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Abstract

It is believed that millisecond pulsars attain their fast spins by accreting matter and angular momentum from
companion stars. Theoretical modeling of the accretion process suggests a spin-up line in the period–period
derivative (P-P ) diagram of millisecond pulsars, which plays an important role in population studies of radio
millisecond pulsars and accreting neutron stars in X-ray binaries. Here we present observational evidence for such
a spin-up line using a sample of 143 radio pulsars with P< 30 ms. We also find that PSRs J1823−3021A and
J1824−2452A, located near the classic spin-up line, are consistent with the broad population of millisecond
pulsars. Finally, we show that our approach of Bayesian inference can probe accretion physics, allowing
constraints to be placed on the accretion rate and the disk–magnetosphere interaction.

Unified Astronomy Thesaurus concepts: Millisecond pulsars (1062); Neutron stars (1108); Stellar accretion (1578)

1. Introduction

It has long been theorized that pulsars in binary systems can
get spun up through accretion of matter from their companions
in a so-called recycling process (e.g., Bhattacharya & van den
Heuvel 1991; Lorimer 2008). The first binary pulsar, B1913
+16, was observed with a spin period of 59 ms in a tight
eccentric orbit (Hulse & Taylor 1975). It was soon realized that
its progenitor was likely to be a high-mass X-ray binary
(Flannery & van den Heuvel 1975; De Loore et al. 1975), with
the pulsar experiencing an episode of mass accretion from an
evolved companion star (Smarr & Blandford 1976). The
discovery of the first millisecond pulsar (MSP) B1937+21
(Backer et al. 1982) reinforced the pulsar binary-recycling
model (Alpar et al. 1982; Radhakrishnan & Srinivasan 1982),
even though it appeared to be an isolated pulsar. The recycling
theory is strongly supported by observations of accreting
millisecond X-ray pulsars (Wijnands & van der Klis 1998;
Patruno & Watts 2021) and transitional MSPs that switch
between rotation-powered radio and accretion-powered X-ray
states (Archibald et al. 2009; Jaodand et al. 2016; Papitto et al.
2013), and by the fact that a majority of MSPs are found in
binary systems.

Among the currently known 3300+ pulsars, MSPs represent
a distinct population with spin periods P 30 ms and slow
spin-down rates -P 10 18 , clustered in the lower-left corner
of the pulsar P–P diagram; see the latest version of the ATNF
Pulsar Catalogue3 (Manchester et al. 2005). The existence of a
spin-up line in the P–P diagram can be demonstrated by
considering that at the end of the recycling process, (1) the
pulsar reaches an equilibrium spin period approximated by the
Kepler orbital period of matter at the pulsar magnetospheric
boundary (Pringle & Rees 1972; Davidson & Ostriker 1973;
van den Heuvel 1977; Ghosh & Lamb 1979), and (2) the

magnetic dipole field strength at the surface is estimated as
µB PP (Spitkovsky 2006). The expression of the spin-up

line takes the form (e.g., Ghosh & Lamb 1992; Tauris et al.
2012)

=P AP , 14 3 ( )

where A is a coefficient depending on the accretion rate, the
magnetic inclination angle, and accretion disk–magnetosphere
interaction, among other factors. Extending the magnetic dipole
to multipoles leads to a more general form of the spin-up line
(Arons 1993):

= -P P s , 2l2 2 3( ) ( )( ) 

where l is the order of the magnetic multipole.
The spin-up line has been used as a powerful tool in various

studies of binary and millisecond pulsars. For example, it
provides a more reliable age estimate than the characteristic
spin-down age for recycled pulsars (e.g., Arzoumanian et al.
1999; Kiziltan & Thorsett 2010). This is essential in deriving
the effective lifetimes of Galactic double neutron star systems
and their merger rate (Arzoumanian et al. 1999; Burgay et al.
2003; Pol et al. 2019). The spin-up line also acts as a useful
link between millisecond radio pulsars and accreting neutron
stars in X-ray binaries, facilitating the study of different pulsar
subpopulations and their connection (e.g., Kiziltan & Thorsett
2009; Ho et al. 2014).
The location of the spin-up line plays a critical role in

