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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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public archives or published literature and analysed accordingly.  
See Methods for more details.

Results
The best studied radio-detected magnetar is XTE J1810−197 (ref. 6); 
quasi-periodic substructure in its pulses was suggested during its first 
phase33 and more recent phase34,35 of radio emission. Even though nei-
ther work reported a value for the quasi-periodicity, our result appears 
to be fully consistent with the previous qualitative discussion.

With this work, we have demonstrated the existence of 
quasi-periodic substructure in all radio-loud magnetars (Fig. 1), except 
for SGR J1935+2154 for which there are too few detected pulses with suf-
ficient time resolution so far to make a clear detection (Methods); we 
note, however, that fine-structure was recently reported in sub-pulses 
on timescales of 5 ms (ref. 36).

The ability to detect quasi-periodic substructure depends cru-
cially on the time resolution and the signal-to-noise ratio, while the 
strength of the source can vary with time, especially for magnetars 
(for example, ref. 37). But even under similar observing conditions, 
quasi-periodic sub-pulses are not ubiquitous and are not always detect-
able. For instance, the magnetar PSR J1622−4950 shows such structure 
very prominently in observations in 2017, but less clearly before or 
later in 2018 (Methods). This is very similar to what is also observed 
in normal pulsars38. Therefore, it is possible that SGR J1935+2154 may 
reveal quasi-periodic substructure in a later, larger sample of pulses 
(see, for example, ref. 36).

Examples of the detected quasi-periodic substructure from four 
of the sources, XTE J1810197, Swift J1818.0−1607, PSR J1622−4950 and 
GLEAM-X J162759.5−523504.3 are displayed in Fig. 1. We measure the 
quasi-periodicities (Pμ) and widths (τμ) and list them in Extended Data 
Table 2, which also summarizes values compiled from the literature 
(Methods). Similar to normal pulsars38 and millisecond pulsars30 
(Extended Data Table 3), when quasi-periodic substructure is detected 
(Methods), we measure a range of values forming a source-specific 
distribution (with one or two clearly preferred values) for the typi-
cal quasi-periodicities and widths measured (see, for example, Sup-
plementary Information). Using the geometrical mean as a robust 
measure, the values of quasi-periodicities measured for magnetars 
are shown as red symbols in Figs. 2 and 3 and in Extended Data Fig. 1.  
Strikingly, magnetars show not only quasi-periodic substructure but 
its quasi-periodicity also follows the same scaling with rotational 
period that was established for normal pulsars and millisecond pulsars  
(Fig. 2). This even extends to the recently discovered 76-s PSR 
J0901−4046, where pulses are also observed to show a set of (other-
wise well-defined) quasi-periodicities in single pulses4. The source 
establishes the existence of ultra-long-period neutron stars and also 
suggests a connection to magnetars4.

One can even go further by considering the also recently discov-
ered pulsating radio source GLEAM-X J162759.5−523504.3 with a period 
of 1,090 s, which is also speculated to be an ultra-long-period neutron 
star or, specifically, an old magnetar32. We have analysed the avail-
able data and also identified quasi-periodic substructure in its pulses  
(Methods). But, just as discussed for magnetars and normal pulsars, 
it is only detectable in a limited range of epochs. The measured quasi- 
periodicity is somewhat larger than a Pμ ≈ 10−3P scaling would suggest, 
that is, we measure a value of 6.6 ± 0.6 s. While we discuss this further 
below, the measurement fits the general trend, extending the observed 
relationship to about six orders of magnitude. Fitting a power law to 
the whole range of sources, we obtain Pμ = (0.94 ± 0.04) × P(0.97±0.05) ms, 
where P is in seconds, confirming the previously inferred scaling of 
Pμ = 10−3P (refs. 26,27,39) determined for normal pulsars alone.

Interestingly, the recent discovery of a Rotating Radio Transient 
(RRAT), RRAT J1918−0449, with the Five-Hundred-Meter Aperture 
Spherical Telescope (FAST), allows us to resolve and, for to our knowl-
edge, the first time, detect quasi-periodic substructure in pulses from 

discovery of FRBs, magnetars were speculated to be a source of FRBs 
due to their energetic nature17. The recent outburst of the Galactic 
magnetar, SGR J1935+2154, showed some FRB-like properties18–20, 
lending credence to such an association, although questions—for 
instance, whether magnetar radio emission is luminous enough to 
explain FRBs—still remain (for example, see ref. 21).

If FRBs are indeed associated with magnetars, one may also expect 
to detect periodicities in repeating FRBs that are related to the rotation 
of the underlying neutron star, that is, in the range of a few seconds 
to tens or possibly hundreds of seconds. However, an attempt to find 
a periodicity between 1 ms and 1,000 s, for instance, in hundreds of 
bursts from FRB 20121102A has not been successful22. In contrast, on 
sub-burst timescales, quasi-periodic substructure was reported23–25 
for several bursts from FRBs, though we note that the significance of 
some detections has been questioned25. Such FRB sub-burst structure 
has been likened to quasi-periodic ‘micropulses’ seen in radio pulsars 
(for example, ref. 23).

