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ABSTRACT

A non-negligible fraction of binary neutron star mergers are expected to form long-lived
neutron star remnants, dramatically altering the multi-messenger signatures of a merger. Here,
we extend existing models for magnetar-driven kilonovae and explore the diversity of kilonovae
and kilonova afterglows. Focusing on the role of the (uncertain) magnetic field strength, we
study the resulting electromagnetic signatures as a function of the external dipolar and internal
toroidal fields. These two parameters govern, respectively, the competition between magnetic-
dipole spindown and gravitational-wave spindown (due to magnetic-field deformation) of
the rapidly-rotating remnant. We find that even in the parameter space where gravitational-
wave emission is dominant, a kilonova with a magnetar central engine will be significantly
brighter than one without an engine, as this parameter space is where more of the spin-down
luminosity is thermalised. In contrast, a system with minimal gravitational-wave emission will
produce a kilonova that may be difficult to distinguish from ordinary kilonovae unless early-
epoch observations are available. However, as the bulk of the energy in this parameter space
goes into accelerating the ejecta, such a system will produce a brighter kilonova afterglow
that will peak on shorter times. To effectively hide the presence of the magnetar from the
kilonova and kilonova afterglow, the rotational energy inputted into the ejecta must be <
1073 — 1072E,. We discuss the different diagnostics available to identify magnetar-driven
kilonovae in serendipitous observations and draw parallels to other potential magnetar-driven
explosions, such as superluminous supernovae and broad-line supernovae Ic.
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1 INTRODUCTION

Multi-wavelength observations of the first binary neutron star
merger, GW170817 (Abbott et al. 2017a,b,c), led to an exciting
albeit optimistic view of the future of gravitational-wave multi-
messenger astronomy. Unfortunately, no other gravitational-wave
merger has been observed with an electromagnetic counterpart
since then. However, rapid advances in the capabilities of ground
and space-based telescopes in both survey cadence and sensitivity,
as well as the first light of upcoming observatories like the Ru-
bin Observatory (Ivezi¢ et al. 2019) and SVOM (Wei et al. 2016),
wide-field telescopes and dedicated gravitational-wave follow-up
campaigns (e.g., Law et al. 2015; Chambers et al. 2016; Bellm et al.
2019; Steeghs et al. 2022; Gillingham et al. 2020) make it increas-
ingly likely that we will soon start to observe more electromagnetic
counterparts to binary neutron star mergers, with and without the
gravitational-wave signal.
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There are three primary electromagnetic counterparts to a bi-
nary neutron star merger observable within seconds to days after
the merger itself. 1) The short gamma-ray burst produced by a rela-
tivistic jet launched immediately after the merger (e.g., Eichler et al.
1989; Narayan et al. 1992). 2) The kilonova produced by r-process
nucleosynthesis in the neutron-rich ejecta (e.g., Li & Paczynski
1998; Metzger et al. 2010). 3) The jet afterglow produced by the
relativistic jet interacting with the ambient interstellar medium (e.g.,
Sari et al. 1998, 1999). On much longer timescales, there is an addi-
tional electromagnetic counterpart, the kilonova afterglow, an ana-
logue to the jet afterglow, but instead produced when the kilonova
ejecta interacts with the ambient interstellar medium (e.g., Nakar &
Piran 2011). There are tentative hints that we may have now begun
to see the kilonova afterglow of GW170817 (Hajela et al. 2021).
The properties of all counterparts are connected to the progenitor,
the aftermath of the merger, the environment and the observer’s
viewing angle. However, many of these connections, particularly
the links to the progenitor properties, are not well understood. We
refer the reader to Nakar (2020) for a detailed recent review of the
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electromagnetic counterparts to a binary neutron star merger (see
also Metzger & Berger 2012).

As traditionally classified, there are four possible outcomes
for a binary neutron star merger. These depend on the mass of the
remnant and the nuclear equation of state, which sets the maximum
allowed non-rotating neutron star mass, Mtgy (e.g., Bernuzzi 2020;
Sarin & Lasky 2021). For remnant mass M > 1.2Mtqy, a black
hole is born either promptly after the merger or over thermal/viscous
timescales. Alternatively, for M < 1.2Mtgy, a meta-stable neutron
star can be born in the aftermath of the merger, and can survive for up
to 10* s (Ravi & Lasky 2014) or indefinitely if M < Mty (however
see Margalit et al. 2022 for a recent exploration of the post-merger
remnant fate that challenges this traditional classification scheme).

The fate of GW170817 is not definitively known, but the bulk
of evidence from the inferred energetics of the afterglow and kilo-
nova suggests that the remnant of GW 170817 was a hypermassive
neutron star that collapsed into a black hole within O(1 s) (e.g., Mar-
galit & Metzger 2017; Ruiz et al. 2018; Gill et al. 2019). Although,
GW170817 observations are consistent with a supramassive neu-
tron star that survived for up to ~ 3000 s if the remnant spins down
predominantly through gravitational-wave radiation (Ai et al. 2020).
The only other observed binary neutron star merger, GW 190425,
was not observed with an electromagnetic counterpart but likely
promptly collapsed into a black hole given its high total mass (Ab-
bott et al. 2020). Observations of double neutron star systems in
our Galaxy and beyond (e.g., Galaudage et al. 2021), population
synthesis studies (Chattopadhyay et al. 2020; Broekgaarden et al.
2021), and inferences into Mgy (e.g., Margalit & Metzger 2017;
Ruiz et al. 2018; Shibata et al. 2019; Sarin et al. 2020a; Raaijmakers
etal. 2021a) suggest that a significant fraction of binary neutron star
mergers will produce a long-lived neutron star remnant (Margalit &
Metzger 2019; Sarin et al. 2022b).

A long-lived neutron star remnant provides the system with
an extensive reservoir of rotational energy that can dramatically
alter the timescales and energetics of the aforementioned electro-
magnetic counterparts. This rotational energy reservoir has been
used to explain many different features of various electromagnetic
transients. Such as the X-ray plateaus of gamma-ray bursts (e.g.,
Rowlinson et al. 2010; Dall’Osso et al. 2011; Rowlinson et al. 2013;
Lasky etal. 2017; Strang & Melatos 2019; Sarin et al. 2020b; Strang
etal. 2021), some fast X-ray transients (Xue et al. 2019; Xiao et al.
2019; Yang et al. 2019; Ai & Zhang 2021; Lin et al. 2022), or bright
kilonovae (e.g., Fong et al. 2021). However, in many cases, the same
observations could be interpreted with the afterglow produced by a
structured relativistic jet (Beniamini et al. 2020; Sarin et al. 2021),
or attributed to systematics and not require a neutron star central
engine (Zhu et al. 2021; O’Connor et al. 2021). Theoretically, the
impact of the long-lived neutron star remnants, in particular on kilo-
novae, has been explored in detail in many works (e.g., Yu et al.
2013; Metzger & Piro 2014; Metzger & Ferndndez 2014; Siegel &
Ciolfi 2016; Li et al. 2018; Wollaeger et al. 2019; Kawaguchi et al.
2020, 2021, 2022; Ai et al. 2022). However, these works either do
not explore the entire parameter space or make different simplifying
assumptions in modelling, such as ignoring relativistic dynamics,
gamma-ray leakage, pair cascades, the dynamical evolution of the
neutron star, or gravitational-wave emission.

This paper explores the diversity of engine-driven kilonovae,
relaxing some of the simplifying assumptions made in previous
works. In Sec. 2, we introduce our model for the magnetar spin evo-
lution and the engine-driven kilonova model. In Sec 3, we explore
the diversity of kilonovae and kilonova afterglow signatures due
to differences in the magnetic field strength of the nascent neutron

star. In Sec. 4, we discuss the perils of interpreting observations of
engine-driven kilonovae with models without an engine, kilonova
modelling systematics, and discuss diagnostics that could be used
to infer the presence of a long-lived neutron star engine. We discuss
the implications of jets, other gravitational-wave emission mech-
anisms, orthogonalisation timescales, the magnetar wind nebula
spectrum, draw parallels to other potential engine-driven transients
and conclude in Sec. 5. Throughout the paper, we use the notation
Qx = Q/10% in cgs units unless otherwise noted.

2 MODEL

As mentioned above, the rotational energy of a long-lived remnant
neutron star provides a large additional energy reservoir ~ 1033 erg
cf. ~ 10°! erg for an ordinary kilonova (Metzger et al. 2015b; Mar-
galit & Metzger 2019). This additional energy can radically change
the signature of the kilonova and kilonova afterglow. However, not
all of this reservoir is available to increase the brightness of the
kilonova, as some energy may be lost through gravitational-wave
emission, or not thermalised, or potentially lost in launching a rel-
ativistic jet, or lost in the collapse of the neutron star to a black
hole, etc. We discuss the case of a remnant that collapses in more
detail in Sec. 5. To accurately predict the light curves of a magnetar-
driven kilonova, one needs to consider the initial conditions of the
neutron star established shortly after merger, such as the spin pe-
riod, magnetic field strengths, and radius. These initial conditions
directly affect the dynamical evolution of the nascent neutron star
and, therefore, dictate how much of the rotational energy reservoir
is available to increase the kilonova’s luminosity.