understanding the characteristics of MSPs, such as their spin
evolution and the amount of accreted masses (Tauris et al. 2012).
In Arzoumanian et al. (1999), a fiducial value of
(1.1± 0.5)× 10−15 s−4/3 was given for the Eddington-limited
accretion rate. However, uncertainties are likely to be more
significant due to the lack of understanding of the accretion
process and magnetic geometry (Tauris et al. 2012; Verbunt &
Freire 2014). Given the fiducial value and allowing small
uncertainties, the spin-up line seems to be consistent with the
vast majority of MSPs discovered up to date, but faces a
challenge in explaining two pulsars, J1823−3021A (Biggs et al.
1994; Freire et al. 2011) and J1824−2452A (Foster et al. 1988;
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Johnson et al. 2013), for which the observed spin-down rates are
above 10−18, much higher than those of other MSPs.

In this Letter, we first search for observational evidence of a
spin-up line in the P–P diagram of MSPs. We collate a sample
of radio MSPs with reliable measurements of intrinsic P and
use them to perform Bayesian model selection of the joint P-P
distribution with and without a spin-up cutoff, i.e., whether or
not all MSPs are located on the lower-right side of a line
consistent with the ~P P4 3 relation. We find that the model
with a spin-up line is significantly favored by the data. We
further demonstrate that the location of the spin-up line inferred
from our analysis allows constraints to be placed on the
accretion physics.

The remainder of this paper is structured as follows. We
introduce the pulsar data in Section 2. We describe the
population model and Bayesian inference framework in
Section 3. Our results are presented in Section 4. Finally, we
discuss implications of our results and provide concluding
remarks in Section 5.

2. The Pulsar Data

In this work, we consider radio pulsars with
P< 30 ms; because there is not an exact spin period cut for
the definition of an MSP, we discuss the analysis results if we
apply the cut at 10 ms in the Appendix. We focus on pulsars
with measured spin-down rates Pobs � 10−20 s s−1 in the ATNF
Pulsar Catalogue, i.e., selecting only recycled MSPs in the
upper part of the P–P diagram because they provide the most
constraining power for a spin-up line. It is well known that Pobs
is usually contaminated by kinematic or dynamic effects.
Therefore, we further check and pick out the MSPs that have
well-constrained intrinsic spin-down rates (Pint ).

The Pint and errors used in the analysis are obtained as
follows. For the pulsars in the Galactic field, both the
contribution from Shklovskii effect (Shklovskii 1970) and
Galactic potential (Damour & Taylor 1991; Liu et al. 2018) are
corrected. Among these pulsars, 36 have a reported Pint in the
literature, thus the reported values are used directly. For the

correction of the remaining field pulsars, we use the proper
motion in the ATNF Pulsar Catalogue when available,
otherwise, we assume a 2D transverse velocity of
87± 13 km s−1 (Hobbs et al. 2005). In our calculations, we
use the best-estimate distances from the ATNF Pulsar
Catalogue, which by default are derived from measured
dispersion measures in combination with the Galactic electron
density model of Yao et al. (2017); for the distance estimate,
we assume an uncertainty of 30%. Note that the assumed
distance uncertainty is somewhat arbitrary as there is no
uncertainty given for the distance estimate in the ATNF
catalog. However, we have verified that our results are
insensitive to this quantity because the inference is dominated
by Galactic-field pulsars close to the spin-up line; for these
pulsars, their Pint are very well constrained.
For pulsars in globular clusters, if the pulsar is in a binary

system and has a measured orbital period derivative (Pb ), Pobs
are corrected using Pb , assuming negligible gravitational
radiation. Otherwise, the contribution from the cluster potential
is difficult to measure but usually much larger than the
contribution from the Shklovskii effect and Galactic potential
(Phinney 1993). For these pulsars, we ignore the latter two
effects and use the maximum contribution from the globular
cluster potential to set a bound on Pint (e.g., Lynch et al. 2012).
In this case, we only include the pulsars with a positive lower
bound (i.e., >P 0int after correction).
In total, we obtain 143 pulsars, where 133 pulsars are in the

