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Schematic illustration of a crusted strange star with an accretion disk.

Public summary

m We propose a crusted strange star model as an alternative of the magnetar model, with the former being able to explain
many more observational facts of anomalous X-ray pulsars (AXPs) and soft gamma-ray repeaters (SGRs) than the latter.

m In our crusted strange star model, the dipole magnetic radiation, the particle acceleration and radiation, the energy loss
processes in the situations of normal and strong winds, and the crust-breaking process and the interval between crust-
breaking events are all taken into account.

m In this era of multi-messenger astronomy, it is important to test whether AXPs and SGRs are indeed strange stars with
crusts through future observations, which shall shed light on the physics of supra-nuclear matter especially in strong
gravity.
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Abstract: The emission of anomalous X-ray pulsars (AXPs) and soft gamma-ray repeaters (SGRs) is believed to be
powered by the dissipation of their strong magnetic fields, which coined the name “magnetar”. By combining timing and
energy observational results, the magnetar model can be easily appreciated. From a timing perspective, the magnetic field
strengths of AXPs and SGRs, which are calculated under the assumption of dipole radiation, are extremely strong. From an
energy perspective, the X-ray/soft gamma-ray luminosities of AXPs and SGRs are larger than their rotational energy loss
rates (i.e., Lx > E,,). It is thus reasonable to assume that the high-energy radiation comes from magnetic energy decay, and
the magnetar model has been extensively discussed (or accepted). However, we argue that: (1) Calculating magnetic
fields by assuming that rotational energy loss is dominated by dipole radiation (i.e., E,, =~ E,) may be controversial, and we
suggest that the energies carried by outflowing particles should also be considered. (ii) The fact that X-ray luminosity is
greater than the rotational energy loss rate does not necessarily mean that the emission energy comes from the magnetic
field decaying, which requires further observational testing. Furthermore, some observational facts conflict with the “mag-
netar” model, such as observations of anti-magnetars, high magnetic field pulsars, and radio and X-ray observations of
AXPs/SGRs. Therefore, we propose a crusted strange star model as an alternative, which can explain many more observa-
tional facts of AXPs/SGRs.

Keywords: pulsars; anomalous X-ray pulsars; soft gamma-ray repeaters; magnetars; strange stars

CLC number: P142.1 Document code: A

1 Introduction energy luminosity Ly is larger than the rotational energy loss
rate E,,. This suggests their emissions are powered by altern-
ative channels instead of the rotational energy. To solve the
energy problem, several models are proposed: ( 1) the mag-
netar model, where the radiation comes from the decay of
super strong magnetic field*™, and (ii) the fossil accretion

disk model, where the radiation is accretion powered"”. Be-

Neutron stars are typically classified as pulsars and are known
for their strong magnetic fields. To produce the observed
pulses, pulsars are generally thought to dissipate their rota-
tional energy through dipole radiation to fuel the emission of
radiation pulses. Therefore, the magnetic field of a pulsar can

be readily calculated by equating the magnetic dipole radi-
ation energy to the rotational energy. For the pulsar magneto-
sphere, if its inner gap has the maximum potential! and the
current flow has the Goldreich—Julian charge density", then
the current flow will carry an energy flow, is equal to the
magnetic dipole radiation luminosity. The radiation must be
powered by the current flow, so the luminosity of radiation
observed at all wavelengths must be less than the rotational
energy loss rate. This is what we observed in radio or most
gamma-ray pulsars. These pulsars are named rotation-
powered neutron stars.

On the other hand, the rotational energy of AXPs and
SGRs are insufficient to supply the radiation, i.e., the high
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side of these models, some other models include strange star
models® " and wind braking models, where the radiation en-
ergy comes from particle emission from the stellar
surface!*'%.

Magnetars have been widely studied due to their unique
and extreme characteristics in radio, X-ray, and soft gamma-
ray bands, which exhibit various phenomena, including X-ray
short bursts, large outbursts, giant flares, repeated soft gamma-
ray burstsP*"  transient radio emission™, fast radio
bursts” 7, and interesting timing behaviors®™". Here we
point out: (a) If an accretion process takes place after a
supernova explosion and a crust can be formed around a
strange star, one can expect that ion particles in the polar cap
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regions will be formed. This magnetosphere of the strange
star would be very different from that of radio pulsar®’'~.. (b)
In the polar cap regions, the gravitational force of the ions is
balanced by electric force; and the balance is unstable, so the
ions are easy to fall down to the strange star surface along
magnetic tube in polar cap regions and the phase transition
process will occur, which provides enough energy to push the
ions in the crust to flow out freely. (¢) Owing to the observed
luminosity being higher than the rotational energy loss of the
star for AXPs/SGRs, one cannot calculate the magnetic field
(B; B, for surface magnetic field; in units of Gauss, G) with P
and P using the method of B, =3.2x10"(PP)"* under the
scenario of dipole magnetic radiation at all, where P is the
spin period (in units of second, s) and P is the period derivat-
ive (in units of s/s).

