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Abstract

The timing (cross-)calibration of astronomical instruments is often done by comparing pulsar times-of-arrival
(TOAs) to a reference timing model. In high-energy astronomy, the choice of solar system ephemerides and
source positions used to barycenter the photon arrival times has a significant impact on the procedure, requiring a
full reprocessing of the data each time a new convention is used. Our method, developed as part of the activities of
the International Astronomical Consortium for High Energy Calibration, adapts an existing pulsar solution to
arbitrary JPL ephemerides and source positions by simulating geocentric TOAs and refitting timing models
(implemented with PINT). We validate the procedure and apply it to thousands of observations of the Crab pulsar
from 15 missions spanning 1996–2025, demonstrating inter-ephemeris TOA consistency at the ≲5 μs level, using
the DE200/FK5-based Jodrell Bank Monthly Ephemeris as a common reference. We release the TOAExtractor
open-source tool and a TOA database to support future calibration and scientific studies. Instrument timing
performance is broadly consistent with mission specifications; the X-ray-to-radio phase offset varies with energy
and time at a level that is marginally consistent with the uncertainties of the radio ephemeris, motivating
coordinated multiwavelength follow-up.

Unified Astronomy Thesaurus concepts: Calibration (2179); Pulsar timing method (1305); Time series analysis
(1916); Cross-validation (1909)

1. Introduction

The International Astronomical Consortium for High Energy
Calibration (IACHEC) is a collaboration of space missions that
aims to improve the calibration of high-energy instruments.
IACHEC brings together scientists and calibration teams from
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various observatories to share expertise, cross-validate results,
and develop best practices for calibration in X-ray and gamma-
ray astronomy. Through coordinated efforts, IACHEC facil-
itates the comparison of data from different missions, identifies
systematic discrepancies, and works towards establishing
common calibration standards. This collaborative approach is
essential for ensuring the reliability and consistency of high-
energy astrophysical measurements across the international
community.
The Timing Working Group (TWG) focuses on the temporal

cross-calibration of different missions. The goal of the TWG is
to develop methods to compare the timing performance of
different missions, using pulsars as a common clock. Pulsars
are neutron stars (NSs) that emit beams of radiation swiping
the sky like a lighthouse (giving the characteristic pulsed
signal). Discovered in the radio band (Hewish et al. 1968),
pulsars have later been detected at all wavelengths, from radio
to gamma-rays (Lovelace et al. 1968; Nelson et al. 1970;
Tananbaum et al. 1972; Gupta et al. 1978; Abdo et al. 2013).
With the mass of 1–2M⊙ and a radius of about 10 km, NSs

are the densest objects in the universe excluding stellar-mass
black holes. Being so compact, they are effectively point-like
as seen from nearby stars, and tidal forces are usually
negligible. Their rotational speed can change over time due
to a number of intrinsic and external factors. The emission of
electromagnetic radiation and a particle wind from their
rotating magnetic field produces a characteristic spin-down.
NSs, however, are probably not homogeneous spheres, but

they likely have a complex internal structure, with a solid crust
and a superfluid core. “Glitches” in their spin evolution, that
produce sudden changes of spin period or its derivatives, are
thought to arise exactly from the pinning and unpinning of the
internal layers of the star (see Manchester 2018, for a review).
Accretion from a companion star can also change the spin
period of a pulsar, either by adding angular momentum to the
star (spin-up) or by removing it (spin-down) (Ghosh &
Lamb 1978). The fastest-rotating pulsars, known as milli-
second radio pulsars (MSPs), are usually old pulsars that have
gone through a spin-up process through accretion and have a
low magnetic field, which limits the rotational noise and
further stabilizes the rotation. In fact, some MSPs have
rotations that can be predicted with a precision of micro-
seconds in a few years (e.g. Reardon et al. 2024).
Even though the precise emission mechanisms of pulsars are

still debated, NSs have a very strong surface magnetic field
(from 108 to ∼1015 G), which is responsible for most of their
phenomenology. First of all, the energy loss from the rotating
dipole field that slows pulsars down is also believed to power
most radio pulsars (for this reason, also called rotation-
powered pulsars, or RPPs) with B ≲ 1012 G (Lorimer 2008).
Accreting pulsars are instead powered by the accretion of
matter which is funneled on the surface by the magnetic field
(Ghosh & Lamb 1978), producing a bright X-ray emission.

The highest-magnetic-field pulsars, known as magnetars,
are believed to be powered by the decay of the magnetic
field itself, and they show a complicated phenomenology,
including giant flares and bursts at high energies (Rea & De
Grandis 2025).
For their high rotational stability, pulsars have often been

used as standard clocks, with applications ranging from the
detection of gravitational waves (Taylor & Weisberg 1982;
Agazie et al. 2023; EPTA Collaboration et al. 2023) to space
navigation (Sheikh et al. 2006; Emadzadeh & Speyer 2011;
Anderson et al. 2015; Mitchell et al. 2018; Yidi et al. 2023).
Even more intriguing, pulsars have been proposed as reference
clocks to establish a new timescale, independent of atomic
clocks (e.g. Hobbs et al. 2020). Another application, which is
the subject of this work, has been the timing calibration of
astronomical instruments (e.g. Kuiper et al. 2003; Rots et al.
2004; Smith et al. 2008; Terada et al. 2008; Molkov et al.
2010; Cusumano et al. 2012; Martin-Carrillo et al. 2012;
Deneva et al. 2019; Bachetti et al. 2021; Basu et al. 2021; Tuo
et al. 2022; Cusumano et al. 2024).
PSR B0531+21, also known as PSR J0534+2200 or the

Crab pulsar due to its position at the center of the Crab Nebula
M1, is a RPP with a spin period of P ∼ 33 ms, and a spin-down
rate of ×P 4.2 10 13 s s−1, which corresponds to a
spin-down luminosity of /= ×E IP P4 4 102 3 38 erg s−1

(Lorimer 2008). Despite being young22 and not particularly
stable by pulsar standards (including glitches and a variable
spin down rate that amount to a large “timing noise”), it is one
of the best studied RPPs in the sky, due to being very bright
across the electromagnetic spectrum and, not less importantly,
due to the Crab Nebula’s relatively stable (and power law-like
in the X-rays) spectrum which made it an excellent flux
calibrator. This provides pulsar astronomers with a wealth of
“free” observations of the pulsar. The pulsar’s spin evolution
has been tracked for four decades by the Jodrell Bank
Observatory (Lyne et al. 1993), which still today provides a
monthly ephemeris (the Jodrell Bank Monthly Ephemeris,
hereafter JBE) of the pulsar’s spin frequency.
This makes the Crab pulsar an excellent tool for tracking the

timing calibration of X-ray instruments, and it has been used as
such by many missions (e.g. Kuiper et al. 2003; Rots et al.
2004; Smith et al. 2008; Terada et al. 2008; Molkov et al.
2010; Cusumano et al. 2012; Martin-Carrillo et al. 2012;
Bachetti et al. 2021; Basu et al. 2021; Tuo et al. 2022;
Cusumano et al. 2024).
Typically, these missions use the JBE to fold the pulsar data

and obtain pulse profiles and TOAs, which are then compared
to the expected TOAs from the ephemerides. The main
problem with this approach is that the Jodrell Bank
ephemerides are based on the DE200 solar system ephemeris

22 The Crab Nebula has been identified as the remnant of SN 1054, recorded
in 1054 A.D. by astronomers all around the globe (Mayall 1939).
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(Standish 1982), which is quite outdated, and they do not
account for proper motion, so assuming that the pulsar’s
position is fixed in the sky. This makes sense to provide a
consistent timing solution for the Crab pulsar, but it is not ideal
for cross-calibration purposes, as it forces all missions to use
the same ephemeris and source position, losing flexibility
when gathering data from different missions, and often
needing to perform separate data processing for timing
calibration and scientific analysis.
In this paper, we present a new method for comparing the

times of arrival (TOAs) of pulsar signals obtained with
different instruments, even when they use different JPL
ephemerides, source positions, and reference frames. We
apply the method to the temporal cross-calibration of different
missions, using the Jodrell Bank Monthly Ephemeris of the
Crab pulsar as a common reference. In Section 2, we describe
the typical pulsar timing workflow and the specific data
processing steps for X-ray and gamma-ray data. In Section 3,
we describe our method for adapting pulsar timing solutions to
different ephemerides and source positions. In Section 4, we
present the results of applying our method to a large data
set of Crab pulsar observations from multiple missions.
Finally, in Section 5, we summarize our findings and
discuss the implications for future timing calibration efforts.
Appendix A contains definitions of timescales and conventions
used in pulsar timing, Appendix B contains details on the data
processing for each mission used in this work.

