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ABSTRACT

In this paper, we investigate the gravitational wave (GW) emission from stars tidally disrupted by black holes (TDEs), using a semi-
analytical approach. Contrary to previous works in which this signal is modeled as a monochromatic burst, here we take into account
all its harmonic components. On top of this, we also extend the analysis to a population of repeated-partial TDEs, in which the star
undergoes multiple passages around the black hole before complete disruption. For both populations, we estimate the rate of individual
GW detections considering future observatories such as LISA and a potential decihertz mission, and derive the GW background from
these sources. Our conclusions, even if more conservative, are consistent with previous results presented in the literature. In fact, full
disruptions of stars will not be seen by LISA but will be important targets for decihertz observatories. In contrast, GWs from repeated

disruptions will not be detectable in the near future.
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1. Introduction

In the classical scenario, a tidal disruption event (TDE; see, e.g.,
Rees 1988; Phinney 1989; for a recent review Rossi et al. 2021
and references therein) is an extreme phenomenon in which a
star orbiting around a massive black hole (BH) is shred apart by
its tides. The aftermath of the disruption is visible thanks to lumi-
nous (possibly super-Eddington) flares produced by accretion of
the stellar debris onto the BH. Since the 1990s, we have detected
these events through different wavelengths of the electromag-
netic spectrum (see, e.g., recent reviews by van Velzen et al.
2020; Saxton et al. 2021 and references therein) and this num-
ber is expected to increase significantly in the near future thanks
to upcoming sensitive detectors (Gomez et al. 2023), such as the
Rubin Observatory Legacy Survey of Space and Time (LSST;
Ivezi¢ etal. 2019) and the Ultraviolet Transient Astronomy
Satellite (ULTRASAT; Shvartzvald et al. 2024).

Lately, there has also been growing interest in a distinct class
of TDEs, in which the star survives the first passage at the peri-
center and undergoes multiple orbits before complete disruption
(see e.g., Bortolas et al. 2023). The interest in these sources is
also motivated by a possible link to recently observed quasiperi-
odic eruptions (QPEs; Linial & Metzger 2023), which still lack
a widely accepted explanation (see, e.g., Franchini et al. 2023,
for an alternative model).

Tidal disruption events are also expected to produce gravi-
tational waves (GWs) in the low-frequency regime (millihertz-
decihertz). Previous works (Kobayashi et al. 2004; Toscani et al.
2020; Pfister et al. 2022; Toscani et al. 2022, 2023) have already
explored these signals, generally concluding that while LISA
(Colpi et al. 2024) — the first GW space-based detector, set to
launch in 2035 - is unlikely to observe these events, the situa-
tion will significantly improve with potential future interferom-
eters optimized to the decihertz frequency band.

* Corresponding author: martina.toscani@unimib.it

In this paper, we refine the estimates for future space-based
gravitational observatories of both TDE detection rates, as well
as of the GW background (GWB) from these sources, build-
ing on previous works by Toscani et al. (2020) and Pfister et al.
(2022). First, we improve the strain estimate accounting for
all harmonics contributing to the GW emission, following the
formalism for parabolic encounters presented in Berry & Gair
(2010). Second, we extend this study by incorporating a popu-
lation of repeated partial disruptions, based on the model pro-
posed in Broggi et al. (2024), to make the analysis more com-
prehensive. This scenario could be particularly intriguing from
a GW perspective, as repeated passages of the star around the
BH allow for the accumulation of the signal-to-noise ratio (S/N),
potentially improving its detectability compared to complete dis-
ruptions, which feature, by definition, one single passage. For
clarity, we introduce the following terminology: full TDEs
(fTDEs), referring to classic stellar disruptions, and repeated par-
tial TDEs (rpTDEs), describing the scenario in which the star
undergoes multiple orbits around the BH.

The structure of the paper is the following. In Sections 2 and
3 we illustrate the calculations for fTDEs and rpTDEs respec-
tively, computing the strain of individual events and the over-
all GWB. In Section 4 we discuss our findings and compare
them to previous studies, and finally in Section 5 we draw our
conclusions. In this work, we consider a ACDM model with
Hy = 70km/s/Mpc and Q,, = 0.3; we refer to the gravitational
constant, the speed of light in vacuum, solar mass, and radius as
G, ¢, Mg, and Rg, respectively.

2. Full disruptions

Before diving into calculations, we shall introduce some key
concepts of dynamics of dense stellar systems surrounding a
massive BH. In particular, we shall introduce the loss cone
and illustrate the difference between full and empty loss cone
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Fig. 1. GW signal from a fTDE of a 0.1 My MS star disrupted by a 4 X
10° M, BH (gray lines) and GW signal from a fTDE of a WD of 0.5 M,
disrupted by a 10> M, BH (red lines). We consider two possible source
distances: 8 kpc (dashed lines) and 1 Mpc (dash-dotted lines). In blue
and orange, we plot the noise amplitudes of LISA and DO, respectively.

regimes, which helps connect stellar dynamics to the nature of
TDEs.

