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This talk is not about searching for pulsars
Pulsars turned from a theoretical construct into reality with the
unexpected discovery of pulsars in Cambridge in late 1967:

© 1968 Nature Publishing Group

Today we know more than 3000 pulsars



We would like to know:

Masses
Radius

Moment-of-inertia

Density
Structure

Equation of state

Spin frequencies
Magnetic fields

Temperatures

Ages 
Velocities

Geometries

Population, types, evolution....

What are their properties – at birth and while they age?



Neutron stars probe a wide range of fundamental physics:

Why would we like to know this?

• Properties of ultra-dense matter (nuclear physics: equation-of-State, super-fluidity, structure)
• Interaction of matter, plasma and EM radiation in ultra-strong magnetic fields (pulsars, magnetars)
• Physics in strong gravitational fields and 
      in extremely curved space-time
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Kramer et al (2021) 

Space-time tested around 
our pulsars is about 20 
orders of magnitude more 
curved than for our M87* 
BH image experiment
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Figure 3. Estimated sensitivity to the characteristic strain
induced by a GWB as a function of GW frequency. The
dashed line shows a power law spectrum as determined by
the joint 2D power law posterior median from the right panel
of Figure 1.

EPTA+InPTA and PPTA. The system and band noise
models used by PPTA must also be accounted for3.
The three resulting sensitivity curves are presented in

Figure 3 and show the relative sensitivity of the PTA
data sets. The general behavior of the curves follows
the simple expectations based on the intrinsic prop-
erties of each data set. The di↵ering low frequency
sensitivity supports the reported evidence from each
PTA for the presence of an HD correlated GWB sig-
nal. The NANOGrav data set shows the best low fre-
quency sensitivity, reaching slightly lower frequencies
than EPTA+InPTA due to the longer observing baseline
of analyzed data. The PPTA data set which spans the
longest time extends to the lowest frequencies but does
not achieve the same low frequency sensitivity as the
other two. At the higher frequencies, the EPTA+InPTA
and PPTA data sets are more sensitive than NANOGrav
due to their higher observing cadences with observa-
tions occurring every ⇠ 3 and ⇠ 7 days, respectively.
NANOGrav su↵ers at the high frequency end due to its
lower observing cadence of roughly 30 or 14 days, de-
pending on the pulsar.

3
The PPTA also included a model for the variable DM delay from

the solar wind, which has been left out in this analysis for sim-

plicity, and produces the small ‘bump’ at ⇠2.76 nHz in the PPTA

sensitivity curve.

Figure 4. Amplitudes of CURN recovered using the factor-
ized likelihood method. Extended data sets are also shown,
where the pulsars of one data set are added to the another,
without repeating pulsars. The boxes contain 68% of the dis-
tribution mass, and the center line marks the median. The
whiskers contain 95% of the distribution mass.

4.3. Comparison using standardized noise models

4.3.1. Common uncorrelated red noise amplitude

In order to make a fair comparison of the observed
GWB properties we reanalyzed each PTA’s data us-
ing the standardized noise models described in subsec-
tion 3.2. In place of a full Bayesian analysis search-
ing for HD correlated GWB, which is computationally
expensive, we used the factorized likelihood approach.
Using this method individual pulsars were analyzed in-
dependently in parallel and the results combined to ar-
rive at a posterior distribution for the amplitude of
CURN, log

10
ACURN, assuming a fixed spectral index

of �CURN = 13/3. This method did not include inter-
pulsar cross-correlations, but acted as a good proxy to
quickly determine the spectral properties of a common
signal like the GWB.
We applied the standardized noise model described

in subsection 3.2 to every pulsar with a timing base-
line longer than 3 years. Only 4 pulsars were dropped
due to this time cuto↵: J0614�3329 from NANOGrav
and J0900�3144, J1741+1351, and J1902�5105 were
dropped from PPTA. Each pulsar was independently an-
alyzed and the posteriors for the pulsars from a given
PTA were combined, resulting in the CURN posteriors
shown in color in Figure 4. There is broad agreement
between the PTAs, and these new results agree well with
the fixed spectral index GWB amplitude reported by the
PTAs and stated in section 2. The black boxes in Fig-
ure 4 are based on extending the individual PTA data
sets and will be discussed in subsection 6.2.

Neutron stars probe a wide range of fundamental physics:

• Properties of ultra-dense matter (nuclear physics: equation-of-state, super-fluidity, structure)
• Interaction of matter, plasma and EM radiation in ultra-strong magnetic fields (pulsars, magnetars)
• Physics in strong gravitational fields and in extremely curved space-time
• Pulsars as tools, e.g gravity tests & gravitational wave detection:
      NS properties as limiting factor (origin of red timing noise) PSR J1012+5307

(EPTA DR2)

Why would we like to know this?



We would like to know:

Masses
Radius

Moment-of-inertia

Density
Structure

Equation of state

Spin frequencies
Magnetic fields

Temperatures

Ages 
Velocities

Geometries

*Measurements and/or constraints from radio observations (for X-rays see Wednesday)

Population, types, evolution....

What are their properties – at birth and while they age?
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Information from radio observations

• From pulsar timing: 

      -  measuring pulse arrival times and tracking the rotation of the 

         neutron star with high precision

• From emission properties:  

      - full polarisation measurements from 10s MHz to 100s GHz

      - high time resolution observations down to nanosecond timescales

      - long-term monitoring lasting half a century (>109 rotations)

• From simultaneous multi-messenger observations

• From combination of particularly interesting pulsars vs bulk properties



The life of a neutron star(*)

• Young pulsars (energetic)
• Ordinary rotation-powered pulsars
• Recycled pulsars
• Magnetars
• Ultra long-period pulsars (?)

(*) Mostly radio emitting neutron stars

Lorimer & Kramer (2025)

Immediate estimates:   (note assumptions!)

Age:

B-field:

Energetics:
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where P0 is the initial spin period. For spin-down due to magnetic dipole
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A2.2 Radio beam geometry and polarisation fitting

For the radio beam shown in Figure 3.4, the expression

cos ρ = cosα cos(α+ β) + sinα sin(α + β) cos

(

W

2

)

relates the beam radius, ρ, to the magnetic inclination angle, α, the
impact angle, β, and the observed pulse width, W , measured in degrees
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Appendix 2

Useful formulae

This appendix brings together the most widely used formulae relevant
to pulsar observations. Further details are given in the main chapters.

A2.1 Spin-down behaviour and inferred properties

Spin period, P , frequency, ν and their time derivatives are related via:

ν =
1

P
; ν̇ = − Ṗ

P 2
; ν̈ =

2Ṗ 2

P 3
− P̈

P 2

and

P =
1

ν
; Ṗ = − ν̇

ν2
; P̈ =

2ν̇2

ν3
− ν̈

ν2
.

Expressions for the angular velocity Ω = 2π/P are obtained by multi-
plying the spin frequency by 2π. The spin-down luminosity

Ė = 4π2IṖP−3 ≃ 3.95 × 1031 erg s−1

(

Ṗ

10−15

)

(

P

s

)−3

is calculated for the canonical 1.4 M⊙ neutron star of radius 10 km and
moment of inertia I = 1045 g cm2. In general, the spin-down equations
of motion are of the form ν̇ ∝ νn, Ω̇ ∝ Ωn or Ṗ ∝ P 2−n, where

n =
νν̈

ν̇2
=

ΩΩ̈

Ω̇2
= 2 − PP̈

Ṗ 2

is the braking index. Integrating the spin-down law for P yields the age

T =
P

(n − 1)Ṗ

[
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(
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P

)n−1
]

,
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The life of a neutron star(*)

• Young pulsars (energetic)
• Ordinary rotation-powered pulsars
• Recycled pulsars
• Magnetars
• Ultra long-period pulsars (?)

(*) Mostly radio emitting neutron stars

Lorimer & Kramer (2025)

(NASA)

Recycling of dead pulsars in X-ray binary phase



What is the shortest period?

Lorimer et al. 2018
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of the PMPS, Parkes high-latitude (PH), Perseus arm (PA),
Deep Multibeam (DMB), Swinburne intermediate latitude
(SWIL) and Swinburne high latitude (SWHL) surveys avail-
able in psrpop. With each synthetic sample, we first carried
out a detectability analysis as described in §3.2 to deter-
mine values of the detectability-model parameters α and β
and then applied these in our likelihood analysis. We found
that the returned parameter values A–H from the likelihood
analysis were entirely consistent with the input values of the
period distribution of the parent population. In addition,
we found that the method consistently favored the correct
form of the input distribution by assigning it the maximum
likelihood. For example, when we generated synthetic popu-
lations assuming a log-normal distribution, we consistently
found the Bayes factors for the log-normal likelihood model
to be lower than the other distributions, as is seen for the ac-
tual sample of MSPs. Similar results were found when other
underlying period distributions were assumed.

While the above results are very encouraging, they rep-
resent idealized conditions in which we input the actual val-
ues of h, ρ, µ and σ into the detectability analysis to de-
termine α and β. In reality, of course, these numbers are
not known and are only approximations to the true distri-
bution of MSPs. To examine how robust the analysis is to
changes in the assumed duty cycle, h, ρ, µ and σ, we re-
peated the above procedure over a range of values to deter-
mined α and β. The ranges we explored were 5–30% duty
cycles, 300 < h < 900 pc, 4 < ρ < 6, −2.5 < µ < −1.5
and 0.3 < σ < 1.5. Although these led to variations in the
detectability parameters in the ranges 2 < α < 15 ms and
100 < β < 300 cm−3 pc, we still found that the input pa-
rameter distributions were recovered and that the correct
distribution was favored. An example of this is shown in
Fig. 5 in which we see the inferred PDFs from an analysis
of a fake population with a log-normal period distribution.
These results give us confidence that our analysis on the ob-
served sample of 56 MSPs is providing reliable insights into
their underlying spin period distribution, f(P ).

3.6 Discussion

Based on the analysis presented in this paper, we have found
evidence favoring the underlying spin period distribution of
Galactic MSPs to be log-normal in form. While a gamma
distribution is compatible with the data, it is less favoured
than the log-normal. Uniform, power-law and Gaussian dis-
tributions are decisively ruled out in our likelihood analysis
as being good descriptions to f(P ). We note that the strong
preference for a log-normal model found here is in contrast to
the power-law model proposed by Cordes & Chernoff (1997)
based on a much smaller sample of MSPs. While the expo-
nent of our power-law model tested here (–1.7) is consistent
with theirs, the likelihood analysis strongly favors the log-
normal model.

While our likelihood analysis weighs the different distri-
butions we tested against each other, some measure of the
absolute agreement between the log-normal model and the
observed sample of 56 MSPs can be found by comparing
the sample with the predicted observed period distribution
for this model. Combining our detectability model and log-
normal period distribution, the observed period distribution
takes the form
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Figure 6. A comparison of the sample of 56 MSPs considered
in this paper with our best-fitting period distribution from Equa-
tion 17 (solid line).

fobs(P ) ∝
1
P

exp

[

−(ln(P )− E)2

2F 2

]

(

1− exp
[

−P
α

])

, (17)

where the log-normal parameters E = 1.5 and F = 0.58 and
the detectability parameter α = 10 ms. As can be seen from
the comparison of this function with the binned data from
the 56-MSP sample in Fig. 6, the agreement is excellent,
with the reduced χ2 value being 1.1.

Since the sample of MSPs used in this analysis is based
on surveys carried out a decade ago, it is useful to confront
the distribution we obtained with the present sample of ob-
jects. This is shown in cumulative form in Fig. 7 where it is
seen that the 95% credible region of log-normal functions we
derive is broadly compatible with the present sample of 228
MSPs which have been detected in the Parkes High Time
Resolution Universe Surveys (Keith et al. 2010; Barr et al.
2013), targeted searches of Fermi sources (Ray et al. 2012)
and also in surveys at lower frequencies with Arecibo and
Green Bank (Deneva et al. 2013; Stovall et al. 2014). We
note that the observed sample lies to the upper end of the
95% credible region shown in Fig. 7. Future studies of this
newer larger sample of MSPs should, therefore, provide more
stringent constraints on the period distribution.

The general agreement with our log-normal model and
the present sample of MSPs suggests that the period-
dependent selection effects on these “first generation” Parkes
multibeam surveys (i.e., PMPS, PM, PA, SWIL, SWHL and
DMB) which we model in our detectability function are
much less severe in the present generation of MSP surveys.

4 CONCLUSIONS

We have presented timing models for four MSPs found as
part of the Parkes Multibeam Pulsar survey of the Galactic
plane. From a likelihood analysis of the sample of 56 MSPs
detected with this earlier generation of Parkes multibeam
pulsar surveys, we demonstrate that the underlying popu-
lation of spin periods for MSPs is compatible with a log-
normal distribution. When this distribution is confronted
with more recent discoveries from other surveys, we see that

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 7. Cumulative distribution functions showing the ob-
served sample of 56 MSPs (rightmost dashed curve), the 95%
credible region of our best fitting log-normal model (shaded band)
and the current sample of 206 MSPs with P < 20 ms (leftmost
dashed curve). The deviation between the shaded band and the
rightmost dashed curve highlights the observational selection ef-
fects at short periods in our sample of 56 MSPs.
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• Only ~3% of all MSP (defined here as P<20ms) have P < 1.5 ms?

• Recently, we  knew 355 such MSPs, hence, expect about 10 with P < 1. 5ms.  We know three…

• Our MeerKAT survey has added 200+ more MSPs..!  See trapum.org

      Expect a few more, but still only three...  (We know selection effects...)

       What about the longest period...? And why should we bother?
 The boundaries are blurring....
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A peculiar 76-s pulsar

• A discovery by MeerTRAP (PI Stappers)
• Very peculiar single pulse shapes - is this a neutron star?
• Seven types:

ARTICLES
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Radio pulsars are rotation-powered neutron stars that emit 
coherent beams of radio emission generated by highly rela-
tivistic particles in regions above their magnetic poles. Their 

known spin periods (P) range from 1.4 ms to 23.5 s and they are 
divided into various sub-classes (for example, rotating radio tran-
sients, millisecond pulsars and magnetars; https://www.atnf.csiro.
au/research/pulsar/psrcat/) depending on their observational prop-
erties. Particle acceleration and abundant electron–positron pair 
production is postulated to be an essential condition for the coherent 
radio emission from pulsars, with the particle acceleration potential 
expected to be lower for larger spin periods. As seen in most neu-
tron stars, the radio emission is also expected to be strongly inhib-
ited or cease if the magnetic field configuration and strength exceed 
the quantum critical field (Bcr = 4.413 × 1013 G)1. Here we present 
the discovery of a highly magnetized, 75.88 s period, radio-emitting 
neutron star, PSR J0901-4046, that challenges these conditions for 
and the nature of the radio emission and raises questions about the 
spin evolution of neutron stars in general.

The discovery and properties of PSR J0901-4046
PSR J0901-4046 was a serendipitous single-pulse discovery at 
1,284 MHz on 27 September 2020, in an observation directed at 
the high-mass X-ray binary Vela X-1 during simultaneous image 
and time domain searches by the Meer(more) TRAnsients and 

Pulsars (MeerTRAP; https://www.meertrap.org/) and ThunderKAT 
(http://www.thunderkat.uct.ac.za) projects at the MeerKAT radio 
telescope in South Africa. The pulse was initially detected in the 
MeerTRAP beamformed data in a single coherent tied-array beam 
of angular diameter ~45 arcseconds. A review of the MeerTRAP 
data for that observation revealed that there were further wide, but 
weaker, pulses that were missed by the real-time single-pulse detec-
tion system. A total of 14 pulses were identified in the beamformed 
time domain searches, which were regularly spaced over a span 
of ~30 minutes. A periodicity analysis resulted in an initial period 
of P = 75.89 ± 0.01 seconds, where the uncertainty is the 1σ error. 
The corresponding full time and frequency integration image of 
the field revealed an associated point source at the location of the 
coherent beam. These data were re-imaged at the smallest possible 
integration time of 8 seconds and more pulses were identified. An 
initial inspection of the 8-second images from 2 other epochs where 
MeerTRAP data were not available also revealed that the source 
exhibited a consistent periodicity. These snapshot images allowed 
the source to be localized to arcsecond precision. The deepest 
image of the field shows a partially visible, diffuse, shell-like struc-
ture surrounding PSR J0901-4046, which is possibly the supernova 
remnant from the event that formed the neutron star. The com-
plexity of the field in terms of diffuse emission requires additional 
analysis to determine a robust association of this radio shell with 
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Radio pulsars are rotation-powered neutron stars that emit 
coherent beams of radio emission generated by highly rela-
tivistic particles in regions above their magnetic poles. Their 

known spin periods (P) range from 1.4 ms to 23.5 s and they are 
divided into various sub-classes (for example, rotating radio tran-
sients, millisecond pulsars and magnetars; https://www.atnf.csiro.
au/research/pulsar/psrcat/) depending on their observational prop-
erties. Particle acceleration and abundant electron–positron pair 
production is postulated to be an essential condition for the coherent 
radio emission from pulsars, with the particle acceleration potential 
expected to be lower for larger spin periods. As seen in most neu-
tron stars, the radio emission is also expected to be strongly inhib-
ited or cease if the magnetic field configuration and strength exceed 
the quantum critical field (Bcr = 4.413 × 1013 G)1. Here we present 
the discovery of a highly magnetized, 75.88 s period, radio-emitting 
neutron star, PSR J0901-4046, that challenges these conditions for 
and the nature of the radio emission and raises questions about the 
spin evolution of neutron stars in general.

The discovery and properties of PSR J0901-4046
PSR J0901-4046 was a serendipitous single-pulse discovery at 
1,284 MHz on 27 September 2020, in an observation directed at 
the high-mass X-ray binary Vela X-1 during simultaneous image 
and time domain searches by the Meer(more) TRAnsients and 

Pulsars (MeerTRAP; https://www.meertrap.org/) and ThunderKAT 
(http://www.thunderkat.uct.ac.za) projects at the MeerKAT radio 
telescope in South Africa. The pulse was initially detected in the 
MeerTRAP beamformed data in a single coherent tied-array beam 
of angular diameter ~45 arcseconds. A review of the MeerTRAP 
data for that observation revealed that there were further wide, but 
weaker, pulses that were missed by the real-time single-pulse detec-
tion system. A total of 14 pulses were identified in the beamformed 
time domain searches, which were regularly spaced over a span 
of ~30 minutes. A periodicity analysis resulted in an initial period 
of P = 75.89 ± 0.01 seconds, where the uncertainty is the 1σ error. 
The corresponding full time and frequency integration image of 
the field revealed an associated point source at the location of the 
coherent beam. These data were re-imaged at the smallest possible 
integration time of 8 seconds and more pulses were identified. An 
initial inspection of the 8-second images from 2 other epochs where 
MeerTRAP data were not available also revealed that the source 
exhibited a consistent periodicity. These snapshot images allowed 
the source to be localized to arcsecond precision. The deepest 
image of the field shows a partially visible, diffuse, shell-like struc-
ture surrounding PSR J0901-4046, which is possibly the supernova 
remnant from the event that formed the neutron star. The com-
plexity of the field in terms of diffuse emission requires additional 
analysis to determine a robust association of this radio shell with 
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A radio transient with unusually slow 
periodic emission

N. Hurley-Walker1 ✉, X. Zhang2,3, A. Bahramian1, S. J. McSweeney1, T. N. O’Doherty1, 
P. J. Hancock1, J. S. Morgan1, G. E. Anderson1, G. H. Heald2 & T. J. Galvin1

The high-frequency radio sky is bursting with synchrotron transients from massive 
stellar explosions and accretion events, but the low-frequency radio sky has, so far, 
been quiet beyond the Galactic pulsar population and the long-term scintillation of 
active galactic nuclei. The low-frequency band, however, is sensitive to exotic 
coherent and polarized radio-emission processes, such as electron-cyclotron maser 
emission from flaring M dwarfs1, stellar magnetospheric plasma interactions with 
exoplanets2 and a population of steep-spectrum pulsars3, making Galactic-plane 
searches a prospect for blind-transient discovery. Here we report an analysis of 
archival low-frequency radio data that reveals a periodic, low-frequency radio 
transient. We find that the source pulses every 18.18 min, an unusual periodicity that 
has, to our knowledge, not been observed previously. The emission is highly linearly 
polarized, bright, persists for 30–60 s on each occurrence and is visible across a broad 
frequency range. At times, the pulses comprise short-duration (<0.5 s) bursts; at 
others, a smoother profile is observed. These profiles evolve on timescales of hours. 
By measuring the dispersion of the radio pulses with respect to frequency, we have 
localized the source to within our own Galaxy and suggest that it could be an 
ultra-long-period magnetar.

We searched 24 h of Galactic-plane observations taken by the Murchison 
Widefield Array (MWA; see Methods) using a rapid shallow-search method 
to probe a previously undescribed transient-timescale parameter space 
(P.J.H., manuscript in preparation). From this search, we discovered the 
transient source, Galactic and Extragalactic All-sky MWA – Extended 
(GLEAM-X) J162759.5-523504.3, initially with two high-signal-to-noise 
detections. A further, exhaustive search yielded 71 pulses spanning Janu-
ary to March 2018 (Fig. 1), with maximum flux densities ranging from 5 
to 40 Jy (Fig. 2). The pulse widths range between 30 and 60 s and evolve 
on hourly timescales, sometimes comprising many ‘spiky’ bursts unre-
solved at our time resolution of 0.5 s, other times displaying sub-pulses 
with widths of 10–30 s. Aligning the pulses, we established a period of 
1,091.1690 ± 0.0005 s (see Methods). It was necessary to perform a bar-
ycentric correction, indicating an extrasolar origin.

Using data with a range of 72–231 MHz, we established a dispersion 
measure of 57 ± 1 pc cm−3 (see Methods and Extended Data Fig. 1), which, 
when combined with Galactic electron-density models4, produces a 
distance estimate of 1.3 ± 0.5 kpc. We also measured a radio spectral 
index of α = −1.16 ± 0.04, where the flux density S ν∝ν

α, indicating that 
the emission is non-thermal. Brightness variations on timescales of less 
than 0.5 s suggest a compact object and the brightness temperature of 
a thermal object 0.5 light seconds in size producing 20 Jy of flux density 
at 1.3 kpc is about 1016 K, implying a coherent emission mechanism.

The pulses exhibit a constant, high-fractional linear polarization 
(88 ± 1%) and there is no change in polarization angle as a function of 
either the pulse phase or the observation time (Fig. 3). The Faraday 

rotation measure (RM) remains constant over the observations at 
−61 ± 1 rad m−2, which is consistent with the Galactic RM towards this 
region5 (−72.3 ± 154.9 rad m−2).

