pulsars. Pulsars — a contraction of ‘pulsating radio source’, as they
were initially observed at radio wavelengths — are rapidly rotating NSs with a plasma-filled
magnetosphere that emits beamed radiation at many wavelengths. Due to a conspicuous
particle acceleration in their magnetosphere undergoing a series of pair production cascades,
ultimately a beamed synchrotron emission is observed, see e.g. [3608]. Pulsars also emit
their EM signal in the optical, X-ray and gamma-ray bands, often also due to curvature
emission and/or surface thermal emission [3609].

Pulsars are extremely interesting objects due to their intrinsic regular EM emission, as
some of the known millisecond pulsars rival the stability of atomic clocks. The possibility of
tracking their rotation rate via pulsar timing techniques to a high level of precision opens a
wealth of options, from precision tests of general relativity in the strong field regime [3610] to
inferring dense matter properties by studying their timing instabilities [3611] or estimating
pulsar masses via Shapiro delay [2752] and using millisecond pulsars as a pulsar timing array,
i.e. a galactic-scale interferometer for GWs [2594, 2595].

8.3.1.2 Pulsar glitche. The slow and predictable spin-down of most young pulsars suffers
from sporadic timing irregularities that spoil their perfect timing. Abrupt increases in a
spinning-down NS’s observed rotation frequency — a phenomenon known as a ‘glitch’ — are
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commonly observed in most young canonical pulsars (notably, the Vela and Crab pulsars
among others) and, more exceptionally, in some old millisecond pulsars, see e.g. [3612, 3613].
Since glitching rotation-powered pulsars are isolated, the glitch phenomenon must originate
from their interiors. Accordingly, the question of where the apparent increase in angular
momentum comes from is directly linked to the understanding of the inner structure and
transport properties of NS interiors [3611]. The exact mechanisms responsible for glitches is
still not exactly understood, but it is likely to involve an interplay between the NS’s elastic
crust and the superfluid that lies within the inner crust and outer core. Shortly after the first
glitches were detected in the Vela and Crab pulsar, it was suggested that the observed spin-up
is caused by a decrease in the NS’s moment of inertia — a consequence of the conservation
of angular momentum — as the solid crust suddenly reduces to a less oblate shape. This
hypothesis is known as the ‘starquake model’. However, the observed quasi-exponential post-
glitch relaxation of the rotation frequency to the pre-glitch state cannot be easily explained
only in terms of starquakes. Therefore, the long post-glitch relaxation timescale (of the
order of days to months) was linked to the presence of superfluid neutrons in the interior of
glitching NSs [3611, 3614]. Superfluidity is also likely to be involved in timing noise [3615],
a random and long-timescale wandering of the rotation frequency around its secular value,
that is frequently seen in canonical and millisecond pulsars. Besides giving us a glimpse of
the interior of NSs, glitches and timing noise can also impact the search for CW from NS
mountains, as they spoil the perfect coherence of the periodic GW signal. Finally, pulsar
glitches are expected to be accompanied by some degree of GW emission, both burst-like
emissions and longer-lived signals [3616, 3617], as recently reviewed in [3618]. See 8.3.2.3
for a brief summary on GW emission from pulsar glitches.

8.3.1.3 Magnetars, XDINs and CCOs. Magnetars are isolated X-ray pulsars whose
emission is thought to be powered by the decay and instabilities of their extreme magnetic
fields, typically B ∼ 1014–1015 G at the surface (see [3619] for a review; stars in figure 156).
At the time of writing, about 30 sources are listed as magnetars. With spin periods in
the 1–12 s range and relatively large spin-down rates, these objects have a persistent X-ray
luminosity of LX ∼ 1031–1036 erg s−1 generally larger than their rotational energy loss rate.
The birthmark of these isolated NSs is the unpredictable and variable bursting activity in
the X-/gamma-ray bands on different time scales, from a few milliseconds to hundreds of
seconds. In particular, short bursts are the most common, with peak luminosities in the
range ∼ 1036–1043 erg s−1. Burst durations span over two orders of magnitude, ranging from
a few milliseconds to a few seconds. They can occur sporadically or cluster in time, and it is
not possible to predict their appearance and which source is about to burst. The brightest
bursts, also called intermediate bursts, sometimes show a tail lasting up to several thousand
seconds that might show flux modulation at the NS spin period [3620]. The most energetic
events associated with magnetars are the giant flares. So far, only three have been observed,
each from a different source, implying that giant flares are rare. Their properties are very
similar: all of them started with a short (∼ 0.1 − 0.2 s) spike of γ-rays, with emission detected
up to a few MeVs that reached a peak luminosity ≥1044–1045 erg s−1 (and ≥1047 erg s−1 in
one case [3621]). The initial flashes were followed by hard X-ray tails strongly modulated
at the spin period and observed to decay in a few minutes.

– 407 –



J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

These flaring events often indicate that the magnetar has entered an active phase,
commonly referred to as an outburst. During an outburst, the persistent X-ray flux increases
by up to three orders of magnitude above the quiescent level. Then, it usually relaxes back
to the pre-outburst level on time scales spanning from weeks to months/years. The outbursts
are most likely driven by magnetic stresses, which result in elastic movements of the NS
crust and/or rearrangements/twistings of the external magnetic field, with the formation
of current-carrying localized bundles.

XDINSs are a small group of seven nearby (hundreds of parsecs), thermally emitting,
isolated NSs (squares in figure 156). They are radio quiet while relatively bright in the X-ray
band, and five out of the seven have spin periods similar to the magnetars. Moreover, their
magnetic fields seem to be comparable to the electron critical field. At variance with the
majority of X-ray emitting pulsars, XDINSs X-ray spectra are rather perfect black bodies
(kT ∼ 0.1 keV, eventually with some broad lines), which make them the key objects for
a large branch of research on the NS equation of state, and the cooling properties of the
NS crust and core.

Central compact objects (CCO) consists of radio quiet thermally emitting X-ray sources
(kT ∼ 0.2 − 0.5 keV), located at the center of luminous shell-like SN remnants (triangles
in figure 156). The association with SN remnants implies ages at most of a few tens of
kyrs. Three CCOs show X-ray pulsations with periods in the 0.1 − 0.4 s range, but with
small spin-down rates. The rotational energy loss of the three pulsed CCOs is certainly
too small to give a detectable contribution to their observed X-rays. Furthermore, they are
often called “anti-magnetars”, because of their extremely low inferred dipolar magnetic fields
(Bdip ∼ 1010−11 G). The spin-down characteristic ages of these three CCOs exceed by orders
of magnitude the ages of their associated SN remnants, indicating that they were either born
with spin periods very close to the current values, or underwent strong accretion during the
fallback phase soon after the SN explosion, which might have buried a strong magnetic field
inside. Furthermore, the large spin modulated X-ray emission (i.e. ∼ 60% in Kes 79 SN
remnant) and the evidence for bright and tiny (a few km radii) thermally emitting hot spots
in most of them, are difficult to explain in a weakly magnetized NS scenario. Magnetars,
XDINSs and CCOs are examples of different stages of the evolution of strongly magnetic
NSs: the first ones being young, the second their older peers and CCOs young systems but
having witnessed strong accretion at birth.

Strongly magnetized NSs are potentially relevant sources of GWs. As will be discussed
in more detail later, burst-like emission of GWs can happen in association with outburst
(section 8.4.1), while magnetars can emit “long-transient” signals during the early phases of
their life due to the distortion of the star’s shape induced by the strong inner magnetic field
(if not aligned with the rotation axis), as discussed in section 8.3.2.2 and 8.4.2.

8.3.1.4 Low Mass X-ray Binaries. Low Mass X-ray Binaries (LMXBs) with NS accretors
are crucial systems in astrophysics, where a NS accretes material from a companion star that
is less massive than the Sun. These systems are significant sources of X-rays, as the material
from the companion star spirals in towards the NS, heating up and emitting high-energy
radiation in the process. In the majority of Low Mass X-ray Binaries (LMXBs), the NS
undergoing accretion experiences a rapid increase in its spin rate to millisecond durations, a
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process often referred to as pulsar recycling. This acceleration is attributed to the transfer
of mass from the companion star, which carries substantial specific angular momentum,
thus enhancing the spin of the NS through accretion torques [3622]. When the period of
mass transfer concludes, the NS, now spinning rapidly, has the potential to reactivate as
a “recycled” millisecond radio pulsar. This reactivation typically occurs once the accretion
ceases, allowing the swiftly spinning NS to emerge as a radio millisecond pulsar. This scenario
has somehow blurred in recent years with the discovery of a class of LMXBs known as
transitional pulsars which have shown the characteristics of both accreting millisecond pulsars
and radio millisecond pulsars [3623, 3624].

Neutron stars in LMXBs with spin periods in the millisecond range are of particular
interest for the study of continuous GWs. As these dense objects accrete mass, they can
develop asymmetries in their mass distribution, leading to the emission of continuous GWs
as they spin [1881], see section 8.3.2.1 for more details.

8.3.2 GWs from rotating NSs

We start this section with a brief summary of the main mechanisms and features of long-lived
GW emission (CW, Continuous Waves) from rotating NSs, deferring to section 7 for more
details. Later we provide a more in-depth discussion for a few specific sources not covered
in section 7. An excellent review on GW emission from rotating NSs is given in [2921].
Detection prospects with ET will be presented in section 8.4.2.

If a rotating NS is deformed in a non-axisymmetric way, it produces CWs. There are
essentially two main mechanisms that can be at play: a static deformation of the star,
a so-called ‘mountain’, which creates (to leading order) a mass quadrupole, that is then
swept around by rotation, or modes of oscillation of the NS, that can create time-varying
mass or current quadrupoles. The mountain is supported by either crustal rigidity or the
star’s magnetic field [2216], as the field evolves due to the Hall effect [3625]. Theoretical
estimates suggest the crust could sustain deformations, in terms of the star’s ellipticity
ϵ, which measures the degree of asymmetry with respect to the rotation axis, of up to
ϵ ≈ 10−5 [2932] (although relativistic effects may reduce the ellipticity by more than an order
of magnitude [3626]). In the case of compact stars with exotic EOS, due for instance to
the presence of hybrid quark-baryon mixtures or meson-condensates, significantly higher
ellipticities, up to 10−4 − 10−3, could be reached [2952]. See section 7 for a detailed discussion
on possible mechanisms for mountains formation and the role of the star’s EOS. The strain
amplitude of the CW emitted by an asymmetric NS rotating around one of its principal axes
of inertia is given by eq. (7.6) which, for convenience, we re-write here:

h0 ≃ 10−25
(10kpc

d

)(
ϵ

10−6

)(
I3

1045 g cm2

)(
ν

500 Hz

)2
, (8.13)

where ν = 2νs is the GW signal frequency, I3 is the star’s momentum of inertia with respect
to the rotation axis and d is the source distance from the detector. For the standard case
of a star emitting at a single harmonic emission from the l = m = 2 mass quadrupole
mode i.e. with a GW frequency at twice the pulsar rotation frequency, assuming all the
observed source spin-down is due to the emission of CWs brings to the so-called spin-down
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limit on the star ellipticity, given by

ϵsd =
(

5c5

32π4GI3

|ν̇|
ν5

)1/2

, (8.14)

where ν̇ is the signal frequency first-time derivative.
Equation (8.13) shows that CW from “standard” spinning NSs are very faint even for

galactic sources. On the other hand, signal persistency can be exploited to build signal-to-
noise ratio (SNR) by analyzing long chunks of data. This has significant implications in
the way in which the analyses must be carried on, because some secular effects, like the
Doppler effect induced by the detector motion, the source intrinsic spin-down and the sidereal
modulation due to the detector time-dependent response, affect the signal at the detector
and must be properly taken into account, see section 8.4.2 for more details.

In addition, as the magnetic and rotational axis are not, in general, aligned, a magnetic
mountain may emit not only via the Q22, but also the Q21 (i.e. l = 2,m = 1) multipole moment,
thus leading to emission not only at ν = 2νs, but also at ν = νs (see [2927] for a review).

Newborn millisecond magnetars (section 8.3.1.3) may sustain large ellipticities, due to
the strong inner magnetic field, and this can lead to a significant GW emission, in principle
detectable up to several Mpc with ET.

Accreting NSs (section 8.3.1.4), like LMXBs (e.g. Sco-X1), may develop crustal mountains
as a consequence of the matter accretion process and reach spin equilibrium making them
potential interesting emitters of CW.

When it comes to modes of oscillation, the most relevant for our discussion are the f -mode
and the r-mode. The f -mode frequency ν is in the kHz region, and proportional to the average
density of the star, ν ∝

√
M/R3. The mode can be excited efficiently by transient events, for

instance pulsar glitches (section 8.3.1.2), leading to copious GW emission, which also leads
to rapid damping, on a timescale τ ∝ ν−6R−5, which for typical NS parameters is less than
a second. However, if both frequency and damping timescale are measured, this leads to a
constraint on the mass and radius of the star, and therefore on the EOS of dense matter [3627].

The r-mode, as discussed in section 7, is a toroidal mode of oscillation for which the
restoring force is the Coriolis force, and can be driven unstable by GW emission, growing
to large amplitudes that make it an interesting mechanisms for current and future searches
(see [3628] for a review).

In the following subsections we focus on three scenarios potentially relevant for the
emission of GW from spinning NSs, which have not been discussed in detail in section 7:
accreting NS, newborn millisecond magnetars and pulsar glitches.

8.3.2.1 Spin equilibrium in LMXBs. Accreting NSs in LMXBs are a promising source
of CWs. Observations suggest that these systems rotate well below the break-up limit,69

implying that some kind of speed limit may be enforced, and the already discussed r-modes
could provide an explanation. Alternatively, the observed spin frequencies of accreting NSs
in LMXBs could be determined by the balance between spin-up torques due to accretion and

69The break-up limit is the star’s maximum rotation frequency above which the centrifugal force overcomes
the gravitational force causing the star’s break-up [3629].
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spin-down torques due to GW emission from mountains created by the accreted material
in the crust (crustal mountains) [1881].

This possibility is supported by X-ray measurements of the spins of NSs in LMXBs.
The spin-distribution is, in fact, cut-off well before any theoretically conceivable break up
frequency for the star [1884], and the cutoff appears to be sharp, with evidence for two
populations: a slower, more widely distributed population, and a faster, narrower population
with a cutoff around 700 Hz [1883]. Theoretical population synthesis models show that such
a feature is better modeled by the presence of GW torques which stall the spin-up above
approximately 700 Hz [3630].

The GW amplitude that would give spin-equilibrium in observed LMXB systems is
thus a useful benchmark for GW searches, and future observations with ET will allow to
thoroughly investigate this scenario. For the simplest accretion torque model, that assumes
accretion at the surface of a M = 1.4M⊙ and R = 10 km NS, this amplitude, as a function
of the observed X-ray flux Fx reads

heq ≈ 5.48 × 10−27
(

Fx
10−8 erg cm−2 s−1

)1/2 ( νs
300 Hz

)−1/2
, (8.15)

where νs is the spin frequency of the star at equilibrium. Recent searches for GW signals
in O2 and O3 data [3631, 3632] from the brightest (in X-ray) LMXB, Sco X-1, have in
fact surpassed this limit, and thus put constraints on the magnetic field of the star (as we
discuss in the following paragraph) and the EOS. The current sensitivity of CW searches has
thus started to put astrophysical constraints on these sources, and the increased sensitivity
of next generation detectors, such as ET, will allow to fully probe quantitative details of
the physics of these systems.