The short-duration micropulses in radio pulsars have a typical 
width, τμ, and often appear quasi-periodically with a quasi-periodicity, 
Pμ. They are often superimposed on top of wider sub-pulses comprising 
the individual pulses for each rotation1. It has been long established 
for normal, non-recycled pulsars that both τμ and Pμ scale with the 
rotational period Pμ ≈ 10−3P and τμ ≈ 0.5Pμ (refs. 26–28), respectively. 
Recently, it has also been found that micropulses (also called ‘micro-
structure’) can be observed in recycled millisecond pulsars29,30 at very 
short periods, which follow the same trend. Hence, while the names 
‘microstructure’ or ‘micropulses’ were coined after discovering this 
emission feature in observations of pulsars with slow spin periods  
(in the approximate range of 0.2–3.0 s) (refs. 27,31), in light of an 
increasing range of timescales (see below), we suggest it is more appro-
priate to refer to it as ‘quasi-periodic substructure’ that is linked to the 
pulsar rotation period.

In this work, we show that this quasi-periodic substructure is 
detectable in members of all subclasses of radio-emitting neutron stars, 
especially in radio-loud magnetars, and that the previously observed 
dependence of substructure quasi-periodicity on rotational period 
is still obeyed. This may support attempts23,25,30 to potentially infer 
underlying rotational periods from FRBs, if they were indeed emitted by 
extra-galactic magnetars. More importantly, however, the observation 
provides a unifying feature that links the radio emission of members 
in all subclasses of radio-emitting neutron stars.

Data
To perform this study, we collected data from all radio-loud magnetars 
known so far: XTE J1810−197, Swift J1818.0−1607, PSR J1622−4950, 1E 
1547.0−5408 (also known as PSR J1550−5418), PSR J1745−2900 and SGR 
J1935+2154. In addition, we included the recently discovered source 
GLEAM-X J162759.5−523504.3, which has also been considered as an 
ultra-long-period magnetar32. Due to the typically flat flux-density 
spectrum of radio-loud magnetars, our study has been conducted 
using data obtained at relatively high radio frequencies (that is, typi-
cally several gigahertz), except for GLEAM-X J162759.5−523504.3, which 
was only seen at frequencies below 230 MHz. For XTE J1810−197 and 
Swift J1818.0−1607, we conducted new polarization observations of 
individual pulses using the Effelsberg 100-m radio telescope (Methods). 
for each of the two sources, the observations were made at 6 GHz on 
three different epochs (Extended Data Table 1). The data were recorded 
as a filterbank in all four Stokes parameters, with a total bandwidth 
of 4 GHz and time and frequency resolution of 131 μs and 0.976 MHz, 
respectively. We removed the frequency dependent time delay caused 
by free electrons along the line of sight and formed a series of pulses 
which correspond to each individual rotation of the magnetar (that 
is, single-pulse data). The single-pulse data were then calibrated for 
polarization and flux density and cleaned to remove radio interfer-
ence. For the rest of the sources, the data were collected from either 
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RRATs40. The measured quasi-periodicity agrees perfectly with our 
scaling law (Fig. 2).

The measurements of the substructure width, τμ, are sometimes 
more difficult to obtain than those of quasi-periodicities, as pointed 
out for normal pulsars41. This results in fewer measurements or larger 
uncertainties, but we also find a linear scaling with rotational period 
as shown in Extended Data Fig. 1 and express this fit to the data as  
τμ = (0.59 ± 0.03) × P(0.99±0.02) ms, where P is in seconds. This is con-
sistent with previous findings from normal pulsars alone, but now 
also expanded in period range and, more particularly, in the type of 
radio-emitting neutron star.

Given that both independently measured quantities τμ and Pμ 
obviously depend on rotational period P, we also perform a joint fit for 
those sources, where both measurements can be made. We determine 

the joint power-law index α and the independent scale factors AP and Aτ, 
that is, Pμ = AP × Pα ms and τμ = Aτ × Pα ms, where P is in seconds. We again 
confirm a linear dependency on rotational period, α = 1.03 ± 0.04, while 
the spacing of the quasi-periodic sub-pulse structure is approximately 
twice their width, that is, AP = 1.12 ± 0.14 and Aτ = 0.50 ± 0.06. The results 
are shown in Fig. 3.

Discussion
We have established a universal relationship between the rotational 
period and emission features that can be found in members of every 
type of radio-emitting neutron star. The relationship scales simply 
with the rotational period and applies regardless of the formation or 
evolutionary history of the neutron star, its presumed energy source, 
or the regularity (or sporadicity) of its radio emission.
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Fig. 1 | Examples of quasi-periodic substructure from four sources. a, For 
selected source XTE J1810−197, the pulse amplitude as a function of time  
(upper left graph), the ACF of the pulse (upper right graph), the Fourier PSD  
of the pulse (lower left graph) and the PSD of the ACF (lower right graph).  
b, For selected source Swift J1818.0−1607, the same. c, For selected source PSR 

J1622−4950, the same. d, For selected source GLEAM-X J162759.5−523504.3, the 
same. In a,b,c,d, the vertical dashed lines mark the identified quasi-periodicity 
and its harmonics in the ACF graphs and their corresponding fundamental 
frequency in the PSD graphs. Vertical axes are linear arbitrary units.
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The relationship extends over about six orders of magnitude, 
but some deviations are observed. First, the quasi-periodic sub-
structure seen in magnetar pulses is not always present and, second, 
the periodicities vary to some extent, leading to a classification as 
a quasi-periodicity within a pulse and leading to a narrow distribu-
tion of quasi-periods from pulse-to-pulse that is specific for a given 
source (this is already well known for many normal pulsars and was also 
recently established for the 76 s PSR J0901−4046 and shown here for 
GLEAM-X J162759.5−523504.3). Hence, the similarity goes beyond the 
existence of the scaling relationship itself. Future measurements will 
help to establish and constrain the range of values further to identify 
more commonality.