The fluence of the pulses is variable but broadly follows a distribu-
tion with two ‘on’ intervals approximately 30 days wide (3 January–2 
February and 28 February–28 March 2018; see Fig. 2), with fast rise 
times, slow decay times and a 26-day null interval between them. The 
detections are all serendipitous in archival data, leading to heterogene-
ous coverage. During the on intervals, at every time when we predict 
we would detect a pulse, we do so (that is, there is no obvious nulling). 
The flux density in 30-s images at the source location is <10 mJy during 
the sampled ‘off’ intervals (upper limits in Fig. 2). Although the fluence 
variation does resemble gravitational lensing6 or extreme scattering 
events7, the magnification required would be on the order 1,000× and 
would be difficult to create with any physically plausible gravitational 
or plasma lens.

The high linear polarization indicates the presence of strongly 
ordered magnetic fields; this and the luminosity of the pulses are not 
explicable by known phenomena such as radio emission from flare 
stars8, exoplanets9 and white-dwarf/M-dwarf binaries10, all of which 
would be orders of magnitude fainter at this distance, and would typ-
ically be circularly polarized. The extreme regularity of the emission 
(fractional uncertainty < 5 × 10

σ
P

−7P , where σP is the error on P, its meas-
ured period; see Methods) implies either a rotational or an orbital 
origin. Owing to the 0.5-light-second upper limit on the object’s size, 
a rotational origin may be more likely.
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Figure 4 shows GLEAM-X J162759.5-523504.3 in context with 
other sources of transient emission. The source that bears the 
most similarity to GLEAM-X J162759.5-523504.3 is GCRT 1745, a 
transient radio source detected towards the Galactic Centre with 
observations at 330 MHz, which exhibited five 10-min-duration 
bursts with periodicity 77 min (ref. 11). These bursts exhibited slow 
profile evolution and low circular polarization (no linear polariza-
tion measurements were available). Owing to the crowded field in 
this direction, and lack of distance constraints, Hyman et al.11 were 
unable to determine a progenitor but speculated that it may be a 
long-period magnetar, an interpretation that can be applied to 
GLEAM-X J162759.5-523504.3.

Magnetic neutron stars rotating at period P lose energy via magnetic-
dipole radiation, causing them to spin down (that is, they have a positive 
period derivative P)̇; this spin-down luminosity ( ̇E) can be expressed 
as π IP

P

4 ˙2

3 , where I is the neutron star moment of inertia, typically assumed 
to be 1045 g cm−2. Via a grid search for P and ̇P (see Methods), we find 
that ̇P > 0 is preferred, the best-fit value is P = 6 × 10 s s−10 −1̇  and the 
analysis favours P < 1.2 × 10 s s−9 −1̇  (see Extended Data Fig. 7 for context 
with known neutron stars). Using this value as an upper limit, we find 
a maximum spin-down luminosity of E < 1.2 × 10 erg s28 −1̇ . The flux den-
sity of radio pulsars can be converted to a luminosity (see Methods), 
which—for the brightest pulses from GLEAM-X J162759.5-523504.3—is 
4 × 1031 erg s−1. Pulsar radio luminosities are typically a small fraction 
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Fig. 1 | Sixty-four of the 71 detected pulses of GLEAM-X J162759.5-523504.3 
aligned to its measured period P and period derivative ̇PP . Omitted pulses 
were truncated or had a signal-to-noise ratio that was too low to be displayed 
here; flux densities are normalized to the peak of each pulse for readability; 
barycentric and dispersive corrections have been applied. The observation 

start times in coordinated universal time are listed on the left of each 
detection. The colour range spans 88 MHz (cyan) to 215 MHz (magenta) and the 
detections span 84 days in January to March 2018. The pulses observed on 3 
January 2018 are not misaligned and fit within the widest pulse windows found 
on 13 March 2018 (see Methods).
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of their spin-down luminosities12, whereas this source exhibits the 
reverse, indicating that the emission is not generated purely by spin 
down. Additionally, the smooth variations in pulse profile and the tran-
sient window of radio emission are more consistent with the interpre-
tation of GLEAM-X J162759.5-523504.3 as a radio magnetar than a 
pulsar13.

Magnetars are commonly detected and characterized via X-ray obser-
vations; four of the five known magnetars that have produced detectable 
pulsed radio emissions have done so only after X-ray outbursts. However, 
not all X-ray-emitting magnetars produce detectable radio emissions. 
Previous studies have shown that magnetars only produce radio emis-
sions if their quiescent X-ray luminosity in the 0.5–10-keV band is lower 
than their spin-down luminosity14. We would, therefore, predict that the 
X-ray luminosity LX of GLEAM-X J162759.5-523504.3 is <6 × 1027 erg s−1. We 
obtained X-ray observations with the Swift X-Ray Telescope (XRT) and 
determined that LX < 1032 erg s−1 (see Methods), which—although not a 

strong limit compared with our expectation under this interpretation—is 
a lower quiescent X-ray luminosity than all but two of the faintest known 
magnetars15, SGR 0418+5729 and Swift J1822.3–1606. Alternatively, a 
white dwarf would have a moment of inertia and therefore a spin-down 
luminosity 105 times larger, allowing the possibility of spin-powered 
radio pulsations; deeper ultraviolet and infrared observations than 
currently available would test this hypothesis.

Regardless of interpretation, the existence of an unexpected slowly 
pulsating yet intermittent radio transient opens up a new field of 
exploration of radio surveys, particularly at low frequencies. Whereas 
many sensitive low-frequency (≲340 MHz) continuum surveys have 
searched for transients on cadences of minutes within extragalactic 
fields for up to an hour at a time, no such systematic survey for unknown 
minute-period transients has been conducted within the Galactic plane 
on similar timescales16–20. As known pulsars and magnetars have periods 
of ≲10 s, surveys are typically designed with relatively short dwell times 
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Fig. 2 | Maximum brightness of each pulse and total pulse fluence as a 
function of time across the two observed intervals of activity. a, Maximum 
brightness of each pulse. b, Total pulse fluence. Not all pulses are fully captured 
by every observation; in these cases, lower limits are plotted with purple, 
upward-pointing arrows. Observations in which the source was within the field 
of view and predicted to be detectable, but not found, are shown with red, 

downward-pointing arrows equal to the root-mean-square noise in a 30-s image 
corresponding to the time at which a pulse was expected. All measurements 
have been scaled to a common frequency of 154 MHz via the spectral index 
α = −1.16. Error bars are omitted for clarity and are dominated by the 
approximately 5% uncertainty in the primary beam model of the telescope.
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Fig. 3 | Dynamic spectrum of the observation recorded at 03:59 on 10 
January 2018. From left to right, the panels show the Stokes I, Q, U and V flux 
density as a function of frequency and time, with a dispersion correction of 
57 pc cm−3 applied. Linear Stokes Q and U show Faraday rotation of 
−61 ± 1 rad m−2, whereas circular V shows no obvious signal. The top-left panel 

of the image shows the profile of the Stokes I data averaged over the frequency 
axis; the unresolved burst of emission shows the limitation of our 0.5-s time 
resolution. The root mean square of the noise in each spectrum is 8.5 Jy beam−1, 
and in the summed profile is and 0.9 Jy beam−1.

Is this really a neutron star?

We will get back to that later
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On the birthrates of Galactic neutron stars
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ABSTRACT
In light of the recently discovered neutron star populations we discuss the various es-
timates for the birthrates of these populations. We revisit the question as to whether
the Galactic supernova rate can account for all of the known groups of isolated neutron
stars. After reviewing the rates and population estimates we find that, if the estimates
are in fact accurate, the current birthrate and population estimates are not consistent
with the Galactic supernova rate. We discuss possible solutions to this problem includ-
ing whether or not some of the birthrates are hugely over-estimated. We also consider
a possible evolutionary scenario between some of the known neutron star classes which
could solve this potential birthrate problem.

Key words: stars: neutron – pulsars: general – supernovae: general – Galaxy: stellar
content

1 INTRODUCTION

In the standard scenario, neutron stars (NSs) are formed
during the core collapse of massive stars which links their
number in the Galaxy to the Galactic supernova rate. The
number of Galactic NSs can be inferred from observations,
taking the various manifestation of NSs into account. In re-
cent years, new and di↵erent observational manifestions of
NSs have been discovered, so that it is warranted to study
the impact, if any, of these discoveries onto the birthrates
that is required to sustain this increased NS population.

The new manifestations of NSs include Rotating Radio
Transients (RRATs; McLaughlin et al. 2006) and X-ray Dim
Isolated Neutron Stars (XDINS; see Haberl 2007 and refer-
ences therein). These objects join the ⇠ 1800 known radio
pulsars and the small group of magnetars (Woods & Thomp-
son 2004). Do these previously unknown types of observable
NSs increase the overall population by an amount that it
is di�cult to reconcile the formation rates with those pre-
dicted by theory? The basic requirement we make to answer
this question is that the individual birthrates of the di↵erent
NS populations should not exceed the Galactic core-collapse
supernova (CCSN) rate, i.e.

�CCSN > �total = �PSR + �XDINS + �RRAT + �magnetar, (1)

where �X is the birthrate (per century) of a NS of type X.
Recently, this question has also been addressed

by Popov et al. (2006) where it was concluded that this
requirement can be met if we assume that XDINSs are in
fact nearby RRATs. However, as we detail below, the pulsar
birthrate considered is a lower limit which has since been su-
perceded. In addition, the recent non-detection of any radio
RRAT-like bursts from the XDINSs (Kondratiev et al. 2008)
means that the identification of these two populations is not

certain. Furthermore recent work suggests that the hereto-
fore neglected magnetar contribution may not be negligible
so that the question as to whether the CCSN rate require-
ment is satisfied is reinstated.

The aim of this paper is to study the posed question
by investigating the most recent knowledge about each con-
tributing NS population and its Galactic birthrate. After
introducing each manifestation of NS in turn, we will revisit
the estimates for all terms in Eqn. (1). The results are then
discussed in detail before conclusions are drawn.

2 DIFFERENT MANIFESTATIONS OF
NEUTRON STARS

2.1 Radio pulsars

Radio pulsars are rapidly rotating, highly magnetised NSs.
Coherent radio emission is produced by a pair plasma above
the magnetic polar caps of the NS, believed to orginiate
from particle cascades after an acceleration of electrons
and positrons in the strong electric and magnetic fields
(e.g. Lorimer & Kramer 2005). The spectra for this emis-
sion typically increases with decreasing radio frequency with
mean spectral index of �1.8 (Maron et al. 2000) before peak-
ing in the range 100�300 MHz (Malofeev et al. 1994). Pulsar
periods range from 1.4 ms up to 8.5 s with two distinct dis-
tributions - the “normal” radio pulsars which have periods of
⇠ 500 ms and the so-called ‘millisecond pulsars’ with typical
periods of ⇠ 5 ms. Figure 1 shows a P � Ṗ diagram, a stan-
dard pulsar classification tool, where these two populations
are easily identified. The standard model of pulsar physics
assumes pulsars have dipolar magnetic fields and that the
loss of rotational energy powers the pulsar. With these we
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“After reviewing the rates and population estimates we find that, if the estimates are in fact accurate, the current 
birthrate and population estimates are not consistent with the Galactic supernova rate.”
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Figure 3.2: Estimated birthrates for the individual NS populations (hatched), the
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horizontal line (solid), as are its error bars (dashed).

case then it would seem that Equation 3.1 is not satisfied. Taking this at face

value implies that there are too many NSs in the Galaxy. We will discuss the

nature of this potential NS ‘birthrate problem’ in the following section.

3.5 Discussion

In trying to determine some possible solutions to the birthrate problem we con-

sider in the following the possibility that the various birthrates are incorrect or

that there is an evolutionary answer. Some possible conclusions include:

(1) The Pulsar Birthrate is wrong: The pulsar birthrate is the most cru-

cial component of our discussion as pulsars are the most well-studied population

and the RRAT birthrate depends on that of the pulsars. Thankfully, the pulsar

birthrate estimates are by far the most accurate. The pulsar current analyses

make no assumptions and are “model free”, although are subject to the uncer-

tainties in the Galactic electron density distribution (used to determine ⇠(L)) and

the beaming fraction. The lower limits obtained from them are thus quite secure.

In order to compensate for the flux limited nature of these studies, we would need

The problem hasn’t really gone away:  evolutionary links or additional birth channel(s)?

Keane & Kramer (2008)



Pulsar Timing Observations: cosmic lighthouses



Pulsar Timing Observations: using pulsars as clocks

• We observe extreme and energetic processes and objects → Neutron stars & black holes
• We get lots of photons that are easy to copy and multiply → high precision
• We can build or synthesize huge telescopes  → high (spatial) resolution
• We can probe the complete Universe, undisturbed from dust etc.→ see the Galactic Centre and more
• We can get polarization (magn. fields!) and dynamic information (pulses!)  → clean experiments



TOA Residual

Model

Fold Fold

Coherent timing solution about 1,000,000 more precise than Doppler method!

Pulsar timing measures arrival time (TOA):

Counting rotations...!

Pulsar Timing Observations

ISM

GBT 820 MHz

GBT 1400 MHz

Parkes

Nançay

Example: Double Pulsar

Kramer et al. (2021)



High precision measurements – What's possible today…
Spin parameters:
● Period:                  2.947108069160717(3) ms  (Reardon et al. 2015) Note: 3 atto seconds 

uncertainty!
Orbital parameters:
● Period:   0.1022515592973(10) day  (Kramer et al. 2021)
● Projected semi-major axis:  424 214 903(27) m  (Kramer et al. 2021) 
● Eccentricity:   0.087 777 023(61)  (Kramer et al. 2021) 

Masses:
● Masses of neutron stars:    1.33819(2) / 1.24887(1) M⊙      (Kramer et al. 2021)
● Mass of WD companion:              0.19730(4) M⊙  (Archibald et al. 2018)
● Mass of millisecond pulsar:  1.4359(3) M⊙  (Archibald et al. 2018)
● Mass of Ceres:                                         4.8(4) x 10-10 M⊙       (Caballero et al. 2018)

Relativistic effects:
● Periastron advance:  16.89932(1) deg/yr  (Kramer et al. 2021)
● Einstein delay:   4.2992(8) ms  (Weisberg et al. 2010)
● Orbital GW damping:                    7.152(1) mm/day  (Kramer et al. 2021)

Fundamental constants:
● Change in (dG/dt)/G:                               (−0.1 ± 0.9) × 10−12 yr−1 (Zhu et al. 2018)

Gravitational wave detection:
● Change in relative distance:                       30m / 1 lightyear            (EPTA, NANOGrav,  PPTA)



The Double Pulsar (Burgay et al. 2003, Lyne et al. 2004)

•  Mildly recycled 23-ms pulsar in  a 147-min orbit with young 2.8-s pulsar - orbital velocities of 300 km/s
•  Eclipsing binary in compact (3-lts), slightly eccentric (e=0.088) and  edge-on orbit (tilt only 0.65 deg!)
•  Ideal laboratory for gravitational physics with high precision (e.g. Rot. freq. = 44.05406864196281(17) Hz) 

Relativistic effects measured:

• Orbital precession  

• Time dilation

• Shapiro delay (incl. next-to-leading order)

• Aberrational light bending

• Spin precession

• Relativistic deformation of orbit

• GW emission

Plus theory-independent mass-ratio
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TABLE IV. Timing parameters for PSR J0737�3039A in
TDB units (see text). Except for astrometry and DM, the
parameters were derived using Tempo with the 30-s ToA data
set. Numbers in parentheses are 1� uncertainties referred to
the last quoted digit.

Parameter Value

Right ascension, ↵ (J2000) 07h37m51.s248115(10)†

Declination, � (J2000) �30�39040.0070485(17)†

Proper motion R.A., µ↵ (mas yr�1) �2.567(30)†

Proper motion Dec., µ� (mas yr�1) 2.082(38)†

Parallax, ⇡c (mas) 1.36(+0.12,�0.10)†

Position epoch (MJD) 55045.0000

Rotational frequency, ⌫ (Hz) 44.05406864196281(17)‡

First freq. derivative, ⌫̇ (Hz s�1) �3.4158071(11)⇥10�15‡

Second freq. derivative, ⌫̈ (Hz s�2) �2.286(29)⇥10�27 ‡

Third freq. derivative,
...
⌫ (Hz s�3) 1.28(26)⇥10�36 ‡

Fourth freq. derivative,
....
⌫ (Hz s�4) 4.580(86)⇥10�43 ‡

Timing epoch, t0 (MJD) 55700.0

Profile evolution, FD parameter c1 0.0000180(75)
Profile evolution, FD parameter c2 �0.0001034(10)
Profile evolution, FD parameter c3 0.0000474(26)

Dispersion measure, DM (pc cm�3) 48.917208

Orbital period, Pb (day) 0.1022515592973(10)
Projected semimajor axis, x (s) 1.415028603(92)
Eccentricity (Kepler equation), eT 0.087777023(61)
Epoch of periastron, T0 (MJD) 55700.233017540(13)
Longitude of periastron, !0 (deg) 204.753686(47)

Periastron advance, !̇ (deg yr�1) 16.899323(13)
Change of orbital period, Ṗb �1.247920(78)⇥10�12

Einstein delay amplitude, �E (ms) 0.384045(94)
Logarithmic Shapiro shape , zs 9.65(15)
Range of Shapiro delay, r (T�)

⇤ 1.2510(43)
NLO factor for signal prop., qNLO 1.15(13)
Relativistic deformation of orbit, �✓ 13(13)⇥10�6

Change of proj. semimajor axis, ẋ 8(7)⇥10�16

Change of eccentricity, ėT (s�1) 3(6)⇥10�16

Derived parameters

sin i = 1� exp(�zs) 0.999936(+9/�10)
Orbital inclination, i (deg) 89.35(5) or 90.65(5)
Total mass, M (M�)

⇤ 2.587052(+9/�7)
Mass of pulsar A, mA (M�)

⇤ 1.338185(+12/�14)
Mass of pulsar B, mB (M�)

⇤ 1.248868(+13/�11)
Galactic longitude, l (deg) 245.2357
Galactic latitude, b (deg) �4.5049
Proper motion in l, µl (mas yr�1) �3.066(35)
Proper motion in b, µb (mas yr�1) �1.233(31)
Distance from ⇡c, d (pc) 735(60)
Transverse velocity, vT (km s�1) 11.5(10)

† See Sec. IVB & IVC for the derivation of these values.
‡ See footnote 16.
⇤ See footnote 17.

In order to allow direct comparisons with previous pub-
lications (especially Ref. [5]), parameters in Table IV
were measured within the timescale known as “Barycen-
tric Dynamical Time” (TDB) as implemented in Tempo.
TDB runs at a slower rate than the “Barycentric Coordi-

nate Time” (TCB), which is recommended by IAU 2006
Resolution B3 [134]. This choice does not have any con-
sequences for the gravity tests or discussions presented
below, as all (dimensionful) parameters determined from
ToAs measured using TDB are multiplied by a constant
factor, which either drops out or is (still) irrelevant for
the discussion of masses or PK parameters in its size. In
order to transfer from TDB to TCB, the dimensionful
units of the parameters shown in Table IV need to be
divided by  = (1� 1.550519768⇥ 10�8) and the values
adjusted accordingly [41, 134]15. As for the astromet-
ric timing, the transfer of the ToAs from the topocentric
to the barycentric reference frame was made using the
DE436 solar-system ephemeris.
While the timing results are perfectly consistent with

the results presented by some of us earlier [5], the in-
creased length and density of our data set leads to un-
precedented precision in the measured parameters. For
instance, the orbital period is measured with a precision
of 86 nanoseconds. Most importantly, the Keplerian and
PK-parameters have reached a precision that leads to a
very significant improvement in our ability to conduct
precision tests of strong-field gravity, including radiative
and light-propagation aspects, as shown in the following
sections. The need to fit up to the fourth spin frequency
derivative (cf. Section V) reflects on one hand the ex-
ceptional duration and density of our data set but also
indicates a certain degree of timing noise, but at a level
that is consistent with other pulsars of this age [135]16.
The observed improvements in PK parameters are in

line with the expectation based on our earlier measure-
ments [7], although a detection of the relativistic defor-
mation of the orbit, described by PK parameter �✓, has
occurred somewhat earlier than predicted. This causes
simultaneously a slightly smaller improvement in the pre-
cision of PK parameter �E, due to a correlation between
the two parameters (see Section VIB 4). The preci-
sion in the measurement of the periastron advance, PK
parameter !̇, has improved beyond the level of 2PN-

15 Even though the factor (1 � ) is small, such correction is
required before using the listed timing results for predictions
of the folding parameters with Tempo2, which has imple-
mented TCB. According to IAU Resolution 2006 B3, the con-
version takes place as: TDB = TCB � (1 � ) ⇥ (JDTCB �

2443144.5003725) ⇥ 86400 � 6.55 ⇥ 10�5), where JDTCB is
the relevant Julian Date. See https://www.iau.org/static/

resolutions/IAU2006_Resol3.pdf. Note that this described
conversion needs to be applied as given to the quoted epoch of
periastron passage (T0) value before it is used with Tempo2.

16 The rotational spin frequency parameters were estimated with
a standard Tempo analysis. As discussed in Ref. [66], this pro-
cedure underestimates the true uncertainty in the presence of
un-modelled red timing noise. Comparison of the standard anal-
ysis with the results of a full generalised least-squares analysis
shows that the true uncertainty in the spin frequency parameters
is about an order of magnitude larger than the values quoted in
Table IV. We emphasize that the un-modelled red noise has no
e↵ect on the orbital parameters as expected due to their much
shorter timescale.

Most recent results:
(Kramer et al 2021)
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to the barycentric reference frame was made using the
DE436 solar-system ephemeris.
While the timing results are perfectly consistent with

the results presented by some of us earlier [5], the in-
creased length and density of our data set leads to un-
precedented precision in the measured parameters. For
instance, the orbital period is measured with a precision
of 86 nanoseconds. Most importantly, the Keplerian and
PK-parameters have reached a precision that leads to a
very significant improvement in our ability to conduct
precision tests of strong-field gravity, including radiative
and light-propagation aspects, as shown in the following
sections. The need to fit up to the fourth spin frequency
derivative (cf. Section V) reflects on one hand the ex-
ceptional duration and density of our data set but also
indicates a certain degree of timing noise, but at a level
that is consistent with other pulsars of this age [135]16.
The observed improvements in PK parameters are in

line with the expectation based on our earlier measure-
ments [7], although a detection of the relativistic defor-
mation of the orbit, described by PK parameter �✓, has
occurred somewhat earlier than predicted. This causes
simultaneously a slightly smaller improvement in the pre-
cision of PK parameter �E, due to a correlation between
the two parameters (see Section VIB 4). The preci-
sion in the measurement of the periastron advance, PK
parameter !̇, has improved beyond the level of 2PN-

15 Even though the factor (1 � ) is small, such correction is
required before using the listed timing results for predictions
of the folding parameters with Tempo2, which has imple-
mented TCB. According to IAU Resolution 2006 B3, the con-
version takes place as: TDB = TCB � (1 � ) ⇥ (JDTCB �
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resolutions/IAU2006_Resol3.pdf. Note that this described
conversion needs to be applied as given to the quoted epoch of
periastron passage (T0) value before it is used with Tempo2.