Galactic field and the remaining 10 are from globular clusters.
Among the globular cluster pulsars, three pulsars are in a
binary and have a measurable Pb while the remaining seven are
isolated or have no measurable Pb . Figure 1 shows the P–P
diagram of 143 pulsars. In the plot, Pobs is shown by gray stars
while the intrinsic P is shown by filled circles. The error bar
represents the 1σ uncertainty of Pint for pulsars with Pb in the
Galactic field and for binary pulsars in globular clusters. For
other pulsars in globular clusters, the error bar indicates the
range of possible Pint after considering the maximum contrib-
ution from the cluster potential. Note that Pint are constrained
relatively well for the cluster MSPs shown in Figure 1; we
provide further details about these pulsars in the Appendix.
As mentioned in the Introduction, the spin-down rates of

PSRs J1823−3021A and J1824−2452A are much larger than
those of the remaining pulsars in the data set. These two pulsars
could belong to a different subclass. We therefore consider two
cases in our analysis depending on including these two pulsars
or not.

3. The Method

3.1. The Spin-up Line Model

We first search for observational evidence of a spin-up line
given by the general form of Equation (2). We adopt a log-
uniform prior for  in the range of [10−17, 10−12]. Note that
for a parameter that spans orders of magnitude, it is customary
in Bayesian inference to adopt a log-uniform prior.4 For the
magnetic multipole parameter, l= 0, 1, 2, and 3 corresponds to
a pure magnetic monopole, dipole, quadrupole, and hexapole,
respectively. Simply for the convenience of analysis, we adopt
a uniform prior for l ä [0, 3], or equivalently a power exponent
in [0, 2] for Equation (2). The competing hypothesis here is that

Figure 1. The P–P diagram of the MSPs used in the analysis. The observed P
is shown by gray stars, while the corrected P is shown by (filled) circles with
error bars. The isolated and binary cluster MSPs are colored in green and red,
respectively, while the Galactic-field pulsars are in purple. The orange and light
blue bands are the 90% credible intervals of the spin-up line if we include or
exclude two “anomalous” pulsars (J1823−3021A and J1824−2452A),
respectively. The dashed line represents a constraint set by gravitational
radiation, due to a minimum ellipticity ò = 10−9 (Woan et al. 2018) plotted
assuming I = 1038 kg m2. The gray line with the shaded region indicates the
pulsar death valley (Rudak & Ritter 1994). The P–P data to reproduce this plot
are available at https://github.com/zhuxj1/MSPspinUp.

4 We find that our results are not affected by the choice of prior because the
posteriors are dominated by the likelihood.
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there is no spin-up line cutoff in the joint P–P distribution.
Because in practice we have to set a range for the joint P–P
distribution anyway, the competing hypothesis is taken to be
one that has a horizontal cutoff line (at an unknown maximum
P ) in the P–P diagram.

Next we investigate the usefulness of the spin-up line in
constraining accretion physics by adopting the model of Tauris
et al. (2012), where the coefficient A of Equation (1) is given by

p
a f w= + -A

G

c

MM

I

2
1 sin , 3

1 6 5 3

1 3 3

5 3
2 7 2

c
7 3( ) ( )



where G is the gravitational constant, c is the speed of light, M
is the accretion rate, M is the pulsar mass, I is the moment of
inertia, α is the magnetic inclination angle, f is a parameter
relating the magnetospheric boundary rmag to the Alfvén radius
rA so that f= rmag/rA (Wang 1996; Gittins & Andersson
2019), and ωc is the critical fastness parameter (Ghosh &
Lamb 1979; Gittins & Andersson 2019). Note that Equation (3)
takes into account the plasma contribution to the spin-down
torque (Spitkovsky 2006), and thus differs from the result of
assuming a vacuum dipole magnetic field.

For the sake of convenience, we scale M by Eddington
accretion rate (MEdd ) via =M rMEdd  . MEdd has a weak
dependence on the fraction of hydrogen mass (X):

µ +M X1 1Edd ( ) , where X� 0.2 for the late phase of
accretion (Tauris et al. 2012). Without losing much precision,
we used X= 0.2 throughout this paper and consider r in the
range of [0.01, 3] to allow for possible super-Eddington
accretion (e.g., Freire et al. 2011). For the moment of inertia,
we use the following relation (Lattimer & Schutz 2005):

= + +I MR
M

M R

M

M R
0.237 1 4.2

km
90

km
, 42

4

⎜ ⎟
⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥ ( )

 

where R is the pulsar radius. This relation is valid for M/
R� 0.07 Me km−1 and suitable for a wide range of neutron
star equations of state.