Clearly, the scatter in the measurements around the predicted 
values is caused to some extent by the observed fluctuation in perio-
dicities around preferred values. We can speculate whether the meas-
ured magnetar periodicity values tend to be somewhat physically 
larger than those values for normal pulsars, as suggested by Fig. 2, but  
the deviations by themselves are hardly statistically significant given 
the uncertainties (Methods). Similar thoughts should also apply 
to the measurements for GLEAM-X J162759.5−523504.3. But here,  

we also note that unlike for the other magnetars studied here, the 
observations of GLEAM-X J162759.5−523504.3 were made at a rather 
low frequency of ≲230 MHz.

Even though pulsar substructure properties are usually consistent 
across large frequency ranges (for example, refs. 27,38), observations 
at lower frequencies could lead to broader substructures and larger 
spacing compared to the much higher radio frequencies used here 
otherwise (see, for example, ref. 28). At the moment, the limited range 
of epochs prevents further studies.

The origin of the quasi-periodic substructure in the radio emission 
has been a matter of debate since it was first discovered in normal pul-
sars. It was interpreted either as a temporal or angular phenomenon27. 
A temporal phenomenon would suggest emission patterns which 
originate ultimately from processes in the interior or on the surface of 
neutron stars (for example, ref. 42). In contrast, interpreting the obser-
vations as an angular pattern, the quasi-periodic substructure repre-
sents ‘beamlets’ of a characteristic angular width that sweep across 
the observer with the pulsar rotation27. It has already been argued for 
normal pulsars28 that a Pμ–P correlation is more naturally explained 
as an angular pattern. Given the extent of the relationship in period 
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and millisecond pulsars are shown as blue circles; magnetars studied here are 
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circle; GLEAM-X J162759.5−523504.3 is marked with a red triangle. Each data point 
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standard deviation (Methods). A power law, Pμ = A × Pα, has been fitted to the data, 
giving a linear relationship, that is, Pμ = (0.94 ± 0.04) × P(+0.97±0.05) ms, where P is 
in seconds. The top-left inset shows a corner plot of the posterior distributions 
of the joint model parameters, with the off-diagonal elements representing 

the correlations between parameters and the diagonal elements denoting the 
marginalized histograms. The ~1σ range of uncertainty in the obtained power law 
is indicated as a shaded red band. The value of a quasi-periodicity identified for 
the bursts of a RRAT J1918−0449 is shown as a lime-coloured thin diamond; the 
RRAT also follows the relationship exactly. Interpreting quasi-periodicities in 
FRBs as originating from a similar phenomenon, one can use the observed values 
to infer underlying rotational periods associated with a potential neutron star 
origin as previously proposed by refs. 23,25,30. To demonstrate this, we select a 
number of FRB quasi-periodicities that were reported as being significant (>3σ) 
in refs. 23,24,87.
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space, and to members of all types of radio-emitting neutron stars, 
an angular beamlet interpretation of the quasi-periodic substructure 
appears as the only viable explanation. Interestingly, recent work43,44 
appears to derive the exact relationship that we see in Fig. 2. Applying 
their experience with Tokamak fusion experiments, it connects radio 
emission of rotating neutron stars to slow tearing instabilities feeding 
off an inhomogeneous twist profile within the open pulsar circuit43. 
In this picture, radio emission occurs as coherent curvature emission 
created by Cerenkov-like instabilities of current-carrying Alfven waves 
in thin current sheets with relativistic particle flow44. The model, which 
also applies to magnetars, predicts that beamed radio emission is cre-
ated from packets of charged particles, with quasi-periodic substruc-
ture being a natural consequence. The encountered timescales are 
constrained by relativistic beaming, leading to derivation of a scaling 
relationship where the relevant timescale depends only on the angu-
lar frequency Ω and an effective gamma-factor, γeff, that is tμ ≈ 1/Ωγeff, 
predicting a period dependency of the order of 10−3P (ref. 44), as we 
observe. Even though a range of size structures may be present in the 
current profile in the pulsar circuit, possibly explaining the fluctuation 
in the observed quasi-periodicities of a particular source, only the larg-
est are visible due to the smearing effect of relativistic emission43,44. The 
universality of the scaling law shown here suggests that the effective 
gamma-factor may be the same for all radio-emitting neutron stars, 
that is, γeff ≈ 200.

The fundamental dependence of emission substructure (that is 
quasi-periodicities and also pulse width) (Figs. 2 and 3 and Extended 
Data Fig. 1) on rotational period among all types of radio-loud rotating 
neutron stars is especially intriguing for the magnetic-field-powered 
magnetars, even though young (rotation-powered) pulsars and mag-
netars have been known to show some similarities in their emission 
features2,45. Radio pulsars usually have a steep flux-density spectrum1, 
whereas the spectrum of younger pulsars tends to be flatter46 and that 
of magnetars is usually very flat or even inverted37,47, or may be complex 
in some cases48.

By contrast, the polarization features of magnetars and young  
and energetic pulsars (defined here as those with ̇E > 1035 erg s−1) are 
very similar. The latter often show a very large degree of linearly polar-
ized emission49, while magnetars are also typically 100% linearly polar-
ized2,45. The corresponding position angle (PA) of the average pulse 
profile of pulsars usually shows a distinct variation as a function of  
pulse duration49, but it tends to be flatter or irregular for magnetars2,45. 
However, quasi-periodic substructure from individual rotations in 
normal pulsars can also exhibit an apparently flat PA swing41. Our obser-
vations (Extended Data Fig. 2) clearly demonstrate that this is also the  
case for polarized quasi-periodic substructure emission in magnetars.