2. Processing

2.1. Typical Pulsar Timing Workflow

The pulsar signals are periodic in nature, repeating at the
pulsar’s spin period, which is typically in the range of
milliseconds to seconds (with a few cases of pulsars with spin
periods up to hours, see the reviews Lorimer 2008; Rea & De
Grandis 2025). It is common to express the signal at a time t in
terms of the pulsar’s spin phase23f(t), defined through the
pulsar’s spin frequency ν and its time derivative , with the
following Taylor expansion:

( ) ( ) ( ) ( ) ( )= + + + …t t t t t t t
1

2

1

6
10 0

2
0

3

where t0 is a reference TOA.
The single pulses of pulsars are typically too faint to be

detected directly, and, especially in the radio band, they can
have highly variable shapes, so the data are folded at the
pulsar’s spin period to produce an average pulse profile
which is instead quite stable and constitutes a recognizable
“fingerprint” for a given pulsar. Folding is done by “cutting”
the time series in identical segments whose length is the
pulsar’s spin period. The segments are then averaged together,

and if the segments are of exactly the right length, the signal-
to-noise ratio of the resulting profile is maximized. When the
time series is constituted by photons, folding is done by doing
a histogram of the phase of the photon, basically the fraction of
the pulsar’s spin period that has elapsed since the last pulse.
A new TOA is usually defined as the time of arrival of the

peak (or another fiducial point) of the folded pulse profile, and
that gives phase 0. The maximum can be determined precisely
by modeling the pulse profile with a series of Gaussian
components or equivalent curves. When calculating TOAs
from a given instrument, if the pulse profile does not evolve
with time, the procedure is generally done by calculating a
cross-correlation with a template profile and/or using the
FFTFIT algorithm that is a chi-square fit of a linear phase
gradient between the Fourier representations of a template and
the folded profile (Taylor 1992). The template is usually a
model of a high signal-to-noise profile of the same pulsar.
In high-energy astronomy, alternative likelihood-based
approaches are sometimes used (Livingstone et al. 2009; Ray
et al. 2011; Clark et al. 2015; Nieder et al. 2019, e.g.). In this
paper, we use a method based on maximum-likelihood fitting
of pulse profiles (avoiding the a priori definition of a template),
see Section 3.3.

2.2. X-Ray and Gamma-Ray Data Processing

Pulsar timing requires extreme attention to the detail of how
the measurement times are recorded.
This paper uses data from 15 missions, each with its own

specific procedure for data reduction, which usually follows
the same pattern: using multiple sources of data, from
“housekeeping” measurements recorded on the spacecraft to
space weather information, mission-specific pipelines produce
“cleaned” data sets in the form of “event files,” which are
typically FITS files with a table containing a time stamp and a
number of physical properties for each detection that fulfils
some quality criteria. The details of each mission’s pre-
processing pipelines can be found in the Appendix B.
The time stamps of events are usually expressed in the

mission elapsed time (MET), which give the number of
seconds from a reference modified julian date (MJD), called
MJDREF, typically using the Terrestrial Timescale (for
definitions of timescales and conventions, see Appendix A).
The MJDREF is written in the header of the FITS file, either as
a single keyword, or as the combination of its integral part
MJDREFI and the fractional part MJDREFF.24 When this
happens, sometimes the MJDREFF encodes the number of
leap seconds (divided by 86,400 to express them in days). In
this case, using just MJDREFI can give times in the UTC
scale, while summing MJDREFF + MJDREFI gives times in
the TT scale. Often, a TIMEZERO keyword adds a global

23 We express the phase from 0 to 1. Other works might use 0–2π.
24 https://heasarc.gsfc.nasa.gov/docs/heasarc/ofwg/docs/summary/ogip_
93_003_summary.html
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correction, expressed in seconds, to the event times. In
detectors where the measurement duration (hereafter “frame
time”) is significant, the TIMEDEL keyword is used to
indicate the frame time, and TIMEPIXR to specify if the
timestamps are referred to the start (0), the middle (0.5) or the
end (1) of the frame time. Finally, some missions carry time
references whose alignment to UT drifts (e.g., quartz
oscillators whose frequency can change depending on temp-
erature), and for these missions an additional correction to
their time reference can be provided on the ground. We refer to
this additional term as FINECLOCK below. The total time in
the TT scale, measured at the spacecraft, can then be
calculated as25 MJD(TT) = (MJDREFI + MJDREFF) +
(TIME + TIMEZERO + FINECLOCK + (0.5 - TIME-
PIXR) * TIMEDEL) / 86400. Different timescales are
allowed by the FITS standard, provided that the TIMESYS
keyword is different from TT. As mentioned before, in some
missions MJD(UTC) can be calculated by just omitting the
MJDREFF value in the formula above.
In radio pulsar studies, it is common to calculate the arrival

time of pulsations through folding in the topocentric frame (so,
as a UT time at the location of the radio telescope) using
atomic clocks as a reference, and then to convert to the SSB
during the modeling phase, depending on the version of the
ephemeris used in the model.
In high-energy missions, the detection of pulses often

requires integration over multiple orbits of the satellites,
making topocentric TOAs impractical. Therefore, in X-ray
astronomy the conversion of times to the SSB, or barycenter-
ing, often happens before the folding, using tools like the
barycorr FTOOL together with information on the
satellite’s position and velocity encoded in the orbit/attitude
files shared by science operation centers as part of the
“housekeeping” data for each observation.
The coordinates of the source are a key parameter for

barycentering, as we are going to detail in Section 2.3.
Different barycentering tools encode the coordinates used in
different FITS keywords (e.g., RA,DEC_OBJ for barycorr,
RA,DEC_TDB for HEASOFT’s barycen).
All the relevant data are retrieved from the FITS files using

Stingray (Huppenkothen et al. 2019).

2.3. Consistency in Ephemerides, Coordinates,
Reference Frames

Whether the barycentering is done before or after folding,
the procedure involves a number of very delicate steps and
decisions, which can introduce systematic errors in the TOAs.
The solar system barycenter is defined as the center of mass of
the solar system, which is not at the center of the Sun, but
rather at a point that moves around it due to the gravitational

pull of the planets and the other objects in the solar system.
This is done through the use of solar system ephemerides,
which are mathematical models that describe the positions and
motions of the solar system bodies. In X-ray astronomy it is
customary to use the JPL development ephemerides, which are
produced by the Jet Propulsion Laboratory and are the result of
the numerical integration of the equations of motion of solar
system objects.26

The JPL ephemerides are updated regularly and are
indicated by a number, such as DE200, DE405, DE421,
DE430, etc. The choice of the ephemeris can have a significant
impact on the barycentering procedure, introducing systematic
errors in the TOAs by up to a few milliseconds, which is often
a significant fraction of the pulsar’s spin period. Another issue
is the choice of TDB or TCB, as mentioned in Appendix A.
Then, the position of the pulsar in the sky is also important,

as it determines the light travel time from the pulsar to the
SSB. The error on the arrival time at our instrument produced
by an error ε on the right ascension is given by the following
formula:

[ ( ) ]
( )

= +r rTOA cos cos cos sin cos
2

where r is the Earth-Sun distance in light-seconds, δ is the
declination and α is the angle traced by the SSB, the Earth and
the pulsar. In practice, the maximum TOA shift during one
year of observations is

· ( )=rTOA 2 cos 4.8 ms
arcsec

cos 3

The effect is macroscopic and it is often used to refine the
pulsar’s position in the sky with a precision comparable to
high-resolution VLBI or optical observations. Proper motion
can also produce a significant effect on the TOAs and be
measured through pulsar timing. One has to pay attention to
the choice of coordinates: the right ascension and declination
are usually given in the J2000 equinox in the ICRS coordinate
frame,27 but JPL ephemerides DE200-DE402 use the older
FK5 reference frame, which differs by a fraction of an
arcsecond from the ICRS frame and produces a shift up to
50 μs in our processing.
As long as the data are consistently barycentered with a

single ephemeris, time system, and source position, different
choices usually lead to small changes in the analysis results.
However, when data are collected and pre-processed by
multiple teams using inconsistent choices, systematics can
compromise analysis.

