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Abstract

The emission from shock breakouts (SBOs) represents the earliest electromagnetic (EM) signal emitted by cataclysmic
events involving the formation or the merger of neutron stars (NSs). As such, SBOs carry unique information on the
structure of their progenitors and on the explosion energy. The characteristic SBO emission is expected in the UV range,
and its detection is one of the key targets of the ULTRASAT satellite. Among SBO sources, we focus on a specific class
involving the formation of fast-spinning magnetars in the core-collapse of massive stars. Fast-spinning magnetars are
expected to produce a specific signature in the early UV supernova light curve, powered by the extra spin energy quickly
released by the NS. Moreover, they are considered as optimal candidates for the emission of long-transient gravitational
wave (GW) signals, the detection of which requires early EM triggers to boost the sensitivity of dedicated GW search
pipelines.We calculate early supernova UV light curves in the presence of a magnetar central engine, as a function of the
explosion energy, ejecta mass, and magnetar parameters.We then estimate the ULTRASAT detection horizon (z< 0.15)
as a function of the same physical parameters, and the overall expected detection rate, finding that magnetar-powered
SBOs may represent up to 1/5 of the total events detected by ULTRASAT.Moreover, at the expected sensitivity of the
LIGO/Virgo/Kagra O5 science run, one such event occurring within 5Mpc will provide an ideal trigger for a GW long-
transient search. Future GW detectors like the Einstein Telescope will push the horizon for joint EM-GW detections to
35–40Mpc.

Unified Astronomy Thesaurus concepts: Magnetars (992); Near ultraviolet astronomy (1094); Core-collapse
supernovae (304)

1. Introduction

Over the last decade, major observational efforts in
astronomy have been devoted to time domain surveys (e.g.,
Zwicky Transient Facility (ZTF), EUCLID, eROSITA, Square
Kilometre Array, Vera C. Rubin Observatory), aimed at
exploiting the great discovery potential of explosive transients
produced in cosmic cataclysms. Many among such events are
expected to produce a characteristically bright emission in the
UV band (Sagiv et al. 2014; Kulkarni et al. 2021), a poorly
covered spectral range in the multiwavelength monitoring of
astrophysical transients. The Ultraviolet Transient Astronomy
Satellite (ULTRASAT), scheduled for launch in 2026, is a
small mission dedicated to time domain observations in the
near-UV (NUV) band, and will carry out the first wide-field
survey of transient and variable sources, with a much larger
horizon than previous UV satellites. A key goal of ULTRA-
SAT is the early (hr) detection of hundreds of core-collapse
supernovae (CCSNe) and the high-cadence (minutes) monitor-
ing of their UV light curves. Approximately 10% of CCSNe are
expected to lead to the birth of magnetars (Beniamini et al.
2019), i.e., highly magnetic neutron stars (NSs) thought to be
born with millisecond spin (Duncan & Thompson 1992;
Thompson & Duncan 1993; see also Dall’Osso & Stella 2022
and references therein). Due to these unique properties, newly
formed magnetars can be powerful machines capable of
injecting large amounts of energy and driving a shock through
the expanding ejecta. Once this shock breaks out of the ejecta a

characteristic UV signature is expected in the early supernova
light curve, i.e., a magnetar-driven shock breakout4 (SBO; e.g.,
Kasen & Bildsten 2010; Leloudas et al. 2012; Nicholl et al.
2015; Kasen et al. 2016; Liu et al. 2021). The launch of
ULTRASAT thus represents an ideal opportunity for the first
identification of newly born magnetars, which will settle a
long-standing debate about their origin and role in various
astrophysical transients.
Moreover, newly born magnetars are expected to emit long-

lasting gravitational wave (GW) transients in the first hours
after their birth (Cutler 2002; Corsi & Mészáros 2009;
Dall’Osso et al. 2009, 2015, 2018; Lander & Jones 2020;
Sur & Haskell 2021). Such GW signals can be much stronger
than that from the core-collapse (CC) itself and therefore
detectable up to larger distances. Thus, even though magnetars
occur only in ∼10% of CCSNe, they can be detected in GWs
with a larger event rate if the search horizon is 2–3 times that
of CCSNe. Such an horizon can indeed be achieved and even
exceeded, at the sensitivity of the LIGO/Virgo/Kagra (LVK)
O4-O5 science runs, in the presence of an electromagnetic
(EM) trigger,5 e.g., the magnetar-driven SBO that ULTRASAT
will provide.
In this paper we assess the detectability of magnetar-