In an attempt to probe the accretion physics, we fix the spin-
up line exponent ( ~P P4 3 ) and derive constraints on
parameters in Equation (3). We use a log-uniform prior for
the accretion rate parameter r and uniform priors forM, R, α, f,
and ωc. The prior ranges of the parameters are listed in Table 1.
Note that, as pointed out by Tauris et al. (2012), the spin-up
line is not uniquely defined; instead, it depends on pulsar-
specific parameters such as the mass and radius. Therefore, the
spin-up line considered here is an envelope that encapsulates
the MSP population in question.

3.2. Bayesian Inference

Assuming that the distribution of pulsars in the P–P diagram
can be described by a model consisting of a set of
hyperparameters Λ, then within the Bayesian inference frame-
work, we have

p
L =

L L
p d

d

Z
, 5

d
( ∣ ) ( ∣ ) ( ) ( )

where Ld( ∣ ) is the total likelihood of the data set d= {di}
consisting of individual data di, π(Λ) is the prior distribution of
Λ, and Zd is model evidence. The total likelihood can be
expressed as

ò  pL = L = Ld d d P P Pd , 6
i i

ii( ∣ ) ( ∣ ) ( ∣ ) ( ∣ ) ( )    

where we follow Woan et al. (2018) and use a log-uniform
conditional prior for P (of the MSP population)

p L =
L-  

P
P P P P P Pln ,

0, otherwise, 7
max min

1
min max⎧

⎨⎩
( ∣ )

[ ( )] ( )
( )

     

with Pmin and Pmax being the minimum and maximum spin-
down rates, respectively. The value of Pmax depends on the
model in question. For the spin-up line hypothesis,

=P APmax
4 3 , while for the alternative hypothesis, Pmax is a

constant to be inferred from data. For a pulsar population, Pmin
is conveniently described by a death line. In principle, we could
incorporate the death line into our population model and
determine its location. For simplicity, we opt to use the death
line = ´ -P P2.24 10min

19 0.98 (Rudak & Ritter 1994), which
visually provides a good fit to the pulsar sample considered in
this work. We leave the study of the pulsar death line to
future work.
For the individual likelihood d Pi( ∣ ) , if the pulsar is isolated

and in a globular cluster, its intrinsic spin-down rate Pint is
constrained in a bound, and we assume that Pint follows a
uniform distribution within this bound:

s
s s

=
- + 

d P
P P P

1

2
,

0, otherwise.
8i i

i i i i⎧

⎨
⎩

( ∣ ) ( )
  



If the pulsar is in the Galactic field or part of a binary in a
globular cluster, Pint follows a Gaussian distribution with a

Table 1
Prior Ranges and Posteriors (median and 1σ intervals) of the Accretion Parameters

Accretion Parameters Defined in Equation (3)

r M (Me) R (km) α (rad) f ωc

Prior [0.01, 3] [1, 3] [8, 20] [0, π/2] [0.5, 1.4] [0.25, 1]
Posterior (case a) -

+1.13 0.76
1.18

-
+2.04 0.61

0.63
-
+13.70 4.03

4.10
-
+0.91 0.57

0.46
-
+0.76 0.18

0.25
-
+0.75 0.24

0.18

Posterior (case b) -
+0.65 0.48

1.17
-
+2.03 0.63

0.69
-
+13.92 4.11

4.00
-
+0.82 0.57

0.51
-
+0.93 0.27

0.28
-
+0.67 0.23

0.22

Note. r is the accretion rate in units of the Eddington accretion rate, M and R are the pulsar mass and radius, α is the magnetic inclination angle, f is a parameter
describing the size of the magnetosphere, and ωc is the critical fastness parameter. Both f and ωc are dimensionless. The posteriors are given in two cases, where case a
uses all the P-P data and case b excludes PSRs J1823−3021A and J1824−2452A.
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standard deviation given by the measurement uncertainty:

ps s
= -

-
d P

P P1

2
exp

2
. 9i

i

i

i

2

2
⎡
⎣⎢

⎤
⎦⎥

( ∣ ) ( ) ( )  