It has been noted before that these magnetar polarization features 
are akin to those of bursts from repeating FRBs50, although exceptions 
exist51,52. If magnetars are indeed responsible for some or all FRBs, sug-
gestions that quasi-periodic substructures in FRBs may be similar to 
that in normal pulsars24,30,53 would imply that similar plasma processes 
(and not vibrations of the neutron star54) are responsible. If perio-
dicities abide by the same scaling law, one can follow suggestions in  
refs. 23,25,30 to use the observed timescales for deriving the underly-
ing rotation period, as also demonstrated in Fig. 2. In this case, one may 
wonder why underlying rotation periods have not yet been detected, 
for example in detailed studies of FRB repeaters such as ref. 22. How-
ever, the ability to find a periodicity can be hampered severely if the 
pulse window were to extend over a large fraction of the rotational 
period55. Indeed, magnetar radio emission tends to have much wider 
duty cycles than normal pulsars2. For instance, PSR J1622−4950 emits 
across almost the full rotation56. A large pulse duty cycle may be caused 
by a non-dipolar magnetic field structure in magnetars and implies a 
much wider beam than for normal pulsars, covering a much wider area 
of sky. If that were also the case for FRBs, it would reduce the number 
of FRBs inferred from population studies accordingly.

In summary, we have demonstrated the existence of quasi-periodic 
substructure in the radio emission of members of all types of 
radio-emitting rotating neutron stars, regardless of their evolutionary 
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history, their power source or their inferred magnetic field strength. 
Whether magnetars are related to FRBs remains to be seen, but we have 
shown that quasi-periodic emission structures exist in the individual 
pulses of radio-loud magnetars, often showing high polarization with 
flat position angles, that follows the same dependence on rotational 
periods as found for normal and millisecond pulsars. This universal 
relationship now spans six orders of magnitude in rotational period. 
Considering the various types of radio-emitting neutrons stars as 
whole, we obtain tantalizing insight that all appear to share some 
similar fundamental processes in their magnetosphere.

Methods
Observations and data collection
The data utilized for this study resulted from new observations, from 
re-analysed archival data and from published results, covering all six 
radio-detected magnetars known to date. New observations of two 
magnetars, XTE J1810−197 (ref. 6) and Swift J1818.0−1607 (ref. 57), were 
carried out for each on three epochs using the Effelsberg 100-m radio 
telescope and its CX-band receiver, which covers observing frequen-
cies of 4–8 GHz. Data acquisition was made with a pulsar backend 
consisting of two units of the second generation of the Reconfigurable 
Open Architecture Computing Hardware developed with the Field 
Programmable Gate Array technique by the CASPER team (https://
casper.astro.berkeley.edu/). The data were recorded in 8 bit samples 
stored in PSRFITS search-mode format58, with a time resolution of 131 μs 
and 4,096 frequency channels. Single-pulse data with specifications 
detailed in Extended Data Table 1 were extracted from the search-mode 
data stream; this used the PSRFITS_UTILS software toolkit (see https://
github.com/demorest/psrfits_utils) and an ephemeris obtained from 
our regular timing programme on these two sources. Dispersion meas-
ures (DMs) of 178.0 and 703.0 cm−3 pc were used to de-disperse the 
data of XTE J1810−197 and Swift J1818.0−1607, respectively57,59. Next, 
the single-pulse data were calibrated for polarization and flux density 
and cleaned for radio interference using the PSRCHIVE software pack-
age58. Polarization calibration was obtained using information from 
an injected noise diode signal associated with the pulsar observation. 
The data were flux-density calibrated using an exposure on the cali-
bration source NGC 7027 and its catalogued flux-density spectrum60. 
Finally, rotation measures of 74.44 and 1,442 rad m−2 were applied to 
the data of XTE J1810−197 (ref. 6) and Swift J1818.0−1607 (refs. 57,59), 
respectively, to correct for interstellar Faraday rotation in the linear 
polarization component.

Data for the magnetar PSR J1622−4950 measured at 3.1 GHz with 
the Parkes telescope56 were obtained from the public Australia Tel-
escope National Facility data archive (see https://atoa.atnf.csiro.au); 
the selection of data focused on epochs when the magnetar was exceed-
ingly bright, allowing for detailed single-pulse analyses. These data are 
available in PSRFITS search format with total intensity information and 
specifications detailed in Extended Data Table 1. They were processed 
to generate single-pulse data with the DSPSR software package, an 
ephemeris obtained from ref. 61 and a DM of 820 cm−3 pc.

Pulsation data on the magnetar-like periodic radio transient 
GLEAM-X J162759.5−523504.3 were obtained from the data archive pub-
lished by ref. 32. The observations were carried out with the Murchison 
Widefield Array at 88 to 215 MHz. In addition, we obtained information 
on pulse properties of magnetar 1E 1547.0−5408 from data retrieved 
from the Australia Telescope National Facility archive and collected 
information from the literature on the well-studied Galactic Centre 
magnetar, PSR J1745−2900 and the sparsely detected SGR J1935+2154 
(see the next section for details).