25 https://heasarc.gsfc.nasa.gov/docs/xte/abc/time_tutorial.html

26 Alternative ephemerides exist, like the ones from the Institute of Celestial
Mechanics and Ephemeris Calculation (IMCCE), called INPOP, and the ones
from the Institute of Applied Astronomy, Russian Academy of Sciences (IAA
RAS), called EPM, providing similar precision (Moiseev & Emelyanov 2024).
27 More appropriately, ICRS is the name of the coordinate system, while the
frame should be called ICRF; however, this rather confusing naming is used
by barycorr and we decided to use the same for simplicity.
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2.4. Using the Jodrell Bank Ephemeris

The Jodrell Bank monthly ephemerides (hereafter JBE; Lyne
et al. 1993) tracks the rotational history of the Crab pulsar over
time, publishing a new timing solution roughly every month. This
priceless data set, with a time span of almost four decades, is the
ideal reference for the timing of the Crab pulsar. Data are shared
in two different formats: a space-separated text file with the spin
frequency, one spin derivative and a TOA at the barycenter of the
solar system, and a CGRO format28 file with two spin derivatives
and a TOA at the geocenter, defined as the peak of the radio
profile at infinite frequency (i.e., corrected for interstellar
dispersion). Say our X-ray observation was performed at MJD
56000. The corresponding line in the CGRO-format file gives
the solution between MJDs 55987–56018, comprising of a
spin frequency = 29.7025600117591Hz, a spin derivative

= ×3.70689 10 10 Hz s−1, and a second derivative =
×1.95 10 20 Hz s−2. Moreover, this solution includes a TOA

at the geocenter (MJD 56003.000000285). These ingredients
should be enough for a model describing the phase of the Crab
during the month with an rms scatter of 0.6 milliperiods, also
declared in this solution. However, the JBE ephemerides publish
the timing solution at the solar system barycenter using the
DE200 FK5 reference frame, which is quite outdated, and not
accounting for proper motion, so assuming that the pulsar’s
position is fixed in the sky to the J2000 position (R.A., decl.)
05:34:31.97232 + 22:00:52.0690 in the FK5 frame, or
(R.A., decl.) 05:34:31.970490 + 22:00:52.087768 in the ICRS
frame.29 This, despite the significant proper motion by
∼13milliarcsec yr−1, which implies that the pulsar has
moved by more than 0.5 from the position quoted in the JBE

(Ng & Romani 2006; Kaplan et al. 2008; Gaia Collaboration
2020; Lin et al. 2023). A parallax of 0.53 ± 0.06mas has also
been measured (Lin et al. 2023), but its effect on the TOAs is
negligible (≲1μs) for the scope of this paper. See Table 1 for a
comparison of the Crab pulsar coordinates quoted by the JBE and
Gaia Collaboration (2020) in different reference frames.
The reason is consistency: users of the ephemerides do not

need to worry about using different reference frames for data
sets spanning different epochs (Lyne, private communication).
The use of the JBE for X-ray timing studies, therefore, forces
to barycenter the data using the same set of outdated
ephemerides and position, losing flexibility when gathering
data from all different missions (that might have been
barycentered using different conventions).

3. Supporting Multiple JPL Ephemerides at Once

For this work, we developed a technique to compare TOAs
taken with different missions, each using different solar system
ephemerides, while keeping the JBE as the reference. Let us
consider the Suzaku observation of the Crab performed at MJD
56000, and say we want to calculate the arrival time of the
X-ray peak compared to the radio peak. We could in principle
use the solution listed above to fold the data and calculate a
TOA. Let us say that for our scientific work we already have
data for this observation, barycentered using the JPL-DE430
solar system ephemeris and the most recent position of the
source considering proper motion. As we have seen using
these data with the Jodrell Bank ephemeris might lead to a
timing error up to a few milliseconds, which is three orders of
magnitude above the precision we desire for our cross-
calibration purposes.
In order to avoid re-barycentering thousands of observations

from 13 missions using JPL-DE200 and the FK5 position, we
developed the following procedure:

1. We simulate a set of infinite-frequency TOAs at the
geocenter using the JB timing solution above in the
DE200 ephemeris, with a small scatter of 0.1 μs;

Table 1
Crab Pulsar Coordinates from JBE and Gaia (Gaia Collaboration 2020) Expressed in Different Reference Frames with Precision Truncated to Three Digits

Reference frame Jodrell Bank (Epoch 1970.0a) Gaia (Epoch 2016.0)

R.A. Decl. R.A. Decl.

FK4 (B1950) 05:31:31.428 +21:58:54.402 05:31:31.405 +21:58:54.466
FK5 (J2000) 05:34:31.972 +22:00:52.069 05:34:31.949 +22:00:52.135
ICRS (J2000) 05:34:31.970 +22:00:52.088 05:34:31.947 +22:00:52.154

Notes. The uncertainties are much smaller than the differences between the measurements, which are dominated by the systematic differences between the reference
frames.
a The Crab notes document does not state an epoch. A review by Taylor et al. (1993) quotes the same position citing McNamara (1971), ref. 156 in Table 1. In
McNamara, the epoch is 1971.0 but the right ascension is different –05:31:31.428 (B1950) instead of 05:31:31.405. The position is assumed to be fixed in the JBE, in
any case, so the epoch has no practical effect.

28 https://www.jb.man.ac.uk/research/pulsar/crab/CGRO_format.html;
note that the coordinates quoted in this file correspond to (R.A., decl.)
05:34:31.972 + 22:00:52.070, 4.5 milliarcseconds from the official JBE
coordinates 05:34:31.97232 + 22:00:52.069, and that this solution does not
quote a dispersion measure, so it is only useful for non-radio data
29 Throughout the paper, we use the functions in astropy.coordinates
to perform the coordinate conversion, e.g., defining coordFK5 = SkyCoord
(ra, dec, frame="fk5") and then using coordFK5.icrs for the
conversion to ICRS
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2. The difference between TOAs at the geocenter using
different ephemerides is negligible: for example, for
XMM-Newton’s orbit, the widest in our mission sample,
it amounts to /µ2 s arcsec; hence, we assume these
same TOAs remain the same using the DE430
ephemeris;

3. We fit a new timing solution to these TOAs, using the
DE430 ephemeris and the same ICRS position used for
barycentering the X-ray data;

4. We verify that the scatter of the TOAs with the new
solution is comparable with the error bars of the
simulated data, and therefore, also much smaller than
the declared rms scatter of the JBE; we find that the two
frequency derivatives are always adequate to the task in
the ∼monthly timescale of the JBE.

At this point, we have a new timing solution that is consistent
with the JBE, but using the DE430 ephemeris. This procedure
can be implemented straightforwardly using the PINT (Luo
et al. 2021) software package, that supports a large set of
timing models and JPL ephemerides. The solution can be
saved in a parameter file in PINT (Luo et al. 2021) format,
containing all the relevant information. The geocenter arrival
time from the JBE is encoded in the new model as TZRMJD,
using 0 as observatory. Special care must be put in the choice
of coordinates relevant to a given ephemeris. DE200 uses the
FK5 frame, while DE402 and later uses ICRS. The difference
of arrival times using the wrong coordinate frames can be
substantial, in the order of milliseconds.

3.1. Folding

Once we have obtained a suitable timing solution for our
observation, we can use it to fold the event arrival times and

obtain a pulse profile. The pulse phase is calculated with the
usual Taylor expansion in Equation (1), using the timing
model obtained in Section 3, and the pulse profile is just a
histogram of pulse phases, between 0 and 1, using N phase
bins. The frequency and frequency derivatives are encoded in
the timing solution. At this point, the fundamental missing
ingredient is f0. This has to be calculated so that the reference
TOA in the JBE solution is at phase 0. If we do this, since the
phases are already referred to the radio TOA, our folded
profiles will have automatically the phase 0 at the peak of the
radio TOA. All the relevant time conversions are done by
PINT, by using the parameter file created with the procedure in
Section 3. The phase of each photon can be calculated by
properly converting the event arrival times from mission-
elapsed seconds to MJD and using the TimingModel.
phase method. Observations spanning multiple JBE solutions
(e.g., from Fermi, IXPE) were split in the relevant time ranges.
In very high-throughput observations with more than 100M
photons (e.g., frequently from NICER) we calculated a TOA
every ∼50 M photons.

3.2. Deadtime Correction of Pulse Profiles

For missions affected by dead time, like NuSTAR, we
corrected the pulse profiles using the PRIOR column in the
event list, which gives the live time before the current event,
largely following the procedure used by Madsen et al. (2015).
In short, the live time before each event was used to estimate
the effective exposure in each bin of the pulse profile. For
example, let us consider a photon arrived at time t0, with a
value in the PRIOR column of 1 ms. This means that the live
time before this photon started at tp = t0 − 1 ms. Let us call f0
the phase of the pulse profile corresponding to t0, and fp the
phase corresponding to tp. Our procedure will add 1 to all
phase bins between fp and f0, properly accounting for
fractional bin coverage and phase wraps at the start and end

Figure 1. Example of deadtime correction of a NuSTAR pulse profile (ObsID
10002001009), using the method described in Section 3.2. The blue line shows
the exposure correction, the red line the raw profile and the black line the
deadtime-corrected profile.

