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Abstract

With a growing sample of fast radio bursts (FRBs), we investigate the energy budget of different power sources
within the framework of magnetar starquake triggering mechanism. During a starquake, the energy can be released
in any form through strain, magnetic, rotational, and gravitational energies. The strain energy can be converted
from three other kinds of energy during starquakes. The following findings are revealed: (1) The crust can store
free magnetic energy of ~10%®erg by existing toroidal fields, sustaining 10° bursts with frequent starquakes
occurring due to crustal instability. (2) The strain energy develops as a rigid object spins down, which can be
released during a global starquake accompanied by a glitch. However, it takes a long time to accumulate enough
strain energy via spindown. (3) The rotational energy of a magnetar with P <0.1s can match the energy and
luminosity budget of FRBs. (4) The budget of the total gravitational energy is high, but the mechanism and
efficiency of converting this energy to radiation deserve further exploration.

Key words: stars: magnetars — stars: neutron — radiation mechanisms: non-thermal

1. Introduction

Fast radio bursts (FRBs) are millisecond-duration flashes,
signifying extremely coherent radiation due to their extremely
high bright temperatures. Although they are similar in some
aspects to single pulses from radio pulsars, the energy budget
of FRBs is much higher. The physical origin(s) of FRBs is still
a mystery (Zhang 2023).

A strong connection between magnetars and FRBs was
established since the discovery of FRB 20200428D, an FRB-
like burst from a Galactic magnetar, SGR J1935+2154
(Bochenek et al. 2020; CHIME/FRB Collaboration et al.
2020b). Based on the distance from the emission site to the
central engine, magnetar FRB models can be generally divided
into two categories: emission within the magnetosphere
(pulsar-like models, Katz 2014; Kumar et al. 2017; Yang &
Zhang 2018; Wang et al. 2019, 2022, 2024; Lu et al. 2020;
Cooper & Wijers 2021; Zhang 2022; Liu et al. 2023; Qu &
Zhang 2024), and emission from a relativistic shock region far
outside the magnetosphere (GRB-like models, Metzger et al.
2019; Beloborodov 2020; Margalit et al. 2020; Chen et al.
2022; Khangulyan et al. 2022). The observations of

polarization measurements, including diverse polarization
angle swings (Luo et al. 2020b) and high degrees of circular
polarization (Jiang et al. 2022; Xu et al. 2022; Zhang et al.
2023), favor the pulsar-like models (Qu & Zhang 2023),
even though there are also some attempts to interpret
these phenomena within the GRB-like models (Iwamoto
et al. 2024).

Starquakes from magnetars have been proposed as a
promising triggering mechanism for FRBs (Wang et al. 2018;
Suvorov & Kokkotas 2019; Wadiasingh & Timokhin 2019;
Jiang et al. 2020; Li et al. 2022). The FRB burst sequences
share remarkably similar characteristics in energy distribution
and temporal occurrence with earthquakes (Du et al. 2024;
Totani & Tsuzuki 2023; Wang et al. 2023; Tsuzuki et al. 2024).
The quake model predicts that FRBs are associated with
glitches and quasi-periodic oscillations (QPOs). Surprisingly, a
giant glitch was measured days before FRB 20200428D
(Mereghetti et al. 2020; Li et al. 2021; Ridnaia et al. 2021),
and later another glitch was found to be accompanied by three
FRB-like radio bursts in subsequent days (Younes et al. 2023).
A QPO of 40 Hz was reported from an X-ray burst during the
active epoch of FRB 20200428D (Li et al. 2022).
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Several FRB sources have been observed to repeat more
than a thousand times (Li et al. 2021; Xu et al. 2022;
Zhang et al. 2023), suggesting that an active central engine and
a large energy reservoir are needed. The prospect of detecting
more than ten thousand bursts from an FRB source would pose
significant challenges on the potential energy budget of a
magnetar. In this paper, we investigate the energy budget and
the mechanism that can be released, within the framework of
the starquake model for a neutron star or a magnetar. We
consider the energy budget of repeating FRBs in Section 2. We
discuss the energy release during starquakes by invoking strain,
magnetic, rotational, and gravitational energy in Section 3. The
results are discussed in Section 4 and summarized in Section 5.

