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Graphical abstract
Public summary

- Strange quark stars are extremely compact objects mainly composed of u, d, and s quarks

- Fractional collapse of the crust of a strange quark star can explain the repeating FRB 180916

- Materials accreted from the companion star accumulate at the polar region and trigger the local collapse

- The 16-day periodicity of FRB 180916 originates from the thermal-viscous instability of the accretion disk, and the active
window corresponds to a high accretion state of the system
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Strange stars (SSs) are compact objectsmade of deconfined quarks. It is
hard to distinguish SSs from neutron stars as a thin crust composed of
normal hadronic matter may exist and obscure the whole surface of the
SS. Here we suggest that the intriguing repeating fast radio bursts
(FRBs) are produced by the intermittent fractional collapses of the crust
of an SS induced by refilling of materials accreted from its low-mass
companion. The periodic/sporadic/clustered temporal behaviors of
FRBs could bewell understood in our scenario. Especially, the periodicity
is attributed to themodulation of accretion rate through the disk instabil-
ities. To account for a ~16-day periodicity of the repeating FRB source of
180916.J0158+65, a Shakura-Sunyaev disk with a viscosity parameter
of 0.004 and an accretion rate of 33 1016 g s�1 is invoked. Our scenario,
if favored by future observations, will serve as indirect evidence for the
strange quark matter hypothesis.

Keywords: accretion; compact objects; radio bursts; degenerate matter;
low-mass X-ray binary stars
INTRODUCTION
Fast radio bursts (FRBs) are short (duration of milliseconds) radio bursts

that remainmysterious. Their high brightness temperaturemakes astrophys-
icists believe that the radio pulse originates from the so-called coherent emis-
sion like the radio pulsar does,1,2 although details for such collective radio
emissions are still unclear.3,4 Since the first discovery,5 rapid progress has
been made in the FRB field. Along with the increasing FRB number, it was
found that some of them are individual events, i.e., do not repeat within a
monitor period, while some sources are obviously repeating.6

Themajority of repeating FRBshave been observed to appear sporadically
(e.g., FRB1211027). Recently, it has been found that the repeating FRBsource
180916.J0158+65 (FRB 180916) shows a �16-day periodicity, within which
the bursts gather in a 5-day active window.8 Besides, detection of tentative
periodic behavior (�160 days) of FRB 121102 over 5 years of data is
reported,9 although bursts from FRB 121102 were previously thought to be
clustered without a regular pattern. Several scenarios have been proposed
to explain the periodicity; e.g., the orbital motion of the FRB source,10–14

long-lived precession of the emitting region,15,16 and the ultralong rotational
periods of the bursting source.17 However, there is still no consensus on
the cause of the periodicity. An extremely high eccentricity (e> 0:95) is
required if the periodicity and the active window come from the pure binary
orbital modulation.12 Moreover, it is suggested that theories where the FRB
periodicity arises from forced precession of a magnetar by a companion
or fallback disk are not favored by analyzing the chromatic active window
of FRB 180916.18,19

Putting aside the question of whether repeating and non-repeating bursts
come from the same kind of sources/processes or are simply due to obser-
vational bias, it is urgent to establish a physical scenario that could naturally
account for most characteristics of repeating FRBs. The coincidence of FRB
ll
200428 and soft gamma-ray repeater 1935+2154 strongly supports that
magnetars are the sources of at least someFRBs.20Motivated by the reason-
able explanation for FRB 200428 through the instant accretion onto the
magnetar,21 we invoke a similar compact object in a binary system to explain
the periodic FRB.
RESULTS AND DISCUSSION
Collapse of crust

Strange quark matter may be the true ground state of hadronic matter,22

from which strange stars (SSs), made of deconfined u, d, and s quarks, are
predicted. A thin crust composed of normal hadronic matter may exist and
obscure the whole surface of the SS.23 A typical SS with a mass of 1.4 solar
mass (M1) cannot have a crust more massive than Mth � 3:43

10�6M1 with a thickness of D � 104 cm and a bottom density of
8:331010 g cm�3 (see section “methods”).