16 The rotational spin frequency parameters were estimated with
a standard Tempo analysis. As discussed in Ref. [66], this pro-
cedure underestimates the true uncertainty in the presence of
un-modelled red timing noise. Comparison of the standard anal-
ysis with the results of a full generalised least-squares analysis
shows that the true uncertainty in the spin frequency parameters
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Based on about 1 Million Times of Arrival measurements
“Average cadence” < 10 min
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no GW damping
Gravitational wave emission

• Shrinkage of orbit due to GW emission:  
                 ΔPb=  107,820 ± 7 ps/day
• Pulsars approach each other by 7mm/day
• Merger in 85 M years
• Precision will still improve with time - and new telescopes

Most precise test of GR’s quadrupole formula:

  Observed/Expected = 0.99996 ±0.00006

  validating at  1.3 × 10−4  (95% c.l.)

Precision is so high that we need to take mass loss due to 
rotational spin-down into account:
Pulsar loses rotational energy & E = mc2, 
i.e.   8.4 Million tons/second = 3.2 x 10-21 MA per second

GR prediction

Kramer et al. (2021) 

PN levels, allowing for possible GR violations at different
PN levels (i.e., different powers of frequency), one at a
time. Note that Fig. 7 uses the “relative” PN order in the
radiation reaction (i.e., PN order beyond the Einstein
quadrupole formula), where the leading order, i.e., 0PN,
occurs at the 2.5PN order in the binary equations of motion
(see, e.g., Ref. [123] for a detailed discussion). Because of
the many orbits since 2003 (approximately 60 000), which
can be tracked with high precision in a phase-coherent
timing solution, the double pulsar leads to considerably
tighter constraints at low PN orders, whereas it becomes
very quickly less constraining for higher PN orders, due to
its comparatively small velocity (v ∼ 0.002c).
While Fig. 7 certainly serves as a comparison on how

much a given PN parameter of the inspiral phase evolution
can (each at a time) deviate from its GR value in the
different experiments, that figure has to be taken with a
grain of salt when it comes to interpreting these bounds as
limits on deviations from GR predicted by alternative
theories of gravity. First, such a comparison mixes tests
from two different types of compact objects, i.e., NSs and
BHs, which might behave quite differently depending on

how GR is broken. Hence, constraints from experiments
with material bodies might not apply to BH dynamics
and vice versa. Particularly obvious cases are alternative
theories where BH binaries behave like in GR (e.g.,
Ref. [183]) or alternative theories where NSs do not carry
any scalar charge, while BHs do [184]. Second, the double
pulsar tests a different gravity regime (mildly relativistic
strong field) compared to the GW merger events (highly
relativistic strong field). For instance, the double pulsar test
would generally be insensitive to modifications of GR that
lead only to short-range effects (e.g., Refs. [185,186]); see
also Ref. [187]. Nevertheless, at least to some extent, such a
comparison illustrates the complementarity of binary pulsar
experiments and merger observations by GW detectors, as
long as one keeps in mind the qualitative differences of the
various experiments, which are closely linked to the details
of a given theory of gravity.

3. Lense-Thirring effect and equation of state

In Sec. VI B 1, we use constraints on the MOI of pulsar
A, IA, derived from the multimessenger analysis in
Ref. [112], in order to obtain the best mass estimates for
the double pulsar, as given in Eqs. (36)–(38). In this
section, at first, we ignore any existing constraints on
the EOS of NSs and simultaneously determinemA,mB, and
IA, following the procedure outlined in Ref. [110]. As in
Sec. VI B 1, we assume GR to be the correct theory of
gravity and use the three best PK parameters to simulta-
neously calculate the individual masses of the double pulsar
and the MOI of A. From the calculations in Sec. VI B 1, it is
already obvious that the combination of the PK parameters
k, s, and _Pb is expected to give by far the best results. In a
way, we use s and _Pb to determine the masses mA and mB
and then usemA to extract IA from the observed advance of
periastron kobs (see _ω≡ nbk in Table IV), a procedure
already proposed for the double pulsar in Ref. [33]. In
practice, the calculations are slightly more complicated, as
_Pb also has a contribution proportional to IA [see Eq. (20)].
Although that contribution is still smaller than the error in
_Pb, we nevertheless account for it and follow the procedure
in Ref. [110], i.e., calculate mA, mB, and IA by simulta-
neously solving the three equations kobs ¼ kðmA; mB; IAÞ,
sobs ¼ sðmA; mBÞ, and _Pint

b ¼ _PbðmA; mB; IAÞ. By this, we
obtain probability distributions for the double pulsar
masses and the MOI of pulsar A. For the MOI, we find
IA < 3.0 × 1045 g cm2 with 90% confidence. Figure 8
compares our result with those derived from the
GW170817 LIGO/Virgo merger and from NICER x-ray
timing. Using a universal relation, like the one in
Ref. [114], one can convert the probability distribution
of IA into a probability distribution for A’s radius. With
90% confidence, this gives an upper limit for A’s radius of
22 km, a value outside any physically valid EOS and
clearly exceeding the range used in Ref. [114].

FIG. 7. Update of Fig. 6 in Ref. [178] (including data from
Refs. [180,181]), which shows the 90% upper bounds on the
absolute magnitude of the GR violation parameters δφ̂i, from
0PN through 3.5PN (“relative” order) in the inspiral phase (see,
e.g., Ref. [182] for the definition of the PN phase coefficients and
Ref. [178] for further details on the method). As discussed in
Ref. [178], the 0.5PN parameter is zero in GR and, therefore,
understood not as a relative but as an absolute shift. Black circles
show the combined limits from the double BH mergers, blue
squares are the limits from the double-NS merger GW170817,
and red triangles give the limits derived from the double pulsar
GW test in this paper. The PN order on the x axis is in the GR
radiation reaction, where the leading contribution (0PN) corre-
sponds to the dissipative 2.5PN term in the equations of motion.
Note that such a comparison of tests with different compact
objects (BHs vs NSs) as well as different gravity regimes (mildly
relativistic vs highly relativistic strong field) does come with a
caveat, which is explained in more detail in the text.
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Post Keplerian (PK) - Parameters
• Theory-independent strong-field analogue of PPN formalism: "parametrized post-Keplerian" approach 
     (Damour & Deruelle ’86, Damour & Taylor ’92)
• Theory independent, but given theory makes specific prediction for values as functions of Keplerian parameters and 

(a priori) unknown masses of pulsar and companion 
• Simultaneous measurement of n PK parameters allows (n-2) independent tests of given theory

Total system mass (in GR)

Companion mass (in GR)
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Masses via relativistic effects
Mass-mass diagram:

• 7 Post-Keplerian parameters
• Next-to-leading order in signal propagation
• Most precise strong-field test of GR
• MeerKAT improves timing by factor 2-3!

Kramer et al. (2021)
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(see Refs. [28,29] and the discussion in Ref. [63]). With Pb,
x, and the masses from Table IV, one finds for the 1PN
correction in Eq. (19) approximately 1.3 × 10−5, which is
only about a factor of 1.3 larger than the error for sin i in
Table IV. For that reason, we use the full 1PNmass function
(19). This is the first time that 1PN corrections to the mass
function become relevant for any binary pulsar.

5. Secular changes in orbital period

The observed change in the orbital period is a combi-
nation of effects intrinsic to the system and apparent
changes related to a temporal change in the Doppler factor
D in Eq. (1) [122]. For the double pulsar, by far the
dominant contribution to _Pb is the orbital period decay due
to the emission of GWs. In GR, GW damping enters at the
2.5PN level in the equations of motion (see Ref. [123] and
references therein). The explicit expression for the leading-
order changes due to GW emissions for an eccentric orbit
are worked out in Ref. [124] (see Ref. [4] for a more pulsar-
astronomy-adapted expression). The Hulse-Taylor pulsar is
the first binary system where the leading-order GW damp-
ing has been tested [2,30].
The NLO correction to the change in the orbital period

corresponds to the 3.5PN terms in the equations of motion
and, hence, to the 1PN corrections in the radiation reaction
force [125–127]. It is calculated in Ref. [128]. For the
double pulsar, this contribution amounts to about −1.75 ×
10−17 [110]. This is about a factor of 4.5 smaller than the
error in _Pb (see Table IV). Although this higher-order
correction is, in principle, still negligible, we include it in
our analysis. This is of particular interest for the compari-
son with the LIGO/Virgo results in Sec. VI B 2. In the near
future, however, that contribution will become of impor-
tance (see Ref. [110]).
Yet another intrinsic effect that changes the orbital

period in the double pulsar is the mass loss related to the
spin-down of the pulsars [122]. This mass loss is a
result of Einstein’s energy-mass equivalence in the sense
that here one is seeing the loss of mass associated with the
loss of rotational (kinetic) energy of the pulsar. In Ref. [110],
these contributions are calculated based on Eq. (4.1) in
Ref. [122].While for B this is negligible, for A one has [110]

_P _mA
b ¼ 2.3 × 10−17 × Ið45ÞA : ð20Þ

For two reasons, it is important to include this contribution
in the analysis below. First, given the range for Ið45ÞA (see the
end of Sec. VA 2), _P _mA

b can be as large as 3.1 × 10−17,
which is a fair fraction of the measurement error of _Pb
(see Table IV). Second, andmore importantly, when estimat-
ing a MOI constraint based solely on the double pulsar

TABLE IV. Timing parameters for PSR J0737–3039A in TDB
units (see the text). Except for astrometry and DM, the parameters
are derived using Tempo with the 30-s TOA dataset. Numbers in
parentheses are 1σ uncertainties referred to the last quoted digit.
The overall reduced χ2 is 0.97.

Parameter Value

Right ascension (R.A.), α (J2000) 07h37m51s:248115ð10Þa
Declination (Dec), δ (J2000) −30°3904000: 70485ð17Þa
Proper motion R.A., μα (masyr−1) −2.567ð30Þa
Proper motion Dec., μδ (masyr−1) 2.082(38)a

Parallax, πc (mas) 1.36ðþ0.12;−0.10Þa
Position epoch (MJD) 55045.0000

Rotational frequency (freq.), ν (Hz) 44.054 068 641 962 81(17)b

First freq. derivative, _ν (Hzs−1) −3.4158071ð11Þ×10−15b

Second freq. derivative, ν̈ (Hzs−2) −2.286ð29Þ×10−27b

Third freq. derivative, ⃛ν (Hzs−3) 1.28ð26Þ×10−36b

Fourth freq. derivative, ν⃜ (Hz s−4) 4.580ð86Þ×10−43 b

Timing epoch, t0 (MJD) 55700.0

Profile evolution, FD parameter c1 0.0000180(75)
Profile evolution, FD parameter c2 −0.0001034ð10Þ
Profile evolution, FD parameter c3 0.0000474(26)

Dispersion measure, DM (pccm−3) 48.917 208

Orbital period, Pb (day) 0.102 251 559 297 3(10)
Projected semimajor axis, x (s) 1.415 028 603(92)
Eccentricity (Kepler equation), eT 0.087 777 023(61)
Epoch of periastron, T0 (MJD) 55 700.233 017 540(13)
Longitude of periastron, ω0 (deg) 204.753 686(47)

Periastron advance, _ω (deg yr−1) c 16.899 323(13)
Change of orbital period, _Pb −1.247920ð78Þ×10−12

Einstein delay amplitude, γE (ms) 0.384 045(94)
Logarithmic Shapiro shape, zs 9.65(15)
Range of Shapiro delay, r (μs) 6.162(21)
NLO factor for signal prop., qNLO 1.15(13)
Relativistic deformation of orbit, δθ 13ð13Þ×10−6

Change of proj. semimajor axis, _x 8ð7Þ×10−16

Change of eccentricity, _eT (s−1) 3ð6Þ×10−16

Derived parameters

sini¼1−expð−zsÞ 0.999936ðþ9=−10Þ
Orbital inclination, i (deg) 89.35(5) or 90.65(5)
Total mass, M (M⊙)

d 2.587052ðþ9=−7Þ
Mass of pulsar A, mA (M⊙)

d 1.338185ðþ12=−14Þ
Mass of pulsar B, mB (M⊙)

d 1.248868ðþ13=−11Þ
Galactic longitude, l (deg) 245.2357
Galactic latitude, b (deg) −4.5049
Proper motion in l, μl (masyr−1) −3.066ð35Þ
Proper motion in b, μb (masyr−1) −1.233ð31Þ
Distance from πc, d (pc) 735(60)
Transverse velocity, vT (kms−1) 11.5(10)

aSee Secs. IV B and IV C for the derivation of these values.
bSee Ref. [103].
c _ω≡2πk=Pb. k is the PK timing parameter in Eq. (7).
dSee Ref. [104].
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Light-propagation in strong gravitational fields: Shapiro Delay
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10,600 km

Two tests of GR:

”Shape”   Obs./Exp.  = 1.00009(18) 
     ”Range”   Obs./Exp.  = 1.0016(34)  
     

Shapiro delay in edge-on orbit:  s = sin i =  0.99994 ± 0.00001  - Orbital inclination angle: I = 89.35(5) deg 

0.65 deg
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ABSTRACT
The recent discovery of a 2 M⊙ binary millisecond pulsar not only has important consequences
for the equation of state of nuclear matter at high densities but also raises the interesting
question of whether the neutron star PSR J1614−2230 was born massive. The answer is
vital for understanding neutron star formation in core collapse supernovae. Furthermore, this
system raises interesting issues about the nature of the progenitor binary and how it evolved
during its mass-exchanging X-ray phase. In this paper we discuss the progenitor evolution of
PSR J1614−2230. We have performed detailed stellar evolution modelling of intermediate-
mass X-ray binaries undergoing Case A Roche lobe overflow (RLO) and applied an analytic
parametrization for calculating the outcome of either a common envelope evolution or the
highly super-Eddington isotropic re-emission mode. We find two viable possibilities for the
formation of the PSR J1614−2230 system: either it contained a 2.2–2.6 M⊙ giant donor star
and evolved through a common envelope and spiral-in phase or, more likely, it descended
from a close binary system with a 4.0–5.0 M⊙ main-sequence donor star via Case A RLO. We
conclude that the neutron star must have been born with a mass of either ∼1.95 M⊙ or 1.7 ±
0.15 M⊙, which significantly exceeds neutron star birth masses in previously discovered radio
pulsar systems. Based on the expected neutron star birth masses from considerations of stellar
evolution and explosion models, we find it likely that the progenitor star of PSR J1614−2230
was more massive than 20 M⊙.

Key words: stars: evolution – stars: mass-loss – stars: neutron – pulsars: general – pulsars:
individual: PSR J1614−2230 – X-rays: binaries.

1 IN T RO D U C T I O N

Neutron stars are formed as compact remnants of massive stars (10–
30 M⊙) which explode in supernovae at the end of their stellar life
(Woosley, Heger & Weaver 2002; Heger et al. 2003). In order to
better understand the mechanisms of the electron capture and core
collapse supernovae, knowledge of the distribution of birth masses
of neutron stars is vital. However, in order to weigh a neutron
star it must be a member of a binary system. This introduces an
uncertainty in determining the original birth mass of the neutron star
since these neutron stars are often observed in X-ray binaries or, at a
later stage, as recycled pulsars and hence after they have undergone
a phase of mass accretion from their companion star. The most
precisely measured masses of neutron stars are obtained in double
neutron star systems via general relativistic effects. The related

⋆E-mail: tauris@astro.uni-bonn.de

post-Keplerian parameters include periastron advance, redshift/time
dilation, orbital period derivative and Shapiro delay (e.g. Will 2009).
Shapiro delays of radio signals from pulsars (Stairs et al. 1998) have
the advantage of being measurable also in low-eccentricity systems
if the orbital inclination is such that the pulses pass in the vicinity
of its companion. This method yields the opportunity to weigh both
the neutron stars accurately – and hence also determine the mass of
the last-formed neutron star that has not accreted any material. So
far, such measurements have revealed that even the most massive of
these neutron stars (the non-recycled pulsars) do not exceed a mass
of 1.39 M⊙ (Thorsett & Chakrabarty 1999; Schwab, Podsiadlowski
& Rappaport 2010). There is, however, some evidence from neutron
stars in X-ray binaries, e.g. Vela X-1, that suggests neutron stars can
be born more massive than this value.

Binary millisecond pulsars are known to be key sources of re-
search in fundamental physics. They host the densest matter in
the observable Universe and possess very rapid spins as well as
relativistic magnetospheres with outflowing plasma winds. Being

C⃝ 2011 The Authors
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS
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Results of phase transitions?



Optical spectroscopy
29

R = 11.70± 0.13 0.172± 0.003M�

[ Antoniadis et al. 2013 ] 

Figure 1.1: Finding chart for PSR J0348+0432 from the SDSS navigate online tool

2

• PSR J0348+0432 has been the first massive NS in relativistic orbit (Lynch et al. 2013) but mass measurement 
could be achieved via a different method

• Combining VLT, Effelsberg, Arecibo & GBT data, record mass:     M=2.01±0.04 M¤ (Antoniadis et al., 2013)
 

A different way to measure masses

Optical spectroscopy
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R = 11.70± 0.13 0.172± 0.003M�

[ Antoniadis et al. 2013 ] 
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[ Boyles et al. 2013, Lynch et al. 2013 ] 

28

P = 39.1226569017806(5)ms

Pb = 2.45817750533(2) h

e . 10�6

H�H�H�

PSR J0348+0432

[ Boyles et al. 2013, Lynch et al. 2013 ] 

28

P = 39.1226569017806(5)ms

Pb = 2.45817750533(2) h

e . 10�6

H�H�H�

Effelsberg



This could be the record holder...
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A pulsar in a binary with a compact object in the
mass gap between neutron stars and black holes
Ewan D. Barr1*†, Arunima Dutta1*†, Paulo C. C. Freire1, Mario Cadelano2,3, Tasha Gautam1,
Michael Kramer1, Cristina Pallanca2,3, Scott M. Ransom4, Alessandro Ridolfi1,5,
Benjamin W. Stappers6, Thomas M. Tauris1,7, Vivek Venkatraman Krishnan1, Norbert Wex1,
Matthew Bailes8,9, Jan Behrend1, Sarah Buchner10, Marta Burgay5, Weiwei Chen1, David J. Champion1,
C.-H. Rosie Chen1, Alessandro Corongiu5, Marisa Geyer10,11‡, Y. P. Men1,
Prajwal Voraganti Padmanabh1,12,13, Andrea Possenti5

Some compact objects observed in gravitational wave events have masses in the gap between
known neutron stars (NSs) and black holes (BHs). The nature of these mass gap objects is
unknown, as is the formation of their host binary systems. We report pulsar timing observations
made with the Karoo Array Telescope (MeerKAT) of PSR J0514−4002E, an eccentric binary
millisecond pulsar in the globular cluster NGC 1851. We found a total binary mass of 3.887 ±
0.004 solar masses (M⊙), and multiwavelength observations show that the pulsar’s binary
companion is also a compact object. The companion’s mass (2.09 to 2.71 M⊙, 95% confidence
interval) is in the mass gap, indicating either a very massive NS or a low-mass BH. We propose that
the companion formed in a merger between two earlier NSs.

G
lobular clusters (GCs) are dense, gravi-
tationally bound stellar clusters. Obser-
vations show thatGCshost a largenumber
of low-mass x-ray binaries (LMXBs), con-
sisting of a compact object accreting

material from a donor star in a binary system.
LMXBs are ~103 times more abundant per
unit of stellar mass in GCs than in the disk of
the Milky Way (along the Galactic plane) (1).
This is due to the high stellar densities at the
center of GCs, which increase the rate of ex-
change encounters inwhichneutron stars (NSs)
acquire low-mass main-sequence (MS) binary
companions. The MS stars evolve until they

expand and start transferring mass to the NS,
at which point an LMXB is formed.
These x-ray binaries are expected to produce

millisecond pulsars (MSPs; radio-emitting NSs

with spin periods P < 10ms) in almost circular
orbits around low-mass companions (2, 3).
There are a total of 305 pulsars known in 40
GCs (4), the vast majority of which are MSPs.
Most of the systems in GCs are similar to the
MSP population found in the Galactic plane,
although their orbital eccentricities are often
higher, which is thought to be a result of close
encounters with other stars (5).
In GCs with the densest cores, any particu-

lar star or MSP is likely to experience multiple
exchange encounters over its lifetime (6). A
possible outcome is the exchange of a low-mass
companion of an MSP for either a massive
white dwarf (WD) or another NS, resulting in
a massive, eccentric MSP binary (7–10). Ob-
serving such systems allows their component
masses to bemeasured and can test theories of
gravity (11). The same exchange process could
also produce an MSP–black hole (BH) binary
system (12).

The millisecond pulsar binary PSR
J0514−4002E

A survey searching for MSPs in GCs (10) has
been carried out with the MeerKAT radio tel-
escope array in South Africa (13, 14). The
results of the survey (15) included 13 MSPs
in NGC 1851, a GC located in the Southern
constellation of Columba (16). These include
three massive, eccentric MSP binaries: PSR
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Fig. 1. Timing model fitting residuals for PSR J0514−4002E. (A and B) Residuals between the observed
ToAs and the timing model presented in Table 1 are shown as (A) a function of observing epoch, in Modified Julian
Date (MJD), and (B) orbital phase. An orbital phase of 0 corresponds to periastron, and superior conjunction
occurs at an orbital phase of 0.008 (indicated with the brown dashed vertical line). The vertical error bars indicate
1s uncertainties. The green points are data taken with the 800-MHz receiver on the GBT. Orange and blue
points are data taken with the L-Band and UHF receivers of MeerKAT, respectively.
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Galactic x-ray binaries, which is about 5 M⊙
(38, 39).
If the companion were a massive NS, it

might also be a radio pulsar. We searched for
radio pulsations from the companion, assum-
ing the full allowed range of mass ratios, but
did not detect any (22). We therefore cannot
determine whether the companion is a mas-
sive NS or a low-mass BH.

