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A B S T R A C T 

Strangeon star model has passed various observational tests, such as the massive pulsars and the tidal deformability during binary 

mergers. Pulsar glitch, as a useful probe for studying the interior structure of pulsars, has also been studied in strangeon star 
model in our previous papers, including the reco v ery coefficient, the waiting time of glitches, and glitch activity. In this paper, 
the reco v ery process of a glitch is described in the strangeon star model, based on the starquake picture established before (in 

Paper I). After the starquake, the inner motion of the stellar matter would reduce the tangential pressure in the cracked places 
at the equatorial plane. The reco v ery (increase) of the tangential pressure would be achieved by a viscous flow towards the 
cracked places at equatorial plane, which leads to the exponential recovery of the spin frequency. A uniform viscous flow can 

reproduce the single exponential decay observed in some glitches, and the viscous time-scale τ and the depth h of the cracking 

place below the surface can be fitted by the reco v ery data. It is found that h increases with glitch size �ν/ ν, which is expected 

in the glitch scenario of strangeon stars. The magnitude of the reco v ery predicted in this reco v ery model is also consistent with 

that derived from observations. The single exponential decay reproduced by a uniform viscous flow can be generalized to two 

or more exponentials by the multicomponent of viscous flows. 

Key words: dense matter – pulsars: general. 
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 I N T RO D U C T I O N  

he theoretical difficulty in solving the non-perturbative quantum 

hromodynamics (QCD) problems, ho we ver, makes it challenging 
o describe the state of supranuclear matter in pulsar-like compact 
tars. The perturbative QCD, based on asymptotic freedom, works 
ell only at high-energy scales, E scale > � QCD ∼ 1 GeV. Ho we ver,

he state of pressure-free strong matter at supra-nuclear density 
hould be rele v ant to non-perturbati ve QCD because E scale < � QCD ,
hich is exactly a similar case of normal atomic nuclei. Starting 

rom deconfined quark state with the inclusion of strong interaction 
etween quarks, and using the Dyson–Schwinger equation approach 
o the non-perturbative QCD (Fischer 2006 ), one would estimate that 
he strong coupling constant αs could be greater than 1 at density 

3 ρ0 . It is worth noting that a weakly coupling strength comparable
ith that of quantum electrodynamics is possible only if the baryon 
umber density is much larger than of a pulsar’s core region, so a
eakly coupling treatment is inadequate for realistic dense matter 

n pulsars. From this point of view, although some efforts have 
een made to understand the state of pulsar-like compact stars in 
he framework of conventional quark stars, including the MIT bag 
odel with almost free quarks (Alcock, Farhi & Olinto 1986 ) and the
 E-mail: laixy@pku.edu.cn (XYL); r.x.xu@pku.edu.cn (RXX) 
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olour-superconductivity state model (Alford et al. 2008 ), realistic 
ensities inside pulsar-like compact stars cannot be high enough to 
ustify the validity of perturbative QCD. 

The strong coupling between quarks may render quarks grouped 
n quark clusters, and each quark cluster/strangeon is composed 
f several quarks condensating in position space rather than in 
omentum space. A conjecture of ‘condensation’ in position space, 
ith strange quark cluster as the constituent units (Xu 2003 ), rather

han condensation in momentum space for a colour-superconducting 
tate, was thus made for cold matter at supra-nuclear density. 
he strange quark cluster is renamed strangeon, being coined by 
ombining ‘strange nucleon’ for the sake of simplicity (Wang et al.
017 ; Xu & Guo 2017 ). Strangeon matter is conjectured to be the
ompressed baryonic matter of compact stars, where strangeons 
orm due to both the strong and weak interactions and become the
ominant components inside those stars. Although whether quarks 
nside pulsars would be grouped in strangeons is hard to answer from
irect QCD calculations, the astrophysical point of view could give 
s some hints. 
Compact stars composed totally of strangeons are called ‘stron- 

eon stars’. It is proposed that the pulsar-like compact stars could
ctually be strangeon stars, and this proposal is also moti v ated by
everal astrophysical points of view (Xu 2003 ). Being similar to
trange quark stars, strangeon stars have almost the same composition 
rom the centre to the surface. The properties of strangeons, as
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Figure 1. An illustration of the glitch process (the left-hand panel) and 
reco v ery process (the right-hand panel). Left: The starquake begins with a 
cracking of the equatorial plane below the surface of the star in the depth h 
where the critical stress first achieves. After cracking, the layer of the star 
(labelled by B ) breaks along fault lines and mo v es towards the poles like a 
plastic flow ( Paper I ). Right: Because the tangential pressure in the equatorial 
plane would have been reduced by the inner motion of stellar matter towards 
the poles, some fragments (in the thin layer between two dashed spheres 
shown with exaggeration) would flow into the cracking places at the equator, 
leading to the reco v ery of the glitch. 
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1 From the elastic deformation theory, the loading of stress field associated 
with rotation deceleration was derived in Lu et al. ( 2023 ). The results show 