In accreting NSs, the field structure evolves due to infalling matter [2978]. This is
particularly interesting for multimessenger observations, as the magnetic mountain may lead
to cyclotron resonance scattering features (CRSFs) in the X-ray spectrum of an accreting
NS [3633]. Given a GW detection, X-ray observations may thus offer the means to understand
which kind of mechanisms is producing the mountain on a NS [3634]. Note that in the presence
of a magnetic field, the disc will be magnetically truncated, and the spin-equilibrium formula
above, eq. (8.15), no longer applies, although it is still a useful order of magnitude estimate
(see [3632] for a more detailed discussion of the topic).

8.3.2.2 Newborn millisecond magnetars. As previously discussed, magnetars are be-
lieved to be born rapidly rotating (with millisecond periods), from the collapse of massive
stars, accretion induced collapse of white dwarfs, or from a NS-NS merger. Two main
fundamental mechanisms have been proposed to determine long-duration GWs from newborn
millisecond magnetars. The large magnetic field and likely presence of fallback accretion,
can lead to the creation of a mountain, which couple with the rapid rotation rate, can lead
to strong GW emission from these systems. The braking index of a number of systems is,
in fact, consistent with n = 5 [3635], corresponding to spin-down due to a GW mountain,
which for the estimated durations of up to 50 s, would require an ellipticity of the order of
ϵ ≈ 10−3 [3636], consistent with theoretical models for fallback accretion, and which could be
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detected by next generation detectors at distances of 1 Mpc (see e.g. [3637, 3638]). Alterna-
tively, the strong inner magnetic field can significantly distort the star, up to ϵ ≈ 10−4 − 10−3,
and trigger long-lasting GW emission [3639], in particular in presence of a toroidal field which
induces a prolate deformation that maximizes GW emission (through the so called spin-flip
mechanism) [2974, 3640, 3641]. Such GW signal, with duration from several hours to a few
days, could be detected by ET up to 5–10 Mpc with reasonable data analysis approaches,
see section 8.4.2 for more details.

In the case of millisecond magnetars produced by NS-NS mergers, there is evidence that
a meta-stable NS may be produced in some cases, and power the X-ray plateau observed in
some short gamma-ray bursts [3642]. A magnetar central engine has been also proposed for
short gamma-ray burst with extended emission, see e.g. [3643, 3644]. See [3645] for a review
on the connection among gamma-ray bursts and magnetars. If the star is supra-massive,
i.e. has a maximum mass that exceeds that of a non-rotating, stable, NS, it will eventually
collapse to a BH as it slows-down, and a measurement of the collapse time, from combined
EM and GW observations, could thus constrain the equation of state of dense matter [3646].

8.3.2.3 Oscillations and mountains after pulsar glitches. Pulsar glitches, the sudden
spin-up events discussed in section 8.3.1.2, are also likely to excite GW emission. Key to this
discussion is an understanding of the superfluid interior of NSs which, when rotating, form
an array of quantum vortices that carry the angular momentum of the fluid. Each vortex
essentially acts as a quantum of angular momentum. The observed rise in the pulsar’s spin
from a glitch occurs rapidly (the best current upper limits indicating it is over in less than
a minute), and is thought to be associated with the sudden outward motion of quantum
vortices in the superfluid interior of the star [3611, 3613]. The rearrangement of the vortex
configuration is likely to be non-axisymmetric and can lead to the excitation of oscillation
modes during and after a glitch. In particular, the f-mode is likely to be excited efficiently
and therefore lead to a short-duration burst-like signal, which is damped on short timescales
comparable to that of the rise [3617, 3647, 3648].

On longer timescales, associated with those of the post-glitch relaxation (hours to months),
transient mountains may be created in the crust of the NS, leading to continuous signals,
and leaving an imprint also on the evolution of the spin-down rate of the pulsar, as measured
from EM timing [3616]. See [3618] for a review of GW emission mechanisms associated with
glitches. Finally, on even longer timescales, glitch-induced intermittent emission of GWs
leads to a fluctuating braking torque that can drive timing noise, a slow modulation of a
pulsar’s period that is generally consistent with a red noise process [3615, 3649].

A benchmark for searches for signals following glitches can be obtained by expressing
the energy associated with the event in terms of the glitch parameters [3616],

Esd = 4π2QI3νs∆νs , (8.16)

where Q is the healing parameter which quantifies the fraction of the total spin-up that
recovers. The case Q = 1 corresponds to the situation in which all the energy associated with
the event is radiated away as GWs [3650], both for burst-like and continuous emission.

Furthermore, one can also predict the maximum GW amplitude h0 under certain models.
If non-axisymmetric f -modes are excited, which carry angular momentum and therefore
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affect the NS’s spin, one expects [3617]

h0 ≈ 6.8 × 10−24
(

α

1 × 10−6

)(
M

1.4 M⊙

)2 ( R

10 km

)−1 ( d

1 kpc

)−1
, (8.17)

which assumes an l = 2, m = 2 (retrograde) f -mode has been excited with an amplitude
α ∼ δr/R, where δr is the radial displacement caused by the oscillation. A different
parametrization is found in [3648] for f -modes that are excited by the glitch but are not
coupled to rotation (axisymmetric oscillations).

Transient mountains have an evolution that follows the post-glitch exponential recovery
of the spin-down rate. As expected, it leads to an exponentially decaying amplitude [3616]

h0(t) =
√

−5
2
G

c3
I3
d2

∆ν̇s,t
νs

e−t/(2τEM) , (8.18)

where t is the time after the glitch, and ∆ν̇s,t is the transient change in the spin-down rate.
It is notable that the recovery timescale of the GW strain is twice that of the glitch recovery
timescale observed in the EM band, i.e. τGW = 2τEM, which is on the order of weeks to
months. Putting in typical values, we find an initial GW amplitude of

h0(0) ≈ 2.5 × 10−26
(

d

1 kpc

)−1 ( νs
10 Hz

)− 1
2
( −∆ν̇s,t

10−14 Hz s−1

) 1
2
. (8.19)

Although the transient mountain amplitude is smaller than the f -mode case by a few orders
of magnitude, the fact that they last much longer results in more signal accumulating which
improves detectability prospects.

Searches in O3 data did not detect a signal, and all observational upper limits were all
above these theoretical upper energy and spin-down limits [3651]. Nevertheless, for several
pulsars they were close to the theoretical expectation: several glitching pulsars would be
targets for next-generation detectors, which could also help us detect glitches that are not
observed electromagnetically, and allow for EM follow-up of such events [3618, 3650].

8.4 ET observational prospects

8.4.1 Bursts

8.4.1.1 CCSN. The case of CCSN GW detection deserves special attention. The stochastic
nature of its GW signal makes it impossible the use of matched-filtering techniques. The
main reason behind is that, unless the case of binary mergers, the phase is stochastic and
determined by the instabilities developing in the PNS, such as convection, SASI and turbulence
(see section 8.2.3). Therefore, excess-power search algorithms are the basic tool that are
used in CCSN signal searches with current detectors. This will remain the case for third
generation detectors, as well as the fact that searches are carried out differently depending
on the observation or not of another messenger: neutrinos and/or the light of the SN. As
stated in section 8.2.4 a certain fraction of CCSNe are observed by telescopes. This has
the advantage of a precise sky location, less than few arcminutes, an accuracy smaller than
what neutrinos detectors can achieved [3491]. When neutrinos are detected, the time of the
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collapse is known within O(10) ms [3218, 3491, 3652]. In both cases, this allows to conduct
a targeted search that enhances the search performance.

In targeted searches, when only the EM counterpart is detected (this corresponds to
targeted searches conducted by the LVK collaboration [3653–3655]) the source location is
known to good accuracy (less than few arcminutes depending on the telescope angular
resolution). The source sky location is thus fixed in the search. The time of the event can be
bounded within ∼ 2 − 10 days. The remaining sources of uncertainty of this time bound, the
so called “on source window” (OSW), are the determination of the time at which the shock
breaks out of the star (in most of the cases it is not observed directly and the light-curve
has to be modeled backwards in time to estimate it) and the time it takes for the shock to
cross the star. It depends mostly on the size of the star and can be modeled if there are
observations of the progenitor star prior to the explosion [3655].

The detection of the neutrino counterpart is less likely than for the EM emission because
of the horizon distance which is limited to 100 kpc with current neutrino detectors (e.g.
super-Kamiokande, [3656]) and to ∼ 1 Mpc for next generation detectors (e.g. Hyper-
Kamiokande, [3657]) that will be available at the time of ET, see section 8.4.3. The main
advantage of the neutrino is that it reduces the OSW to a few ms. This bound takes into
account the delay between the collapse and the neutrino burst emission (see section 8.2.3 for
more details). Besides, neutrino detectors can also determine the host galaxy, but it is also
very likely that the CCSN sky location be precisely identified thanks to EM observations. An
OSW of a few seconds is extremely powerful as it allows to reduce the probability of a false
alarm. Because the parameter space is also reduced (known sky position and reduced OSW)
the false alarm rate is reduced. This permits to set a detection threshold lower than for the
case one does not know when and where the collapse happened. It also allows carrying out
Bayesian inference for unmodeled GW burst signal.

When no EM nor neutrino counterpart is found, all-sky/all-time generic burst searches
are considered to detect CCSNe. EM counterparts could be absent or be very dim for the case
of BH forming core-collapse events, which nevertheless have a GW signature very similar to
regular CCSNe. Additionally, galactic disk dust obscuration may prevent the EM observation
of some CCSNe in both our galaxy and distant galaxies. Regarding a neutrino counterpart,
the horizon distance will remain limited to ∼ 1 Mpc for next generation detectors. This
means that, for sufficiently distant supernovae, there may not be any detectable neutrino
counterpart (see section 8.2.3 for more detailed discussion).

In the ET era, we expect that different families of search pipelines will be available. Among
them, excess power techniques search pipelines which implement time-frequency techniques
such as wavelet transform (cWB, [3658]) or spectrogram (X-pipeline, [3659]) are targetting
CCSN signals. Cross-correlation techniques, implemented in cWB and PySTAMPAS [3660]
are also promising to better catch up the complex GW waveform which is expected to be very
widely spread in frequency. Finally, Bayesian algorithm using a superposition of wavelets as
implemented in Bayeswaves [3661] is also adapted to detect CCSN GW emission.

Carrying out a targeted or all-sky/all-time search implies different pipeline configuration
and tuning but the intrinsic detection performance depends mainly on the way data from
multi-detectors are processed to disentangle signal from noise. Current pipelines sensitivity
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Figure 158. Sensitivity of the cWB search pipeline to different CCSN waveform models as function
of the signal SNR using simulated O5 LIGO Hanford and Livingston data (from [3091]). The search
sensitivity is defined as the average detection efficiency percentage. Reprinted figure with permission
from [3091], Copyright (2021) by the American Physical Society.

to GW emission strongly depends on the total amount of GW energy and the complexity
of the signal. GW burst at the bounce due to fast rotating progenitor, convection/SASI
and PNS fundamental mode excitation correspond to very different frequency bands. This
results into a still rather large loss of the GW signal. For instance, for the current network of
GW detectors, cWB sensitivity requires signals with a minimal SNR amplitude of ∼ 20 as
shown in figure 158 (from ref. [3091]). Assuming optimal glitch characterization and data
quality, there is potential to improve algorithms, enabling more efficient searches with a lower
detection SNR threshold compared to that used for data taken by current detectors.

The estimated detection horizon for neutrino-driven CCSN in 2nd generation detectors
is about 10 kpc, while for fast rotating progenitors it can reach 100 kpc [3655]. Yet, these
numbers hide lots of variation depending on the progenitor properties and which simulation
code is used (see section 8.2). Moreover, as already mentioned, the current generation of search
pipelines is still sub-optimal for complex CCSN waveforms. For third generation detectors
the performance of current search pipelines (cWB, X-pipeline, Bayeswave, PySTAMPAS) has
not been tested in detail. However, given the increase of about a factor 10 in sensitivity at
all frequencies in ET with respect to 2nd generation detectors, the expectation is an increase
of a factor 10 in the detection range. This is consistent e.g. with the estimates of [3084] that
show that, for a fixed SNR, a detectable source would be located typically a factor 10 further
away for ET than for LIGO/Virgo/KAGRA detectors. Moreover, there is a possibility to
gain a factor ∼ 2 by developing improved search pipeline fully targeted on electromagnetic
CCSN signals.70 Another important aspect of the CCSNe search with ET concerns the exact

70E.g., the sensitivity of optically targeted search for gravitational waves emitted by CCSN is approximately
a factor of 2 better than the all-sky, all-time burst search in O2 [3654, 3662].
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Figure 159. Expected SNR as a function of distance for the 15.01 (left panel) and 9a (right panel)
models corresponding to a progenitor mass of 15.01 M⊙ and 9 M⊙ [3069], respectively. Solid lines
represent the median SNR for ET 10 km triangle, while dashed lines indicate the median SNR for
ET 15 km 2L considering ET operating as a single observatory or in a network with CE(40 km),
and CE(40 km)+CE(20km). Colored bands indicate the 90% confidence interval. The vertical lines
indicate reference distances; the Milky-Way edge, the large and small Magellanic clouds.

configuration of the ET detector. All cited sensitivity performances assume that the false
alarm rate is reduced by the coincidence/coherence of a non-colocated multi-detectors search.
A detailed study, assuming data from three colocated detectors, remains to be done to assess
the ET performance. In general, however, we expect such configuration should reduce the
search distance reach to CCSN signals, due to the randomness of the polarization. These
semi-quantitative considerations are confirmed by the following results, related to a simplified
simulation to compute the horizon of supernova detection using GWFish [291]. Since CCSN
signals are stochastic, a Fisher matrix approach is not fully usable. Despite losing out on
parameter estimation, all the functionalities of the code can be exploited to compute the SNR
for any observatory network, source distance and position in the sky. We use waveforms based
on the models developed by [3069], which provides 11 3D supernova GW emission simulations
from 9 to 23 M⊙ progenitors. For distances covering the Milky-way and up to 100 kpc, SNR
distributions are obtained by injecting 400 source location (RA and Dec) randomly selected
for each combination of distance, waveforms and observatory network. Figure 159 shows the
SNR distributions as a function of distance for the waveforms corresponding to a progenitor
mass of 15.01 M⊙ and 9 M⊙, which represent the best and worst GW emission scenario
in [3069]. In the best scenario ET will be able to detect a CCSN up to the Small Magellanic
Cloud with SNR > 10, while in the worst scenario the CCSN detections will be limited to
the Milky-Way. ET observing in network with CE(40 km) would increase the distance reach
of about 70%, while a network including ET, and CE(40 km) and CE(20 km) would double it.
ET 15 km 2L performs better than ET 10 km triangle with a horizon increase of around 20%,
while the increase is limited to within 10% when ET operates in a global network.

When considering a galactic SN, the improved sensitivity of ET could open the possibility
of detecting components of the signal that are more challenging to detect. For example
contributions that are weaker than the main emission mechanism, such as SASI [3663], long
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term PNS convection [3457] or quasi-radial oscillations [3072]. Also components with low
frequencies, such as GW memory effects [3461], present a detection challenge, although there
are chances of being detectable with current detectors [3664]. This is in particular the case of
the GWs from anisotropic emission of neutrinos which is ignored in many CCSN simulations.
This low-frequency signal is rather high amplitude and detection prospects for ET should
be enhanced [3378, 3665]. This also means that the ET sensitivity improvement must be
accompanied with new methodological developments such that a fully CCSN dedicated search
pipeline is ready for the time of ET. Below we list some of these possible methodological
developments.