Measurement of magnetar substructure widths and 
quasi-periodicities
XTE J1810−197, Swift J1818.0−1607, PSR J1622−4950 and GLEAM-X 
J162759.5−523504.3: For these three magnetars and the GLEAM source, 

the substructure quasi-periodicities and widths were measured using 
auto-correlation analysis. The methodology of this analysis is well 
summarized in Section 7.4.2.2 of ref. 1 and many other publications 
(for example, refs. 26,62). Here, the first principle of this methodology 
is also shown in the sketch in the Supplementary Information. For a 
given waveform I(n), its auto-correlation function (ACF) is defined as:

A(k) = ∑
n
I(n + k)I(n). (1)

When there is quasi-periodic structure in the pulse, it manifests itself 
by exhibiting a sequence of equally spaced local maxima in the ACF. 
The time lag of the first local maximum corresponds to the character-
istic separation, that is, quasi-periodicity of the substructure, while 
those of the rest equal to incremental numbers times the periodicity 
(Supplementary Information). Thus, the value of the characteristic 
quasi-periodicity can be defined by the first local maximum in the ACF. 
To search for quasi-periodic substructure and to determine a value for 
the periodicity, we first calculated the ACFs for all the single pulses 
in our data. Then we used a Fourier transform to calculate the power 
spectral density (PSD) of each pulse, in turn calculated its ACF and in 
both identified a set of maxima, each of which may correspond to the 
presence of a periodicity. Next, we cross-checked the two groups of 
maxima and kept those which were reported in both (within 20% dif-
ference in values) as candidates for the periodicity. Finally, we visually 
checked the pulse profile and its ACF and noted the pulse as a detection 
only when at least one of the reported periodicities corresponded 
to a real periodic feature in both the profile and its ACF. The short-
est reported candidate periodicity was recorded as the value of the 
detected quasi-periodicity in the pulse. We investigated 4,798 pulses: 
452 from XTE J1810−197; 4,126 from Swift J1818.0−1607; 208 from PSR 
J1622−4950; and 12 from GLEAM-X J162759.5−523504.3. From these four 
sources, we detected, respectively, 77, 400, 93 and 2 pulses displaying 
quasi-periodic substructure. The results are displayed in correspond-
ing figures in the Supplementary Information. We note that for XTE 
J1810−197, we observed a bimodal distribution of periodicities, as is 
occasionally observed for normal pulsars41. We note that our derived 
value is at the lower end implied by the averaged ACF shown by ref. 35, 
whereas a value reported by ref. 34 is consistent with the first peak of 
our distribution.

We also measured the width of the substructure using the ACF 
analysis. As in our data, the inverse of the channel bandwidth is smaller 
than the used sampling times, the width can be defined as the first 
turning point in the ACF from zero lag (Supplementary Information). 
Its value corresponds approximately to the Full Width at Half Maximum 
of the substructure38,63. To obtain the turning point for each pulse, a 
spline fit was conducted on the ACF, starting from the first non-zero 
lag bin until the first bin before the identified quasi-periodicity, which 
reported a group of detected knots. Then all reported knots were 
visually inspected together with the ACF, to identify the exact one 
that corresponds to the first turning point in the ACF for each pulse.

As observed for normal pulsars, not all individual pulses exhibit 
identifiable quasi-periodic substructure. Also, as for normal pulsars, 
a limited range of periodicities can sometimes be observed. This is 
caused by a mixture of intrinsic variation, the occurrence of harmoni-
cally related quasi-periodicities or instrumental and observational 
constraints (see, for example, refs. 38,62). For this reason, we studied 
the distribution of values measured for the ensemble of studied pulses. 
To account for cases where the histogram does not show a single, clearly 
identifiable peak, we refer to the geometric mean as a robust method 
to determine a preferred value. In Extended Data Table 2 we quote 
uncertainties of the geometric mean, xgeo, expressed in the form of the 
geometric standard deviation (GSTD) factor, ΔxGSTD, defining a range 
from xgeo/ΔxGSTD to xgeo × ΔxGSTD. We also quote the mean, the error of 
the mean and the median for comparison.
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There are three more magnetars that have been detected at radio 
frequencies: 1E 1547.0−5408 (also known as PSR J1550−5418)64, the 
Galactic Centre magnetar PSR J1745−2900 (ref. 7) and SGR J1935+2154 
(refs. 18–20). Below, we discuss the obtained substructure proper-
ties for these sources, using partly archival data and previously 
published results.

1E 1547.0−5408: This 2.1 s magnetar showed strong transient radio 
emission, especially after its 2009 outburst65. Retrospectively, for this 
outburst, two strong radio pulses were reported recently66, which 
saturated the 1 bit digitization of the observing system and poten-
tially distorted the pulse signal. Thus, studied a different observa-
tion with the Parkes telescope from 25 February 2009 (MJD 54887), at 
8.3 GHz. With a time resolution of 1 ms, this 30 min observation reveals 
very narrow pulses leading the main pulse by about 500 ms. To our 
knowledge, these features have not yet been reported. The recorded 
subintegrations contain nine periods each, but the spacing of these 
pulses suggests they are the result of single bright bursts occurring at 
slightly different rotational phases during the folded 18 s. The pulses 
are consistent with having a width of ≲1 ms. Inspecting the spacing of 
these pulses, one can infer a periodicity of about 4 ms. These estimates 
are consistent with an analysis of further search-mode data accessible 
from the archive and recorded during 2016 and 2017, although the 
available time resolution in that record is also limited to 1 ms. Given 
these constraints, we consider these measurements with caution but 
list them for completeness with a GSTD of 2.0.