that the shear stresses near the equator are much larger than that near the 
poles, and in the rupture the majority of the star volume is characterized by 
strik e-slip f aulting under the shear f ailure, instead of the opening f ailure used 
in Paper I . In fact, although how the starquakes of compact stars deserves 
to be explored in our future work, it may only affect the details and the 
qualitative pictures of glitch and reco v ery in P aper I and this paper would not 
be changed. 
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ell as the strangeon matter surface, could then be calculated, to
e helpful for understanding different observations of pulsar-like
ompact stars (see the re vie ws Lai & Xu 2017 ; Lai, Xia & Xu 2023 ,
nd references therein). For example, strangeon star model predicts
igh-mass pulsars (Lai & Xu 2009a , b ) before the disco v ery of pulsars
ith M > 2 M � (Demorest et al. 2010 ), and the tidal deformability

Lai, Zhou & Xu 2019 ) as well as the light curve (Lai et al. 2018a ; Lai
t al. 2021 ) of merging binary strangeon stars are consistent with the
esults of gravitational wav e ev ent GW170817 (Abbott et al. 2017 )
nd its multiwavelength electromagnetic counterparts (e.g. Kasen
t al. 2017 ; Kasliwal et al. 2017 ). 

Strangeon stars would have global rigidity, since the mass of a
trangeon that comprised of a large number of quarks is large and the
ormation of solid structures become likely due to the short quantum
avelength ∼h /( mc ). The melting temperature would be much larger

han the temperature inside pulsars (Xu 2003 ). Moreo v er, because
f their classical behaviour (as a large mass may result in a small
uantum wavelength), strangeons that exist in compact stars could
ocate in periodic lattices (i.e. in a solid state) when temperature
ecomes suf ficiently lo w ( kT < 10 MeV). The global rigidity would
ave broad astrophysical interests and have significant implications
n astronomical observations. Starquakes of solid strangeon stars
ould induce glitches. In this paper, we will discuss the glitch
eco v ery of strangeon stars, in the framework of starquakes. 

A pulsar glitch is an impulsive spin-up followed by a quasi-
 xponential reco v ery to wards the steady spin-do wn. This kind of
iming irregularity is widely accepted as a window into the interior
tructure of pulsar-like compact stars. The nature of pulsars, in turn, is
he starting point for understanding the physics of glitches, including
he mechanisms of spin-up and reco v ery. The physics of glitches have
een made for neutron stars. The spin-up stage is generally attributed
o a transfer of angular momentum from inner part to the crust of
 neutron star (Anderson & Itoh 1975 ), which could be triggered
y starquakes of an oblate crust (Ruderman 1969 ; Baym & Pines
971 ) and/or an unpinning avalanche in the superfluid vortex array
Warszawski & Melatos 2008 ; Melatos & Warszawski 2009 ). The
pin-up stage lasts for less than tens of seconds, and the reco v ery
ypically lasts for days to weeks (Wong, Backer & Lyne 2001 ). 

Strangeon star model has been showed to be compatible with ob-
ervations of glitches. Pulsar glitches could be the result of starquakes
f solid strangeon stars (Zhou et al. 2004 , 2014 ; Peng & Xu 2008 ).
he detailed modelling about the glitch behaviours compared with
bservations has been shown in Lai et al. ( 2018b , hereafter Paper I ),
here the relation between the reco v ery coefficients and glitch sizes
as found to be consistent with observations. The glitch activity of
ormal radio pulsars (Lyne, Shemar & Graham Smith 2000 ; Espinoza
t al. 2011 ; Fuentes et al. 2017 ) can also be explained under the
ramew ork of starquak e of solid strangeon star model (Wang et al.
021 , Paper II ). 
The mechanism for reco v ery stage is more unclear. The time-scales

or the reco v ery stage are v ery different from that of the spin-up stage,
uggesting that they involve different physics. Although the reco v ery
s thought to reflect the restoration of superfluid-lattice corotation by
iscous and/or magnetic forces (Baym et al. 1969 ; Boynton et al.
972 ; Lohsen 1975 ), some aspects of the glitch reco v ery hav e not
een explained well, such as the recovery time-scales (Wong et al.
001 ), the non-single exponential decays (e.g. Dodson, McCulloch &
ewis 2002 ), and the nearly complete reco v eries followed by the
econdary spin-ups observed in the Crab pulsar (Wong et al. 2001 ). 