It is evident that any theoretical models must withstand the
test of observations. Currently more and more observations
become available, especially the radio emission phenomenon.
Up to now, more than 30 sources are listed as magnetars®™
(see the McGill Online Magnetar Catalog®), including 16
SGRs (12 confirmed and 4 candidates), 14 AXPs (12 con-
firmed and 2 candidates), and 6 with pulsed emission ob-
served in the radio band, 25 of which have period and period
derivative measurements. Magnetar-like activities have been
recorded from other classes of isolated neutron stars, such as
the high-B radio pulsars”* and the source at the center of the
supernova remnant RCW 103F7,

Instead of the magnetar model, we propose a scenario of a
strange star with a crust, which is a crusted strange star with
an accretion disk, to explain the observations. In this model,
the persistent X-ray emission, burst luminosity, and spectra of
AXPs/SGRs can be understood naturally. The radio-emitting
AXPs, which challenge the magnetar model, can also be ex-
plained by this model. Besides the evidence for bare strange
stars"*** crusted strange stars may behave differently during
the phase of X-ray bursts, as of millihertz quasi-periodic os-
cillations”. Nevertheless, an effort to verify the model of
strange stars with/without a crust should be encouraged in the
future. More evidence for strange stars could be obtained if
cold strange matter is in a solid state""] e.g., star-quaked in-
duced repeating fast radio bursts“?.

The rest of this paper is organized as follows. In Section 2,
we summarize the observations that in tension with the mag-
netar model. In Section 3, we take into account the energy
loss processes of particle outflow and recalculate the magnet-
ic field strength of AXPs/SGRs, which indicates that the
strong magnetic field was over estimated. In Section 4, we
propose a model of a strange star with crust to understand the
X-ray and radio observations of AXPs/SGRs. In Section 5,
we present the discussions and conclusions.

2 Observations that are in tension with
the magnetar model

2.1 Observations of anti-magnetars

The “Ly > E,,” does not mean that a super-strong magnetic
field really exists in the magnetar. Anti-magnetar observa-
tions in both X-ray and radio bands challenge the
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super-strong magnetic field assumption. The central compact
objects (CCOs) are isolated neutron stars in supernova rem-
nants (SNRs), with thermal X-ray emission dominating the
emission, which are popularly supposed to be anti-magnetars,
since their characteristic ages are much larger than the typical
ages of SNRs. An anti-magnetar may apparently have a weak
magnetic field but an extremely strong one inside. Halpern
and Gotthelf*” provided the first timing measurements of
CCOs (e.g., PSR J1852+0040) in SNRs (see Table 1) by
using the archival data of XMM-Newton and Chandra. Their
measurement showed that P and P of PSR J1852+0040 are
105 ms and 8.68x 107" s/s, respectively. This leads to a
rather low surface magnetic field of B, =3.1x 10" G, which
is two orders of magnitude lower than the magnetic field
measured for normal pulsar population. Howevere, Ly and
E,, of this source are ~ 5.3 x 10* erg/s and ~ 3.0 x 10* erg/s,
respectively, with Ly being approximately 18 times of E,,.
These measurements show that although Ly is larger than
E.,, B, can still be very low. Therefore, the radiation energy
should not come from the magnetic field decay.

2.2 Dipole field assumption is invalid for the magnetar

Assuming that the dipole field radiation dominates the spin-
down process, the characteristic ages 7. is P/ (2P). For nearly
all CCOs, the characteristic ages are not consistent with the
ages of associated SNRs™. For example, 7. of J1852+0040 is
192 Myr, but the age of associated SNR Kes 79 is about 7
kyr; 7. of RX J0822—4300 (P = 112 ms) is 7. > 220 kyr, but
the age of associated SNR Puppis A is about 3.7 kyr™; and 7,
of 1E 1207.4-5209 (P =424ms) is 7. > 27Myr or from 200
kyr to 900 kyr*, but the age of associated SNR PKS
1209.51/52 is 7 kyr™. We summarize the characteristic and
host SNR ages in Table 1. As the dipole field assumption is
questionable, the magnetic field calculated from P and P as-
suming dipole field may also be incorrect.