powered SBOs with ULTRASAT. Building on existing models
(Kasen et al. 2016; Liu et al. 2021), in Section 2 we calculate
the SBO peak luminosity, photospheric radius, and peak
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1 Mpc (Abbott et al. 2019).
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temperature as a function of the relevant NS parameters (spin
period, P, and dipole magnetic field, B). In Section 3 we
translate these parameters into an ULTRASAT detection
horizon, given the detector’s sensitivity in the 0.22–0.28 μm
window. In Section 4 we estimate, by exploring different
parameter distributions within the extragalactic magnetar
population, the implied ULTRASAT detection rate of magne-
tar-powered SBOs, and the prospects for joint detections of the
associated GW long transients. We summarize our conclusions
in Section 5.

2. Magnetar-driven SBO Light Curves

A newly born millisecond spinning magnetar, with angular
velocity Ω= 2π/P and moment of inertia I, has the rotational
energy
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expressing the spin period in milliseconds, the mass in units of
1.4 Me, and setting the radius R= 12 km. The NS spins down
due to magnetic dipole radiation on the timescale (Spit-
kovsky 2006)
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for an aligned rotator (dipole B-field in units of 1014 G),
releasing rotational energy at the rate
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The released energy inflates a high-pressure bubble of
relativistic particles and magnetic field that sweeps the
previously launched SN ejecta into a thin shell, driving a
shock through it. Here we model the physics of this interaction
according to the prescription by Kasen et al. (2016), adopting a
characteristic explosion energy of 1051 erg.6 The density profile
within the ejecta shell can be approximated by a broken power
law, which is shallow in the inner region and becomes very
steep close to the surface:
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with the transition occurring at the velocity coordinate
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for an homologous expansion of the shell. Typical values are
δ= 1 and n= 10 for CCSNe (Chevalier & Soker 1989), while
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By using the mass, momentum, and energy equations for the
shock (Kasen et al. 2016), we can determine its radius rs as a
function of time:
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where ttr is the time it takes for the shock to propagate through
the inner ejecta,
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Inside the shock, energy is dissipated at the rate sh,
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where vej= rs/t is the ejecta velocity at radius rs and η is the
shock strength parameter
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vs being the shock velocity. The shock will become radiative
once it reaches the region within the ejecta where the photon
optical depth τ≈ c/vs. This SBO happens at radius
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and κ= 0.1 cm2 g−1 the opacity of the ejecta material.
Equating the breakout radius rbo to the shock radius rs, we
obtain the SBO time,
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Most of the radiation will escape from the region where the
photon optical depth τ≈ 1, which defines the photospheric
radius,

⎜ ⎟
⎛
⎝

⎞
⎠

( )
( ) ( )

=
- -

r v t
t

t
1.2 . 18p t d

d

n n
bo

3 1

The resulting luminosity evolution is (Kasen et al. 2016)
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Figure 1 depicts the time evolution of the shock heating rate
(left panel) and of the SBO bolometric luminosity (right panel)

6 Small deviations from this fiducial value would not affect the model in
significant ways. In the future we plan to address the more general cases of
much lower, or much larger, explosion energies, which would impact some of
the model prescriptions adopted here.
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for selected values of the magnetar spin period and magnetic
dipole field (see the caption for details). We verified that the
SBO light-curve peak corresponds approximately to the shock
heating rate at the SBO time, tbo, and can therefore be
expressed as
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3. Peak Luminosity in the ULTRASAT Band and Detection
Horizon