In this paper, we try to reproduce the e xponential reco v ery of
litches, based on the starquake picture established in Paper I for
trangeon stars which is briefly introduced in Section 2 . The reco v ery
NRAS 523, 3967–3973 (2023) 
rocess is demonstrated in Section 3 , including the reco v ery model
bout why and how the reco v ery would occur. The time-scale related
o the reco v ery is taken as the viscous time-scale τ whose values
re derived by fitting the recovery data, and it is not necessarily the
ecay time-scale τ d derived by fitting the glitch model. Although we
nly consider the single exponential decay which can be reproduced
y a uniform viscous flow, this method can be generalized to two
r more exponentials by the multicomponent of viscous flows. The
agnitude of the reco v ery is estimated in Section 4 as the result of

he reco v ery of pressure at the cracked places in the equatorial plane,
hich is consistent with that derived from observations. Conclusions

nd discussions are given in Section 5 . 

 STARQUA KES  O F  S T R A N G E O N  STARS  

he reco v ery follows a starquake, so we will firstly give the picture of
tarquake process of strangeon stars. This picture has been described
n Paper I , based on the results of Baym & Pines ( 1971 ) about the
train in the solid crust of a neutron star, including how the star cracks
nd how the star reacts to the cracking. 1 

The starquake process is illustrated in the left-hand panel of Fig. 1 .
efore the starquake, the whole star is an elastic body which is
ccumulating the elastic energy. The starquake begins with a strike-
lip faulting in the equatorial plane below the surface of the star
n the depth h where the critical stress first achieves. The cracking
esulted by the strik e-slip f aulting then propagates outwards along
he equatorial plane. Being under tension before starquake, after
racking the sphere inside the outer layer (labelled by A ) would
ndergo elastic oscillation. In the meanwhile, the outer layer of the
tar (labelled by B ) breaks along fault lines, forming platelets and

art/stad1653_f1.eps
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oving towards the poles like a plastic flow. The plastic flow mo v es
angentially and brings some material from the equator to the poles. 

.1 Waiting times 

t is worth emphasizing the following ideas of Paper I about the
litch magnitudes and the waiting times between two glitches. 
lthough it is a general concept that the required stress develops 

oo slowly to produce large glitches as often as they are observed to
ccur in conventional starquake model of pulsar glitch, our results 
ave shown consistency with the observed values, as explained in 
he follo wing. Moti v ated by the observ ational fact that glitches
ith small amplitudes reco v er almost completely, but those with 

arge amplitudes reco v er ne gligibly, we introduced a plastic flow
unreco v erable) triggered by oblateness development. The inner 
otion of the star during a starquake is not only the change of

blateness, but also a redistribution of matter, both of which would 
hange the moment of inertia of the star. With the assumption that
nly the elastic motion, not the plastic flow, would lead to release
f stress during glitches, then we can see that the release of stress
s not directly related to glitch sizes �ν/ ν, which means that we
annot predict the time interval t q only from �ν/ ν. It is consequently
easonable that, the Crab pulsar and the Vela pulsar have nearly the
ame values of t q although their glitch magnitudes differ by at most
hree orders of magnitude. The results shown in Fig. 4 of Paper I are
onsistent with the observed values. 

.2 Stress and shear modulus 

he spin-down of a strangeon star will reduce the centrifugal force 
hich causes the accumulation of stress inside the star, and the 
uake will happen when the critical stress is achieved. The stress
istribution of a solid strangeon star during its spin-down has been 
erived in Lu et al. ( 2023 ), provided in Fig. 3 of their paper. They
ound that shear stresses near the equator are much larger than that
ear the poles. Taking into account the increase of density towards the 
entre, the critical stress would be firstly achieved in the equatorial 
lane below the surface of the star. 
The shear modulus μ is determined by the interaction between 

articles inside matter. For the lattice of nuclei of number density 
 , charge Z , and lattice constant a interacting via the Coulomb
nteraction, μ ∝ Z 

2 e 2 n / a ∼ αn 4/3 ( α denotes the coupling constant).
or the strangeon matter, beside the fact that the number density n s of
trangeons is much larger than n of the neutron star’s crust, the strong
nteraction dominates o v er the Coulomb interaction by several orders
f magnitude, we thus expect that the shear modulus of strangeon 
atter μs could be three to five orders of magnitude larger than that

f neutron star’s crust μ. Therefore, the shear modulus of strangeon 
tars μs could be in the range 10 30 −10 34 erg cm 

−3 (Xu 2003 ; Zhou
t al. 2004 ). 