2.3 Observations of high-B pulsars

It is generally believed that the observational differences
between the normal radio pulsars and magnetars are caused
by the difference in their magnetic fields. However, some ob-
servations show that several radio pulsars have apparent
‘stronger’ magnetic fields than those of some AXPs, which
may challenge the magnetar model. Table 2 presents a com-
parison between four high-B radio pulsars, three AXPs, one
SGR, and one CCO. PSRs J1847-0130, J1814-1733,
J1718-3718, and J1846—0258 are four high-B pulsars.
Among them, PSRs J1847-0130, J1814—1733, and
J1718-3718 have radio emission; PSRs J1847-0130 and
J1814—1733 have no X-ray emission; and PSR J1718-3718
has low X-ray radiation. While PSR J1846—0258 is located in
Kes 75 and surrounded by a pulsar wind nebula and an SNR
shell, its magnetic field is very high (4.9x 10" G) and its
radio emission has not been detected so far; but it is observed
to have the AXP-like bursts and magnetar-like transition!**".
Its X-ray luminosity is smaller than its spin-down energy, i.e.,
Ly/E, =0.05. SGR 0418+5729 is an SGR with the lowest
magnetic field that is lower than the critical magnetic field

@ http://www.physics.mcgill.ca/~pulsar/magnetar/main.html.
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Table 1. Parameters of three CCOs: P, P, characteristic age 7., host object age host, and the host name.
Name P (ms) P (s/s) T¢ (yr) Thost (YT) Host object Reference
1E 1207.4-5209 424 6.6x10717 >2.7x 107 7000 SNR PKS 1209.51/52 [43]
PSR J1852+0040 105 8.7x10718 1.92x108 7000 Kes 75 [28]
RX J0822-4300 112 <8.3x10715 >2.2x10° 3700 SNR Puppis A [28]
Table 2. Comparison between radio pulsars, AXPs, and an anti-magnetar.
Name P(s) P (s/s) T¢ (yr) Bs (G) Notes References
PSR J1847-0130 6.7 1.3x10712 8.2x10* 9.4x10"3 High-B PSR [48]
PSR J1718-3718 33 1.5x10712 3.5%x10* 7.4x1013 High-B PSR [49, 50]
PSR J1814-1733 4.0 7.4x10713 8.6x10* 5.5x10"3 High-B PSR [51]
PSR J1846—0258 0.324 7.1x10712 7.2x10? 4.9x1013 High-B PSR, no radio [46, 47]
SGR 0418+5729 9.08 4.0x10°15 3.6x107 6.1x10!2 Magnetar, no radio [52]
1E 2259+586 6.98 4.8x10713 2.3x10° 5.9x1013 Magnetar, no radio [53]
XTE J1810-197 5.54 8.0x10712 1.1x10* 2.1x10™ Magnetar, radio [54]
1E 1547.0-5408 2.07 4.8x1071 7.0x10? 32x10M Magnetar, radio [55-58]
PSR J1852+0040 0.105 8.7x10718 1.9x108 3.1x10'0 Lx/Evo = 17.7, 10 radio [28]

B.=4.414x10" G. 1E 2259+586, XTEJ1810-197, and 1E
1547.0—5408 are three AXPs. Among them, 1E 2259+586 is
a glitching AXP, and XTE J1810—-197 and 1E 1547.0—-5408
are two AXPs with transient radio emission. PSR J1852+0040
is a CCO and anti-magnetar located in the center of the SNR
Kes 75, whose radio emission has not been detected yet.

2.4 Radio emission observed from some magnetars

It is generally believed that there is no radio emission coming
from the magnetars, where the photon splitting in strong mag-
netic field suppress the electron-positron pair production,
which is essential to the pulsed radio emission””. However,
more and more radio emission from magnetars has been ob-
served in recent years. Until now there are five magnetars that
have been observed to have radio radiation, e.g., XTE
J1810—197, which is the first detected radio-emitting magnet-
ar. Its radio pulsations were observed after its 2003 X-ray out-
burst and then the radio pulsations disappeared in late 2008";
in December 2018, its radio pulsation reactivated, being de-
tected between 12-18 d after the X-ray emission was en-
hanced™. Another AXP 1E 1547.0—-5408 was also observed
to have transient pulsed radio emission following X-ray
bursts. Similar cases also include SGR 1935+2145, that its
radio pulsar state is recently discovered™. The pulsed radio
emission of these two objects is similar to the typical emis-
sion from normal radio pulsars. These observations challenge
the general understanding of magnetars.