The amount of SBO radiation going into the ULTRASAT
observing band (l = 220 nm;min l = 280max nm) can be
estimated from the expected blackbody emission
spectrum. Formally, the SBO peak luminosity in the observed
UV band, LUV

peak, can be expressed as a fraction fUV of Lsbo
peak,

where
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Bλ is the spectral radiance per unit wavelength, σ the Stefan–
Boltzmann constant and, Tbb the blackbody temperature, which
is determined by the bolometric peak luminosity and the
photospheric radius. The latter quantities depend, according to
Equations (20) and (18), on the magnetar parameters (B, P) as
well as on the SN parameters (E M,SN SN). Note that, in
Equation (21), the observed spectral range must be calculated
at the source, i.e., taking into account the cosmological
redshift. Thus, fUV is a function of z as well as of the source
physics parameters. Correspondingly, we can derive a max-
imum redshift, zmax, for detection as a function of the
blackbody temperature, given the ULTRASAT mean limiting
magnitude of 22.4 ABmag in the 220–280 nm band (Shvartz-
vald et al. 2023). This maximum redshift can then be expressed

as a function of ( )B P E M, , ,SN SN where, as illustrated in the
right panel of Figure 1, the dependence of Lsbo

peak
—hence of

zmax—on the ejecta mass is mild at most.
Up to this point, our estimate does not account for the effects

of extinction in the host galaxy.7 While these are expected to
present wide variations among different events, we adopt an
average value of ANUV∼ 1.75 mag based on past UV
observations of similar sources with Swift/UVOT or GALEX
(Ganot et al. 2016). Figure 2 shows our model results as
contour plots of Lsbo

peak, rp, and Tbb versus (B, P), for fixed
parameters of the SN ejecta, =E 10SN

51 erg and =M M5SN .
Figure 3 depicts the value of zmax as a function of the magnetar
parameters, for the same SN ejecta properties, with (left panel)
or without (right panel) extinction.

4. Expected Event Rate and Multimessenger Implications

Our results indicate that magnetar-driven SBOs can be
detected by ULTRASAT out to a distance »D 300L,max Mpc
for an extinction ANUV= 1.75 mag, with a significant
dependence on the B-field and spin energy of the NS. In order
to estimate an expected rate of detections we must therefore
average the zmax distribution (Figure 3) over the probability
distribution of magnetar parameters within the population. To
this goal, we will use both the unextinguished and the
extinguished values of zmax versus (B, P), in order to provide
a measure of the impact of extinction.
The B- and P-probability distributions of magnetars at birth

are currently unknown. Thus, we will adopt agnostic distribu-
tions for both parameters, i.e., a constant in logarithmic
intervals, IP(B)= kB/B and IP(P)= kP/P. Later we will check
the dependence of our results on this assumption, by changing
this prior. With these provisions, the expected number of events

Figure 1. Left panel: shock heating rate, sh vs. time (Equation (12)) for fiducial parameter values of the SN ejecta ( =E 10SN
51 erg, =M M5SN ) and three sets of (P,

B)-values for the magnetar central engine, as indicated in the legend. Right panel: bolometric SBO light curve (Equation (19)) for the same set of parameters as in the
left panel. The dashed and dotted–dashed red curves are for the same magnetar as the solid red curve, but for different ejecta masses: 2 Me (dashed) or 10Me (dotted–
dashed). The impact of changing the ejecta mass is substantially smaller than that of different magnetar parameters, to which our model is much more sensitive. In
particular, while the (bolometric) peak luminosity has a moderate dependence on the magnetar spin and B-field, the light-curve evolution and peak time are strongly
dependent on these parameters. For reference the peak time of the blue, green, and red solid curves are, respectively, ≈0.2, 0.7, and 5.5 days.

7 The minor extinction within our Galaxy is discussed, e.g., in Ganot et al.
(2016).

3

The Astrophysical Journal, 955:12 (6pp), 2023 September 20 Menon, Guetta, & Dall’Osso



per year that can be detected with ULTRASAT is expressed as
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where ( ) z is the comoving volumetric rate of SNe that lead to
the formation of a magnetar, which we take to be ∼0.1 of the
rate of CCSNe (Gaensler et al. 2005; Beniamini et al.
2019). The (1+ z)−1 factor in the integrand is to account for
the time dilation of the rate. The latter is given by Madau &
Dickinson (2014):
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where = -k M0.0068CC
1 is the number of stars that explode as

SNe per unit mass, for a Salpeter initial mass function
(IMF)with =M M8min and =M M40max enclosing the
stellar mass range that will lead to the formation of an NS.

The comoving volume element dV(z) is
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with the cosmological parameters ΩM= 0.685, ΩΛ= 0.315,
and Ωk= 0 (Aghanim et al. 2020).