A neutron star post-merger remnant depletes its rotational en-
ergy through a combination of electromagnetic and gravitational-
wave radiation i.e.,

dE
- d;m = Lgm + Lgw- (D

Here Lgy is the energy lost through electromagnetic radiation,
which assuming vacuum dipole radiation is (Spitkovsky 2006),

20y L
103 (1 +sin” y), 2)
where y = BeXtR13\Is is the dipole moment of the neutron star, Bext iS
the surface magnetic dipole field strength, Ryg and Q are the radius
and angular rotational frequency of the neutron star, respectively,
and y is the angle between the magnetic and rotation axes. The
assumption of vacuum dipole radiation is likely incorrect; almost
no pulsars observed in our Galaxy have a braking index consistent
with vacuum dipole radiation (Archibald et al. 2016; Lower et al.
2021). Additionally, recent modeling of Neutron Star Interior Com-
position Explorer (NICER) observations favor complex multipolar
external magnetic fields over simple dipole configurations (Bilous
et al. 2019; Miller et al. 2019; Riley et al. 2019). Furthermore,
simulations of realistic pulsar braking indices are also inconsistent
with that expected from magnetic dipole radiation (Melatos 1997;
Bucciantini et al. 2006). Moreover, many measurements of braking
indices of putative nascent neutron stars born in gamma-ray bursts
are inconsistent with vacuum dipole radiation (Lasky et al. 2017;
Xiao & Dai 2019; Lii et al. 2019). However, the differences due
to assuming vacuum dipole radiation as opposed to a more realis-
tic electromagnetic torque are small and unnecessary for studying
the diversity of magnetar-driven kilonovae as intended in this work.
The above expression likely only holds after ~ 40 s (Lander & Jones
2020), before which the Lgy; depends on the wind mass-loss rate

Lgm =

MNRAS 000, 1-15 (2022)



and magnetisation (Metzger et al. 2011); our simulations will not
attempt to capture this very early phase of the spin-down. We note
that a small O (10%! erg) of rotational energy can also be lost through
neutrino emission (e.g., Shibata et al. 2019), which we ignore here.
The second term in Eq. 1 represents the gravitational-wave
luminosity emitted by a rapidly-rotating deformed (asymmetric)
neutron star. This can be expressed as (Cutler & Jones 2000)

2 G(Iep)?

Lgw = 5T o Q° sinz)((l +15sin? X)- 3

Here I and ep are the moment of inertia and ellipticity of the
neutron star. Under the assumption that the ellipticity is generated
by an internal toroidal magnetic field, we can relate the ellipticity
to the strength of the field via

4 (Bint)* 2
eg =-3.0x10 (Bm) B 160 “)
where Bj, is the volume averaged internal toroidal field (Cutler
2002). The negative sign indicates that the field distorts the star
into a prolate shape. An internal poloidal magnetic field would tend
to produce a deformation of opposite sign (oblate). The toroidal
field/prolate deformation case is the relevant one to us, as such
systems naturally evolve to the orthogonal rotator configuration
(x = 7/2) considered here (Cutler & Jones 2000; Lander & Jones
2018, 2020).

We note that the expression for Lgw and eg above do not
capture gravitational-wave radiation mechanisms such as a bar mode
instability or r-modes which could be active in these newly born
systems (Corsi & Mészdros 2009; Andersson & Kokkotas 2001).
However whether they are active on relevant timescales and grow
to amplitudes large enough to make them relevant to our discussion
here is not well understood (e.g., Andersson 2003; Doneva et al.
2015; Lasky & Glampedakis 2016).

The expressions for both Lgy; and Lgw indicate two criti-
cal aspects. 1) The increased sensitivity of the gravitational-wave
luminosity to y, i.e., the angle between the magnetic field and ro-
tation axes. 2) The increased sensitivity of the gravitational-wave
luminosity to the angular velocity of the neutron star, QO cf. Q*
for electromagnetic radiation. The former makes it essential to con-
sider realistic values of y or, ideally, a reliable prescription for its
evolution, while the increased sensitivity to €2 makes the choice
of initial conditions like the initial spin period fundamental. For
the spin period, we note that numerical simulations suggest that
the remnant is likely to be rotating near the mass-shedding limit
(i.e., po < 1ms) (e.g., Bernuzzi 2020). However, this is sensi-
tive to when the gravitational-wave losses from the viscous phase
cease (Radice et al. 2018). Constraints of the initial spin period
from putative neutron stars born in short gamma-ray bursts suggest
po < 5Sms (Rowlinson et al. 2013).

With the above ingredients in hand, we can now model how
the star’s rotational energy reservoir interacts with the kilonova
ejecta and affects its dynamics and luminosity. Our model is similar
in respect to the one-dimensional "merger-nova” model presented
in (Yuetal. 2013). However, we make some modifications to account
for energy losses due to pair cascades (Metzger & Piro 2014), and
model the efficiency of converting spin-down energy into internal
energy of the ejecta as a time-varying quantity. In particular, we
assume the efficiency is dictated by the gamma-ray leakage of the
ejecta (Wang et al. 2015), similarly to models of neutron star engines
applied to superluminous supernovae (e.g., Nicholl et al. 2017).

The ultra-relativistic magnetar wind expands and collides with
the expanding ejecta, decelerating and pushing a forward shock
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through the ejecta within seconds (Gao et al. 2013). This wind
pushes on and accelerates the ejecta, increasing its kinetic energy
and internal energy. The total energy of the ejecta can be expressed
as the combination of its kinetic and internal energy,

E¢j = (D= 1)Mcjc? +TE] 5)

int”

Here I' is the ejecta Lorentz factor, Me; is the ejecta mass, and E i/nt
is the internal energy in the co-moving rest frame. The evolution of
this system depends on the interplay between the energy sourcesi.e.,
the radioactive heating and magnetar spin-down luminosity and the
energy loss channels i.e., the radiated luminosity and the adiabatic
expansion of the ejecta. The dynamical evolution of the ejecta is
therefore,

dl' _ §LpM+ Lra — Lo ~T'D(dE],  [d1")

int
- = 6
dt Mejc? + E[, ©

Here Ly, and Ly, are the radioactive power and emitted bolometric
luminosity respectively, & is the fraction of electromagnetic spin-
down luminosity injected into the ejecta, D = 1/[I'(1 — B)] is
the relativistic Doppler factor with 8 = V1 —I'-2, and dt’ is the
co-moving time which can be connected to the observer time by
dt’ = Ddt. In previous models derived in the literature (Yu et al.
2013; Metzger 2019; Ai et al. 2022), ¢ is assumed to be some
constant and decoupled from the properties and evolution of the
ejecta. Here, we relax this assumption, modelling & to vary with
time coupled to the gamma-ray leakage of the ejecta. In particular,
we model & as

E=1-e7, %
where
SK)/Mej
A= ——=, ®
4myv?

)
is the leakage parameter (Wang et al. 2015) and «, is the gamma-ray
opacity of the ejecta.

The last term in the numerator in Eq. 6 describes the evolution
of the internal energy of the ejecta, and can be written as (Kasen
et al. 2016)
dE! ’

d;f“ =ELfy + Ll — Ly — P’%. )
Here the first two terms on the right-hand side capture the energy
gained from the spin-down luminosity of the nascent neutron star
and radioactive heating, while the third and fourth terms capture the
energy emitted away from the system and lost due to expansion of
the ejecta, respectively. We note that the prime indicates quantities
in the co-moving rest frame, which can be related to the relevant
unprimed quantities via L/, = L, /D?.

The radioactive power in the co-moving frame is given by

I

1.3
7 ")] ergs™l, (10)

o

1 1
L, =4x 1049Mej,,2 [5 - arctan(

witht) ~ 1.3sand ¢/, ~ 0.11 s (Korobkin et al. 2012). In principle,
L/, may also have an efficiency term due to neutrino or gamma-ray
leakage which we ignore here for simplicity.