3 Do super-strong magnetic fields really
exist in AXPs/SGRs?

As discussed above, all characteristic ages of CCOs do not
agree with the ages of the associated SNRs. As shown in
Table 3, the same thing happens in the case of magnetars. The
characteristic ages of magnetars and their host object ages are
very different. If we believe that the ages of SNRs are correct
in most situations, then we should ask why the characteristic
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ages of CCOs and these “magnetars” are significantly differ-
ent from their associated SNRs. Clearly, the characteristic
ages are incorrectly estimated by assuming that the rotational
energy loss equals dipole magnetic field radiation. In the
P—P diagram the AXPs and SGRs are well located at the
strong magnetic field area™. These derived magnetic fields
are based on the assumption that the rotational energy loss
equals dipole magnetic field radiation. As the dipole radi-
ation assumption is problematic in estimating the age, one
would naturally be cautious about the magnetic field estim-
ated with the same assumption.

There is also a logical issue in estimating magnetic field in
the magnetar models. In the magnetar model, the X-ray lu-
minosity is assumed to transform from the magnetic energy to
explain that the rotational energy loss is smaller than the ob-
served X-ray luminosity in AXPs, i.e., E,, < Ly. Therefore, it
is by-definition no valid to estimate the magnetic field with
the assumption that the rotational energy loss equals dipole
magnetic field radiation, ie., E, =E,. Magnetars with a
super-strong magnetic field of > 10" G are shown in Table 4.
For stars with E <Ly, the magnetic field estimation is
problematic.

In the later part of the paper, we propose that a super-large
particle emission can help us understand the above men-
tioned observations of AXPs and SGRs. Below we first dis-
cuss rotational energy loss through particle stream.

3.1 Rotational energy loss of neutron stars

The rotational energy loss of pulsar can be written as:
E =190, (1)

where I =(2/5)MR* ~ 10* g-cm? is the moment of inertia, M
(in units of solar mass M,) and R ~ 10° cm are the mass and
radius of the pulsar, respectively; 2 and Q are the angular
velocity and its derivative of the pulsar, respectively.

If we still assume that the rotational energy loss is equal to
the sum of the particle emission, E,,, and the energy loss of
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Table 3. Parameters of some “magnetars”.
Name P (ms) P (ss") Tc (yr) Thost (YT) Host object References
1E 2259+586 6.98 4.84x10713 2.3%105 1.7x10* SNR:CTB 109 [53, 63—65]
SGR 180620 7.55 4.95x10710 2.4x10? (3-5)x10° MSC [66]
SGR 1900+14 5.20 9.2x107 1 9.0x10? 10°-107 SNR:CTB 109 [67, 68]
Table 4. Parameters of some AXPs (obtained from the McGill Online Magnetar Catalog”’; Lx is given for the 2-10 keV band).
Source name P(s) P (ss™) T (yr) Bs (G) Erot (erg/s) Lx (erg/s)
CXO0U J010043.1-721134 8.02 1.88x1071 6.8x10° 3.90x10' 1.400x103 6.50x10%*
4U 0142+61 8.69 2.00x10712 6.8x10% 1.30x10 3.369x10'! 1.05x10%
1E 1048.1-5937 6.64 2.25x1071 45x103 3.90x10™ 3.330x10%3 4.90x10%2
1E 1547.0-5408 2.07 4.77x10711 6.9x10? 3.20x10™ 2.100x10% 1.30x10%
PSR J1622-4950 433 1.70x1071 4.0x10° 2.70x10 8.300x10%3 4.40x10%
CXOU J164710.2-455216 10.61 4.00x10713 42x10° 6.60x10"3 1.300x103! 4.50x10%
IRXS J170849.0—-400910 11.01 1.95x107!! 9.0x103 4.70x10 5.800x10% 420x10%
XTE J1810-197 5.54 7.80x10712 1.1x10% 2.10x10™ 1.800x10%3 2.50x10%*
1E 1841-045 11.79 4.09x1071 4.6x10° 7.00x10™ 9.900x10% 1.84x10%
1E 2259+586 6.98 4.80x10712 23x10° 5.90x10'3 5.600x10%! 1.70x10%
dipole magnetic radiation, Eu, one then has N, = nrﬁcngj - mﬂ;c%. (6)
2mec
1Q1Q= E, +E,. ) The energy loss by the particles from the two polar caps

In the RS model", the maximum rotational energy loss
through particle emission can be written as

B’ QRS
pr ™~ P (3)
and the dipole magnetic energy loss can be written as
. BXO¥R°
E, ~— 3 (4)
c

As shown above, the rotational energy loss is limited by the
magnetic field. However, for AXPs, the observed fact is

E. =47°1PP < Ly, ©)

where Ly is the observed X-ray luminosity. To resolve this
problem, one way for the magnetar model is to assume that
the pulsar has a strong dipole magnetic field and the energy
loss of the dipole magnetic field is larger than the rotational
energy loss. From the discussion above, if the charge density
n inside the magnetosphere is the GJ charge density n,™ and
the inner gap potential AV = AV, [, the rotational energy loss
E, through particle emission and energy carried out by
particles also increase, that is E, ~ E,, ~ E,, where E, is the
energy carried out by particles (see next section). May the
particle energy loss rate be larger than the rotational energy
loss rate? If so, what is this physical situation? Let us deal
with this from the RS model first.