.3 Constraints from gravitational waves 

n Paper I , the deformation due to the starquake are described by the
hange of oblateness ε, defined as I = I 0 (1 + ε) where I and I 0 are
he moments of inertia of deformed and spherical stars, respectively. 
o during the starquake and the reco v ery stage, the deformation is
upposed to be axisymmetric. In this idealized case, the deformation 
ill not be rele v ant to gravitational waves. In fact, ho we ver, the
eformation will not be purely axisymmetic and will lead to the 
on-zero ellipticity ε. The large glitches would lead to permanent 
eformations, so it is interesting to discuss the gravitational waves 
rom the post-glitch phase. 

We can estimate the relation between the relative glitch amplitude 
 I / I and change of ellipticity ε in the extremely axisymmetic case.
ecause the density of a strangeon star changes not significantly 

rom the centre to the surface, we can suppose that the star has a
niform density. In the extremely axisymmetic case, the equatorial 
lane changes from a circular (with radius R ) to an ellipse (with
emi-axes R and a , a < R ), then �ε = ε ∼ ( R − a )/ R . For the further
implification, we assume that the moment of inertia I is changed by
emoving the mass � m from the equator to the poles, then � I / I ∼
 m / M ∼ R 

2 ( R − a )/ R 

3 ∼ ( R − a )/ R , which means that �ε ∼ � I / I .
his extremely axisymmetic case should put the upper limit to �ε,
o ε ∼ �ε < � I / I . Therefore, observation of gravitational waves
ight put constraints on our glitch scenario. F or e xample, the upper

imits for ε of some pulsars with large glitches in the results of the
ecent LIGO and Virgo data sets (Abbott et al. 2022 ) are shown to
e larger than 10 −5 , consistent with ε < � I / I . 

 T H E  R E C OV E RY  O F  G L I T C H  

.1 The reco v ery model 

ccording to Paper I , the reco v ery of glitch is caused by the restoring
otion of part A , whereas the plastic motion of part B would not

eco v er. It should be noted that, the restoring motion of part A should
ot be purely elastic, since it would also be fractured partially (in the
hin layer between two dashed spheres shown with exaggeration in 
he right-hand panel of Fig. 1 ) during the starquake. Consequently,
he time-scale of reco v ery should be much larger than that of spin-up.

The inner motion of the stellar matter towards the poles during the
litch would break the matter between A and B into fragments (in 
he thin layer between two dashed spheres shown with exaggeration 
n the right-hand panel of Fig. 1 ). In the meanwhile, such inner
otion of the stellar matter would reduce the tangential pressure 

n the equatorial plane, illustrated in the left-hand panel of Fig. 1 .
onsequently, some fragments would flow into the cracking places 
nd increase the moment of inertia I of the star, leading to the reco v ery
f glitch, illustrated in the right-hand panel of Fig. 1 . 
It is worth noting that, although their real structure should be

omplex, strangeon stars are supposed to be completely solid in 
his work, so there is no phase transition from solid to liquid states.
fter a starquake, the globally rigid body is broken due the motion of

ragments, which would be similar to the liquid flow. In the following,
e illustrate the motion of fragments by analogy with the viscous
ow, i.e. the ‘viscous flow’ in this paper is composed of fragments
esulting from the starquake. 

In fact, the motion of the viscous flow is essentially driven by
he disequilibrium of pressure. The oscillation due to the pressure 
erturbation is actually a complex process, and it might be an
nalogue of the damped oscillation with time-scale depending on 
ts characteristic frequency, which has been discussed in Zhou et al.
 2004 ). Here, we propose a viscous flow, instead of oscillation,
o account for the reco v ery, whose time-scale τ depends on the
roperties of the viscous flow, and the possible values of τ are fitted
y the reco v ery data. 
We can estimate the contribution of both parts A and B to the

tar’s total moment of inertia I . The density differs not much from
he centre to the surface of a strangeon star, so we can suppose that
he strangeon star has a uniform density. If the moment of inertia of
 , I B , takes up a fraction x of I , i.e. I B = xI , then x = 1 − (1 − h / R ) 5 .
MNRAS 523, 3967–3973 (2023) 
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.2 The change of spin frequency during reco v ery 

o get a detailed description about this process the increase of I
uring reco v ery, we make a simplification that the outflow of matter
n the equatorial plane is equal to the increase of oblateness ε of
llipsoid A at an invariant volume V and density ρ. The moment of
nertia I B of B is supposed to be unchanged during reco v ery. 