In a kilonova with a magnetar engine, & L]’EM can dwarf the ra-
dioactive power L/, and the total energy available from the magnetar
is significantly larger than the initial kinetic energy of the ejecta.
Therefore, models of magnetar-driven kilonovae need to consider
the work done by the expansion of the ejecta. The work done by free
ejecta expansion PdV’ converts internal energy into bulk kinetic
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energy. The pressure P = E].’nt /3V’ is dominated by radiation, and
the evolution of the co-moving volume V’ is

dav’

_ 2
F 47Z'Rej,36, (11)
where the evolution of the ejecta radius Re; is
dRe;
§_ B (12)
dt 1-8

The radiated bolometric luminosity can be derived approxi-
mately from the diffusion equation in the co-moving frame (Kasen
& Bildsten 2010; Kotera et al. 2013)

L/ Ei,mc Ei,ntl, f (13)
= = _m ort < tr,
Pl TRGIT ’

_Eiwe
Re/T ’
Here,
_ KMejRej
T
is the optical depth, « is the ejecta opacity,

fort > t,. (14)

(15)

TRt/ \ 112
< ) (16)

i = (T
is the effective diffusion time, and ¢+ is the time when 7 = 1 which
is always greater than #4;g.

To extract the radiated bolometric luminosity of a magnetar-
driven kilonova, we numerically solve Eqs. 6 and 9 governing the
dynamical evolution of the system and the internal energy of the
ejecta, respectively, using Egs. 1-3 for the magnetar spin evolution,
and Eqgs. 11 and 12 for the evolution of the ejecta. We then also
account for suppression of the observed luminosity due to pair
cascades (Metzger & Piro 2014; Kasen et al. 2016; Metzger 2019)
via

Lbo]
Lope = —2oL a7
S T (e /1)
Here
life TV
e n” 1
t c(l-a) (a8
06 12102 vy \1/2 ¢ 72
1o -1 FEmas (0.3c) 1 day (19)

is the characteristic lifetime of a nebular non-thermal photon com-
pared to the dynamical timescale, a is the frequency-averaged
albedo of the ejecta, Y is the fraction of electromagnetic spin-
down power Lgy that is converted into electron/positron pairs,
and 1;,; ~ 900 s is the neutron half-life.

We can then use the idealisation of a blackbody spectrum to
calculate the effective temperature as

1/4
Lobs

Teg="—"—->"1] - (20
2
47TO'SB Rph

where ogp is the Stefan-Boltzmann constant and Ry, is the radius
of the photosphere. The flux density at frequency v is then
2
2rhy? 1 Rph ®
2D ()% exp [hv[ D (kT ()] -1 D

where kp is the Boltzmann constant and Dy is the luminosity
distance to the source.

Fy(1) = , ey

3 DIVERSITY

We now explore the diversity of magnetar-driven kilonovae and
the kilonova afterglows they produce for different initial conditions
using the model derived in Sec. 2. In particular we first explore
the impact of the internal and external magnetic field strengths of
an infinitely stable neutron star with radius Ryg = 11 km, moment
of inertia I = 3 x 10* g cm?, initial spin period of py = 0.7 ms
i.e., a neutron star rotating at approximately the mass-shedding
limit unless otherwise stated, the frequency average albedo of the
ejecta @ = 0.5, and Y = 0.05, i.e., the fraction of the neutron
star electromagnetic spin-down luminosity that is lost due to pair
cascade emission. We also fix the ejecta mass Me; = 0.05Mo,
typical of what might be expected with a neutron star remnant
(Margalit & Metzger 2019) and consistent with observations of
AT2017gfo (e.g., Villar et al. 2017); initial vej = 0.2¢; k = 1 cm?
¢~ !, which is typical of lanthanide-poor ejecta (Metzger 2019); and
ky =0.1 cm? g_l.

We note that we do not explore the variation from different val-
ues of ejecta mass and velocity. In general, larger initial ejecta kinetic
energies minimise the differences between a magnetar-driven kilo-
nova and one without. By contrast, low ejecta kinetic energies make
the differences between an engine-driven and no-engine kilonovae
more profound. However, the broad features of magnetar-driven
kilonovae and the diversity due to differences in magnetic field
strengths remain the same.

The value of « can be larger by ~an order of magnitude if
the ejecta is rich in lanthanides (k ~ 10cm? g~!; Barnes & Kasen
2013; Kasen et al. 2013; Tanaka & Hotokezaka 2013; Tanaka et al.
2020). However in our context, neutrino irradiation by the long-
lived merger remnant is expected to raise the electron fraction of
surrounding material, leading to lanthanide-poor ejecta whose opac-
ity is lower (e.g., Metzger & Fernandez 2014). Our choice of ky
is consistent with the range found by Hotokezaka & Nakar 2020.
However, we note that Hotokezaka & Nakar (2020) considered the
opacity to gamma-rays from radioactive decay, which need not be
the same as k,, for nebular gamma-rays thatis relevant in our context.
The value of k,, is also motivated by the gamma-ray opacity inferred
from modeling magnetar-powered SLSNe (Nicholl et al. 2017) and
is broadly consistent with results from detailed calculations of neb-
ular gamma-ray escape (Vurm & Metzger 2021). However, the dif-
ferent ejecta environments between magnetar-driven kilonovae and
SLSNe may lead to different «y, even if the magnetar-wind nebula
itself is similar. In general, the time at which & begins to drop be-
low =~ 1 (i.e., the time where the choice of k,, matters) is roughly
ty = (3K),Mcj/47rv§j)l/ 2. This timescale is related to the time of

peak optical emission f, as ty = tpk(C/Vej)l/z(Ky/K)l/z. In our
kilonova context ¢/vej < Sand ky/k ~ 0.1s0 1y, <ty and gamma-
ray leakage starts shortly before peak emission. By contrast, for
typical SLSNe ¢/vej 2 10 and ky /k ~ 1 so the efficiency £ drops
below =~ 1 only after the optical light-curve peaks. This implies that
the choice of «,, in kilonovae can be a source of systematic uncer-
tainty for observations near and after the optical peak. However,
the broad features and diversity in magnetar-driven kilonovae due
to differences in magnetic field strengths remain the same for all
choices of k. We note that high values of «,, drive & towards ~ 1,
consistent with efficiency values used in magnetar-driven models in
the literature previously (Yu et al. 2013; Metzger 2019).

The assumption of an infinitely stable remnant provides the
system with up to Erot = 6 X IOSZPE3 erg of rotational energy
available to affect the dynamics and luminosity of the kilonova
or emitted in gravitational waves. We further assume the neutron
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Figure 1. Fraction of spin-down energy Ero emitted as electromagnetic
radiation for various strengths of external dipole field Bex; internal toroidal
field Bj,. For a neutron star with radius Rys = 11 km, moment of inertia
I = 3 x 10% gcm?, and initial spin period of py = 0.7ms. The black
lines show where eg = 1072, which is an upper limit on what could be
considered physically reasonable magnetic deformation induced ellipticity,
and eg = 107*. The green curve shows the magnetic field strengths where
the emitted electromagnetic and gravitational wave energy is equal. The
stars show the parameters for two representative cases which we explore in
more detail in Sec. 3.3.

star is an orthogonal rotator, i.e., y = /2, consistent with detailed
numerical simulations that find that neutron stars are driven towards
this state for the first 10 s of their lifetimes (Lander & Jones 2020).
The impact of the orthogonalisation timescale, evolution of y, other
channels of energy losses such as powering a jet, the collapse of the
neutron star into a black hole, and other gravitational-wave emission
mechanisms are discussed in more detail in Sec. 5.

3.1 Kilonova Energy Budget

Only the energy available in electromagnetic radiation (ignoring
the energy lost in potentially powering a jet) can impact the kilo-
nova and kilonova afterglow. Here, we explore what fraction fgm
of Eot is available for different internal and external magnetic field
strengths; i.e., what fraction of the rotational energy is emitted as
electromagnetic radiation as opposed to gravitational waves follow-
ing the evolution of a neutron star using Eq. 1.

Figure 1 shows the fraction of the total cumulative rotational
energy fgMm that is radiated electromagnetically (rather than grav-
itationally), and is therefore available to change the kilonova and
kilonova afterglow signature. In particular, we evolve Eq. 1 with
parameters described above for a grid of magnetic field strengths
over the first 1000 days of the remnant’s lifetime. Note that the
remnant loses the bulk of its rotational energy on the spin-down
timescale, which is significantly shorter than 1000 days for the en-
tirety of this parameter space. We evaluate fgy for grids on the
internal and external magnetic fields from 1014 — 108 G. However,
given magnetic flux conservation and magnetic-field amplification
processes such as the magnetorotational and Kelvin-Helmholtz in-
stabilities during the merger process, we expect most neutron stars
born in binary neutron star mergers to have external magnetic fields
Bext = 1015 G. The strength of the internal toroidal field is difficult
to predict; differential rotation in the early phase of the remnant’s
lifetime is expected to generate a significant internal toroidal field,
something seen in numerical simulations (Rezzolla et al. 2011;
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Kiuchi et al. 2014; Mosta et al. 2020). However, whether a partic-
ular field configuration is stable is unclear. The parameters used
in Fig 1 demonstrate the most optimistic (pessimistic) scenario for
gravitational-wave (electromagnetic) radiation. Higher initial spin
periods or a different angle between the spin and magnetic field
axes would reduce the parameter space where gravitational-wave
radiation (at least from a magnetic deformation) are relevant.

