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ABSTRACT

The canonical pulsar magnetosphere contains a bubble of closed magnetic field lines that is separated from the open lines by current
sheets, and different branches of such sheets intersect at a critical line on the light cylinder (LC). The LC is located far away from the
neutron star, and the pulsar’s intrinsic magnetic field at that location is much weaker than the commonly quoted numbers applicable
to the star surface. The magnetic field surrounding supermassive black holes that reside in galactic nuclei is of comparable or greater
strength. Therefore, when the pulsar travels inside such regions, a non-negligible Lorentz force is experienced by the current sheets,
which tends to pull them apart at the critical line. As breakage occurs, instabilities ensue that burst the bubble, allowing closed field
lines to snap open and release large amounts of electromagnetic energy, sufficient to power fast radio bursts (FRBs). This process is
necessarily associated with an environment of a strong magnetic field and thus might explain the large rotation measures recorded for
the FRBs. We sketch a portrait of the process and examine its compatibility with several other salient features of the FRBs.
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1. Introduction

Fast radio bursts (FRBs) are transient radio events with millisec-
ond durations, and they are typically associated with large dis-
persion measures (DMs). Sources of cosmological and galactic
origins have both been proposed (see the review article Katz
2016a, and references therein), with the latter challenged by
more recent observations and theoretical arguments (Masui et al.
2015; Katz 2016b; Luan & Goldreich 2014), therefore we as-
sume extragalactic sources to be responsible for FRBs here.

The enormous distance scales that come with this assump-
tion imply that a large amount of energy needs to be avail-
able, 1038−1040 erg, to be more precise (Katz 2016a, assuming
isotropic emission). In addition, the short pulse duration requires
a compact source region. Neutron stars (NSs) represent natural
candidates that simultaneously satisfy these two requirements.
The gravitational energy of an NS can obviously serve as a deep
energy well, but to draw from it, significant changes (such as
a collapse, see Falcke & Rezzolla 2014) probably have to occur
on the star itself, which would be difficult to repair. This contra-
dicts the recent observation that FRBs repeat (Spitler et al. 2016;
Scholz et al. 2016), which excludes the possibility that disrup-
tive processes cause irreversible damages to the source. An al-
ternative energy well is the electromagnetic (EM) well resid-
ing in the NS magnetosphere. This well is shallower, however,
and the FRB energy estimate constitutes a substantial portion of
the total EM energy in the magnetosphere of a normal pulsar
(magnetic field strength of 1011−1013 G). Having this in mind,
much attention has been paid to magnetars (see, e.g., Lyubarsky
2014), which possess a stronger magnetic field (up to 1015 G),
for which relatively minor magnetospheric events would already
suffice energetically.

This thinking underestimates the flexibility of the magneto-
spheres, however, and the possibility remains that catastrophic
global reconfigurations of a normal pulsar’s magnetosphere can
occur (under the influence of external factors), but without al-
tering the star itself, which then restores the magnetosphere to
its usual state. Such a global event produces a large emission
region that it takes radio signals milliseconds to traverse (see
the beginning of Sect. 7.1 below), thus providing a more natu-
ral explanation for the duration of FRBs, as opposed to having
to amalgamate a large number of short-duration events, such as
giant pulses of young pulsars (see, e.g., Kulkarni et al. 2015, for
more discussions). In this paper, we explore this alternative.

To begin with, we note that a large rotation measure has
been recorded for an FRB (Masui et al. 2015), suggesting that
a strong magnetic field exists near the source. On the other hand,
we know that the region surrounding a supermassive black hole
(SMBH) is pervaded by a strong magnetic field, which is a vital
ingredient in jet launching mechanisms such as the Blandford-
Znajek process (Blandford & Znajek 1977). Therefore, it is in-
teresting to see if this field can act as the destabilizing external
influence that triggers magnetospheric reconfigurations.

The field strength is sufficient to play this role. The key is
to concentrate on a structurally vital place for pulsar magne-
tospheres called the light cylinder (LC). If the typical pulsar
rotation period is 1 s, then within geometrized units the an-
gular velocity of the pulsar rotation can be computed as Ω =
(2π/1)(106/3 × 1010) ≈ 2 × 10−4 R−1

∗ . This implies that a par-
ticle that corotates with the NS will have to travel at the speed
of light if it is located at ∼5 × 109 cm away from the rotation
axes of the star. Such a place is termed the LC. At such a large
distance from the star, the star-generated magnetic field would
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have dropped to 10−11 of its strength near the star, assuming a
dipolar field out to the LC. In contrast, the magnetic field close
to a supermassive black hole is limited by the Eddington field
strength to 6×104 M−1/2

8 G (Dermer et al. 2008; Palenzuela et al.
2010) where M8 is the mass of the supermassive black hole di-
vided by 108 M�. From active galactic nuclei jet considerations,
Blandford & Znajek (1977) estimated that the field strength must
exceed 100 G, while for our quieter Milky Way, the field strength
close to the SMBH Sgr A* is about 20 G (Melia 2013). These
values are not negligible compared to pulsar’s intrinsic field at
the LC, and can exert strong influences on the magnetospheric
dynamics.

We begin a rough sketch of this influence in Sect. 2 by com-
puting the current density along current sheets (CSs) that enclose
closed (return to the star) magnetic field lines. Even though they
are of vital importance (they determine the force-free regions
through boundary conditions), a detailed description of the CS
dynamical evolution is generally lacking. Nevertheless, we can
evaluate (in Sect. 3) the Lorentz force that they experience when
immersed in the background magnetic field near an SMBH, and
show that force discontinuities would dismember the bubble en-
closure they provide, with the magnetosphere experiencing a
catastrophic transition as a result. We then estimate the overall
energy released from such a violent event in Sect. 4, and describe
in Sect. 5 the process through which bubbles regrow, thereby
completing a full repeatable dynamical cycle (noting that FRBs
have been observed to repeat). We finally examine some poten-
tial complications to our computations in Sect. 6, and evaluate
the conformity of the present proposal to salient features of the
FRBs in Sect. 7, introducing some new analysis, for instance,
on the temporal pulse profile. The results show good agreement
with FRB observations, especially with several previously over-
looked features of the signals. Finally, we conclude with an out-
look for future work in Sect. 8.

The formulae in this paper are in geometrized units where
c = G = ε0 = 1, unless stated otherwise. With this choice, only
one fundamental unit, that of length, is required, and we take it
to be the radius R∗ of the NS. In other words, a length of 1 R∗
in our formulae corresponds to roughly 106 cm in cgs units. The
index notation adopted in this paper is that the beginning part of
the Latin alphabet denotes four dimensional spacetime quanti-
ties, while the middle part of the Latin alphabet denotes spatial
components.

2. Pulsar magnetosphere in isolation

Before examining the dynamical evolution brought about by
the background magnetic field of the galactic center, we
first enumerate some of the important structural features of
a pulsar magnetosphere in isolation. We take the outline of
Goldreich & Julian (1969), and in particular the quantitative re-
finement from (Gralla et al. 2016, GLP for short). The under-
lying assumption for their treatment is that the plasma particles’
contribution to the total stress-energy tensor of the system is sub-
dominant to that of the EM field, so that the particles’ inertia is
negligible, and they can experience no forces, or else will be in-
finitely accelerated.