Taking the peak of spin-up as our starting point, i.e. the time
or the peak of spin-up is the initial time. The change of I A as
ime d I A / d t � I A d ε/ d t , where I A ∝ (1 + ε). For an axial symmetric
llipsoid with semimajor axis a and c ( a > c , c is along the rotational
xis), the oblateness ε is related to ellipticity e as ε � e 2 /3 (for ε �
). Then ε � e 2 /3 = (1 − c 2 / a 2 )/3 = (1 − R 

6 / a 6 )/3, where the radius
 defined as V = 4 πR 

3 /3. Then change rate of oblateness as time can
e derived as d ε/d t � (2/ R )(d R /d t ) ∼ (2/ R ) υ, where υ is the velocity
f outflow. 
The exact motion of outflow is hard to describe, and we make a

urther simplification that the outflow is viscous, with the velocity
= υ0 · exp ( −t / τ ), where υ0 is the initial velocity and τ is the

iscous time-scale. As we mentioned in Section 3.1 , the viscous flow
n this paper refers to the mo v ement of fragments resulting from
he starquake. A strangeon star has global rigidity until starquake
appens. After the starquake and before the glitch has reco v ered,
ome parts of the star would behave like the viscous flow, which
ould be responsible for the observed properties of the glitch

eco v ery. 
Combining with the relation d ε/d t = (2/ R ) υ, we can get the change

f oblateness of A as time, 

= 

2 υ0 τ

R 

(
1 − e −t/τ

) + ε0 , (1) 

here ε0 is the initial oblateness of A , and the total increase of
blateness during reco v ery �ε = ( ε − ε0 ) t → ∞ 

= 2 υ0 τ / R . Then the
hange of I A as time during reco v ery can be derived as 

 A = 

I A 0 

1 + ε0 

[
1 + ε0 + �ε

(
1 − e −t/τ

)]
, (2) 

here I A 0 is the initial value. 
The reco v ery stage stars from spin frequency ν0 , and the conserva-

ion of angular momentum gives ( I A 0 + I B ) ν0 = ( I A + I B ) ν, where
 B remains unchanged during reco v ery. Because I B takes up a fraction
 of the total moment of inertia I , i.e. I B = xI and I A 0 = (1 − x) I ,
he time evolution of ν can be derived as 

( t) = 

ν0 

x + 

1 −x 
1 + ε0 

(
1 + ε0 + �ε

(
1 − e −t/τ

))
= 

ν0 

1 + 

1 −x 
1 + ε0 

�ε
(
1 − e −t/τ

)
= 

ν0 

1 + 

1 −x 
1 + ε0 

Q · �νg 

ν

(
1 − e −t/τ

)
� 

ν0 

1 + ( 1 − x ) Q · �νg 

ν

(
1 − e −t/τ

) , (3) 

here the last approximation is derived from ε0 � 1, and the second
o last equation is derived from �ε = Q · �νg / ν, since in our glitch
rocess the reco v ery of glitch is caused by the restoring motion of
art A , and the plastic motion of part B would not reco v er ( P aper
 ). From the reco v ery coefficient Q and the relative glitch magnitude
νg / ν, we can get the the time evolution of ν( t ) during reco v ery. 
Before comparing with observations, we w ould lik e to show that

( t ) in equation ( 3 ) can approach the exponential decay. The recovery
oefficient Q are defined as Q = �νd / �νg , where �νp and �νd are
espectively the permanent and decay components of the increased
NRAS 523, 3967–3973 (2023) 
requency �νg of glitches (with �νg = �νp + �νd ). Then the
ime evolution of ν shown in equation ( 3 ) is ν( t) = ν0 / [1 + (1 −
) �νd 

ν
(1 − e −t/τ )], which will be approximated to be 

( t) � ν0 

[
1 − (1 − x) 

�νd 

ν

(
1 − e −t/τ

)]

� ν0 − (1 − x) �νd + (1 − x) �νd · e −t/τ . (4) 

hen we can see that if x � 1, 

( t) � ν0 − �νd + 

�νd · e −t/τ

= ν0 − + �νg − �νd + �νd · e −t/τ

= ν0 − + �νp + �νd · e −t/τ , (5) 

hich differs by only the spin-down terms from the usually used
litch model 

gm 

= ν0 − + �νp + ( ̇ν + � ̇νp ) t + �νd · e −t/τd , (6) 

here � ̇νp are the permanent changes in frequency deri v ati ve relati ve
o the pre-glitch values and τ d is the decay time-scale. The reason
or this difference is that we do not consider the energy loss in the
eco v ery stage. 

.3 Comparison with obser v ations 

he frequency evolution in our reco v ery model equation ( 3 ) depends
n two parameters, the depth h of the cracking place below the
urface ( x = 1 − (1 − h / R ) 5 ) and the time-scale τ . The location and
hape of the curve are determined by h and τ , respectively. To get the
ppropriate values of both parameters, we first estimate the value of
around τ d , and then adjust the value of both h and τ to fit the data.

n addition, because our concern is the reco v ery stage, we need only
o fit the data from t = 0 (the time of glitch) to t ∼ τ . 