2. Energy Budget of an FRB Source

As a cosmological burst, an FRB can release a huge amount
of energy. For a nominal Gpc distance D, the burst energy of an
individual burst can be estimated as

8E ~ 47D, K, Av

2
— 1.2 x 10, erg| —2 By ( Av )
1 Gpc ) \0.1Jy ms J\ 1 GHz

ey

where f;, = 6Q)/(4) is the beaming factor for an individual burst,
F, is the received fluence and Av is the bandwidth of the
telescope (for a narrow FRB spectrum). The emission solid angle
6 could be as small as 1/ (72) ~ (107*-107°) due to relativistic
beaming (Wang et al. 2022; Zhang 2023). Even though the energy
of an individual burst is smaller by a factor of f;, than the isotropic
value, there is a factor of fb’l more FRBs that do not beam toward
Earth. So, the total energy budget of an FRB remains the same as
estimated based on the observations (Li et al. 2021; Xu et al.
2022; Zhou et al. 2022) because the two factors cancel out.

However, there might be a global emission beam factor. The
bursts may not be emitted isotropically. The emission cone of
individual bursts is confined to a global fan-beam which has a
solid angle of AQ,'? leading to a global beam factor of
Fp=AQ/@m), with AQ > 6Q. In this case, there is only a
small fraction of bursts detected with altogether A{2/62 bursts,
most of which are missed, so that the global energy budget can
be smaller by a factor of F), from the isotropic value (Zhang
2023). Therefore, when considering the total burst energy/
luminosity, the global beaming factor rather than the beaming
factor of an individual burst should be adopted.

It is necessary to introduce the luminosity /energy function of
FRBs when a large sample of FRBs is considered. Some
statistical studies show that the luminosity /energy function of
bursts from the same source can be characterized by a
power law distribution, N(E) « E~? with indices ranging from

12 Conal regions from a magnetospheric rotator are considered as the global
beaming scenario, but a more general geometry is possible.
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1 to 2 (Li et al. 2021; Xu et al. 2022; Zhou et al. 2022;
Zhang et al. 2023). For the FRB population involving different
sources, the energy distribution can also be described by power
laws with the similar index range (Cao et al. 2018; Luo et al.
2018, 2020a; Lu & Piro 2019; Lu et al. 2020). If the index is not
strictly equal to 1 or 2, the average burst energy is calculated as

E,
E

E,
N(E)dE
E;

E

Eh» P <1
XA—EPEPT, 1<p<2 2)
E, p>2.

p—1
p—

~

The average burst energy mainly depends on the high-luminosity
events when p >?2 while low-luminosity events for p < 1. A
central value of 1.8 can cover at least 7 orders of magnitude of
burst energy (Lu et al. 2020). For this power law index, the
average energy or fluence for a repeater mainly depends on the
low-energy events. We take the observed fluence extending from
1072 Jyms to 100 Jy ms. The average fluence for a repeater is
calculated as 0.25 Jy ms based on Equation (2).

The energy release may mainly support radiation in the
X-ray bands. Consider the peculiar event FRB 20200428D, in
which the X-ray burst was more than 10* more energetic than
the associated radio burst (Mereghetti et al. 2020; Li et al.
2021; Ridnaia et al. 2021), leading to an upper-limit radio
efficiency of 7= 10"*~10"" for this event. Lower limits on 7
by other X-ray counterparts are of this order or even smaller
(Piro et al. 2021). By multiplying the efficiency factor of 10,
one finds that the theoretical total energy budget of a repeating
FRB is at least 10*® erg.

Note that most bursts are missing due to the duty cycle. The
total observed number and their energy budget of some actively
repeating FRBs within duty cycles are summarized in Table 1.
The physical duty cycle and burst rate evolution are complex.
We assume that the repeater source has a lifetime 7y and
consider the average bursting rate to be independent of energy.
If the activity level remains unchanged during the lifetime, the
total energy budget of the source over the lifetime can be
estimated as (Zhang 2023)