GLP also asserted that the spacetime metric outside of the
NS (r > 1 in our units) takes the form of

ds2 = −

(
1 −
C

r

)
dt2 +

(
1 −
C

r

)−2

dr2

+r2

dθ2 + sin2 θ

(
dφ −

CIΩ

r3 dt
)2 , (1)

where C is a dimensionless compactness parameter with a typi-
cal value of 1/2, and I is the dimensionless moment of inertia,
with a value of 2/5 for a uniform density sphere. These quan-
tities are dependent on the NS equation of state, and we take
the aforementioned example values for concreteness. The quan-
tity Ω, on the other hand, is the angular frequency of the NS
rotation, which we retain as a free parameter in the expressions
below. In addition, as the essential ingredients we need already
appear for aligned rotators (rotation and magnetic axes of the NS
are aligned), this is the case we examine.

A most salient feature of the pulsar magnetosphere is that a
bundle of closed field lines without accompanying currents ex-
ists in a bubble, separated from the open field lines outside, along
which currents do flow (see Fig. 1a). In order for such regions of
distinct characters to coexist, a compressed layer of high cur-
rent density called the CS needs to be present to separate them
(across which the magnetic field is allowed be discontinuous),
and the integral version of the Maxwell equations (see Sect. 6
in Gralla & Jacobson 2014) dictates that the CSs need to be tan-
gential to the magnetic field lines.

Quantitatively, we note that the Faraday tensor within the
stationary axisymmetric force-free magnetosphere is given by
GLP, Eq. (6), in the exterior calculus notation as

F =
rI(ψ)

π(2r − 1) sin θ
dr ∧ dθ + dψ ∧

(
dφ −Ωdt

)
. (2)

The quantity 2πψ(r, θ) is the polar magnetic flux through any
surface bounded by the toroidal curve of constant r and θ (as
given by the arguments of the function ψ), and I is the polar cur-
rent through that same surface. The bubble region corresponds
to high values ψ > ψ0 ≈ 1.23 µΩ, where µ is the dipole moment
of the magnetic field close to the star. In this region, we have
I(ψ) = 0, which is quite different from the outside region with
ψ < ψ0, where (GLP, Eq. (22), + sign for the northern hemi-
sphere)

I(ψ) = ±2πΩψ

2 − ψ

ψ0
−

1
5

(
ψ

ψ0

)3 · (3)

Although the closed field lines are of secondary importance to
pulsars in isolation because they are unrelated to the regular
pulsed radiations, they nevertheless serve as a reservoir holding
on to energy that is available to be released in a sudden out-
burst, should the bubble walls experience any catastrophic fail-
ure. A general rule for the closed field lines is that they must
reside within the LC, never venture outside. The reason being
that beyond the LC, the particles that are stuck on the field lines
satisfying force-free conditions will have to move superlumi-
nally, which is impossible (Goldreich & Julian 1969). Alterna-
tively, magnetic dominance is lost for such field lines beyond
the LC (Gralla & Jacobson 2014). That these two statements are
equivalent can be seen simply by writing down the flat spacetime
expression for the Lorentz force q(E + u × B), and observe that
in an electrically dominated region, we would need |u| > 1 in or-
der to achieve a vanishing force. To see what distiunguishes the
closed and open field lines in terms of penetrating the LC, we
compute from Eq. (2) the invariant (with notation |B|2 ≡ BaBa,
cf. Gralla & Jacobson 2014, Eq. (66))

FabFab = 2
(
|B|2 − |E|2

)
=

I2

r(2r − 1)π2 sin2 θ
+ |dψ|2|dφ −Ωdt|2, (4)
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Fig. 1. a): Schematic depiction of a poloidal slice of the magnetosphere
of an isolated pulsar, reproduced from GLP Fig. 1. The vertical dashed
lines mark the location of the LC (ρ/RL = 1, with ρ and z being the
cylindrical coordinates measuring the distance to and along the rotation
axis, and the LC is at ρ = RL). The red curves represent the CSs that
demarcate the different magnetic domains (1) (inside the shaded bub-
ble containing closed field lines) and (2) (open field line region). b): A
depiction of the split monopole solution, with a CS on the equatorial
plane, facilitating the change of field line direction across it.

and note that |dψ|2 < 0 as it is space-like and that dφ − Ωdt
changes from being space-like to time-like when we cross the
LC outward bound. Therefore when I = 0, as in the case of the
closed field lines, the region beyond the LC is an electrically
dominated forbidden zone, while for open field lines with non-
vanishing I, this region can remain magnetically dominated. It
is then not surprising that the tip of the bubble enclosing those
close field lines is on the LC, as depicted in Fig. 1a.

From Eq. (2), we can also obtain the explicit form of the
magnetic field using Ba = εbcdaFbcτd/2, where εabcd is the 4D
Levi-Civita tensor, and τa is the time-like one form orthogonal to
constant t slices of spacetime. The result is (upper index spatial

vector in the basis of {∂φ, ∂r, ∂θ})

B =
csc θ

√
2r − 1

√
2r5/2

{
csc θ
π

r
2r − 1

I(ψ),
∂ψ

∂θ
, −

∂ψ

∂r

}
· (5)

We see that the toroidal magnetic components immediately in-
side and outside of the CS have values of

B(1)φ = 0 , B(2)φ ≈ ±

√
2µΩ2 csc2 θ

r3/2
√

2r − 1
· (6)

Therefore, by the usual boundary condition across the CS (n̂ is
the outward normal to the CS, which is purely poloidal as a result
of axisymmetry)

ε i jkn̂ j

(
B(2) − B(1)

)
k

= σi, (7)

we have that there is a return current (with surface density σ)
flowing inward toward the star along the singular separatrix
(separating open and closed lines) CS in the poloidal direction.
In particular, its distribution is reflection-symmetric against the
equatorial plane, or in other words, the currents along the top and
bottom red arches in Fig. 1a are both flowing to the left.

3. Destabilizing Lorentz force

We now place the pulsar in the galactic center, but still far away
from the innermost stable circular orbit, so that the general rela-
tivistic effects from the SMBH are negligible. The speed of the
NS, on the other hand, is approximated by the Keplerian expres-
sion v ∼

√
GM/r, which for orbital radius r ∼ 0.005 pc (esti-

mated size of the magnetized region, see Sect. 7 for details) and
SMBH mass M ∼ 4 × 106 M� gives v ∼ 10−2c (Lorentz factor
γ − 1 ∼ 10−5), and thus special relativistic effects are not impor-
tant either. In addition, the electric field strength when we move
into the comoving frame of the NS is correspondingly weak. For
the purpose of grasping the basics of the proposed FRB mecha-
nism then, it suffices to consider a stationary pulsar immersed in
a static magnetic-only background EM field.

As is clear from Fig. 1, the CSs form the skeleton of the
magnetosphere (it has been observed that force-free solutions
are in general numerous and the CS configuration is the decid-
ing factor in selecting particular solutions out of large families of
possible candidates Goldreich & Julian 1969; Yang et al. 2015),
therefore we concentrate on their reaction to our placing the pul-
sar in the galactic nuclei. Specifically, they would experience a
Lorentz force from the external background field, provided that
such fields have not been cancelled by a slight adjustment of the
magnetospheric currents. Because the external field strength is
comparable to (or easily orders of magnitude stronger than) the
star-generated field near the LC, it is clear that small perturba-
tive alterations to the magnetospheric currents are insufficient to
shield the background field in that region. The result is that the
CSs are moved by the Lorentz force, resulting in a loss of sta-
tionarity for the entire magnetosphere, with the CSs serving as
moving boundaries to the force-free regions.