To compare equation ( 3 ) with observations, the term ( ̇ν + � ̇νp ) t 
n spin-down model should be subtracted from data. We choose five
litches, which have observed values of Q and � ̇νp (Yuan et al. 2010 ;
ang et al. 2020 ), from five pulsars: PSRs J1722 −3632, B1800 −21,
1823 −13, B1838 −04, and J1852 −0635. 
Frequency residual in the recovery for a glitch of PSR J1722 −3632

redicted in equation ( 3 ), where the permanent jump in frequency
as been subtracted to expand the results, is shown in solid line in
ig. 2 , with h / R = 0.01 and τ = 100 d. The red points (except for

he first one) are data which have subtracted the spin-down model
Dang et al. 2020 ) and also the permanent jump in frequency. The
rst point is the value at t = 0 derived from the glitch size and the
ata before the glitch. Solid line is for h / R = 0.02 and τ = 100 d. 
To see how the predicted curve for frequency residual changes as

 / R and τ , we also show the curves with different values of h / R and
in dashed lines. The blue (upper) and yellow (lower) dashed lines

re the results of h / R = 0.03, τ = 130 d and h / R = 0.01, τ = 70 d,
espectively. Because the curve with larger values of h / R and τ will
bo v e the one with smaller values of h / R and τ , the two dashed lines
ive the range where the appropriate values of h / R and τ would lie
n. 

The results for PSRs B1800 −21, B1823 −13, B1838 −04, and
1852 −0635 are shown in Fig. 3 , as the same as Fig. 2 . The data
or PSRs B1800 −21, B1823 −13, and B1838 −04 are from Yuan
t al. ( 2010 ), and the data for PSR J1852 −0635 are from Dang et al.
 2020 ). The values of h / R and τ for solid and dashed lines are shown
n each subplot. 

The results of the appropriate values of h / R and τ shown in solid
ines in Figs 2 and 3 are listed in Table 1 . The values of exponential
ecay time-scale τ d and the relative glitch size �ν/ ν are also listed
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Figure 2. Frequency residual in the recovery for a glitch of PSR J1722 −3632 
predicted in equation ( 3 ), where the permanent jump in frequency has been 
subtracted to expand the results, is shown in solid line, with h / R = 0.01 and 
τ = 100 d. The red points (except for the first one) are data which have 
subtracted the spin-down model (Dang et al. 2020 ) and also the permanent 
jump in frequency. The first point is the value at t = 0 derived from the 
glitch size and the data before the glitch. To see how the predicted curve 
for frequency residual changes as h / R and τ , we also show the curves with 
dif ferent v alues of h / R and τ in dashed lines. The blue (upper) and yello w 

(lower) dashed lines are respectively the results of h / R = 0.03, τ = 130 d, 
h / R = 0.01, and τ = 70 d, which give the range where the appropriate values 
of h / R and τ would lie in. 
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Figure 3. Frequency residuals in the recovery for PSRs B1800 −21, 
B1823 −13, B1838 −04, and J1852 −0635, as the same as Fig. 2 . The data for 
PSRs B1800 −21, B1823 −13, and B1838 −04 are from Yuan et al. ( 2010 ), 
and the data for PSR J1852 −0635 are from Dang et al. ( 2020 ). Points and 
curves are the same as that in Fig. 2 . 

Table 1. The summary in abo v e figures for the five pulsars. Columns show 

respectively the depth h of the cracking place from the surface, the viscous 
time-scale τ in equation ( 3 ), the time-scale τ d in glitch model of equation ( 6 ), 
the relative glitch size �ν/ ν, and the total increase in radius of the equator 
during reco v ery � a (see later in Section 4 ). The data of τ d and �ν/ ν are from 

Yuan et al. ( 2010 ) and Dang et al. ( 2020 ). 

PSRs h / R τ (d) τ d (d) �νg / ν (10 −9 ) � a (cm) 

B1838 −04 0.005 120 80 579 4.05 × 10 −5 

J1852 −0635 0.01 330 400 1144 1.26 × 10 −3 

B1823 −13 0.02 55 75 2416 1.81 × 10 −2 

J1722 −3632 0.02 100 240 2702 8.11 × 10 −5 
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Yuan et al. 2010 ; Dang et al. 2020 ) in Table 1 . We can see that
 / R increases with �ν/ ν, which is expected in our glitch model. The
eeper the cracking place is, the larger the glitch size is expected,
ince the star’s spin-up is induced by the mo v e of the fractured part
n the outer layer towards the poles ( Paper I ). 