Figure 2. Folded profile from NICER (obsid 101301013) modeled with the
combination of symmetric and asymmetric Lorentzians described in
Section 3.3.
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of each pulse profile. In the end, the exposure will be
normalized to a maximum of 1, and the pulse profile divided
by this effective exposure (so that more deadtime-affected
pulse bins will be amplified). This procedure is made available
in the publically available code pulse_deadtime_fix
(Bachetti 2025a). The result of this procedure is shown in
Figure 1.
For Chandra/HRC data, affected by flux nonlinearity at

high count rate that are not well described by a dead time
model, we apply a correction factor

( )=r r45.91 2058.4 75.6 4corr det

between 12 and 24 counts per second to each bin of the folded
profile, following Pease & Donnelly (1998).

3.3. Residual Calculation

Once we have the folded profile, as we saw in Section 3.1,
the phase 0 of the profile should coincide with the main radio
peak. As is very well known from the literature (Rots et al.
2004), the peak in the X-rays will not coincide with the radio
peak, and we need a way to measure this delay, that can then
be used to compare the performance of different high-energy
missions.
There are mainly two methods used in the literature to

calculate the phase of a pulsar: the alignment of the folded
profile with a template (e.g., FFTFIT, Taylor 1992) or fitting a
model to the pulse profile (e.g. Nelson et al. 1970). The first
method is the most stable in ideal conditions, when the
template for the pulse is correct, bringing precise measure-
ments even in noisy data. However, if the template is not

correct, as can happen if the response of the instrument used to
calculate the template is different from the instrument used to
obtain the folded data, or worse, if the folding is not perfect
due to issues with the timing systems, this method can give
unrealistically small errors and/or align to the wrong peaks. In
the case of the Crab pulsar, where low signal-to-noise is
seldom a problem, the second method yields meaningful
results both in “good” data sets without requiring an exact
template, and in data sets affected by instrumental issues,
where the template adapts to an imperfect profile measuring
the peak position and providing a reasonable error bar.
For this work, we chose to model each peak as a combination

of a symmetric Lorentzian curve plus an asymmetric Lorentzian
curve. The phases of the two Lorentzians composing each peak
are linked (not more than a difference of 0.02 in phase). All other
parameters are left free to vary. The folded profile changes
considerably at different energies, until the secondary peak
becomes comparable to the first peak making the identification
less obvious. However, the secondary peak maintains a distance
of ∼0.4 in phase from the primary, so that the two peaks can
easily be identified by their phase distance. The error on the
arrival time can be calculated from the error of the centroid of the
sharpest Lorentzian. We verified that the scatter of TOA residuals
is indeed comparable to the error bars estimated in this way. The
fit quality can be seen in Figure 2.

Figure 3. Results of the validation procedure for the model refitting described
in Section 3.5. We fit a DE430 model to DE200-simulated TOAs, then
simulated TOAs with the new model and calculated the residuals to the
original DE200 model. For each instance of the simulation, we plot the mean
residual in the upper panel and the rms of the residuals in the lower panel. The
procedure works remarkably well, with residuals and rms comparable or lower
to the injected error bars in the simulated data (0.1 μs).

Figure 4. End-to-end validation of the procedure in Section 3 using NICER
data sets. (Left) Difference between the TOA residuals (labeled teph) calculated
from data sets barycentered using the DE200 (t200), DE430 (t430), and DE440
(t440) JPL ephemerides. (Left) a histogram of the corresponding cases. We did
not consider observations where the TOA uncertainty was >15 μs. The
uncertainty of these TOAs was typically ∼5 μs, and residual differences are
always well inside error bars.
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3.4. Calculation of Local Pulsar Frequency

We also calculated the local frequency of the pulsar by
applying the quasi-fast folding algorithm (Bachetti et al. 2020),
as implemented in Stingray (Huppenkothen et al. 2019), to
each observation, searching a small frequency-frequency
derivative plane around the nearest radio solution. We can
use this information in special cases near a glitch or when the
JBE is missing, and we plan to exploit it in future versions for
the determination of X-ray-only ephemerides of the Crab
untied to the JBE.

3.5. Validation

To validate the method described above, we made a number
of tests, described in the following paragraphs.

Roundtrip of simulated TOAs. Starting from a model of the
Crab pulsar defined in the DE200 ephemeris, we simulated one

month of geocentered TOAs as in Section 3, we fit a DE430
model to them using a random position in the ICRS frame
around the JBE position, simulated geocentered TOAs with the
new model, and calculated the residuals to the initial model.
Results are shown in Figure 3. We found that, for the method to
work with a precision of better than 5 μs, quadruple precision30
floating points have to be available in the computer doing the
analysis. For example, in recent ARM-based Mac machines, the
scatter in Figure 3 increased by a factor ∼20, with strong
patterns dependent on the pulse frequency and the day of year.
The problem did not appear on Intel-based Macs, x86 Linux-
powered machines, or when using the Rosetta emulator on
ARM-based Macs (which is also capable of emulating long
doubles). Also, we found that the fit with the two-derivative

Figure 5. Interactive summary plot produced by TOAExtractor. This plot allows for a simple exploration of the residuals, by showing diagnostic information as
the user hovers over each point. The horizontal grey band indicates the X-ray residual measured by Rots et al. (2004). Vertical red lines indicate glitch epochs (In this
static image it might be difficult to distinguish them from some large error bars from the data points, but the difference becomes clear in the interactive interface).
Problematic observations and time intervals are easily identified: some observations with large residuals might be due to low count rates, temporary instrumental
issues, or local issues with the radio ephemerides (e.g., the large deviation around 2020 April, MJDs 58925–58975, due to the closure of the observatory for the
COVID pandemic; recent glitches can also make the solution less reliable).

30 Here we refer to the data type often called float128, despite being in
practice an 80-bit floating point in common architectures and, therefore, not
actual quadruple precision.
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model was always adequate, yielding an rms scatter of residual
comparable with the injected 0.1 μs errorbars, if the simulated
position was < 5″, which is typically the case in our
observations, and still ≲1 μs for a position error < 1 .

End-to-end validation. We proceeded to an end-to-end
validation the procedure using NICER observations of the Crab
pulsar, barycentered using the DE200, DE430, and DE440
ephemerides and folded using the timing models obtained with
our method. We folded the profiles and applied the residual
calculation described in Section 3.3, and then compared the
results. We find that the difference between the residuals using
the DE200 and DE4xx ephemerides was always consistent with
0 (Figure 4). This demonstrates that the method described in this
paper is able to calculate TOAs from a variety of JPL
ephemerides and positions, and that the differences are
comparable to the TOA error at this level, with a possible
systematic shift by ∼2 μs that we are investigating. This level of
precision is adequate for Crab studies, but can be improved by
analyzing sharper pulsars. This is planned for future studies.

3.6. Pipeline

All steps above are automated in the TOAExtractor
code31 v. 0.6.0 (Bachetti 2025b). This code is structured
as a pipeline, using the luigi orchestrator32 v. 3.6.0. This
software allows for a simple and modular way to define the
steps of the pipeline, and to run them in parallel over multiple

files by using multiple “workers.” The end of each step of the
pipeline is marked by the production of a file. The appearance
of this file triggers the start of the next step. Failing steps do
not produce the output file, blocking the pipeline on a given
file. Fixing the error and re-running the pipeline will restart the
processing from the failed step. To reprocess a given data set
from one particular step of the pipeline, it is sufficient to delete
all files produced by the step to be repeated and all subsequent
steps, and re-run the pipeline.

3.7. Plotting and Quality Assurance

This pipeline is conceived to be run on a large number of
observations from different missions, possibly ever increasing
over time. As such, it is important to have a quick way to
check the quality of the data. For this reason, we developed an
interactive summary plot (Figure 5) that allows a view on the
results, helping to single out outliers and/or time intervals
where the radio ephemeris was inadequate. Each data point
shows the delay of the X-ray peak with respect to the radio
peak for a single observation. Data from a given instrument
can be shown or hidden by clicking on the legend. By hovering
over each point, the user can see the observation ID, the
mission, the TOA, the error on the TOA, the energy range, and
a diagnostic plot showing if the fit was successful. Time
intervals where the radio solution was inadequate (e.g., due to
glitches) or absent (e.g., 2020 April due to the COVID
pandemic) can be easily identified by the presence of a
relatively large number of outliers from different missions.