The result of this loss of stationarity is episodic magneto-
spheric reconfigurations. Specifically, in the regions close to the
NS, the CSs in a stationary solution, if it exists, would be simi-
lar to their counterparts in the isolated case with two inflowing
currents (computed in Sect. 2) above and below the equatorial
plane with similar fluxes (obeying approximate reflection sym-
metry) because these regions are still dominated by the magnetic
field of the NS itself. However, near the LC, the CS configuration
as depicted in Fig. 1 is no longer stable, which means that such
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Fig. 2. Force distribution near the critical point. The background mag-
netic field points out of the paper, the dotted line denotes the LC, and
the black arrows indicate the force directions. a) The isolated magne-
tospheric configuration. b) Slightly adjusted so that the three branches
of the current sheets intersect tangentially, but the forces do not syn-
chronize. c) Heavily modified so that the three branches have matching
force directions, but the volume of the bubble is curtailed near the LC.

stationary solutions cannot in fact exist. This is because the three
branches of CSs intersect at a critical point Y (see Fig. 1a), where
the current flows (with a non-vanishing densityσ ∝ µΩ2/R2

L, see
Eqs. (6) and (7)) dictate that the different branches are pulled by
Lorentz forces in different directions when the non-negligible
(near the Y point) background magnetic field is orientated as in
Fig. 2a. In other words, the forces will tear the three branches
apart at the seams. While a simple deformation may bring the
three branches to intersect tangentially (Fig. 2b), the currents in
the top and bottom sheets that flow back to the star are necessar-
ily opposite, so that the forces would still not align at the critical
point. A proper force alignment requires more drastic deforma-
tions, where the top and bottom branches collapse together at
the critical point, as shown in Fig. 2c. The force directions will
align at Y, but the volume of the bubble will be squeezed, and the
energy stored in the closed field lines compacted. This implies
that significant magnetic pressure (∝ energy density) would have
built up inside the bubble that prevented this configuration from
being achieved in the first place, especially since the Lorentz
force acting on the top separatrix CS also tries to expand instead
of compress the bubble. In short, tearing is unavoidable1.

1 Beyond tearing, that force acting on the top separatrix sheet even tries
to take it across the LC, which would incite further instability, as the
closed field lines abutting it and tangential to it will have to accompany
it on this journey (our discussion does not rely on this also happening
though).

The attention is also directed to the fact that the re-
gion surrounding the Y point is not perfectly force-free;
Mestel & Shibata (1994) predicted that dissipative zones
necessarily exist, which means that magnetic reconnections are
allowed there. Therefore, failure in the form of rapidly recur-
ring forced reconnections, and the subsequent disorderly current
flows (i.e., charged particle motion), would develop in the CSs at
the Y point, which is also characterized by high particle speeds
and thus a high Reynolds number. The turbulent flows would
then be convected along the CSs to regions farther away from
the Y point, introducing dissipation and resistivity at these places
as well. Resistive magnetohydrodynamic instabilities such as the
rippling and tearing modes (Furth et al. 1963) would then be able
to develop. The configuration with a sudden jump of Bφ across a
current layer (see Eq. (6)) is a stable equilibrium only when the
conductivity of the CS is infinite, and once a resistivity η is intro-
duced, instabilities grow on a timescale much greater than that
of Alfvén (∼RL

√
ρ0/B(2)φ, where ρ0 is the plasma density), but

much shorter than that of resistive diffusion (∼R2
L/η), destroying

the structural integrity of the CSs and thus removing the seg-
regation between distinct magnetic domains (the magnetic field
is no longer allowed to be discontinuous in the absence of CSs,
therefore the two domains must assimilate). In other words, the
bubble containing the closed field lines that were punctured at
the Y point would burst open, allowing these lines to spring out
into open field lines (to match smoothly with the open field con-
figuration outside), along which currents and Alfvén waves can
travel, possibly as the null solutions of Brennan et al. (2013, see
also Zhang et al. 2015, for their stability). When these plasma
winds and waves propagate along the originally open field lines
near the poles of isolated pulsars, the energy they carry even-
tually turns into the regular pulsar radio emissions. It is there-
fore not unreasonable to expect that the same conversion pro-
cess could channel some of the large amounts of energy initially
stored in the closed field lines into a bright, although short-lived,
radio burst, or FRB.

4. Bubble-free magnetosphere

The now fully open magnetosphere resembles a split-monopole
(see Fig. 1b and Michel 1974; Gralla & Jacobson 2014), which is
a valid solution for force-free electrodynamics given by (q being
the monopole charge)

F = q sin θdθ ∧ [dφ −Ωd(t − r)], (8)

and has long been used as a simpler surrogate for the true
isolated magnetosphere in regions far from the NS (see, e.g.,
Brennan & Gralla 2014). A visual comparison between panels a
and b of Fig. 1 shows that the true isolated solution asymptotes
to a monopole-like field distribution at large r, which is expected
because monopole-like radial (in the poloidal directions) field
lines is imposed as a boundary condition in GLP.

The split-monopole is a poor approximate for the isolated
magnetosphere when we are closer to the NS, however, as the
current inside the star is expected to favor a dipolar near-zone
field. However, the field lines of a dipole, given by

ψ =
µ

r
sin2 θ, (9)

are all closed, so that energy cannot be transported out as
Poynting or wind fluxes moving out along the field lines.
Therefore, to account for the fact that we do observe regular pul-
sar emissions, field lines near the polar regions will have to be
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opened up into monopole-like lines by the currents in the mag-
netosphere. In the regions closer to the equatorial plane, on the
other hand, the influence of the dipole is restricted to within the
LC, allowing the monopole to dominate outside. The bubble is
then essentially an island of dipolar dominance in this tug of
war, trapping the dipole-like closed field lines within, until re-
leased by the collapse of the separatrix CSs, at which time the
same split-monopole that dominated outside of the LC becomes
dominant everywhere. A turbulent current region close to the star
surface (generated during the collapse of the CSs) is then respon-
sible for keeping the influence of the dipole temporarily at bay
(allowing for a temporary alteration of the boundary condition
near the star).

Given this general scenario, we can then estimate the energy
budget available to be released from the bubble by comparing
the energy originally stored there in the form of the dipole so-
lution (9), with the same region filled with monopole fields (8)
after the bursting. It is straightforward to compute the energy
density, or the ·tt component of the stress-energy tensor

T ab = FacFb
c −

1
4
gabFcdFcd, (10)

which is

ρl=0
E =

q2

50(2r − 1)2r6

[
50(2r − 1)r3

+
(
5
(
5r

(
8r2 − 4r + 1

)
− 8

)
r3 + 4

)
Ω2 sin2 θ

]
, (11)

for the split-monopole and

ρl=1
E = −

µ2

100(2r − 1)2r9

[
(6r + 1) cos 2θ + 10r − 1

]
×

[ (
1 − 5r3

)2
Ω2 cos 2θ −

(
1 − 5r3

)2
Ω2 + 25(1 − 2r)r3

]
,

(12)

for the dipole (setting I = 0 as we are interested in the region
inside the bubble). In addition, the magnetic field strengths in
the two cases are

Bl=0 =
q
√

2r2

√
r(2r − 1)Ω2 sin2 θ + 2, (13)

and

Bl=1 =
µ sin θ
√

2r4

√
r
(
8r cot2 θ + 2r − 1

)
. (14)