J1745−2900: This magnetar exhibits the longest duration of unin-
terrupted detectable radio emission since its first detection in the 
radio spectrum in 2013 (ref. 7). The profile has been observed to be 
highly variable in frequency67 and on short and long timescales68, 
with its strength diminishing in recent years69. The strong background 
emission from nearby Sgr A* combined with the relatively long period 
of 3.76 s causes significant red noise in single-dish time-series meas-
urements with a very large dispersion measure of 1,778 pc cm−3, this 
implies that high-frequency observations with interferometers are 
best suited to study the existence of quasi-periodic substructure. 
Summarizing the wealth of observations, the broad pulse envelope 
often reveals partly overlapping sub-pulses with clearly discernable 
short pulses (see, for example, Fig. 3 of ref. 70 or Fig. 4 of ref. 68). The 
typical intrinsic width of individual emission components is found 
to be as short as 1.6 ms (ref. 68) or 1.8 ms (ref. 70). Such narrow com-
ponents, when resolvable, are separated from each other, often in 
a quasi-periodic fashion, with typical separations from 2.2 ± 0.7 ms 
(see Figs. 4 and 8 of ref. 68) to about 10.4 ± 1.7 ms (see Fig. 3 of ref. 70). 
More often, these emission features are somewhat wider and blend 
into each other, overlapping at about a substructure width. The most 
common pulse width for all components is 3.2 or 6.4 ms (ref. 68). This 
is consistent with a recent pulse width measure of 4.9 ± 0.5 ms between 
4.4 and 7.8 GHz and corrected for interstellar scattering69. For our 
purposes, we account for the variety of measurements by computing 
the geometrical mean from the above values, that is, a pulse width of 
3.1 ms (with a GSTD of 1.7, cf. Fig. 5 of ref. 68) and a quasi-periodicity 
of 4.8 ms (GSTD 1.9).

SGR J1935+2154: Efforts to detect radio emission from this 3.24 s 
magnetar following its outbursts had failed repeatedly, providing 
stringent upper limits on the existence of detectable radio emis-
sion71. In contrast, on 28 April 2020, both the CHIME19 and STARE2 
(ref. 18) telescopes detected the same short radio burst from a direc-
tion consistent with that of SGR J1935+2154, which were followed 
by a sequence of detections within a short time window (for exam-
ple, refs. 72–74). Both CHIME and STARE2 measured a DM around 
333 pc cm−3. The CHIME data observed between 400 and 800 MHz 
revealed two sub-bursts with widths determined to 0.585(14) ms 
and 0.335(7) ms, respectively, where numbers in parentheses indi-
cate measurement errors, after correcting for apparent effects of 
multipath scattering (with a thin-screen scattering timescale of 

0.759(8) ms when referenced to 600 MHz). Both components were 
separated by 28.91(2) ms. The STARE2 data taken at higher frequencies 
between 1,280 MHz and 1,530 MHz showed no significant evidence 
for scattering18. Nevertheless, because CHIME adopted a scattering 
model, they also fitted a corresponding model, deriving an apparent 
intrinsic width of 0.61(9) ms and a scattering timescale of 0.4(1) ms 
when referenced to 1 GHz. Scaling the CHIME scattering time to the 
same frequency, using the expected radio frequency dependency 
of ν−4 (ref. 9), one finds 0.098(1) ms, which is clearly inconsistent 
with the STARE2 measurement. Further detections of radio pulses 
to clarify this matter turned out to be difficult. Observations of the 
magnetar with the FAST on 30 April 2020, detected a weak radio pulse 
with a DM consistent with the CHIME and STARE2 events. While this 
indicated that all three radio pulses were emitted by the magnetar, a 
reliable width measurement was not reported75. Further radio obser-
vations had mixed success, mostly reporting non-detections (see, 
for example, refs. 76,77 and references therein), including even deep 
unsuccessful FAST observations78. A later successful detection with 
FAST appeared again to be too weak to study the pulse properties79. 
More recently, however, using over 500 h of follow-up observations, 
two further radio bursts from the magnetar were reported20. These 
bursts showed an observed width of 0.866(43) ms and 0.961(48) ms, 
respectively, separated in time by about 1.4 s, at a frequency of 
1,324 MHz. Attempts to fit a scattering tail to the slightly asymmet-
ric burst shapes derived scattering timescales of 0.315(12) ms and 
0.299(29) ms, respectively. At a reference frequency of 1 GHz, this 
would amount to an average of about 0.952(21) ms, for the expected 
frequency scaling. Since the three measured timescales are barely 
consistent with each other, unless one postulates an unusually flat 
frequency dependence, we follow the discussion in ref. 20. and their 
suggestion that it is more straightforward to reconcile the measure-
ments by assuming that the slight asymmetries observed in the bursts 
are actually intrinsic. As the 1/e timescale of pulse smearing due to 
scattering can be usually accounted for, to first order, by adding the 
widths in quadrature, we derive from the published value estimates 
for the originally observed pulse width as follows: 0.73(36) ms for the 
STARE2 detection, 0.96(48) ms and 0.93(41) ms for the two CHIME 
sub-bursts, respectively. Computing the geometric mean of all five 
measurements, we derive 0.88 ms and with a GSTD of 1.2. The paucity 
of events registered for SGR J1935+2154 prevents a study of periodici-
ties within the magnetar bursts, beyond noting that the two CHIME 
components were separated by 28.91(2) ms. We note, however, that 
very recently fine-structure was reported in sub-pulses on timescales 
of 5 ms (ref. 36).