It can also be found in Table 1 that, the viscous time-scale τ shows
o obvious correlation between neither h / R , τ d nor �ν/ ν. This may
eflect the complexity of the inner motion of the star during glitch and
eco v ery. The reco v ery data are from dif ferent glitches of dif ferent
ulsars, and we expect that more reco v ery data from the same pulsar
ould reveal how τ depends on other parameters. 
It would be heuristic to learn from the seismology to estimate 

he reco v ery time-scale τ . In the earthquake post-seismic period, the
iscous-elastic relaxation is a dominant mechanism controlling the 
ar-field ground deformation. In such a mechanism, the characteristic 
ime-scale is estimated from a simple relationship of τ = η/ μ
B ̈urgmann & Dresen 2008 ), where η and μ are the viscosity and
hear modulus, respectively. The shear modulus of strangeon matter 
as been estimated to be in the range 10 30 –10 34 erg cm 

−3 (Xu 2003 ;
hou et al. 2004 ), depending on the level of fragmentation (Zhou
t al. 2023 ). Therefore, if τ ∼ 100 d, the viscosity η ∼ 10 37 –
0 41 erg s cm 

−3 . It is interesting to see from Table 1 that, the two
ost frequently glitching pulsars among the five, PSRs B1800 −21 

nd B1823 −13, have shortest τ v alues, i.e. lo west viscosity. This
ay reflect the fact that the viscosity η depends on the history of

tarquakes. 

 T H E  M AG N I T U D E  O F  R E C OV E RY  

s demonstrated in Section 3.1 , for an axial symmetric ellipsoid with
ajor semimajor axis a , the oblateness ε � (1 − R 

6 / a 6 )/3, where R is
tar’s radius defined as V = 4 πR 

3 /3. The total increase of oblateness
uring reco v ery is then �ε � 2 � a / R , where the total increase of
he major semimajor axis is � a . The magnitude of reco v ery depends
n the value of � a . In this section, we will demonstrate that � a
redicted in our reco v ery model is consistent with that derived from
bservations. 
B1800 −21 0.1 50 120 3910 1.76 × 10 −2 
MNRAS 523, 3967–3973 (2023) 
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M

Figure 4. The relation between � a and h / R , for different values of ξ and 
�ξ / ξ . The values of � a and h / R shown in each row of Table 1 can be included 
between the upper (solid) and the lower (dotted) lines. 
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In our glitch picture ( Paper I ), the increase of oblateness �ε

ccounts for glitch reco v ery, which leads to the relation �ε = Q
�νg / ν. Therefore, the values of � a can be derived from glitch
ata, Q and �νg / ν, with � a � Q · �νg / ν · R /2. If we assume R =
0 km, then we can get values of � a for the five pulsars we choose
n Section 3.3 , shown in the last column of Table 1 . 

� a is the change of radius in the equator of the star. In our glitch
icture in Paper I , a glitch is triggered by the starquake which begins
ith a cracking of the equatorial plane. The cracking will reduce

he pressure of the crack, consequently the matter in the cracking
lace would be compressed and the radius of the equatorial plane
ould be reduced. This contributes to the decrease of moment of

nertia that leads to a glitch. In glitch reco v ery follows the reco v ery
i.e. increase) of pressure, via the viscous flow towards the cracked
laces at equatorial plane. The role of pressure in the glitch reco v ery
ould be similar to that in the post-glacial rebound observed in

celand on the Earth (Sigmundsson 1991 ). 
The pressure of the solid strangeon star should be inhomogeneous.
 simplified case is that the inhomogeneous pressure is spherical

ymmetric, where the tangential pressure P ⊥ 

and the radial pressure
 are not equal, with P ⊥ 

= (1 + ξ ) P . In this case, the hydrostatic
quilibrium equation becomes (Herrera & Santos 1997 ; Xu, Tao &
ang 2006 ) 

d p 

d r 
= −Gm ( r) ρ

r 2 

(
1 + 

p 

ρc 2 

)(
1 + 

4 πr 3 p 

m ( r) c 2 

)(
1 − 2 Gm ( r) 

rc 2 

)−1 

+ 

2 ξp 

r 
. (7) 

When the pressure of the crack is reduced by the cracking, the
educe of tangential pressure would be more significant than that
f radial pressure. Therefore, to simplify the problem that how to
stimate � a , we suppose that only the tangential pressure reduces
s the result of cracking. That means the change of a is the result of
he change of ξ . The tangential pressure at first reduces to ξ