Machine learning methods: Searches based on excess power detection have the advantage
that they are model independent. However, this may also limit the detection capability when
searching for specific waveforms, such as those from supernovae. For example, cWB is able to
detect SN signals with a typical SNR in the range 15–25 [3091]. This is a relatively high SNR
when compared to binary mergers, for which matched filtering techniques can easily detect
sources with a SNR ∼ 8 [6]. Given that template matching is not possible in this case, machine
learning techniques have been proposed by a number of authors [3666–3677] as an alternative
for CCSNe. These works are part of a more general effort of introducing ML techniques in
GW searches [3678]. In many ML detection pipelines there is a first step in which a neural
network is trained, either using time series or time-frequency data, to recognize data in which
a signal is present from data in which only noise is present. Once the neural network has been
trained, it can be used as a detection pipeline. The properties (efficiency, false alarm rate)
can be tested by evaluating its capabilities on test data. In general, ML algorithms seem to
perform similar to other excess-power techniques; in many cases they are capable of detecting
signals with SNR∼ 15. However, a direct comparison with current excess-power techniques
(e.g. cWB) is currently not available, so it is still difficult to evaluate if they provide any
advantage. Nevertheless, the ever increasing sophistication of ML techniques in a field that is
fast moving makes them very promising for the future and should be explored further for ET.
Additionally, ML techniques are typically faster than traditional techniques and this could
produce a critical advantage over traditional searches for the ET era, where the number of
events is expected to increase significantly (although not necessarily in the CCSN case).

The main limitation of ML techniques is the necessity to train neural networks with
known examples of signals. In the case of CCSNe, the total number of GW signals available in
the literature computed from numerical simulations is of the order of ∼ 100, when considering
only models with sufficient degree of realism (three-dimensional simulations with accurate
neutrino transport). This amount is clearly insufficient to train any neural network, for
which one typically needs 10–100 thousand examples. This number is not expected to
increase significantly in the future given that is limited by the computational cost of the
numerical simulations (millions of CPU hours). To address this problem different strategies
have been followed: i) [3666, 3669, 3675] used phenomenological templates to train neural
networks, that mimic the temporal and frequency evolution of CCSN waveforms but are
inexpensive to produce (∼ms). Those can be generated in any amount necessary to train
the network and the trained networks are still capable of detecting signals from numerical
simulations. ii) Dimensionality reduction allows to reduce the information contained in
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waveforms to a minimum set of parameters that can be used to train a simple neural network.
One possible approach is the use of principal component analysis (see e.g. [3679–3682] for
other uses in the context). In this case the number of waveforms necessary to train the
network could be reduced significantly. iii) In combination with the strategies above (and
in many cases as the only strategy) one may use only a few numerical simulations and
perform tens of thousands of injections at different sky locations and source orientations.
Given that the strain at the detector changes depending on these parameters, the variability
introduced could provide sufficient variety of examples to the network to have a proper
training. However, the use of this strategy alone may lead to overfitting, i.e. networks that
work very well for a small set of known waveforms but do not generalize properly when used
on new waveforms. An alternative approach is the use of ML techniques in combination
with current excess-power techniques as a post-processing step to improve the detection
statistics [3668, 3670, 3672, 3676]. This approach is currently being used for the analysis
of the O4 LVK data as a modification of the cWB and PySTAMPAS pipelines that allows
to improve the false alarm rate of the detected events.

Waveform reconstruction: Once the signal has been detected one may attempt to reconstruct
the signal based on a model independent algorithm. For the case of CCSNe this has
been developed with cWB [3091], MuLaSECC [3670], Bayeswave [3683] and an ensemble of
empirical mode decomposition [3684]. To get a waveform overlap better than 90% in the
reconstructed signal one needs typically SNR values of ∼ 40 − 100.

Model classification: The detection of a GW signal from a CCSN might provide an insight
on the mechanism driving the explosion. To this purpose a number of data analysis methods
have been developed with the aim at classifying CCSNe signals in categories, mostly between
neutrino driven SN and magneto-rotational SN. Refs. [3681, 3685, 3686] have developed a
classification pipeline (Supernova Model Evidence Extractor, SMEE) based on Principal
Component Analysis of the signal, capable of performing Bayesian model selection. They
showed that this classification is possible for sources up to the LMC with second generation
detectors. Ref. [3687] used supervised dictionary-learning for the task obtaining a performance
comparable to SMEE. Machine learning has also been used in this context [3667, 3673].
Ref. [3675] performed a comparison of different classification methods including all the
mentioned above. For ET, they conclude that for signals with SNR in the range 25 − 40
is possible to classify between neutrino-driven and magneto-rotational. In their work they
also include a class for non-exploding models. They show that it is generally difficult to
distinguish between neutrino-driven and non-exploding models, unless the SNR is high and
SASI is strong. A different approach to distinguish the presence of strong rotation is to
check the presence of circular polarization in the Stokes parameters of the signal [3688, 3689].
They have shown that circular polarization should be detectable up to 5 kpc with current
detectors. Another feature that can benefit of classification algorithms is the presence of
SASI. Ref. [3663] used the modified constrained likelihood method, in combination with
neutrino detector data, to detect the presence of SASI, reaching a detection distance of about
5 kpc with current GW and neutrino detectors.
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PNS asteroseismology: Among the most promising perspectives in CCSNe observations by
GWs is the detection of oscillation modes of the PNS. PNS asteroseismology can allow
measuring the properties of the nascent NS through the universal relations existing between
the frequency of the modes and combinations of mass and radius of the PNS (see discussion
in section 8.2.3). Refs. [3087, 3690, 3691] have shown that is possible to reconstruct the time
evolution of the PNS surface gravity (MPNS/R

2
PNS) from GW data alone. For ET, inference

is possible up to hundreds of kpcs [3087]. Additionally, ref. [3312] has shown that, with third
generation detectors, it will be possible to reconstruct the frequency track of the dominant
oscillation mode with a 10% accuracy for a galactic SN. Instead of trying to reconstruct the
full track of the oscillation mode, some work has also be done trying to infer the frequency
and slope of the dominant mode after bounce using machine learning techniques [3674]. The
use of other oscillation modes, beyond the dominant emission, is still rather unexplored,
mainly because they are weaker. Those modes could contain complementary information to
the dominant mode and are certainly a target for ET in case of a galactic SN. In this context,
ref. [3663] explored the possibility of measuring the frequency and duration of the SASI
component. Many of the algorithms mentioned require the reconstruction of the frequency
track of the modes in spectrograms. Two aspects of these analysis could be improved in
the future: i) the error associated to the tracking algorithm itself is poorly understood and
could be the dominant source of error in the inferred parameters, in particular for weaker
features such as SASI. A possible solution could be the use of Bayesian inference methods,
but also the use of error propagation techniques such as Gaussian processes. ii) Tracking
algorithms might depend on the way the spectrogram is constructed. Alternative methods
such as the Hilbert-Huang transform [3692], the S-method [3693] or the Prony method ([3694]
applied to binary NS mergers (BNS) extract directly the frequency evolution of different
components in the signal and could be of use here.

Bounce signal and rotation: In the case of fast rotating progenitors the signal at bounce is
very characteristic, linearly polarized and its amplitude is related to the rotation rate of the
PNS (see section 8.2.3 for a longer discussion). A variety of methods have been explored to
try to determine the rotation rate of the PNS using the bounce signal, including Principal
Component Analysis [3447, 3680, 3695], coherent network analysis [3696], Bayesian parameter
inference [3697, 3698], maximum likelihood estimator [3699] and neural networks [3677]. One
of the main drawbacks of this approach is that the rotation rate is degenerated with the
distance and source inclination. Although the distance can be easily estimated if an EM
counterpart is present, the inclination angle is more challenging and specific methods should
be developed (see discussion in [3698]). Additionally, the frequency of the bounce signal
is related to the density in the PNS and might be used to constraint the EOS of dense
matter [3680, 3697, 3700, 3701].

Collapsars: Recent numerical simulations reported in [3702] suggest that cooled accretion
disks formed during the collapse of a star with high mass and with sufficient angular momentum
in the core, the so-called collapsars, can produce strong, coherent gravitational wave (GW)
signals via Rossby wave instabilities. These GW emissions, peaking around 100 Hz, fall within
the most sensitive frequency band of Einstein Telescope. With predicted signal amplitudes and
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event rates much higher than those of core-collapse supernovae, collapsar disks represent one
of the most promising new classes of burst-type GW sources for third-generation detectors
such as the Einstein Telescope.

8.4.1.2 Pulsar glitches. As mentioned in section 8.3.2.3, we also expect burst signals
from pulsar glitches. It is believed that pulsar glitches can excite the f -mode which in
turn can radiate away GWs in a burst-like way [3617, 3647, 3648]. One can calculate the
maximal energy available for GW radiation and relate it to the signal-to-noise ratio that a
GW detector would detect. From this energy-based argument, one finds that next-generation
detectors should be able to detect signals from f -modes excited by pulsar glitches, as seen in
figure 160 [3617, 3648, 3703]. Since the exact f -mode frequency depends on mass and radius,
a successful detection offers the exciting prospect of probing the elusive EOS [3627, 3703].
There is also the possibility to detect burst signals from small spin-up and spin-down events,
which are similar to glitches (and antiglitches) but are much smaller in magnitude, and it
is thought that the succession of these events could potentially contribute towards timing
noise [3617]. Although it may be difficult to detect GWs from individual spin-up or spin-down
events, the accumulation of signal power from several events could yield a detection with next
generation detectors. However, before this becomes a reality, more work needs to be done on
stacking signals together so as to ensure maximal extraction of signal from the data.

8.4.1.3 Magnetar bursts. As discussed in section 8.3.1.3, some of the magnetars have
a flaring activity. GW emission associated with these bursts is the subject of a targeted
search, since we know both the source sky location and the time of the burst with a very good
accuracy. Few known magnetars have a regular flaring activities and LVK data are regularly
searched with standard unmodeled search pipelines. The search sensitivity is rather limited.
For instance in [3704] the search was sensitive to the ratio of the GW energy to EM energy
of 3 × 103 for SGR 1935+2154. The main difficult of this search is the weakness of the GW
bursts, whose energy is expected to be a small fraction of the EM burst energy. To enhance
the SNR, stacking methods have been proposed such as [3705]. The SNR enhancement scales
with the number of flares. With ET, the search sensitivity for a single burst search will be
10 times higher. It is expected that with stacking methods we could be sensitive to GW
energy weaker than the EM energy. The repeated flaring activity from individual magnetars
would also have characteristic signatures in terms of the energy distribution of the flares,
and the waiting times between individual events [3706].

Yet, magnetar giant flares are maybe the most promising source of GWs from magnetar
flaring activities. Those events are rarer but more energetic. With current generation
detectors, searches are sensitive to the ratio of the GW energy to EM energy of the order
of 0.1 for magnetar giant flare at 10 kpc. With ET we could probe this ratio in the regime
of 10−5 − 10−4 for a galactic magnetar giant flare [3707].

8.4.2 Continuous waves and long transients

In general, the class of CW comprises all deterministic GW signals that last much longer
than typical transient signals, with duration from thousands of seconds to years. No CW
has been detected so far, although notable upper limits on the star’s ellipticity have been
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Figure 160. Each circle represents a value of h0
√
τGW for f -modes excited by glitches of different

pulsars and the sensitivity of several GW detectors are plotted as horizontal dashed lines. Points
that lie above the sensitivity curve have signal-to-noise ratio estimates greater than 1. Typically,
one would require a signal-to-noise greater than ∼10 before a detection is classified as astrophysical.
The ET sensitivity curve has been computed assuming the 2L 15 km configuration. The triangular
10 km configuration curve is not be distinguishable on the plot scale. Reprinted figure with permission
from [3648], Copyright (2020) by the American Physical Society.

established, see e.g. [2924, 2925, 2927] for recent reviews. The prototypical source of CWs is a
spinning NS, asymmetric with respect to the rotation axis, that emits a quasi-monochromatic
GWs whose frequency slowly changes over time. For such sources, the long signal duration
implies that the frequency modulation due to the Doppler effect, caused by the motion of the
Earth, and the sidereal modulation due to the detector directional response, play a relevant
role. Doppler modulation is given by the following equation, which relates the emitted signal
frequency ν0 to the frequency at the detector ν:

ν(t) = ν0

(
1 + v⃗(t) · n̂

c

)
, (8.20)

where v⃗ is the detector time-dependent velocity and n̂ is the versor toward the source position
in the solar system barycenter reference frame. The sidereal modulation, on the other hand,
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implies that the received signal is a linear combination of the wave plus and cross components,

h(t) = F+(t)h+(t) + F×(t)h×(t), (8.21)

where the detector beam-pattern functions, F+, F×, are a combination of periodic functions
with period of one and half sidereal day, with coefficients depending on the detector location
and orientation and the position and polarization angle of the source. Such amplitude
modulation, for signal lasting more than about one sidereal day, produces a splitting of the
signal power at the five frequencies ν±k⃗νsid, with k⃗ = −2, . . .+2, being νsid ≃ 1.1606×10−5 Hz
the Earth sidereal frequency. The overall observed phase evolution then depends on the
intrinsic signal frequency, frequency time derivatives, and source sky position and polarization.
If the source is located in a binary system, there is a further frequency modulation caused
by the source orbital motion, usually described by five unknown Keplerian parameters. The
frequency shift resulting from the source binary orbit is typically more significant, and the
computational challenge of searching for the additional five parameters describing the binary
orbit is substantial [3708, 3709]. Hence, these Doppler effects must be accurately taken into
account at the analysis level, to prevent the signal power from being spread across many
frequency bins, resulting in a significant SNR loss.

Various techniques have been devised to search for CW signals, each reflecting diverse
approaches to detect these persistent signals. These methods prioritize either the pipeline
sensitivity or robustness against signal deviations from the assumed model while keeping
the computing cost still accessible, see recent reviews [2924, 2927].

Matched filtering stands out as the optimal search method for these signals when the
waveform is completely understood and under the assumption of Gaussian noise. Typically
matched filter is applied in known pulsar searches, where all source parameters are identified.
These parameters may be obtained from EM observations (typically radio, gamma, or X-
rays), providing information such as the source’s sky position, its rotational parameters
and Keplerian parameters for NSs in binary systems. In such case, fully coherent targeted
searches are conducted. Various implementations of matched filtering techniques are available,
utilizing different detection statistics or algorithms. See [2950] for the latest O3 results
using LIGO and Virgo data.

Also searches covering a larger parameter space, with a corresponding increase in the
computational cost, are regularly conducted. For instance, narrow-band searches expand a bit
the parameter space around the EM-inferred parameters of known pulsars to accommodate
potential small deviations, such as fractions of a Hz, between the EM-inferred rotational
and GW frequencies [3651]. Cases of interesting targets or specific sky regions, where the
sky position is assumed as known, are referred to as directed searches. In this case, the
star’s rotational parameters are often unknown, as in the case of SN remnants or the galactic
centre [3710, 3711]. This class also includes accreting NSs, like LMXBs, among which Sco-X1
has a prominent role. It is the most luminous system and potentially, if the torque balance
condition is met, it could generate a large GW strain, see eq. (8.15). Even though the sky
position is known, the search for CWs from LMXBs is complicated by the need to cover a
large frequency range, and by the possibility that matter accretion from the companion star
induces fluctuations in the spin period (spin wandering) which may significantly affect the

– 422 –



J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

search sensitivity. Recent searches of LIGO-Virgo-KAGRA data started to constrain the
torque balance limit over some frequency range [3632, 3712].