Across the bulk of the parameter space, the majority of the
rotational energy is available as electromagnetic radiation i.e.,
fem = 0.6. Gravitational waves losses only become significant
if the internal toroidal field is approximately two orders of mag-
nitude larger than the external poloidal field, which only appears
realistic if Bexy < 10'2 G. This is broadly consistent with pre-
vious results by Margalit & Metzger (2017) (see their Fig 3).
Although we note that the required difference becomes smaller
as the overall magnetic field strength increases. For example, for
a neutron star with Bext = 1014 G to emit equal amounts of
gravitational-wave and electromagnetic radiation requires an in-
ternal toroidal field of Bj, ~ 1016 G. However, a neutron star
with an external field Bex; = 1010 G, will emit equivalent amount
of gravitational-wave and electromagnetic radiation for an internal
toroidal field Bjp¢ ~ 10165G. A large portion of the parameter space
where gravitational-wave radiation is dominant has a magnetic-
deformation induced neutron star ellipticity eg > 1072, requir-
ing uncomfortably large internal toroidal fields. However, such low
fractions of fgy could be achieved due to other gravitational-wave
emission mechanisms such as the bar-mode or r-mode instability,
which will also deplete the rotational energy reservoir. We note that
even in the highly optimistic case that the entire rotational energy
budget is radiated in gravitational waves, a gravitational-wave sig-
nal would likely still be undetectable with advanced LIGO at design
sensitivity out to distances beyond ~ 20 Mpc (Gao et al. 2017; Sarin
et al. 2018; Sur & Haskell 2021).

3.2 Kilonova Energetics and Timescales

Aside from losses due to gravitational waves, other inefficiencies
stop us from using the magnetar spin-down luminosity as a direct
proxy for the overall increase in luminosity of the kilonova. 1) Only
some fraction (encapsulated by &) of the magnetar electromagnetic
spin-down luminosity gets coupled to the evolution of the ejecta. 2)
Not all coupled energy is thermalised into radiation. In particular,
depending on the ratio of the diffusion and spin-down timescales,
the bulk of the energy accelerates the ejecta or gets thermalised
into radiation. The former is particularly relevant, as changes to the
kinetic energy of the ejecta can radically alter the kilonova afterglow
brightness and peak timescales.

We first explore what fraction of fgy is converted into ki-
netic energy and into radiation. In Fig 2, we show the ratio of
the kinetic energy to the radiated energy for the grid of magnetic
field strengths as above. Two features of the figure are immediately
noticeable. 1) across the entire parameter space, more energy is con-
verted into kinetic energy than is radiated, i.e., most of the neutron
star’s electromagnetic spin-down luminosity accelerates the ejecta
instead of increasing the kilonova luminosity. For the most energetic
neutron star engines, this translates into an absolute upper limit on
the amount of radiated energy in a magnetar-driven kilonova; no
magnetar-driven kilonova will have E.,q > 4 x 107! erg. 2) Above
Bint ~ 1067 G, the ratio of the kinetic and radiated energy becomes
insensitive to the magnetic field strength. This is approximately the
internal field where eg = 1072 and is unlikely to be achieved. We
also show contours for { = tgp/t4ig, i.e., the ratio of the spin-
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Figure 2. Ratio of ejecta kinetic energy Ex to total radiated energy E;nq
for various strengths of external dipole field Bex; internal toroidal field Bjy.
Across the entire parameter range Ex > Eq4. The black curves show
where ¢ = tsp /tgif is 10~* and 107°. The stars show the parameters for two
representative cases which we explore in more detail in Sec. 3.3.

down and diffusion timescale; the former set by the remnant and
the latter set by initial properties of the ejecta and the amount of
kinetic energy imparted to it by the remnant. Higher values of ¢
imply higher values of radiated energy, while smaller values imply
more energy lost in accelerating the ejecta. This is consistent with
numerical results found for magnetar-driven supernovae (Suzuki &
Maeda 2021).

We next examine the bulk velocity of the kilonova ejecta across
the magnetic field strength parameter space, which we show in Fig-
ure 3. The ejecta is accelerated from the initial velocity 0.2 ¢ to
~ 0.8c (I' ~ 1.4) over all of the parameter space where electromag-
netic emission dominates. Interestingly, the curve which separates
the region with substantial acceleration over the initial value is
slightly above the curve corresponding to Egw = Egm shown in
Fig 1. This is consistent with physical intuition, as the ejecta can
only be significantly accelerated when there is sufficient electro-
magnetic energy inputted to change the dynamics of the ejecta set
by the initial conditions. This highlights the importance of consid-
ering the dynamical evolution of the ejecta when there is a central
engine present. We note that the plot above corresponds to velocity
for an ejecta mass Me; = 0.05 Mg, smaller values of ejecta mass
will be accelerated to much higher velocities and vice versa. This is
particularly important as a true kilonova will likely have a distribu-
tion of velocities or at least two or more components (e.g., Metzger
2019). For example, for ejecta masses < 0.01 M, the material can
reach I' ~ 10 in certain parts of the parameter space. Such high
Lorentz factor ejecta can have a substantial impact on the relativis-
tic jet afterglow. We discuss the effect of different ejecta properties
in more detail in Sec. 5.

Perhaps the most critical aspect of discovering magnetar-driven
kilonovae is to understand their peak timescales. Kilonovae are fast
transients, and magnetar-driven kilonovae are faster still, stressing
the need for surveys with high cadence. In Fig 4 we show the
kilonova (bolometric) peak timescale for the same grid of magnetic
field strengths as in previous figures. There is minimal dependence
in the parameter space when there is substantial electromagnetic
radiation energy in the system, i.e., high fgy. This is consistent
with physical intuition as for all regions of parameter space where
f ~ 1 the engine has already depleted almost all of its rotational
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Figure 3. Ejecta velocity for various strengths of external dipole field Bext
internal toroidal field Bjy. The stars show the parameters for two represen-
tative cases which we explore in more detail in Sec. 3.3.
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Figure 4. Bolometric peak timescale for the kilonova for different strengths
of external dipole field Bex; internal toroidal field Bjy. The black curves
show ¥ = log;o(Lpol,peak [€rg]) i.e., the peak bolometric luminosity. The
stars show the parameters for two representative cases which we explore in
more detail in Sec. 3.3.

energy reservoir before the light curve peaks. In this region, the
peak time varies between 0.4 — 1.6 days, while the region where
gravitational-wave radiation dominates the kilonova peak timescale
is = 1.6 — 2.4 days, consistent with the peak timescale of a kilonova
without an engine with Mej = 0.05Me, vej = 0.4c, and x = 1
cm? ¢! (Metzger 2019). The first optical detection of AT2017gfo
was at ~ 11 hours (Abbott et al. 2017b), comparable or later than
the peak time for cases where the neutron star remnant has altered
the kilonova dynamics. However, as we stress in Sec. 4, it becomes
increasingly difficult to distinguish a magnetar-driven kilonova from
an ordinary one after the kilonova peaks making it imperative that
potential candidates are rapidly followed up.

We also explore how the presence of the neutron star impacts
the peak timescale of the kilonova synchrotron afterglow (Nakar
& Piran 2011). In particular, we calculate the synchrotron after-
glow produced across the grid of magnetic field strengths above
following Schroeder et al. (2020). We assume a fiducial interstellar
medium density of 1072 cm™3, that the fraction of energy in non-
thermal electrons and shock-amplified magnetic fields are 0.1 and

MNRAS 000, 1-15 (2022)
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Figure 5. X-ray (1keV) kilonova afterglow peak timescale for various
strengths of external dipole field Bex internal toroidal field Bjy. The black
curves show the peak v L, X-ray afterglow luminosity. The stars show the
parameters for two representative cases which we explore in more detail in
Sec. 3.3.

0.01 respectively, and an electron power-law slope of 2.5. These val-
ues are guided by analyses of short gamma-ray burst afterglows (e.g.,
Fong et al. 2015). We then calculate the vL, peak timescale of the
1 keV X-ray afterglow, shown in Figure 5. While quantitative values
of these properties depend sensitively on the assumed interstellar
density and microphysical parameters, the trends with Bj,; and Bext
are insensitive to these choices. We note that for simplicity we have
here neglected the contribution of thermal electrons to the after-
glow signature, though this can potentially be important given the
mildly-relativistic ejecta velocities (Margalit & Quataert 2021). We
also neglect the affect of a jet on the ejecta afterglow (see Margalit
& Piran 2020).