Tiife  * EisoM dN
Ege = L/(; L ( )FbEison_lg_ldEisodt’ (3)

dtdE;,

iso,m

where ¢ = Tops/Tiife 1S the observational duty cycle and Ej, is
the isotropic FRB energy from the source. A naive estimation is
considering the detection of 1652 bursts in ~60 hr during a
47 day observational campaign (Li et al. 2021), leading to a
¢=0.053. The theoretical total energy budget of an observed
FRB is required to exceed at least ~10* erg and the total burst
number may exceed 4 x 10°.
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Table 1
Total Observed Number and Total Energy of Some Active Repeaters
FRB Name Burst Number Total Energy References
(erg)
20121102A 2370 4.1 x 101 Spitler et al. (2016), Michilli et al. (2018), Y. G. Zhang et al. (2018),
Hilmarsson et al. (2021), Li et al. (2021), Hewitt et al. (2022)
20190520B 121 1.1 x 10* Dai et al. (2022), Thomas (2022), Niu et al. (2022)
20201124A 2883 1.6 x 10 Kumar et al. (2022), Lanman et al. (2022), Xu et al. (2022), Zhou et al. (2022)
20220912A 1077 7.4 x 104 Zhang et al. (2023)

Note. Some data are quoted from https: //www.chime-frb.ca/repeaters /.

3. Energy Release During Starquake
3.1. Strain Energy from Crustal Cracking

Starquakes as a leading scenario to trigger FRBs can suddenly
release a huge amount of energy. It has been discussed as the
energy source for some high-energy phenomena since the elastic
energy released in the crust excites oscillations and the induced
electric field accelerates charges to produce an outflow stream
(Tsygan 1975; Fabian et al. 1976; Muslimov & Tsygan 1986;
Epstein 1988; Blaes et al. 1989). The strain energy released in
the crack region of I* is given by

8Eg = 2T ARpe?

[ 2( AR e YV
=47 x 1037 er ( )( )( ), 4
g 10*cm/ \0.3km /\ 103 @

where e is the strain of the crust and 1~ 2.5 x 10° erg cm " is

the shear modulus of the crust (Thompson & Duncan 1995).
This energy release is consistent with the budget for an
individual burst.

During the crustal motion, some strain energy is
accumulated and it would be released when the stress exceeds
a threshold. The starquakes may be induced via some magnetic
activities or crust collapse. Also, starquakes may be associated
with spindown glitches in which strain energy is accumulated
via spindown-induced shape change. These processes are also
accompanied by magnetic, rotational, and gravitational energy
release, which are summarized in Figure 1. The possible
processes involve a magnetar directly releasing these energies,
partially converting these energies to strain energy. Crustal
motion can generate seismic waves leading to oscillations of
the star. The toroidal oscillation of the star enables the
Goldreich—Julian density (Goldreich & Julian 1969) to deviate
from the traditional value due to rotation, which provides
additional voltage to accelerate charged particles to emit
photons (Lin et al. 2015). The energy evolutionary paths are
summarized in Figure 2. Some situations occur alternatively
and some processes take place successively or simultaneously.
We discuss the release mechanisms of these energies
independently in the following.

Magnetic energy

Toroidal field

Figure 1. A schematic diagram illustrating how energy is stored and released in
a magnetar. Starquakes can cause the footpoints of magnetic field lines to
move, leading to magnetic reconnection. Gravitational energy may be released
if the bulk shrinks, and part of it may convert into strain energy in the crust, and
some strain energy may be released directly. Rotational energy can be released
via quakes and spindown, with the latter being the direct energy source
for FRBs.

3.2. Magnetic Energy Released by a Starquake

Within the magnetar scenario, the magnetic energy can be
released from the crust (and possibly even from the interior of
the crust) into the magnetosphere, when the pressure induced by
the internal magnetic field exceeds a threshold stress. The
magnetic energy dominates the crustal deformation energy if the
magnetic field strength B>B, = (47ru)1/2 =56 x10"°G.
Suppose the magnetic field is deformed away from magneto-
static equilibrium by an amount éB. In that case, the elastic stress
suddenly balances the Maxwell stress, i.e., e >~ B6B/(4r). The
largest yield strain of the crust is estimated as ~10*~1072 The
effect of ohmic decay is neglected for young magnetars.