Like the neutron star (NS) in the low-mass X-ray binary (LMXB), we
consider an SS in a binary with a K or M dwarf companion, or a white dwarf
companion. Whenmaterials from the companion’s Roche lobe are accreted,
a disk around the SS is formed. As the material gets much closer to the SS,
themagnetic field begins to exert significant influence on the inflow at the so-
called Alfvén radius. Within the Alfvén radius, thematerial is expected to flow
along field lines onto the polar cap region of the SS (Figure 1). Whenever the
crust mass exceedsMth or the bottom density exceeds the threshold value,
the crust will collapse. Since themass inflowmay be elongated tongue-like24

and the diffusion timescale ismuch longer than the free-fall timescale, only a
fraction of the crust near the footprint of these field lines will collapse (see
section “methods”). During each fractional collapse, the sustaining electric
field at the crust bottom will be turned off due to the screening of the elec-
tron-positron (e+e�) pairs from the increasingly heated SS surface (see
below), which will last until the outgoing energy flux is high enough to push
away the rest of the upper crust matter. Materials from the surrounding
disk can continuously refill the crust, which results in repeating fractional
collapses. We argue that this scenario could naturally explain the
repeating FRBs.

Assuming the collapse to be a free-fall process, the collapse timescaleffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3p=ð32GrSSÞ

p
is much less than 1 ms, where rSSz1014 g cm�3 is the

average density of the SS. Two kinds of energy, gravitational energy and de-
confinement energy, are released after the collapse. We take the energy rate
as�6.3 MeV per nucleon25,26 in our following estimates. For a typical FRB of
isotropic energy of Eiso � 1040 erg, the ratio between the required fallen
mass dM and the crust mass is dM=Mth � 10�10fb;�3Eiso;40 , where fb is
the beaming factor of the FRB. The convention Qx =Q=10x in cgs units
is adopted hereafter unless specifically stated. This means that the crust is
an ideal energy reservoir for frequent repeating FRBs.

Usov discussed bare SSs and found that for electromagnetic waves
propagating in the hot strange quark matter, only high-frequency photons
(>18.5 MeV) could be efficiently emitted27,28; i.e., the bare SS surface is
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Figure 1. Schematic illustration of periodic repeating FRBs
in the SS crust collapse scenario The active window and the
quiescent phase of repeating FRBs correspond to different
states of the accreting disk driven by the thermal-viscous
instability. When the accretion rate is relatively low, the
Alfvén radius is large and the accretion system is in the
propeller regime, which corresponds to the quiescence
phase of repeating FRBs since almost no materials will be
accreted onto the SS. In a state of enhanced accretion rate
triggered by rapid change in opacity associated with the
ionization of disk materials, the system enters the active
phase, and repeating FRBs are produced due to the contin-
uous accretion onto the crust of the SS.
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very dim in X-rays. It was thus pointed out that the emission from the heated
SS surface should be dominated by the e+e� pairs created in an extremely
strong electric field at the surface. The flux of e+e� pairs from unit SS surface
is estimated as28

_n±y1039

�
Ts

109 K

�3

exp
�
� 11:9

�
Ts

109 K

��1�
s �1cm�2;

(Equation 1)

where Ts is the surface temperature of SS. Its corresponding energy flux per
unit surface is F± = ðmec

2 + kbTsÞ _n± , where me is the electron mass, c is
the speed of light, and kb is the Boltzmann constant. However, due to the
extremely high pair density, the pairs will annihilate into photons, which re-
sults in a photon-lepton fireball streaming out along the narrow tunnel of
the crust. The timescale tann � ð _n± sTÞ�1 for annihilation of e+e� pairs is
much shorter than the escaping timescale tesc � D=c , i.e., tann=tesc%
10�4for TsR109 K, where sT is the Thomson cross section. Like a bullet in
a gun barrel, e+e� pairswill be accelerated by the radiation pressure. Denoting
the number density of e+e� pairs as n± , the mean free path of these pairs is
written as ðn± sTÞ�1. Considering that the mean free path may be of order D
for the pairs to escape, we could obtain the density of pairs as n±z ðDsTÞ�1

when they break out from the crust. Assuming F± is fully converted into ki-
netic energy of the pairs, the bulk Lorentz factor of the escaping pairs is esti-
mated to be g±ysTDF± =ðmec