The kilonova afterglow peaks on the deceleration timescale
of the ejecta (Nakar & Piran 2011). In Fig. 5, this kilonova after-
glow peak time demonstrates similar features to the kilonova peak
timescale, with some variation across the parameter space where
electromagnetic emission dominates. This is consistent with phys-
ical intuition as the only parameter that changes across this param-
eter space is the velocity and, therefore, the kinetic energy of the
ejecta (see Fig. 2 and 3), with faster ejecta velocity corresponding to
earlier peak times. Notably, the kilonova afterglow peak timescale
becomes longer in the parameter space where gravitational-wave
radiation dominates. In particular, the curve representing a peak
timescale of ~ 10years is consistent with the curve representing
equal amounts of energy lost in gravitational-wave radiation and
available as electromagnetic radiation seen in Fig. 1. This is con-
sistent with intuition, as in this parameter space the bulk of the
rotational energy is lost in gravitational-wave radiation, and, there-
fore, the peak timescale is similar to the peak timescale for a system
without an engine.

3.3 Case Studies: Bright, Fast, and Kilonovae without an
engine

With the impact of the magnetic field strengths explored, we now
examine three representative cases in more detail to illustrate the
impact of other parameters and show representative lightcurves. To
wit, “Case 17 with Bjy; = 10103 G and Bey = 10143 G, “Case 27
with By = 10'°G and Bey = 101G and, for comparison pur-
poses, a kilonova without an engine. All other parameters are the
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Figure 6. Bolometric light curves for the three representative kilonovae;
“Case 17, “Case 2”, and a kilonova without an engine in blue, red, and
black, respectively. The coloured band in the two magnetar-driven kilonovae
represent the uncertainty due to the unknown fraction of neutron star spin-
down luminosity converted into pair cascades (Y from 0.01 to 0.1 (see
Equation 19). Dashed curves show light curves for the same representative
cases but for a different initial spin period pg = 5.0 ms.

same as in the previous section unless specified. The two cases
represent two intriguing parts of the parameter space; “Case 17
represents a system where the nascent neutron star loses a signif-
icant amount of energy through gravitational-wave radiation, but
the larger fraction of the available electromagnetic radiation is ther-
malised, producing a more luminous kilonova. Alternatively, “Case
2” represents a scenario where almost all the rotational energy is
available as electromagnetic radiation, but the bulk of the energy
goes into accelerating the ejecta instead of being thermalised. The
two cases represent a kilonova that is “brighter” or “faster” than
an ordinary kilonova without an engine, respectively. However, we
caution that this description does not hold across all of the parameter
space.

In Fig. 6, we show the bolometric light curves for these rep-
resentative kilonovae. “Case 17, “Case 2” and a kilonova without
an engine are shown in blue, red, and black, respectively, with the
dashed curves representing the bolometric light curves for the same
parameters but an initial spin period pg = 5ms. The bands in the
blue and red curves represent the uncertainty due to the unknown
fraction of neutron star electromagnetic spin-down luminosity lost
due to pair cascade emission, i.e., we vary the parameter Y (see
Equation 19) between 0.01-0.1 to cover the range of plausible val-
ues (Svensson 1987; Lightman et al. 1987; Metzger 2019).

Consistent with intuition, the peak bolometric luminosity of
the two magnetar-driven kilonovae (~ 1043-45 erg s1) is larger
than the kilonova without an engine with a peak luminosity of ~
10*! erg s=!. In particular, “Case 17 is brighter than “Case 2”
despite the former losing significant energy in gravitational waves.
Again, this is consistent, as a larger fraction of the available energy is
thermalised in “Case 1”” compared to “Case 2”. The peak timescales
also differ for all models, with “Case 2” kilonova peaking earliest
at ~ 0.7 days, “Case 1” peaking at ~ 1day, similar to the peak
timescale of the kilonova without an engine. The “Case 2” kilonova
becomes hard to distinguish from a kilonova without an engine after
the latter peaks at ~ 2 day, while the “Case 1” kilonova remains
significantly brighter than the kilonova without an engine for up to
~ 30days. The effect of varying Y (see Equation 19) can change
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the luminosity of the light curve by a factor of at most ~ 2 — 3.
However, this does not meaningfully affect the interpretation of the
light curve. By contrast, a change in pg can create more than an
order of magnitude difference (shown by the dashed curves), which
could affect the light curve interpretation. These results stress the
importance of high cadence surveys and rapid follow-up, especially
to distinguish between a “Case 2”-type magnetar-driven kilonova
and a kilonova without an engine. We note that other systematics
with brightness related diagnostics suggest that this alone is likely,
not conclusive evidence for a magnetar-driven kilonova, and further
diagnostics such as the colour evolution and spectra may be better
proxies (Metzger & Fernandez 2014; Metzger 2019). We discuss
these systematics and diagnostics to infer the presence of a magnetar
in kilonovae in more detail in Sec. 4.

In Fig. 7, we show the corresponding g, r, z-band photometry
for these three kilonovae at a distance of 100 Mpc. The dashed green
lines indicate the magnitude limit of Vera Rubin (Ivezi¢ et al. 2019);
for comparison, a current-generation optical telescope, such as the
Zwicky Transient Facility (ZTF), has an r and g band magnitude
limit of 20.5. We note that ZTF does not have a z-band filter. The
dashed curves represent the same three representative kilonovae
but modelled using the kilonova model from Metzger (2019) with
the same magnetar evolution and physics of gamma-ray leakage as
described in Sec. 2 to illustrate the systematics between different
kilonova models. We discuss these systematics and differences in
models in more detail in Sec. 4. For both kilonova models and all
three representative cases, there is no discernible difference between
the g and r-band photometry, i.e., the g and r-band photometry for
a particular representative kilonova and model show minimal varia-
tion. In particular, all three cases peak at a consistent magnitude and
peak and become too dim for Vera Rubin at a consistent time. How-
ever, the z-band photometry shows significant differences, peaking
earlier and becoming too dim for Vera Rubin at least a day later.

For both the model derived in Sec. 2 (solid curves) and the
model from Metzger (2019) (dashed curves), “Case 1" is the bright-
est kilonova and is also detectable for the longest time, consistent
with the bolometric luminosity shown in Fig. 6. There is also a mini-
mal difference between the solid and dashed blue curves (especially
after peak), suggesting that the systematic uncertainty from differ-
ent kilonova models is minimal for this representative kilonova. The
same can not be said for the other two representative cases. For the
same model, “Case 2” is brighter than a kilonova without an en-
gine at peak. However, there is a significant difference in the peak
magnitude, peak time, and overall evolution across the two models.
In particular, “Case 2" peaks at the same time for both models at a
magnitude ~ 15, with the Metzger (2019) model always dimmer by
afew magnitudes. However, the model motivated by Metzger (2019)
predicts a brighter “no engine” kilonova that also stays detectable
for ~ 1 day longer in Vera Rubin compared to the “Case 2 kilonova.
The model derived in Sec. 2 is not as bright without an engine, with
a difference of ~ 7 magnitudes compared to the “Case 2" kilonova
when the latter peaks cf. a difference ~ 3 magnitudes for the model
motivated by Metzger (2019). The difference in brightness is even
more pronounced before peak, with the “no engine” and “Case 2”
kilonova having an ~ 2 magnitude difference at 0.1 days cf. ~ 6
magnitude difference between the two representative cases for the
model derived in Sec. 2.

The largest difference in brightness across both models and
representative cases occurs when the engine-driven kilonova peaks.
For a “Case 17-like kilonova and the parameters described above
the peak is at ~ 1 — 2days in the g, r, and z-band compared to
a “Case 2”-like kilonova which peaks at 0.1 — 0.3 days. The latter

timescale is significantly shorter than the 11 hours it took for the
first observations of AT2017gfo (Abbott et al. 2017b), stressing the
need for ultra-high cadence surveys e.g., Tomo-e Gozen (Sako et al.
2016, 2018; Kojima et al. 2018) for serendipitous observations and
low-latency or negative latency alerts for gravitational-wave follow-
up.

We now turn to explore the kilonova afterglow for the three
representative cases. In Fig. 8, we show the x-ray (1 keV) and ra-
dio (1 GHz) kilonova afterglows from the three models in the left
and right panels, respectively. We use the same fiducial parame-
ters as described previously, with the shaded band indicating the
uncertainty due to the unknown interstellar medium density, which
we vary from 1073 — 1072 em™3, consistent with constraints on
GRB170817A (e.g., Hajela et al. 2019).