Take a pulsar with a magnetic field strength of ∼B11 × 1011 G
at the star surface where the dipole dominates (we note that the
variable B11 is only the coefficient in front of the power 1011,
and does not include the power term itself, so that for a pul-
sar with a field strength of 1012 G at the NS surface, we have
B11 = 10, and the field strength at the LC for this pulsar would
be 1 × B11 = 10 G), then from Eq. (14) we can work out µ.
Since the dipole dominance is taken over by a split-monopole
at the LC (at the typical value of RL = 5 × 103 R∗ for a pul-
sar of a one-second period), the monopole field strength from
Eq. (13) must be commensurate to the dipole field value at that
location, from which we can determine q. Because a dipole mag-
netic field drops off as 1/r3 as opposed to the monopole’s 1/r2,
the bubble configuration will have to contain a much stronger
magnetic field (as compared to the post-burst monopole) in the
near zone to match the same asymptotic field strengths. This is
in essence the energy reservoir. Substituting the aforementioned

values into Eqs. (11) and (12), we can then integrate the result-
ing ∆ρE ≡ ρl=1

E − ρl=0
E over the bubble region to yield a total

released energy of ≈4 × 1039B2
11erg. This result appears to be in

good agreement with the implied energy of 1038−1040 erg for
the FRBs (Katz 2016a), noting that these observation-implied
numbers may be slight overestimates, however, depending on
which fraction of the DMs is appropriated into the intergalactic
medium (see Sect. 7 below). In which case we would have ad-
ditional room for a much lower radiation efficiency (especially
since for a typical pulsar B11 ∼ 10).

5. Recharging the bubble

Although the split monopole is a valid description of the mag-
netosphere immediately after the bubble’s bursting, the toroidal
currents within the NS have not been removed, and they will try
to impose a dipolar boundary condition on the magnetosphere
(such boundary conditions supported the original dipolar closed
field line region in the first place) and restore the closed field line
bubble. Immediately after the bursting, their efforts are hindered
by a turbulent current layer near the NS surface that temporarily
shields the dipolar boundary condition from the magnetosphere.
However, the high dissipation within the turbulence would even-
tually vanquish such currents, and the dipolar influence would
begin to push outward again by injecting energy into a nascent
bubble, causing it to grow gradually in size. The detailed process
most likely resembles the one outlined in Contopoulos (2007),
that is, magnetic reconnection across a resistive equatorial CS
(see the red line in Fig. 1b), but applied in a different context in-
side of the LC: the residual resistivity from the bursting episode
inside of the split-monopole’s equatorial CS facilitates reconnec-
tion of open field lines across the equatorial plane, into closed
lines. The process begins near the NS where the toroidal current
inside the star bends the field lines into dipolar shapes to be re-
connected, and then marches outward. Let v and η denote the ma-
terial velocity and the magnetic diffusivity in the equatorial CS,
then the evolution of the closed magnetic field lines along the
resistive CS is governed by the induction equation (Contopoulos
2007, Eq. (13))

dBi

dt
= ε i jk∇ jεk

lm(vl − η∇l)Bm, (15)

where the first term denotes the advection of the closed field
lines by the particle flow in the CS and the second term a dif-
fusion that has a characteristic timescale of Tch = RLh/η, where
h is the half thickness of the CS. Contopoulos (2007) integrated
and plotted (in their Fig. 2) the outward marching of closed field
lines according to Eq. (15) for a toy model. Although that toy
model was designed to illustrate the principles for a different
process occurring outside of the LC, it turns out to be more di-
rectly analogous to our bubble growth process, and we refer to
that paper for more details (in particular, their Fig. 2 provides
a good visualization for a growing bubble). We note, however,
that the magnetic diffusivity η is proportional to electric resis-
tivity, which means that lower turbulence-induced resistivity in
the outer regions (which had more time to settle down before
the new bubble reaches them) would prevent effective recon-
nection of the field lines and thus slow down the growth of the
new bubble, causing protracted periods of inactivity and thus low
FRB duty cycles. The overall length of the bubble’s growth pe-
riod is otherwise stochastic, as the turbulent post-bursting envi-
ronment injects variability into both η and v. Nevertheless, the
diffusion timescale Tch provides a crude estimate for the FRB
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recurrence interval and thus its repeat rate. We first note that
η = 1/(µ0σ0), where µ0 is the vacuum permeability, and σ0 is
the plasma conductivity, which we approximate by the Coulomb
collision formula σ0 = neq2

e/(meνc), with ne being the electron
number density, qe and me the electron charge and mass, and vc
the collision frequency. For ne, we can take Goldreich & Julian
(1969) Eq. (9), which gives ne = 7 × 10−2BzΩ/(2π), and note
that the regrowth process in the outer regions consumes the most
time, so that the relevant Bz ≈ B11 ∼ O(10) G for a typical
pulsar (we also adopt a typical 1s pulsar rotation period). Sub-
stituting all these numbers, we obtain Tch ≈ 10−2h/νc. Recall-
ing that FRB 121102 has been observed to repeat on 10 min
intervals (Spitler et al. 2016), we obtain νe ≈ 2 × 10−5 h s−1,
which translates into an effective thermal motion temperature of
∼1.4 × 104/h2/3K, broadly in line with temperatures typically
found near pulsars (e.g., Page et al. 1996; and Pavlov et al. 2001,
found a surface temperature of 106 K for the Vela pulsar).

During the growing phase, while the bubble remains small
and hidden inside regions of strong intrinsic pulsar magnetic
field, the external field can be shielded by perturbations to the
intrinsic field, and in this way, the bubble is protected against the
destabilizing effects described in Sect. 3. When its Y point once
again breaches a certain threshold radius and reaches close to the
LC, however (i.e., when the lost energy has been replenished by
the NS), the intrinsic pulsar magnetic field becomes subdom-
inant in strength to the external field and will not be able to
neutralize the latter through its own perturbations. Consequently,
Lorentz-force-induced instabilities set in once again to burst the
newly grown bubble, and the cycle repeats itself. When the envi-
ronmental field strength is denoted as BeG, the stability threshold
is approximately located near (B11×1011/Be)1/3R∗, where the in-
trinsic and external magnetic fields are of comparable strengths.
As the Y point will not push beyond the LC, we need this thresh-
old radius to be inside of the LC for any instability to occur at all,
which gives us a criterion (an additional criterion is to be given
in Eq. (22) below)

Be ≥ (ΩR∗)3B11 × 1011 G, (16)

meaning that the pulsar has to be sufficiently close to the SMBH
such that Be is large enough to trigger our FRB mechanism. We
further note that the short bursts we propose are not induced by
sudden changes in the environmental magnetic field, but rather
are a violent constituent episode in an intrinsic dynamical cy-
cle for the pulsar magnetosphere immersed in a steady external
field. In other words, the episodic short-duration FRBs is due to
the intrinsic cyclic dynamics of an out-of-equilibrium nonlinear
system, and does not require an external trigger with a similar
temporal variation profile, somewhat like the crashes in business
cycles that do not need to be induced by wars or natural disasters.

6. Complications

6.1. Tidal forces

We have placed the pulsars close to the SMBH, which means
that tidal forces might become significant. In this section, we
briefly estimate their strengths as compared to the Lorentz forces
to obtain a rough idea of when tidal effects have to be taken into
account in our computations.