3Þ. Accurate heat transfer calculation gives
that Ts is � 109 K within 10 ms after the crust collapses,29 which means
that the typical value of g± is z2000. As shown in the section “methods,”
this relativistic e+e� flow could account for the coherent emission of FRBs.
Periodic/sporadic/clustered behavior of FRBs
The �16-day periodicity of FRB 180916 consists of an active duration of

tactz5 days and a quiescence duration of tquiescz11 days. In our model,
both timescales could be understood by the well-known cycle of the accre-
tion disk driven by the thermal-viscous instability (Figure 1). The standard
thin disk is thermally (and viscously) unstable for a disk temperature
of � 104 K due to rapid change in opacity associated with the ionization of
hydrogen atoms. A well-defined duty cycle of low/high accretion state is ex-
pected from this instability, and is often invoked for periodic outbursts in
LMXB transient systems.30

During the activewindow, an enhanced accretion rate of _Macty 1018 g s�1

(equivalent to 10�8M1year�1) onto the SS is required to repeatedly produce
FRBs on the timescale of seconds. Assuming a Shakura-Sunyaev disk31 with
a total mass ofMdisk = 2 p

RRout

Rin
R S dR, then the duration of the high accre-

tion state could be estimated by the depletion timescale of the disk, i.e.,
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tact =
Mdisk

_Mact

z1:3
� a

0:01

��4
5

 
_M

1016 g s�1

! 7
10

0
@ _Mact

1018 g s�1

1
A

�1

3

�
MSS

1:4M1

�1
4
�

Rout

1010cm

�5
4

days;

(Equation 2)

where a is the prescription parameter for the viscosity, S is the surface den-
sity, _M is the constant disk accretion rate in the low state,MSS is the SSmass,
and Rout is the outer edge of the disk, which is much larger than the inner
edge Rin. In this equation, we have used the dependence of S (on a, R,
etc.) for a standard Shakura-Sunyaev disk.32 A typical value of 0.01 is used
for a here as it corresponds to the cold phase (low accretion state) of the
disk in thermal-viscous instability theory,30 rather than the hot phase during
which a is typically assumed to be 0.1.

After the active phase, the disk enters the quiescent phase, during which
matters accumulate up to the critical density so that another instability cycle
follows. A very good estimate of the quiescent duration is given by30

tquiescz33
� a

0:01

��1

 
_M

1016 g s�1

!�2�
Tc

3000 K

��1

3

�
MSS

1:4 M1

��1:26�
Rout

1010cm

�5:8

days;

(Equation 3)

where Tc is the midplane temperature and is typically taken as �3,000 K at
Routz1010 cm. Using Equations 2 and 3, we could infer that the combination
ofaz0:004 and _Mz331016 g s�1 couldmatch the temporal characteristics
of FRB 180916, as shown in Figure 2.

The outer radius of the disk can be written as33

Rout

a
= ð1:0 + qÞð0:5� 0:227 ln qÞ4 =FðqÞ; (Equation 4)

where a = ðGMSS=4p
2Þ1=3P2=3

orb is the binary separation and q=M2=MSS is
the mass ratio of the system. From Equation 4 we could further obtain

Porbz8FðqÞ�3
2

�
Rout

1010cm

�3
2
�

Mss

1:4M1

��1
2

min: (Equation 5)

Taking the binary parameter as q=0:4 for FRB 180916, the orbital period
of this system could be inferred as 40min. Such a binary system is like some
www.cell.com/the-innovation
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A B Figure 2. Constraining disk properties from temporal char-
acteristics of periodic FRBs (A) The red lines present the
a� _M couples for specific tact values in a range of [1, 100]
days, while the blues are the corresponding a� _M
couples for specific tquiesc values in a range of [1, 1,000]
days. The position of the parameters inferred for
FRB 180916 is marked by a star symbol. The color
contours show the goodness of fit (in terms of �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