All-sky searches for NSs lacking EM counterparts have been developed to explore as
much parameter space as possible. Given their computational limitations, these searches
employ hierarchical semi-coherent methods, trading off some sensitivity for computational
feasibility. Compared with known pulsar searches, most searches are robust against possible
deviations from the assumed emission models despite the lowest sensitivity achieved. The
latest LIGO-Virgo-KAGRA results of such all-sky searches can be found in [3713].

Besides conventional continuous waves, efforts have also been made to detect long
transient signals (often called “transient continuous waves” — tCW), which are shorter in
duration — typically O(minutes-days) — but not as short as burst signals. The signals
can be modeled or unmodeled and that choice determines whether a semi-coherent or a
cross-power accumulation (incoherent) search is used. Triggers of long transients include
pulsar glitches [3618] and magnetar flares [3714] and, so far, searches for coincident signals
have not resulted in detection, leading to upper limits on the GW strain as a function
of signal duration or upper limits in the root-sum-squared strain [3651, 3704]. Newborn
fast-spinning magnetars, produced in core collapses or merger of NS binary systems, see
section 8.3.2.2, represent one potentially very interesting source of tCWs. The strong inner
magnetic field of magnetars can induce a distortion of the star’s shape which, if not aligned
with the rotation axis, causes a powerful emission of tCWs [3639, 3641, 3715]. The downside
is that a strong magnetic field would contribute to a rapid spin-down of the star due to
EM radiation, therefore such GW emission will only take place over a timescale of hours or
days. Some fraction of NSs, probably higher than 10%, are likely to be born as magnetars
following the collapse of a massive progenitor star [3592, 3716, 3717]. A search for GWs from a
possible long-lived remnant of GW170817 has been conducted in O2 data, using four different
semi-coherent methods [3013]. A horizon distance of less than ∼ 0.5 Mpc has been reached,
about two orders of magnitude smaller than the estimated remnant distance (∼ 40Mpc).
Even considering magnetars formed in stellar collapses, which may happen once every few
years within 5–10 Mpc [3637, 3717], it is clear that the sensitivity improvement provided by
ET will need to be accompanied by a significant increase in the analysis pipeline sensitivity.

All these sources share the characteristic that, once detected, they can be monitored
over extended periods, transforming them into a valuable laboratory for fundamental physics
and astrophysics. Additionally, the persistence of the signal helps to reduce virtually to
zero the false alarm probability for any candidate. If a signal is present in a dataset, even
with low significance, it will reappear in new datasets, increasing in significance until a
detection can be confidently claimed (though this is not always true for tCWs). Moreover,
CW source parameters can be measured with great precision, as uncertainties decrease with
longer observation times. Finally, this long-term observation can potentially reveal minute
deviations from assumed models, such as non-standard polarizations indicating deviations
from General Relativity (see [3718]).

However, CW signals are predicted to have small amplitudes compared to typical CBC
signals and searching for them can be computationally intensive. For this reason, developing
more sensitive, robust, and computationally efficient algorithms is a highly active area of
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Configuration n1 (ϵmed) n2 (ϵmed) n3 (ϵmed)
∆ 10km 866 (1.3 × 10−4) 180 (4.4 × 10−9) 19 (7.5 × 10−10)
2L 15km 959 (1.2 × 10−4) 206 (4.2 × 10−9) 29 (8.1 × 10−10)

Table 16. Expected number of detectable sources, including binaries, by two different detector
configurations (10 km triangle and 15 km 2L), assuming three different conditions for the ellipticity:
ϵ1 = ϵsd, ϵ2 = min(ϵsd, 10−6), ϵ3 = min(ϵsd, 10−9), assuming a total observation time Tobs = 1 year
and a duty cycle of 85%. The spin-down limit on ellipticity, ϵsd, is given by eq. (8.14). For each case,
we give in parentheses the median ϵmed values of ellipticity for detectable signals.

research, progressing alongside upgrades to current detectors and R&D for future detectors
like ET.

In the following, we discuss ET detection prospects for different classes of CW/tCW
sources, in some cases relying on [16] and in other cases presenting new results.

Concerning searches for known pulsars, we report in table 16 the number of potentially
detectable sources (among those contained in the ATNF catalogue71), for both the 10 km
triangle and the 15 km 2L configurations. As mentioned above, known pulsars are searched
for using a fully coherent method based on matched filtering. Here we assume taking one
year of data at a duty cycle of 85%. We consider three different scenarios for the ellipticity,
ϵ1 = ϵsd (second column), meaning the sources emit at their spin-down limit, i.e. all their
spin-down is due to the emission of GWs, see eq. (8.14). The second scenario (column three)
assumes an ellipticity ϵ2 equal to the minimum between the spin-down limit value ϵsd and
10−6, which is of the order of the maximum theoretical ellipticity a NS with a standard EOS
could sustain before breaking off [2936]. Finally, we also consider the case ϵ3 of minimum
ellipticities between ϵsd and 10−9 (fourth column), which some works suggest as a possible
ellipticity value for millisecond pulsars [2940, 3719]. For each case, we also report the median
value of the ellipticity for the potentially detectable sources. Due to the implicit averaging
over time of CW searches, the results depend very weakly (within less than 1%) on the
relative orientation of the two detectors.

It is important to note that ϵ2 and ϵ3 are more realistic estimates for the ellipticities of
pulsars. Most potentially detectable sources are millisecond pulsars or young, fast-spinning
pulsars with frequencies exceeding a few tens of Hertz. For these frequencies, the detectors’
low-frequency sensitivity is not particularly relevant.

For the most conservative scenario, the typical ellipticity values for detectable sources
are of the order of few times 10−10, corresponding to “mountains” on the star’s surface that
are not taller than a few microns.

Moving to accreting NSs, ET will significantly improve the perspectives for detection
of CWs from LMXBs (such as Sco-X1) over a broad frequency range, even if the emission
occurs at an amplitude below the torque balance limit. Figure 161 shows the expected
sensitivity of a semi-coherent search for Sco-X1 using the Viterbi algorithm, able to take into
account random frequency fluctuations [3720] (both with the 2L 15km detector configuration
and the 10km triangle configuration, 1 year of observation time, duty cycle of 85% and

71V. 2.4.0, https://www.atnf.csiro.au/research/pulsar/psrcat/.

– 424 –

https://www.atnf.csiro.au/research/pulsar/psrcat/


J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

Figure 161. Estimated ET sensitivity (solid line: 2L 15 km configuration, dashed line: triangular
10 km configuration - 1 year of data, duty cycle 85%, drift time of 10 days) to CW emission from
Sco-X1 using the semi-coherent Viterbi algorithm [3720]. The transversal orange dashed line represents
the standard torque balance limit (with an average over the star rotation axis inclination), assuming
surface accretion. The cyan band indicates torque balance strains from circular polarization (lower)
to linear polarization (upper).

a drift time of 10 days, compatible with the characteristic time-scale of the random walk
inferred from accretion-driven fluctuations in the observed x-ray flux of Sco X-1 [3721]),
compared to an estimate of the torque balance limit (assuming the accretion occurs at the
star’s surface), given by eq. (8.15). However, as already noted in section 8.3.2.1, the torque
balance limit is rather uncertain, potentially varying by up to an order of magnitude due to
factors such as the star magnetic field topology, viscous heating, X-ray emission efficiency,
and the effects of radiation pressure [3632]. Searches for Sco-X1, and other LMXBs, would
receive a significant sensitivity boost if more accurate measures of the main parameters were
available from EM observations [2927].

Concerning all-sky searches for NSs without an EM counterpart, figure 162 shows the
astrophysical reach of the semi-coherent FrequencyHough pipeline [3722], routinely used
in current CW searches, assuming the ET design noise curve Sn(f). The astrophysical
reach can be obtained by recasting the 95% confidence level pipeline’s sensitivity hmin,95%
in terms of the distance dmax,95% as a function of the ellipticity by inverting eq. (8.13).
Such distance is given by:

dmax,95% = 4π2GϵI3ν
2

hmin,95%c4 ≈ 4π2GϵI3ν
2

c4
N1/4

4.97

√
TFFT

Sn(f) (CRthr + 1.6449) . (8.22)

This expression assumes that the detector noise is Gaussian; it depends on N , the number of
data segments of duration TFFT (coherence time) to be incoherently combined, and on the
Critical Ratio threshold used to select outliers, CRthr. For figure 162 we assume a data-taking
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Figure 162. Maximum distance reached for an all-sky search of rotating NSs, based on the
FrequencyHough transform. The shaded area roughly covers the Milky Way extension (set at 25 kpc).
The black dashed line represents a distance of 100 kpc. We assumed three plausible ellipticity values
(and a realistic analysis setup, see main text). Two configurations, one consisting of two L-shape 15km
arms detectors (continuous lines) and one with a triangular 10 km arms detector (dashed lines), are
considered. In both cases, one year of observation time and a duty cycle of 85% is assumed.

period of Tobs=1 year, TFFT=10 days, hence N = Tobs/TFFT, and a duty cycle of 85%. The
Critical Ratio threshold is set equal to 4. A standard value I3 = 1038 kg m2 has been taken
for the star’s moment of inertia. Two configurations, one consisting of two L-shape 15km
arms detectors and one with a triangular 10 km arms detector, are considered. With this
search setup we can reach the center of the galaxy (at about 8 kpc) for sources emitting at
frequencies above 100 Hz and ellipticities larger than 10−6. For ellipticities of the order of
10−8, ET would be able to detect galactic sources at a distance larger than 100 pc, provided
they emit signals at frequencies higher than 100 Hz (and up to about 20 kpc for neutron
stars spinning near the break-up limit).

Prospects of detecting tCWs from pulsar glitches with ET are promising, with up to 40
percent of all glitches from pulsars in our Galaxy being detectable by ET (with SNR > 10) if
one assumes all the glitch energy goes into generating GWs [3616, 3650, 3723]. This result
comes from the analysis of historic glitch data. Looking specifically at the glitches of the
Crab and Vela pulsars, one expects signal-to-noise ratios of ∼ 50 and ∼ 1000, respectively,
for ET [3616]. This raises the question of whether these types of signals could be detectable
by current detectors. Calculations show this is indeed possible, if a glitch were coincident
with one of the observing runs, like the most recent April 2024 Vela glitch [3650]. The
assumption that all the glitch energy goes into the production of GWs is an optimistic
assumption. However, the non-detection of a supposedly detectable signal would give an
upper limit on how much glitch energy can be radiated away as GWs, much like the upper
spin-down limit for quasi-infinite CWs.
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Figure 163. Maximum distance at which tCW emission from a newborn magnetar could be detected
by ET for three different plausible values of the ellipticity (and realistic analysis setup, see text for
more details). Two configurations, consisting of two L-sphape 15km arms or one triangular 10 km
arms detectors, are considered.

In relation to the search for tCW signals emitted by newborn magnetars, figure 163
shows the distance reach with ET for a method based on the Generalized FrequencyHough
(GFH) [3724], assuming data segments of duration 100 seconds are combined over an obser-
vational window of 5 hours, as a function of the initial signal frequency and the ellipticity
induced by the inner magnetic field. Both the 10 km triangle and the 15 km 2L detector con-
figurations are considered. As already said, reaching distances of 5 − 10 Mpc, for moderately
large ellipticities, would correspond to an expected rate of one newborn magnetar every few
years. While current methods are limited to segment duration of few seconds, an intense
effort toward more sensitive approaches is being carried on, so reaching durations of hundreds
of seconds is considered very likely by the time ET will start taking data. In parallel to the
improvement of classical semi-coherent methods, new methodologies based on ML techniques
are also being explored, and have been shown to have a comparable sensitivity at a lower
computing cost [3725–3727]. The use of cutting-edge image processing techniques looks very
promising too, see e.g. [3728], as a way to pre-process data in order to increase the initial
SNR. Overall, this is a field in which significant progresses are expected in coming years. In
parallel, adopting a multi-messenger approach could significantly boost chances of detection.
Indeed, as shown e.g. in [3729], EM observations of the shock breakout emitted during the
collapse of massive progenitor stars can provide crucial information about the newly born
magnetars, thus allowing to make deeper searches over a restricted parameter space.

8.4.3 Synergies with neutrino and electromagnetic observatories

Concurrent multi-messenger observations of a core-collapse supernova would address many
long-standing issues regarding the physical processes during stellar explosions, see e.g. [3730].
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Historically, the first multi-messenger observations of a SN were obtained for SN 1987A in
the LMC. The detection of 25 MeV neutrinos shortly before the optical breakout definitively
proved that the supernova began with the collapse of a stellar core into a compact rem-
nant [3731]. This nearby event allowed for unique multi-wavelength observations, including
the identification of the progenitor as a massive star [3479] and the detection of gamma-
rays from the radioactive decay of 56Ni [3732] much earlier than expected. This finding is
inconsistent with a model of spherically symmetric ejecta expansion. SN1987A was both
radio-loud and aspherical, featuring relativistic radio jets and possible NS or BH remnant.
Initially, the black hole scenario was supported by the absence of a neutron star detection,
however, recent JWST [3733] observations of high-ionization emission lines in the center of
the SN 1987A remnant appear to have resolved this ambiguity indicating the presence of
a source of ionizing photons, probably a NS [3494].

The detection of GWs from a nearby core-collapse would be immensely valuable. GWs
are direct probes of the angular momentum in the collapsing stellar core and of convection
processes in both the proto-neutron star and the convective engine region. They can also
originate from highly asymmetric neutrino emission, and thus, even upper limits on GW
emission would add significant value to concurrent neutrino detections. See discussion in
section 8.2.3.

There are two observing approaches that need to be implemented to ensure the synergy
of multi-messenger probes.

The first one is to secure detailed multi-wavelength EM follow-up immediately after the
detection of a burst of GWs or neutrinos. The infrastructure to guarantee this kind of obser-
vation strategy is already in place, including the rapid alert system of the current generation
of GW interferometers and neutrino detectors, as well as a wide network of EM facilities
dedicated to target-of-opportunity observations [4] for these kind of astrophysical objects.

The second approach is instead driven by the discovery of a nearby core-collapse supernova
observed as a transient EM. The search for gravitational waves and neutrinos can be triggered
in the time window and sky position of the EM transient, allowing for sub-threshold detections
or, alternatively, for more stringent upper limits (e.g. [3655]). In this scenario, it is crucial to
assess the ability of EM observations to constrain the time of explosion.

Neutrinos Detectors

As discussed in sections 8.2.2 and 8.2.3, neutrinos play a fundamental role in the physics
of a CCSN. Thanks to their weak interaction cross section, they immediately escape from
the innermost regions of the collapsing core just after the core bounce. Therefore, their
detection provides the time of the bounce within few milliseconds, allowing to trigger the
search for GWs within an extremely precise time window [3734]. The detection of neutrino
emission is guaranteed for a Galactic SN by a worldwide network of sensitive detectors
able to provide fast alerts with a low false alarm rate. A cooperative effort between the
neutrino detection experiments, known as the Supernova Neutrino Early Warning System
(SNEWS) [3137], has been established to exploit the combined potential of the neutrino
detectors in operation around the globe. Through a coincidence-based approach, the detection
significance is increase by combining the observations of several neutrino detectors. The
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same approach can work for a combined network of GWs and neutrino detectors, with an
overall increase of the SN detection capability [3135].