Formation of the system

The combination of the location in a dense
GC (where stellar exchange encounters often
occur), the highly eccentric orbit, the fast spin
of the pulsar, and the large companion mass
indicates that the PSR J0514−4002E system
is the product of a secondary exchange en-
counter. We propose that an earlier low-mass
companion transferred mass to this pulsar,
increasing the pulsar spin rate, before being
replaced by the present high-mass compan-
ion in an exchange encounter. However, amore
complicated evolution withmultiple exchange
encounters is also possible. We therefore can-
not infer the nature of the companion from
binary evolution models.
If the mass of the primary in PSR J0514−

4002E is in the range of 1.25 to 1.55M⊙, which
spans the fourmeasurements of pulsarmasses
in GCs (9, 11, 17, 40), then the corresponding
value of mc (2.34 to 2.63M⊙) overlaps with the
range of masses of remnants frommergers of
DNSs, such as the merger product of GW170817
(Fig. 3). We suggest that the companion could
potentially have formed in such amerger event,
before becoming part of the current PSR J0514−
4002E system, regardless of whether it is an
NS or BH. Although the probability of DNS

mergers is low inGCs that have not undergone
core collapse (41), NGC 1851 has a dense core
(supplementary text) that makes a DNS merger
in the progenitor of the PSR J0514−4002E sys-
tem more probable. A DNS has been observed
in a GC (PSR B2127+11C, in M15) with a cal-
culated merger time of 217 million years (11),
implying that merger remnants are likely to
be present in GCs.
Our derived companion mass overlaps with

the mass estimates derived from gravitational
waves for the lighter components of the BH+
BH or BH+NS merger candidates GW190814
(42), GW190917, andGW200210 (43). The lighter
component of GW190814 has previously been
interpreted as the product of an earliermerger
(44) that later acquired amoremassive BH com-
panion through exchange encounters in GCs
(and then merged in the GW190814 event).
If the companion of PSR J0514−4002E is a

light BH formed in such a merger, it would
acquire a spin parameter cc of 0.6 to0.875during
the merger (45), where cc is the dimensionless
BH spin angular momentum. An NS rotating
at the maximum theoretical rate would have a
similar cc immediately after merger (46), al-
though we expect that this would decrease
rapidly after formation because of electromag-
netic torque. Assuming a magnetic field of
109 G, the spin parameter would become ≲0:3
(corresponding to the fastest known MSPs)
after ~30 million years, so we regard a fast-
spinning NS companion as unlikely.
A BH companion with 0.6 < cc < 0.875 would

induce relativistic spin-orbit coupling, causing
the orbital plane of the binary to precess around
the total angular momentum vector, an effect
known as Lense-Thirring precession. We cal-

culated that Lense-Thirring precession would
cause a variation of the projected semimajor
axis of the pulsar’s orbit (x

!

) of ≲1:7 " 10#13

(supplementary text). This is slightly smaller
than the effect size that would be detectable in
our data; our 1s uncertainty on the measured
x
!

is 2.0 × 10–13. We therefore cannot differ-
entiate between a NS and a BH companion.
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Fig. 3. Companion mass
of PSR J0514−4002E.
(A) The derived companion
mass at different orbital
inclinations for the PSR
J0514−4002E system. The
solid red curve indicates
solutions within the 95% CI;
the dotted segments indi-
cate lower and higher
masses that are consistent
with the mass function but
excluded by our Bayesian
model or the adopted
minimum pulsar mass mp ≥

1.17 M⊙, respectively. The
gray shaded region is ruled
out by the mass function and the total mass (Eqs. 1 and 2). Depending on the (unknown) NS equation of
state (49, 50), the light blue–shaded mass gap corresponds to either massive NSs or light BHs. (B) Inferred
companion mass of PSR J0514−4002E (red) compared with the largest observed masses of radio pulsars
(blue), low-mass components of gravitational-wave mergers (black), and the total postmerger remnant mass
of GW170817 (gray, assuming no energy and mass loss after the inspiral, so an absolute upper limit). Source
names followed by (C) or (M) indicate companion star mass and remnant mass of the merger product,
respectively. The masses, uncertainties, and references are listed in table S2.

RESEARCH | RESEARCH ARTICLE

Barr et al., Science 383, 275–279 (2024) 19 January 2024 4 of 5

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on M

arch 26, 2024

NGC1851 – HST image

PSR J0514-4002E
P= 5.6 ms
Pb=7.44 days
e = 0.71
x = 27.8s

J0514!4002A (8, 17), PSR J0514!4002D, and
PSR J0514−4002E (16).
The latterMSP has a spin period (P) of 5.6ms,

an orbital period (Pb) of 7.44 days, and an
orbital eccentricity (e) of 0.71 (16). The time
required for light to cross the projected semi-
major axis of the pulsar’s orbit (x ≡ apsini/c,
where ap is the semimajor axis of the pulsar
orbit, i is the orbital inclination, and c is the
speed of light in vacuum) is 27.8 s (16). The
mass function ( f ) is thus

f mp;mcð Þ ≡ mc sin ið Þ3

mp þmcð Þ2
¼

4p2
c3

G
x3

Pb
2 ¼ 0:41672 T 0:00022 M⊙ ð1Þ

wheremc is the mass of the companion,mp is
the mass of the pulsar, and G is the gravita-
tional constant. The unitM⊙ is themass of the
Sun; we used the nominal solar mass adopted
by the International Astronomical Union (18).
All uncertainties are confidence intervals (CIs)
corresponding to 68.3% confidence level, unless
otherwise stated. Assuming the maximum pos-
sible inclination (an edge-on orbit, i= 90°) and
mp ≥ 1.17M⊙—corresponding to both the low-
est NS mass measured (19) and a theoretical
lower limit (20)—the mass function alone in-
dicatesmc ≥ 1.40 M⊙.

Radio timing observations

To determine the spin, astrometric, and orbi-
tal parameters for all the pulsars in NGC 1851,
we conducted 24 observations of this GC using
MeerKAT. The observations used either the
L-band (856 to 1712 MHz) or ultrahigh fre-
quency (UHF; 544 to 1088MHz) receivers (10)
and were performed between January 2021
and August 2022. Data acquisition and initial
reduction were performed by using the Pulsar
Timing User Supplied Equipment (PTUSE) in-
strument (21). We analyzed the resulting times
of arrival (ToAs) of the pulsed signal to deter-
mine an initial phase-coherent timing model
for PSR J0514−4002E (22). Using this model,
we recovered the previously undetected sig-
nals from this pulsar in six archival observa-
tions of NGC 1851 made with the 800 MHz
(795 to 845MHz) and S-band (1.73 to 2.60GHz)
receivers on the Robert C. Byrd Green Bank
Telescope (GBT) (23) between December 2005
and August 2006. We combined the MeerKAT
and GBT ToAs (22) and refitted the timing
parameters to determine a refined timingmod-
el. The results are listed in Table 1, and the
fitting residuals between this model and the
observed ToAs are shown in Fig. 1.
The timing model includes a precise mea-

surement of the binary’s rate of periastron
advance w& ¼ 0:03468 T 0:00003° year–1. We
obtained a consistent value (but slightly higher
uncertainty)whenwe considered theMeerKAT
data alone (fig. S2). The nonzero w& is due to

relativistic effects, with other contributions
being small compared with the measurement
uncertainty (supplementary text), and its value
implies a high total systemmass. We therefore
performed an additional dense observing cam-
paign (22) to search for Shapiro delay, a rela-
tivistic effect that causes light propagation
delay in the system (24). The longer time span
provided by the GBT data also enabled us to
search for the Einstein delay, another rela-
tivistic effect caused by the varying time dila-
tion experienced by the pulsar at different
orbital phases. We did not detect either the
Shapiro delay or Einstein delay in our timing
data, setting 95% confidence upper limits of
h3 < 1.48 ms and gE < 25 ms, where h3 is the
orthometric amplitude of the Shapiro delay (25)
and gE is the Einstein delay parameter. These
nondetections further constrain the companion
mass.

Near-ultraviolet and optical observations
If the ≥1.40 M⊙ companion of PSR J0514−
4002E were a MS star, it should be detectable
at optical wavelengths. We searched for an op-
tical source using archival Hubble Space Tele-
scope (HST) observations with the Wide Field
Camera 3 (WFC3) in the F275W and F336W
filters. This filter combination is particularly
sensitive to blue stars such as blue straggler
stars (BSSs) and WDs (26, 27). Bright BSSs are
common in GCs, formed through stellar col-
lisions ormass-transfer in a binary system; they
can in principle have masses compatible with
those predicted for the companion of PSR
J0514−4002E.
No optical source was detected at the posi-

tion of PSR J0514−4002E (Fig. 2, A and B). The
closest stellar source to the pulsar position is a
star with a color-magnitude position consist-
ent with those of BSSs (Fig. 2C), which is offset

Table 1. Timing model for PSR J0514−4002E. The model was derived from the MeerKAT and GBT
data, with the single GBT observation at S-band excluded during fitting (22). Because the proper
motion and parallax cannot be measured from the timing data, we adopted the bulk proper motion
and parallax for NGC 1851 derived from HST and Gaia observations (28). Values are reported in
barycentric dynamical time (TDB), and uncertainties are 68.3% CI.

Dataset and model fitting quality

Observation span MJD 53731 to 59793
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Number of ToAs 476
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Weighted root mean square residual 28.41 ms
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Reduced c2 value 1.019
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Degrees of freedom 458
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Fixed quantities
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Reference epoch MJD 59400
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Proper motion in right ascension, ma 2.128 milli–arc sec year–1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Proper motion in declination, md !0.646 milli–arc sec year–1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Parallax 0.0858 milli–arc sec
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Measured quantities
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Right ascension, a (J2000 equinox) 05h14m06s.73709 ± 0.00017
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Declination, d (J2000 equinox) !40°02′48″.0556 ± 0.0014
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Pulse frequency, v 178.70074989725 ± 0.000000000085 Hz
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

First derivative of pulse frequency, v
&

(-6.1727 ± 0.0042) × 10–15 Hz s–1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Second derivative of pulse frequency, €v (7.3 ± 2.2) × 10–26 Hz s–2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Dispersion measure, DM 51.93061 ± 0.00057 pc cm–3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Orbital period, Pb 7.4478966582 ± 0.0000000072 days
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Projected semi-major axis of orbit, x 27.8192 ± 0.0050 s
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Orbital eccentricity, e 0.70793232 ± 0.00000085
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Epoch of periastron, T0 MJD 59361.29117138 ± 0.00000037
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Longitude of periastron, w0 65.317 ± 0.022°
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Rate of advance of periastron, w& 0.034676 ± 0.000031° year–1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Rate of variation of the orbital period, P
&

b (18.1 ± 5.6) × 10–12 s s–1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Einstein delay, gE 0.0111 ± 0.0084 s
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Orthometric amplitude of Shapiro delay, h3 0.02 ± 0.91 ms
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Derived quantities
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Total mass*, M 3.8870 ± 0.0045 M⊙. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

Pulse period, P 0.005595947418100 ± 0.000000000000027 s
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

First derivative of pulse period, P
&

(1.9330 ± 0.0013) × 10–19 s s–1
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ..... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .

*This assumes that the observed w& is due to relativistic effects (supplementary text).
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Fom orbital precession: total mass
Mtot = 3.8870 ± 0.0045 M⊙

Constraints on Shapiro & Einstein

mp = 1.53 (2) M⊙ 
mc = 2.35 (2) M ⊙ 
i = 52 (6) deg

by 90milli–arc sec, which ismore than six times
the astrometric precision (14 milli–arc sec).
This excludes a physical association because
the orbital separation between the pulsar and
companion calculated from our timing model,
located at the cluster distance of 11.66 kpc (28),
is <10–3 milli–arc sec. Assuming that the opti-
cal source is a hydrogen-burning star, we esti-
mate its mass as ~1.2 M⊙ (22), which is lower
than the lower limit onmc from the mass func-
tion. Another star, located 100milli–arc secfrom
the pulsar position, is a red giant. Red giant
branch stars in old GCs such as NGC 1851 have
masses of about 0.7 to 0.8 M⊙ (29), which is
also lower than theminimumcompanionmass.
We therefore conclude that the companion
of PSR J0514−4002E is not detectable in the
HST images.

Total mass of the system

The nondetection of the companion of PSR
J0514−4002E in the HST images implies that
it must be a compact object. There is no mea-
surable excess pulse dispersion around superior
conjunction, which could be produced by ion-
ized gas emanating fromeither amain sequence
or a giant star companion (22). We therefore
interpret the measured rate of periastron ad-
vance (w! ) as being of purely relativistic origin,
with negligible contributions from the spins of

the binary components (supplementary text).
Assuming general relativity (GR), the totalmass
of the system is then (30, 31)

M ≡mp þmc

¼ c3

G
w!

3
1$ e2
! "# $3=2 Pb

2p

% &5=2

¼ 3:887 T 0:004 M⊙ ð2Þ

This is 1.0M⊙moremassive than PSR J1913+
1102, the highest-mass double neutron star
(DNS) system known in the Milky Way, which
has a total mass of 2.8887 ± 0.0006M⊙ (32). It
is also larger than the totalmass of GW190425,
the heaviest DNS merger detected by using
gravitationalwaves, at >99.5%probability [(33),
their figure 5].

Nature of the companion

Combining the measured total mass and mass
function, the limiting case of an edge-on orbit
(i = 90°) setsmp ≤ 2.04M⊙ andmc ≥ 1.84M⊙
(Fig. 3). Smaller inclination angles (i < 90°)
would imply a smaller mp and larger mc. This
companion mass is far too high for a WD; the
upper mass limit for a rigidly rotating WD is
about 1.47 M⊙ (34). Adopting the minimum
pulsar mass discussed above,mp ≥ 1.17M⊙, we
constrain i ≥ 42.9° andmc ≤ 2.71M⊙.

We did not detect additional relativistic ef-
fects that could allow the individual masses to
be determined. However, our upper limits on
the Shapiro delay and the Einstein delay pro-
vide additional constraints on the masses and
orbital inclination. To quantify these, we per-
formed Bayesian estimation of the component
masses based on the goodness of fit of the
model to the observational data (c2) calculated
over a grid of total masses and orbital inclina-
tions (22). The variation of the orbital period is
contaminated by the acceleration of the sys-
tem within the GC. We assumed that all other
relativistic effects are as predicted by GR and
adoptedmp ≥ 1.17M⊙ as above (22). We found
Bayesian posteriors of M = 3.887 ± 0.004 M⊙,
mp ¼ 1:53þ0:18

$0:20 M⊙, mc ¼ 2:35þ0:20
$0:18M⊙, and

i ¼ 52þ6
$5° (all median values with 68.3% con-

fidence limits) (22). This value ofM is identical
to that calculated from Eq. 2, but through a
different method. The 95% probability limits
are i < 62°,mp < 1.79M⊙, and therefore,mc >
2.09 M⊙.
The companion mass is therefore likely to

be in the mass gap for compact objects (35).
It is higher than the largest precisely measured
pulsar masses, mp = 2.08 ± 0.07 M⊙ for PSR
J0740+6620 (36) andmp = 2.01 ± 0.04M⊙ for
PSR J0348+0432 (37). It is simultaneously be-
low the observed minimum mass of BHs in

Fig. 2. Stars near the position of PSR J0514−4002E. (A) HST image in
the F275W filter of the 4′′ by 4′′ region surrounding the radio timing position
of PSR J0514−4002E (green cross). The blue and red circles indicate the
two stars discussed in the main text; the circle sizes are twice the astrometric
uncertainty. (B) A 0.3′′ by 0.3′′ zoom of the green box in (A). The radio
timing position is indicated with a black ellipse with size and orientation equal
to the 95% CI on the pulsar’s position, relative to the International Celestial

Reference System. (C) Color-magnitude diagram of NGC 1851 derived from the
HST images. m is apparent magnitude, with subscripts indicating the filter
used. The black dots indicate all the cluster stars within the sampled field of
view. The blue and red circles indicate the stars marked in (A) and (B), which we
interpret as a BSS and red giant, respectively. The photometric uncertainty
for both the magnitude and color of the two marked stars is smaller than the
symbol size (22).
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”heaviest NS or lightest BH?”
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double NS systems [77]. Furthermore, since the spin of
pulsar A is practically parallel to the orbital angular mo-
mentum (see Sec. II) there is only a contribution to the
precession of the periastron. We refer the reader to [84]
for more details.

In order to incorporate spin-orbit coupling in our anal-
ysis, Eq. (9) needs to be extended by the Lense-Thirring
(LT) term, i.e.

!̇ = !̇1PN + !̇2PN + !̇LT,A , (12)

where within GR the LT contribution is given by [16, 81]

!̇LT,A = �
3nb

1� e2T
�3
O �SAg

k
SA

, (13)

with

�SA = 2⇡⌫
cIA
Gm2

A

, (14)

gkSA
=

(3 +XA)XA

3(1� e2T )
1/2

. (15)

Apart from the MoI IA, all quantities in the above equa-
tions are known with high precision. IA depends on the
EoS for NS matter, which is still a✏icted by considerable
uncertainty. Consequently, there is a range in the pre-
diction for !̇LT,A. From Eq. (13) one finds the numerical
expression

!̇LT,A
' �3.77⇥ 10�4

⇥ I(45)A deg yr�1 , (16)

where I(45)A ⌘ IA/(1045 g cm2). Using the multi-
messenger constraints on the radius that can be inferred
from [85] (probability distribution function F)7, in com-
bination with the radius-MoI relation for pulsar A given

in [86], we find a range of I(45)A ⇡ 1.15–1.48 (95% con-
fidence).8 Alternatively, Eq. (16) can be used to infer
limits for the MoI of pulsar A purely from the timing
observations of the Double Pulsar, if combined with two
other suitable PK parameters [7, 84, 90]. A correspond-
ing analysis will be given in Section VIB 3.

3. Proper motion contributions

The proper motion of a binary pulsar leads to a change
in its orientation with respect to the observer on Earth.
Such a change leads to an apparent change in the longi-
tude of periastron ! and the orbital inclination i [91, 92].
The change in ! leads to a proper motion related o↵set

7 Although the mass of pulsar A (1.34M�) is slightly below
1.4M�, within the accuracy needed here, the radius constraints
in [85] for a 1.4M� NS can also be applied to pulsar A.

8 There are other distributions that have been derived for the MoI
of pulsar A, see e.g. [87–89]. However, for the results of this
paper this does not make any di↵erence.

!̇pm between the intrinsic and the observed advance of
periastron, i.e.

!̇obs = !̇intr + !̇pm . (17)

Using the proper motion and orbital inclination from
Tab. IV, in combination with the longitude of the as-
cending node obtained from scintillation measurements
[65], one finds !̇pm

⇡ �4⇥ 10�7 deg yr�1 (see also [84]).
This is about a factor of 30 smaller than the current mea-
surement error for !̇ (see Tab. IV) and can therefore be
ignored. As a consequence, there is no need to distinguish
between the observed and the intrinsic !̇.
The change in the orbital inclination enters the timing

model through a temporal change in the projected semi-
major axis of the pulsar orbit, showing up as a ẋ in the
timing solution, if significant. However, this contribution
is even smaller than the contribution to the advance of
periastron, since it is greatly suppressed by the fact that
i is close to 90� (ẋpm

/ cot i ⇡ 0.01; see Tab. IV).

4. Next-to-leading-order contributions in the mass function

The inclination of the binary orbit is linked to the pro-
jected semimajor axis x in Eq. (4) via the binary mass
function. In Newtonian gravity one finds (see e.g. [4, 36])

sin i =
nbx

�OXB
, (18)

where nb and x are both (observable) Keplerian parame-
ters, generally known to very high precision for a binary
pulsar. As we will discuss later (Section VC), the mea-
surement of the Shapiro delay in the Double Pulsar gives
access to sin i, and therefore Eq. (18) leads to an addi-
tional constraint for the two masses mA and mB.
In the 1PN approximation Kepler’s third law, which

enters the derivation of Eq. (18), gets modified by an
additional term (see Eq. (3.7) in [71] and Eq. (3.7) in
[36]). Consequently, Eq. (18) gets modified as well at the
1PN level. Using the 1PN expression for Kepler’s third
law one finds

sin i =
nbx

�OXB

⇥
1 +

�
3� 1

3XAXB

�
�2
O

⇤
. (19)

We have used the fact that for the Damour & Deru-
elle solution the Newtonian relation between the semi-
major axis of the pulsar orbit and the semimajor axis
of the relative orbit also holds at the 1PN level, i.e.
aA = (mB/M)aR+O(v4/c4) (see [70, 71] and the discus-
sion in [37]). With Pb, x and the masses from Tab. IV one
finds for the 1PN correction in Eq. (19) approximately
1.3 ⇥ 10�5, which is only about a factor of 1.3 larger
than the error for sin i in Tab. IV. For that reason, we
will use the full 1PN mass function (19). This is the first
time, that 1PN corrections to the mass function become
relevant for any binary pulsar.

= 16.899323(13) deg/yr

Whereas:
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ysis, Eq. (9) needs to be extended by the Lense-Thirring
(LT) term, i.e.

!̇ = !̇1PN + !̇2PN + !̇LT,A , (12)

where within GR the LT contribution is given by [16, 81]
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Apart from the MoI IA, all quantities in the above equa-
tions are known with high precision. IA depends on the
EoS for NS matter, which is still a✏icted by considerable
uncertainty. Consequently, there is a range in the pre-
diction for !̇LT,A. From Eq. (13) one finds the numerical
expression

!̇LT,A
' �3.77⇥ 10�4

⇥ I(45)A deg yr�1 , (16)

where I(45)A ⌘ IA/(1045 g cm2). Using the multi-
messenger constraints on the radius that can be inferred
from [85] (probability distribution function F)7, in com-
bination with the radius-MoI relation for pulsar A given

in [86], we find a range of I(45)A ⇡ 1.15–1.48 (95% con-
fidence).8 Alternatively, Eq. (16) can be used to infer
limits for the MoI of pulsar A purely from the timing
observations of the Double Pulsar, if combined with two
other suitable PK parameters [7, 84, 90]. A correspond-
ing analysis will be given in Section VIB 3.

3. Proper motion contributions

The proper motion of a binary pulsar leads to a change
in its orientation with respect to the observer on Earth.
Such a change leads to an apparent change in the longi-
tude of periastron ! and the orbital inclination i [91, 92].
The change in ! leads to a proper motion related o↵set

7 Although the mass of pulsar A (1.34M�) is slightly below
1.4M�, within the accuracy needed here, the radius constraints
in [85] for a 1.4M� NS can also be applied to pulsar A.