We sample the posterior distribution p(Λ|d) with the parallel
tempering version (PTEMCEE5; Vousden et al. 2016) of the
EMCEE (Foreman-Mackey et al. 2013) software package. The
package is capable of calculating model evidence and allows us
to perform model selection. The Bayes factor between two
competing models, Λ1 and Λ2, is

=
L
L

B
p d

p d
. 1012

1

2

( ∣ )
( ∣ )

( )

There are likely to be some selection effects at play in the
observed distribution of MSPs in the P–P diagram. One such
effect that can be modeled is pulsar age. Assuming that the
radio detectability of recycled pulsars has evolved slowly since
the end of the accretion process, the age-induced bias is
roughly proportional to the increase of pulsar age after
accretion. We correct this selection effect by modifying the
conditional prior to

p
p

t
L =

L
P

P
, 11crt ( ∣ ) ( ∣ ) ( ) 

where τ is the time spent for the pulsar to evolve from the spin-
up line to the present state. For simplicity, we use the
characteristic age at the two states to calculate τ, thus
τ= τc− τc,Λ, where t = P P2c ( ) , and τc,Λ depends on
population hyperparameter Λ. Note that in the case of magnetic
multipoles, the characteristic age is given by P lP2( ) . We

further assume a constant surface magnetic field strength, i.e.,

=-P P constant. 12l2 1 ( )

This is a reasonable assumption for MSPs (e.g., Bransgrove
et al. 2018). Then, it can be shown that

t = - -
+ -

-
+

P

lP l
PP

2

1

2
. 13

l
l l

l
l

6
4 3 2 1

2 3
4 3( ) ( )



Here we have added the dimension back to the parameter 
introduced in Equation (2) so that it has a dimension of
s−2+(2l/3) (only applicable in this equation).

4. Results

In this section, we present results of Bayesian model
selection and parameter estimation. First, we find that the data
strongly favor the presence of a spin-up line, with a natural-log
Bayes factor of 20.9 (61.6) by including (excluding) PSRs
J1823−3021A and J1824−2452A. In Figure 2, we show the
posterior distribution of  and l as defined in Equation (2); the
case including and excluding PSRs J1823−3021A and J1824
−2452A is plotted in orange and blue, respectively. We note
that in both cases, the posterior distribution of l peaks at l= 1
(magnetic dipole). The joint posteriors are broadly consistent in
these two cases; the case excluding those two special pulsars
results in much tighter constraints on  and l because there are
more pulsars located near the inferred spin-up line (see
Figure 1). In both cases, there is no posterior support at
l= 3, which in our analysis is taken as a competing hypothesis
for the spin-up line hypothesis. This is consistent with the large
Bayes factors found in our calculations.
The reconstructed spin-up line in the P–P diagram is also

plotted in Figure 1, with the colored bands indicating the 90%
credible intervals. In order to compare with the fiducial
prediction of a spin-up line, we fix l= 1 and obtain the 90%
credible intervals of A: [3.39, 3.76]× 10−15 s−4/3 when PSRs
J1823−3021A and J1824−2452A are included and [8.87,
9.34]× 10−16 s−4/3 when both pulsars are excluded. In
comparison, the classic spin-up line predicts A= (1.1± 0.5)×
10−15 s−4/3.
Next, we fix l= 1 (i.e., assuming pure magnetic dipole) and

derive constraints on accretion parameters defined in
Equation (3). Figure 3 shows the posterior distributions, with
orange and blue colors representing the case where we include
and exclude PSRs J1823−3021A and J1824−2452A in the
analysis, respectively. The 1σ intervals of marginalized 1D
posterior distributions are listed in Table 1. We see from
Figure 3 that the inclusion of PSRs J1823−3021A and J1824
−2452A results in considerable deviations in the posterior
distributions of f and ωc from their prior distributions, which
are assumed to be flat. This is because a larger A is required in
this case, and there is a strong dependence of A on those two
parameters. In Tauris et al. (2012), it was shown that small
changes in f and ωc could shift the spin-up line by up to an
order of magnitude. On the other hand, the inclusion of PSRs
J1823−3021A and J1824−2452A makes a negligible impact
on the estimation ofM, R and α, because of a weak dependence
of the spin-up line on M, R and α; see Equations (3) and (4).