The neutrino signal can be used to localize the SN in the sky thanks to specific detection
channels due to anisotropic neutrino interactions [3735] or triangulation techniques in a
network [3736]. In particular, the neutrino elastic scattering (ES) on electrons shows a strong
correlation with the direction of the neutrino flux. For a SN distance of 10 kpc, the current
Super-K, doped with Gadolinium, is expected to have a pointing accuracy of 3.3◦ − 4.1◦.

Current and next-generation neutrino detectors have the capabilties to make high-
statistics observations of the neutrino burst (see e.g. [3491] for a review), enabling the
characterization of the neutrino light curves to study the effects of the standing accretion
shock instability [3737], the lepton number emission self-sustained asymmetry [3424], or
to determine the stellar core compactness [3738] or the mass and radius of the resulting
neutron star [3739]. The detection horizon of the current generation of neutrino detectors
includes the Milky Way and the Magellanic Clouds, while the next generation of neutrino
detectors can reach Andromeda.

As a leading example, Hyper-Kamiokande (HK) [3740] with a fiducial mass of 187 kton
of pure water is expected to observe more than 50 000 events in a temporal window of a few
tens of seconds for a supernova distance of 10 kpc. With this statistic, the pointing capability
of HK trough ES can reach 1◦ − 1.3◦. For a CCSN at the Andromeda distance (700 kpc) the
number of events is still enough (tens) to identify the neutrino burst with high significance.
HK is under construction near the town of Kamioka in Japan’s Gifu Prefecture, and data-
taking is scheduled to start in 2027. Shortly, also the Jiangmen Underground Neutrino
Observatory (JUNO), a 20 kton liquid scintillator detector, will start the data-taking. JUNO
is expected be sensitive to CCSNe within ∼ 300 kpc.

While HK and JUNO are sensitive primarily to the scattering of ν̄e on protons, by the
inverse beta decay (IBD) channel, the Deep Underground Neutrino Experiment (DUNE) [3741],
made up of four 10 kton liquid argon time-projection chambers, will be sensitive to νe via
νe charged-current interactions on argon nuclei. DUNE will provide high statistic and good
reconstruction within a horizon of ∼ 100 kpc.

In addition to the SN neutrinos accompanying the star collapse, during the last years,
the possibility of detecting pre-supernova neutrinos has also been investigated. Pre-supernova
neutrinos are neutrinos of ∼ 0.1 − 5 MeV emitted during the advanced nuclear burning stages
of a massive star years/days before the onset of the core collapse [3410, 3742]. As the central
temperature and density increase during the last evolution stages, the ναν̄α pair production by
electron-positron pair annihilation becomes the dominant mechanisms of energy loss. When
the core silicon burning begins, the neutrino luminosity and average energy increase and the
neutrino signal becomes potentially detectable in the hours prior to the collapse. In particular,
detection of ν̄e through inverse beta decay allows the clear identification of such signal from
nearby SNe. The current generation of neutrinos detectors, such as KamLAND, Borexino,
SNO+, Daya Bay and SuperKamiokande are already able to detect pre-supernova neutrinos in
case of a SN at a distance similar to that of Betelgeuse (see [3743] for a review). The upcoming
HK [3740], DUNE [3741] and JUNO [3744] will be able to reach ∼ 1 kpc away from Earth.
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Finally, the next-generation long-string water detectors, IceCube Gen-2 [3745] and
KM3NeT [3746], will bring improved burst timing for a Galactic CCSN. These detectors
primarily aim to detect GeV-PeV neutrinos, but are also sensitive to SN MeV neutrinos,
searching for excess over the background expectation. Combining signals form different
detectors and using only the IBD channel (IceCube, KM3NeT, HK and JUNO), triangulation
enables to provide a sky-localization uncertainty of ∼ 70 deg2 (at 1σ level) for a SN distance
of 10 kpc [3747]. The main drawback of detecting MeV neutrinos is the low rate of SN
events within the Local Group of galaxies, approximately one event every 30 years. However,
recently, new scenarios have expanded the detection horizon for high-energy neutrinos from
kpc to 10–15 Mpc, making their detection a promising scientific case. In recent years, an older
hypothesis regarding the jet productionin CC-SN events has regained attention, particularly
due to studies of long-duration GRBs. This hypothesis [3529, 3748] suggests that jets may
play a crucial role not only in the explosion of massive GRB progenitors but also in other SNe.
The idea is that jets might be produced and launched immediately after the core collapse. If
the progenitor has lost its hydrogen and helium envelopes, the relativistic jet emerge from
the stellar envelope resulting in a type Ic supernova associated with a long-duration GRB.
Conversely, if the progenitor retains the hydrogen and helium envelopes, the jet is “choked”.
It remains trapped within the huge envelopes, forming a “cocoon” where significant energy is
deposited. This energy is comparable to that of standard CCSN and GRB-SNe. Supporting
evidence for this scenario includes the 2019 first detection of a jet cocoon in SN 2017iuk [3749].
Furthermore, internal shocks within the jet can accelerate protons, leading to TeV neutrino
production, detectable with IceCube and Km3Net experiments [3750]. A similar scenario
for high-energy neutrino production, characterized by similar horizon distance, has been
elaborated by [3751] (see also [3752, 3753]). These authors consider the collisions of the SN
ejecta with massive CSM shells as potential sources of accelerated protons that may interact
with the protons present in the dense CSM producing high-energy neutrinos.

Electromagnetic Facilities

As extensively discussed in section 5, the observation of the first GW signal from a BNS
merger GW170817, together with the detection of EM signals across the entire electromagnetic
spectrum, from gamma rays to the radio, marked the birth of multi-messenger astronomy
including GWs, and highlighted the important scientific breakthrough achieved thanks to
the synergy between GW detectors and EM facilities.

The enhanced sensitivity and broader frequency range of the new generation of GW
detectors, such as ET, will significantly extend the range of detectable distances and source
masses, while finally enabling the detection of GW signals from a wider variety of astrophysical
sources, including nearby CCSNe [3754]. Even in the context of these new accessible sources,
multi-messenger astronomy combining GW and electromagnetic (EM) signals is imperative to
fully understand the underlying physics of these phenomena. Thus, the operation of efficient,
deep, and wide-field transient dedicated EM surveys — such as those currently running
and the more sensitive ones planned for the near future —are of great importance. These
wide-field surveys will continuously scan the sky across multiple EM bands. By employing
specific observing strategies with the appropriate sensitivity and cadence, optimized for the
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expected properties of EM counterparts, these survey will be crucial for both detecting EM
counterparts to GW events and identifying the best candidates for subsequent characterization
by dedicated EM resources.

EM prompt follow-up. The optimal strategy for prompt EM follow-up of GW events relies
on several steps. The initial search for the EM counterpart using wide-field facilities enables
to cover the sky localization provided by the GW detectors and to identify EM counterpart
candidates. This step needs then to be followed by the selection and characterization of
the most promising candidates among the large number of contaminant detected transients.
While the wide-field facilities can search for the EM counterparts of GW events both in
survey mode or pointing the target through Target of Opportunity (ToO) observations, the
characterization of the most promising candidates requires the use of dedicated ToO. As the
wide-field survey will be more and more sensitive, the expected rate of detected transients
will significantly increase making the selection of the candidate counterparts of GW events
more difficult and requiring a larger amount of characterization resources.

In the case of CCSNe, as discussed in the previous sections, the detection of GW signal
from the core-collapse by ET will be limited to the local Universe with a relatively low
expected rate of detections. Thus, a reverse observing approach could become more effective;
the EM detection of a nearby CCSN can be used as a trigger to search for anGW signal in
the same sky position and in temporal coincidence with the core collapse time extrapolated
from the EM signal. In this scenario as well, efficient EM facilities that can promptly detect
transients, issue alerts, and conduct characterization follow-ups are required.

Wide field transient surveys. The availability of increasingly efficient ground-based
facilities specifically dedicated to transient phenomena has greatly driven the evolution of time-
domain astronomy over the past decade. In particular, we have witnessed the development
of several wide-field optical transient surveys, such as the ASASSN [3755], ATLAS [2309],
the Panoramic Survey Telescope and Rapid Response System (PANSTARRS or PS) [3756],
the Palomar Transient Factory (PTF/iPTF) [3757], and, more recently, ZTF [3758]. These
surveys have played a crucial role in making the optical and near-infrared (NIR) bands the
primary channels for the discovery of transients.

In the past, the discovery of such phenomena was mainly a serendipitous process. However,
with the advent of these synoptic all-sky surveys, it has become the result of systematic,
repeated scanning of the sky over days to weeks. Thanks to dedicated and efficient observing
strategies, these once rare events have become more common, and a number of new, exotic,
and exciting phenomena have started to unveil their existence.

Each survey is characterized by different scientific goals and associated modes of operation
and properties, such as sensitivity, cadence of repeating observations in the same area of the sky,
slewing time, filters provided by the different cameras and telescopes employed. For instance,
ASASSN is a long-term project specifically dedicated to the study of supernovae (SNe). It
consists of a network of small, wide-field telescopes distributed across both hemispheres,
allowing it to survey the entire night sky with a cadence of approximately 2–3 days. It reaches
a magnitude limit of about 18.5 each night in the 470–700 nm wavelength range [3755].
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PANSTARRS and ATLAS are mainly dedicated to the study of Near-Earth Asteroids
(NEOs). Both consist of a system of two telescopes located in the Hawaiian Islands, with
diameters of 1.8 meters and 0.5 meters, respectively. Their observing strategies are slightly
different: PANSTARRS provides observations with a cadence of about 7 days in the 400–1000
nm band, reaching a maximum depth of approximately 24 magnitude, while ATLAS provides a
2-day cadence in the 420–975 nm band, reaching around 19 magnitude [2309, 3756]. Although
designed for NEO monitoring, both surveys have proven to be extremely useful in the discovery
and follow-up of transient sources of various natures. They systematically report new transient
discoveries and publish updated light curves. In particular, one of the two PANSTARRS
telescope, Pan-STARRS1 (PS1), provides deep reference imaging for the northern sky in
Sloan filters. Reference images are essential for the image subtraction technique. This image
processing method is widely used in transient searches and consists on the subtracting images
of the same region of sky taken at different times to detect new transients.

The Zwicky Transient Facility (ZTF) has increased the transient discovery rate by an
order of magnitude. ZTF represents the forefront of what can be achieved with a single
1-meter class survey telescope. It consists of a wide-field imager (with a 47 square degrees field
of view) mounted on the 1.22-meter Palomar Oschin Schmidt telescope, currently scanning
the entire Northern sky with a 3-day cadence in the 400–900 nm band, and reaching a depth
of approximately 21 magnitude. Additionally, an integral field unit spectrograph on the
1.52-meter Palomar telescope is optimized for the spectral classification of transients brighter
than 19 magnitude. The significant increase in detected transients has highlighted the urgent
need for efficient automated tools to analyse the data and provide the community with alerts.

Another project of great interest is the Gravitational-wave Optical Transient Observer
(GOTO) [2311], which is specifically dedicated to the search for optical transients associated
with GW detections, maximising the coverage of wide sky areas. GOTO consists of an array
of wide-field optical telescopes with multiple 40-cm reflectors on a single robotic mount. The
project includes a node located on La Palma island (GOTO-N) and one located in Australia
(GOTO-S), ensuring northern and southern hemisphere coverage. This configuration results
in an instantaneous field of view of up to 80 square degrees at each site. Two observing
strategies are available: sky-survey with a cadency of 2–3 days and target trigger mode. Each
unit is equipped with Baader filters, covering the 380–700 nm range down to a magnitude
of approximately 20.5. In line with the goal of monitoring large regions of the sky, new
optical system concepts, such as Mezzocielo [3759], are being developed to enable continuous
monitoring of the entire sky, aimed at detecting the prompt and early optical emission of
transients such as GRBs and SNe.

Beyond the substantial advancements expected from the next generation of GW detectors
such as ET, we are also entering a new era in time-domain astronomy. A revolutionary
optical/NIR facility, the Vera Rubin Observatory is in the process of starting the Large
Synoptic Survey Telescope (LSST) [1207]. The VRO-LSST will offer a unique combination of
a large effective aperture (6.7 meters) and a wide field-of-view (9.6 square degrees) imaging
camera equipped with six broad-band filters (covering 0.35 to 1.1 microns), reaching a total
point-source depth in r-band of 27.5.The VRO-LSST is expected to detect a few million
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transients per night, among them core-collapse SNe, kilonovae and GRB oprphan afterglow
which can trigger the GW search.

The combination of deep sensitivity, wide field-of-view and rapid slewing time also
makes VRO ideally suited for the GW follow-up. In particular, VRO will be able to cover
well-localized GW regions with just a few pointings and achieve deep observations with
relatively short integration times. This means VRO has the potential to detect and identify
EM counterparts to GW sources rapidly and effectively, especially at the large distances
where such counterparts (with an absolute magnitude in the optical of M∼-16 mag) are
expected to be too faint for all the other wide field-of-view telescopes. Ref. [2334] discusses
in detail the perspectives of the VRO observing in synergy with ET to detect the optical
counterparts associated with BNS. When operating in synergy with ET and other available
multi-wavelength facilities, VRO will open enormous opportunities for new discoveries,
significantly advancing our understanding of the transient universe.

In other EM bands, particularly the ultraviolet and soft X-ray bands, wide-field missions
are expected to detect the first emission from CCSNe caused by shock breakout. For
example, the upcoming Ultraviolet Transient Astronomy Satellite (ULTRASAT) [3760], with
an unprecedentedly large field of view of 204, deg2, is expected to collect the early UV light
curves for hundreds of CCSNe. Nearby, low-luminosity long GRBs, CCSN shock breakout
signals, and soft gamma repeaters are promising target signals for detection by the Transient
High Energy Sky and Early Universe Surveyor (THESEUS) [3761].

Candidate selection/characterization. The wide-field optical surveys previously de-
scribed are fundamental resources for the prompt discovery and for alerting the community to
their detection. Many of these surveys also provide updated multi-band optical light-curves,
which are invaluable for investigating the properties of transients, facilitating initial classifi-
cation, and identifying promising candidates. Then, prompt spectroscopic observations of
the detected transients enable a more precise classification necessary to select interesting
candidates among contaminants. This step is essential for the subsequent characterization
through multi-wavelength follow-up campaigns dedicated to selected events. For nearby SNe,
the combination of prompt identification and early photometry and spectroscopic follow-up
allows the transient to be correctly classified as an CCSNe and the initial light curve to be
accurately sampled, which is particularly important for extrapolating the core collapse time
and precisely defining the time window for searching for GW and neutrino signals.

Among the available ground-based facilities and projects currently dedicated to transient
spectroscopic observations, the Public ESO Spectroscopic Survey of Transient Objects
(PESSTO) [3762] and its extension ePESSTO+ have proven to be extremely useful and
productive. ePESSTO+ targets supernovae and optical transients brighter than 20 mag.
Since its starting operations in 2012, the ESO New Technology Telescope (NTT) EFOSC2
(optical) and SOFI (NIR) spectrographs have been systematically used to classify transients
selected from publicly available surveys and to select interesting science targets for detailed
follow-up campaigns. To give some numbers, spectra for 2138 objects were provided during
the first 2.5 years of ePESSTO+ operations (from April 2019 to October 2021). Spectroscopic
classification reports along with the corresponding optical spectra are publicly available within
24 hours, while follow-up spectra are delivered to the community after one year through

– 433 –



J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

dedicated public data release events. While this project is approaching its end, a more efficient
instrument is being installed at the NTT to replace SOFI: the Sons of X-shooter (SoXS) [3763].