log2ðtact=5 dayÞ+ log2ðtquiesc=11 dayÞ
q

) for FRB 180916
with different disk parameter values.
(B) A three-dimensional illustration of the color contours
shown in (A).
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ultracompact X-ray sources,34,35 but the primary star here is anSS rather than
an NS. Since the FRB emissions are observed along the open magnetic field
lines, the binaryhere is preferred to be face on rather than edge on. As a result,
the FRBsignalswould not bemarkedlymodulated by the orbitalmotion since
no eclipse is expected in a face-on binary system. However, orbital period
modulation might still be inferred when such an FRB source is in our galaxy
or a very nearby galaxy so that an X-ray or even optical counterpart could be
detected.36,37 The donor could be either a white dwarf or a low-mass star
since the general trend in the stability of hydrogen-poor accretion disks is
similar to that of a hydrogen disk.35 If we assume that different-frequency
emissions of FRBs are produced at different altitudes within the pulsar
magnetosphere,19 the observed chromatic activity window could be ex-
plained by the drift of the main collapse regions during the high accretion
state. Such a drift is expected considering that it takes some extra waiting
time for regions that have just collapsed to refill the materials to reach the
critical state. Moreover, there may be a drift for the landing points of the ac-
cretion streams due to the evolution of the Alfvén radius induced by the vari-
ation of _Mact during tact.

Except for the periodic behavior, some repeating FRBs have shown
sporadic/clustered behavior. These characteristics could also be natu-
rally interpreted in our scenario. For a relatively large Porb, the accretion
rate during the quiescence state is expected to become relatively small,
and the quiescent duration will be increasingly long due to its depen-
dence on _M in Equation 3. On the other hand, the active window will
be shortened, which could result in clustered bursts after long quies-
cence. In an even smaller _M system, it takes a longer time to refill
the crust of the SS to reach the critical point. At the same time, the
smaller total disk mass to be accreted onto the crust may supply fewer
radio bursts in each active window. This situation should correspond to
the case of the sporadic repeating FRBs.

In our scenario, FRB 180916 is supposed to be in a binary system with a
very short orbital period, whichmight be rare even among LMXBs. Therefore,
periodic repeating FRBs may not be common in repeating FRBs. Lessons
from studies on outbursts of LMXB transients indicate that mass-transfer
rate variations, disk heating, irradiation, and other physical processes can pro-
duce the wealth of low-mass X-ray binary outburst light curves.30 Long-term
monitoring of a large sample of FRBswill help to reveal this temporal similar-
ity between FRBs and LMXBs.

Conclusions
Wepropose that repeating FRBsmaybe generated from the fractional col-

lapses of the crust of the SS. In our scenario, the FRB emission is produced
along the open field lines above the polar cap of the SS after the crust matter
collapse. The refilling of the accretion materials will repeat this process and
hence lead to repeating FRBs. The periodic/sporadic/clustered behaviors of
repeating FRBs are naturally explained by the accretion modulation in the bi-
nary system. Moreover, we could infer the basic parameters of the disk from
the active/quiescent duration of the bursts.
ll
Comparing with the NS accretion process, accretion onto an SS with a
crust makes the repeating behavior feasible. An SS may form if the gravity
becomes strong enough to deconfine neutronmatter into strange quarkmat-
ter (without going too far and collapsing to a black hole), which could happen
within a star through an extremely energetic supernova (e.g., a hypernova), an
accreting NS in X-ray binaries, or mergers of two NSs. The exact transition
point between degenerate neutron matter and quark matter is unknown
because of the lack of a clear understanding of the strong force and quark
matter. We suggest that the SS in the binary here may come from the
core-collapse supernova of a progenitor star with a relatively large mass in
the range that is thought to give birth to anNS (8–30M1). The accurate ratio
of SS number to NS number in the universe is unknown, so our scenario pre-
dicts that repeating FRBsmay be associated with only some (not all) face-on
LMXBs. The strange quark matter hypothesis dates back to the early 1970s
and has neither been proved nor disproved. If our scenario is favored in the
future, it could serve as indirect evidence for the existence of SS and support
for the strange quark matter hypothesis. Thus we strongly encourage moni-
toring the face-on LMXBs for future repeating FRB searches.38

METHODS
Strange star with crust

At the surface of a bare SS, the quarks bound by the confinement of strong interac-
tion have a very sharp surface with a thickness of the order of 1 fermi; i.e., the density
changes abruptly from531014 g cm�3 to zero on this length scale. On the contrary, the
electrons bound by the coulomb force can extend several hundred fermis beyond
thequark surface. As a consequence, in a thin layer several hundred fermis thick above
the strange matter surface, a strong electric field is established, which is estimated to
beabout 1017V cm�1 andoutwardly directed. This large outward-directed electric field
will support some accreted normal materials, which results in a thin crust covering
the SS.39