5. Discussion and Conclusions

Our analysis shows that PSRs J1823−3021A and J1824
−2452A, having an unusually high spin-down rate -P 10 18 ,

Figure 2. Joint posterior distribution of the spin-up relation parameter  and
the order of the magnetic multipole l. The solid line marks l = 1 corresponding
to a pure magnetic dipole. The orange and blue contours are for the case where
we include and exclude PSRs J1823−3021A and J1824−2452A, respectively.

5 https://pypi.org/project/ptemcee/
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can be accommodated in a single population with other MSPs.
PSRs J1823−3021A and J1824−2452A are in globular
clusters NGC 6624 and M28, respectively, and both have
energetic γ-ray emission, whose efficiency implies that both
Pobs are largely intrinsic (Freire et al. 2011; Johnson et al.
2013). Their high spin-down rates and strong γ-ray emission
also suggest small characteristic ages. This is consistent with
the result from our analysis in the sense that both pulsars are
located near the spin-up line, which is expected if both pulsars
completed the recycling process not long before, possibly with
a near-Eddington accretion rate. Fast MSPs in the region of
P 5 ms and -P 10 19 s s−1 are likely to be discovered in

current and future pulsar surveys. The lack of such MSPs
known so far could be due to a selection effect as they spend a
smaller part of their lifetimes in this parameter space.
Submillisecond pulsars have long been suggested to exist

(e.g., Du et al. 2009) although none have been discovered so
far. Recently, Woan et al. (2018) showed that there is likely to
be a constraint set by gravitational-wave spin down due to a
minimum ellipticity (shown as dashed line in Figure 1).
Combining this with the spin-up line found in this work implies
a minimum spin period of ∼0.6 ms.
In this work, we report observational evidence for a spin-up

line in the pulsar P–P diagram and demonstrate its usefulness

Figure 3. Posterior distributions of the accretion parameters defined in Equation (3). Posteriors obtained using all of the P–P data are in orange, while those obtained
by excluding PSRs J1823−3021A and J1824−2452A are in blue. The intervals on the 1D posterior distributions are at 1σ.

5

The Astrophysical Journal Letters, 934:L2 (7pp), 2022 July 20 Liu, You, & Zhu



in constraining accretion physics. We assume that the P and P
of MSPs follow a log-uniform distribution, which is a
reasonable model for a relatively small set of observations. A
more sophisticated model might involve (1) supposing a
fraction of MSPs reach the equilibrium spin periods at the end
of accretion and thus start their life as a recycled pulsar from
the spin-up line, and the remaining fraction might end up in a
nonequilibrium spin-up line (e.g., Arzoumanian et al. 1999);
(2) MSPs are evolved to their current locations in the P–P
diagram due to intrinsic spin-down. Therefore, the observed
distribution of MSPs in the P–P diagram will allow one not
only to probe accretion physics but also to constrain pulsar spin
evolution and the minimum spin period of neutron stars.

We thank the referee for very useful comments that helped
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Appendix

The term of MSP usually refers to a recycled pulsar with a
spin period of P 30 ms. Here we discuss the inference results
if we apply a lower spin period cut at 10 ms. In Figure 4 we
compare the joint posterior distributions of  and l for the two
cases with a period cut at 30 ms (blue) and 10 ms (orange); in
both cases PSRs J1823−3021A and J1824−2452A are
excluded in the analysis. One can see that using a larger
sample of pulsars leads to tighter constraints on the spin-up line
parameters. In particular, there are a couple more pulsars that
are located nearly on the inferred spin-up line (see Figure 1).
We also find that even if we use only pulsars with P< 10 ms,
the evidence for a spin-up line is very strong, with a natural-log
Bayes factor of 11.5. Finally, in cases where we include
PSRs J1823−3021A and J1824−2452A in the analysis, we
find negligible difference in posterior distributions between
P< 10 ms and P< 30 ms. This is unsurprising because the
location of the spin-up line is almost exclusively determined by
those two pulsars as can be seen in Figure 1.