4. Results

For the purposes of this paper, we will focus on the results
that are relevant to the cross-calibration efforts of IACHEC.
We will leave the scientific analysis of the Crab pulsar to a
future paper, and we will release the database of TOAs
obtained in this work to the general public to encourage the
scientific interpretation of results. The code used to produce
the TOAs is also open source and available for general use.
We applied the method described above to thousands of

observations of the Crab pulsar involving 15 missions,
spanning 29 yr of observations, from 1996 to 2025.
This wealth of data allows us to measure the relative timing

accuracy of different missions, and to compare the results with
the JBE (Figure 6). The X-ray TOAs are typically leading the
radio TOAs, as reported in the past (e.g. Rots et al. 2004;
Smith et al. 2008; Cusumano et al. 2012). The time difference
between the X-ray and radio TOAs is not consistent with being
constant, but it varies with the energy range of the photons,
and notably, with time. Results are summarized in Table 2.
The variation of the X-ray/radio TOA difference with time

is often larger than the statistical error on the TOAs, but the
TOAs from the different missions are consistent with each

Figure 6. Difference between NICER/XTI and the three instruments onboard
HXMT, at times where a TOA was calculated with both missions at a distance
of less than one day. The shift of the X-ray profile at different energies causes
the centroid of the distributions to increasingly depart from zero as the energy
increases. We plot horizontal lines showing the—significantly larger—scatter
obtained when using the radio solution as reference (from Table 2). The delays
for HXMT/LE are adjusted by 864 μs as in Table 2 for graphical purposes,
and their positioning around 0 mostly confirms the results of Tuo et al. (2022).

31 https://matteobachetti.github.io/TOAextractor/
32 https://luigi.readthedocs.io/en/stable/

9

Publications of the Astronomical Society of the Pacific, 138:014501 (18pp), 2026 January Bachetti et al.

https://matteobachetti.github.io/TOAextractor/
https://luigi.readthedocs.io/en/stable/


other within each mission’s requirement. This might be caused
by a number of factors, which we briefly discuss below.

Systematic errors in the JBE. The JBE in CGRO format
typically declares a rms scatter of the TOAs ranging from 0.5 to
2 milliperiods (i.e., ∼15–70 μs), depending on the time interval
and the number of observations used to calculate the timing
solution. This appears to be the largest source of uncertainty in the
TOA, and is able to explain most of the scatter in our residuals.

Systematic errors in the method. We investigated the
possibility that the method described in Section 3 introduces
systematic errors in the TOAs. We verified that the scatter of the
TOAs after the roundtrip procedure is typically of the order of
the uncertainties of the simulated data (Figure 3). Moreover, we
repeated the procedure using data barycentered with different
JPL ephemerides and source positions, including the exact JBE
position, and we found that the TOAs are consistent within 5 μs
or the uncertainties of the TOA calculation (Figure 4).

Intrinsic variability of the X-ray/radio delay. In a few,
selected, intervals, the X-ray/radio delay appears to be larger
than the statistical error on the TOAs or the expected systematic

errors, and to vary with time consistently in X-ray data, but
departing from a constant radio-X delay. More work is needed
to investigate this intriguing possibility, using the software
developed in this work to analyze even larger data sets.

5. Conclusions

In this work, we presented a method to compare pulsar times
of arrival (TOAs) from different space missions, even when
using heterogeneous timing solutions, JPL ephemerides, and
source positions. The method is based on the simulation of
geocentered TOAs using a reference timing solution, and then
fitting a new timing solution to these TOAs using the
ephemerides and source position used for barycentering the
data. We validated the method by simulating and comparing
TOAs across different ephemerides (DE200–DE440), and
verified that the TOAs are consistent within 5 μs or the
uncertainties of the TOA calculation. We applied the method
to thousands of Crab pulsar observations from 15 missions
over 29 yr (1996–2025), enabling robust cross-calibration of

Table 2
Summary of the Results in This Work, Separated by Mission and Instrument

Mission Instrument Min MJD Max MJD N rmean σ σstat Rate Pulsed Fraction
(μs) (μs) (μs) (Counts s−1) (%)

AXAF/Chandra/CXO HRC 51574.28 56589.14 11 −458 310 83 2.42 100
EP FXT 60368.38 60758.73 7 −391 79 15 1490 34
GLAST/Fermi LAT 54696.08 60617.92 196 −167 80 14 0.00498 84
HITOMI HXI1 57472.63 57472.75 2 −264 ⋯ 27 73.1 61
HITOMI HXI2 57472.63 57472.74 2 −214 ⋯ 63 68.6 57
HITOMI SGD1 57472.63 57472.63 1 −244 ⋯ 78 1.17 52
HITOMI SGD2 57472.63 57472.63 1 −157 ⋯ 690 0.217 50
HITOMI SXS 57472.64 57472.64 1 −106 ⋯ 16 126 46
HXMT HE 57992.43 60398.80 342 −370 90 12 1360 36
HXMT LE 57992.60 60398.96 385 −319a 100 61 1220 38
HXMT ME 57992.26 60398.95 518 −332 86 18 439 37
IXPE DU1 59632.22 60727.75 7 −350 81 7.6 2.81 77
IXPE DU2 59632.22 60727.75 7 −352 76 8.5 2.5 75
IXPE DU3 59632.22 60727.75 7 −345 80 7.7 2.45 76
MAXI GSC 55135.51 60866.50 3847 −312 200 120 0.42 49
NICER XTI 57970.82 60364.52 145 −314 90 7 10400 38
NINJASAT GMC 60365.09 60771.04 14 −406 53 22 26 44
NUSTAR FPMA 56132.26 60388.08 79 −328 79 12 417 50
NUSTAR FPMB 56132.26 60388.08 78 −329 76 14 394 49
SUZAKU HXD 53604.23 56722.55 18 −326 170 310 53 39
SWIFT BAT 57431.04 58190.06 3 20.5 160 58 6770 6.7
SWIFT XRT 53454.21 58725.60 43 −615 150 1200 644 21
XMM EPN 51632.96 59269.92 97 −356 90 15 178 42
XRISM RESOLVE 60388.50 60388.50 1 −312 ⋯ 15 38.3 36
XTE PCA 50205.36 55927.00 312 −333 74 6.1 10600 46

Notes. The mean residuals rmean are calculated as the median (if N > 20) or the average of the residuals of the X-ray TOAs with respect to the radio TOAs; the
standard deviation σ similarly uses the median absolute deviation and the standard deviation in the two cases. For missions with too few observations we do not
report the standard deviation. σstat is the median/mean statistical error on the single TOA measurement. Some long observations, or observations from high-
throughput instruments, had sufficient counts to allow multiple TOAs. Missions with >1000 observations are not completely analyzed, the table shows the status at
2025 September 02.
a We applied a known offset of -864 μs to the measured value (Tuo et al. 2022).
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timing accuracy. We find good agreement between the TOAs
from GPS-carrying missions like NICER/XTI and HXMT/
ME, with mean offsets within a few microseconds relative to
each other, and scatter consistent with the expected statistical
and systematic uncertainties. This demonstrates the robustness
of the method for high-precision timing cross-calibration
across modern missions. We released open-source tools and a
TOA database to support future calibration and scientific
studies using the Crab pulsar, and plan to extend the software
and database to include additional missions and pulsars.
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Appendix A
Time Definitions and Conventions

When doing precise timing work with pulsars, it is
important to agree on two fundamental aspects: the timescale
(which decides how fast our clocks run and a specific reference

Figure 7. Relevant timescales and transformations described in Section Appendix A.
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time to refer our time measurements to), and the relative
position of the observer, the pulsar, and the solar system
barycenter (which allows us to correct for different light travel
times from the source to our instrument as the Earth moves
around its orbit). What we summarize here is treated in great
detail in the TEMPO2 paper II by Edwards et al. (2006). There
is also some confusion on the acronyms used by technical
reports on timescales and in pulsar astronomy papers, that we
try to address here. The concepts described in this Appendix
are summarized in Figure 7.