SoXS is a broad-band, high-efficiency, medium-resolution spectrograph expected to be
operational in 2025. It is capable of simultaneously observing a spectral range of 350–2000
nm with a resolution of about 4500, thanks to its two-arm configuration (UV-VIS+NIR). Its
acquisition camera is equipped with the u, g, r, i, z, and Y filters and features a 3.5’×3.5’
field of view. This facility is fully dedicated to the classification and follow-up of transient
sources, as well as to supporting wide-field transient surveys.

The next-generation of 30–40 m class telescopes comprises facilities such as the Extremely
Large Telescope (ESO-ELT) [3764], the Giant Magellan Telescope (GMT) [3765] and the
Thirty Meter Telescope (TMT) [3766]. Their instruments will revolutionize the study of
gravitational wave sources by providing unprecedented capabilities for spectroscopic and
imaging observations. Their advanced instruments will enable for example the direct detection
of spectral signatures from the heaviest elements at their production sites, track the temporal
evolution and spectral features of faint emissions, and constrain the physics of matter ejection
in compact object mergers. Because of their narrow fields of view, they will only come into
operation when a well-localized counterpart is found.

Another proposed next-generation project is the Wide-field Spectroscopic Telescope
(WST) [1211], a 10-meter class telescope dedicated to wide-field spectroscopic surveys. It
aims to combine a large field of view (approximately 3 square degrees) with a high-multiplex
multi-object spectrograph (MOS) operating in both low and high-resolution modes (R4000
and R40000, respectively) across a wavelength range of 370–970 nm, as well as a giant
panoramic central integral field spectroscopy (IFS) unit. This combination will greatly
enhance our ability to conduct comprehensive transient and multi-messenger observations.

EM facilities to observe isolated neutron stars. EM observations of isolated neutron
stars has uncovered a wide variety of these fascinating objects, each distinguished by unique
observational properties and emission mechanisms. Extensive observations and theoretical
modeling have significantly advanced our understanding of rotation-powered pulsars, mag-
netars, XDINSs and CCOs. Each class offers valuable insights into the underlying physics
of neutron stars, including their magnetic fields, rotational dynamics, emission processes,
and evolutionary paths.

Looking ahead, the Square Kilometre Array (SKA) with its unprecedented sensitivity will
make it possible the discovery of many more pulsars and detailed studies of their properties.
Large-scale radio surveys with the SKA and other telescopes will be critical in uncover
new, peculiar neutron stars, such as long-period radio sources, and understanding their
full population diversity.

As powerful gamma-ray emitters, isolated neutron stars are one of the primary targets
of the Cherenkov Telescope Array Observatory which aim to probe the (very) high-energy
emission mechanisms at work in these sources. For neutron star in X-ray binaries, satellites
such as NewAthena with the X-ray Integral Field Unit (X-IFU), a cryogenic imaging spec-
trometer covering the 0.2 to 12 keV energy range, will observe absorption and emission lines
from the outflow to probe the physics of accretion. Overall, the study of isolated neutron
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stars is poised for significant advancements, with each discovery offering new opportunities
for a deeper understanding of these enigmatic objects.

EM characterisation of progenitor population and nearby SNe. While waiting for
the fortunate occurrence of a nearby core collapse SN and the possible detection of a related
GW signal there are two areas where EM surveys can contribute to better define the GW
search context, namely: i) the characterisation of massive star population in the Milky Way
and nearby galaxies and ii) the detailed studies of bright, nearby core-collapse events.

Massive stars population Surveys of massive stars in our Galaxy are providing a view on the
properties of the progenitors of core-collapse SNe (e.g. [3767]). One of their most important
finding is that most massive stars are born in binary or, in general, multiple systems, and
about three-quarters of them are expected to undergo interactions during their evolution,
either by exchanging mass or merging [1424]. This is expected to perturb their evolution,
explosion mechanism and remnant properties with respect to the outcomes of an isolated
star. Indeed, as emphasised in a recent review [3768], binary evolution provides a rich set
of post-interaction products such as stripped stars, rapidly rotating accretors, mergers and
X-ray binaries. It is claimed that binary systems provide the favored formation channel of
stripped envelopes, exotic supernovae, and double-degenerate binaries, which are best-known
sources of GW emission. In this case, it is important to note that such systems, particularly
double-degenerate binaries, will be detectable by the Laser Interferometer Space Antenna
(LISA). A major contribution to the characterisation of galactic massive binaries is expected
from GAIA starting from the fourth data release (DR4), that is due by the end of 2025.

Then, as discussed in section 8.2.1 wind and rotation are the other key ingredients in
determining the evolution of massive stars and their final remnant mass. Theoretical models
are able to describe the effects of these parameters but there are large uncertainties on the
initial conditions and therefore observational constraints are needed.

The measurements of rotational velocities in massive stars of the Milky Way and nearby
galaxies indicate that in most cases they are relatively slow rotators, with a rate less than
20% of their break up velocity. There is however a sizeable population of fast rotators that
it is attributed to the outcome of close binary interaction [3769]. Interestingly, there is the
tendency of fast rotators to occur at low metallicity [3770] that intriguingly matches the
fact that long GRBs also occurs in metal-poor galaxies.

For what concern mass loss, there is a well know problem that empirical estimates
of rates for OB stars gives much lower values than predicted by theory (the weak wind
problem) [3771]. This weak winds is not sufficient to remove the hydrogen envelope, that
could allow for the formation of massive BH even for moderately sub-solar metallicity [3772].
On the other hand, this scenario would not lead to a Wolf-Rayet phase that therefore requires
some other formation mechanism. There are evidences that for very massive stars mass
(above (40 − 50)M⊙) loss may be dominated by ejection in brief, powerful eruption in the
so-called luminous blue variable (LBV) phase [3773].

A long debated issue is the shape and the universality of the initial mass function (IMF).
This is important because, as reminded in a previous section, IMF is the link between the
star formation rate and the number of expected CCSNe. The standard assumption is that
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of a universal IMF, typically with a power law shape, although the exact parameters are
debated (see section 8.2.5).

Yet, there is evidence that in starburst region the IMF can be “top-heavy”, implying
a higher fraction of massive star for a given SF [3774]. The study of the 30 Doradus star
forming region in the Large Magellanic cloud shows indeed that the IMF contains 1/3 more
stars above 30M⊙ than predicted by a standard Salpeter IMF [3775]. If this is confirmed, it
would imply a rate of SNe from very massive stars a factor two higher than for a standard
IMF, for a given SFR.

Nearby core collapse It is important to continue to secure detailed EM observations of nearby
core collapse to be used to constrain the explosion properties, mass loss history, amount of
asymmetry, binary companion and compact remnant properties.

We notice that the peculiar properties of the two closest SNe discovered in modern times,
SN 1987A [3776, 3777] and SN 1993J [3778] were attribute to close binary evolution that
is consistent with the global properties of massive star population mentioned above. Also,
recent spectroscopic observations of the remnant of SN 1987A with JWST were explained
with the contribution of energy injection by a cooling NS or a pulsar wind nebula and the
observed line velocity shift evidence for a NS natal kick [3494].

For nearby SNe it is sometimes possible to identify the progenitor in pre-explosion images.
Based on these studies, it appears that there is an upper limit for the maximum mass for
SN II-P of 16.5 ± 1.5 M⊙, that is in fair agreement with the theoretical predictions, while
the majority of stars with mass above ∼ 20⊙ would explode as SNIb/Ic or would collapse
directly to a black-hole (see section 8.2.1). In the first case the progenitor of the SN is
difficult to detect in the pre-explosion images while in the second case the explosion remains
undetected [3372]. Therefore, more data are needed.

A significant contribution in this field is expected by VRO-LSST that, with its deep,
multicolor monitoring of the southern sky would allow a better constraints of the progenitor
on nearby SNe. At the same time, the survey will allow for a systematic search of failed
SNe, monitor stars that disappear rather than for bright SNe. There have been already
some attempts of this kind of search that, however, were not yet able to provide definite
evidences [3539].

8.5 Executive Summary

GW radiation from CCSN and from rotating NS has not been detected so far by current
detectors, due to the predicted signal weakness. In this chapter it has been shown that ET,
considering foreseeable advances in data analysis and computing techniques, has significant
chances to detect such signals. Relevant sources are in the Milky Way or in the local group
of Galaxies, with a few notable exceptions, like newborn magnetars, for which GW radiation
could be detected up to tens of Mpc.

GWs from CCSNe

• The rate of CCSNe within 10 Mpc is about 1 per year and the predicted CCSN
rate within the Milky way is ∼ 2 to 3.2 per 100 years.
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• ET is expected to have a CCSN detection horizon 10 times further than the 2nd
generation detectors, which are expected to detect neutrino-driven CCSN up
to about 10 kpc and fast rotating progenitors up to about 100 kpc. There is
a potential factor of ∼ 2 gain in horizon distances from future improvement in
search techniques.

• Observed CCSN signals will provide insight into the explosion mechanism and,
for galactic CCSNe, the frequency of the dominant oscillation gravitational wave
mode, for example from g-mode excitations of newly formed proto-neutron star,
can be tracked with an uncertainty of 10%.

• Neutrino and/or electromagnetic counterparts will provide excellent, arcsecond
sky localisation information for CCSNe. Neutrino counterparts will potentially
constrain the on-source window for gravitational wave signals to a few milliseconds
while electromagnetic observations that estimate the shock breakout time will
lead to on-source windows ranging from seconds to hours, depending on the
progenitor mass.

• ET can also detect transient gravitational wave signals from isolated NSs, for
example associated with pulsar glitches and magnetar bursts. It is likely that
ET will observe f-mode excitations resulting from pulsar glitches, for pulsars
such as Vela. For magnetar bursts, ET will probe the regime where the ratio
of gravitational wave to electromagnetic energy is 10−5 to 10−4 for a galactic
giant flare. The observation of gravitational waves from less energetic flares and
pulsar glitches relies on the successful implementation of stacking methods to
accumulate signal-to-noise ratio from a population of bursts/glitches.

• The role of EM surveys, which involve efficient, deep, wide-field instruments with
planned observing strategies based on GW counterpart properties, along with
continuous sky scanning across different bands, will be crucial for detecting the
shock breakout and early emission from nearby CCSNe, magnetar flares, nearby
low-luminosity long GRBs. These EM-detected transients will enable to trigger
a more efficient GW search.

• EM follow-up of GW burst triggers will require initial wide-field searches with the
appropriate cadence, followed by the selection and characterization of promising
candidates through dedicated spectroscopic follow-up. The high rate of unre-
lated transient discoveries will require careful optimization of data analysis and
coordinated planning for the efficient use of observational resources.

• Wide field of view, sensitive and fast optical telescopes such as the VRO dedicated
to GW-related transients providing global coverage are critical in the ET era.
Spectroscopic facilities like SoXS (an upcoming broad-band spectrograph at
NTT), ELT, and WST will play key roles in transient classification.
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GWs from rotating NSs

• ET will detect persistent emission from several known NSs rotating at high
frequency (namely, millisecond pulsars) if their ellipticity is larger than a few
times 10−10, corresponding to “mountains” a few micron high. Such values are
orders of magnitude below the maximum theoretical ellipticity that neutron stars
can sustain and is comparable to the minimum ellipticity millisecond pulsars
could have, as suggested on the basis of their observed properties.

• Accreting NSs, like Sco-X1, are promising sources of persistent GWs. ET will be
able to probe the standard torque balance limit scenario. Actually, ET would be
sensitive to the GW emission even considering more conservative signal amplitude
estimations, which take into account uncertainties in the star magnetic field
topology, viscous heating, X-ray emission efficiency, and the effects of radiation
pressure.

• In all-sky surveys, ET will be able to detect signals emitted by NSs rotating at
frequency larger than about 200 Hz, up to the distance of the galactic center,
provided their ellipticity is larger than about 10−7. Slower NSs, with spin
frequency of 20–30 Hz, would be detectable in the solar neighborhoods (with
distance up to about 500 pc).

• Newborn millisecond magnetars, endowed with a super-strong internal magnetic
field, could have significantly larger deformation. Therefore, they are expected to
emit GW signals with durations of hours-days detectable by ET up to 5–10 Mpc,
for moderately large ellipticities up to 10−4 − 10−3 (and up to about 15–20 Mpc
for more extreme ellipticities).

• A multi-messenger approach, exploiting observations in the electromagnetic
band by future facilities, will significantly help in the endeavor of detecting GW
emission from rotating NSs, as it would allow to restrict the parameter space (e.g.,
providing accurate sky localization and decent time of formation for magnetars,
and accurate measure of the binary parameters for accreting systems). Therefore,
a deeper (i.e., more sensitive) search could be performed at fixed computing cost.
The search for a possible EM counterpart would be also a natural step to confirm
the detection of a GW source in all-sky searches.

• The detection of a persistent signal from a rotating NS would open a new window
on the observation of our Universe, as the long signal duration would allow to
measure the star’s parameters with extremely high accuracy, and to spot possible
tiny deviations from the models (for instance, violation of General Relativity
which would leave an imprint on the signal polarization). Constraining the NS
internal structure is another important possibility that can be achieved, although
accurately determining the equation of state is not that simple due to the presence
of degeneracies, and careful studies are needed on this topic.
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9 Waveforms

9.1 Introduction

The upcoming era of precision gravitational-wave astronomy enabled by ET requires un-
precedented knowledge of gravitational waveforms of modelled sources to achieve many of its
science goals and to maximize its science output. Waveforms that are physically detailed,
numerically accurate and computationally fast to generate, underpin much of ET’s data
analysis challenges: detection by matched filtering, parameter estimation via comparison of
measured data with theoretical expectations of General Relativity, and tests of deviations
of the data from the predictions of General Relativity.

The Waveforms Division of the ET Observational Science Board aims to provide the
waveform models needed for ET to reach its science goals. Despite more than a hundred years
in semi-analytic and numerical developments since the birth of General Relativity, major
advances will be required in all areas of waveform modeling to achieve the ultimate scientific
goals of ET, as will be detailed below. In this section we present the current state-of-the-art,
the main open challenges and the important next steps in all domains of waveform modeling
for ET: waveform systematics and accuracy requirements for third generation detectors,
established and novel techniques for waveform modeling, waveform models for specific sources
and waveform acceleration techniques.

ET has the potential to make extremely precise measurements. To enable this potential,
however, requires sufficiently accurate waveform models, which encompass all relevant physical
effects. Waveform systematics and accuracy requirements are discussed in section 9.2, with
the overall conclusion that waveform models need further improvements to avoid systematic
biases due to modeling errors, with the precise accuracy needs being a topic of ongoing
scientific studies. Moreover, the large event rate and the larger frequency band of ET may
uncover GW source populations in other parts of parameter space, so that enlarged parameter
space coverage is important (e.g. mass-ratio, spins, eccentricity).

The state-of-the-art and latest advances in techniques of waveform modeling are outlined
in section 9.3. There are currently four techniques being used to formulate waveforms within
the framework of Einstein gravity: numerical relativity, weak-field expansions, gravitational
self-force and inspiral-merger-ringdown models. In addition, some techniques have been
extended beyond General Relativity, although they remain largely underdeveloped. Each
of these techniques has its own current limitations, and all need significant improvements
to be able to deliver the scientific promise of ET.

Section 9.4 discusses waveform models for the expected sources of ET, which are built
utilizing results of the modeling techniques discussed in section 9.3. Models need to be
formulated for compact binary mergers involving black holes and neutron stars or yet
undetected but theoretically studied exotic compact objects, for core-collapse supernovae,
for galactic binaries such as double white dwarf systems, but also for potentially detectable
systems such as hyperbolic encounters and triple systems. Waveform modeling beyond
vacuum General Relativity is necessary to test GR and infer the environment of targeted
sources. Waveform models of dark matter environments and alternative theories of gravity
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have been formulated both as theory-specific models, or as parametric deviations of vacuum
General Relativity in an effective theory framework.