During the sudden crustal motion and starquake, an Alfvén
wave packet is launched from the surface, and the wavevector is
not exactly parallel to the field line and there is a non-zero
electric current along the magnetic field lines (Kumar & Bosnjak
2020). The wave can become quite nonlinear and get ejected
from the magnetosphere, if the wave packet propagates to a
height at which total energy is greater than the magnetospheric
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Spindown power
Dynamo Bulk variable glitch

Magnetic reconnection
Alfvén wave ejecta
*

FRB radiation

Figure 2. The energy evolutionary path for magnetic, rotational, strain, and
gravitational energy.

energy (Yuan et al. 2022; Sharma et al. 2023). The ejecta pushes
open the magnetic field lines and forms an electric current sheet
connected back to the closed zone. Magnetic reconnection can
occur at the current sheets and then induce some X-ray burst
counterparts. The magnetic energy release is

2 2
_ 40 € By
OFmagc =1.2 x 10 erg( 1073) (1015 )

I Y AR
8 (104 cm) (0.3 km)’ )

where B; is the magnetic field strength on the stellar surface and
AR is the crustal thickness. There is a height where charge
density is insufficient to supply the current required by the
wave and an electric field is formed to accelerate particle
bunches, converting the magnetic energy into emissions.

The timescale of the energy release process in an area of [ is
related to some instability growth. A displacement of the
magnetic footpoints on the surface can be caused by the
diffusion of the internal magnetic field, which is reminiscent of
the turbulent convective motions in the Sun. The exchange in
the positions of the footpoints is driven by the interchange
instability (Thompson & Duncan 1993). We take the density of
the neutron drip p, as the crustal density and then the Alfvén
speed in the crust is written as B;/(47p,)'/?. The growth time of
the instability driven by the external magnetic field is

l B, \'!
fox ~ 1/vp < 2.2 % 1075 s(—)(—) . ®
SRS 10*em \ 105G ©

In the case where instability is driven by the internal field, the
growth time is

! B \! 5 12
tin ~ 1.1 ms < , 7
(104 cm)(lOlSG) (1015gcm3) @

where p, is the mass density of the interior region.
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The solid crust of a magnetar plays a crucial role in various
high-energy activities such as FRB. Elastic stress accumulates
with the evolution of the internal B-field and stores a large
amount of energy in the form of elastic stress. The total
magnetic energy stored in the crust is

B, V( R Y/ AR
E =15 x 10%er ( s )( )( ), 8
e #1056 ) \1o0km ) \03 km ®

where R is the stellar radius. Starquakes can occur anywhere on
the star’s surface in principle so that the global beam factor is
close to an order of 1 even if it can be small. The burst number
supported by the crustal magnetic energy is estimated by

w0 (g () (i) 7)
10° G 10km / \0.3km /\10~*

-1 -2 = -1 -1
() 8 o) (2)
0.5 1 Gpc 0.3 Jy ms 1 GHz

Considering possible duty cycles, the magnetic energy in the
crust may not be sufficient to support the observed FRBs. We
take an average event rate of 100 hr~'. An FRB is assumed to
be triggered at only one position so that the event rate is
independent of the global beaming factor. The magnetic energy
in the crust can support consecutive FRB activities for ~100 hr.

Consider a magnetic field with a general poloidal form of
B=BR"/r" (n>3). The total magnetic energy stored in the
magnetosphere is given by

BR

B e— 10
2(2n — 3) (1

mag,m —
For a purely dipolar configuration (n =3), the total magnetic
energy is

B, V'( R Y
_ 47 s
Emagm = 1.7 x 10 erg(lo15 ) (m) . (11)

The magnetic energy stored in the magnetosphere is higher
than that stored in the crust and can support ~10° bursts.
However, it is difficult to release such magnetic energy in a
dipolar configuration, because the dipole is the ground state of
the magnetic field. The free energy that magnetic fields can
release favors multipoles or twisted magnetic fields.

Some toroidal magnetic field components might anchor in a
highly conducting crust of a neutron star (Thompson et al.
2002). The toroidal magnetic field can be transferred from the
interior to the crust via crustal differential rotation along
gravitational equipotential surfaces. A sudden crust quake can
twist the magnetic field in the outer magnetosphere (Belobor-
odov 2009). The magnetic energy of the twisted field is then
launched into the magnetosphere.

Considering that the toroidal magnetic field in the crust is
10'° G, the energy can support ~10° bursts based on Equation (9).
The elastic strain can hardly balance the magnetic strain because
B> B, so that the crust is unstable and frequent starquakes may
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occur at the surface. In this case, the magnetic energy stored in the
crust is at least 6.3 x 10*® erg by taking B = B, in Equation (5). A
simulation found that if the magnetic field has a strong toroidal
component, the crust is most prone to rupture, and in this case, the
epicenter of crustal earthquakes is near the equator (Lander et al.
2015). By assuming that the magnetic strain is comparable to
gravity, there might be an upper limit to the magnetic field of
~10" G, leading to ~10'° bursts, which is a strict upper limit.