To evaluate the tidal forces, we note that the tide-induced
relative acceleration ∆a between two freely falling observers
that are spatially separated by a vector ξ is given by (see
Nichols et al. 2011)

∆a j = −E j
kξ

k, (17)
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Fig. 3. Relative accelerations corresponding to the three principal direc-
tions of the tidal tensor (the blue curves are covered by the red ones).
Both axes are in log scale.

where E represents the tidal tensor. For a Kerr black hole of
mass M and dimensionless spin a, the tidal tensor as measured
by locally nonrotating Boyer-Lindquist observers is given by
(see Zhang et al. 2012)

Ei j =


−Qe

2+η
1−η µQm 0

µQm Qe
1+2η
1−η 0

0 0 Qe

 , (18)

whereby

Qe =
Mr(r2 − 3a2 cos2 θ)

Σ3 ,

Qm =
Ma cos θ(3r2 − a2 cos2 θ)

Σ3 ,

η =
∆a2 sin2 θ

(r2 + a2)2 , µ =
3
√
η

1 − η
,

Σ = r2 + a2 cos2 θ, ∆ = r2 − 2Mr + a2, (19)

and (r, θ) are Boyer-Lindquist coordinates. To represent the di-
rectional dependence of the tidal forces in a more explicit and
economic manner (as a result of frame dragging, the maximum
tidal effect does not necessarily manifest itself in the radial direc-
tion), we can compute the eigenvalues of the matrix (18), which
are

λ1 = −
Qe

2
−

√(
3Qe

2

)2 (
1 + η

1 − η

)2

+ µ2Q2
m ,

λ2 = −
Qe

2
+

√(
3Qe

2

)2 (
1 + η

1 − η

)2

+ µ2Q2
m ,

λ3 = Qe. (20)

These eigenvalues correspond to the tidal field strength in the
three principal (eigenvector) directions of the tidal tensor.

Using Sgr A* as a concrete example (4.9 million solar
masses and a spin of 0.996) for the SMBH and |ξ| ≈ 5 × 109 cm
(distance from the star to the LC) as a generous upper limit for
the length scale inside the LC, we can compute the tidally in-
duced relative acceleration in the three principal directions as a
function of the distance r from the pulsar to the SMBH. We plot
the results for two angles θ = π/2 and 0 (i.e., when the pulsar is
on the equatorial plane and in the polar regions of the SMBH) in
Fig. 3, for r ranging from the black hole event horizon to about
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0.01 pc, which has been used in the literature as a rough bound
for the galactic center region (see references in Sect. 7.4). We
can compare this tidal acceleration with that resulting from the
Lorentz force, using B = 20 G as an example (applicable for our
Milky Way, see Sect. 1), and noting that the closed magnetic field
lines at the LC are loaded with electrons and positrons traveling
close to the speed of light, we arrive at a Lorentz-force-induced
acceleration on the order of 1019 cm s−2. A close examination
of Fig. 3 then shows that the tidal effects can be safely ignored
all the way down to the event horizon. The reason for this is
of course that the black hole is very large, so that although the
resulting gravitational field is strong, it varies slowly on a very
long length scale.

6.2. Pulsar wind

In Sect. 2 we have sketched an analytical outline for the struc-
ture of pulsar magnetospheres in regions extending as far out
as the LC. In real astronomical surroundings, relativistic winds
typically dominate in regions farther out, forming a termina-
tion shock front at a stand-off distance Rs where the wind
pressure balances that of the surrounding medium. This stand-
off distance for a bow shock is expected to satisfy (see, e.g.,
Gaensler & Slane 2006)

L
4πR2

Sc
= ρ0v

2
P, (21)

where L is the spin-down luminosity and vP the speed of
the pulsar, while ρ0 is the density of the interstellar medium.
Substituting some typical values for field pulsars listed in
Gaensler & Slane (2006), which are L ≈ 1033 erg s−1, vP ≈

5 × 107 cm s−1, and ρ0 ≈ 1.67 × 10−25 g cm−3 (hydrogen with a
number density of 0.1 per cm3), we obtain RS ≈ 2.5 × 1015 cm,
which is far greater than the LC radius of ≈5×109 cm. Although
both ρ0 and vP should statistically be greater for pulsars in the
galactic center than their field counterparts, the vast gap in or-
der of magnitudes from our estimate suggests that RS would still
most likely to be of sufficient size to enclose the closed field line
region, forming in effect a cocoon that isolates this region from
the outside environment, at least in terms of matter contents. It is
therefore important to assess whether an effective shielding from
the magnetic field near the SMBH is also thus established (in ad-
dition to the interstellar particles being blown away), which may
shut down our FRB mechanism.

Our conclusion is in the negative, since in our strong field
scenario, the blowing away of interstellar charged particles by
the wind does not translate into an expulsion of the environ-
mental magnetic field. To see this, we note that the magnetic
pressure from a Be = 20 G galactic center magnetic field (we
note that the pulsar wind literature is typically concerned with
much weaker fields, e.g., the Crab Nebula has an estimated field
strength of 300 µG Trimble 1982, while 3C 58 carries 80 µG
Green & Scheuer 1992) is around 107 MeV cm−3, which when
equated with the left-hand side of Eq. (21), which represents the
pulsar wind pressure, yields the stand-off radius against the mag-
netic pressure at ≈1010 cm. Comparing this with the LC radius
of ≈5 × 109 cm for a pulsar of period 1 s, we see that a slight in-
crease in the period and/or decrease in the spin-down luminosity
and/or increase in the Be will allow the environmental magnetic
field to penetrate the closed field line region and trigger the insta-
bilities described in Sect. 3. The pulsar wind consideration thus
sets a (an astronomically achievable) lower bound on Be that has
to be satisfied in addition to Eq. (16), so that now we have an

overall threshold of

Be ≥ max

(ΩR∗)3B11 × 1011 ,

√
2L
c

Ω

 G. (22)

7. Observables

We have proposed a candidate mechanism for the FRBs, which
relies on the interaction between the pulsar magnetospheres and
a strong background magnetic field within galactic nuclei. This
scenario needs to comply with the observed properties of the
FRBs. Some have already been discussed; we consider the rest
in turn.

7.1. Intrinsic pulse duration and temporal profile

A distinguishing feature of the present model is that the release
of energy locked up in the bubble is a global event, whose ob-
servation signatures are intrinsically of millisecond durations.
Specifically, the released energy streams out along sprung-open
magnetic field lines in an orderly fashion, so that only those
source locations along field lines that point toward Earth will
contribute to the signals we observe. Furthermore, radially along
such lines, only those regions of sufficiently high energy density
(i.e., close to the star) will contribute fluxes that register above
the background noise. When we assume that such regions ex-
tend to ∼10−100 R∗, it will take ∼0.3−3 milliseconds for lights
to traverse (Aflvén waves in force-free plasma also travel with
a group velocity equaling the speed of light). This is in contrast
to other pulsar events such as giant pulses, which last microsec-
onds. This would help explain the rather broad FRB pulses, espe-
cially since evidence of multipath scattering is sometimes lack-
ing (Spitler et al. 2016).

We can even predict more than just the overall pulse width.
The energy originally stored farther away from the star (e.g., at
point B in Fig. 1b as compared to point C) would have a head-
start in terms of streaming along the field lines pointed toward
Earth and will arrive at our radio telescopes slightly earlier. Be-
cause the density of the released energy is lower at B than it
is at C, we expect to see an increase in the FRB signal at its
leading edge, beginning a few hundred milliseconds before the
peak time, but only becoming strong enough to rise above noises
much later. Semi-quantitatively, the released energy is roughly
the difference between a dipole (ρl=1

E ∼ r−6) and a monopole
(ρl=0

E ∼ r−4). On the other hand, the transverse area subtending
the same solid angle is ∝r2, which means that the energy den-
sity along the radial direction is ∝r2∆ρE . Near the peak of the
signal (arriving at tp) where energy is released from close to the
star, the monopolar term is subdominant and can be dropped. We
have then that the log of the flux is approximately

−4 ln(δt + R) +A, (23)

where we have used r − R ≈ tP − t = δt, with tP being the arrival
time for the peak of the signal and R the radius from which the
peak radiation comes, which we set to R ≈ R∗ = 106 cm or
0.03 ms in temporal units. We can then fit the logarithm of the
frequency-summed burst profiles to expression (23) by varying
the overall amplitudeA.