A.1. Time Scales

The calendar utilized in everyday tasks is based on the
duration of a day, which is defined as a rotation of the Earth
with respect to the Sun,33 and initially second was defined as
1/86400th of the duration of an average day. However, this
process does not last a constant amount of time, but the Earth’s
rotation is not stable and, over time, tends to slows down,
mostly due to the tidal effect of the Moon. Since 1967, the
second has become an International System of Units (SI) base
unit, defined as the duration of 9,192,631,770 periods of the
radiation corresponding to the transition between the two
hyperfine levels of the ground state of the 133Cs atom (Bureau
International des Poids et Mesures 2025). A day is now defined
as 86,400 s, and to correct for the Earth rotation evolution,
leap seconds are introduced from time to time to synchronize
the calendar to the rotation (so that there are single days of
86,401 s, like 2016 December 31). The timescale tied to the
Earth rotation is called Coordinated universal Time (UTC). It
is calculated as a byproduct of the Terrestrial Time (TT),
which is a theoretical time measured on the surface of a
spherical Earth whose radius is the mean sea level. The most
commonly used estimate (or realization) of the TT scale is the
international atomic time (TAI), calculated from the weighted
(and corrected for relativistic effects) average of 450 atomic
clocks, mostly caesium clocks. The Bureau International de
Poids et Measures (BIPM) annually reanalizes the same clock
time series used by TAI and produces an improved TT solution
that can be used for the most challenging metrology
applications. Independent realization of TT are under study,
notably one based on pulsars (Hobbs et al. 2020), which would
definitively disentangle our measurement of time from the
Earth’s influence and be suited to interstellar travel.
Because of general relativity, the pace at which clocks run is

a function of their acceleration (or, equivalently, the gravita-
tional field they are subject to). A clock at rest in empty space
will run faster than one close, e.g., to Earth; different clocks at
different positions on the geoid will run at different paces,
being subject to a slightly different gravitational pull; and as
the Earth moves around the Sun in its elliptical orbit, the rate at

which the ideal clock from TT runs remains non constant, due
to the distance from the Sun. This effect is called Einstein
delay (Damour & Deruelle 1986). This gives rise to a periodic
change of clock rates which needs to be taken into account in
precision timing. The timescale correcting TT for these
relativistic rate changes is called barycentric dynamical time
(TDB). An even more fundamental scale is the barycentric
coordinate time (TCB), which is equivalent to the proper time
measured by a clock which is co-moving with the barycenter
of the solar system but outside its gravitational well, calculated
in a fully relativistic framework. In practice, TCB differs from
TDB by a fixed rate,34 and TDB is nowadays defined in terms
of TCB. The Tempo2 package (Hobbs et al. 2006) internally
uses TCB, while TEMPO (Nice et al. 2015) and PINT (Luo
et al. 2021) use TDB. TDB is also still used as an independent
variable in the JPL-DE ephemerides. In parallel, the Solar
System Einstein delay is computed using the IF99 model
(Irwin & Fukushima 1999) by Tempo2 and the FB90
(Fairhead & Bretagnon 1990) by TEMPO and PINT.35
As a side note, despite the name similarity, TDB is a

timescale valid everywhere in the relativistic framework. It
does not necessarily involve the so-called barycentering of the
data, which consists of correcting the time measurements for
light travel time across the solar system (see below).

A.2. Observer Position-related Transformations

Once we have agreed on a timescale and our clocks are
synchronized, we still need to deal with the fact that signals
travel in space at a finite velocity, the speed of light.
Depending on the position of the Earth in its orbit, the

arrival time at the instrument of a given photon can change by
up to 16 minutes (Roemer delay). The same applies to smaller
but significant corrections by milliseconds depending on the
instrument position on the Earth surface or in orbit. It is
therefore important to find a way to express the time of arrival
at a fixed reference point, typically the solar system barycenter
(SSB). Correcting for this effect is called barycentering.
Modern pulsar timing codes use the detailed models of the

solar system provided by the JPL-DE in order to determine not
only the position of the SSB, but also other kinds of delay due
to the signal traversing the curved spacetime near the Sun and
other Solar System objects, the so-called Shapiro Delay
(Shapiro 1964; Damour & Deruelle 1986).

Appendix B
Mission-specific Data Preparation

In this Appendix, we describe the data preparation steps
specific to each mission. Some apparent inconsistency might

33 Not a full rotation on its axis, which would be a sidereal day.

34 IAU 2006 Resolution 3: https://syrte.obspm.fr/iauJD16/IAU2006_
Resol3.pdf.
35 They are specified through the TIMEEPH parameter in parameter files.
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arise from differences in the data processing pipelines and
calibration procedures employed by each mission. In all cases,
the most important step for our work is the barycentering
procedure. Wherever not specified, we assume that DE200
ephemerides use the FK5 reference frame, and ICRS
otherwise.

B.1. Chandra/HRC
The Crab Nebula has been observed with the Chandra X-ray

Observatory (Chandra) several times with both the ACIS and
HRC instruments. ACIS is a CCD imager with relatively large
readout frame times even in continuous clocking mode
(2.8 ms), and the HRC is a microchannel plate detector with
timing resolution of ∼15.6 μs. The HRC is therefore the
appropriate detector with which to observe the Crab pulsar.
However, there is a timing error in the electronics that assigns
the photon arrival time to the following event. This is
mitigated by running the detector in a mode where all events
are telemetered down, and the timing is corrected during
pipeline processing. This mode can result in telemetry
saturation due to the large number of events that can be
recorded, so the Crab is often observed with the Low-Energy
Transmission Grating (LETG) inserted as a neutral blocking
filter, and with the lower level discriminator to detect events on
the detector set higher, so only events with large signals are
recorded. We have analyzed a subset of the HRC-S/LETG
observations (see Table 3) here. The HRC is not subject to
pileup effects as in CCDs, but due to deadtime effects the
number of counts detected becomes nonlinear at large count
rates, such as at the peaks of the pulses.

All the data are processed using the CIAO analysis software
(v4.17 Fruscione et al. 2006) to apply the latest calibration, and
the times are corrected for barycentric offsets using the CIAO

tool axbary, using the JPL-DE405 solar system ephemeris.
Chandra’s spatial resolution is sufficient to isolate the pulsar as
a point-like source within the diffuse nebula. We have
estimated the position of the pulsar by centroiding on this
point-like source and collect source photons within a circle of
radius 1.5.

B.2. Einstein Probe/FXT
EP/FXT timing mode observations of Crab are summar-

ized in Table 4. The observational data were processed using
the FXT Data Analysis Software (FXTDAS) version 1.20,
alongside the FXT calibration database (CALDB) version
1.20. The data reduction pipeline, denoted as fxtchain, was
employed with precise source localization parameters: R.
A. = 05h34m31.s972 s and (decl.) = 22 00 52.07. The standard
Good Time Interval (GTI) selection criteria, “ELV>5&&-
COR>6&&SAA==0&&DYE_ELV>30”, were applied. The
events within the energy range of 0.5–10 keV were selected.
The fxtbary tool was utilized to convert the time of
each event to barycentric corrected time using ephemeris
“de430_plus_MarsPC.bsp”.

B.3. Fermi

We queried the Fermi archive36 for all existing observations
of the Crab pulsars up to 2024 November 5th, and the relevant
spacecraft solutions. The data returned by this query were
already usable for analysis without further cleaning, due to the
strong signal from the Crab pulsar. We then used the gtbary
tool distributed with the conda package fermitools,
to barycenter the data through the command gtbary
file_PH00.fits file_SC00.fits file_PH00_b-
ary.fits 83.633218 22.01446361111111.

Table 3
Chandra/HRC Observations of Craba

Observation Exposure R.A., Decl.
ID Start Time (ks) ICRS 2000

758 2000-01-31 01:21:19 74.42 5:34:31.9242, +22:00:51.920
8548 2007-09-26 11:51:37 7.71 5:34:31.9471, +22:00:52.103
9764 2007-12-27 11:39:14 3.62 5:34:31.9349, +22:00:51.841
9765 2008-01-22 16:04:52 97.28 5:34:31.9317, +22:00:51.937
11245 2010-11-16 07:11:01 19.96 5:34:31.9605, +22:00:52.148
12228 2010-08-19 23:54:55 2.13 5:34:31.9700, +22:00:52.081
13121 2010-10-06 04:32:35 1.59 5:34:31.9419, +22:00:52.046
14686 2013-03-10 08:07:55 20.01 5:34:31.9227, +22:00:52.199
16246 2013-10-22 12:26:45 20.01 5:34:31.9590, +22:00:52.764
16247 2013-10-24 00:14:38 20.01 5:34:31.9737, +22:00:52.123

Note.
a https://doi.org/10.25574/cdc.448

Table 4
Timing Mode Observation Log of Crab with EP/FXT

obsid Obs. Date MJD exposure
(UTC)

08500000012 2024-02-28 60368 2.6 ks
13600005102 2024-03-08 60377 8.3 ks
11900008151 2024-09-23 60576 5.9 ks
11900008152 2024-09-23 60576 5.9 ks
08500000313 2025-03-22 60756 2.0 ks
08500000314 2025-03-22 60756 2.9 ks
08500000324 2025-03-24 60758 3.0 ks

36 https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
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B.4. Hitomi

We retrieved the final archival Crab data products for
Hitomi from HEASARC. For the Soft X-ray Spectrometer
(SXS), we utilized the cleaned event FITS file to extract the
high- and medium-resolution grades (Hp, Mp, and Ms; Ishisaki
et al. (2018)) by selecting "ITYPE=0:2" within xselect.
The Hard X-ray Imager (HXI) data was obtained from the
standard cleaned event FITS file, and extracted using a sky
region around the Crab pulsar and extending up to a radius of
70″ from the image centroid. Only one unit of the Soft
Gamma-ray Detector (SGD) is available, because the observa-
tion taking place during the commissioning phase. To increase
the photon statistics, we selected photo-absorption event from
the unscreened event FITS file, following the guidelines in
Appendix 2 of Hitomi Collaboration (2018).
Subsequently, barycentric correction was applied on the

DE200 solar system ephemeris for the event FITS files using
the command outlined in Terada et al. (2018):
barycen orbext=ORBIT ra=83.633218 dec=

+22.014464.
It should be noted that no energy selection was performed

on the events; the approximate energy bands for the SXS, HXI,
and SGD-1 photo-absorption events ranged from 2–10 keV,
2–80 keV, and 10–300 keV, respectively.