8 There are other distributions that have been derived for the MoI
of pulsar A, see e.g. [87–89]. However, for the results of this
paper this does not make any di↵erence.

!̇pm between the intrinsic and the observed advance of
periastron, i.e.

!̇obs = !̇intr + !̇pm . (17)

Using the proper motion and orbital inclination from
Tab. IV, in combination with the longitude of the as-
cending node obtained from scintillation measurements
[65], one finds !̇pm

⇡ �4⇥ 10�7 deg yr�1 (see also [84]).
This is about a factor of 30 smaller than the current mea-
surement error for !̇ (see Tab. IV) and can therefore be
ignored. As a consequence, there is no need to distinguish
between the observed and the intrinsic !̇.
The change in the orbital inclination enters the timing

model through a temporal change in the projected semi-
major axis of the pulsar orbit, showing up as a ẋ in the
timing solution, if significant. However, this contribution
is even smaller than the contribution to the advance of
periastron, since it is greatly suppressed by the fact that
i is close to 90� (ẋpm

/ cot i ⇡ 0.01; see Tab. IV).

4. Next-to-leading-order contributions in the mass function

The inclination of the binary orbit is linked to the pro-
jected semimajor axis x in Eq. (4) via the binary mass
function. In Newtonian gravity one finds (see e.g. [4, 36])

sin i =
nbx

�OXB
, (18)

where nb and x are both (observable) Keplerian parame-
ters, generally known to very high precision for a binary
pulsar. As we will discuss later (Section VC), the mea-
surement of the Shapiro delay in the Double Pulsar gives
access to sin i, and therefore Eq. (18) leads to an addi-
tional constraint for the two masses mA and mB.
In the 1PN approximation Kepler’s third law, which

enters the derivation of Eq. (18), gets modified by an
additional term (see Eq. (3.7) in [71] and Eq. (3.7) in
[36]). Consequently, Eq. (18) gets modified as well at the
1PN level. Using the 1PN expression for Kepler’s third
law one finds
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We have used the fact that for the Damour & Deru-
elle solution the Newtonian relation between the semi-
major axis of the pulsar orbit and the semimajor axis
of the relative orbit also holds at the 1PN level, i.e.
aA = (mB/M)aR+O(v4/c4) (see [70, 71] and the discus-
sion in [37]). With Pb, x and the masses from Tab. IV one
finds for the 1PN correction in Eq. (19) approximately
1.3 ⇥ 10�5, which is only about a factor of 1.3 larger
than the error for sin i in Tab. IV. For that reason, we
will use the full 1PN mass function (19). This is the first
time, that 1PN corrections to the mass function become
relevant for any binary pulsar.
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double NS systems [77]. Furthermore, since the spin of
pulsar A is practically parallel to the orbital angular mo-
mentum (see Sec. II) there is only a contribution to the
precession of the periastron. We refer the reader to [84]
for more details.
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ysis, Eq. (9) needs to be extended by the Lense-Thirring
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Apart from the MoI IA, all quantities in the above equa-
tions are known with high precision. IA depends on the
EoS for NS matter, which is still a✏icted by considerable
uncertainty. Consequently, there is a range in the pre-
diction for !̇LT,A. From Eq. (13) one finds the numerical
expression
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' �3.77⇥ 10�4
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where I(45)A ⌘ IA/(1045 g cm2). Using the multi-
messenger constraints on the radius that can be inferred
from [85] (probability distribution function F)7, in com-
bination with the radius-MoI relation for pulsar A given

in [86], we find a range of I(45)A ⇡ 1.15–1.48 (95% con-
fidence).8 Alternatively, Eq. (16) can be used to infer
limits for the MoI of pulsar A purely from the timing
observations of the Double Pulsar, if combined with two
other suitable PK parameters [7, 84, 90]. A correspond-
ing analysis will be given in Section VIB 3.

3. Proper motion contributions

The proper motion of a binary pulsar leads to a change
in its orientation with respect to the observer on Earth.
Such a change leads to an apparent change in the longi-
tude of periastron ! and the orbital inclination i [91, 92].
The change in ! leads to a proper motion related o↵set

7 Although the mass of pulsar A (1.34M�) is slightly below
1.4M�, within the accuracy needed here, the radius constraints
in [85] for a 1.4M� NS can also be applied to pulsar A.

8 There are other distributions that have been derived for the MoI
of pulsar A, see e.g. [87–89]. However, for the results of this
paper this does not make any di↵erence.

!̇pm between the intrinsic and the observed advance of
periastron, i.e.

!̇obs = !̇intr + !̇pm . (17)

Using the proper motion and orbital inclination from
Tab. IV, in combination with the longitude of the as-
cending node obtained from scintillation measurements
[65], one finds !̇pm

⇡ �4⇥ 10�7 deg yr�1 (see also [84]).
This is about a factor of 30 smaller than the current mea-
surement error for !̇ (see Tab. IV) and can therefore be
ignored. As a consequence, there is no need to distinguish
between the observed and the intrinsic !̇.
The change in the orbital inclination enters the timing

model through a temporal change in the projected semi-
major axis of the pulsar orbit, showing up as a ẋ in the
timing solution, if significant. However, this contribution
is even smaller than the contribution to the advance of
periastron, since it is greatly suppressed by the fact that
i is close to 90� (ẋpm

/ cot i ⇡ 0.01; see Tab. IV).

4. Next-to-leading-order contributions in the mass function

The inclination of the binary orbit is linked to the pro-
jected semimajor axis x in Eq. (4) via the binary mass
function. In Newtonian gravity one finds (see e.g. [4, 36])

sin i =
nbx

�OXB
, (18)

where nb and x are both (observable) Keplerian parame-
ters, generally known to very high precision for a binary
pulsar. As we will discuss later (Section VC), the mea-
surement of the Shapiro delay in the Double Pulsar gives
access to sin i, and therefore Eq. (18) leads to an addi-
tional constraint for the two masses mA and mB.
In the 1PN approximation Kepler’s third law, which

enters the derivation of Eq. (18), gets modified by an
additional term (see Eq. (3.7) in [71] and Eq. (3.7) in
[36]). Consequently, Eq. (18) gets modified as well at the
1PN level. Using the 1PN expression for Kepler’s third
law one finds
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We have used the fact that for the Damour & Deru-
elle solution the Newtonian relation between the semi-
major axis of the pulsar orbit and the semimajor axis
of the relative orbit also holds at the 1PN level, i.e.
aA = (mB/M)aR+O(v4/c4) (see [70, 71] and the discus-
sion in [37]). With Pb, x and the masses from Tab. IV one
finds for the 1PN correction in Eq. (19) approximately
1.3 ⇥ 10�5, which is only about a factor of 1.3 larger
than the error for sin i in Tab. IV. For that reason, we
will use the full 1PN mass function (19). This is the first
time, that 1PN corrections to the mass function become
relevant for any binary pulsar.
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double NS systems [77]. Furthermore, since the spin of
pulsar A is practically parallel to the orbital angular mo-
mentum (see Sec. II) there is only a contribution to the
precession of the periastron. We refer the reader to [84]
for more details.
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ysis, Eq. (9) needs to be extended by the Lense-Thirring
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Apart from the MoI IA, all quantities in the above equa-
tions are known with high precision. IA depends on the
EoS for NS matter, which is still a✏icted by considerable
uncertainty. Consequently, there is a range in the pre-
diction for !̇LT,A. From Eq. (13) one finds the numerical
expression

!̇LT,A
' �3.77⇥ 10�4

⇥ I(45)A deg yr�1 , (16)

where I(45)A ⌘ IA/(1045 g cm2). Using the multi-
messenger constraints on the radius that can be inferred
from [85] (probability distribution function F)7, in com-
bination with the radius-MoI relation for pulsar A given

in [86], we find a range of I(45)A ⇡ 1.15–1.48 (95% con-
fidence).8 Alternatively, Eq. (16) can be used to infer
limits for the MoI of pulsar A purely from the timing
observations of the Double Pulsar, if combined with two
other suitable PK parameters [7, 84, 90]. A correspond-
ing analysis will be given in Section VIB 3.

3. Proper motion contributions

The proper motion of a binary pulsar leads to a change
in its orientation with respect to the observer on Earth.
Such a change leads to an apparent change in the longi-
tude of periastron ! and the orbital inclination i [91, 92].
The change in ! leads to a proper motion related o↵set

7 Although the mass of pulsar A (1.34M�) is slightly below
1.4M�, within the accuracy needed here, the radius constraints
in [85] for a 1.4M� NS can also be applied to pulsar A.

8 There are other distributions that have been derived for the MoI
of pulsar A, see e.g. [87–89]. However, for the results of this
paper this does not make any di↵erence.
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Using the proper motion and orbital inclination from
Tab. IV, in combination with the longitude of the as-
cending node obtained from scintillation measurements
[65], one finds !̇pm

⇡ �4⇥ 10�7 deg yr�1 (see also [84]).
This is about a factor of 30 smaller than the current mea-
surement error for !̇ (see Tab. IV) and can therefore be
ignored. As a consequence, there is no need to distinguish
between the observed and the intrinsic !̇.
The change in the orbital inclination enters the timing

model through a temporal change in the projected semi-
major axis of the pulsar orbit, showing up as a ẋ in the
timing solution, if significant. However, this contribution
is even smaller than the contribution to the advance of
periastron, since it is greatly suppressed by the fact that
i is close to 90� (ẋpm

/ cot i ⇡ 0.01; see Tab. IV).

4. Next-to-leading-order contributions in the mass function

The inclination of the binary orbit is linked to the pro-
jected semimajor axis x in Eq. (4) via the binary mass
function. In Newtonian gravity one finds (see e.g. [4, 36])

sin i =
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, (18)

where nb and x are both (observable) Keplerian parame-
ters, generally known to very high precision for a binary
pulsar. As we will discuss later (Section VC), the mea-
surement of the Shapiro delay in the Double Pulsar gives
access to sin i, and therefore Eq. (18) leads to an addi-
tional constraint for the two masses mA and mB.
In the 1PN approximation Kepler’s third law, which

enters the derivation of Eq. (18), gets modified by an
additional term (see Eq. (3.7) in [71] and Eq. (3.7) in
[36]). Consequently, Eq. (18) gets modified as well at the
1PN level. Using the 1PN expression for Kepler’s third
law one finds
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We have used the fact that for the Damour & Deru-
elle solution the Newtonian relation between the semi-
major axis of the pulsar orbit and the semimajor axis
of the relative orbit also holds at the 1PN level, i.e.
aA = (mB/M)aR+O(v4/c4) (see [70, 71] and the discus-
sion in [37]). With Pb, x and the masses from Tab. IV one
finds for the 1PN correction in Eq. (19) approximately
1.3 ⇥ 10�5, which is only about a factor of 1.3 larger
than the error for sin i in Tab. IV. For that reason, we
will use the full 1PN mass function (19). This is the first
time, that 1PN corrections to the mass function become
relevant for any binary pulsar.
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limit on RA is < 22 km at 90% confidence.

This will improve 
with time!

MNRAS 497, 3118–3130 (2020) doi:10.1093/mnras/staa2107
Advance Access publication 2020 July 20

Constraining the dense matter equation-of-state with radio pulsars

Huanchen Hu (!!!) ,1‹ Michael Kramer,1,2 Norbert Wex ,1 David J. Champion 1

and Marcel S. Kehl1

1Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121 Bonn, Germany
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ABSTRACT
Radio pulsars provide some of the most important constraints for our understanding of matter at supranuclear densities. So far,
these constraints are mostly given by precision mass measurements of neutron stars (NS). By combining single measurements
of the two most massive pulsars, J0348+0432 and J0740+6620, the resulting lower limit of 1.98 M⊙ (99 per cent confidence)
of the maximum NS mass, excludes a large number of equations of state (EOSs). Further EOS constraints, complementary to
other methods, are likely to come from the measurement of the moment of inertia (MOI) of binary pulsars in relativistic orbits.
The Double Pulsar, PSR J0737−3039A/B, is the most promising system for the first measurement of the MOI via pulsar timing.
Reviewing this method, based in particular on the first MeerKAT observations of the Double Pulsar, we provide well-founded
projections into the future by simulating timing observations with MeerKAT and the SKA. For the first time, we account for
the spin-down mass-loss in the analysis. Our results suggest that an MOI measurement with 11 per cent accuracy (68 per cent
confidence) is possible by 2030. If by 2030 the EOS is sufficiently well known, however, we find that the Double Pulsar will
allow for a 7 per cent test of Lense–Thirring precession, or alternatively provide a ∼3σ -measurement of the next-to-leading order
gravitational wave damping in GR. Finally, we demonstrate that potential new discoveries of double NS systems with orbital
periods shorter than that of the Double Pulsar promise significant improvements in these measurements and the constraints on
NS matter.

Key words: dense matter – equation of state – gravitation – pulsars: general – pulsars: individual: J0737−3039A.

1 IN T RO D U C T I O N

Neutron stars (NSs) are among the most compact and exotic objects
in nature, comprised of extraordinarily dense matter that is not
accessible in laboratory experiments. Determining the properties
and structure of the cold dense matter inside NSs is therefore
a tremendous challenge in nuclear physics. Thus far, a variety
of equations of state (EOSs) have been proposed to describe the
pressure–density relation inside NSs (see e.g. Lattimer & Prakash
2001, 2016). Constraining the EOS is crucial for understanding
aspects of fundamental physics, such as the internal structure of
NSs, the dynamics of binary mergers, and r-process nucleosynthesis
(for a recent review see Özel & Freire 2016).

Various observational methods have emerged to measure the
macroscopic properties of NSs, which promise to increase our
knowledge of the EOS. The gravitational wave (GW) observation
of a binary NS merger with LIGO/Virgo offers the possibility of
measuring the tidal deformability (Abbott et al. 2017, 2018). X-ray
observations of emissions from the hot regions on NS surface with
NICER (Watts et al. 2016) allows a joint mass–radius estimation
(Miller et al. 2019; Riley et al. 2019).

⋆ E-mail: huhu@mpifr-bonn.mpg.de

The largest number of known NSs, however, can be observed
as radio pulsars. Currently about 3000 pulsars are known, and the
ability of radio astronomers to measure pulsar properties precisely
via a technique known as ‘pulsar timing’, suggests that important
information about the EOS of NSs can also be derived from such
measurements. This is indeed the case. The most direct and best
known route is to measure the masses of NSs precisely. This is
possible in binary pulsars using relativistic orbital effects, potentially
combined with other information. The mass range, especially the
maximum mass observed, must obviously be consistent with the
range of masses supported by a proposed EOS. In addition, there
are other orbital effects that also offer the possibility of measuring
the moment of inertia (MOI) in binary pulsars via relativistic
spin-orbit coupling, as was first suggested by Damour & Schäfer
(1988). The MOI of a NS depends crucially on the EOS and
hence allows us to constrain or even identify it (Morrison et al.
2004; Lattimer & Schutz 2005; Greif et al. 2020). Accessing
the MOI of isolated NSs, in contrast, may be possible if one
can reliably derive or measure the total loss in rotational energy,
Ė, which relates the MOI with the observed period and period
derivative.

In this work, we provide insight into the various methods using
binary pulsars and their current status in Section 2, before we focus
specifically on the possibility of using the Double Pulsar (Burgay
et al. 2003; Lyne et al. 2004) for MOI measurements. We will provide

C⃝The Author(s) 2020. Published
by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons
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Figure 4. Simulated measurements of the MOI of PSR J0737−3039A with
time, where two full orbits observation per month are assumed. The red line
indicates the theoretical value of the MOI for the chosen EOS AP4 (IAP4

A ).

Figure 5. Predicted uncertainty of IA as a function of time. The blue line
adopts the Galactic measurements (R0, !0) by Gravity Collaboration (2019)
and slope measurement by Reid et al. (2014), whereas the red line assumes no
errors in the Galactic model. The grey line is same as the red line but ignores
the influence of mass-loss to the orbital period change. The theoretical value
IAP4

A is indicated by the dashed black line, whereas the dash-dotted line is
10 per cent of the theoretical value.

for IA, we perform a Monte Carlo simulation to randomize the
observed parameters according to their uncertainties. This process is
repeated for the measurements from 2018 to 2030.

Fig. 4 shows the predicted measurements of IA with time, where
the new telescopes clearly help to narrow down the uncertainty of
IA. Here we adopt the Galactic measurements (R0, !0) by Gravity
Collaboration (2019) and the slope measurement by Reid et al.
(2014). The predicted uncertainty of IA with time is also illustrated
as the blue line in Fig. 5. In this case, we expect to achieve an MOI
measurement with 25 per cent precision at 68 per cent C.L. by the
year 2030. Our simulation shows that, although the uncertainty of
Ṗ obs

b is initially higher than the Galactic acceleration, it decreases
with additional years of precise timing observations (see Fig. 2),
and by 2030, the error in the Galactic acceleration is three times
higher than the error in Ṗ obs

b , which becomes the limiting factor for
measuring the MOI.

However, the measurements of the Galactic potential is expected
to improve through various observational methods, such as Gaia
mission (Gaia Collaboration 2016) and ongoing observations of
Galactic masers (Reid et al. 2014). A recent study by Eilers et al.
(2019) provides a precise measurement of the circular velocity curve
of the Milky Way from 5 to 25 kpc. With the distance from the Sun to
the Galactic centre R0 = 8.122 ± 0.031 kpc (Gravity Collaboration
2018), they determine the rotation speed of the local standard of rest
!0 = 229.0 ± 0.2 km s−1, with a slope of −1.7 ± 0.1 km s−1 kpc−1

(statistical errors), corresponding to b0 = 0.0603 ± 0.0035. The
total uncertainties (including systematic errors) given by Eilers et al.
(2019) are similar to the measurements used in the previous case
(blue line), but here we assume the systematic errors can be well
understood in the near future, and only consider the statistical errors.
With this assumption, we expect to measure the MOI with 11 per cent
precision at 68 per cent C.L. in 2030. This is nearly the same as
using an error-free Galactic model, which is indicated by the red
line in Fig. 5. Therefore, with future measurements of the Galactic
potential and a better understanding of the systematic errors, an MOI
measurement with 11 per cent precision from the Double Pulsar
seems realistic.

One important factor for the result is the influence of the mass-loss
in pulsar A, which was neglected in the previous study by Kehl et al.
(2017). Without considering this contribution, the uncertainty of IA

significantly reduces and reaches 7 per cent by 2030 (see the grey
line in Fig. 5), in contrast to the red line. In addition, we find that
increasing the observing cadence does not significantly improve the
precision of MOI measurements.

As mentioned in Section 4.2, different approaches provide very
different measurement of the distance of the Double Pulsar, and a
compromise distance of 0.8 kpc is thereby employed in our study.
To investigate how distance influences the MOI measurement, we
consider two extreme cases, d = 0.4 kpc and d = 1.6 kpc, with the
same setups as in the d = 0.8 kpc simulations. Using the current
Galactic measurements, we find that the uncertainty of the MOI
measurement reaches 17 per cent by 2030 when d = 0.4 kpc, and
has a much higher uncertainty (43 per cent) when d = 1.6 kpc.
However, with negligible error in the Galactic potential, both predict
∼11 per cent measurements by 2030, same as for the case of d =
0.8 kpc. Since an improved Galactic model is expected in the near
future, the value we employ for the distance should not have a
significant impact on the prediction of the MOI uncertainty.

An 11 per cent precision measurement of the MOI would further
improve the constraints of the EOS of NSs (Lattimer & Schutz 2005;
Greif et al. 2020). Fig. 6 shows the MOIs of a number of EOSs,
which are scaled by a factor of M3/2 in order to reduce the range of the
ordinate (cf. Lattimer & Schutz 2005). The 11 per cent measurement
predicted from our simulation is illustrated by the red bar centred at
the assumed EOS AP4, and located at the precisely measured mass
of pulsar A. To compare with the constraints from other methods, we
mark the curves in different styles. The observations of the binary NS
merger event GW170817 by LIGO/Virgo (Abbott et al. 2018) placed
a constraint for the radii of both NSs, 11.9 ± 1.4 km (90 per cent
C.L.), which excludes the EOSs in grey dashed curves. Recently, a
more stringent constraint combining GW170817 with nuclear theory
was obtained by Capano et al. (2020), where they found the radius
for a 1.4M⊙ NS is 11.0+0.9

−0.6 km (90 per cent C.L.). This further
excludes the EOSs in blue dashed curves. The remaining promising
EOSs from this constraint are marked in blue solid curves, which
is already very close to our 11 per cent prediction from the MOI
measurement in 2030. With more and more binary NS mergers
expected to be detected in the coming years, tighter constraints
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Constraints on structure come from rotational glitches of pulsars:

Interior of neutron stars from glitches

• Generally consistent with rearrangement of superfluid interior – one can try to relate this to MoI...
• See major update by Basu et al. (2022) with 106 new glitches – similar conclusions.

2.5 The Galaxy and the interstellar medium 49

Fig. 2.9. Rotation frequency of the Vela pulsar as a function of time (Lyne
1999). The general slow down of the pulsar’s rotation is clearly visible. The ar-
rows indicate the occurrence of glitches when the pulsar spins up very abruptly.
The glitches and the subsequent relaxation processes become more visible if
the slope representing the general spin-down is subtracted (lower panel). The
relaxation process provides information about the neutron star interior that
is considered to be simultaneously super-fluid and super-conducting. Figure
provided by Andrew Lyne.

Example: Vela

Figure by A. Lyne

Fuentes et al. (2017)
Fuentes et al. (2017)
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Information from Radio Observations
• From pulsar timing: 

      -  measuring pulse arrival times and tracking the rotation of the 

         neutron star with high precision

• From emission properties:  

      - full polarisation measurements from 10s MHz to 100s GHz

      - high time resolution up to nanosecond timescales

      - long-term monitoring lasting half a century (>109 rotations)

• From simultaneous multi-messenger observations

• From particularly interesting pulsars vs bulk properties



The radio emission of pulsars

Timokhin & Harding (2019)

Philippov & Kramer (2022)

• Pair production above polar cap is needed for radio emission
• Initial charges available from gaseous atmosphere
• Can radio emission can tell us about the NS surface?



Pulsar emission weather and climate
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c) PSR B1133+16

Philippov & Kramer (2022)

Kramer

Higher time resolution can reveal “microstructure” – more later!



Straw-man design of a pulsarAverage pulse shape models

Simple phenomenological models in the past – but are they real?