In this work, we find that the observational evidence for a
spin-up line is dominated by Galactic-field MSPs. Our MSP
sample also includes 10 MSPs in globular clusters (plotted as
green or red filled circles in Figure 1; see also Table 2). They
seem to be consistent with the broad MSP population. Here we
comment on the relatively small uncertainties of their intrinsic
spin-down rates Pint . First, we discuss four isolated cluster MSPs.
For PSRs J1823−3021A and J1824−2452A, their measured
high γ-ray luminosity implies that their observed spin-down
rates are largely intrinsic. This is consistent with our derived
ranges of Pint for the two pulsars. A similar scenario applies to
PSR J1910−5959D, which has the third highest Pobs among the

cluster MSPs considered here. In D’Amico et al. (2002), various
scalings between the X-ray luminosity and spin-down power for
MSPs were applied to PSR J1910−5959D to estimate P ;int they
found a lower bound at 6.8× 10−19 (see their Figure 2), which is
comparable to our lower bound of 7.8× 10−19. Another isolated
cluster pulsar, J1518+0204A, also has a relatively small error of
Pint as inferred from its host cluster potential. This is expected
because the pulsar is located far from the center of its parent
cluster; the core size of the cluster is ¢0.44 while the pulsar has an
angular offset of ¢0.50 from the cluster center.6

Among six binary MSPs in globular clusters, three are
redback or black widow systems and do not have measured Pb .
We thus constrain their Pint in the same way as isolated cluster
pulsars. For PSR J1740−5340A, we find that its Pint can be
constrained to be between 1.4 and 2.0× 10−19; noting that

= ´ -P 1.68 10obs
19 , the correction due to cluster potential is

small as the pulsar is far away from its cluster center; the
position offset is ¢0.55 whereas the cluster core radius is only
¢0.05 (D’Amico et al. 2001). Our corrections for the cluster
potential for PSRs J1701−3006E and J1701−3006F (both
located in M62) are consistent with those reported in the
original publication (Lynch et al. 2012); we find upper bounds
at 5.0 and 3.7× 10−19 for PSRs E and F, respectively; the
corresponding bounds are 5.56 and 4.14× 10−19 in Lynch
et al. (2012). Finally, the remaining three pulsars in Table 2 are
in binary systems and have a measured Pb (Freire et al. 2017).

Figure 4. A comparison of the joint posterior distribution of  and l for
different MSP spin period cuts. The blue contour is taken from Figure 2
(P < 30 ms), while the orange one is for a smaller sample with 109 pulsars of
P < 10 ms. In both cases, PSRs J1823−3021A and J1824−2452A are
excluded.

6 http://www.naic.edu/~pfreire/GCpsr.html
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Table 2
Properties of MSPs in Globular Clusters

Pulsar Name P (ms) Pobs Range of Pint Error Type Cluster

J1823−3021A 5.44 33.8 [31.0, 37.0] Uniform isolated NGC 6624
J1824−2452A 3.05 16.2 [15.0, 17.0] Uniform isolated M28
J1910−5959D 9.04 9.64 [7.8, 11.4] Uniform isolated NGC 6752
J1518+0204A 5.55 0.41 [0.23, 0.59] Uniform isolated M5
J1740−5340A† 3.65 1.68 [1.4, 2.0] Uniform binary NGC 6397
J1701−3006E* 3.23 3.10 [1.2, 5.0] Uniform binary M62
J1701−3006F* 2.30 2.22 [0.7, 3.7] Uniform binary M62
J0024−7204T 7.59 2.94 [0.10, 1.88] Gaussian binary 47 Tuc
J0024−7205E 3.54 0.99 [0.08, 0.16] Gaussian binary 47 Tuc
J0024−7203U 4.34 0.95 [0.13, 0.24] Gaussian binary 47 Tuc

Note. Properties include the spin period P, the observed spin-down rate (in units of 10−19), the possible range of the intrinsic spin-down rate (in units of 10−19), the
type of error used for performing population inference (“uniform” indicates a uniform distribution within the given range; the range for a Gaussian error is given for
the mean ±1σ), the pulsar type, and the name of host cluster. The pulsars labeled with † and * are redback and black widow systems, respectively.
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