3.3. Rotational Energy Release via Quake and Spindown

We discuss the release of rotational energy via a global glitch
and directly convert it into radiations.

3.3.1. Spindown-induced Glitch with a Starquake

A global starquake may happen when the shear strain due to a
spindown-induced shape change exceeds a threshold. Note that a
neutron star is thought to be a fluid star with a thin solid crust.
The equilibrium configuration of a rotating neutron star leads to
an ellipsoid rather than a perfect sphere, in which elastic energy
is accumulated in the crust (Baym & Pines 1971). This global
starquake is also associated with a glitch and consists of three
steps: (1) the normal spindown phase, which begins at the end of
the last glitch and during which the elastic energy is
accumulated; (2) the glitch epoch, during which the star loses
its elastic energy; and (3) the glitch phase, during which the star
changes its shape and sets up a new equilibrium at the end of this
phase (Zhou et al. 2004, 2014; Peng & Xu 2008). The total
energy of the star is given by (Baym & Pines 1971)

(9%
Eota = Ex + Eg + Eela = Eg + T + Ae? + B, (e — é‘O)Za
(12)

where [ is the neutron star’s moment of inertia, {2 is the angular
velocity, and

2
A= 3GM ’
25R
B, — 27rR3u’
3
e=l-h (13)
I

The gravitational and kinetic energy changes correspond to the
shape change and spindown. However, the ellipticity change
during the glitch is small, and the total energy for the glitch
epoch is approximated as that of the glitch phase. The total
energy change during the quake is mainly the strain energy,
which is calculated as (Zhou et al. 2014)

A o0

Eﬂl‘ = ——|O0E|—. 14
str,g Z(AJer)l le ( )

The upper limit for the total strain energy is the total spin energy.
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After the previous quake, the stress in the crust can build up
again. The rate of stress build-up is
5
é'zfué:fM’ (15)
P3(A + B,)
where P is the rotation period. Therefore, the waiting time for
the starquakes can be estimated as t, = 0./6. We take 62/
Q=10", leading to 0.~ udQ/Q=2.5x 10" ergem >
Considering A > B,, we can obtain

t,=19.7h = . (16
1 r( 10-° ) 1s/)\10°G 10 km (16)

The waiting time for the starquakes is much longer than the
waiting time for some short-interval FRBs of ~10 ms—100s.
Strain energy is therefore not a viable FRB power source since
it cannot be released frequently.

3.3.2. Rotational Energy for a Young Magnetar

Regardless of whether the radiation mechanisms of pulsars
and FRBs are the same, we consider the spindown power of a
neutron star to sustain FRBs. The spindown power is
independent of a starquake scenario and is just regarded as
an energy mechanism in the following discussion.

The rotational energy of a neutron star can sustain radio
emission from a pulsar (Gold 1968). The strong magnetic field
and high rotation speed of neutron stars cause the magneto-
sphere to fill with plasma, leading to radiation in the pattern of
a rotating beacon (Goldreich & Julian 1969). The total spin
energy of a rotating neutron star with M = 1.4M, is given by

1 R 2 P -2
Eoo = =10 =22 x 10%er (—) (—) . 17
2 ! 10km ) \1s a7

The neutron star can be regarded as a rotating magnetic dipole.
The corresponding radiation luminosity is defined by its
spindown luminosity, which is estimated by

_ 2B2R°Q
3¢

2 6 —4
=3.8 x 10%7 erg s"( B, ) (L) (i) ,
1015 10 km 1s

18
where we do not consider an inclination angle dependence becglqu):
the power is insensitive to the angle when both magnetic dipolar
spindown and wind spindown are considered (Harding et al. 1999;
Xu & Qiao 2001; Spitkovsky 2006). The corresponding radiation
luminosity should be equal to the spindown power, which gives
the period evolution of the neutron star

Eq

5 - ST 28 pot (19)

The spindown age is

2
Iqq = Tc[] - (%) ], (20)



Research in Astronomy and Astrophysics, 24:105012 (9pp), 2024 October

where P is the initial rotational period. It can be reduced to
~P/(2P) when the initial rotational period P, is much smaller
than P.