The loss cone (Frank & Rees 1976, recent review by
Stone et al. 2020) is the region in the (specific) angular momen-
tum and energy space where stars can pass close enough to the
BH to be disrupted or captured. The fTDEs occur in the full
loss cone regime (also referred to as the pinhole regime), where
stars take large angular momentum steps over the orbital period
and are scattered in and out of the loss cone within subsequent
pericenter passages. This is the typical scenario of stars weakly
bound to the BH, approaching almost radial orbits. If they are
inside the loss cone at the pericenter, a full disruption happens.
On the other hand, stars deeply bound to BH typically fall in
the empty loss cone regime, where they need many orbital revo-
lutions to change significantly their angular momentum, so that
they graze the loss cone and their disruption is gradual. Hence,
in this regime we have rpTDE:s.

To be more quantitative, we can introduce the dimensionless
parameter

~ (AJ)2
1 Ji Ic ’
where AJ is the step in the angular momentum and J, =
(2GM.R,)"? is the angular momentum at the surface of the loss
cone, M, being the BH mass and R, the stellar pericenter. If
q > 1, we are in the pinhole regime, while for g < 1 the empty

loss cone regime holds. In the rest of this section, we analyze
fTDEs.

ey

2.1. Two examples

To get an order of magnitude idea of the GW signals we expect
from these sources, we started by considering two examples': (i)
a fTDE of a MS star with mass M, = 0.1 Mg, destroyed by a BH
of size M, = 4 x 10°M,, and (ii) a fTDE of a WD with mass

1

In this work, we consider the following mass-radius relation for MS
stars: R./Ro ~ M./My. While for the WD, we consider a fixed mass
and radius of 0.5 M, and 0.01 R,,.
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M, = 0.5Mg and BH M, = 10° M. We examined two possible
source distances: 8 kpc (the distance of the Galactic center of
the Milky Way) and 1 Mpc (about the size of the Local Group of
galaxies). ~

Considering that |a(f)| is the Fourier transform of the GW
strain, the inclination-polarization averaged characteristic strain
reads

1 = iR = o9k

m2c3y2 d_f’
where y is the comoving distance (Hogg 1999). For the GW

energy spectrum, dE/df, we used the expression for parabolic
encounters illustrated in Berry & Gair (2010)

dE _ 4n’G® MM !
df = 5 R O\fR)

with £(f/ f.) containing the contributions from all the harmonics
and f; being the Keplerian frequency of the circular orbit with a

radius equal to the stellar pericenter, Rp.
The S/N for a GW is given by (Maggiore 2008)

()P
S/N? = 4f d ,
/ 0 fSn(f)

where S, (f) is the sky-averaged power spectral density (PSD)
of the instrument. In this work, we consider two reference
detectors: (i) LISA, assuming a mission duration of 10 years
(Colpi et al. 2024), and (ii) an optimal model for the decihertz
observatory (DO; in particular we refer to the instrument labeled
as DO-optimal in Arca Sedda et al. 2020).

In Fig. 1, we plot h. with respect to the noise amplitudes
(+/fSy) of both instruments, and we show that this signal is
potentially detectable. In fact, the MS star emission could be
seen by LISA (S/N ~ 193) and also by DO (S/N ~ 91) within
our Galaxyz; however, it becomes undetectable to both instru-
ments once the source is located outside the Milky Way. Instead
for the WD, since the signal peaks around 0.1 Hz where DO is
particularly sensitive, it can be seen by this instrument with a
relatively high S/N (~47) even at a distance of 1 Mpc. This is
not the case for LISA, whose sensitivity is insufficient to detect
the signal beyond a few kiloparsecs.

These estimates alone do not really inform us about the
detectability of these sources. To understand whether they can
be observed, we need to take into account the effective number
of TDEs occurring in the Universe, as we illustrate in the follow-
ing paragraphs.

@

3

“

2.2. Main-sequence stars: Individual detection rates

The rate of detected MS-fTDEs per bin of redshift z, BH mass
M,, stellar mass M,, and pericenter R, can be estimated as
(Toscani et al. 2020; Pfister et al. 2022)

\7fTDEs
NEP® = f dz f dM, f dMm, f dR,

d’T(M,)  4rnc’(z)  D(M,,z)
dM.dR, H(z) 1+z

X O(z, M, M., Ry).
)

2 In this study, we define detectable TDEs those with a S/N > 1 (for
consistency with Pfister et al. 2022), basically treating in the same way
sure and marginal detections. We acknowledge that this threshold is too
low for practical detection. However, since our goal is not to carry out
a data analysis study but to provide a guideline for future research, we
decided to follow this approach.
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The first term on the right-hand side of Eq. (5) is the differ-
ential TDE rate per galaxy, which we express as

d’T(M.)

dML.AR, L(MOF (Mo)p(M.)p(Ry). (6)

I'(M.) is the TDE rate as a function of the BH mass, which we
take from the recent work by Chang et al. (2025)