“Cones” “Cores”

Observed pulse determined by 1-d cut through non-uniform 3D beam:



Pulsar beam tomography: 1D ➔ 2D

Relativistic binary PSR J1906+0746 (Desvignes, et al. 2019):
- Relativistic spin-precession moves our line-of-sight through the beam
- Precise geometry and test of general relativity
- Our line-of-sight has crossed the pole of interpulse!
- Tomography of a pulsar beam
- North- and South poles are different 
- Asymmetric and inhomogeneous beams

6 G. Desvignes et al.
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Figure 6. Averaged polarization profiles and PA measurements of PSR J1906+0746 for a set of 13 averaged profiles. To improve readabiliy, only the phase
around the MP and IP is displayed. The weigthed MJD of the averaged profiles are written in the upper-right cornel of the upper panels. For each epoch, the
total intensity profile I, the linear intensity L, and the circular polarization V are shown in the upper panel in black, red and blue colours, respectively. In the
lower panel, the data points represent the PA of the linear polarization and the red curve shows the best RVM fit with the results reported in Table 2. The arrows
indicate the fiducial points of the RVM, i.e. φ0.
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Radio emission from a pulsar’s
magnetic pole revealed by
general relativity
Gregory Desvignes1,2*, Michael Kramer1,3, Kejia Lee4, Joeri van Leeuwen5,6,
Ingrid Stairs7, Axel Jessner1, Ismaël Cognard8,9, Laura Kasian7,
Andrew Lyne3, Ben W. Stappers3

Binary pulsars are affected by general relativity (GR), causing the spin axis of each pulsar
to precess.We present polarimetric radio observations of the pulsar PSR J1906+0746 that
demonstrate the validity of the geometrical model of pulsar polarization. We reconstruct
the (sky-projected) polarization emission map over the pulsar’s magnetic pole and predict
the disappearance of the detectable emission by 2028. Two tests of GR are performed
using this system, including the spin precession for strongly self-gravitating bodies. We
constrain the relativistic treatment of the pulsar polarization model and measure the
pulsar beaming fraction, with implications for the population of neutron stars and the
expected rate of neutron star mergers.

P
ulsars are fast-spinning neutron starsmea-
suring ~1.2 to 2.2 solar masses (M⊙) with
strong magnetic fields that emit a beam
of radio waves along their magnetic axes
above each of their oppositemagnetic poles.

According to Einstein’s theory of general relativi-
ty (GR), space-time is curved by massive bodies.
Predicted effects of this theory include relativistic
spin precession in binary pulsars (1). This preces-
sion arises from any misalignment, by an angle
d, of the spin vector of each pulsar with respect
to the total angular momentum vector of the
binary, most likely caused by an asymmetric
supernova (SN) explosion imparting a kick onto
the neutron star(s) (2, 3). This precession causes
the viewing geometry to vary, which can be tested
observationally.

As a pulsar rotates, its radio beams sweep the
sky. If one of the beams crosses our line of sight
(LOS), its emission is perceived as being pulsed.
When averaged over several hundreds of pulsar
rotations, the pulses typically form a stable pulse
profile. Evidence for a variable pulse profile attrib-
uted to changes in the viewing geometry caused
by spinprecessionhavebeenobserved andmodeled
for the binary pulsar PSR B1913+16 (4, 5). Polar-
ization information can provide an additional,
independent tool to study relativistic spin preces-
sion (6, 7). We expect that the position angle (PA)

sweep of a pulsar’s linearly polarized emission
resulting from geometrical effects can be de-
scribed by the rotating vector model (RVM) (8).
This simple model, which assumes a magnetic
dipole centered on the pulsar, relates the PA to
the projection of the magnetic field line direc-
tion as the pulsar beam rotates and crosses our
LOS. The resulting gradient of the PA sweep as a
function of the pulsar rotational phase (9) depends
only on the magnetic inclination angle a and the
impact parameter b (i.e., the angle of closest ap-
proach between the observer direction and the
magnetic axis). For LOSs crossing opposite sides
of the same magnetic pole, the RVM predicts
opposite slopes of the PA swing, which becomes
steeper for smaller b (10). RVMhas been extended
to include rotational and relativistic effects be-
tween the pulsar and observer frame (11, 12), in
principle allowing emission heights for the ob-
served radio emission to be estimated. Although
the RVM matches observations of young pulsars
that present a smooth PA swing (13), deviations
are also observed, so for large emission heights,
the pure dipole approximation may not be valid
for a rotating plasma-loaded magnetosphere (14).
Evidence for the central assumption of all these
models, i.e., the geometrical meaning of the PA
sweep, has so far been missing.
PSR J1906+0746 (right ascension 19h06m48.86s,

declination +07°46′25.9′′, J2000 equinox) is a
young pulsar with spin period Ps ~ 144 ms in a
4-hour orbit around another neutron star. When
it was discovered in 2004 (15), PSR J1906+0746
showed two polarized emission components sep-
arated by nearly half a period (or ~180° of pulse
longitude). The main pulse (MP) and interpulse
(IP) indicated anearly orthogonal geometrywhere
emission from both magnetic poles is visible from
Earth. Comparison with archival data from the
Parkes Multibeam Pulsar Survey (PMPS) (16)
revealed that only the stronger MP had been
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Fig. 1. Geometry of
PSR J1906+0746.The
pulsar rotates with a
spin period Ps = 144 ms
around its spin vector S
shown with the vertical
red arrow. S precesses
with a period of Pp =
360°/Wp ~160 yr
around the total angu-
lar momentum vector
(misaligned by the
angle d from S) that
can be approximated
by the orbital momen-
tum vector X, perpen-
dicular to the Y–Z
orbital plane. The
orbital inclination angle
is i. As the pulsar spins, its magnetic pole corresponding to the MPemission, BMP, and inclined with an
angle aMP sweeps the sky along the dashed blue trajectory.The MP beam, with the extent pictured by
the dotted blue circle, crosses our LOS represented by theKvector if jbMPj < 22°.This allows us to observe
a cut, shown with the red curve, through the MP beam. After half a rotation of the pulsar, our LOS can
also potentially cut through the IP beam if jbIPj < 22°. For clarity, only the MP beam is shown.
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Figure 6. Averaged polarization profiles and PA measurements of PSR J1906+0746 for a set of 13 averaged profiles. To improve readabiliy, only the phase
around the MP and IP is displayed. The weigthed MJD of the averaged profiles are written in the upper-right cornel of the upper panels. For each epoch, the
total intensity profile I, the linear intensity L, and the circular polarization V are shown in the upper panel in black, red and blue colours, respectively. In the
lower panel, the data points represent the PA of the linear polarization and the red curve shows the best RVM fit with the results reported in Table 2. The arrows
indicate the fiducial points of the RVM, i.e. φ0.
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Pulsar beam tomography: 1D ➔ 2D

Relativistic binary PSR J1906+0746 (Desvignes, et al. 2019):
- Relativistic spin-precession moves our line-of-sight through the beam
- Precise geometry and test of general relativity
- Our line-of-sight has crossed the pole of interpulse!
- Tomography of a pulsar beam
- North- and South poles are different 
- Asymmetric and inhomogeneous beams
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Radio emission from a pulsar’s
magnetic pole revealed by
general relativity
Gregory Desvignes1,2*, Michael Kramer1,3, Kejia Lee4, Joeri van Leeuwen5,6,
Ingrid Stairs7, Axel Jessner1, Ismaël Cognard8,9, Laura Kasian7,
Andrew Lyne3, Ben W. Stappers3

Binary pulsars are affected by general relativity (GR), causing the spin axis of each pulsar
to precess.We present polarimetric radio observations of the pulsar PSR J1906+0746 that
demonstrate the validity of the geometrical model of pulsar polarization. We reconstruct
the (sky-projected) polarization emission map over the pulsar’s magnetic pole and predict
the disappearance of the detectable emission by 2028. Two tests of GR are performed
using this system, including the spin precession for strongly self-gravitating bodies. We
constrain the relativistic treatment of the pulsar polarization model and measure the
pulsar beaming fraction, with implications for the population of neutron stars and the
expected rate of neutron star mergers.

P
ulsars are fast-spinning neutron starsmea-
suring ~1.2 to 2.2 solar masses (M⊙) with
strong magnetic fields that emit a beam
of radio waves along their magnetic axes
above each of their oppositemagnetic poles.

According to Einstein’s theory of general relativi-
ty (GR), space-time is curved by massive bodies.
Predicted effects of this theory include relativistic
spin precession in binary pulsars (1). This preces-
sion arises from any misalignment, by an angle
d, of the spin vector of each pulsar with respect
to the total angular momentum vector of the
binary, most likely caused by an asymmetric
supernova (SN) explosion imparting a kick onto
the neutron star(s) (2, 3). This precession causes
the viewing geometry to vary, which can be tested
observationally.

As a pulsar rotates, its radio beams sweep the
sky. If one of the beams crosses our line of sight
(LOS), its emission is perceived as being pulsed.
When averaged over several hundreds of pulsar
rotations, the pulses typically form a stable pulse
profile. Evidence for a variable pulse profile attrib-
uted to changes in the viewing geometry caused
by spinprecessionhavebeenobserved andmodeled
for the binary pulsar PSR B1913+16 (4, 5). Polar-
ization information can provide an additional,
independent tool to study relativistic spin preces-
sion (6, 7). We expect that the position angle (PA)

sweep of a pulsar’s linearly polarized emission
resulting from geometrical effects can be de-
scribed by the rotating vector model (RVM) (8).
This simple model, which assumes a magnetic
dipole centered on the pulsar, relates the PA to
the projection of the magnetic field line direc-
tion as the pulsar beam rotates and crosses our
LOS. The resulting gradient of the PA sweep as a
function of the pulsar rotational phase (9) depends
only on the magnetic inclination angle a and the
impact parameter b (i.e., the angle of closest ap-
proach between the observer direction and the
magnetic axis). For LOSs crossing opposite sides
of the same magnetic pole, the RVM predicts
opposite slopes of the PA swing, which becomes
steeper for smaller b (10). RVMhas been extended
to include rotational and relativistic effects be-
tween the pulsar and observer frame (11, 12), in
principle allowing emission heights for the ob-
served radio emission to be estimated. Although
the RVM matches observations of young pulsars
that present a smooth PA swing (13), deviations
are also observed, so for large emission heights,
the pure dipole approximation may not be valid
for a rotating plasma-loaded magnetosphere (14).
Evidence for the central assumption of all these
models, i.e., the geometrical meaning of the PA
sweep, has so far been missing.
PSR J1906+0746 (right ascension 19h06m48.86s,

declination +07°46′25.9′′, J2000 equinox) is a
young pulsar with spin period Ps ~ 144 ms in a
4-hour orbit around another neutron star. When
it was discovered in 2004 (15), PSR J1906+0746
showed two polarized emission components sep-
arated by nearly half a period (or ~180° of pulse
longitude). The main pulse (MP) and interpulse
(IP) indicated anearly orthogonal geometrywhere
emission from both magnetic poles is visible from
Earth. Comparison with archival data from the
Parkes Multibeam Pulsar Survey (PMPS) (16)
revealed that only the stronger MP had been
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Fig. 1. Geometry of
PSR J1906+0746.The
pulsar rotates with a
spin period Ps = 144 ms
around its spin vector S
shown with the vertical
red arrow. S precesses
with a period of Pp =
360°/Wp ~160 yr
around the total angu-
lar momentum vector
(misaligned by the
angle d from S) that
can be approximated
by the orbital momen-
tum vector X, perpen-
dicular to the Y–Z
orbital plane. The
orbital inclination angle
is i. As the pulsar spins, its magnetic pole corresponding to the MPemission, BMP, and inclined with an
angle aMP sweeps the sky along the dashed blue trajectory.The MP beam, with the extent pictured by
the dotted blue circle, crosses our LOS represented by theKvector if jbMPj < 22°.This allows us to observe
a cut, shown with the red curve, through the MP beam. After half a rotation of the pulsar, our LOS can
also potentially cut through the IP beam if jbIPj < 22°. For clarity, only the MP beam is shown.
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Pulsar beam tomography: 1D ➔ 2D
Desvignes et al. (2019)

Beam structure as projected on the sky:
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Using time variable features in single pulses

MeerKAT TPA project – Parthasarathy et al. in prep.
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Timokhin & Harding (2019)

“Nulling”                  -              ”Moding”
Does the pair production stop or change?

Can we see a change in the heated polar cap?

Using time variable features in single pulses



Fundamental Physics in Radio Astronomy
Max-Planck-Institut für Radioastronomie

Information from Radio Observations
• From pulsar timing: 

      -  measuring pulse arrival times and tracking the rotation of the 

         neutron star with high precision

• From emission properties:  

      - full polarisation measurements from 10s MHz to 100s GHz

      - high time resolution up to nanosecond timescales

      - long-term monitoring lasting half a century (>109 rotations)

• From simultaneous multi-messenger observations

• From particularly interesting pulsars vs bulk properties



The extreme case: Intermittent pulsars
- Distinct phases of radio silence, up to few years!
- First, B1931+24, week/month timescale
- Spin-down changes with changing plasma
- Unique insight into magnetosphere
- Several more now known
- Difficult to find (and confirm)
- Significant fraction of population?
- What causes the timescales & quasi-periodicities?

Kramer et al. (2006)

dν/dt =-16.3(4)x10-15 Hz/s

dν/dt =-10.8(2)x10-15 Hz/s

05.051.1 ±=
off

on

n
n



Note: implications for B-field estimates!



Seeing the heated polar cap? – Maybe. 

strengthen the earlier conclusion that entire mag-
netospheres change, settling down within a few
seconds.

To test these hypotheses, we carried out a
simultaneous x-ray and radio observing cam-
paign on PSR B0943+10 from 4 November to
4 December 2011. These observations were
designed to investigate what changes, if any,
occurred in the x-rays when the radio emission
changed mode. The x-ray observations consisted
of six 6-hour observations in the 0.2- to 10-keV
energy band with ESA’s XMM-Newton space
observatory (16) (table S1), accompanied by ra-
dio observations with theGiantMetrewaveRadio
Telescope (GMRT) in India at 320 MHz and the
international Low Frequency Array (LOFAR) at
140 MHz, both simultaneously.

To identify the radio B- and Q-mode time win-
dows, we folded the radio pulse sequences with
up-to-date ephemerides from the Jodrell Bank
long-term timing program (17) (Fig. 1).We could
determine the times of mode switches fromGMRT
and LOFAR data with an accuracy of a few sec-
onds. Table S2 lists the used B- and Q-mode time
windows, which completely cover our XMM-
Newton observations. In the ~30 hours of us-
able x-ray observations, PSR B0943+10 spent
roughly equal amounts of time in the B and Q
modes.

PSR B0943+10 was clearly detected in each
of our XMM-Newton observations with the simul-
taneously used charge-coupled device (CCD)
detectors PN (18) and MOS-1+2 (19) of the
European Photon Imaging Camera (EPIC). The

derived count rates ranged from that of the pre-
viously reported value for the PN detector of
0.38 (T0.07) × 10−2 counts/s (0.5 to 8 keV) (14)
up to about twice that value, providing evidence
for x-ray variability in an old, rotation-powered
pulsar. Dividing the 0.2- to 10-keV x-ray events
into the radio-derived B- and Q-mode time win-
dows, we found the x-ray count rate to be higher
in the radio Qmode than in the B mode by more
than a factor of 2 (fig. S1). In the B mode, the
PN CCDs had a count rate of 0.44 (T0.07) × 10−2

counts/s, whereas in the Q mode this more than
doubled to 1.08 (T0.08) × 10−2 counts/s. This
finding was independently confirmed with the
MOS detectors, providing evidence for simul-
taneous mode switching in the radio and x-ray
properties.

To search for x-ray pulsations, we selected
events recorded by the PN and MOS-1+2 CCDs
that arrived in the Q-mode time window andwith-
in a radius of 15 arc sec from the source posi-
tion. From this, we obtained a 6.6s detection of
a pulsed signal (Fig. 2B, top) at a period con-
sistent with the rotational frequency predicted
by the Jodrell Bank ephemeris (table S3). The
pulse profile (energies of 0.5 to 2 keV) is broad.
Surprisingly, the x-ray events detected during the
radio B mode do not show any evidence for a
pulsed signal (Fig. 2A, top). Figure 2 shows that
the broad x-ray pulse in the Q mode covers the
phases of the main radio pulse and precursor; the
latter is clearly visible in the Q mode, 52° (0.14
phase) ahead of the main pulse at 320 MHz
(Fig. 2B).

X-ray spectral analysis (16) revealed two com-
ponents in the Q mode. The best spectral fit to
the total (i.e., pulsed and unpulsed) spectrum is
the sum of a power-law component and a ther-
mal blackbody component (Fig. 3A; fit param-
eters in Table 1 and table S4). The spectrum of
the pulsed component in the Q mode is best de-
scribed by a single thermal blackbody model
(Fig. 3B, Table 1, and table S4). It appears that
the spectral fits to the thermal component in the
total Q-mode spectrum and the thermal pulsed
spectrum in the Q mode are statistically consist-
ent (∆ flux = 0.1s, ∆kT = 2.5s). This means that
the Q-mode total x-ray emission consists of an
unpulsed component with a steep, nonthermal
power-law spectrum, and a ~100% pulsed com-
ponent with a thermal blackbody spectrum. This
is also reflected in the variation of the pulsed
fraction with energy (table S5). In the B mode,
the spectrum can be satisfactorily described with
a single power law as well as a single blackbody
shape (table S4). However, the most likely shape
is a nonthermal spectrum (Fig. 3C), indistinguish-
able from the nonthermal component in the total
Q-mode spectrum (supplementary text).

PSR B0943+10 is one of only 10 old (char-
acteristic age >1 million years), nonrecycled radio
pulsars where x-ray emission has also been de-
tected (20–22). Although the surfaces of such
pulsars have cooled substantially since birth, the
observed x-ray emission is argued to be thermal in
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Fig. 2. Aligned x-ray and radio pulse profiles
of PSR B0943+10 in its B and Q modes. (A) B
mode: There is no evidence for a pulsed signal
in the B-mode x-ray data, the flat distribution
showing constant emission from the pulsar. (B)
Q mode: The x-ray profile in the Q mode rep-
resents a 6.6s detection on top of a flat con-
stant level. The solid and dashed lines in the
x-ray profiles are the kernel density estimator
and T1s levels. The weak precursor, present
only in the Q mode, is clearly visible in the
GMRT radio profile at 320 MHz at 52° (0.14
phase) prior to the main pulse, and verified to
be also weakly present in the LOFAR Q-mode
profile.
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Figure 3. XMM–Newton EPIC Pn raw detector images (dimensions ∼7
by 4 arcmin) in celestial coordinates (α2000, δ2000) for energies 0.5–2 keV
for the observations of PSR B0823+26 on 2017 April 22, 24, and 26 (top
to bottom, XMM–Newton revolutions 3181, 3182, 3183, respectively). The
white circles with radii 15 arcsec are centred on the radio position of PSR
B0823+26. On April 22 and 26, when the pulsar is in the radio-B mode,
PSR B0823+26 is evidently present. On the contrary, on April 24 PSR
B0823+26 is in the radio-Q mode and is not visible in the X-ray map for a
similar exposure. The orientation is: north is up and east is left.

average count rate during all observations with PSR B0823+26 in
the B-mode (10.81 ± 0.44) × 10−3 counts s−1. The lower horizon-
tal band shows for the Q-mode observation of April 24 the average
count rate during that observation but excluding the 1-h interval
in which PSR B0823+26 was active (0.38 ± 0.42) × 10−3 counts
s−1, consistent with no detection or 2σ upper limit of 1.22 × 10−3

counts s−1).
It is interesting to note in Fig. 4 that the count rate (0.2 − 2 keV)

over the five days of our campaign with PSR B0823+26 in the B
mode does not seem to be constant. The average count rate measured
during the first observation on April 20, (13.0 ± 1.0) × 10−3 counts
s−1, is higher by ∼3.0σ than that during the last day on April 30,
(9.0 ± 0.9) × 10−3 counts s−1. If we approximate the evolution of
the count rate by a linear decay, the best fit gives an improvement
by 3.1σ compared to a constant count rate. It is, however, more

likely that PSR B0823+26 exhibits, during its radio-B mode, some
variability in its X-ray flux of the order of ± 20 per cent on time-
scales of hours or days.

In Fig. 5, we reproduce the light curve for the Q-mode observation
on 2017 April 24, with shorter time intervals of 21 min when our
counting statistics allowed this. PSR B0823+26 exhibited a radio-
null mode at the start of the observation until the onset of the short
6–7 min Q-bright mode (vertical grey band in Fig. 5), followed by
a decay in ∼1.5 h to the Q mode for the remaining ∼4.5 h. In this
figure, we selected the shorter time intervals starting at the onset of
the radio Q-bright mode. In the first of the short 21-min intervals
(MJD 57867.38), we detected PSR B0823+26 in the X-ray skymap
at a significance level of 4.5σ . We did not detect PSR B0823+26 in
X-rays during the preceding radio-null mode, thus after the onset of
the short radio Q-bright mode we measured significant correlated
flaring in X-rays with a possible decay over ∼1.5 h to measured
count rates consistent with zero.

In the Introduction we noted that Becker et al. (2004) detected
PSR B0823+26, but with an X-ray count rate that appears now
to be significantly lower than the count rate we measure in the
radio-B mode, and somewhat higher than we measure in the Q
mode. To investigate any (in)consistency, we revisited the archival
XMM–Newton observation of 2002 April 26, and produced the light
curve shown in Fig. 6. For easy comparison, we show the average
count rates of the B and Q modes as measured in our campaign
and drawn in Fig. 4. From this comparison, we conclude that PSR
B0823+26 was in the radio-B mode at the start of the observation
in 2002 April with the same count rate as measured on average in
the B mode during our campaign. During the remainder of the 2002
observation, the measured count rates are similar to the values we
measured in 2017 April 24 in the Q mode during the decay after
the high count rate in the Q-bright mode (see Fig. 5), but most
individual values do not represent significant detections.