Because 0.03 ms is a small offset, the pulse profile is ex-
pected to be rather steep near the peak (without it, the index
−4 power law would diverge there), so that given a fixed tem-
poral sampling interval, only few data points would land on the
leading edge. Therefore we should look for the strongest signals
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Fig. 4. Log of flux (in arbitrary units) against the log of time to peak-
amplitude, with a reference straight line (black) −4 ln(δt + R∗) + A.
The inset indicates the location of the data points on the overall signal
profile (with space between data points filled in with straight lines). The
horizontal line in the inset is the zero flux. a) Burst 11 of the repeating
FRB 121102. b) The Lorimer burst FRB 010724.

for which more of the pre-peak segments rise above the back-
ground noise. The cleanest and simplest (single-peaked) signal
with a high signal-to-noise ratio and several data points on the
leading edge is burst 11 reported in Spitler et al. (2016). We dis-
play it in Fig. 4a, and observe that the early part of the leading
edge appears to agree with a power law with index −4, but the
part closer to the peak deviates from it. This may be due to other
pulse-smearing effects experienced during signal propagation, or
if intrinsic, possibly indicates the existence of complicated dy-
namics such as turbulences very close to the star that prevent
an efficient transportation of the released energy. Another strong
burst that had multiple data points on the leading edge of its pulse
profile is the Lorimer burst (Lorimer et al. 2007), which, as seen
from Fig. 4b, displays a similar morphology. For prudence, we
caution that several points at the very beginning of the pulses are
not above the larger noise peaks during quiescent periods, and
that the precise slope of the fitting lines will be influenced by
DC offsets in the flux (i.e., the uncertainty in where true zero is).
There is thus the need for more dedicated high temporal resolu-
tion searches.

7.2. Rotation measure

A close examination of FRB 110523 yields a rotation measure
(RM) of ∼−186 rad m−2, far in excess of that to be expected
from the intergalactic medium and the signal’s journey through

the Milky Way, which when combined, only gives an RM that
is an order of magnitude lower (Masui et al. 2015). The present
proposal places the source pulsar within a strongly magnetized
region (SMR) in the galactic nucleus, and is therefore endowed
with the ability to account for the dominant remainder. The ex-
pression for computing the RM is

RM
rad m−2 = 0.812

∫
ne

cm−3

B‖
µG

dl
pc
, (24)

where B‖ is the magnetic field along the line of sight, and ne
is the electron density. Ideally, we would like to know all three
terms on the right-hand side and see if we can reproduce the
observed RM. However, we know very little about the status of
the interstellar medium in the close vicinity of a SMBH, and
thus ne is uncertain. As a surrogate test, then, we attempt to paint
a general picture for ne within the present proposal instead, and
see if its inferred value from the RM is at least broadly consistent
with this picture.

We first note that the SMR is expected to be relatively clean
outside of the accretion disk (we are statistically unlikely to be
viewing the host galaxy disk exactly edge-on, therefore the FRB
signal path to Earth traverses mostly non-disk parts of the SMR,
regardless of whether the source pulsar is itself embedded in the
disk), as compared to farther out in the galactic nucleus. This is
because charged particles need a source of resistivity to cross the
magnetic field lines and therefore are prevented from entering
our region of strong magnetization (except for those in the accre-
tion disk near the equatorial plane where mechanisms for strong
Ohmic dissipation exist, see Blandford & Znajek 1977). Mag-
netic reconnection may also generate heat and buoyancy in in-
falling gas, pushing it out (Igumenshchev & Narayan 2002). We
therefore expect magnetic dominance (i.e., matter stress-energy
density is negligible as compared to that of the EM field), and
thus a force-free environment within the SMR.

More specifically, as the magnetic field lines thread through
the accretion disk, the electric field component E‖ along those
lines accelerate charged particles and lift them out of the disk.
The charges are subsequently distributed along the magnetic
lines in such a way that the lines become equipotential, shut-
ting down further particle extraction and establishing a state of
quasi-equilibrium. This enforces EiBi = 0, which is a necessary
condition for force-free electrodynamics. The charged particle
density is then the minimum value sufficient to short out E‖.

We now turn to computing the RM-inferred ne (after exclud-
ing the intergalactic and Milky Way contributions), and see if it
is indeed consistent with a force-free environment. We start with
the following ingredients:

– The magnetic field strength in the SMR is determined by the
requirement that it exerts significant influence on the pulsar
magnetosphere at its LC, therefore we set its value to B11 G.

– We take the geometric factor from projecting the magnetic
field onto our line of sight to be on the order of unity. We also
assume that this line traverses a large portion of the SMR, so
that the RM measurement for FRB 110523 is not a chance
underestimate of the average FRB value.

– For the Milky Way, ∼0.01−0.1 pc (scales to other galaxies
linearly with SMBH mass) is where the matter is captured
by Sgr A* and begins infalling (Melia 2013, 1994; Quataert
2002), which means that an accreting-material-supported
magnetic field extending out to around LSMR ∼ 0.005 pc
should be a safe guess (the headroom is larger for heavier
SMBHs).
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From these values, the ne comes out at 0.04/B11 cm−3. For a
reference scale, we can compute the ne of the pulsar magneto-
sphere near its LC (where the magnetic field strength is similar),
which is given by Goldreich & Julian (1969) Eq. (9) (not strictly
valid at the LC, but the Lorentz factor drops sharply as we move
inward from it, so that this is still an approximate for nearby lo-
cations) as 7 × 10−2Bz/P ∼ 0.07B11 cm−3, where Bz ∼ B11 is
the magnetic field strength along the rotation axis in gauss, and
P ∼ 1 s is the pulsar period. One major difference exists between
the SMR and the pulsar magnetosphere, however. The positively
charged particles in the SMR are protons (with number density
np = ne) instead of the less massive positrons. Therefore, to en-
sure self-consistency, we need to check that the energy density
of the protons is still subdominant to that of the EM field in the
SMR. A simple computation shows that the ratio between them
(proton over field) is ∼2 × 10−3γB−3

11 , where γ is the average
Lorentz factor of the protons. Therefore, with a plasma tempera-
ture lower than ∼1015B3

11 K, our ne estimate is indeed consistent
with the force-free assumption.

7.3. Dspersion measure and the scattering tail

A galactic-center location for FRB sources has been invoked by
Pen & Connor (2015) to account for the large DMs. The high
electron density within the nucleus of the host galaxy is made re-
sponsible for the majority of the DM, and the remainder places
the sources at extragalactic but non-cosmological distances of
hundreds of millions of parsecs. Our scenario is somewhat dif-
ferent, as we place the pulsars close to the SMBH in a relatively
clean SMR, in the eye of any scattering screen of a toroidal topol-
ogy (see the inset of Fig. 5). Therefore, unless we view the host
galaxy approximately edge-on, the radio signal would not have
passed through the central core of the screens, and the intergalac-
tic medium would still have contributed a significant fraction to
the total DM. (The local SMR contributes a negligible amount to
the DM. For example, with FRB 110523, the SMR contribution
to DM can be estimated as ∼RM/(0.812B‖) ∼ 10−4/B11cm−3 pc
(note B‖ is in µG), out of a total of ∼600 cm−3 pc. The SMR is
also not significant in its contribution to the scattering tail, as it is
physically too small, thus all locations within are too close to the
source). In fact, the scattering tail may offer a way to distinguish
which FRBs are viewed through a screen.