Plugging everything into Equation (22), we finally obtain
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Choosing the range of relevant spin periods 0.8–24 ms and
of dipole B-fields (0.5–50)× 1014 G, and limiting our
calculation to the ULTRASAT high-cadence (∼300 s) survey
with a field of view ∼204 deg2 (Shvartzvald et al. 2023),
Equation (26) gives  ( – )»N 3 30ev yr−1, depending on the
amount of extinction (ANUV= 0–1.75 mag) and on the ejecta
mass ( –=M M5 10SN ). While we have assumed that ∼10% of
CCSNe can form a magnetar, their detectability is increased
over “typical” SBO sources if the average ANUV 0.8 mag,
leading to a larger expected fraction (∼10%–20%) of
magnetar-powered SBOs among ULTRASAT detections. If,
on the other hand, ANUV= 0.8–1.75 mag, we expect ∼2%–

10% of such detections to include a magnetar central engine.
While millisecond spinning magnetars have been proposed

as central engines in superluminous supernovae (SLSNe) by
several authors (e.g., Kasen & Bildsten 2010; Woosley 2010;
Mazzali et al. 2014; Nicholl et al. 2015; Kasen et al. 2016), the
model discussed here does not necessarily imply that an SLSN
should be associated to a magnetar-driven SBO. Actually, the
rate of SLSNe is estimated to be orders of magnitude lower
than the magnetar birth rate (Quimby et al. 2013), and indeed
represents an issue for any progenitor model, likely pointing to
the existence of additional conditions—besides a powerful
central engine—to be met in order for an SLSN to occur. Some
of these conditions were already discussed (e.g., Metzger et al.
2015; Kasen et al. 2016); we add here, and discuss further
below, that a dominant GW spindown in the early hours after a
magnetar birth may provide an additional, straightforward
interpretation for this rate mismatch (see, e.g., Dall’Osso &
Stella 2007, 2022; Dall’Osso et al. 2009, 2015, 2018).
To evaluate the robustness of our prediction, we repeated the

estimate by adopting a Gaussian prior for the B-distribution,
peaking at B0,14= 5 and with a σB,14= 2.5 in order to
reproduce the B-range for known magnetars within a 3σ

Figure 2. Left panel: the bolometric SBO peak luminosity, LSBO
peak in units of 1043 erg s−1, as a function of the magnetar parameters (B, P; Equation (20)), for fixed

ejecta parameters, =E 10SN
51 erg and =M M5 ;SN Middle panel: photospheric radius, rp, in units of 10

14 cm, as a function of the magnetar parameters (B, P), and the
same ejecta properties as in the left panel. Right panel: effective blackbody temperature, Tbb, in units of 104 K, vs. magnetar parameters as derived from the relation

ps=L r T4 pSBO
peak 2

bb
4 , for the same ejecta properties as in the previous panels.
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interval. Because we expect a spin period distribution that is
peaked around a few milliseconds, we maintain the log-
uniform distribution as the best prior representation for P. The
expected detection rate for magnetar-powered SBOs becomes
in this case ∼(2–20) yr−1, showing that our prediction is robust
with respect to the prior.

The NS spin and B-field play a key role in shaping the light
curves of magnetar-driven SBOs, as shown in Section 2.
ULTRASAT detections can therefore provide crucial evidence
for the presence of a magnetar central engine, and constrain its
spin energy and magnetic field. Other model parameters that
may affect the light-curve shape, peak luminosity, and overall
detectability are the explosion energy and ejecta mass. In this
first study we have assumed fiducial values for both
parameters, and showed that the ejecta mass may only have a
moderate impact on the light-curve peak (Figure 1, right panel),
hence on the detectability of the UV SBO. In a future study we
will also quantify in greater detail the implications of a wide
range of explosion energies, which may be more subtle when
substantial deviations from fiducial values are considered.

Moreover, magnetar-driven SBOs can provide crucial EM
triggers for GW searches of long transients emitted by newly
formed magnetars. They will help enhance the sensitivity of
GW searches in two complementary ways: on the one hand by
providing the start time for the transient signal, and on the other
hand by constraining the NS spin period and B-field, which in
turn determine the GW signal shape.

A previous search for this type of GW signals was carried
out during the O2 science run of LIGO/Virgo, looking for the
merger remnant in GW170817 (Abbott et al. 2019). While this
led to a nondetection, it showed that the existing pipelines were
capable of reaching an horizon 1Mpc.