For a typical magnetar with P ~ 1 s, the rotational energy is
in the same order as the total magnetic energy stored in the
crust, given as Equation (8). According to discussions in
Section 3.3, the rotational energy can sustain ~10* bursts.
However, the spindown power of a magnetar with P ~ 1 s may
not be able to support very bright bursts whose observed
isotropic luminosities greatly exceed the spindown luminosity.

We consider a magnetar with P =0.1's, which is the point of
interest in the following discussion. The spindown power is
sufficient for the FRB luminosity. However, the spindown age is
calculated to be ~0.2 yr which is much smaller than the age since
the FRBs were discovered. There might be a lot of bursts missing
before the FRB source was first discovered. As the rapid spindown
evolution proceeds, the luminosity of FRB decreases significantly.

Such a newly born magnetar is surrounded by a supernova
remnant. We take the spindown age as the age of the supernova
remnant. The free—free optical depth for the wave traveling
through the ejecta shell (Z=8, A=16) for an oxygen-
dominated composition) is given by (Metzger et al. 2017)

Tir = O.OlSZZZ/_ZTe}}/Z”E”igffRej

_ — 2
99« 1010g-~( v ) 20Ty P My
"\ 1 GHz 104 K 10 M.,

y ( Vej )10( P )10( Bs )10
104 km s™! 0.1s 105G/ °
@2n

where g~ 1 is the Gaunt factor, and T¢j, M,; and v; are the
temperature, mass, and mean velocity of the ejecta respectively.
For low-frequency photons, the induced Compton scattering is
significant if the flux is high enough (Wilson & Rees 1978;
Lyubarsky 2008; Ioka & Zhang 2020), which gives the optical
depth

-~ 30’]" neéE
c—= 3272 R2 3
T RGmev

2
—s.0f[ -2 By (A”)
1 Gpc ) \0.1Jyms J\'1 GHz

(ron o) (o)
10 M, J\1 GHz 10 km s~!

20 10 ~10
(o) (w5) Grs) - @
10 km 108G 0.1s

where oy is the Thomson scattering cross-section and m, is the
mass of an electron. GHz waves from a magnetar with
B,=10"G and P =0.1 s are optically thick and cannot escape
from the ejecta shell.

We plot the relationship between P and By, as shown in
Figure 3. Both the parameter spaces that are optically thick are

Wang et al.

101®

1015 L

Figure 3. P-B, diagram. We take M= 10M., vej= 10*kms™",
v=10° GHz, and Ty = 10* K. The black dashed lines represent spindown
energy rates E; = 10%, 10%, and 10*0 erg s—!. The black solid lines signify
spindown ages 0.1, 10, and 10® yr. The red and blue dash—dotted lines mean
Tc=1 and 7¢ = 1. The red and blue regions correspond to being optically
thick due to induced Compton scattering and free—free absorption.

shown as the colored regions for the free—free absorption and
induced Compton scattering. A magnetar with P> 0.1s can
sustain GHz FRBs and the bursts can escape from the ejecta
shell region.

The ejecta shell is too dense to let FRB waves escape a
newly born magnetar. Hence, a magnetar formed by a compact
binary merger may host an optically thin shell for an FRB
which has a lower ejecta mass. The magnetar formation
matches the case of FRB 20200120E localized to an old
globular cluster in M81 (Bhardwaj et al. 2021; Kremer et al.
2021; Majid et al. 2021). Nevertheless, whether a compact
binary can form a magnetar lacks observational evidence.
Massive star core collapses are likely the main pathway for the
formation of the majority of young magnetars.

3.4. Gravitational and Phase Transition Energies

We consider gravitational energy released during starquakes.
A hadron-to-quark phase transition can convert a neutron star
to a quark star or a hybrid star in realistic scenarios like
spindown, depending on whether the quark matter phase is
absolutely stable or not. Such a phase transition is accompanied
by a release of energy from the changes of internal energy and
gravitational potential energy of roughly the same order of
magnitude (Bombaci & Datta 2000), while the release of
gravitational potential energy can be approximately evaluated
as

3GM?6R
B = —5p
2 -1
=33 x 104 erg M ( R ) ((SR/R), (23)
14m, ) \1okm /) \10¢

where OR is a global reduction in radius. When converting to
hybrid stars, the phase transition and the associated energy
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release have been shown to be able to source core-quakes
(Bejger et al. 2005) and repeated FRBs (Shen et al. 2023).
Recently, it was demonstrated that a phase transition from
strangeon matter'® to strange quark matter is feasible in the
core region of strangeon stars (Zhang et al. 2023a), which may
also result in core quakes and release of a large amount of
energy due to the gravitational mass changes.