3.2 Energy carried out by particle emission

The energy carried out by particle emission can be estimated
with the RS model as below. The maximum charge—particle
flux from one polar cap can be represented as

0401-4

can be written as

Ep = 2Nmax’ymzcz’ (7)
eA m . .
where y = a8 the Lorentz factor. The maximum poten-
QB
tial drop in the inner gap is AV,, = ——7r> and r, = R(RQ/c)"?

2c
is the polar cap radius of pulsar. Then, the energy loss rate

through particles can be obtained as
BQ'RS
PT o

®)

This means that under the RS model, the maximum energy
loss through particles is approximately equal to the dipole
magnetic energy loss rate. In other words, a higher magnetic
field result in greater particle emission. This is why the mag-
netars can produce higher emission despite having a much
lower rotational energy loss rate E,, compared to their X-ray
luminosity Ly, i.e., they have a super-strong magnetic field.

From the discussion above, to resolve the problem of
E., < Ly, increasing the magnetic field is a possible way.
However, there is another possibility to resolve this problem
that the particle flow density is high (n > n,) although the
magnetic field is normal.

3.2.1 The normal wind situation

Let us look at the rotational energy loss through the particle
emission. In the magnetosphere of the pulsar, the particles co-
rotate with the star due to the existence of a strong magnetic
field. The premise of the particles co-rotating with the star is
that the magnetic energy density is larger than the particle en-
ergy density. If assuming r, is the co-rotating radius and at
which particles move out with an area of nr?, then the particle
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energy loss rate is CBR\
. VC~QVC:Q( - ) (17)
E, =2nrlce,, ) 2&Ly
where &, is the particle energy density, If we assume
E E, =E, =471PP", (18)
&= 5——. (10)
2nric we obtain the magnetic field from the equations above,
At the co-rotating radius 7., the magnetic energy density is 5 8\l Pci 19)
2 6 s T 1—5
6 = BR (1) (£L)2 QPR
8mre
or
Let the particle density equal the magnetic energy density, L
&, = &,, then we have B, =(1.5x10° Q)L ;PP '¢ > L2, (20)
cBR° i From the equations above, we can obtain
re= = . 12
( 2, ) (12) L
o . . NG 2ArCymany
Substituting £, in Eq. (8) into the equations above, we ob- 21

tain r, = ¢/©2 = R., where R, is the radius of the light cylinder
of the pulsar. This agrees with the normal estimate, i.e., the
particles co-rotating with the pulsar within the light cylinder
radius in the magnetosphere.

The rotational energy loss carried out by the particles from
one polar cap of the pulsar is

E, =Nym.y, (13)

where N, is the total particles flowing out from one pole, and
v, is the co-rotating velocity. Near the light cylinder, v, = c. If
there is no acceleration outside of the gap, from the conver-
sion of energy we can obtain N,y, = N,y,. Then, the rotation-
al energy loss carried out by the particles can be written as
BX'R*

c3

: (14)

pr

which shows that, in the RS model, the rotational energy loss
induced by the particle emission is the same as that by the di-
pole magnetic radiation. Increasing the particle energy loss
rate is the same as increasing the magnetic field.

3.2.2 The strong wind situation

When the magnetic field is not strong enough and the energy
carried out by particles is large enough, i.e., E, > E,, then the
magnetic fields and ages of AXPs will be calculated differ-
ently from that calculated simply assuming E,, = E,. If the
energy loss rate carried out by particles is equal to or larger
than the observed X-ray luminosity, we can write

E, =2N,y,m.c* = €Ly, (15)

where & = Ep /Ly is a coefficient, and Np is the number of
particles flowing out of one pole per unit time. The rotational
energy loss carried out by particles from two poles is

E,. = N,y,m.v., (16)

where v, is the co-rotating velocity,
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43X 105ELy 15 P
By '

Jessner et al.”? showed that for neutron stars with lower
surface temperature from 7,,; ~ 5% 10° K to 7.5%x10° K and
the work function for standard pulsars, they obtained n/n, of
105 to 10* or more. For y = 10*, B, =10", and & =100, we
obtain n/ng ~4.4x10°Ly,s. Therefore, for ¢ =100, P=1 s,
and P=10"s-s', one can obtain B,=1.5x10" G from
Eq. (20).