At the improved sensitivity expected in O5, this projects to at
least 4 Mpc, likely be extended farther by constraints on the
magnetar parameters provided by the SBO light curve (and by
foreseen upgrades to pipeline performances). The exact impact
of these factors on the detection horizon will be quantified in a
dedicated study.

The possibility to extend the search horizon for GW long
transients to beyond 4Mpc leads to the expectation of at least
0.1 events yr−1 (e.g., Kistler et al. 2013) during the O5 science
run. In the future, the greatly improved sensitivity of third

generation detectors like the Einstein Telescope will extend the
search horizon by a factor 7, and the corresponding event rate
by >10 (Dall’Osso et al. 2018; Dall’Osso & Stella 2022).

5. Conclusions and Outlook

In this work we have adopted a model for magnetar-driven
SBOs that has been long discussed in the literature (Kasen et al.
2016; Liu et al. 2021). We have illustrated the main physical
properties of the model, calculating the SBO light curve, the
peak luminosity, photospheric radius, and effective blackbody
temperature of the expected emission as a function of the
magnetar magnetic field and spin period. This enables two
goals, namely (a) predicting the ULTRASAT detection rate of
such events, which we find to be ∼2–30 yr−1, mostly
determined by the amount of extinction and regardless of the
(unknown) B- and P-distributions within the population and
(b) fitting observations with model light curves that will
constrain the magnetar spin and magnetic field, as well as the
explosion energy and ejecta mass. Note that, even in the case of
nondetections, the model will allow to put stringent constraints
on scenarios of magnetar formation.
The calculations presented in this work are amenable to

further developments, particularly when considering the
possibility of different stellar progenitors (e.g., red supergiants,
blue supergiants, Wolf–Rayet stars) leading to different
explosion energies and/or ejecta masses (Ganot et al.
2016). Additionally, the thermalization efficiency of the
magnetar wind inside the shock will be taken into account as
it can affect the SBO detectability in the NUV band (Kasen
et al. 2016). An examination of these effects in the context of a
detailed observing strategy will be explored in a forthcoming
paper.
Moreover, we have discussed the great relevance that

magnetar-driven SBOs detected by ULTRASAT will have
for the joint search of GW long transients emitted by newly
born magnetars. Not only will magnetar-driven SBOs represent
a necessary EM trigger for GW searches, but they will also
provide direct constraints on the GW signal parameters. Both
factors will contribute to improving the sensitivity of GW
searches, hence extending their horizon and the expected
event rate.

Figure 3. The maximum redshift, zmax, for detection with ULTRASAT as a function of the magnetar parameters (B, P), for fiducial ejecta properties =E 10SN
51 erg,

=M M5SN . Left panel: theoretical predictions without UV extinction. Right panel: as in the left panel, but including an average extinction ANUV = 1.75 mag.
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It is interesting to further note that the ZTF telescope will be
able to observe most of the SNe associated to this kind of
events. For instance, Guetta et al. (2020) find that CCSNe can be
detected out to a maximum distance of ~D 200max Mpc by the
ZTF, implying hundreds of CCSN detections per year. Since the
ZTF horizon is comparable to the estimated ULTRASAT horizon
for magnetar-driven SBOs (≈300 Mpc for a fiducial extinction of
∼2 mag), we expect most of the ULTRASAT events to have a
counterpart in the ZTF, thus enabling prompt ground-based
follow-ups of ULTRASAT sources. Conversely, the ZTF will
observe hundreds of CCSNe that are out of the high-cadence field
of view of ULTRASAT. The latter events may thus trigger target-
of-opportunity observations with ULTRASAT, further enhancing
its detection prospects.Within the estimated GW horizon
(4Mpc) for the O5 science run, we expect ULTRASAT to
easily detect all magnetar-driven SBOs, implying a multi-
messenger detection rate 0.1 yr−1. A 7–8 times larger horizon
could be reached by the Einstein Telescope, which would include
the whole Virgo Cluster and possibly beyond it. Again, ULTRA-
SAT would be able to easily detect any SBOs within this
distance. Therefore, with a minimum estimated magnetar birth rate
of∼1 yr−1 within 30Mpc (e.g., Stella et al. 2005; Dall’Osso et al.
2009), we expect a minimum rate of multimessenger detections of
1 magnetar yr−1.
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