′ 
, and

eco v er to ξ (with an increase of �ξ = ξ − ξ
′ 
) as the result of the

iscous flow towards the cracked places at equatorial plane. 
To derive the value of � a , we start from an equation of state, which

nsures that M TOV > 2.3 M � and � (1.4) < 800, and derive the radius
 of the star from the hydrostatic equilibrium equation ( 7 ). We then
hoose a value of h and calculate the difference between h and h 

′ 
, in

he cases of ξ and ξ , respectively, and we get � a = h − h 
′ 
. In Fig. 4 ,
NRAS 523, 3967–3973 (2023) 
e show the relation between � a and h / R , for different values of ξ
nd �ξ / ξ . We can see that the v alues of � a and h / R sho wn in each
ow of Table 1 can be included between the upper (solid) and the
ower (dotted) lines. 

 C O N C L U S I O N S  A N D  DISCUSSIONS  

n this paper, we describe the process of glitch reco v ery for strangeon
tars, based on the starquake picture of glitches established in Paper
 . We give answers to why and how the glitch will reco v er. The
nswer to the first questions is that, the cracking in the equatorial
lane splits some stellar matter and reduces the tangential pressure
n the equatorial plane, and then the matter in the interface (which
eparates the plastic and elastic motion during the glitch) would
o v e from high latitudes toward the cracking place in the equatorial

lane, leading to the reco v ery of the glitch. The answer to the second
uestion is that, because the reco v ery is the result of the increase
f the moment of inertia, we use a viscous outflow of matter in the
quatorial plane to calculate the increase of the moment of inertia
uring reco v ery, and consequently get the time evolution of spin
requency ν( t ) during recovery, showing the exponential form. 

To compare the theory with observations, we choose five glitches
rom five pulsars: PSRs J1722 −3632, B1800 −21, B1823 −13,
1838 −04, and J1852 −0635, which hav e observ ed values of Q
nd � ̇νp to subtract ( ̇ν + � ̇νp ) t from data. This subtraction is needed
ecause we do not consider the energy loss in describing the reco v ery
rocess, and the spin-down term should be subtracted to from data
efore the comparison of theory with observations. We get the ranges
or the two parameters, h / R and τ , in ν( t ) by fitting the data, and the
esults show that h / R increases with the glitch size �ν/ ν. Such a
ositive correlation between h / R and �ν/ ν is consistent with our
litch model, since the deeper the cracking place is, the larger the
litch size is expected in the scenario that the star’s spin-up is induced
y the mo v e of the fractured part in the outer layer towards the poles
 Paper I ). The magnitude of the reco v ery, estimated as the result of
he reco v ery of pressure at the cracked places in the equatorial plane,
s consistent with that derived from observations. 

As a first attempt to study the glitch reco v ery of strangeon stars,
his paper gives the abo v e conclusions including both the exponential
orm and the magnitude of glitch reco v ery. Although it is hard to
 v oid simplifications, the conclusions would not change. To quan-
itatively describe the exponential recovery, here we approximate
he net result of the matter flow in the interface from high latitudes
oward the cracking place to a viscous outflow in the equatorial plane
ncreasing the semimajor axis. No matter how the redistribution of
atter happens after a glitch, it essentially results from the decrease

f pressure of the cracking places in the equatorial plane. The
upplement of matter due to the pressure deficit would lead to the
ncrease of the moment of inertia, although in reality it may be
chieved by some more complex ways, and the approximation of
he viscous flow could be reasonable. Moreo v er, we only consider
he single exponential decay which can be reproduced by a uniform
iscous flow, but this method can be generalized to two or more
xponentials by the multicomponent of viscous flows. 

It is interesting to note that, the surface flow during the starquake
ould probably change the configuration of magnetic fields and

ead to some observable consequences. One observation is from
he Vela pulsar. The single-pulse radio observations of a glitch of
he Vela pulsar detect sudden changes in the pulse shape that are
oincident with the glitch event, indicating that the glitch altered the
agnetosphere of the Vela pulsar (P alfre yman et al. 2018 ). Another

bservation is from the Crab pulsar. There are evidences showing
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hat the polarization fraction of the Crab pulsar decreases after a 
litch (Feng et al. 2020 ), indicating that the properties of magnetic
elds may change. 
How the starquakes of compact stars happen, and how to describe 

he inner motion of the star during glitch and its reco v ery, still remain
o be solved. The loading of stress field associated with rotation 
eceleration under the elastic deformation theory deserves to be 
mpro v ed in the future. In addition, the reco v ery model we propose
ere involves Q and � ̇νp , so we can only use very few data of
litches. More data of glitches and reco v eries are needed to constrain
arameters and test theoretical models. 
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