It is found that if a strong wind situation is taken into ac-
count, the estimated magnetic fields of some AXPs with
Ly>E, are smaller than that derived from
B,=32x10°(PP)"*. In Table 5, a comparison between
B, =3.2x10"(P/P)"”* and the magnetic fields estimated with
Eq. (20) is presented. The estimated magnetic fields with Eq.
(20) for CXOU J010043.1-721134, 4U 0142461, and 1E
1841-045 are 4.36x 10" G, 3.37x 10" G, and 1.83x 10" G,
respectively, all being smaller than that estimated by
B,=32x10°(PP)"*. But where does the energy of the
particles come from? This is what we will discuss in the next
section.

4 A crusted strange star model

Instead of the magnetar model, we propose a strange star
model, which is a crusted strange star with an accretion disk.
In this model, the persistent X-ray emission burst luminosity
and spectra of AXPs and SGRs can be understood naturally,
and the radio emission of AXPs/SGRs that challenges the
magnetar model can also be understood.

4.1 Strange star with a crust: X-ray and radio emission

To find the energy source of particle emission, a strange star
with a crust has been investigated. It is assumed that the crust
of a strange star would be formed after a supernova
explosion”. For a typical strange star with a radius of 1x 10°
cm and a mass of 1.4 M, the mass of the crust is usually in
the range of 107 —107°M,, and the thickness of the crust is
~10* cm™. The distance from the crust bottom to the strange
star surface is ~200 fm. This type of strange star
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Table 5. Comparison between B derived from B, =3.2x 10'°(P/P)!/> and B* estimated with Eq. (20) (¢ = 100 adopted and &, = B%/B).

Source name B (G) B; (G) &
CXOU J010043.1-721134 3.900x10 4361x1012 0.011
4U 0142+61 1.300x10' 3.369x10M 0.003
CXOU J164710.2-455216 6.600x10'3 8.430x10M! 0.013
1RXS J170849.0-400910 4700101 4.099x10'2 0.009
XTE J1810-197 2.100x104 4.224x%1012 0.020
1E 2259+586 5.900x10"3 2.502x10'? 0.042

cannot be observed as radio pulsars due to the existence of
crust, but bare strange stars can be observed as radio
pulsars”'. Therefore, we suggest that a strange star with a
crust could be used to explain the observed X-ray and radio
emission of AXPs/SGRs.

In the persistent X-ray emission state, the strange star ac-
cretes matter from its environment. The crust on the polar cap
surface will become heavier and heavier with a large number
of accreted matter accumulated on the surface of the polar
cap. The crust may finally break to lead to a super flare due to
the release of a large number of magnetic energy and plenty
of electron/positron pairs on a very short timescale. In this
case, two holes will form in the crust, the polar cap of the
strange star will become bare, and the electron/positron pairs
in the polar cap surface of the strange star will be accelerated
and outflow along the magnetic field lines to generate the
radio emission from the bared regions. With the strange star
continuously accreting matter from its environment, the polar
holes will be gradually filled by the accreted matter and then
the strange star will become radio quiet™. A schematic illus-
tration of a strange star with a crust is shown in Fig. 1.

4.2 Energy source of emitting particles

To form a crust for the strange star, an accretion process must
take place. For a magnetized star, the accreted matter falls
onto the surface through the magnetic tube along the open
field lines. The magnetosphere of this kind of star may be dif-
ferent from that of radio pulsars, i.e., ion particles in the polar
cap region would be formed and are supported by electric
force. Usually, in the polar cap, compared to the electromag-
netic force F., the gravitational force F, can be neglected due
to

F, GMAmy

= = o (22)
F.  QBRZe

where 4 and Ze are the mass number and charge number of
the ions, respectively; m, is the mass of a proton, and G is the
gravitational constant. For a dipole magnetic field,
B =By(R/r)* is used, and Q=2x/P. If adopting M =1M,,
B,=10" G, P=1sand R=10° cm, F,/F, is 2x 10°(A/Ze),
which means that the electromagnetic force can support any
ions to form a magnetosphere.

For a rotating magnetized star, the balance of the magneto-
sphere depends on the charge density. If there is any disturb-
ance, the balance will break down easily, especially for ions.
If the ions are ionized above the polar cap regions, the charge
density would be changed, which means p-p, being
nonzero. In this case, the ions will move along the magnetic
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field lines, and the force on them can be written as!*":

dE
— :47r(p_pgi)’ (23)

dz

B
where p,; = — isthe charge density in the GJ magneto-

sphere, and E, is the electric field component along B which
also defines the Z direction. This means that when the bal-
ance is broken, ions in the magnetosphere will fall onto the
crust. When the accreted matter falls onto the surface of the
crust above the polar cap and reaches a critical mass Am, the
crust above the polar cap will be broken to make the polar cap
of the star bare. The baring process of the crust is presented as
follows.