Measurement of pulsar substructure widths and 
quasi-periodicities
The period scaling of pulse substructure timescales and periodicities 
was already established for normal pulsars in the late 1970s. Since then, 
many more measurements have been made, and we attempt to com-
pile them here. Meanwhile, quasi-periodic substructure has been also 
detected in a sample of millisecond pulsars, which we also include to 
expand the study of the period scaling to the shortest periods. In recent 
years, a number of pulsars have been discovered with periods above 10 s 
and even more recently with even larger periods, as discussed above.

Normal pulsars. Quasi-periodic substructure known as ‘microstruc-
ture’ has been studied extensively for normal pulsars, measuring both 
width and quasi-periodicities. We compiled a list of values for normal 
pulsars from refs. 26,27,38,39,62,63 and references therein. We also 
used quasi-periodicity measurements presented in ref. 41, reevalu-
ated some of their measurements for weak pulsars, based on the data 
provided by the authors with the publication. Where values differed 
across different studies, we again computed the geometrical mean and 
GSTD factors as shown in Fig. 2.
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Fast-spinning millisecond pulsars. In recent years, measure-
ments of quasi-periodic substructure have also become available 
for fast-rotating millisecond pulsars using high-sensitivity and 
high-time-resolution observations29,30. As for normal pulsars, we do 
not consider measurements of giant pulses (and their nanoshots) 
as they may have a different origin compared to regular pulsar radio 
emission1, but concentrate on the studies of normal pulses emitted 
by millisecond pulsars. The combined measurements for both the 
width and quasi-periodicity follow the period scaling, as indicated by 
refs. 27,29,30,39.

Long-period radio pulsars. Since magnetars share the same period 
range as long-period pulsars, we also include unusually slowly rotating 
pulsars, namely the 8.5 s PSR J2144−3933, the 12.1 s PSR J2251−3711 and 
the 23.5 s PSR J0250+5854. Recently, the presence of quasi-periodic 
substructure was reported for PSR J2144−3933 (ref. 80) with an esti-
mate of substructure quasi-periodicity (as a median derived from a 
distribution of 355 single pulses) of Pμ = 11.8 ± 0.6 ms. The width of the 
substructure shown in ref. 80 is consistent with a value half this size, 
hence we estimate τμ = 5.9 ± 0.3. Accordingly, we convert this into cor-
responding estimates for the geometric means.

For J2251−3711, ref. 81 presents single pulses with sub-pulses with a 
typical width of 4 to 16 ms. No clear quasi-periodic substructure is vis-
ible, but we tentatively adopt a typical substructure width of 10 ± 6 ms, 
or in terms of a geometric mean of 9.8 ms with a GSTD of 1.6.

PSR J0250+5854’s average profile and single pulses show differ-
ences across frequencies82. Single pulses have only been detected 
confidently at 320 MHz, where the strong individual pulses appear 
only in the first pulse component. However, no reliable detection of 
quasi-periodic substructure can be made from the published data, 
preventing us from including it in our analysis.

Rotating radio transients. RRATs are sourced by subset of rotating 
neutron stars that emit radio pulses sporadically83. First considered 
to be a different class of neutron stars, continued or more sensitive 
observations allowed association of the emission with an underlying 
period which increases with time, confirming a rotational origin of the 
period84. Ref. 85 argued that RRATs are not a distinct or a separate popu-
lation, but an extreme class of ordinary pulsars, which are discovered 
more easily via their single pulses. Observations of RRATs with sufficient 
time resolution and sensitivity to reveal potential quasi-periodic sub-
structure are rare. Recently, however, the 2.48-s RRAT J1918−0449 was 
discovered and monitored with the FAST, showing clear quasi-periodic 
substructure with a periodicity of Pμ = 2.31 ± 0.25 ms. The substructure 
width is measured to be τμ = 1.47 ± 0.25 ms (ref. 40).

The results of our magnetar measurements, combined with the 
values for normal pulsars, millisecond pulsars and the recent discov-
eries of PSR J0901−4046, GLEAM-X J162759.5−523504.3 and RRAT 
J1918−0449 are shown in Extended Data Tables 2 and 3. They are sum-
marized in Figs. 2 and 3 and Extended Data Fig. 1, for the substructures’ 
quasi-periodicities and widths, respectively.

We have modelled the data with power-law fits. We first conducted 
a normal least-square fit by minimizing a standard χ2 expression. This 
provided initial guesses for two fitted parameters, the power-law index 
and the scale factor and for their uncertainties. To check for covariances 
and the shape of posterior distributions, we then employed the UltraN-
est sampler86 to perform an analysis with uniform priors, covering a 
range of ±100 times the uncertainties around the least-squares results. 
As a likelihood function, we used the usual ln(ℒ) = −χ2/2. The resulting 
power-law fits and the posterior distributions are presented in the main 
text and the figure captions. They all have in common that both quanti-
ties depend linearly on the rotational period of the neutron star.

With the quasi-periodicities of magnetars somewhat larger than 
the values implied by the scaling law, we performed a weighted 
least-squares fit to the magnetar data points alone. We assumed the 

same linear scaling with rotational period, P, as in Fig. 3 to determine 
only the scaling factors. We derive for the periodicity: AM

P = 1.69 ± 0.17 
(the superscript M signifying ‘for magnetars’) which compares to 
AP = 1.12 ± 0.14 for the whole dataset. This is a factor of 1.51 ± 0.24 larger. 
A similar fit for the magnetar substructure widths finds AM

τ = 0.37 ± 0.10, 
which compares to Aτ = 0.50 ± 0.06, that is being a factor 0.74 ± 0.22 
smaller. Both scalings are consistent within 2σ.