The kilonova afterglow illustrates three salient aspects: 1)
A “Case 2”-like kilonova ends up becoming more easily distin-
guishable from the kilonova afterglow without an engine (vL, =
10% erg s~! at peak cf. ~ 1037 erg s~! for a ‘Case 17-like or no-
engine system) i.e., the kilonova afterglow brightness is a better
diagnostic for a “Case 2”-like system in contrast to a “Case 1”-like
system where the kilonova itself is a better diagnostic. A “Case 2”-
like system also peaks earlier at fpeai * 4 years cf. fpeqk ~ 10 years
for a “Case 17”-like or a system without an engine. Both these fea-
tures are direct consequences of an afterglow brightness or the peak
time primarily determined by the ratio of the kinetic energy to
the interstellar medium density (Sari et al. 1999), which are much
higher in a “Case 2”-like system. 2) A “Case 1”-like kilonova after-
glow is brighter but difficult to distinguish (especially after peak)
from the kilonova afterglow without an engine in both X-rays and
radio. This is especially true in light of the order of magnitude
uncertainty in vL, caused by just the uncertainty in the interstel-
lar medium density. A similar if not greater uncertainty exists in
other afterglow microphysical parameters such as the fraction of
accelerated electrons and the fraction of energy in the electrons and
magnetic field that make decoupling these two kilonova afterglows
virtually impossible. This difficulty is true even in a scenario like
GRB170817A, where the jet afterglow is well observed and pro-
vides reasonable constraints on these parameters. 3) The uncertainty
in the kilonova afterglow parameters make it difficult to decouple
the three representative cases after ~ 10 — 12 years, with the differ-
ence in brightness most significant at early times, precisely when
other processes such as the afterglow of the relativistic jet, the emer-
gence of the magnetar wind nebula, or fall back accretion onto the
black hole may muddy the picture (Hajela et al. 2021; Metzger &
Fernandez 2021).

4 INFERRING THE PRESENCE OF A NEUTRON STAR
ENGINE

Our current understanding of the neutron star mass distribution and
the nuclear equation of state suggests that a significant fraction of
binary neutron star mergers may produce a long-lived neutron star
central engine (Margalit & Metzger 2019; Sarin et al. 2022b). This
naturally leads to the question; how can we diagnose whether a given
kilonova observation is a magnetar-driven kilonova or an ordinary
one? Answering this question has significant ramifications on our
understanding of the binary neutron star mass distribution and into
inferences from the kilonova observations such as the Hubble con-
stant (e.g., Coughlin et al. 2020) or nuclear equation of state (e.g.,
Margalit & Metzger 2017; Coughlin et al. 2019; Capano et al. 2020;
Raaijmakers et al. 2021b; Nicholl et al. 2021). Ultimately, deter-
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Figure 7. The g, r, and z-band light curves for the three representative kilonovae; “Case 17, “Case 2”, and a kilonova without an engine in blue, red, and
black, respectively at 100 Mpc. The green horizontal band indicates the Vera Rubin detection threshold (24.7 Mag). The dashed blue, red, and black curves are
kilonova lightcurves for the same three representative cases but using a model motivated by Metzger (2019).
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Figure 8. X-ray (1 keV) and radio (1 GHz) kilonova afterglow light curves on the left and right panels for the three representative kilonovae; “Case 17, “Case
27, and a kilonova without an engine in blue, red, and black, respectively. The shaded band shows the variability from an order of magnitude uncertainty on the

interstellar medium density (1073 — 1072 cm™3).

mining the presence of a neutron star relies on understanding the
systematic uncertainty in kilonova models and combining multiple
different diagnostics.

4.1 Kilonova model systematics

In Fig. 7, we plotted the r, g, and z-band lightcurves for the repre-
sentative cases described in Sec. 3.3. In the same figure, the dashed
curves represent the same representative case but with a different
kilonova model; a kilonova model from Metzger (2019) including
the same physics of gamma-ray leakage and spin-down evolution
as described in Sec. 2. The only significant difference between the
two models is how the mass is distributed, but this change alone
can create significant differences. The model described in Sec. 2 is
a one-zone model that can be thought of as a single shell of mass
with initial velocity ve;j. In contrast, the model motivated by Metzger
(2019) assumes a series of mass shells with total mass M with an
mass-averaged initial velocity ve; assuming homologous expansion,
i.e., faster matter with less mass is ahead of slower matter with more
mass, with only the bottom layer being heated up by the neutron star.
As Fig. 7 demonstrates, this one change has a significant impact on
the light curve, in particular on “Case 2”, the representative case
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where the bulk of the energy goes into accelerating the ejecta, with
the difference in “Case 1" not being as significant. This is consistent
with intuition, as the dynamical evolution becomes more critical in
“Case 2” as more energy accelerates the ejecta than in “Case 17
where the internal energy evolution plays a more prominent role.

Observations of AT2017gfo are best fit with multiple compo-
nents corresponding to different ejecta sources, such as one compo-
nent for the dynamical ejecta and another for the ejecta from disk
wind. In these works, both components are modelled analytically
and separately (Smartt et al. 2017; Villar et al. 2017; Nicholl et al.
2021) ignoring the coupling between the components. With only
one definitive observation of a kilonova, it is not clear whether
multiple components are necessary to explain the observations or
whether one single component composed of shells with different
masses, velocities, and perhaps opacity can better explain the obser-
vations (e.g., Tanaka et al. 2017; Waxman et al. 2018; Hotokezaka
& Nakar 2020).

Another source of uncertainty is nuclear physics itself, which
has been demonstrated previously to contribute to up to an order of
magnitude uncertainty at peak (Zhu et al. 2021; Barnes et al. 2021).
Both these factors, alongside other issues explored by numerical
simulations (e.g., Kawaguchi et al. 2022; Wu et al. 2022), the sig-



10  N.Sarin et al.

nificance of neutron precursor emission (Metzger et al. 2015a),
shock heated ejecta (Gottlieb et al. 2018; Piro & Kollmeier 2018),
neutrino-driven winds (Metzger et al. 2018), interaction with the
jet (Klion et al. 2021; Nativi et al. 2021, 2022), and viewing angle
dependencies (Klion et al. 2022) indicate systematic uncertainties,
which until resolved suggest that the relative brightness of a kilonova
alone may not a good diagnostic for distinguishing an engine-driven
kilonova from an ordinary one. This is especially true for “Case 2”-
like systems unless they are observed quite early.

4.2 Diagnostics

Perhaps the cleanest diagnostic available to infer the presence of a
neutron star engine are gravitational waves from the nascent neu-
tron star itself. Unfortunately, current detector sensitivities make
it unlikely that such a signal would be observable to relevant dis-
tances, with most emission models predicting a horizon distance of
~ 1 —2Mpc for advanced LIGO at design sensitivity (Gao et al.
2017; Sarin et al. 2018; Abbott et al. 2019; Lander & Jones 2020;
Sur & Haskell 2021). Systematic uncertainties in kilonova mod-
elling and nuclear physics also suggest that the brightness alone
may not be a good diagnostic for inferring the presence of a neutron
star engine. However, multi-wavelength observations of kilonovae
and kilonova afterglows offer other diagnostics.

In most scenarios, the cleanest electromagnetic diagnostic is
the spectra itself. Long-lived neutron star remnants cool through
neutrino radiation (Shapiro & Teukolsky 1983), increasing the elec-
tron fraction and therefore reducing the opacity, « of the disk-wind
ejecta (Perego et al. 2014; Metzger & Ferndndez 2014; Fernin-
dez & Metzger 2016; Lippuner et al. 2017). Longer lifetimes im-
ply more neutrino radiation and, therefore, result in significantly
more electron-rich ejecta with less abundance of heavy r-process
elements. This statement can be used to calibrate spectra and abun-
dance ratios of certain r-process elements to simulations of the neu-
tron star lifetime and provide inferences into the lifetime of a neutron
star from the observed spectra. For example, numerical calculations
suggest that a remnant lifetime longer than ~ 300 ms will make
the electron fraction, Y, > 0.25 in the disk outflow ejecta (Met-
zger & Ferndndez 2014; Lippuner et al. 2017) producing up to a
maximum of r-process element with atomic mass A > 130 cf. a
maximum atomic mass of A ~ 200 for a system where no long-
lived neutron star is formed (Metzger 2019). However, see other
calculations, which suggest a longer lifetime of ~ 1s for a similar
electron fraction (Sekiguchi et al. 2016; Kawaguchi et al. 2020).
Observations of certain spectral lines would then be a powerful di-
agnostic for the lifetime of the remnant. For example, observation
of Strontium lines (Watson et al. 2019) and spectral observations at
multiple epochs, suggests that the remnant of GW170817 did not
promptly collapse into a black hole or produce an infinitely sta-
ble neutron star (Gillanders et al. 2022). This stresses the need for
kilonova candidates to be followed up with telescopes capable of
making spectral measurements and for continuing to improve the
calibration of spectra through detailed numerical radiative transfer
simulations.

The increase in electron fraction also changes the opacity of
the ejecta and, therefore, change the peak timescales and the kilo-
nova colour evolution, making this a potential diagnostic. For ex-
ample, lanthanide-rich ejecta has a gray opacity « ~ 30cm? g~! cf.
k ~ lcm? g~! for lanthanide-poor ejecta (e.g., Metzger 2019). A
system where a neutron star remnant survives for ~ 1s may result
in disk-wind ejecta with Y, > 0.25 corresponding to an opacity
kK ~ 3 —5cm? g_1 (Metzger & Fernandez 2014; Lippuner et al.