Starquakes can induce pressure anisotropy changes inside a
star, which in turn can cause a large amount of energy to be
released from associated gravitational mass changes (Xu et al.
2006; Chen et al. 2024) even without phase transition. It has
been shown that a small amount of anisotropy change of the
order of 10~* will release a huge amount of energy (>10" erg)
(Chen et al. 2024). However, pressure resists gravity and does
work during the collapse, converting most of the gravitational
energy into internal energy. The efficiency of gravitational
energy conversion into radiation seems to be small, unless the
shear modulus of the star is large.

The radiation mechanism from gravitational energy to
radiation is not very determined. One possible mechanism is
that the star has oscillations induced by seismic waves. The
oscillations can enhance the voltage potential on the polar gap
causing more energetic emissions (Lin et al. 2015). A part of
the released gravitational energy is transformed into kinetic
energy of the oscillations and then becomes radiation power.
However, it is not clear how much energy is converted into
thermal energy during core heating via quakes. The
gravitational energy budget seems to give a theoretical upper
limit on the energy released from a pulsar-like compact star.

Another interesting scenario is relevant to the challenging
equation of state of cold supra-nuclear matter, in which huge
gravitational energy may efficiently power emission if the
equation of state is so stiff that the maximum mass, Mtoy,
calculated with the Tolman—Oppenheimer—Volkoff equation
reaches (2.5 ~3.0)M,,, particularly after binary neutron star
merger. The mass of a merger remnant could even be slightly
higher than Mty for two companion stars with typical masses
of ~1.5M_, but the hypermassive neutron star would survive
due to rapid rotations before collapsing into a black hole.
Besides the centrifugal force, in a strangeon star model, an
elasticity would additionally prevent the remnant from
collapsing after solidification (Yuan et al. 2017), and quakes
could then occur frequently afterward. This kind of massive
remnant could also be an attractive gravitational wave source,
even an echo (Zhang et al. 2023b), with multi-messenger
information. In any case, there are quantitative uncertainties in
this scenario that should be investigated in the future.

Alternatively, another way to release gravitational energy is
for neutron stars to accrete external matter, e.g., an asteroid

13 The building blocks of a strangeon star are strangeons which are localized
quark clusters formed by the strong force, in analogy with atomic nucleons but
with a large baryon number and with strange quarks in almost equal fraction as
up and down quarks.
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(Dai et al. 2016; Zhang et al. 2018; Geng et al. 2021). The
accreted matter falls onto the stellar surface leading to
starquakes. During this process, the gravitational energy is
first converted into kinetic energy and then transformed into
emitting charges via some mechanism. However, to interpret
the occurrence of such frequent bursts, e.g., the event rate can
be up to 100 hr ', the asteroid belt needs to be sufficiently
dense.

4. Discussion
4.1. Narrow Spectra and Impact on Energy Distribution

The bandwidth limitations may affect the calculation of burst
energy. Observations of repeaters show that the energy/
luminosity function spans a wide range. The distribution has a
high energy cut-off, but no sharp cut-off at the low energy
bands due to sensitivity limitations. For some radio telescopes,
the limited sensitivity only allows catching a small number of
bright bursts whose function can be well modeled by a power
law distribution. If the sensitivity is high enough, one can see
hidden features.

For some FRBs, radiation frequencies appear to exhibit
distinct preferences, being particularly active at certain
frequencies. This phenomenon may lead to a significant
deviation between the distribution observed by narrowband
telescopes and the intrinsic distribution. Since repeaters have a
relatively small bandwidth (~200 MHz, e.g., FRB 20220912A,
see Zhang et al. 2023), if the central frequency of a burst is
outside of the observing band of the telescope, only a small
portion of the emission energy is detected. According to
Equation (1), this gives an underestimated burst energy. Such
an issue brings challenges to obtaining robust energy
estimation and introduces a bias to the observed energy
distribution.