5 X - R AY T I M I N G A NA LY S I S

For the timing analysis, we could only use the Pn data, which had
a sufficiently good time resolution of 47.7 ms, and selected events
detected within a 20 arcsec aperture around the X-ray position of
PSR B0823+26. The times of arrival were converted to arrival times
at the Solar system Barycentre and folded with the ephemeris of PSR
B0823+26 given in Table 3. We searched for a timing signature first
in the individual observations, and discovered already in the first
observation on April 20, 2017, pulsed X-ray emission from PSR
B0823+26 with the detection of a broad pulse in the energy band
0.2–2 keV at a significance of 9.2σ (Z2

1 value, Buccheri et al. 1983).
The pulsed signal was detected in all five B-mode observations, but
not in the Q-mode observation on 2017 April 24. The latter is
unsurprising, given that no point source was found in the skymap
of the Q-mode observation at the position of PSR B0823+26. The
2σ flux upper limit for the energy band 0.5–2 keV, derived in the
spatial analysis for the Q-mode data (excluding the bright-Q phase),
amounts 1.48 × 10−15 erg cm−2 s−1, assuming a double-BB spectral
shape as used for the B-mode (see Section 6.1).

For the sum of all B-mode observations, Fig. 7 shows the X-ray
pulse profile of PSR B0823+26 in the 0.2–2 keV energy inter-
val. This pulse-phase distribution is generated by applying phase-
resolved spatial analysis: for each phase bin count skymaps are
produced and with the two-dimensional ML method the number
of point-source counts is determined per phase bin (Hermsen et al.
2017). In this approach, the sky background has been suppressed,
and the phase distribution contains only source counts (pulsed plus
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What causes nulling? – A peculiar Vela glitch

LETTER
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Alteration of the magnetosphere of the Vela pulsar 
during a glitch
Jim Palfreyman1*, John M. Dickey1, Aidan Hotan2, Simon Ellingsen1 & Willem van Straten3

As pulsars lose energy, primarily in the form of magnetic dipole 
radiation, their rotation slows down accordingly. For some pulsars, 
this spin-down is interrupted by occasional abrupt spin-up events 
known as glitches1. A glitch is hypothesized to be a catastrophic 
release of pinned vorticity2 that provides an exchange of angular 
momentum between the superfluid outer core and the crust. This is 
manifested by a minute alteration in the rotation rate of the neutron 
star and its co-rotating magnetosphere, which is revealed by an 
abrupt change in the timing of observed radio pulses. Measurement 
of the flux density, polarization and single-pulse arrival times of the 
glitch with high time resolution may reveal the equation of state 
of the crustal superfluid, its drag-to-lift ratio and the parameters 
that describe its friction with the crust3. This has not hitherto been 
possible because glitch events happen unpredictably. Here we report 
single-pulse radio observations of a glitch in the Vela pulsar, which 
has a rotation frequency of 11.2 hertz. The glitch was detected on 
2016 December 12 at 11:36 universal time, during continuous 
observations of the pulsar over a period of three years. We detected 
sudden changes in the pulse shape coincident with the glitch 
event: one pulse was unusually broad, the next pulse was missing 
(a ‘null’) and the following two pulses had unexpectedly low linear 
polarization. This sequence was followed by a 2.6-second interval 
during which pulses arrived later than usual, indicating that the 
glitch affects the magnetosphere.

In 2013 we began a three-year observing programme of the Vela 
pulsar with the aim of recording each single pulse during its next glitch 
(see Methods). On 2016 December 12 at 11:36 universal time (ut), a 
glitch of magnitude ν ν∆ / = . × −1 431 10 6  (where ν = 11.2 Hz is the 
rotation rate) was observed at both the 26-m telescope installed at 
Mount Pleasant, Tasmania, and the 30-m telescope at Ceduna, South 
Australia. Extended Data Table 1 shows the arrival times at the Solar 
System barycentre, as recorded by the two telescopes.

Figure 1 shows a plot of the arrival time residuals of single pulses 
recorded at Mount Pleasant over a time range of 72 min centred on the 
glitch. The residuals are the difference between the experimental data 
and the timing-model results for ν and ν. , calculated using 36 min of 
single-pulse data obtained before the glitch.

The inset of Fig. 1 shows a magnification of the plot around the time 
of the glitch, tg (vertical red line; see Methods). Near this time, three 
very-low-probability events occurred: (1) a ‘null’, which followed an 
unusually broad pulse, (2) a brief increase in the mean of the timing 
residuals, implying either a decrease in ν or, more probably, a change 
in the magnetosphere that affected timings, and (3) a reduction in the 
variance of the timing residuals.

Figure 2 shows 11 consecutive pulses including the ‘null’ that 
occurred at pulse number 77 (in the recorded file). Although pulses 
72–75 look typical, pulse 76 looks different: the flux is spread smoothly 
over about 10 ms, the entire width of the integrated pulse profile of the 
Vela pulsar. We have not seen a similarly broad pulse shape in the more 
than 100,000 pulses that we have examined.

The pulse following this broad pulse is the ‘null’ pulse, and pulses 
78 and 79 show minimal linear polarization, as demonstrated by the 

absence of a position angle swing (right column of Fig. 2). Then, typical 
pulse shapes are again observed from pulse 80 onwards. Analysis of 
data collected on other days shows that on average, the single-pulse 
flux density is below the detection threshold of the 26-m telescope 
once every 77,700 pulses.

Although some pulsars show frequent null pulses, Vela does not4,5, 
and general pulsar observations indicate that nulls are not expected to 
occur in young pulsars such as Vela6. We cannot determine whether 
pulse 77 in Fig. 2 is a true null, with zero flux emitted, a very faint pulse 

1University of Tasmania, Sandy Bay, Tasmania, Australia. 2CSIRO Astronomy and Space Science, Kensington, Western Australia, Australia. 3Auckland University of Technology, Auckland, 
New Zealand. *e-mail: jim77742@gmail.com
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Fig. 1 | Timing residuals of single pulses near the time of the glitch. 
The horizontal axis shows the arrival time at the Solar System barycentre 
on modified Julian day 57,734, and the vertical axis shows the residual of 
the arrival time, obtained from the pre-glitch model. The vertical red line 
marks the fitted time of the glitch (tg). The inset shows a magnification 
of the plot. 3.3 s before tg, a ‘null’ occurred (t0), followed by an unusual 
change in the timing residuals, with late mean arrival times and reduced 
variances. Because the ‘null’ cannot be timed, it has been placed on the 
0.0 ms line. The horizontal error bar represents the 1σ uncertainty in the 
fitting of tg.
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that is below the detection threshold of the 26-m telescope, or even a 
pulse with more severe broadening than pulse 76. However, such a 
pulse is a rare event. The ‘null’ pulse appears at time t0, only 3.3 s (37 
pulsar rotations) before the best estimate of tg, which has a 1σ uncer-
tainty of 2.5 s. The probability of a null appearing anywhere in the 37 
rotations before the glitch is P = 4.8 × 10−4.

Soon after the ‘null’, at t1 = t0 + 1.8 s (20 pulsar rotations), a substan-
tial change occurred in both the mean and the variance of the tim-
ing residuals, which lasted for 2.6 s (29 pulsar rotations), until time 
t2. We searched two other full days of data (more than about 1.4 × 106 
pulses) for a sequence of pulses of similar length and with a greater 
change in the mean, combined with a smaller change in variance than 
that observed here. None was found. Figure 3 shows a scatter plot of 
the mean and standard deviation (σ) of single pulses over the 36-min 
period before tg, as shown in the left half of Fig. 1. This extraordinary 
offset in the mean arrival times of the sequence of pulses and the low 
corresponding variance suggest that the pulsar emission mechanism 
was affected by the glitch process during this interval.

Figure 4a shows a 260-s view of the timing residuals, with the ‘null’ at 
t0 marked, Fig. 4b provides the cumulative sum of the timing residuals, 
and Fig. 4c shows the cumulative sum after glitch modelling has been 
applied to the 72 min of data. The cumulative sums highlight overall 
changes that are not apparent in the residual plot. The sequence of 
pulses showing increased mean and reduced variance commences at 
t1 and finishes at t2. Label t3 marks what appears to be a permanent 
speed-up in rotation after the glitch process has been completed.

We note that tg can be fitted to a precision of only 2.5 s, but the ‘null’ 
pulse provides a fiducial time t0 with a precision of the pulsar rotation 
rate, 89 ms. The timing of the spin-down, from t1 to t2, is based on the 
sustained change in the mean and variance shown in the inset of Fig. 1. 
Extended Data Table 2 shows the arrival times of these events at the 
Solar System barycentre.

The 2.6 s from t1 to t2 could be associated with the unpinning process 
of superfluid vortices, and the associated changes in angular momen-
tum, which are presumed to be the cause of pulsar glitches. An alter-
native explanation is changes in the magnetosphere triggered by the 
glitch. These changes could be caused by the unpinning of the vortices 
affecting the magnetic flux tubes in the core.

The 4.4-s interval (49 pulsar rotations) between t0 and t2 may indi-
cate the rise time (τr) of the glitch, that is, the time required to transfer 
angular momentum from the superfluid-permeated inner crust to the 
outer crust. The rise time of the glitch has implications for the equa-
tion of state. Sourie et al.3 compare the predictions of two equations 
of state, the density-dependent hadronic (DDH) model and DDHδ, 
which takes into account a scalar isovector interaction channel. For  
a pulsar mass of 1.3 M⊙–1.6 M⊙, where M⊙ is the mass of the Sun, 
the DDH model predicts a glitch rise time of 4–5.5 s and DDHδ  
predicts 2.5–3.5 s. If τr is indeed 4.4 s, then DDH might be the preferred  
equation-of-state model.

The 43.8-s interval (490 pulsar rotations) between t2 and t3 may 
correspond to the time after the glitch when the crust and interior are 
synchronized, before their rotation rates become decoupled.

Sedrakian & Cordes7 present a model in which the crustal magnetic 
field provides a potential barrier against the superconducting proton 
vortices in the core, which in turn act as a barrier to the superfluid 
vortices that are trying to migrate outwards. On the basis of this model, 
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that is below the detection threshold of the 26-m telescope, or even a 
pulse with more severe broadening than pulse 76. However, such a 
pulse is a rare event. The ‘null’ pulse appears at time t0, only 3.3 s (37 
pulsar rotations) before the best estimate of tg, which has a 1σ uncer-
tainty of 2.5 s. The probability of a null appearing anywhere in the 37 
rotations before the glitch is P = 4.8 × 10−4.

Soon after the ‘null’, at t1 = t0 + 1.8 s (20 pulsar rotations), a substan-
tial change occurred in both the mean and the variance of the tim-
ing residuals, which lasted for 2.6 s (29 pulsar rotations), until time 
t2. We searched two other full days of data (more than about 1.4 × 106 
pulses) for a sequence of pulses of similar length and with a greater 
change in the mean, combined with a smaller change in variance than 
that observed here. None was found. Figure 3 shows a scatter plot of 
the mean and standard deviation (σ) of single pulses over the 36-min 
period before tg, as shown in the left half of Fig. 1. This extraordinary 
offset in the mean arrival times of the sequence of pulses and the low 
corresponding variance suggest that the pulsar emission mechanism 
was affected by the glitch process during this interval.

Figure 4a shows a 260-s view of the timing residuals, with the ‘null’ at 
t0 marked, Fig. 4b provides the cumulative sum of the timing residuals, 
and Fig. 4c shows the cumulative sum after glitch modelling has been 
applied to the 72 min of data. The cumulative sums highlight overall 
changes that are not apparent in the residual plot. The sequence of 
pulses showing increased mean and reduced variance commences at 
t1 and finishes at t2. Label t3 marks what appears to be a permanent 
speed-up in rotation after the glitch process has been completed.

We note that tg can be fitted to a precision of only 2.5 s, but the ‘null’ 
pulse provides a fiducial time t0 with a precision of the pulsar rotation 
rate, 89 ms. The timing of the spin-down, from t1 to t2, is based on the 
sustained change in the mean and variance shown in the inset of Fig. 1. 
Extended Data Table 2 shows the arrival times of these events at the 
Solar System barycentre.

The 2.6 s from t1 to t2 could be associated with the unpinning process 
of superfluid vortices, and the associated changes in angular momen-
tum, which are presumed to be the cause of pulsar glitches. An alter-
native explanation is changes in the magnetosphere triggered by the 
glitch. These changes could be caused by the unpinning of the vortices 
affecting the magnetic flux tubes in the core.

The 4.4-s interval (49 pulsar rotations) between t0 and t2 may indi-
cate the rise time (τr) of the glitch, that is, the time required to transfer 
angular momentum from the superfluid-permeated inner crust to the 
outer crust. The rise time of the glitch has implications for the equa-
tion of state. Sourie et al.3 compare the predictions of two equations 
of state, the density-dependent hadronic (DDH) model and DDHδ, 
which takes into account a scalar isovector interaction channel. For  
a pulsar mass of 1.3 M⊙–1.6 M⊙, where M⊙ is the mass of the Sun, 
the DDH model predicts a glitch rise time of 4–5.5 s and DDHδ  
predicts 2.5–3.5 s. If τr is indeed 4.4 s, then DDH might be the preferred  
equation-of-state model.

The 43.8-s interval (490 pulsar rotations) between t2 and t3 may 
correspond to the time after the glitch when the crust and interior are 
synchronized, before their rotation rates become decoupled.

Sedrakian & Cordes7 present a model in which the crustal magnetic 
field provides a potential barrier against the superconducting proton 
vortices in the core, which in turn act as a barrier to the superfluid 
vortices that are trying to migrate outwards. On the basis of this model, 
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Fig. 2 | A contiguous sequence of single pulses surrounding the ‘null’. 
Each row corresponds to a single pulse, with time increasing from bottom 
to top and the pulse number (in the recorded file) indicated in blue. The 
‘null’ is pulse 77. For reference, the bottom row shows the integrated 
pulse profile. The left panels show the total flux density in arbitrary units, 
the middle panels show linear polarization and the right panels show 
the position angle of the linear polarization. Circular polarization was 
negligible and is not shown. The slight offset in the linear polarization 
is due to off-pulse noise. Only about a fifth of the pulse period is shown. 
The position angle is not plotted for pulses 78 and 79 because no linear 
polarization was detected immediately after the ‘null’.
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Fig. 3 | Scatter plot of the mean and standard deviation of single-pulse 
timing residuals. Data are shown for the 36 min leading up to the glitch 
(left half of Fig. 1), calculated using a sliding window of 21 data points. 
The blue dots correspond to the period t0–t1 and the red outliers to 
t1–t2. The connecting lines show how the sequence progresses. The units 
are milliseconds.
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Palfreyman et al. (2018) – observations:

• Broadening of a pulse
• A null for one period 
• Low linear polarisation for two further pulses
• For about 30 rotations, the pulses arrived later than expected 
• Then an increase in spin-frequency became apparent. 

Compare to previous cases of profile changes during glitches:
 see Weltevrede et al. (2011), Keith, Shannon & Johnston (2013)
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Fig. 4 | Timing residuals and their cumulative 
sum around the time of the glitch. Residuals are 
shown for the 260 s around the time of the glitch tg 
(solid red line). a, Timing residuals (in milliseconds) 
similar to those of Fig. 1, with no glitch modelling 
applied. b, Cumulative sum of the timing residuals  
of a. c, Cumulative sum of timing residuals, after 
glitch modelling has been applied. The events 
observed at times t0–t3 (see text) are highlighted. 
Inset, magnified view of b showing t0, t1, tg 
and t2. The horizontal error bar represents the 
1σ uncertainty in the fitting of tg.
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that is below the detection threshold of the 26-m telescope, or even a 
pulse with more severe broadening than pulse 76. However, such a 
pulse is a rare event. The ‘null’ pulse appears at time t0, only 3.3 s (37 
pulsar rotations) before the best estimate of tg, which has a 1σ uncer-
tainty of 2.5 s. The probability of a null appearing anywhere in the 37 
rotations before the glitch is P = 4.8 × 10−4.

Soon after the ‘null’, at t1 = t0 + 1.8 s (20 pulsar rotations), a substan-
tial change occurred in both the mean and the variance of the tim-
ing residuals, which lasted for 2.6 s (29 pulsar rotations), until time 
t2. We searched two other full days of data (more than about 1.4 × 106 
pulses) for a sequence of pulses of similar length and with a greater 
change in the mean, combined with a smaller change in variance than 
that observed here. None was found. Figure 3 shows a scatter plot of 
the mean and standard deviation (σ) of single pulses over the 36-min 
period before tg, as shown in the left half of Fig. 1. This extraordinary 
offset in the mean arrival times of the sequence of pulses and the low 
corresponding variance suggest that the pulsar emission mechanism 
was affected by the glitch process during this interval.

Figure 4a shows a 260-s view of the timing residuals, with the ‘null’ at 
t0 marked, Fig. 4b provides the cumulative sum of the timing residuals, 
and Fig. 4c shows the cumulative sum after glitch modelling has been 
applied to the 72 min of data. The cumulative sums highlight overall 
changes that are not apparent in the residual plot. The sequence of 
pulses showing increased mean and reduced variance commences at 
t1 and finishes at t2. Label t3 marks what appears to be a permanent 
speed-up in rotation after the glitch process has been completed.

We note that tg can be fitted to a precision of only 2.5 s, but the ‘null’ 
pulse provides a fiducial time t0 with a precision of the pulsar rotation 
rate, 89 ms. The timing of the spin-down, from t1 to t2, is based on the 
sustained change in the mean and variance shown in the inset of Fig. 1. 
Extended Data Table 2 shows the arrival times of these events at the 
Solar System barycentre.

The 2.6 s from t1 to t2 could be associated with the unpinning process 
of superfluid vortices, and the associated changes in angular momen-
tum, which are presumed to be the cause of pulsar glitches. An alter-
native explanation is changes in the magnetosphere triggered by the 
glitch. These changes could be caused by the unpinning of the vortices 
affecting the magnetic flux tubes in the core.

The 4.4-s interval (49 pulsar rotations) between t0 and t2 may indi-
cate the rise time (τr) of the glitch, that is, the time required to transfer 
angular momentum from the superfluid-permeated inner crust to the 
outer crust. The rise time of the glitch has implications for the equa-
tion of state. Sourie et al.3 compare the predictions of two equations 
of state, the density-dependent hadronic (DDH) model and DDHδ, 
which takes into account a scalar isovector interaction channel. For  
a pulsar mass of 1.3 M⊙–1.6 M⊙, where M⊙ is the mass of the Sun, 
the DDH model predicts a glitch rise time of 4–5.5 s and DDHδ  
predicts 2.5–3.5 s. If τr is indeed 4.4 s, then DDH might be the preferred  
equation-of-state model.

The 43.8-s interval (490 pulsar rotations) between t2 and t3 may 
correspond to the time after the glitch when the crust and interior are 
synchronized, before their rotation rates become decoupled.

Sedrakian & Cordes7 present a model in which the crustal magnetic 
field provides a potential barrier against the superconducting proton 
vortices in the core, which in turn act as a barrier to the superfluid 
vortices that are trying to migrate outwards. On the basis of this model, 
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Fig. 3 | Scatter plot of the mean and standard deviation of single-pulse 
timing residuals. Data are shown for the 36 min leading up to the glitch 
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The blue dots correspond to the period t0–t1 and the red outliers to 
t1–t2. The connecting lines show how the sequence progresses. The units 
are milliseconds.
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Palfreyman et al. (2018) – observations:

• Broadening of a pulse
• A null for one period 
• Low linear polarisation for two further pulses
• For about 30 rotations, the pulses arrived later than expected 
• Then an increase in spin-frequency became apparent. 

Compare to previous cases of profile changes during glitches:
 see Weltevrede et al. (2011), Keith, Shannon & Johnston (2013)

Did a star-quake disturb the magnetosphere (e.g. via Alfvén waves)? 
See e.g.  Bransgrove et al. (2020) or Yuan et al. (2021). 
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Fig. 4 | Timing residuals and their cumulative 
sum around the time of the glitch. Residuals are 
shown for the 260 s around the time of the glitch tg 
(solid red line). a, Timing residuals (in milliseconds) 
similar to those of Fig. 1, with no glitch modelling 
applied. b, Cumulative sum of the timing residuals  
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1σ uncertainty in the fitting of tg.
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Models A1 and B1 have no crust–core coupling, represent-
ing a pulsar with a magnetic field confined to the crust and not
penetrating the core. Models A2 and B2 have strong crust–core
coupling; they assume a superconducting core, and the poloidal
component of the magnetic field at the crust–core interface
B≈3.4×1012 G, similar to the measured surface dipole field
of Vela.

The dynamical picture of quake development is quite similar
in all four models. As an example, the snapshots of modelA1

are shown in Figures 4 and 5. At the beginning, we observe
shear waves propagating toward the surface and launching
Alfvén waves into the magnetosphere directly above the quake
region (which is at the north polar cap in model A1). Due to the
large impedance mismatch at both the crust–core and the crust–
magnetosphere interfaces, most of the quake energy remains
trapped inside the crust, and the waves bounce many times
between the two interfaces. Some waves are launched in the
q̂-direction with a large surface amplitude and cross the

Figure 4. Model A1 at t=2 ms. Top left: displacement ξf of the crust near the epicenter of the quake. The dashed lines show the boundaries of the crust. Top right:
toroidal perturbation of the magnetic field Bf/B (left), and the ratio ∣ ∣& rj c GJ (right). The green curves show the poloidal magnetic field. The two field lines closest to
the axis of symmetry are the boundary of the open field-line bundle. The gray dashed circle is the surface of the neutron star. Bottom: displacement ξf(r, θ) in the
entire crust, plotted on the r–θ plane.

Figure 5. Same as Figure 4, but at time t=50 ms.
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general relativistic hydrostatic equilibrium, using the SLy
equation of state (Douchin & Haensel 2001), with a central
density ρ=1015 g cm−3. We use the OPAL equation of state
for the ocean with temperature T=108 K (Rogers et al. 1996).
We also make use of the analytical fitting formula in Haensel &
Potekhin (2004) for the crust and the ocean. This gives a
neutron star with mass M=1.4Me and radius rå=11.69 km.

For the SLy equation of state, there is a phase transition at
the bottom of the crust that occurs at fixed pressure
P=5.37×1032 erg cm−3. In our model, the crust–core
boundary is located at rc=10.8 km, with density

( )r = ´ -1.27 10 g cm . 7c
14 3

The neutron star structure is summarized in Figure 1. The
crust–ocean boundary is located at radius rcrys=11.66 km,
and the thickness of the crust is H≈860 m. The mass of the
crust is Mc=1.6×10−2Me. The ocean is ∼30 m deep.

The speed of crustal shear waves is controlled by the shear
modulus of the crustal lattice μ. At densities far above the
crystallization density, μ is proportional to the Coulomb energy
density of the lattice and is approximately given by
μ≈0.12 ni(Ze)

2/a where ~ -a ni
1 3 is the separation of the

ion lattice with density ni (Strohmayer et al. 1991). At densities
ρ below the neutron drip density, ρdrip≈4×1011 gcm−3, it
gives μ∝ρ4/3. In the deeper crust, μ scales almost linearly
with ρ. The shear modulus has a sharp cutoff at density ρcrys, so
that μ=0 in the ocean.