Huang and Lu calculated the balance between the electrical and gravitational
forces across the thin gap and found that themaximumdensity at the base of thecrust
is only one-fifth of the neutron drip point.40 So the bottommaterial of the crust cannot
convert into free neutrons andwill not gradually flow onto the SS. As a result, when the
crust gets heavier and heavier, the gap will decrease to an extent so that the crust
collapse occurs. Accurate calculations show that the maximum crust mass is
Mth � 3:43 10�6M1 and its corresponding thickness is 104 cm.40

Accretion and crust collapse
It has been proposed that a crust may not form after the birth of an SS if the SS is

rapidly rotating.41,42 However, the formation of the crust could be guaranteed by the
accretion from the companion, as in the case of our study. For a dipole magnetic field
with a surface strength of BSS , the condition for magnetically funneled column accre-
tion onto the SS is that the Alfvén radius is less than the co-rotating radius, which
requires

BSS < 1:0 3 1013M
5
6

SS
_M
1
2

18R
�3
SS;6P

7
6

SS;0; (Equation 6)

where RSS and PSS are the SS radius and spin period respectively. This requirement
could be met even for SS magnetars if the SS is slowly rotating (PSSR10 s) and the
accretion rate is high. Moreover, the surface magnetic field near the pole region
The Innovation 2, 100152, November 28, 2021 3
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may be dominated by a multipolar component that could be about an order of magni-
tude larger than the dipole field component, which has been inferred in somepulsating
ultraluminous X-ray sources.43 Therefore, the crust of the SS could be formed from
materials accreted from the companion. On the other hand, when the accretion rate
is low (e.g., � 1016g s�1), the Alfvén radius will increase and the accretion system
may enter the propeller regime, which corresponds to the quiescence phase of
repeating FRBs since no materials will be accreted onto the SS.

While the accreted material is thought to flow toward the polar cap region, we lack
the knowledge of its geometry. Here, we assume the flow to be like elongated tongues
and hit the SS in random places.24 Taking z as the filling factor of the column and the
number of simultaneous streams to beN, the sectional area of each stream is zA= N,
whereA is the polar cap area. Somaterials accumulate significantly at some points of
the crust surface. These regions will collapse when the local pressure at the base of
the crust exceeds the critical stress. At the base of the stream, the transverse velocity
of collisional diffusion in the presence of a pressure gradient (VP) could be approxi-
mated by25,44 vd � 1:3310�24T

�3=2
6 B�2

SS;14VP cm s�1 (VP in unit of erg cm�4), where
T is the temperature of the surfacematter,VP � rgh=rd , g=GMSS=RSS is the surface
gravity,h is the column height, and rd is the spreading radius of the stream. Thedensity
of each stream near the crust surface reads r = _M=ðzAvfdÞ, where vfd =

ð2GMSS=RSSÞ1=2=2 is the velocity of matter that falls down. During the collapse time-
scale of dt, the spreading radius of the stream could be calculated as rd = vddt. Using
the closure relation ofNpr2dyzA, we obtain the expression of z and hence themass of
the crust that would collapse to be

dm =
pr2d

4pR2
SS

Mthz1:03 1018N�1
2T

�3
4

6 B�1
SS;14

_M
1
2

18h
1
2
4dt

1
2
5msg: (Equation 7)

Therefore, the amount of mass for each fractional collapse is less than 1018 g
for N>1.

It should be noted that there may be several regional collapses within a short wait-
ing time as N>1 and each collapse is independent in principle; i.e., the waiting time
between the pulses of repeating FRBs could be only a few seconds or even shorter.
However, this situation should not be frequent. If the instant collapse rate is high so
that the crust of the SS loses a significant fraction of its mass in a short duration,
the created tunnels would absorb materials from neighboring regions. Then to pro-
duce the next burst cluster, it will take a longer time to accrete enough mass to reach
the critical state, with the equivalent isotropic crust mass being no less than Mth. On
average, an accretion rate of � 1018 g s�1 is required to repeatedly produce FRBs on
the timescale of seconds.