As discussed above, a crusted strange star cannot be ob-
served as radio pulsars, but bare strange stars can be ob-
served as radio pulsars. We assume that the crust above the
polar cap is broken to bare due to falling matter continuously
accumulated on the crust surface, and the bare area is
A, =nA,, where n <1 is a coefficient, and A, is the area of
the polar cap, which can be written as

2nR
Ay =nr=n R( " )

2
B 2n°R?
~ Pc

(YT

—_— , 24
Pc (24)
where r, is the radius of the polar cap. The energy density

gravitationally exerted by the falling matter Am on the crust
is

Amg
A,

Epen = : (25)

GM
where g = = and M = 1.4M, and R = 10° cm are the mass

and radius, respectively.

We assume that the density at the base of the crust is
0, =4x10" g/cm’, then the maximum elastic energy density
of the crust is

B = jedy ~ 8.63 x 10” dyne/cm?’, (26)
where u is the shear-modulus profile in the crust”, and
6 ~ 107 is the shear angle of the crust'. As shown in Fig. 2a,
we fit the change of y with p, and find that p > 10" g-cm™,
u=127x10"p, while u=~3.9x10%p* for p< 10" g-cm™.
Here, due to the crust density p<10"g-cm>,
1 =3.9x%x10%p3 is used in our estimation.

When the pressure E,,.. exceeds the critical stress E,,,; of
the crust, the crust will break, i.e., E . > E ... On one polar,
the mass that causes the crust to break is
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Fig. 1. Schematic illustration of a crusted strange star with an accretion disk. Around the strange star there is a crust: in the normal case, we can observe
radiation in X-ray bands; and in the super flare, high energy particles flow out from the pole cap regions, so there are two polar holes formed in the crust

and we can observe radio emission from polar cap regions.
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Fig. 2. (a) Change of u with p. The blue line is a linear model of =~ 1.27x10'p, and the red line is non-linear model of = 3.9x10'%p
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crust density p with the height from the surface of star. 4 = 0 represents the base of the crust. p was obtained from the numerical solution of Ref. [77].

A,

M= S, 27
where A, = 4nR* is the surface area of the star, and M, is
the mass of crust. The crust density p changes with the height
h from the base of the crust to the surface of the star, shown
in Fig. 2b. The density at the base is p, =4 x 10" g/cm’. Then
the mass of the crust can be estimated, as shown in Fig. 3a.
For p, =4 x 10" g/em®, M, ~2.5x 107 M,.

We assume that the critical mass of accreted matter for
crust breaking is Am,

_ AbEelasl
P .

Am (28)

The interval ¢ between crust-breaking events can be writ-
ten as
. Am+ M,

I (29)

where M is the accretion rate,

== o (30)
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Then, the interval ¢ can be estimated with

R(Am+M
- w 2 1.93x10°(P,Lyss) s, (31)
X

where P, =P/1s, Ly =Lx/10” erg/s, and Ly isthe ob-
served X-ray luminosity in quiescent state. When the crust
breaks, the normal matter will have a phase transition to
strange matter. The phase transition will release huge energy
E,, then the pulsar enters into an outburst state. The total out-
burst energy will reach E, ",

E,=(Am+ Mc)cz%. (32)

For XTE J1810-197, as shown in Fig. 3a, assuming the
base density of crust p, =4x 10" g/cm’, the estimated mass
of crust M.,,=~10"M,. When the accreted matter
Am=37x10"M,, E.=E.s (as shown in Fig. 3b), the
crust breaks. The corresponding mass that induces the crust to
break is M, ~ 107" M,. In addition, the interval ¢ between
crust-breaking events, and the total outburst energy for XTE
J1810—197 are estimated, ¢ ~ 15 yr, and the total outburst en-
ergy is ~ 10* erg. These are consistent with the observation-
al interval” and total outburst energy of AXPs/SGRs given
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Fig. 3. (a) Change of crust mass with the density p, at the base of the crust, with the surface density of crust being p, = 10° g/cm®. (b) The blue line repres-
ents the energy density gravitationally exerted by the accreted matter Am on the crust. The gray dashed line is the maximum elastic energy limit of the
crust of XTE J1810-197 for p, =4x 10" g/cm® and p, = 10° g/cm’. The red dashed-doted line is Am = 3.7x 1073 M.

by Ref. [80].