The star’s magnetic field is frozen in its core, crust, and
ocean. In our axisymmetric numerical models, we assume that
the magnetic field in the magnetosphere has a dipolar
configuration aligned with the axis of rotation. We also need
to include magnetic stresses inside the crust, when computing
the transmission of the seismic waves into the magnetosphere.
For computational simplicity, we assume that the field inside
the crust is that of a monopole, chosen so that the field at the

surface equals 3×1012 G. The spherical symmetry of the
background configuration dramatically speeds up the computa-
tion of crustal oscillations, because the vibrational eigenfunc-
tions used in our spectral code are easily computed through the
separation of angular and radial variables (see Section 5.2 for
details).4 An important feature of our model is that the
magnetic field lines connecting the rotating star with the light
cylinder are assumed to be open, and their footprints on the star
form the two “polar caps.” In the simplest case of a nearly
aligned rotator, the angular size of the polar cap is
θp≈(rå/RLC)1/2≈0.05.

3. Quake Excitation of Shear Waves

We model the quake as a sudden change in shear stress in the
deep crust, which launches an elastic wave with an initial strain
amplitude ò0. The quake is triggered in a region of vertical
thickness Δℓ∼104 cm (comparable to the hydrostatic pressure
scale height) and horizontal area A0. The energy of the quake is
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The wave propagates toward the stellar surface with speed
vs=(μ/ρ)1/2≈108 cms−1 and crosses the crust thickness
H∼105 cm on the timescale

( )t ~ ~
H
v

1 ms. 9
s

The thickness of the shear layer sets the characteristic
frequency of the generated waves. As a concrete example,
consider the smooth deformation

( ) ( ) ( )
⎡
⎣⎢

⎤
⎦⎥x

x
=

-
D

z
z z

ℓ2
erf

2
, 10Q0

where z<0 is the distance below the stellar surface. It
corresponds to a shear layer of thickness Δℓ at depth zQ. The
characteristic length scale of the deformation is ºℓ0

( )x x p= D-d dz ℓ81 . The characteristic angular frequency is
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The quake can excite a broad spectrum of waves extending to
frequencies well above this characteristic frequency.

3.1. One-dimensional Model of Waves

Much insight about the transmission of seismic waves into
the magnetosphere and the core can be obtained from studying
the propagation and transmission of radially directed seismic
waves. A classic one-dimensional (1D) model of this type was
developed by Blaes et al. (1989). Following their approach, we
approximated the crust as a 1D slab with the normal along the
z-axis (which would be in the radial direction for a spherical
crust). The shear displacement ξ(z) is in the ŷ-direction. For the
timescales of interest, the star is an ideal conductor, so the

Figure 1. Schematic picture of the neutron star and its magnetosphere,
indicating relevant length scales and characteristic densities. The gray shaded
region represents the closed magnetosphere.

4 Replacing the dipole field with monopole below the stellar surface only
slightly changes the crust dynamics and the calculated displacements of the
magnetospheric footpoints. In the magnetosphere itself, the waves are followed
in the correct dipole background. Had we kept the dipole field throughout, we
would get similar results with a much greater computational effort.
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Fundamental Physics in Radio Astronomy
Max-Planck-Institut für Radioastronomie

Information from Radio Observations
• From pulsar timing: 

      -  measuring pulse arrival times and tracking the rotation of the 

         neutron star with high precision

• From emission properties:  

      - full polarisation measurements from 10s MHz to 100s GHz

      - high time resolution up to nanosecond timescales

      - long-term monitoring lasting half a century (>109 rotations)

• From simultaneous multi-messenger observations

• From particularly interesting pulsars vs bulk properties



Fundamental Physics in Radio Astronomy
Max-Planck-Institut für Radioastronomie

Magnetars
- Some magnetars visible as transient radio sources
- Radio triggered by outburst? – Pulsed emission detected up to 360 GHz!
- Emission properties with similarities to pulsars but also different
- Complementary information to high energies
- First discovery of magnetar in radio blind search
   (Levin et al. 2010)
- Handful of radio-loud magnetars known, one in Galactic Centre
   (Eatough et al. 2013, Torne et al. 2015, 2016)
- Timing very noisy Kramer et al. (2007)

Torne et al. (2022)



Persistent rotational stable 20 Hz-feature in XTE J1810–197  - (Levin et al. 2019) 
 On the surface  of the neutron star at the base of the magnetic field lines hosting the radio emitting particles for ~10 days 

Reminiscent of surface waves in the neutron star crust (Piro & Bildsten 2004), perhaps produced as high-spherical-degree 
non-radial oscillations (Clemens & Rosen 2004)?



A universal law for microstructure
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c) PSR B1133+16

• Linear relationship over 5 orders of magnitude

• Valid also for millisecond pulsars (e.g. Liu et al. in press)

• Result of quasi-periodic beamlets?

• What causes them?

• Imprint from the neutron star surface?

Probably not! – It seems related to emission process

Possibly way to identify NS origin – also for FRBs!

Liu et al. (in press)

Kramer et al. (2023)
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Quasi-periodic sub-pulse structure as  
a unifying feature for radio-emitting  
neutron stars

Michael Kramer    1,2,3  , Kuo Liu    1,3  , Gregory Desvignes1, 
Ramesh Karuppusamy    1 & Ben W. Stappers2

Magnetars are highly magnetized rotating neutron stars that are 
predominantly observed as high-energy sources. Six of this class of 
neutron star are known to also emit radio emission, so magnetars are 
a favoured model for the origin of at least some of the fast radio bursts 
(FRBs). If magnetars, or neutron stars in general, are indeed responsible, 
sharp empirical constraints on the mechanism producing radio emission 
are required. Here we report on the detection of polarized quasi-periodic 
substructure in the emission of all well-studied radio-detected 
magnetars. A correlation previously seen, relating substructure in 
pulsed emission of radio-emitting neutron stars to their rotational 
period, is extended and now shown to span more than six orders of 
magnitude in pulse period. This behaviour is not only seen in magnetars 
but in members of all classes of radio-emitting rotating neutron stars, 
regardless of their evolutionary history, their power source or their 
inferred magnetic field strength. If magnetars are responsible for FRBs, 
it supports the idea of being able to infer underlying periods from 
sub-burst timescales in FRBs.

Neutron stars manifest themselves in several classes. Arguably, the 
most extensively studied one is that of Galactic rotation-powered 
radio pulsars, with their emission properties investigated across the 
electromagnetic spectrum1,2. ‘Normal’ pulsars have an average rota-
tion period of about 0.6 s, but some of those range from a few tens of 
milliseconds after birth to a few seconds or up to 23 s for old pulsars3, 
or possibly even 76 s (ref. 4). The ‘millisecond pulsars’ have periods of 
a few milliseconds, obtained after a spin-up phase via mass accretion 
from a binary companion, which ‘recycles’ a previously ‘dead’ radio 
pulsar to enable it to become radio emitting again.

Among the most energetic neutron stars are those of the class 
called ‘magnetars’, neutron stars with typical rotation periods of 1–12 s. 
They emit high-energy outbursts powered by their extremely large 
(~1015 G) magnetic fields5, which can trigger transient radio emissions 
as seen in six magnetars so far5–7.

Recently, interest in magnetars and their properties heightened 
further by their possible connection to ‘fast radio bursts’ (FRBs), which 
are millisecond-long bursts of radio emission from extra-galactic 
sources8,9. The origin of FRBs is not yet understood, but the models 
discussed can apparently explain certain observed FRB features, such 
as spectra or characteristic frequency sweeps10,11. Some differences in 
the emission properties have been identified between signals from 
FRBs that are observed to repeat12 and those, where no repeating sig-
nal has been detected so far13. Currently about 24 FRBs, or about 5% of 
the detected FRBs, are known to have emitted more than one burst14. 
It is not clear whether all non-repeating FRBs will eventually be seen 
to repeat15,16.

While the verdict on the existence of (at least two) distinct FRB 
source populations is still out, the origin of repeating FRB signals is 
clearly associated with non-cataclysmic processes. Soon after the 
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Magnetars are highly magnetized rotating neutron stars that are 
predominantly observed as high-energy sources. Six of this class of 
neutron star are known to also emit radio emission, so magnetars are 
a favoured model for the origin of at least some of the fast radio bursts 
(FRBs). If magnetars, or neutron stars in general, are indeed responsible, 
sharp empirical constraints on the mechanism producing radio emission 
are required. Here we report on the detection of polarized quasi-periodic 
substructure in the emission of all well-studied radio-detected 
magnetars. A correlation previously seen, relating substructure in 
pulsed emission of radio-emitting neutron stars to their rotational 
period, is extended and now shown to span more than six orders of 
magnitude in pulse period. This behaviour is not only seen in magnetars 
but in members of all classes of radio-emitting rotating neutron stars, 
regardless of their evolutionary history, their power source or their 
inferred magnetic field strength. If magnetars are responsible for FRBs, 
it supports the idea of being able to infer underlying periods from 
sub-burst timescales in FRBs.

Neutron stars manifest themselves in several classes. Arguably, the 
most extensively studied one is that of Galactic rotation-powered 
radio pulsars, with their emission properties investigated across the 
electromagnetic spectrum1,2. ‘Normal’ pulsars have an average rota-
tion period of about 0.6 s, but some of those range from a few tens of 
milliseconds after birth to a few seconds or up to 23 s for old pulsars3, 
or possibly even 76 s (ref. 4). The ‘millisecond pulsars’ have periods of 
a few milliseconds, obtained after a spin-up phase via mass accretion 
from a binary companion, which ‘recycles’ a previously ‘dead’ radio 
pulsar to enable it to become radio emitting again.

Among the most energetic neutron stars are those of the class 
called ‘magnetars’, neutron stars with typical rotation periods of 1–12 s. 
They emit high-energy outbursts powered by their extremely large 
(~1015 G) magnetic fields5, which can trigger transient radio emissions 
as seen in six magnetars so far5–7.

Recently, interest in magnetars and their properties heightened 
further by their possible connection to ‘fast radio bursts’ (FRBs), which 
are millisecond-long bursts of radio emission from extra-galactic 
sources8,9. The origin of FRBs is not yet understood, but the models 
discussed can apparently explain certain observed FRB features, such 
as spectra or characteristic frequency sweeps10,11. Some differences in 
the emission properties have been identified between signals from 
FRBs that are observed to repeat12 and those, where no repeating sig-
nal has been detected so far13. Currently about 24 FRBs, or about 5% of 
the detected FRBs, are known to have emitted more than one burst14. 
It is not clear whether all non-repeating FRBs will eventually be seen 
to repeat15,16.

While the verdict on the existence of (at least two) distinct FRB 
source populations is still out, the origin of repeating FRB signals is 
clearly associated with non-cataclysmic processes. Soon after the 
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A freely precessing magnetar following  
an X-ray outburst

Gregory Desvignes    1,2  , Patrick Weltevrede    3, Yong Gao    4,5, 
David Ian Jones6, Michael Kramer    1,3, Manisha Caleb    7,8, 
Ramesh Karuppusamy    1, Lina Levin    3, Kuo Liu    1, Andrew G. Lyne    3, 
Lijing Shao    1,5,9, Ben Stappers3 & Jérôme Pétri    10

Magnetars—highly magnetized neutron stars—are thought to be the most 
likely progenitors for fast radio bursts (FRBs). Freely precessing magnetars 
are further invoked to explain the repeating FRBs. We report here on new 
high-cadence radio observations of the magnetar XTE J1810–197 recorded 
shortly after an X-ray outburst. We interpret the polarization variations of 
the magnetar radio emission as evidence for the magnetar undergoing  
free precession following the outburst while its magnetosphere slowly 
untwists. The observations of precession being damped on a timescale of 
months argue against the scenario of freely precessing magnetars as the 
origin of repeating FRBs. Using free-precession models based on relaxing 
ellipticity with a decay of the wobble angle, we find the magnetar ellipticity 
to be in good agreement with theoretical predictions from nuclear physics. 
Our precise measurement of the magnetar’s geometry can also further  
help in refining the modelling of X-ray light curves and constrain the  
star’s compactness.

Magnetars are rare, typically slowly spinning neutron stars whose 
emission is thought to be powered by the decay of their large (≥1012 G) 
magnetic fields1 in opposition to normal rotation-powered pulsars. 
They occasionally undergo bright X-ray outburst phases, suppos-
edly originating from a sudden quake in the star’s crust, resulting 
in a twisted magnetosphere that fuels the outburst2. Out of the 24 
confirmed magnetars currently known, only 6 have been shown to 
emit in the radio band3.

The discovery of a bright fast radio burst (FRB) from the galactic 
magnetar SGR 1935+2154 recently gave strong credence to radio mag-
netars being the progenitors of at least some extra galactic FRBs4 (see, 
for example, ref. 5 for a review on FRBs). Models of freely precessing 

magnetars were then put forward to explain the periodicities in the 
activity observed in the train of pulses from some repeating FRBs6,7.

The first recorded X-ray outburst of the magnetar XTE J1810–197 
(position 18h

09

min

51.07

s

− 19

∘

43

′

51.8

′′, J2000) happened around late 
2002 (ref. 8) and bright radio pulsations were detected 3 years later9 
with a periodicity of Ps = 5.54 s. The radio emission slowly decayed with 
time until it ceased to be detected in late 2008 (ref. 10). Radio pulsations 
from XTE J1810–197 were again detected on 8 December 2018 (Modified 
Julian Date (MJD) 58,460.6)11, following a second X-ray outburst known 
to have occurred between 20 and 26 November 2018 (ref. 12).

We present a set of 62 polarimetric observations of XTE J1810–
197 recorded with the Lovell and Effelsberg radio telescopes at 1.5 
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• High-cadence radio observations of XTE J1810–197 
shortly after an X-ray outburst in 2018

• Systematic polarization variations provide evidence for 
free precession following the outburst 

• Precession is damped on a timescale of months
• Using free-precession models based on relaxing 

ellipticity, the magnetar ellipticity is in good 
agreement with theoretical predictions from nuclear 
physics. 

• Precise measurement of the magnetar’s geometry can 
help in refining the modelling of X-ray light curves and 
constrain the star’s compactness. 
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magnetic field), we can compare the radio and X-ray derived geometry. 
We find our measurement of α is consistent with the results from the 
different analyses of X-ray data (if we take into consideration we use 
the historic convention of the PA increasing clockwise on the sky53 or 
if we refer to the opposite magnetic pole, that is α = 180° − α). The X-ray 
analyses, however, provide different and inconsistent estimates for ζ 
originating from the different assumptions behind their complex 
modelling. Our results rule out the modelling of the 2003 outburst by 
ref. 50 and strongly favour the analysis of ref. 51 based on, for example, 
thermal quiescent emission, a dipolar model for the magnetar surface 
temperature (instead of the uniform temperature assumed in ref. 50) 
and inclusion of light deflection from General Relativity. Combined 
with the Very Long Baseline Array estimate of the magnetar’s distance 
of 2.5+0.4

−0.3

 kpc (ref. 54), our accurate measurement of ζ could eventually 
constrain the compactness (mass M over radius R) of the magnetar. 
Based on the modelling by ref. 51 assuming M = 1.4 M⊙ our constraint 
on ζ indicates R ≿ 15 km.

Neutron stars with asymmetric deformation along an axis different 
from the rotation axis are expected to emit gravitational waves (GW) 
at both once and twice their rotation frequency55. Numerous attempts 
have been made at detecting the GW emitted by normal and 
fast-spinning pulsars using ground-based interferometers such as the 
Laser Interferometer Gravitational-wave Observatory and Virgo. For 
slowly spinning NSs like magnetars and XTE J1810–197, the frequencies 
of the GW correspond to 0.18 and 0.36 Hz, falling in the frequency range 
(10−4 Hz to 1 Hz) of the Laser Interferometer Space Antenna gravita-
tional wave observatory. However, the characteristic strain amplitude 
of the GW at the Earth is a function of P−2

s

 (see, for example, ref. 56) and 

several orders of magnitude below the expected sensitivity of the Laser 
Interferometer Space Antenna gravitational wave observator.

Freely precessing magnetars were recently proposed6,7 to explain 
the periodicity observed in the activity of some repeating FRBs57,58. 
We have shown here that free precession of XTE J1810–197, probably 
excited at the time of its 2018 X-ray outburst, has been damped within 
a timescale of a few months, with a corresponding decay in both the 
wobble angle and the ellipticity. These results argue against free pre-
cession of magnetars as the mechanism behind repeating FRBs with 
activity periods of the order of months, at least for magnetars with Bsurf 
similar to XTE J1810–197.

Using our flux-calibrated single-pulse observations of XTE J1810–
197 from Effelsberg, we investigated if the brightest single pulses (SPs) 
detected with peak flux density >200 Jy (still several orders of mag-
nitude below the typical FRB luminosity5) were occurring at some 
specific impact parameter β. However, we find no link between β and 
the brightest SPs (Extended Data Fig. 6).

In summary, high-cadence radio and X-ray observations of mag-
netars, especially shortly after the detection of an outburst, are key to 
understanding the physics of free precession and could provide impor-
tant information for testing the internal and magnetic structure of NSs.

Methods
Observations and data reduction
Following the detection of the radio revival of XTE J1810–197 on  
8 December 2018, the Lovell Telescope at the Jodrell Bank Observatory 
( JBO) was used for a regular monitoring of the magnetar, at almost 
daily cadence during the first weeks of observations11. The JBO data 
were acquired with the ROACH pulsar backend59 tuned to a central 
frequency of 1,532 MHz (L-band). A 384 MHz bandwidth split over 768 
channels was calibrated using a matrix template matching technique60 
and observations of the pulsars B0540+23, B0611+22 and B1737–30.  
A total of 36 observations, folded with the ephemeris from ref. 11, 
were recorded between 8 December 2018 and 23 January 2019, before 
the telescope went down for maintenance. One additional observa-
tion with the Lovell Telescope was made on 9 March 2019, during an 
extended period of maintenance. Most JBO observations are between 
30 to 60 min long.

At the Effelsberg observatory, we observed XTE J1810–197 with the 
S60 receiver of the 100 m telescope tuned to a frequency of 4.85 GHz 
(C-band) three days after the detection of its radio revival. Following 
this successful detection, we then started monitoring XTE J1810–197 
with the S110 and S45 receivers tuned to frequencies of 2.55 GHz 
(S-band) and 6 GHz receivers (C/X-band), respectively, to provide 
complimentary frequency coverage to the JBO monitoring campaign. 
Since the S-band observations were less frequent and had a pulse profile 
with a lower signal-to-noise ratio (S/N) than the C/X-band observations, 
and were also recorded within 30 min of the C/X-band data, we decided 
to not include the S-band data in this study. Nonetheless we used the 
S-band data to verify the polarization calibration of the C/X-band data.

The circular-basis S110 and S60 receivers sent signals to the 
PSRIX backend61 and provided, respectively, 400 MHz and 500 MHz 
bandwidths split into 128 frequency channels. The PSRIX backend 
was configured to provide averaged pulse profiles folded over 10 s 
subintegrations across 1,024 phase bins using the rotational period 
determined from the most recently published timing ephemeris11,35. 
The data taken with the S45 linear-feed receiver were recorded with 
the PSRIX2 backend62 in PSRFITS search mode with 131 µs time reso-
lution and 4 GHz of bandwidth centred at 6 GHz and split into 4,096 
frequency channels. The data were folded offline across 2,048 phase 
bins using the latest ephemeris from ref. 35 to form a time-averaged 
pulse profile. The data were also folded across 16,384 phase bins to pro-
duce single-pulse archives. Twenty-five observations were recorded 
with the S45 receiver and the PSRIX2 backend, between 12 December 
2018 and 18 June 2020.

Table 1 | Parameter values for the two preferred models of 
free precession

Parameter Value of model A Value of model B

Viewing angle, ζ (deg) 169.07 ± 0.22 168.50+0.26
−0.21

Initial wobble angle,  
θ0 (deg)

19.52 ± 0.38 30.52+0.66
−0.74

Angle between the 
magnetic and symmetry 
axis, χ (deg)

173.34 ± 0.13 171.37+0.20
−0.16

Initial phase of the 
precession, Φ0 (deg)

45+5
−4 108 ± 3

Constant ellipticity of the 
NS, ϵ0

(1.24 ± 0.03) × 10−7 (9.17 ± 0.14) × 10−8

Initial ellipticity of the 
NS, ϵ1

(2.37 ± 0.05) × 10−6 (1.58 ± 0.03) × 10−6

Ellipticity relaxation 
timescale, τϵ (days)

19.55 ± 0.35 36.43 ± 0.46

Wobble angle decay 
timescale, τθ (days)

74.30 ± 0.26 —

Frictional coupling 
timescale, τc (s)

— 2.49 ± 0.01

Ratio between the 
moment of inertia of the 
crust and the core, κ

— <0.01

Start time of the 
precession, T0 (MJD)

58,444.5 ± 0.4 58,444.9 ± 0.5

Initial twist parameter, n0 0.040+0.008
−0.040 0.062+0.015

−0.062

Twisted magnetic field 
relaxation timescale, τt 
(days)

>1,500 >1,500

Model A denotes the phenomenological model of decaying wobble angle with relaxing 
ellipticity and model B denotes the model of frictional crust–core coupling with relaxing 
ellipticity. Both models include the effects of an decaying, eastward-twisted magnetic field.
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Extended Data Fig. 2 | Polarimetric pulse profiles recorded at a frequency 
of 8.4 GHz with the Effelsberg radio telescope on four occasions during the 
summer of 2006. In the bottom part of each panel, the black, red and blue lines 
represent the total intensity I, linear L and circular V polarisation, respectively. 
In the top part, the black data points indicate the PA of the linear polarisation 

included in the modelling. The uncertainty in the PA is calculated given L and the 
off-pulse standard deviation of I53. The dotted lines delimit the 95% confidence 
levels on Ψ derived from the posterior distributions (seen in Extended Data Fig. 3)  
assuming the RVM.
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Summary
• Radio observations not only discover pulsars but they reveal their properties

      (Note, I have not talked about birth properties. Interesting connection to CC SN)

• Precision mass measurements providing important constraints

• Moment-of-inertia can soon be determined purely from timing

• Emission properties providing complementary information, e.g. geometry

• Connection between interior and magnetosphere?

• Future observations will push constraints further (population, periods, masses, types, links)

• Application of pulsars (e.g. gravity tests, gravitational wave detection) requires improved 

understanding – something to work on together!

• Golden era: combination of GW and EM observations