Coherent emission
Both pulsar-like mechanisms that invoke the magnetosphere of a compact

object2,45,46 and the synchrotron maser mechanism in relativistic shocks47 could in
principle (still in debate) produce coherent radio bursts. Currently, the polarization fea-
tures of the repeating FRB 18030148 and the chromatic activitywindowof FRB 180916
support a magnetospheric origin for the radio emission. After the crust collapse, two
possible ways, i.e., the pair spraying from the tunnel and the Alfvén wave propagating
in the charge-deficit region,49 could produce pair bunching. It is difficult to clarifywhich
mechanismworks for FRBs in the real situation in this report. Here, we adopt the prior
one and discuss its self-consistence. As shown in Figure 1, the polar cap region of the
crust will collapse due to the continuous accretion, which results in a relativistic e+e�

flow streaming outward along the open field lines. There are cleaner spaces in the
vicinities of the tongue-like streams. Even when the accretion flow is assumed to be
homogeneous in the environment above the polar cap, the ratio of the outgoing
e+e� energy flux F± to the kinetic energy flux of the accretion flow _Mv2fd=A is greater
than 1 for Ts>1:33 109K according to Equation 1. Thus the e+e� flow could penetrate
through the accretion flow. The parallel electricfield above the crust is screened during
the pair spraying.When these pairs leave themagnetosphere gap region, the gap elec-
tric field will initiate again within a short period of microseconds, which produces
another following plasma cloud with a bulk Lorentz factor larger than 104 by pulsar-
like sparking.1 The following plasma cloud will catch up with the previous plasma
cloud, and lead to the two-stream instability in the plasma, hence the coherent emis-
sion. The characteristics of the two plasma clouds are discussed below.

Consider a sparking gapwith a thickness ofH above the polar cap of the SSmagne-
tosphere. The condition that curvature radiation photons produce a pair in the gap is1

3Z

4pmecRSS

�
qeUBSSH

2

mec3

�3
BSS

Bq

z
1

15
; (Equation 8)

where Z is the reduced Planck’s constant,qe is the electron charge,U= 2p= PSS is the
SS angular velocity, and Bq = m2

ec
3=ðqeZÞ. In the original formulation of Ruderman

and Sutherland, the perpendicular component of the surface magnetic field Bt is
used rather than BSS. However, in relevant calculations and later literature, it has
4 The Innovation 2, 100152, November 28, 2021
been widely assumed that the typical curvature radius of the magnetic field lines
very near the pulsar surface is roughly RSS ; i.e., higher multipole components
contribute most strongly near the surface rather than the dipole field. Thus, in order
to maintain the self-consistency, it is reasonable to take BtzBSS. The gap height
is then derived as

Hz100 R
1
6

SS;6P
1
2

SS;0B
�2

3

SS;14 cm: (Equation 9)

Denoting the bulk Lorentz factor of the prior plasmacloud asg, then the overlapping
radius21,50 for the two clouds is remiy2g2H. In a dipolar field, the curvature radius rc is
related to remi by rcy4remi=ð3 sin qemiÞ, where qemi is the poloidal angle of the emis-
sion region. The corresponding characteristic frequency of curvature emission is

nc = g3 3c

4prc
: (Equation 10)

Therefore, the Lorentz factor of the prior plasma cloud should be

g = 1040
� nc

1:4 GHz

�� H

100cm

��
sin qemi

0:05

��1

: (Equation 11)

This value is generally consistent with that of pairs leaving from the SS mentioned
above. Equations 9 and 11 indicate that a relatively high local magnetic field of 1013G
is preferred in the bunching scenario to make sure that remi is within the light cylinder.

According to relevant calculations of the coherent emission,21 the electron number
density of the emitting region is

ne y 1:431010

�
LFRB

1043erg s�1

�1
2
�

dt

5ms

��1
2� nc
1:4 GHz

��5
2

�
H

100cm

��4�
sin qemi

0:05

�2

cm�3;

(Equation 12)

where LFRB is the isotropic FRB luminosity, and dt is the duration of the FRB. The cor-
responding plasma density near the SS should be� neðRSS=remiÞ�3 , which is found to
be less than n± produced during the collapse for a reasonable range of H and qemi.
This indicates that the crust collapse could naturally generate the required prior
plasma cloud.
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