Polarization of quasi-periodic substructure
We analysed the polarization of all quasi-periodic substructure from 
XTE J1810−197 and Swift J1818.0−1607 obtained during our new obser-
vations with the Effelsberg 100-m radio telescope. The polarization 
profile and its corresponding linear polarization PAs of the pulses 
shown in Fig. 1 and additional examples (shown in the Supplementary 
Information) are presented in Extended Data Fig. 2. For XTE J1810−197, 
most substructures are close to be 100% linearly polarized, consistent 
with a very high degree of linear polarization of the integrated profile 
of this magnetar. The PA swings of these quasi-periodic substructures 
are apparently flat within several percent points of the rotational 
period. For quasi-periodic substructures from Swift J1818.0−1607, 
the fraction of linear polarization is high on average while exhibiting 
some distinct pulse-to-pulse variability. In some pulses the linear com-
ponent can be close to 100% while in others it may not be significant. 
The PA swings of most substructures are shown to be flat, some with 
low-level variation on a scale of roughly 10°. These features of the PA 
swings are similar to what have been seen in quasi-periodic substruc-
tures from ordinary pulsars41.

Data availability
Most data used in this study are available from the literature or already 
downloaded from publicly accessible archives (see https://atoa.atnf.
csiro.au). Magnetar data obtained for this study in particular are avail-
able by contacting the corresponding author to arrange the data trans-
fer; these observations generated large volumes of data.
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Extended Data Fig. 1 | Observed relationship of sub-structure width, τμ, as 
a function of neutron star rotation period. Normal pulsars and millisecond 
pulsars are shown as blue circles. Magnetars studied here are shown as red 
squares. The 76-s PSR J0901 − 4046 considered to be possibly an old magnetar 
is marked as a red-blue circle. GLEAM-X J162759.5 − 523504.3 is marked with 
a red triangle. The values obtained for pulsars obtained from the literature 
(see Methods) are marked in blue. Each data point represents the geometrical 
mean surrounded by a cloud with a size determined by the geometric standard 
deviation (see Methods). A power-law, τμ = A × Pα, has been fitted to the shown 

data, giving a linear relationship, that is τμ = (0.59 ± 0.03) × P(+0.99±0.02) ms. The 
top-left inset shows a corner plot of the posterior distributions of the model 
parameters, with the off-diagonal elements representing the correlations 
between the parameters, and the diagonal elements denoting the marginalized 
histograms. The ~ 1σ range of uncertainty in the obtained power-law is indicated 
as a shaded red band. A similar linear dependency on rotation period is found for 
the quasi-periodicities. We also show the width of quasi-periodic sub-structure 
identified for the bursts of a Rotating Radio Transient RRAT J1918 − 0449 as a 
lime-coloured thin diamond, which also fits in the relationship exactly.
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Extended Data Fig. 2 | Polarization profile and polarization angle of the 
pulses from XTE J1810 − 197 and Swift J1818.0 − 1607. These are the pulses 
shown in Fig. 1 and the Supplementary Information; XTE J1810 − 197 (a) and Swift 

J1818.0 − 1607 (b). The black solid, red dashed and blue dotted lines represent 
total intensity, linear and circular polarization, respectively. The pulse from Swift 
J1818.0 − 1607 in the bottom left panel has no significant linear polarization.
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Extended Data Table 1 | Details of the data analysed for this work

The columns provide the source name, the date of the observation, the central observing frequency (f), bandwidth (Δf), integration time (tobs) and time resolution (Δt) of the data recorded. 
Data on XTE J1810 − 197 and Swift J1818.0 − 1607 were collected with the Effelsberg Radio Telescope, and those on 1E 1547.0 − 5408 and PSR J1622 − 4950 were recorded at the Parkes Radio 
Telescope. Note that the observation of GLEAM − X J162759.5 − 523504.3 were conducted with the Murchison Widefield Array using its drift scan observing mode, so the integration time is  
not specified.
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Extended Data Table 2 | Measured properties of the quasi-periodic sub-structure. For the studied magnetars and GLEAM − X 
J162759.5 − 523504.3 (abbreviated below as GLEAM − X) we present the width, τμ, and quasi-periodicity, Pμ

For both quantities, we quote the mean (MN), the median (MD), the geometric mean (GM) and the geometric standard deviation factor (GSTD). For PSR J1745 − 2900 and SGR J1935 + 2154 the 
values are displayed in brackets to indicate that these were derived from the literature, see text for details.

http://www.nature.com/natureastronomy


Nature Astronomy

Article https://doi.org/10.1038/s41550-023-02125-3

Extended Data Table 3 | Published values of sub-structure properties in radio pulsars as compiled from the literature

Width, τμ, and quasi-periodicity, Pμ, of quasi-periodic sub-structures are determined for pulsars and sources not already listed in Table 2, as inferred from the literature. We quote the name 
of the source, the rotation period, P, and the geometric mean (GM) and the geometric standard deviation factor (GSTD) computed for values obtained from the references listed in the last 
column. Note that it is often more reliable to measure periodicities rather than widths, resulting in more measurements for the former. See text for details.
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