ET data analysis will not only require faithful and accurate waveforms but also fast
generation of waveforms, which allows for efficient determination of the source’s properties.
The waveform acceleration techniques discussed in section 9.5 focus on methods used to
improve the efficiency of evaluation of individual waveforms. Current techniques, such as
reduced-order-models or surrogates, which might include an architecture built using machine
learning, are trained to be accurate for 2G detectors, but further refinements or even new
tools will be needed for ET.

9.2 Waveform systematics and accuracy requirements for 3G

With increasing signal-to-noise ratio of a GW signal, the statistical uncertainty in the
posteriors of parameter estimation becomes smaller, whereas the impact of systematic errors
is independent of SNR. Therefore, control of systematic errors —like inaccuracies in waveform
models or decisions to simplify the treatment of certain physical effects— becomes ever more
important as the sensitivity of detectors increases. The high sensitivity of ET, where the
loudest events detected will likely have SNRs ∼ 103 [16, 291, 1167, 1586], allows astonishingly
precise measurements, but in turn places high demands on the waveform models. The high
sensitivity, broader frequency bands and the higher event rates in future detectors also imply
that the detectors will be sensitive to signals from a larger part of parameter space (e.g.
binaries with more unequal masses). Therefore, not only do waveform models need to be
accurate enough in those parts of parameter space where particularly high SNRs are expected,
they also need to maintain sufficient accuracy across the entire parameter space of conceivable
sources and all physical effects potentially measurable.

State-of-the-Art

Studies of waveform accuracy fall into several categories, which follow different trade-offs
between the ease of the study and reliability of results. We will first discuss easy, yet less
reliable techniques, and subsequently more reliable, but computationally costly approaches.

A simple way to approach the problem is through indistinguishability criteria between
waveforms: inequalities which — when statisfied — ensure that a model waveform is indis-
tinguishable from a target (exact) waveform when performing measurements with a chosen
detector. These criteria [1166, 1694, 3779–3784] are phrased in terms of the noise-weighted
inner product between two waveforms h1 and h2,

(h1|h2) ≡ 4 Re
∫ ∞

0

h1(f)h̄2(f)
Sn(f) df, (9.1)

where Sn(f) is the power spectral density, the overlap O ≡ (s|h)/
√

(s|s)(h|h) and the
mismatch M ≡ 1 − O. A typical version of the criteria reads that, given a signal s and
a model waveform h, if

M <
D

2ρ2 , (9.2)
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Figure 164. Predicted waveform accuracy requirements for second and third generation ground
based detector networks. Reproduced from [3787]. CC BY 4.0.

then h cannot be distinguished from s beyond statistical uncertainty. Here ρ =
√

(s|s) is
the signal to noise ratio (SNR) and when calculating M, the waveform model h(θ⃗) is to be
evaluated at the same parameters θ⃗ as the signal. As formulated in [1694], D is the chi-square
value, for a given number of degrees of freedom, and a chosen confidence interval in the
measurement. Some authors replace the chi-square by the number of intrinsic parameters in
the model [3784], which is the chi-square value for 1-sigma confidence.

If the waveform model is approximate, which is typically the case, the mismatch in
eq. (9.2) should be replaced by FF −O [1166, 3785], where the fitting factor FF between the
signal s and the waveform model h(θ) is given by FF ≡ max

θ⃗
O(s, h(θ⃗). This replacement

weakens the accuracy requirements by allowing waveform errors orthogonal to the waveform
manifold, which do not cause parameter estimation biases. Indistinguishability criteria can
also be generalized to multiple detectors, where M and ρ are replaced by suitable SNR-
weighted averages across detectors [3785]. Finally, the true signal s is generally not known;
in that case one often substitutes a second waveform model for the signal s, and thus takes
the difference between two waveform models for the same class of signal as indicative of
waveform error (see, e.g., [3786]).

While easy to evaluate, indistinguishablity criteria impose a (too) strong requirement
on waveform models. They provide a sufficient criterion, essentially requiring waveforms
to be accurate enough that no possible measurement in the infinite dimensional space of
potential waveforms would ever show a systematic bias. For instance, at SNRs ∼ 103, they
imply waveform models would need a mismatch M ∼ 10−5 − 10−6 [3787] (see figure 164).
In practice, one is often only interest in measuring a subset of parameters, and only desires
those to be unbiased. Injection studies can be used to gauge the actual biases in such
measurements. In an injection study a waveform from one model or from numerical relativity
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is injected in simulated detector noise, and its parameters are estimated with a different
waveform model through Bayesian inference. Such studies find [3787] that in some cases where
the indistinguishablity criteria suggest biases may occur, none of the typically measured
parameters show any bias.

Injection studies can be computationally intensive, especially at high SNR values. The
linear signal approximation provides a compromise between rigor and computational cost.
One assumes that in the vicinity of a signal to be studied, the waveforms change only linearly
with model parameters; this leads to the Fisher information matrix analysis for statistical
uncertainity, which is combined with an estimate of the systematic bias from the maximum
likelihood point [3779, 3780]. With careful alignment between distinct waveform models [3250]
and modifications to avoid posteriors to exceed physical bounds [1691, 1693, 3788], the linear
signal approximation can yield estimates of systematic parameter estimation (PE) biases
across parameter space. One such analysis [3789] (restricted to aligned spin systems using only
the (2,2) waveform mode) reports that current waveform models would result in significant
PE bias in several hundreds events from a population of 3000 events with SNR > 100.
Another analysis [3250] (for precessing binaries using waveform models including higher
modes) concludes that as much as 40% of binaries with high spins would lead to biased PE
results, and further illustrates the severity of potential biases through three case studies
performed with full Bayesian PE.

Waveform modeling errors increase with magnitude of spin and with mass ratio, so
that PE biases will be more common at large spins and unequal masses, i.e. precisely for
less common, but perhaps particularly interesting binary parameters at the edge of the
astrophysical distributions.

Main Open Challenges

Injection studies are mainly a test of whether a particular waveform model is “good enough”.
Such studies [3249, 3790] tell us that present day state-of-the-art models may produce biases
even for certain possible events in ongoing observation campaigns, and publications of the LVK
collaboration regularly and carefully discuss waveform systematics, both for GW catalogs [5,
6, 3791] and for individual events [128, 1475, 1867, 2082, 2288, 2600, 2601, 3792, 3793].

What they typically do not tell us is how much better a model needs to be if it is found
lacking. Properly quantifying the needed improvement in modeling remains an open challenge.
Ideally, such quantification should come in terms that are meaningful to first principles
calculations of the waveforms: How many orders are needed in post-Newtonian expansions?
What resolution is needed in numerical relativity simulations? How many post-adiabatic
orders need to be included in the self-force formalism? Some efforts have been made to start
answering these questions in the context of post-Newtonian [3790], numerical relativity [3794],
and self-force [3795–3797] calculations. In most case these still come with limitations such
as restricting to quasicircular (possibly non-spinning) binaries.

One of recurring challenges is that accuracy standards typically require a comparison to
a “true” signal. The typical solution adopted is to use a waveform from a similarly (or more)
accurate, but different, model as a stand-in for the “true” model. This is in many cases a
reasonable solution, but does come with the risk of missing some systematics. A relative
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new challenge for future detectors comes from the increased chance of observing overlapping
signals. Ref. [3798] shows that the incorrect subtraction of a loud signal due to modeling
error can lead to significant bias in the parameter estimation of a weaker overlapping signal
in 3G detectors. A final challenge is the step from quantifying biases of individual PE results
(as discussed above) to biases in studies that combine many GW signals, like population
inference, measuring cosmological parameters, tests of General Relativity or measurements of
the equation of state, continuing and refining the studies presented in [3250, 3799–3801]. It
is also important to quantify the impact on each of ET’s science objectives for the situations
in which waveform models do not fully satisfy the accuracy requirements.

Integrating waveform modeling error estimates directly into waveform models may also
provide a method to mitigate biases due to waveform systematics. Proposed methods include
using Gaussian Process Regression to interpolate either waveform residuals or directly NR
waveforms [3802–3808], applying frequency-dependent amplitude and phase corrections similar
to those used for detector calibration uncertainty [3809], or marginalizing over the uncertainty
of calibration parameters in the models [3810] (see also [3790]). In these approaches, one can
account for waveform modeling uncertainties by marginalizing over these additional degrees
of freedom during the inference process. While this may lead to parameter estimates with
reduced precision (e.g. wider posterior distributions), it should improve their robustness,
ensuring they remain reliable even in the presence of systematic modeling errors. However,
most studies incorporating error estimates into waveform models have been proof-of-principle,
and assessing the impact of these approaches on the analysis of realistic signals observable
with ET remains to be done.

Important Next Steps

In the absence of a clear goal post of how much waveform models need to improve to
meet ET’s science goals, it is important to continue monitoring potential systematic biases
due to modeling error through the use of injection studies, as improvements to waveform
models are made.

Of high importance is an improved understanding of systematics, e.g., with improved
distinguishability estimates that are not conservative, and with specific studies on the accuracy
requirements of the separate ingredients of models (PN, NR, self force), and how they relate
to the accuracy of final models.

Of course, this also raises the question, how much systematic uncertainty can be tolerated?
The traditional answer to this, is that in order to maximize the scientific pay-off from
investments in better detectors, we should strive to always have the systematic uncertainty
due to modeling error be smaller than the statistical uncertainty in the observations. This
may be a too conservative requirement, and it may be possible to reach some science goals
with suboptimal waveforms. This should be considered for each science goal.

9.3 Techniques for waveform modeling: Current state and advances

Several individual calculation techniques provide important input into waveform models. The
subsections here keep track of developments in these areas.
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9.3.1 Numerical Relativity

General relativistic simulations of binary black hole (BBH), binary neutron star (BNS),
and neutron star-black hole (NSBH) systems have rapidly evolved over the last decades.
Simulations of BNS [3811] and BBH [3812–3814] mergers have been possible for ∼ 15 − 20
years. Today, thousands of high-accuracy BBH GW signals have been produced. Simulations
have also been performed using alternative theories of gravity, while more advanced models
for the dense matter at the core of neutron stars and the inclusion of magnetic fields,
neutrino radiation transport, or non-ideal fluid dynamics in simulations allow us to study the
merger and post-merger evolution of BNS and NSBH mergers with increasing realism. These
simulations play a crucial role in testing, calibrating, and developing the models used by GW
observatories, as well as in the analysis of electromagnetic (EM) signals following these mergers.
Nevertheless, the accuracy of the simulations, their coverage of the available parameter space,
and their approximate treatment of important physical process are insufficient for the
expected needs of ET.

State-of-the-Art

Formalism. Most GR simulations use one of two formulations of Einstein’s equations known
to be amenable to numerical evolution: the Generalized Harmonics (GH) formalism [3812,
3815–3817] and the Baumgarte-Shapiro-Shibata-Nakamura (BSSN) formalism [3818, 3819]
(and its Z4c [3820, 3821] and ccZ4 [3822, 3823] extensions). These methods have been
improved over the years through appropriate gauge choices [3824–3830]. Black holes are
evolved either by excising a region inside their horizon [3812, 3831], or using the puncture
method [3813, 3814, 3832–3834]. Most simulations are performed with high-order finite
difference methods [3813, 3814, 3835, 3836] or spectral methods [3837]. For neutron stars,
the GR equations of fluid dynamics are usually evolved in the Valencia formalism [3838] using
high-order shock capturing finite difference [3266, 3839] or finite volume [3840] methods. A
Lagrangian formulation of the fluid equations has also been developed [3841]. An important
aspect of these simulations, particularly for the analysis of high-frequency GWs, is the
assumed equation of state (EoS) for dense neutron rich matter. Simulations now routinely
use tabulated EOS derived from nuclear physics models (e.g. [2333, 2476, 3842, 3843]), as
well as simpler analytical models [3844–3846] that can however be extended to include
temperature and composition effects [2744]. Magnetic fields have been evolved using ideal
magnetohydrodynamics (MHD) [3044, 3286, 3847–3849], resistive MHD [3298, 3850], and the
force-free formalism [3851]. Neutrinos have been taken into account using order-of-magnitude
leakage schemes [3105, 3852], approximate transport (moment formalism) [3853–3856], and
Monte-Carlo methods [3857, 3858]. Formalism for the evolution of theories of gravity beyond
GR have recently been developed for use in numerical simulations with [189, 191] and
without matter [176, 3859]. Combining all of these important ingredients into sufficiently
accurate simulations across the entire available parameter space remains however beyond
our current abilities.

Initial data. GR simulations require solving the Einstein constraint equations on an initial
spatial slice. In the case of compact binaries involving black holes and neutron stars, this
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initial data problem admits its formulation in terms of elliptic equations [3860], which in the
case of neutron star mergers are solved iteratively to obtain initial conditions in hydrostatic
equilibrium [3861]. The community has put significant effort in developing numerical codes
to solve elliptic problems. Most of the state-of-the-art codes employ spectral methods to
discretize the elliptic equations [3861–3875], with the exception of COCAL [3876–3878] and
NRPyElliptic [3879] which employ finite-difference methods. The cost of solving the initial
data problem is typically negligible compared to the cost of evolution. In addition, there are
issues relating to transients arising from the relaxation of the initial data to a quasi-stationary
geometry [3880, 3881] (often referred to as “junk radiation”) and gauge relaxation [3832, 3834].

BBH simulations. One of the key motivations driving BBH simulations is the accurate
modeling of the GW signal, especially through the merger and ringdown where NR information
is essential. The semi-analytical waveform models used to analyze GW data (see section 9.3.5
for details) are calibrated and validated against entire catalogs of NR simulations [35, 3837,
3882–3888], emphasising the central importance of NR in modern GW astronomy. Models
have also been developed based solely on simulations [3889–3891]. The parameter space
coverage of BBH simulations can be broadly split between quasi-circular binaries and eccentric
binaries, including hyperbolic encounters. Significant attention has been given to modeling
the 7-dimensional non-eccentric parameter space (mass ratio q = m1/m2 and black hole
spins). For aligned-spin binaries, current catalogs extend up to mass ratios q = 18 and spins
|χ| ≲ 0.8 [35, 3246, 3837, 3883, 3886], whereas for precessing binaries, the vast majority of
simulations cover a restricted parameter space up to q ∼ 4 and |χi| ≲ 0.8 [3837, 3883, 3886],
though see [3892] which presented simulations sufficient to model single-spin binaries up to
q = 8. For spins ≳ 0.8, it becomes increasingly difficult to resolve the apparent horizons, which
become smaller and increasingly deformed in the coordinate systems used in NR. Nevertheless,
individual simulations have reached spins as high as 0.998 [3837, 3893, 3894]. For large mass
ratio, computational cost increases because the decreasing size of the smaller BH forces
the time-step to decrease as ∼ 1/q, whereas the physical evolution time increases as ∼ q.
Combined, these two effects increase computational cost at least as fast as ∼ q2 [3895, 3896]
for high mass ratio binaries covering a certain frequency band. Individual simulations have
reached mass ratio up to q = 1000 [3830, 3897, 3898], and an alternative framework to
tackle intermediate mass ratio binaries based on a worldtube excision method was presented
in [3895, 3899, 3900], but long and accurate numerical waveforms at such high mass ratios
remain beyond our current reach. For eccentric and hyperbolic binaries, preliminary catalogues
are typically limited to q ≤ 6, spins |χ| ≲ 0.8, and e ≲ 0.8 [1526, 3884, 3887, 3901, 3902]; non-
spinning eccentric simulations up to q = 10 were presented in [3888]. Exemplary waveforms
for hyperbolic encounters are shown in figure 165.