2017). The bulk of the inferences into the kilonova observations of
GW170817 were performed by assuming a fixed opacity for dif-
ferent components (e.g., Villar et al. 2017; Nicholl et al. 2017).
Relaxing this in inferences may still allow constraints on « to dis-
tinguish opacities between 30 and 1, and therefore diagnose cases
between a powerful infinitely stable engine or an ordinary kilo-
nova without an engine. However, it is not clear that constraints
on k would be sufficiently strong to disentangle more intermediate
cases; when a neutron star only survives for a short amount of time.
We note that these mappings between electron fraction and opacity
are typically independent of the temperature or calibrated to the
temperature when the light curve peaks (Tanaka et al. 2020) and
may not be appropriate for the first few hours when magnetar spin-
down energy is most relevant. Other features such as shock-heating,
jet-interaction or viewing angle dependence may also muddy the
waters (Klion et al. 2021; Nativi et al. 2021; Klion et al. 2022)
suggesting that the colour evolution alone may be an inconclusive
diagnostic.

As we showed in Fig. 3, across the entire parameter space of
different magnetic field strengths, the presence of the neutron star
increases the ejecta velocity over the initial value. A measurement
of the average bulk velocity from the spectra may therefore provide
another diagnostic for inferring the presence of a neutron star central
engine. We note that it may be difficult (given the uncertainties in
kilonova spectra), to decouple the increase in average bulk velocity
due to the presence of the magnetar from systematic uncertainties
due to the spectral modelling or from the intrinsic velocity distribu-
tion of the ejecta. Spectral fitting of AT2017gfo strongly suggests
that there is a disjoint in the composition of the ejecta (Gillanders
et al. 2022). However, the observations can not decouple whether
this disjoint is due to the stratification of the ejecta or due to there
being two (or more) distinct ejecta components. If the former is
true, the stratification naturally implies a significant variation in ve-
locities (assuming homologous expansion) which may be difficult
to disentangle from the velocity increase if there is a neutron star
central engine.

The increase in velocity will also have a significant impact
on the kilonova afterglow. In particular, a “Case 2”-like system
(where most of the spin-down energy goes into accelerating the
ejecta) produces a significantly brighter kilonova afterglow that also
peaks on shorter timescales. Even accounting for the uncertainty
due to the uncertain interstellar medium density (see the shaded
bands in Fig. 8), such an afterglow would be distinguishable from
a scenario where there is no engine. However, a “Case 1”-like
system (where more of the available electromagnetic spin-down
energy is thermalised) may not be distinguishable from the kilonova
afterglow without an engine, especially in light of uncertainties in
other microphysical parameters that could hide the difference we
see in Fig. 8. These uncertainties also have the potential to make
it difficult to distinguish a “Case 2”-like system as well unless
the constraints on these microphysical parameters are relatively
strong thanks to multi-wavelength observations or constraints from
the relativistic jet afterglow. We note that the non-detections of
kilonova afterglow have already been used to rule out the presence of
highly energetic magnetar central engines in several short gamma-
ray bursts (Metzger & Bower 2014; Horesh et al. 2016; Fong et al.
2016; Klose et al. 2019; Liu et al. 2020; Schroeder et al. 2020; Ricci
et al. 2021).

A potentially rare but smoking gun diagnostic would be the di-
rect detection of emission from the magnetar wind nebula (MWN).
Radio emission (~ 1 GHz) will likely be emitted on the same
timescale as the kilonova afterglow, but X-rays and millimetre wave-
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length emission should be detectable on much shorter timescales.
X-rays from the MWN will have a comparable luminosity to the
optical kilonova emission and are observable on a timescale of a
few hours to days. However, this is contingent on the ejecta being
completely ionised by the MWN (Metzger & Piro 2014). Idealized
photoionization calculations suggest that this would generally be the
case (Margalit et al. 2018). However, if the ejecta is not completely
ionised, X-rays will not be visible until the photoelectric absorption
optical depth drops to 1, which will take ~ 1 — 2 months (Murase
etal. 2015). If a relativistic jet is launched, the X-ray afterglow pro-
duced will likely be dominant on either of these timescales. Given
the potential conflict with the emission from the jet, unabsorbed
millimetre wavelength emission from the MWN may be a better
diagnostic. In superluminous supernovae, millimetre wavelength
emission is predicted to peak on timescales of ~ 1 year (Omand
et al. 2018) and may peak earlier in a magnetar-driven kilonova due
to the higher expected remnant magnetic fields, lower spin-down
time, and lower ejecta mass. On this timescale, a relativistic jet
could only produce a brighter afterglow if the observer was located
significantly off-axis. We note that a significant uncertainty in these
predictions is the unknown emission spectrum of the MWN, as the
only known spectral models are calibrated to Galactic PWN (Tanaka
& Takahara 2010, 2013) and studies of SLSNe have only provided
weak constraints or inconclusive results (Law et al. 2019; Mondal
et al. 2020; Eftekhari et al. 2021; Murase et al. 2021). If observa-
tions of magnetar wind nebula are to become a powerful diagnostic,
this emission spectrum needs to be studied in more detail.
Although many of these diagnostics alone have potential issues
that make their overall distinguishing power inconclusive, combin-
ing multiple diagnostics (especially ones that correspond to features
of the spectra or the velocity, such as the kilonova and kilonova af-
terglow) offers the best prospects for distinguishing an ordinary
kilonova from a kilonova with a powerful, infinitely stable engine.
However, some problems may arise when considering the most
likely outcome of a binary neutron star merger (given our current
understanding of the binary neutron star mass distribution), a neu-
tron star engine that only survives for a short period. Analytic calcu-
lations suggest that neutron stars born with a mass between Mty
and 1.2Mtgy can support themselves against gravitational collapse
through rigid body rotation for up to 10* s, assuming the neutron
star only spins down due to vacuum dipole radiation (Ravi & Lasky
2014). More realistic calculations incorporating a combination of
electromagnetic and gravitational-wave spin down indicate that such
neutron stars will collapse on much shorter timescales (Fan et al.
2013; Gao et al. 2016). Assuming the time of the sharp drop in
luminosity seen in short gamma-ray burst X-ray afterglows is due
to the collapse of a neutron star, most collapse time measurements
are feollapse S 3008 (Rowlinson et al. 2013; Sarin et al. 2020a). The
collapse into a black hole reduces the rotational energy available
in the system making them less distinguishable from an ordinary
kilonova without an engine. However, a substantial amount of rota-
tional energy must be reduced from the system before it becomes
indistinguishable from a 10! erg ordinary kilonova.

5 DISCUSSION

A significant fraction of binary neutron star mergers may result
in the temporary formation of a neutron star central engine. This
paper explored the diversity of kilonova and kilonova afterglows
expected from such engine-driven explosions. We first explored the
diversity due to changes in the internal and external magnetic field
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strengths and later in other properties such as the initial spin period,
fraction of energy lost in pair cascades, and the kilonova modelling
itself. The biggest source of diversity originates from the remnant’s
internal and external magnetic field strengths, which dictates what
fraction of rotational energy is available in electromagnetic radiation
or lost in gravitational waves and what fraction of the available
electromagnetic energy is thermalised or lost in accelerating the
ejecta. Through two representative examples, we illustrated that a
magnetar-driven kilonova is either “bright” (Case 1) or “fast” (Case
2), where either the kilonova itself is significantly brighter than the
kilonova of a system without an engine (Case 1), or the kilonova
afterglow is brighter and peaks on a shorter timescale (Case 2).
Although we note that there exists a continuum between these two
representative cases. As kilonovae are fast transients, this stresses
the need for low cadence surveys or low latency/negative latency
gravitational-wave alerts to catch kilonovae before or at their peak,
where the differences between an ordinary kilonova and a kilonova
with an engine are at their largest.

Even in the parameter space where gravitational-wave losses
from a magnetic-field induced ellipticity are significant (Case 1),
the engine-driven kilonova will be significantly brighter than an or-
dinary kilonova without an engine. This is a direct consequence of
the fact that, in the region of parameter space where magnetic-field
induced ellipticity is large, and gravitational-wave losses dominate
occur, more of the available electromagnetic energy is thermalised.
In effect, this can be flipped to state that there is no realistic mag-
netar engine with significant gravitational-wave emission (from a
magnetic-field induced ellipticity) where the signature of an engine
could be effectively hidden away from the kilonova. In other words,
even if a significant amount of energy is lost in gravitational waves,
such engine-driven kilonovae will still be noticeably bright. This
is always true for an engine that only radiates gravitational waves
through a magnetic deformation unless fgy < 1073 Eyor, which is
only possible for Bex; < 10" G and ellipticity eg ~ 1072 which is
not realistic. By contrast, a “Case 2”-like system with no significant
gravitational-wave radiation can produce a kilonova that is difficult
to distinguish from an ordinary one. However, the kilonova after-
glow becomes a powerful probe here as it will be brighter and peak
earlier. We note that a “Case 17-like kilonova afterglow is indistin-
guishable from the kilonova afterglow of an ordinary kilonova, given
typical uncertainties in afterglow parameters. This emphasises the
need for combining diagnostics that can probe the opacity/elements
synthesised and the kinetic energy/velocity to infer the presence of
a neutron star. Our finding that a powerful long-lived post-merger
magnetar remnant cannot be “hidden” even if gravitational-wave
spindown is important (i.e. it will distinctly manifest in the ob-
servable kilonova and/or kilonova afterglow) strengthens previous
arguments that GW 170817 did not form such a remnant, and has im-
portant implications for the nuclear equation-of-state (e.g., Margalit
& Metzger 2017).