4.2. Duty Cycle

We simply discuss the duty cycle by considering a constant
burst rate during the lifetime. However, for most repeaters, we
are not sure whether they are physically inactive or due to the
observational sensitivity, and the constant burst rate in terms of
time is a strong hypothesis. Some repeaters may have
periodically active windows (e.g., CHIME/FRB Collaboration
et al. 2020a; Rajwade et al. 2020). If the true duty cycle is small
and a high value is adopted as the average, we may
overestimate the energy budget. A detailed burst rate evolution
in time needs to be considered.

4.3. Period for Energetic FRBs?

Many FRB models invoke rotating compact stars. However,
the spin period has not been found from burst timing analyses
(e.g., Niu et al. 2022). FRBs are much more energetic than
radio pulses from normal pulsars, so the well-defined open field
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line region is likely distorted and enlarged. Within the
framework of a magnetar, a starquake can lead to twisting of
the magnetic field, and the twisted current-carrying bundle
plays a role similar to the open field line region of normal
pulsars. The front of fireballs due to the X-ray bursts can push
aside the pair plasma of closed field lines, forming a clean
region to let radio waves escape (Ioka 2020). The observed
duty cycles are then enlarged and the emission phase is more
random, matching the observation of FRB-like bursts from
SGR J1935+42154 (Zhu et al. 2023).

The missing period of FRBs may have a strong relationship
with the trigger mechanism. We speculate that the charged
emitting particles can be triggered by point discharges from
“hills” on the stellar surface. The hills may be created by crust
shear and motion which may be randomly distributed on the
surface. Some hills are higher and sharper, allowing them to
generate more charges, and emitting brighter pulses. These
higher hills may stand more stably during frequent crustal
activities, unlike the shorter hills that may disappear. As a
result, some bright bursts can have stable phases, and timing
measurements of them could display spin period modulation
(e.g., Liet al. 2024). As shown in Figure 3, if the magnetar was
born from a core-collapse supernova, the spin period cannot be
much shorter than ~1 s, unless the bursts are too faint. The
non-detection of periodicity from FRBs does not necessarily
rule out a rotating compact star as the FRB source.

5. Summary

In this work, we discuss the energy budget of FRBs and
investigate various energy sources and dissipation mechanisms
related to starquakes. During the starquake, the strain energy
can be directly released and possibly accompanied by the other
three kinds of energy releasing and conversion. We have drawn
the following conclusions:

1. An Alfvén wave packet can be launched from the surface
during starquakes forming an electric field along the
magnetic field lines, accelerating charged particles to a
streaming outflow, so that magnetic energy is converted
to emission. The magnetic energy released within a patch
size of [=10*cm is sufficient for an FRB. By
considering a purely poloidal component of the magnetic
field, the energy stored in the crust can support roughly
10* bursts. More free energy can be released if there are
toroidal components inside the magnetar. The crust might
be unstable with frequent starquakes happening if B > B,,,
suggesting a magnetic energy at least of 6.3 x 10*® erg in
the crust.

2. For a neutron star with a solid crust and a stiff equation of
state, the strain energy can accumulate during the neutron
star spindown and is suddenly released during a glitch.
However, the star needs to spend a long time to
accumulate enough strain energy to induce a starquake.
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This time is much longer than the observed waiting times
of FRBs.

3. The total rotational energy of a normal magnetar with
P~ 1s is comparable to the magnetic energy stored in
the crust, while the spindown power cannot support some
bright FRBs. The rotational energy of a magnetar whose
period is comparable to 0.1 s or shorter can match the
energy and luminosity budget of FRBs. However, the
GHz radio emission cannot escape from the ejecta shell
region for an extremely young magnetar due to the high
density. The spindown timescale is also too short
compared with the observed lifetimes of active repeaters.

4. For the neutron star scenario, quakes of a quark matter
core from phase transitions can release gravitational
energy and phase transition energy. For the solid quark
star (strangeon star) scenario, starquakes can happen
frequently and may release a huge amount of gravita-
tional energy if the equation of state is so stiff that the
maximum mass can be as high as (2.5~3.00M.,
allowing a stable merger product from a binary merger.
The total gravitational energy is high but it is not known
whether such energy can be converted to emissions with a
large enough efficiency. This energy budget seems to
give a theoretical upper limit of energy release of a
pulsar-like compact star.
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