0.9
121074 yr! (k=) M. < 10° Mo,
I(M.) = LY 0
1251074 yr ! (k) Mo > 100 Mo,

F(M.,) is the fraction of TDEs occurring in the pinhole regime
(Stone & Metzger 2016, Eq. 29). y/(R),) is the uniform pericenter
distribution (in agreement with loss cone theory). ¢(M.) is the
Kroupa initial stellar mass function (Kroupa 2001),

M, 03 M, <0.08 My,
M—” 0.08 My < M, <0.5M,,
M) = <
d(M.) = M‘23 0.5My < M, < 1M,, ®)
M, %7 M, > 1 M,

where the constant, N, is chosen to have a continuous function,
normalized on the interval (0, o). ®(M,, z) is the BH mass func-
tion that, following Pfister et al. (2022), we model as a redshift-
dependent double Schechter function. The function parameters
were obtained by fitting the galaxy mass function of the COS-
MOS field (Eq. 4 and Table I from Davidzon et al. 2017) and
then by converting the galaxy mass into the central BH mass
using the relation by Reines & Volonteri (2015). Finally, ® is a
step function, and is 1 if the gravitational signal from the TDE
with z, M,, M., R, is above the threshold, and O otherwise.
In this calculation, we considered the following ranges for

the variables:

-0<z<3;

10* Mg < M, < 107 Mg;
0.1My < M, < 1My

- Ryn(M,) < R, < R(M,,M,), with Ry, the Schwarzschild
radius of the BH and R, the tidal radius.

The result is illustrated in Fig. 2, where we plot the detection
rates as functions of the S/N thresholds for LISA (blue curve)
and DO (orange curve). The dashed horizontal black line is one
detection in 10 years. We see that while for LISA no detections
of these events are expected, the situation is much better for DO.
In this case, these sources could reach S/Ns of up to ~10, with
the number of detectable events varying from tens to hundreds,
depending sensitively on the detection criteria adopted.

2.3. Main-sequence stars: The background

The GW signal from the entire population of MS-fTDEs can be
expressed as (Phinney 2001; Toscani et al. 2020)

1 dN'e (dE

Ro= , 9
br = 522 % 7 f e & (df) ©)
with
Ntde d E d4 NfTDEs

dM, | dM, | dR

f f f P4zdM.dM.dR, dR,
42 G3 M2M?
— 5( ) (10)
5¢ R; fe
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Fig. 2. Detection rates of MS-fTDEs plotted for different S/N thresh-
olds. The blue curve was calculated considering LISA as the detector,
while the orange curve was obtained considering DO. The observation
time for both instruments is assumed to be 10 years. The dashed black
line is one event over 10 years.
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Fig. 3. MS-fTDEs background (magenta curve) plotted with respect to
the sensitivity curves of LISA (blue line), DO (orange line), and pAres
(black line).

where the differential rate is the same as the integrand in Eq. (5)
without the ® term, since now we also want to include the
sources below the threshold of detectability.

The result is illustrated in Fig. 3, where the magenta curve
represents the background. Compared to the previous plots,
here we also include a third observatory, pAres (Sesana et al.
2021), mainly as a reference given that this part of the fre-
quency window (0.0001-0.001 Hz) will be heavily dominated by
backgrounds from different astrophysical sources (Perego et al.
in prep.). The plot shows that the signal lies orders of magnitude
below the sensitivity curves of the three considered instruments.
Nevertheless, the most informative way to assess its detectabil-
ity is by computing its S/N, accounting for the observation time
of the instrument. Following Eq. (7) of Sesana (2016), assuming
T = 10 years and y = 1, we get an S/N smaller than 1 in all

A7S5, page 3 of 12
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Fig. 4. Detection rates of WD-fTDEs from dwarf galaxies (left panel) and from GCs (right panel) plotted for different S/N thresholds. The blue
curve was calculated considering LISA as the detector, while the orange curve was obtained considering DO. The observation time for both
instruments is assumed to be 10 years. The dashed black line is one event over 10 years. The occupation fraction is 1 for both scenarios.

cases, meaning that the signal will remain undetectable for the
future space-based detectors considered in this study.

Finally, it is also worth noting that the signal is much lower
than expected in Toscani et al. (2020). However, a direct compar-
ison is not straightforward due to differences in the integration
limits adopted in the two calculations. To address this, in Sect. 4,
we carry out a detailed analysis to actually understand the origin
of the difference between the two estimates.

2.4. White dwarfs: Individual detection rates

We now focus on the case of WD-fTDEs. This scenario is
intriguing since, as has already been pointed out in Toscani et al.
(2020), due to their compactness they generate gravitational sig-
nals comparable in magnitude to those produced by MS stars (cf.
Fig. 1), although the BHs involved in the disruption are smaller>.