B.5. HXMT

The Crab observations from Insight-HXMT were processed
using the official data pipeline hpipeline, which performs
filtering and calibration.37 After these steps, photons within
specific energy ranges were selected: HE: 25–250 keV, ME:
10–30 keV, and LE: 1–10 keV. The arrival times of the
cleaned events were then corrected to the Solar System
barycenter using the barycentric correction tool hxbary, with
the JPL ephemeris DE430 and source coordinates R.A.
(J2000) = 05h34m31.s972, decl. (J2000) = +22 00 52.07.

B.6. IXPE

We retrieved the IXPE data from the HEASARC archive,
selecting all observations covering the Crab pulsar position.
We did not run the mission pipeline, and trusted the cleaned
event files from the official preprocessing done by the science
operations center, as there should be no significant issue with
the time stamps of the data. We barycentered the clean
event data using the barycorr FTOOL, with the ICRS
source position of (R.A., decl.) = (83.63311445608998,
22.01448713834) and the DE440 solar system ephemeris. To
eliminate part of the contamination from the nebula, we
applied a spatial filter to the event files, excluding events
outside a 20″ circular region centered on the Crab pulsar. The

astrometry showed some discrepancies in the order of 10″–30″

between ObsIDs (but very consistent between different
detector in the same observation), therefore we adjusted the
source position manually.

B.7. MAXI/GSC
The MAXI/Gas Slit Camera (GSC) has been monitoring the

Crab Nebula continuously for over 16 yr, since 2009 August
(Morii et al. 2011; Sugizaki et al. 2011). We retrieved the GSC
data using the FTOOL mxdownload_wget and generated
daily cleaned event files with mxproduct, selecting events
within a 1°.6 radius around the Crab.38 We then extracted
events in the 2–20 keV energy range using xselect.
Barycentric correction was applied using the FTOOL barycen,
based on the DE-200 solar system ephemeris and the source
position of (R.A., decl.) = (83.633083, 22.014500). To ensure
sufficient statistics, we excluded days with fewer than 1000
counts. As a result, we obtained event files for 4089 days, up to
2025 July 10.

B.8. NICER

We followed the default procedure described in the NICER
HEASARC page.39 We retrieved all NICER observations
listed in the nicermastr table with nonzero exposure, and
ran the nicerl2 pipeline on each observation directory with
default parameters. Some observations had too few counts for
a TOA and got discarded. We ended up with 89 usable
observations between MJD 57970–60734 (2017 August–
2025February). We ran barycorr on the cleaned event
data, using the ICRS position from Simbad. We repeated the
procedure without running the nicerl2 pipeline and found
consistent results, as the HEASARC-distributed clean event
files were already processed with a standard pipeline by the
instrument team and only contain little additional noise
compared to a fully processed data set where all parameters
are correctly tweaked. Recent issues like the light leak40

require a reprocessing with HEASOFT > 6.35.2, but the issue
mostly affects spectral data.
For the end-to-end validation in Figure 4, we applied three

different barycenter corrections to the HEASARC-distributed
cleaned event files, using the following parameters:

1. DE200 ephemeris, (RA, Dec) = (83.633083, 22.014500)
(FK5)

2. DE430 ephemeris, (RA, Dec) = (83.63311445608998,
22.01448713834) (ICRS)

37 Detailed documentation is available at http://hxmten.ihep.ac.cn/.

38 For the details of MAXI analysis, see https://darts.isas.jaxa.jp/missions/
maxi/analysis/
39 https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/nicerl2/.
40 See https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/light-leak-
overview/.
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3. DE440 ephemeris, (RA, Dec) = (83.63311445608998,
22.01448713834) (ICRS)

The procedure was run on sciserver (Taghizadeh-Popp
et al. 2020)

B.9. NinjaSat

NinjaSat is an astronomical X-ray CubeSat observatory. The
satellite has a 6U form factor (34 × 24 × 11 cm3) and a mass of
8 kg. It was launched into a Sun-synchronous orbit at an altitude
of 530 km in 2023 November and began scientific observations
on 2024 February 23. NinjaSat is equipped with two non-imaging
gas X-ray detectors (Gas Multiplier Counters; GMCs). Each
GMC is a detector filled with xenon-based gas, featuring an
effective area of 16 cm2 at 6 keV and sensitivity in the 2–50 keV
energy range. X-rays from a target source are guided into the
detectors through a collimator with a field-of-view (FoV) of 2°.1
(FWHM) placed in front of a gas cell. Detailed descriptions of the
satellite and detectors are provided in Tamagawa et al. (2025).
Each GMC assigns a time tag to individual X-ray photons with
the aid of GPS signals. The time counter in the GMC has a
resolution of 61 μs. Further details on the time tagging with GPS
are found in Ota et al. (2025). To produce cleaned event data of
the Crab Nebula observations, following the method described in
Takeda et al. (2025), non-X-ray background signals and electrical
noise were removed based on the characteristics of the analog
waveforms. Good time intervals of the data set were defined as
the periods during which high voltage was applied to the GMC,
the Crab Nebula was in the FoV, and GPS-PPS signals were
received at 1 s intervals. Based on onboard estimates by the
Attitude Determination and Control Subsystem, the spacecraft
orbital position and velocity in the J2000 coordinate system were
calculated and used for barycentric correction. We ran the
“barycen” command with coordinates of R.A. = 83.633218 and
decl. = 22.014464 on the DE200 solar system ephemeris.

B.10. NuSTAR

We downloaded all public Crab data from the NuSTAR
archive from the High Energy Astrophysics Science Archive
Research Center (HEASARC) with exposure longer than 100 s.
The NuSTAR Data Analysis Guide41 describes in detail the

following steps, we direct the reader to the guide for details.
We ran nupipeline with default parameters. We selected
event lists in SCIENCE (01) and SCIENCE_SC (06) modes.
Mode-01 data are those corresponding to all instruments and
star trackers working in nominal conditions, while Mode-06
have only some of the camera head units (CHUs) working,
leading to astrometry errors by 1′–2 . This mode makes the
PSF slightly more difficult to model, and for precise spectral
analysis data from these intervals should be used with care.

However, the arrival times of the photons are recorded with the
same precision as Mode-01 data, and so they can be used for
our work without issues.
For a sample of observations, we followed the general

procedure used to process Mode-06 data (e.g., Walton et al.
2016), splitting the intervals with different CHU combinations
through the nusplitsc tool. From both Mode-01 and Mode-
06 data, we selected data from a 70″ region around the centroid
of the PSF (which, again, can move from the expected position
in Mode-06 data). The selection was done through Python
scripts that analyzed the images produced in each data mode
interval looking for the maximum of the PSF. Again, a more
precise modeling of the PSF is not needed in this case, being
interested only on the event arrival times and a rough energy
measurement for each photon (and not a precise spectral
modeling with PSF corrections), and being the Crab by far the
most luminous source in the field of view. The whole
procedure was automated through the heasarc_retrie-
ve_pipeline script v.0.2 (Bachetti 2025c), installed on
Sciserver (Taghizadeh-Popp et al. 2020). We later verified by
eye that the selected regions were at least roughly consistent
with the expected PSF positions.
For all observations, given that the Crab pulsar and nebula

are not resolved in NuSTAR and they dominate the emission in
the region, we used directly the cleaned event files distributed
by HEASARC. In observations where both methods were
used, we verified that results were consistent within error bars,
with a slight increase in the scatter of the TOAs when using the
full data, as expected due to the higher contribution from the
nebula and the background. This allowed for a quicker
processing, with no manual intervention (that is often
required when doing source selection due to astrometric
uncertainty) and, importantly, without the long processing
times typically associated with nupipeline. Finally, we ran
barycorr to refer the photon arrival times to the solar
system barycenter. We selected the ICRS reference frame,
the DE430 JPL ephemeris, and the position of the Crab
R.A. = 83°.63311445609, decl. = 22°.01448713834. For all
observations, we used the latest clock correction file available,
that provides an absolute time precision of ∼60 μs (Bachetti
et al. 2021).