5 Discussions and conclusions

We present the observational facts that may be inconsistent
with the magnetar model, and propose a new method of es-
timating the magnetic fields of AXPs and SGRs. By compar-
ing the characteristic ages 7. of CCOs with the ages of their
associated SNRs, we find that 7. derived from P and P are
very different from their ages of associated SNRs. This im-
plies that the general method of calculating the ages of CCOs
with P and P is problematic. In this way, it is unconvincing to
calculate B, of AXPs/SGRs based on the assumption that the
rotational energy is dissipated dominantly by the dipole mag-
netic radiation. As is well known, besides the dipole magnet-
ic radiation, there are particle acceleration and radiation, so
the rotational energy loss should equal dipole magnetic radi-
ation plus particle acceleration, as given in Eq. (2). If taking
this into account, ultra-strong magnetic field is not expected
for AXPs/SGRs.

For AXPs and SGRs, there is no link between rotational
energy and the dipole magnetic radiation. Thus, it may be in-
correct to assume that AXPs/SGRs have super-strong dipole
magnetic fields. Here we emphasize that for AXPs/SGRs, it is
logically inconsistent to estimate the magnetic field based on
the assumption that the rotational energy loss equals the di-
pole magnetic radiation. We argue that the larger Ly may be
powered by the strong particle flow, and present the energy
loss processes in the situations of normal and strong winds,
respectively. It is found that the rotational energy loss through
particle emission is the same as that carried out by the dipole
magnetic radiation. Thus, increasing particle energy loss can
result in Ly > E,,, which has the same effect as increasing the
magnetic field. Under the strong wind situation, the magnetic
fields of several AXPs are recalculated, which are similar to
normal pulsars. This means that in the strong wind situation,
it is not necessary to employ the super-strong magnetic field
to explain Ly > E,,, of AXPs/SGRs.

Observations are important for testing theories. Some im-
portant observations of AXPs can be well understood in the
crusted strange star model, such as the observations of XTE
J1810—-197%%1 After the 2003 outburst of XTE J1810—-197,
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it returned to the quiescent state; Ref. [84] studied the surface
emission properties of this source and found that the temper-
ature distribution on the star surface is consistent with the ex-
pectations of a dipole magnetic field configuration, which
suggests the presence of a magnetized atmosphere. The X-ray
observations and spectral analysis of this source show that the
quiescent emission is composed of two thermal components,
which implies that there are two concentric thermal hot spots
in the polar cap that may be responsible for the emission of
XTE J1810—197"%*1 The hot footpoint is surrounded by a
warm X-ray emitting area. As the emitting area of the hot spot
is much smaller than that of the warm ring component, it is
more likely to find a configuration with parallel field lines in
the hot region (and most likely perpendicular to the surface)
than in the warm region. During the X-ray decay of XTE
J1810—-197, the source became radio-bright” and switched
on as a powerful radio pulsar, and the radio pulse appeared to
change with time!™°). The observed radio pulse width is
~0.15P, and the pulse is almost aligned with the X-ray light
curve. These imply that the radiation location of radio emis-
sion in the magnetosphere could be higher than that of X-ray
emission™’. These characteristics of the X-ray and radio emis-
sion from XTE J1810—197 could be well understood with the
model of a crusted strange star.

The crust-breaking process and the interval between crust-
breaking events are presented. For XTE J1810-197 with a
period of 5.54 s, after the outburst in 2003%, its X-ray flux
density decreased until it returned to the pre-outburst state in
early 2007". On December 8, 2018, the burst event of this
source was observed again and re-activated as a radio
pulsar”. The interval between the burst events of 2003 and
2018 is about 15 years. The X-ray luminosity in quiescent
state is Ly ~2.5x 10*erg/s. With these observations, we es-
timate the interval between crust-breaking events of XTE
J1810-197 is about 15 years by considering the bared area
being ~3.4% times the polar cap area. For the outburst,
Francesco et al.”™ presented the results of the systematic study
of all magnetar outbursts through a reanalysis of data ac-
quired in about 1100 X-ray observations. They presented the
total outburst energy of many AXPs/SGRs from 10* erg to
10% erg. The estimated total outburst energy of XTE
J1810-197 in this paper is about 10* erg, which is consistent
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with the results of Ref. [80]. As discussed above, the observa-
tions of AXPs/SGRs can be understood in our model, and the
further model tests will be carried out through future
observations.

It is surely meaningful if AXPs/SGRs are really strange
stars with crusts. In this era of multi-messenger astronomy
that encompasses full electromagnetic waves, neutrinos, cos-
mic rays, and gravitational waves, it is increasingly important
to explore the physics of supra-nuclear matter especially in
strong gravity. Besides pulsar-like compact stars, gamma-ray
bursts and fast radio bursts are also relevant to the nature of
pulsars, and we expect to solve eventually the equation of the
state of extremely dense matter in the coming years.
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