Here in particular we distinguish between two classes of
events, involving WDs disrupted by different populations of
BHs: (i) intermediate-mass BHs in the center of dwarf galax-
ies and (ii) intermediate-mass BHs residing in globular clusters
(GCs). For case (i) the rate of detected WD-fTDE:s is the same as
in Eq. (5) apart from the differential TDE rate per galaxy, which
reads

d*T(M.)

dM.dR, = T(M)F (Mo)S(M.)Y(Ry).

)

The stellar mass distribution is replaced with a § function, since
we consider a WD population monochromatic in mass (with
M, = 0.5Mg, R, = 0.01 Rp). In this case, we assume BHs within
the range 10° My, < M, < 10° My, while for z and R, the limits
are defined as in Sect. 2.2.

3 This is consistent with the traditional description of a TDE, consid-
ered in primis as an electromagnetic source, thus requiring the stellar
pericenter to be outside the BH horizon to be able to detect electromag-
netic emission.
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For case (ii), the differential TDE rate per galaxy becomes

d*’T(M.)

m = F(M.)?(M.)NgC(M.)(S(M*)w(RP)

(12)

We have indicated the BH within the GC as lower-case mi,,
to easily distinguish it from the one within the galactic core.
Nge(M,) is the number of GCs as a function of the central galaxy
BH (Harris & Harris 2011),

M,
. 1
Nee (4.O7><105Mo) (13)

This formula requires that M, > 10°M; in order to have at
least one GC per galaxy; in particular, we consider the range
10°M, < M, < 10% My. We assume that the occupation fraction
of intermediate-mass BHs in GCs is 1 and we take a fixed size of
me = 103 M. The limits for z and R, are defined as in Sect. 2.2.
The results are illustrated in Fig. 4, in the left panel for WD-
fTDEs in dwarf galaxies and in the right panel for WD-fTDEs
from GCs. While LISA will not be able to see any emission
from these sources, DO may marginally detect up to a few tens
of fTDEs from GCs with S/N between 1 and 4. As for fTDEs
from dwarf galaxies, the detection prospects improve signifi-
cantly (with maximum S/N ~ 45), with expected observations
ranging from tens to hundreds depending on the S/N threshold.

2.5. White dwarfs: The background

The background from WD-fTDEs is expressed with the same
formula as in Eq. (9), yet this time we write the rate of sources
per redshift bin considering the differential rates described in
Sect. 2.4. The results are illustrated in Fig. 5, where in the left
panel we show WD-fTDEs background from dwarf galaxies,
while in the right panel the WD-fTDEs background from GCs.
As was done in the case of the MS background, we computed
the S/N for these scenarios as well. In all cases, the S/N remains
below 1, with the exception of the GWB produced by WD-
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Fig. 5. WD-fTDEs background from dwarf galaxies (dark green line, left panel) and WD-fTDEs background from GCs (light green line, right
panel). We assume that the mass of the intermediate-mass BH in each GC is 10> M, and that the occupation fraction is equal to 1 for both scenarios.
Both signals are plotted with respect to the sensitivity curves of LISA (blue line), DO (orange line), and pAres (black line).

fTDEs in dwarf galaxies. For this specific signal, the S/N for DO
is approximately 19, assuming a 10-year observation period*.

3. Repeated partial disruptions

In this section we cover rpTDEs, which occur under the empty
loss cone regime, i.e., when ¢ < 1 (cf. Section 2). We antici-
pate that our results show that even in an (unrealistic) optimistic
scenario — with all the bursts from each TDE above threshold —
the rate of detections is below one in 10 years. Nevertheless, we
outline the methodology used to derive these rates, since it can
also be a useful technique for other transient sources.

3.1. Individual detections

We considered four rpTDE populations, created with the
methodology described in Broggi et al. (2024). In each popu-
lation we have Sun-like stars, disrupted by four different BH
sizes: M| = 10* My, My = 3 X 10° My, M3 = 4 x 10° M, and
M, = 107 My, In each scenario, we assume that the j-th rpTDE
is characterized by a constant period, P;, between subsequent
passages. This means that each rpTDE is modeled as a series of
periodic bursts®.

Let Atqps represent the detector observation time, assumed to
be 10 years. There are two possible scenarios:

1. long period, P; > Atgs: the detector observes only a single
burst (the first or any subsequent one) from the j-th rpTDE,
and no S/N accumulation occurs;

2. short period, P; < Atgs: more consecutive bursts produced
by the j-th rpTDE accumulate at the detector.

To address this, we began by considering an rpTDE char-
acterized by an initial specific orbital energy, €;. The disruption

4 Note that, while calculating the detection rates and background con-
tributions of WD-fTDEs, we assume an occupation fraction of 1 for
both GCs and dwarf galaxies. This assumption is further discussed in
Appendix A. In Appendix B, we also explore the case where the BH
hosted within the GC is lighter.

5 In reality, P; evolves with the orbital energy, but assuming it is con-
stant serves as a reasonable first approximation.

rate for events within the energy range [€;, €; + de;] is given by

oN
Fj = dEj d_Ej . (]4)
The i-th passage from the j-th rpTDE occurred at
Tnow — Tiravel — (l - ])Pj 5 (15)

where tiave1 18 the time the signal needs to travel from the event
to the detector. This leads us to assign a weight, w, to the event
(detection of the i-th burst or a sequence of bursts starting with
the i-th), expressing the relative probability of observing such an
event within Afq.