Some FRBs (e.g., FRB 110220) show clear exponential tails
typical of multipath broadening, and Luan & Goldreich (2014)
also showed that the intergalactic medium does not appear suf-
ficient to achieve this amount of scattering. Therefore, screens
closer to the sources need to be involved (the detection of scin-
tillation in FRB 110523 further supports this scenario). On the
other hand, some signals, including those plotted in Fig. 4, do
not display the signature of a scattering tail as clearly. One pos-
sibility is that in some cases, our line of sight (line I in the inset
of Fig. 5) threads through the scattering screens in the galactic
center, while in other cases, we peek a more direct view (line II).
If this is true, then repeat bursts should retain their classification
under the dichotomy, as they originate from the same source,
an expectation that appears to have been borne out (Spitler et al.
2016; Scholz et al. 2016).

Moreover, we should expect statistically that signals with
larger DMs would exhibit more pronounced scattering signa-
tures, manifesting themselves as a fatter tail when compared to
the width of the leading edge (lack of such an asymmetry is
quoted in Spitler et al. (2016) as a sign of the missing scatter-
ing tail). In other words, we normalize the tail by the intrinsic
width of the signal, instead of assigning all of the extendedness
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Fig. 5. DM against tail-to-head ratio. The tail (head) section width is
the distance from the end (beginning) of the pulse to its peak. The red
crosses correspond to DM values without the Milky Way contribution
(i.e., DME), and the gray shadow crosses provide the original overall
DM for reference. The two blue crosses correspond to the two pulse
profiles plotted in Fig. 4 and replaces two red crosses. The inset shows
the two lines of sight. No points are obscured by the inset.

of the trailing half or the whole of the profile as being due to
scattering, which may lead to significant overestimates (a simple
plot of DM versus pulse width shows no discernible correlation).
Our investigation is of course further complicated by the fact that
we cannot remove the intergalactic component from the overall
DM, therefore a correlation will be loose at best, but a scatter
plot of DM vs width ratios could still demonstrate a bias pro-
vided that the screen contribution to the DM is not completely
overwhelmed. We make such a plot in Fig. 52, which does appear
to display a general trend. With better data quality and quantity,
and a much more refined method for extracting the scattering
contribution to the trailing edge, it may become possible to sep-
arate the intergalactic medium contribution to the DM from that
of the screen, with the former appearing as a stochastic spread in
the horizontal direction around a smooth monotonic curve repre-
senting the latter (assuming the existence of a universal temporal
scattering versus DM relationship for screens across galaxies).

7.4. Event rate

The FRBs have a high implied aggregate event rate of up to
7 × 104 per day at above 1.5 Jy ms fluence across all sky di-
rections (Law et al. 2015). There are two ways to achieve a
high rate: a large number of independent sources, or large num-
ber of repeat events from each individual source. The bubble-
bursting model falls within the second category. If 500 Mpc is
to be used as a conservative detectability horizon for the FRBs
(the DM is contaminated by the source’s local environment,

2 The data are taken from Thornton et al. (2013) for FRB 110220,
FRB 110627, FRB 110703, FRB 120127; from Lorimer et al.
(2007) for FRB 010724; from Burke-Spolaor & Bannister (2014)
for FRB 011025; from Champion et al. (2016) for FRB 090625,
FRB 130626, FRB 130628, FRB 130729; Ravi et al. (2015) for
FRB 131104; Spitler et al. (2016) for FRB 121102; Petroff et al. (2015)
for FRB 140514; Masui et al. (2015) for FRB 110523. We chose
the single-peak profiles, with the highest signal-to-noise ratio when
data from multiple bursts were available. In particular, this excludes
FRB 121002 from Thornton (2013), which has the largest DM. The
temporal sampling rate for this double-peaked signal is relatively low,
but the fitted profile does not appear to show a scattering tail.
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therefore we take predictions from Pen & Connor (2015) as a
lower bound), then there would be millions of galaxies within
a volume of that radius, assuming a ∼1011 total galaxy pop-
ulation in the observable universe (Gott et al. 2005). Further-
more, assuming that there is an SMBH at the center of each,
we reach the upper FRB rate limit with an average recurrence
rate of once per month (lower than the upper limit of 3.2 per
day set by Law et al. 2015) if there are ∼0.5 pulsars in the
strongly magnetized central region. The number of normal pul-
sars close to our Sgr A* was estimated by Pfahl & Loeb (2004)
to be around 100−1000 within about 0.02 pc from it, and with
a naive volumetric averaging, the number of pulsars expected
within a SMR of LSMR ∼ 0.005 pc is 1.6−16, which covers our
required population comfortably. We caution, however, that there
appears to be a “missing-pulsar problem” (Macquart et al. 2010;
Dexter & O’Leary 2014). Within the present model, however, it
is relatively easy to accommodate any deficiencies in the galac-
tic center pulsar number by noting that the size of LSMR can be
increased further with more massive SMBHs, and that the burst
repeat frequency as well as the detectability horizon also have
some room to expand into.

7.5. Correlated observations

The observables considered so far have been somewhat circum-
stantial in terms of placing the sources of the FRBs in galactic
centers. In this section, we briefly consider the possibility and
difficulties in using correlated observations to carry out more re-
liable source localizations.

Although for our proposed FRB mechanism to operate, the
pulsars can be on stable orbits around the SMBH and do not
need to be falling directly into it, occasions may nevertheless
arise when the latter scenario becomes realized, such as when
orbital parameters are altered by perturbations by other stars.
This may present us with a distinguishing test for the mecha-
nism, namely that the observation of the neutron star’s tidal dis-
ruption by the SMBH (for example, if the disruption occurs be-
fore the NS reaches the innermost stable circular orbit, or ISCO,
of the SMBH, the gravitational wave signal detectable by space-
based detectors will exhibit a distinct cutoff frequency) should
be preceded by a sequence of FRBs from essentially the same
location.

We can quickly assess the feasibility of this particular type
of correlated observations. The disruption of the NS by a black
hole is highly dependent on the NS equation of state, and even
more sensitively on the black hole mass. As we have seen in
Sect. 6.1, larger black holes tend to lead to less pronounced
tidal effects. While SMBHs regularly disrupt normal stars (e.g.,
Swift J1644+57), they will not be able to disrupt neutron stars
outside of the ISCO, regardless of the equation of state (see
Table II in Ferrari et al. 2010, for the black hole mass limit be-
yond which no disruption occurs; they range from several to
tens of solar masses for different equations of state, many or-
ders of magnitudes smaller than the masses of SMBHs), and
unlikely to do so before the NS enters the event horizon (for
extremally spinning black holes in particular, the ISCO is on
the horizon, see Jacobson 2011). This is unfortunate, but hope
remains that binary neutron star or neutron star-stellar mass
black hole mergers may occur close to an SMBH, as such re-
gions with dense stellar populations should be hotbeds for dy-
namical capture, leading to highly eccentric binaries that merge
quickly (see O’Leary et al. 2009; Antonini & Perets 2012, and
also Hopman 2009, for an estimate on binary fraction). When
this scenario is realized, a gravitational wave detection would

precede and forewarn electromagnetic telescopes, which should
subsequently observe, among other things, a short gamma ray
burst (SGRB) and an optical kilonova (Metzger & Berger 2012)
that may allow for identifying the signal as being from a galac-
tic center environment (with optimal conditions, even the grav-
itational wave signal alone may display the effects of a nearly
SMBH, see Zenginoǧlu & Galley 2012). Before these observa-
tions, however, the NSs should have generated a string of FRB
signals that we may try to dig out of archival data. Further-
more, if the merger remnant is another neutron star, then we
may have additional FRBs after the merger. By comparing with,
for example, SGRB sources outside of galactic centers (should
be without correlated FRBs), we may obtain strong indications
as to whether FRBs are indeed associated with galactic center
locations.