NSBH/BNS simulations. Simulations of NSBH binary and of BNS are not as accurate as
BBH simulations. Waveforms in GW databases [2333, 3267, 3268, 3271] typically capture
the impact of the finite size of the neutron star with ≳ a few parts of a radian error at
merger, accumulated over ∼ 10 orbits. For BNS systems, non-spinning low-mass binaries
(Mbinary ≲ 3M⊙) in quasi-circular orbits have been studied most extensively, though more
asymmetric, eccentric, higher mass systems and/or spinning neutron stars have also been

– 445 –



J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

200 100 0 100
t/M

0.4

0.3

0.2

0.1

0.0

0.1

0.2

0.3

0.4
rh

22
/M

Scatter

1200 1000 800 600 400 200 0
t/M

0.4

0.3

0.2

0.1

0.0

0.1

0.2

0.3

0.4

rh
22

/M

Capture

Re Im

Figure 165. Exemplary waveforms of hyperbolic BBH encounters where the two BHs are initially
unbound. The left panel shows a scattering event where the BHs remain unbound, changing their
direction of motion by ∼ 90◦. The configuration shown at the right loses enough energy at the first
interaction to be captured into a bound, eccentric binary that subsequently merges. Both systems
start with equal-mass, non-spinning BH, with data from the SXS waveform catalog [3903]. Left
SXS:BBH:3999 (initial energy Ei = 1.023 and angular momentum Ji = 1.600M). Right SXS:BBH:4000
(Ei = 1.001 and Ji = 1.005M).

simulated (see e.g. [2459, 3904, 3905] for reviews). For NSBH systems, most simulations
consider low mass or high spin black holes in quasi-circular orbit with a low-mass neutron
star (as this configuration leads to EM signals), with the rest of the parameter space
more sparsely covered (see e.g. [3906, 3907] for reviews). Specifically, simulations have
focused on the features of tidal disruption in the GW amplitude [3271, 3908–3913]. This has
enabled predictions of the outcome of a NSBH merger based on the mass ratio, |χBH|, and
the NS compactness for circular inspirals and negligible NS spin [1471, 2339], the shutoff
frequency [2878], and the properties of remnants [3914–3918]. Simulations have also explored
effects of spin precession [3910, 3919], and eccentricity [3920, 3921], which complicate the
identification of the tidal disruption shutoff.

Simulations provide us with a decent qualitative understanding of BNS/NSBH mergers,
as well as quantitative predictions for the remnants/outflows of NSBH mergers [2313, 2340,
3255, 3914, 3922], the threshold for collapse of BNS merger remnants [3055, 3058], and
its post-merger GW frequency [2464, 3019] (though magnetic fields and/or exotic matter
may modify the latter [3011, 3309]). Quantitative predictions for many other properties
of the post-merger remnant remain unreliable (see e.g. [3180, 3915, 3923]). Simulations
of BNS [3046] and NSBH [3924] have demonstrated the rapid growth of magnetic fields
during merger, but demonstrating convergence of this effect remains difficult even the
highest resolution simulations. This is problematic as magnetic fields can drive collimated
outflows [3287, 3925, 3926] and disk winds [3927, 3928]. Neutrino absorption, for its part, can
greatly impact nucleosynthesis and the properties of post-merger EM signals [2240, 3167]. Self-
consistent simulations of the merger and post-merger evolution are only becoming available
in 2D [3929] and 3D [3916], and will certainly play an important role in our understanding
of EM signals.

– 446 –



J
C
A
P
0
3
(
2
0
2
6
)
0
8
1

Core-collapse. Historically, core-collapse supernova (CCSN) simulations have included signifi-
cantly more advanced microphysics (neutrino physics, dense matter EoS, nuclear reactions)
than BNS simulations (see the discussion in section 8.2 and, e.g., refs. [3354, 3376, 3930] for
reviews of CCSN simulations and microphysics), while making stronger approximations when
modeling gravity and/or imposing symmetries on the system — though as the importance of
GR and 3D effects (e.g. turbulence) in CCSNe and the need for improved microphysics in BNS
mergers became more obvious, technology transfers between these two fields has become more
important. In CCSNe, GW emission is due to the oscillation of the post-collapse neutron star
excited by 3D hydrodynamics instability, the asymmetric emission of neutrinos, and/or larger
scale deformation of the forming neutron star in rapidly rotating systems [2214, 3931], thus
potentially providing us information about the properties of dense matter and the rotation
rate of the system [3697]. GWs from CCSNe can only be seen for close-by objects [3096],
yet provide us with a unique opportunity to combine neutrino and GW observations to
better understand nuclear physics at high density. See section 8.4.1.1 for a discussion of
the corresponding observational prospects at ET.

Main Open Challenges

BBH simulations. The main open challenges in extending the parameter space coverage of
BBH simulations are producing accurate, long-duration simulations at high mass ratios and
high spins where one has to resolve multiple length and time scales associated to both the
large and small BHs. Implicit time-stepping may help with this issue [3932], but is costly
and not used in current state-of-the art simulations. The BH excision used in multi-domain
pseudospectral codes such as SpEC [3828, 3831, 3933] becomes increasingly complicated for
highly distorted BH horizons and can require fine-tuning of numerical algorithms [3893, 3934].
Finite-difference codes based on the moving puncture framework are numerically more robust,
but less computationally efficient at comparable mass ratios. High mass ratios (q > 10) are
computationally challenging for all current codes, and it is currently not possible to study the
high mass ratio regime with anywhere near the detail that has been achieved for comparable
masses. Developing methods to do this is one of the major unsolved problems for BBH
simulations. In addition, high-spin simulations with BH spins χ ≳ 0.85 constitute a very small
portion of current catalog of NR simulations [3837, 3883, 3898]. This is because standard
initial data impose conformal flatness [3935, 3936], which limits spins to χ < 0.93 [3937–3940],
and high-spin simulations [3894, 3940–3943] are more challenging.

Besides difficulties with the numerical methods for solving initial data, the choice of
adequate initial parameters is also an open problem. While there has been a lot of work
to develop methods to estimate initial parameters for quasi-circular evolutions [3884, 3944–
3950], the choice of parameters for the most generic binaries such that the simulations
have the desired values of eccentricity, radial phase as well as time to merger is still fairly
unexplored [3884, 3888, 3951–3953]. Covering the parameter space of eccentric binaries
will be even more challenging, particularly for nearly hyperbolic encounters with long time
intervals between periastron passages.

NSBH/BNS Mergers. Simulations involving matter face important challenges to reach the
level of accuracy and physical realism required to serve ET science. In order to make sure
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that GW models do not bias our measurements of the neutron star EoS, pre-merger GW
models with significantly improved phase accuracy are needed (see e.g. [3787, 3809]). This
is a steep challenge for current numerical codes which have shown 3rd [3839] or 4th order
convergence [3269] so far for simple EoS, and have reduced accuracy for more complex
EoS [3846, 3954]. Additonally, while schemes enabling 4th order convegence, such as the
entropy-based flux-limiting scheme of ref. [3269], mark a significant advancement towards ET
accuracy requirements, such simulations remain limited in number. Simulations have begun
exploring phase transitions [3036, 3955, 3956] and strange matter [2476, 3957] in neutron
stars, as well as boson stars [396, 3958] but a more systematic understanding of the impact
of more advanced nuclear physics, MHD, and neutrinos on post-merger GW signals will
be needed in preparation for ET. Recent simulations relying on subgrid models [3293] as
well as extremely high-resolution simulations of merger remnants [3177] and post-merger
accretion disks [3959] have been able to capture the growth of magnetic fields from relatively
low initial magnitude, yet such simulations remain rare and expensive, and even now the
process leading to the production of collimated jets and gamma-ray bursts remains an
open question. The cooling of the remnant and heating of the outflows by neutrinos, as
well as composition changes in the outflows, is captured at the ∼ 10% level by the best
existing transport schemes [3856, 3857], but with the exception of the post-merger evolutions
in [3858, 3917, 3960], only simpler treatment of neutrinos have been used in conjunction with
high-resolution MHD simulations [3843, 3916], limiting our ability to study the impact of
neutrinos on outflow composition, jet formation, and bulk viscosity. Performing sufficiently
long simulations of the post-merger remnant with adequate microphysics across the entirety
of the relevant parameter space thus remains an important issue for ET. More generally, it is
worth noting that the exact impact of currently missing physics (nuclear physics, neutrino
physics, non-ideal MHD,. . . ) on the observable properties of neutron star mergers remains
unknown, greatly complicating the task of determining what is actually measurable in these
systems.

CCSNe simulations. The simulations of CCSNe suffer from some of the same issues as NSB-
H/BNS mergers: the need to perform expensive 3D simulations with advanced microphysics
across a high-dimensional parameter space (of both initial conditions and input nuclear
physics). In addition, the outcome of CCSNe is impacted by the late-stage 3D evolution of
massive stars, and the presence of inhomogeneities in the pre-collapse remnant. Generating
realistic initial conditions for these simulations is thus a complex and important question, that
itself can only be solved through 3D hydrodynamics simulations of massive stars including
a detailed modeling of nuclear burning.

9.3.1.1 Important Next Step.

Code development. The previous sections should make it clear that there are two important
aspects of NR simulations that need to greatly improve for ET: accuracy (specifically for
inspirals) and physical realism (nuclear physics, MHD, neutrinos, for simulations with matter;
gravity beyond General Relativity). This will require NR to leverage current and upcoming
exascale computing facilities, and has driven the development of next-generation codes,
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including the Disontinuous Galerkin code SpECTRE [3875, 3961–3963], the octree-refined
wavelet code DendroGR [3964] and finite difference codes GRAthena++[3965], CarpetX (part
of the Einstein Toolkit [3836], the most used open-source NR code), and AMReX [3966]; as
well as continued development of existing codes already used for near exascale simulations (e.g.
SACRA [3916]). Testing and development of these (and other future) codes is an important
step to allow the NR community to provide ET with simulations of the required quality.

Understanding current accuracy and future requirements. Recent studies investigating the
accuracy necessary to perform unbiased parameter estimation with next generation detectors
have highlighted the need of orders of magnitude improvements for both waveform models
and NR simulations [2900, 3787]. These estimates, however, are largely based on simple
comparisons between simulations performed at different resolutions, and often do not account
for other possible sources of error, such as systematic differences between NR codes, the
integration from Newman-Penrose scalar Ψ4 to GW strain [3967] (challenging for highly
eccentric or hyperbolic systems), extrapolation of the GWs to infinity and — when considering
long inspirals — EOB-NR or PN-NR hybridization. The quoted requirements further depend
on the parameters of the binary, and may become more stringent in the more extreme regions
of the parameter space. In order to drive waveform development it is then fundamental
to develop a framework to fully characterize the sources of error that currently affect our
simulations, allowing important insights on the determination of accuracy requirements for ET.

BBH binaries. For BBH simulations, a dual push towards simulations that can match the
accuracy requirements discussed in the previous section and an expansion of the covered
parameter space to high-spin, high mass ratios, and eccentric systems are likely to be needed
to satisfy ET requirements.

NSBH/BNS binaries. Matter simulations should greatly benefit from next-generation codes
aimed to leverage exascale computational resources. The development of those codes may
however not be sufficient to allow simulations to reach the level of accuracy desirable for
ET science. Subgrid models capable of capturing the growth of magnetic fields in mergers
may remain necessary even in next-generation codes. While progress has been made in
that direction [3034, 3968, 3969], whether these models can reasonably match the results
of a MHD simulation remains an open question. Larger parameter studies of merger and
post-merger evolution including magnetic field effects, neutrinos, and a range of potential
equations of state (including exotic physics that can be probed with ET) are also necessary for
post-merger GW and EM modeling, but computationally expensive. On shorter time scales,
continued development of existing post-merger GW models for BNS systems, especially with
improved/more exotic nuclear physics, and the improvement of the qualitative disruption
models currently used by NSBH models, could benefit from large parameter space studies with
existing codes including the range of equations of state currently considered in nuclear physics.
Finally, it will be crucial to better understand the impact of currently missing physics in
simulations, and determine more accurately the level of realism that is desired in order to reach
a desired accuracy level in predictions for the GW and EM signals powered by these mergers.
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9.3.2 Weak-field Expansions

State-of-the-Art

Parallel to the numerical methods presented in the previous section, analytical frameworks
are also used to derive gravitational waveforms. In this section, we discuss the class of
weak-field methods, that are valid when the separation of the two object is large (typically
during the inspiral phase). Those methods rely on post-Newtonian (PN, low velocity) and
post-Minkowskian (PM, large separation) expansions: the first one is an expansion in (v/c)2

where v is the relative velocity of the two bodies and c the light speed; the second one,
an expansion in Gm/rc2 where G is Newton’s constant, m is the total mass and r the
separation. In a bound and virialized state, the two expansions are correlated, but they stay
independent in the scattering problem, which has lately attracted more and more attention
as an useful tool to study the two-body gravitational interaction. For recent reviews, see
notably [32, 213, 3970–3973]. Note that another analytical framework is discussed in the
next section: the Gravitational Self-Force, that is able to span the whole history of the
binary, but valid only for a large mass ratio.

The key observables delivered by weak-field methods are the GW phase and amplitude
of the waveform. For bound systems, the GW phase is computed via the energy flux-
balance equation, expressing the loss of energy by GW emission dE

dt = −FGW where E

is the (conservative) binding energy and FGW, the flux of radiation emitted. Once both
quantities are derived, the GW phase is obtained by a simple integration, and the amplitude
is extracted from the moments that enter the flux. For non-spinning compact binary systems
in quasi-circular orbits, complete results for the phase and amplitude are respectively known
at 4.5PN [3974, 3975] and 3.5PN [3976]. For binaries with spinning but non-precessing
objects, the phase has been derived at 4PN [247], and the amplitude, up to 3.5PN in the case
of aligned spins [3977]. Once precession is added, and while higher-PN order information
exists for generic orbits [3978], the accuracy is degraded to 2PN for the phase, and 1.5PN
for the amplitude to get ready-to-use waveforms on precessing quasi-circular orbits [3979].
The contribution of the quadrupole-monopole interaction due to a rotating star’s oblateness
which enters at 2PN order has been computed at leading-order in the radiation losses for
generic orbits [3980, 3981]. As for the tidal effects, that enter at 5PN, their contribution
in the phase is known at 2.5PN relative order [3224], and their coupling with spins, at the
leading 6.5PN order [3242].

For the conservative sector of non-spinning objects, three different techniques have
been used to compute the binding energy at the 4PN level of precision: the canonical
Hamiltonian formulation of GR [217, 3982–3985], the Fokker Lagrangian [219, 3986–3989]
and the EFT [218, 220, 221, 241, 3990–3992] approaches, yielding physically equivalent
results. The equations of motion at 4.5PN order, resulting from the 2PN corrections of the
radiation-reaction effect, are also known [3993]. The next level of precision, at 5PN order,
is in a mature stage [240, 3994], with partial results also at 6PN [257] and 7PN [3995] also
known. Other methods have also been traditionally applied in the literature to derive the
conservative dynamics, but have not (yet) attained the 4PN order, such as the surface-integral
approach at 3PN [3996], or the extended-body framework at 2.5PN order [3997].
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