In general, since the event has been produced between f; =
thow — t and ) = thow — tavel — f, we defined the corre-

sponding relative weight as

Tiravel —

" T, dr
fAtobs r; dr

ti —
'

= (16)
Al‘obs

w =

and it can be interpreted as the fraction of relevant events.

3.2. Long period
The rate of detected rpTDEs will be

rpTDEi
TDE det
NPTDES fdzfde — = (17)
drcy®  D(7) dN
—~ [ de— x©
“He “T+z) % X0

®(z) is the distribution of BHs through the Universe, assuming
a fixed BH mass among the four listed above. It is determined
by integrating the BH mass over a specific mass bin, considering
this value as a representative estimate,

b
®(2) = T(a, b, M.) f AM. (M. 2), (18)

A7S5, page 5 of 12
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where

1 a< M, <b,
0 else.

(a, b, M) = O(M, — a)O(b — M.) = { (19)

Each mass bin is taken centered on the BH mass considered.
The integral over the specific orbital energy can be written as
a discrete sum over the energy bins,
Nburxu(AE/

ZAE] @ ZAEJ > e

Since the detector can potentially see the first or any subsequent
bursts from the j-th rpTDE, the corresponding ®; will range
from 0 to Npursis(A€;), depending on how many bursts are above
the threshold.

(20)

3.3. Short period

When the observational time is longer than the time between
subsequent passages, the detector will collect signal by more
passages of the same star, so that the strain of the event will
accumulate. We first defined the quantities 7i; and p; < P; as
Atobs Zﬁij+pj, (21)
where 7i; represents the maximum (integer) number of subse-
quent signals that the detector can accumulate. In particular the
detector can receive

1. the first 1 <i < 71 signals, each with weight w, = P;/Atops;
2. a set of 7i; + 1 subsequent signals, each with weight wg =

p j/ Atubs;

3. aset of ii subsequent signals, each with weight w, = (P; -

P/ Alobs;

4. the last 7 signals, with 1 < i < 71, each with weight ws =

P j/ Al‘obs~

To better understand these categories, let us consider a prac-
tical example, where we have Nyyrs = 5 and P; = 3 years. Then
we have
=3, p=1year. 22)
Calling n; = I'jAtops the number of rpTDEs generated at energy
E, the detector can observe the following combinations of bursts
with corresponding weights:

— passage 1; total number of events: 0.3n;;
passage 1 and 2; total number of events: 0.3n;
passage 1 and 2 and 3; total number of events: 0.3n;
passage 1 and 2 and 3 and 4; total number of events: 0.1n;;
passage 2 and 3 and 4; total number of events: 0.2n;
passage 2 and 3 and 4 and 5; total number of events: 0.1n;;
passage 3 and 4 and 5; total number of events: 0.3n;;
passage 4 and 5; total number of events: 0.3n;;

— passage 5; total number of events: 0.3n;.

For the detection rate, the main difference from the case
described in the previous paragraph lies in the way ©; is
expressed. Here ©; is the linear combination of the weighted ©;
corresponding to the different combinations of passages. Con-
sidering the example before, ®; will range among 0 and

@j =wo0®; + W@ + w, 03 + Wﬁ®4 + Wﬁ®5 + W»y@)é

~2.72,
(23)

P.
H—2

+ wsO7 + ws®g + wsBg = 1 + (Nbursl - AL
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Fig. 6. Background signals from different populations of rpTDEs: the
solid blue line is the signal from rpTDEs with a BH of mass M, =
10* My, the solid purple line the one with M, = 3 x 10° My, the solid
green line the one with M, = 4 x 10°M,, and the solid gray line the
one with M, = 10’ M. The dashed brown line is the sum of all the
backgrounds.

if all the combination of bursts are above the S/N threshold.
This occurs because if the root sum square S/N of a specific
combination of passages is above a certain threshold, then the
corresponding ®; is set to 1, but it is still multiplied by a
weight (less than 1). Thus, Eq. (23) states that the total ® for
the j-th rpTDE is the weighted sum of the ®; values for each
valid burst combination of that rpTDE. The theoretical upper
limit corresponds to the case in which all ®; are equal to 1,
so the total becomes the sum of the weights for that rpTDE.
Our calculation shows that none of the detector configurations
under consideration will observe individual detections of these
events.

3.4. The background
The background from rpTDE:s is

, 4ncy? (Zz) O(z)
hc pOp C f Z A H( 1) (1 + ZI)XZ(ZI)
NLE

xZAeJ Z

with dE;/df being the energy spectrum (Eq. (3)) from the i-th
burst. So, contrary to the previous case for individual detections,
here we sum over all passages without considering specific com-
binations of bursts.