B.11. Suzaku

We downloaded the final archival products of public Crab
data for Suzaku HXD PIN and GSO from HEASARC.
Subsequently, we performed barycentric correction on the
cleaned event FITS files using the aebarycen tool, as
described in Terada et al. (2008):
aebarycen ra=83.633218 dec=+22.014464.
Note that aebarycen is the prototype code of the

barycen tool in the HEAsoft package, which computes the
barycentric time on the DE200 solar system ephemeris.41 https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf
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It has been recognized that the ground station equipment
responsible for time assignment encountered issues from 2012
to 2014, resulting in the degradation of Suzaku’s absolute time
accuracy by up to approximately 3 milliseconds. This
observational data has not been omitted from the timing
performance evaluation presented in Table 2.

B.12. Swift/XRT
The data set used includes all Crab pulsar observations from

2005 to 2022, conducted with the XRT in WT mode. Only
observations with valid radio ephemerides and where the
pulsar is within 5′ of the on-axis direction were considered.
Data were retrieved from the HEASARC public archive, then
calibrated, filtered, and screened using the XRTDAS package,
part of the HEASoft 6.32.1 software release, with default
processing parameters.
For each observation, source events with grades 0–2 were

extracted from a rectangular region (40 pixels wide) centered
on the pixel with the highest count. This region encompasses
approximately 94% of the Point Spread Function (PSF) of the
Crab pulsar, which is located near the center of the Nebula.
The event arrival times were referenced to the Solar System
Barycenter (SSB) using barycorr with the Crab pulsar’s
coordinates from the Jodrell Bank Monthly Ephemeris (R.
A. = 05h34m31.s972, decl. = 22 00 52 07. ; Lyne et al. 1993),
the JPL-DE200 solar system ephemeris. The latter also
accounts for time drift during the observation, using the
mission clockfile (swclockcor20041120v160.fits,
updated to 2024 May 6), and the spacecraft orbit as specified
in the ObsID-specific attorb file.

B.13. XMM-Newton

We discuss here only the processing of EPIC pn data taken
in timing mode (resolution = 0.03 ms with a live time of
99.5%) and burst mode (resolution 7 ms with a live time of
3.0%). In Timing mode, the Crab pulsar, gives a count rate at
which pile-up is significant, which has the effect of slightly
distorting the pulse profile. While Timing mode still provides
very useful data on the timing accuracy of the pn instrument,
the burst mode data timings are more precise.
A small number of the observations suffer from issues with

unrecognized time-jumps and these are either excluded or the
event files are modified to remove or adjust the post-jump
event times. A few observations are also affected by telemetry
or operational issues and are excluded. At the current time
(2025 May), there are 107 usable observations (46 and 61 in
Timing and Burst modes, respectively). 98 had sufficient
signal-to-noise ratio for the analysis.
Elements of the analysis of the XMM-Newton pn timing

data exploit the XMM Science Analysis System (SAS)—for
the analysis reported here, SAS version 20 was used (cf the
current version, SAS 22).

The analysis comprises the following main steps:
First, the pn event data from the Observation Data File

(ODF) set for each observation are processed via the standard
pn reduction chain, epproc. This is run as:
epproc timing=YES burst=YES srcra=

83.633216667 srcdec=22.014463889 with
srccoords=yes
The cleaned event lists are then barycentrically corrected

using the SAS task, barycen, and the FK5 (R.A., Dec.)
05:34:31.972 +22:00:52.070:
barycen withtable=yes table=’bary.ds:

EVENTS’ timecolumn=’TIME’ withsrccoordina-
tes=yes srcra=’83.633216667’ srcdec=
’22.014463889’ processgtis=yes time=0
ephemeris=DE200)
As can be seen, for routine monitoring of the pn timing

accuracy, we adopt the DE200 solar system ephemeris for
consistency with the Jodrell Bank radio data.
Timing mode data are measured from a rectangular region

centred on 35,101 with width and height of 12 and 100
respectively. Burst mode data are taken from a rectangle
centred at 3571.5 with width and height, 20 and 70
respectively. For both Timing and Burst mode, the
Background is taken within a rectangle centred at 664 with

width and height, 5 ands 63.5 respectively.
Subsets of events are subsequently extracted for the source

and background regions from the observation cleaned
event list.

B.14. XRISM

We utilized private observations of the Crab with XRISM
Resolve obtained during the performance verification
phase and the first cycle of the guest observation program in
2024. The processing and calibration versions of the data set
were specified as TLM2FITS= ‘004_002.15Oct2023_
Build7.011’, PROCVER = ‘03.00.011.008’, and CALDB-
VER= ‘gen20240315_xtd20240315_rsl20240315’, with
ground-based calibration parameters incorporated for timing
assignment. We then reprocessed the unscreened event file
with the pre-public timing-coefficient CALDB based on in-
orbit calibration and employed standard screening criteria to
get cleaned event file. High- and medium-resolution grades
(Hp, Mp, and Ms) were extracted by applying “ITYPE=0:2”
in xselect to the cleaned event file. A barycentric correction
was then conducted on the DE200 solar system ephemeris
using the command prescribed in Terada et al. (2025):
barycen orbext=ORBIT ra=83.633218 dec=

+22.014464.

B.15. XTE

We obtained a list of all RXTE/PCA observations pointed
less than 0°.1 away from the Crab pulsar by querying the
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xtemaster table at HEASARC, using the astroquery.
heasarc module. We selected only observations containing
data in science event modes. For each of these observations,
we downloaded locally the event data (fname) and the
relevant spacecraft file (orbit_file), and barycentered the
event data using the command
barycorr fname outfile ra=83.63311446

dec=22.01448714 ephem=JPLEPH.DE440 reffra-
me=ICRS orbitfiles=orbit_file clobber=yes.
To save space, we did not save the full information of the

barycentered event files, but only the arrival times of the
photons and the PHA column that could be used to extract
energy-selected event lists. We did not perform an energy
selection for this work.
We processed in total 330 observations between MJD

50205–55927 (1996–2012). The procedure was executed on
the Fornax infrastructure at NASA42 (Jaffe 2024).

Appendix C
Example of Re-fitted Timing Model

We report below the result of model_200.compare
(model_405) in PINT, where model_200 is the original
JBE model from the CGRO solution, closest to the start of the
observation (MJD 55427.9964794566), and the model_405
is the result of the re-fitting of the model using the position and
ephemeris used to barycenter the data, following the procedure
in Section 3. The parameters marked with asterisks are those
that were fitted, while the others were kept fixed to the values
in the original JBE model. The apparent large differences in
F0, F1, and F2 (compared to the quoted uncertainties) are due
to the very low scatter of simulated data (see the model TRES)
compared to the deviations produced by the different reference
frames and ephemerides. TZRMJD was fixed to a TOA close
to PEPOCH.

PARAMETER Crab_55427.9964794566_DE200.par crab_12228_none.par Diff_Sigma1 Diff_Sigma2
————– ——————————————————- ———————————— ——————– ——————–
PSR J0534+2200 J0534+2200
EPHEM DE200 de405
CLOCK TT(TAI) TT(TAI)
UNITS TDB TDB
START 55409.0 55408.000000064643586
FINISH 55440.0 55441.000000165256875
DILATEFREQ False False
DMDATA False False
NTOA 0 501
TRES 40.38 0.09930508316423779 !
POSEPOCH 40706.0 40706.0
PX 0.0 0.0
RAJ 5h34m31.97232s 5h34m31.99992s
DECJ 22d00m52.069s 22d00m52.0992s
PMRA 0.0 0.0
PMDEC 0.0 0.0
F0 29.721114704239(0) 29.7211147070001(4) 6878.81 ! *

PEPOCH 55424.0 55424.0
F1 -3.7117799999999996(0)ÃČ—10E-18-3.711789115(4)ÃČ—10E-18 -2055.94 ! *

F2 2.4400000000000004(0)ÃČ—10E-20 2.42957(18)ÃČ—10E-20 -57.71 ! *

PLANET_SHAPIRO False False
DM 0.0 0.0
TZRMJD 55424.000000163 55424.037999928536006 !
TZRSITE 0 0
TZRFRQ inf inf
PHOFF 0.0(0) 0.0(2.0)ÃČ—10E-7 nan 0.00 *

CHI2 Missing 494.06112706703493
CHI2R Missing 0.9960909819899897
SEPARATION 0.385001 arcsec

42 https://pcos.gsfc.nasa.gov/Fornax/
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