In addition to correlated but separate events, search has also
been ongoing for afterglows of the same event that generated
FRBs (see, e.g., Keane et al. 2016). No confirmed observations
have been made (Williams & Berger 2016), and the present pro-
posal predicts little afterglow. To arrive at this prediction, we
note that once the closed field lines open up, the stored dipo-
lar energy can stream out along the monopolar field lines as
Alfvén waves. Analytical solutions for this process exists (see
Brennan et al. 2013; Brennan & Gralla 2014; Zhang et al. 2015),
demonstrating that such waves are stable and highly efficient
transporters of energy, as they can propagate cleanly without be-
ing back-scattered. They would thus evacuate excess energy out
of the busted bubble regions quickly, without any residuals hang-
ing back or sloshing around to power long-duration afterglows.

Nevertheless, temporally coincident observations to FRBs
in other electromagnetic frequency bands may be possible. The
aforementioned waves can take on the characteristics of a wind
(Brennan et al. 2013). We may therefore reasonably expect that
as the pulse of wind slams into the interstellar medium, a “ter-
mination shock” may become visible in a broad frequency range
up to γ-rays, in analogy with pulsar wind nebulae. Coincident
detections in multiple bands should at the very least provide ad-
ditional extinction data, aiding the effort to assess whether the
FRBs occur in galactic centers.

8. Conclusion

The FRBs are intriguing phenomena, their frequent appearances
and consistency (especially on energy scales) indicate a reliable
underlying driving mechanism, preferably relying on no inciden-
tal environmental factors that can vary significantly from event
to event. We proposed a candidate model that attempts to adhere
to this observation. We began by noting that the magnetic field
strength within galactic nuclei is comparable to the intrinsic pul-
sar field at its LC, which is a vital but potentially fragile place for
the pulsar magnetosphere, harboring such extreme conditions as
particles traveling at the speed of light. We then showed that the
galactic magnetic field exerts a destabilizing influence there by
imposing discontinuous Lorentz forces on sheets of high surface
current density that enclose dipole-like closed magnetic field
lines. The result is that the CSs collapse and the closed lines
open up into a split-monopole configuration, with reduced field
strengths so that they can retain the same asymptotic boundary
conditions farther away from the star. This implies a reduction of
energy density in the magnetosphere, with the difference becom-
ing available to fuel FRBs. The FRB energy budget thus com-
puted agrees with observed values, and several other aspects of
the process also appear to be compatible with observations.
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We note, however, that although we have sketched the
aforementioned synopsis, a detailed blueprint of the dynamical
energy-release process requires sophisticated numerical simula-
tions, where a realistic treatment of the resistivity arising from
turbulences excited during the bubble-bursting process would be
essential. In short, the most important magnetospheric dynamics
involved are those for which the force-free assumption does not
apply. Unfortunately, these are also the processes that we under-
stand the least. With this paper, we wish to highlight this issue
and evoke further discussions, especially on the dynamical evo-
lution of the CSs.
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Gott, III, J. R., Jurić, M., Schlegel, D., et al. 2005, ApJ, 624, 463
Gralla, S. E., & Jacobson, T. 2014, MNRAS, 445, 2500
Gralla, S. E., Lupsasca, A., & Philippov, A. 2016, ApJ, 833, 258

Green, D. A., & Scheuer, P. A. G. 1992, MNRAS, 258, 833
Hopman, C. 2009, ApJ, 700, 1933
Igumenshchev, I. V., & Narayan, R. 2002, ApJ, 566, 137
Jacobson, T. 2011, Class. Quant. Grav., 28, 187001
Katz, J. I. 2016a, Mod. Phys. Lett. A, 31, 1630013
Katz, J. I. 2016b, ApJ, 818, 19
Keane, E. F., Johnston, S., Bhandari, S., et al. 2016, Nature, 530, 453
Kulkarni, S. R., Ofek, E. O., & Neill, J. D. 2015, ArXiv e-prints

[arXiv:1511.09137]
Law, C. J., Bower, G. C., Burke-Spolaor, S., et al. 2015, ApJ, 807, 16
Lorimer, D. R., Bailes, M., McLaughlin, M. A., Narkevic, D. J., & Crawford, F.

2007, Science, 318, 777
Luan, J., & Goldreich, P. 2014, ApJ, 785, L26
Lyubarsky, Y. 2014, MNRAS, 442, L9
Macquart, J.-P., Kanekar, N., Frail, D. A., & Ransom, S. M. 2010, ApJ, 715, 939
Masui, K., Lin, H.-H., Sievers, J., et al. 2015, Nature, 528, 523
Melia, F. 1994, ApJ, 426, 577
Melia, F. 2013, in Planets, Stars and Stellar Systems, Vol. 5, eds. T. D. Oswalt &

G. Gilmore, 243
Mestel, L., & Shibata, S. 1994, MNRAS, 271, 621
Metzger, B. D., & Berger, E. 2012, ApJ, 746, 48
Michel, F. C. 1974, ApJ, 187, 585
Nichols, D. A., Owen, R., Zhang, F., et al. 2011, Phys. Rev. D, 84, 124014
O’Leary, R. M., Kocsis, B., & Loeb, A. 2009, MNRAS, 395, 2127
Page, D., Shibanov, Y. A., & Zavlin, V. E. 1996, in Roentgenstrahlung from the

Universe Int. Conf., eds. H. U. Zimmermann, J. Trümper, & H. Yorke, 173
Palenzuela, C., Lehner, L., & Liebling, S. L. 2010, Science, 329, 927
Pavlov, G. G., Zavlin, V. E., Sanwal, D., Burwitz, V., & Garmire, G. P. 2001,

ApJ, 552, L129
Pen, U.-L., & Connor, L. 2015, ApJ, 807, 179
Petroff, E., Bailes, M., Barr, E. D., et al. 2015, MNRAS, 447, 246
Pfahl, E., & Loeb, A. 2004, ApJ, 615, 253
Quataert, E. 2002, ApJ, 575, 855
Ravi, V., Shannon, R. M., & Jameson, A. 2015, ApJ, 799, L5
Scholz, P., Spitler, L. G., Hessels, J. W. T., et al. 2016, ApJ, 833, 177
Spitler, L. G., Scholz, P., Hessels, J. W. T., et al. 2016, Nature, 531, 202
Thornton, D. 2013, Ph.D. Thesis, University of Manchester
Thornton, D., Stappers, B., Bailes, M., et al. 2013, Science, 341, 53
Trimble, V. 1982, Rev. Mod. Phys., 54, 1183
Williams, P. K. G., & Berger, E. 2016, ApJ, 821, L22
Yang, H., Zhang, F., & Lehner, L. 2015, Phys. Rev. D, 91, 124055
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