The results are shown in Fig. 6, where the signals corre-
sponding to different BH masses are represented by solid lines
in various colors (M, = 10* M, — blue, M, = 3 x 10° M, — red,
M3 = 4 x 10° M, — purple, and My = 10" My, — gray). The com-
bined signal, which includes contributions from all these masses,
is depicted with a dashed brown line. Notably, the most signif-
icant contribution, dominating over the others, comes from the
population with M, = 4 x 10° My, which is the case in which
there is the highest number of TDEs around ¢ = 1. For higher
BH masses, since all TDEs are distributed around values of g
strictly smaller than one, the total GW emission is becoming less

(24)
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Fig. 7. S/N computed for the DO instrument considered in this work. Left: S/N as a function of stellar mass for a fTDE around a 4 x 10° M, BH at
8 kpc. Right: S/N as a function of BH mass for a fTDE of a 0.1 Mg MS star, also at 8 kpc. In both panels, the dashed line represents the S/N from
Eq. (4), while the dots show the S/N estimates based on the monochromatic burst approximation (cf. Pfister et al. 2022).

relevant. In fact, systems with a larger M, produce TDEs exclu-
sively in the empty loss cone regime. While this increases the
number of subsequent partial disruptions, the small values of ¢
(<1073) imply that the pericenter at which the sequence of partial
disruptions occurs is so large, corresponding to lower-frequency
GW bursts. This pushes the signal outside of the LISA band, as
is clearly demonstrated by the corresponding contribution to the
GWB shown in Fig. 6 by the gray line. The S/N for this back-
ground from rpTDEs is below 1 for all the three instruments con-
sidered.

4. Discussion

Our study shows that the detection of rpTDEs with GWs will
be unlikely in the near future. This is related to the typical
values of the penetration factor that characterize these events.
The penetration factor is a dimensionless quantity defined
as

R

’B:Rp’

(25)
which, in the empty loss cone regime, is smaller than 1. In
fact, two-body relaxation is the main mechanism for a star on
a given orbit to change its orbital parameters. Quantitatively, a
star with a pericenter comparable to its tidal radius will stay
on average 1/q periods on the same orbit before significantly
changing its angular momentum (Bortolas et al. 2023). When
q is small, the relaxation is very slow and stars will gradu-
ally increase their penetration factor from ~0 up to a critical
value such that in ~1/g orbits the star is completely destroyed
because of the subsequent partial disruptions happened. Since
the mass lost at each passage is smaller when S is smaller, a
general trend emerges: the smaller the g, the smaller the mass
loss at each passage, and the smaller the corresponding pene-
tration factor. A direct consequence is that, in a given galaxy,
the greatest GW emission of repeating partial disruptions cor-
responds to energies such that ¢ — 17, i.e., systems with a
number of repetitions on the order of unity as these stars will
emit their bursts close to the tidal radius. Systems with masses
of M, > 4 x 10°M,, produce the vast majority of their TDEs

where ¢ < 1072, meaning that the pericenter of the correspond-
ing rPTDEs is large. Because of the larger pericenter, empty loss
cone sources result in GW emission peaked around lower fre-
quencies than the GWs emitted by TDEs in the full loss cone
scenario. In such a low-frequency window, future instruments
are not sensitive enough to observe them, and also the accumu-
lation of S/N due to multiple passages of the star around the BH
is not enough to overcome this problem. As for the fTDE sce-
nario, the situation seems more promising, as we analyze in the
following.

4.1. Individual detections of fTDEs
4.1.1. MS-fTDEs: S/N

We start our analysis by examining the impact of including har-
monics on the S/N of TDEs. In the left panel of Fig. 7 we plot
the S/N for a MS-fTDE with a fixed BH mass of 4 x 10° M,
at a distance of 8 kpc. We consider stellar masses in the range
0.1Mpy < M, < 1My, each disrupted at a pericenter equal
to their tidal radius and, for illustrative purposes, we only con-
sider the DO detector. The dashed line represents the S/N com-
puted using Eq. (4), while the dots show the S/N estimates fol-
lowing the prescription of Pfister et al. (2022) (hereafter P22),
which models the GW signal from a TDE as a monochro-
matic burst. The curve that includes the contribution from har-
monics is consistently higher, with the discrepancy becoming
more relevant at lower stellar masses, reaching up to a fac-
tor of ~2. Additionally, we observe an interesting trend: the
S/N decreases with increasing stellar mass. Although this may
seem counterintuitive, it results from the signal peak shifting
toward a less favorable frequency range as the stellar mass
increases.

In the right panel of the same figure, we consider instead
the S/N of a 0.1 Mg MS-star at 8 kpc, destroyed by a BH of
mass ranging in the interval 10*My < M, < 10’ Mo. As in
the previous case, the estimate that includes all harmonic con-
tributions yields a higher S/N, with differences reaching up to a
factor of ~2. However, in contrast to the earlier trend, the S/N
ratio increases with BH mass — this is because the signal reaches
a higher peak for more massive BHs.