Throughout this work, we assumed that the only gravitational-
wave emission mechanism is a magnetic-field induced deforma-
tion. However, other channels, such as the secular bar-mode or
r-mode instability, are also potentially active in a newly born neu-
tron star (Corsi & Mészaros 2009; Andersson & Kokkotas 2001).
For example, Doneva et al. (2015) find that the secular bar-mode
instability has a maximum saturation amplitude of 10~°M¢2. For
the neutron star parameters we used above, this translates into an
effective bar-mode ellipticity of 2 x 1073 (Doneva et al. 2015; Lasky
& Glampedakis 2016). If the bar-mode instability is active, it could
make it more difficult to distinguish an engine-driven kilonova to
one without an engine by reducing the available electromagnetic
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radiation energy across the entire parameter space. However, it
is difficult to predict the bar-mode saturation timescale and ulti-
mately how the bar-mode torque competes with the electromag-
netic torque. Another energy-loss channel is a relativistic jet, which
(if launched) must be powered by the available electromagnetic
spin-down energy. However, given that typical short gamma-ray
burst jet energies are only ~ 1070 erg, this is likely not difficult to
accommodate in the large rotational energy reservoir, apart from
situations where gravitational-wave losses are significant. Across
the entire parameter space, to effectively hide the signature of the
magnetar from both the kilonova and kilonova afterglow one needs
fim < 1073 = 1072 E; for the most powerful neutron star engines.
However, in reality, these fractions are much higher, particularly if
only one diagnostic is used, until several systematics are resolved.

Throughout our analysis, we assumed y = 7/2, i.e., that the
neutron star is an orthogonal rotator and remains in that state. How-
ever, this is not wholly accurate. Numerical simulations show that
(depending on the initial angle and other parameters) a newly born
neutron star takes some small fraction of time (~ seconds to minutes)
to become orthogonal, remains an orthogonal rotator for ~ 1005,
then slowly becomes an aligned rotator over a timescale of tens
to hundreds of years; see Fig. 4 of Lander & Jones (2020). The
rotational energy lost through gravitational-wave emission is most
efficient when the system is an orthogonal rotator. Not modelling
the very early evolution implies we are being conservative in the
overall fraction of rotational energy available to affect the kilonova.

The same effect applies when the neutron star starts to become
an aligned rotator again. In the model of Lander & Jones (2020),
this happens when the free precession timescale of the star becomes
equal to the time scale of the particle reactions that tend to restore
beta equilibrium in the stellar matter. Lander & Jones (2020) find
that this happens at ~ 10°s for a neutron star with the same pa-
rameters as “Case 2” described earlier (again, see their Fig. 4), by
which time there is relatively little rotational energy left, so that the
kilonova and kilonova afterglow properties are unaffected. Note,
however, that this timescale is sensitive to the microphysics of these
weak interactions, and also to the internal temperature, so could be
shorter.

As noted in Sec. 4, the emission spectrum of a newborn mag-
netar wind nebula (MWN) is not well constrained. However Ai et al.
(2022) present a model for the shock structure of a magnetar-driven
kilonova that has interesting implications on the MWN spectrum.
Their model includes a Poynting-flux dominated magnetar wind
which generates a reverse (termination) shock upon collision with
the kilonova that propagates back to the neutron star at ~ ¢ and
dissipates when reaching the wind-launching region on a timescale
of a few seconds. The unshocked wind that reaches the kilonova
and eventually leaks out will result in a spectrum significantly dif-
ferent from a regular pulsar wind nebula (PWN) spectrum, which is
typically from a shocked wind (Gaensler & Slane 2006). In a typ-
ical PWN, the reverse shock accelerates electrons and positrons to
ultra-relativistic velocities, where they can produce broadband syn-
chrotron radiation and produce gamma-rays through inverse Comp-
ton scattering (Ginzburg & Syrovatskii 1965; Gaensler & Slane
2006). However, with a highly magnetized wind and no reverse
shock, there would only be low energy cyclotron/synchrotron ra-
diation. There are some ways to avoid this scenario. If the wind
is electron-positron pair-dominated instead of Poynting-flux domi-
nated or the bulk velocity of the wind is high, then the reverse shock
can be steady and not dissipate. Alternatively, magnetic reconnec-
tion in a current sheet generated by a striped wind (Lyubarsky &
Kirk 2001; Sironi & Spitkovsky 2011) or a kink instability in the

field (Begelman 1998; Porth et al. 2013) may also alleviate this
issue. The reverse shock may also be able to reform once the neu-
tron star has lost a significant amount of energy or the kilonova has
expanded a significant distance.

The disappearance of the reverse shock may also have implica-
tions for other magnetar-driven transients. In the magnetar model for
superluminous supernovae (SLSNe), the shocked wind is absorbed
by the ejecta and powers the optical light curve, just as in magnetar-
driven kilonovae. It’s unknown whether an unshocked wind could
generate the same supernova luminosity, or if the previously de-
tected radio counterparts (Law et al. 2019; Eftekhari et al. 2019;
Coppejans et al. 2021a,b) could be consistent with this model.

Our model and some of our results are also applicable more
generally to other transients, such as SLSNe and some broad-line
Type Ic supernovae (BL-Ic SNe), both of which could have a
magnetar-driven sub-population. BL-Ic supernovae are predicted
to be powered by neutron stars with Bexy = 10145 G and have
ejecta masses ~ 1 M@, while SLSNe are predicted to be powered
by neutron stars with Bexy ~ 10137145 G and have larger ejecta
masses, sometimes up to ~ 30 M (Nicholl et al. 2017; Suzuki &
Maeda 2021; Chen et al. 2022). Since these transients have similar
magnetar engines to our kilonovae, they could also lose a signifi-
cant amount of energy to gravitational radiation (Kashiyama et al.
2016) and have ejecta accelerated by their MWN (e.g. Murase et al.
2015; Suzuki & Maeda 2021). Current models widely used in in-
ference (Nicholl et al. 2017) do not capture these nuances, instead
assuming the ejecta velocity to be a free parameter that does not
vary with time and is completely decoupled from the magnetar lu-
minosity. However, as shown in (Suzuki & Maeda 2021) and in
Fig 2, a significant fraction of the neutron star spin-down luminos-
ity is converted into kinetic energy (depending on the ratio of ¢gp
to t4iff ), making this assumption not-realistic for these transients.

The central magnetar is also expected to influence the neb-
ular optical spectrum of the transient in each case, since the en-
gine can photoionize the ejecta. For example, SN2012au, a sus-
pected magnetar-driven supernova, was observed with an unex-
pectedly high amount of forbidden oxygen emission at ~ 6 years
post-explosion (Milisavljevic et al. 2018). However, there are not
yet any reliable models for the nebular spectra of magnetar driven
transients, although progress is being made (e.g. Jerkstrand et al.
2017; Pognan et al. 2022a,b). One interesting difference between
magnetar-driven kilonovae and supernovae is the appearance and
role of dust. In supernovae, dust can form in the ejecta after ~ a few
months, and when there is a central magnetar present, the dust can
be heated by absorbing radiation from the MWN and re-radiate that
energy in the infrared (Omand et al. 2019; Chen et al. 2021). How-
ever, conditions in kilonovae, such as the generally higher ejecta
temperature, velocity, and density may prevent formation of large
clumps of dust.

With the multi-messenger era finally underway, improving our
capabilities to effectively diagnose the engines of kilonovae has im-
portant ramifications on our understanding of the binary neutron star
mass distribution and the nuclear equation of state. We have shown
that differences in the remnant neutron star’s internal and external
magnetic field strength drives the majority of the diversity seen in
magnetar-driven kilonovae. And combining diagnostics, in partic-
ular observations of the spectra, and kilonova afterglow together
can distinguish magnetar driven kilonova across the bulk of the pa-
rameter space apart from circumstances where gravitational-wave
emission from mechanisms other than a magnetic-field deformation
is active and dominant or the neutron star collapses into a black hole
shortly after formation. As our understanding of kilonova systemat-
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ics improves, and observations become plentiful, magnetar-driven
kilonovae could become a powerful and novel playground for un-
derstanding the early lives of nascent neutron stars.
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