A7S5, page 7 of 12
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Fig. 8. GWB from a population of MS-fTDEs, calculated with the same
integration limits as in Toscani et al. (2020) (violet curve). The gray line
represents the original signal as in Toscani et al. (2020).

4.1.2. MS-fTDEs: Detection rates

If we compare our results (Fig. 2) with those presented in P22
(Fig. 10)°, our detection rates are lower. This discrepancy is first
due to the lower TDE rate adopted in this work (cf. Fig. 8 from
P22 and left panel of Fig. 10 below). However, since our cho-
sen TDE rate is based on observational constraints, we consider
it a reliable estimate. Then, the detector curves that we use in
this work are also different. The LISA sensitivity adopted in this
study is more accurate, since we also include the noise from
galactic WD binaries, which in contrast makes our curve less
optimistic than the one used in P22, especially in the frequency
window where the signal from MS-fTDEs peaks. For DO, the
curve we use falls between the ALIA and DECIGO/BBO sensi-
tivities presented in P22. Thus, it is not possible to do an exact
one-to-one comparison. Nevertheless, our findings are consistent
with the main prediction of that study, i.e., the detectors operat-
ing in the decihertz range are more likely to observe these events.

4.1.3. WD-fTDEs

As for WD-fTDEzs, from Fig. 4 we conclude that we have no pos-
sible detection foreseen for LISA. However, if we consider the
DO detector, the situation becomes more optimistic. Indeed, it
could marginally see up to a few tens of WD-fTDEs from GCs.
This is still a very uncertain number, mainly due to the strong
constraints we put on our estimates (a fixed BH mass of 1000
solar masses in all the GCs and occupation fraction of 1), but
given the uncertainty surrounding the presence of intermediate-
mass BHs in these environments, we could not adjust these esti-
mates any further. The detection rates instead increase to hun-
dreds over a 10 year time observation if we consider WD-fTDEs
from dwarf galaxies, with S/Ns up to ~45. With respect to MS
stars, this scenario is clearly favored due to the typical peak fre-

6 The results in Fig. 10 of P22 are detections over 1 year. So, in order
to have detection over 10 years, they need to be multiplied by a factor
10.
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quencies of these signals, ~0.1 Hz, which fall around the most
sensitive region of the detector.

4.2. The background of fTDEs

Let us now analyze the MS-background signal. As was antici-
pated in Sect. 2.2, a direct one-to-one comparison between our
results and those of Toscani et al. (2020) (T20 from now on) is
challenging due to differences in the integration limits. There-
fore, our first step is to reproduce the results of T20 considering
the same regime of integration, while employing our current pre-
scription for the background. The outcome of this comparison
is illustrated in Fig. 8, where we observe that, in the frequency
range where the T20 signal is represented, our signal differs by
approximately two orders of magnitude (before the steep fall at
0.01 Hz).

To understand the origin of this discrepancy, we imple-
mented the following modifications step by step. First of all, the
limits used in T20 are the following: 0 < z < 3, IMy < M, <
100M,, 10°Mg < M, < 108My, and 1 < B8 < Brmax (M., M.,).
Note that in the work of T20 they consider the dimension-
less parameter S instead of the pericenter, with By, calculated
assuming the pericenter equal to the Schwarzschild radius of the
BH.

First, instead of using the energy spectrum described in
Eq. (3), we adopted the version presented in T20. This alternative
spectrum differs mainly by a constant factor of ~80, which arises
from a different approximation used in T20, as well as from the
omission of harmonics. The exclusion of harmonics restores the
characteristic frequency dependence f~%°, which is a key result
highlighted in T20. Furthermore, the change in the constant fac-
tor leads to an enhancement of the signal by roughly one order
of magnitude (Fig. 9, left panel).

Next, employing the same TDE rate and BH mass func-
tion as in the previous work, we observe an additional increase
by a factor of ~5 (Fig. 9, central panel). Finally, we mod-
ified the stellar mass function. Instead of using the function
defined in Eq. (8), normalized within the mass range (1 Mo,
100 M), we used the normalized stellar mass function as in T20,
oc M3 (Fig. 9, right panel). Thus, we recovered the results from
T20.

While the difference arising from our chosen energy spec-
trum is inherent to the motivation of our work and cannot be
altered, we illustrate in Fig. 10 the TDE rate, BH mass func-
tion, and stellar mass function used in T20 and in this study.
The most significant discrepancy lies in the TDE rate, which
differs by more than two orders of magnitude at both low
and high BH masses. The BH mass function also shows a
notable difference, particularly for BH masses above 10° M.
Similarly, the stellar mass function adopted in T20 assigns
greater weight to more massive stars. However, our choice of
TDE rate is guided by observation constraints, and the stel-
lar mass function used in this work is more physically rea-
sonable. We therefore regard the current, more conservative
results as reliable and an updated version of the results of
T20. Yet, this results in a GWB with S/N smaller than 1 even
if we assume 10 years of observation for each of the three
instruments.

As for the WD-fTDE background, we have that the signal
produced within GCs is found to be undetectable. In contrast, the
GWB generated by WDs disrupted by intermediate-mass BHs
in dwarf galaxies appears much more promising: with an S/N of
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Stellar mass function. In brown we show the functions used in T20, while in purple we show the functions used in this current work.

approximately 19 over a 10-year observation period, it falls well
within the sensitivity range of DO. Thus, these TDEs offer one
of the most promising avenues for probing the existence of the
elusive population of intermediate-mass BHs, for which obser-
vational evidence remains extremely limited to date.

5. Conclusions

In this work, we have computed the detection rates of TDEs for
two future space-based GW detectors: LISA and DO. Compared
to previous studies, our analysis benefits from more realistic sen-
sitivity curves and improved modeling, including the full contri-
bution of all harmonics in the energy spectrum.

For stars fully disrupted in a single passage, our results,
although more conservative, are in agreement with previous
studies and they confirm a key finding: these sources are
promising targets for decihertz observatories, but unlikely to be
detectable by LISA. Among the most compelling targets are
WDs disrupted by intermediate-mass BHs in dwarf galaxies.
These events stand out both as individually detectable sources
— with detection rates over 10 years ranging from tens to hun-
dreds depending on the S/N threshold considered — and as the
only class producing a background potentially strong enough to
be observed (S/N ~ 19 over a 10-year period of observation).

Furthermore, for the first time, we have considered the GW
emission from repeated disruptions, considering two scenarios:
the case in which the period between each passage is longer than
the detector lifetime and the case in which it is shorter, poten-
tially leading to an accumulation of bursts (and S/N) at the detec-
tor. We find that the largest signal comes from systems with a

BH mass of around 4 x 10° M. Systems with less massive BHs
produce only a small number of rpTDEs, and overall their GW
signal decreases. Systems with larger BHs, on the other hand,
predominantly produce rpTDEs, but at pericenters too large to
emit detectable GW signals — even considering the accumulation
of multiple passages. Unfortunately, our findings show that the
detection of these events with GWs is unlikely in the near future.
With this work, we provide updated estimates of the GW emis-
sion from TDEs, and we hope that this can be a useful reference
to drive the development of decihertz detectors.
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Appendix A: Occupation fraction
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Fig. A.1. Left panel: detection rates of WD-fTDEs from dwarf galaxies plotted for different S/N thresholds. Right panel: GWB from WD-fTDEs
from dwarf galaxies. The color scheme and the detectors are the same as in Fig. 4-5. The solid line represents an occupation fraction of 1, while
the dotted line an occupation fraction as in Gallo & Sesana 2019.

While calculating the WD-fTDEs detection rates and background for dwarf galaxies, we considered the same BH mass function
as in Pfister et al. 2022, which assumes an occupation fraction of 1. While this is in general true for supermassive BHs in galactic
cores, the situation for intermediate-mass BHs is likely different and dependent on the galaxy mass. To account for this, we repeated
the calculation using an occupation fraction that depends on the stellar mass of the host galaxy. This factor enters Eq. (6) as a
multiplicative term modifying the BH mass function. Specifically, we implemented the parametrization proposed by Gallo & Sesana
2019,

M.
Aoce(Mga1) = 0.5 + 0.5 = tanh (2.5'8'9“°gMg“‘=0/M®' log —gal) (A.1)

M gal,0

with M, galaxy stellar mass and Mga 9 parameter that we assume equal to 1031"M,, (cf. Fig. 1 of Gallo & Sesana 2019). Mg, can
be converted in the BH mass using the relation from Reines & Volonteri 2015.

The results obtained using this revised occupation fraction are shown in Fig. A.1. The left panel presents the individual detection
rates, while the right panel displays the background. Although some variations are noticeable, they do not significantly impact
the conclusions discussed in the main body of the paper. Given this, and considering the current uncertainties surrounding the
distribution of intermediate-mass BHs in dwarf galaxies, we regard the results in the main text as a valid upper limit.

For GCs, the situation is even more uncertain. To explore the impact on detection rates, we simply assume a constant occupation
fraction Aoc.. This parameter acts as a multiplicative factor on the TDE rate per cluster, while the GWB scales with VAo. Also in
this scenario, given the significant uncertainty associated with this parameter, we continue to treat the results presented in the main
text as a valid upper limit.

Appendix B: Lighter intermediate-mass BH

We have also investigated the GW signal from a population of WD—fTDEs occurring in GCs hosting BHs with masses of 500M.
As shown in Fig. B.1, both the detection rates and the background are generally lower than those presented earlier in the main
text, making the detection of such events even less likely. However, obtaining a more realistic estimate will ultimately require
observational constraints on the intermediate-mass BH population in GCs.
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Fig. B.1. Left panel: detection rates of WD-fTDEs from GCs plotted for different S/N thresholds. Right panel: GWB from WD-fTDEs from GCs.
The color scheme and the detectors are the same as in Fig. 4-5. The solid line represents an intermediate-mass BH of 10°M,, while the dotted line

one of 500M,.
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