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A B S T R A C T 

We present a comprehensive analysis of the complex subpulse modulation patterns in PSR J1514 −4834 (B1510 −48) using 

L -band data from the Thousand-Pulsar-Array (TPA) programme, complemented with further MeerKAT UHF -band data. We 
demonstrate that periodic drifting subpulses and rapid amplitude modulation with a period of about two pulse periods co-exist. 
It is established that these two periodic emission patterns interfere in the form of a beat system, giving rise to multiple spectral 
features. We develop a new methodology which confirms the expected correlations in the complex phase of the beat features in a 
two-dimensional Fourier transform of the data. Therefore, a relatively simple beat system can explain the complex single-pulse 
behaviour of this pulsar. The simultaneous coexistence of multiple subpulse modulation periodicities is rare in the population 

and points to poorly understood intricate dynamics within pulsar magnetospheres. A comparison with PSR B0943 + 10 is made, 
for which the coexistence of multiple periodicities has been argued to be a natural consequence of a rotating carousel. Ho we ver, 
our observations of PSR J1514 −4834 require a different explanation, involving time-delayed interactions between separate 
regions of the magnetosphere. The developed phase correlation methodology opens up the route for underlying beat systems in 

the modulation patterns of more pulsars. 

Key words: pulsars: general – pulsars: individual: J1514 −4834. 
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 I N T RO D U C T I O N  

he Thousand-Pulsar-Array (TPA) programme (Johnston et al. 2020 ) 
s a part of the MeerTIME Large Surv e y Project (Bailes et al. 2020 )
n the MeerKAT telescope. Exploiting the strength of the great 
ensitivity of MeerKAT, the TPA has observed more than 1200 
on-recycled pulsars at declinations below ∼ + 20 ◦ and regularly 
onitors ≈ 500 of these (Song et al. 2021 ). This e xtensiv e sample

as yielded rich data sets on both integrated (e.g. Oswald et al. 2021 ;
osselt et al. 2021 , 2023 ; Johnston et al. 2023 , 2024 ; Basu et al.
024 ; Karastergiou et al. 2024 ; Keith et al. 2024 ) and single-pulse
roperties. The latter, assembled by Song et al. ( 2023 ), includes the
argest surv e y of subpulse 1 modulation to date. 

In this subpulse modulation surv e y 1198 pulsars are analysed, 
an y e xhibiting the phenomenon of drifting subpulses, as would 

e expected from previous surveys (e.g. Rankin 1986 ; Weltevrede, 
dwards & Stappers 2006 ; Weltevrede, Stappers & Edwards 2007b ; 
asu et al. 2019 ). Subpulse drift occurs when, o v er time, distinct

ubpulses shift in pulse longitude within the pulse profile window 
 E-mail: jui-an.hsu@manchester.ac.uk 
 That is, identifiable emission sub-structures within single pulses (Drake & 

raft 1968 ). 
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Sutton et al. 1970 ) and can be seen as periodic phase modulation.
n addition, a number of pulsars show periodic variations in pulse
ntensity from pulse to pulse, without accompanying phase drift, and 
his is known as amplitude modulation (e.g. Weltevrede et al. 2006 ;
asu et al. 2016 ; Song et al. 2023 ). It is debated whether they are

rom the same physical mechanism or not (Basu et al. 2019 ; Basu,
itra & Melikidze 2020 ; Song et al. 2023 ). 
PSR J1514 −4834 (B1510 −48) stands out as one of the most

nteresting sources identified in the work of Song et al. ( 2023 ),
howing both drifting subpulses and amplitude modulation si- 
ultaneously (see Fig. 1 ). Superimposed on the drift bands, the

mplitude modulation is periodic and rapid. This takes the form of
 bright–weak modulation with a period of ≈ 2 P , i.e. alternating
eak/bright pulses, where P ≈ 0 . 45 s is the rotation period of

he pulsar (Manchester et al. 2005 ; Lower et al. 2020 ). The much
lower drifting subpulses signal was also identified by Basu et al.
 2020 ) and Li et al. ( 2024 ), but the rapid bright–weak modulation
as not. This pulsar is located near the middle of the bulk of
ormal pulsars in a P –Ṗ diagram, resulting in an inferred surface
agnetic field strength B s ≈ 0 . 66 × 10 12 G, as well as the inferred

haracteristic age τc ≈ 7 . 8 × 10 6 yr and spin-down energy loss rate
˙
 ≈ 3 . 9 × 10 32 erg s −1 . 
In the surv e y of Song et al. ( 2023 ), several pulsars sho w e vidence

f exhibiting multiple periodicities in their subpulse modulation. 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. A section of the pulse stack of PSR J1514 −4834 using the L -band 
data. A rapid bright–weak amplitude modulation with a period ≈ 2 P (flicker) 
can be seen on top of the inclined drift bands. In the middle panel, which we 
refer to as the ‘event’, the drifting subpulses repeat faster ( P 3 ≈ 24) compared 
to the ordinary behaviour ( P 3 ≈ 40). The flux density is clipped at 50 per cent 
of the maximum to enhance the visibility of the flicker. 
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2 This refers to the pulsar’s B mode. It also has a Q mode with largely 
featureless fluctuation spectra. 
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hese mostly reflect drift mode changes, an unusual but well-
nown phenomenon whereby the drifting subpulse patterns switch
etween two or more modes o v er time (e.g. Biggs et al. 1985 ;
ow ak owski 1991 ; Gupta et al. 2004 ; Szary et al. 2022 ). How-

ver, the simultaneous appearance of multiple periodicities in the
mission pattern of PSR J1514 −4834 is extremely rare in the pulsar
opulation and will be shown here to be distinctly different from
rift mode changes. It thus poses a challenge to existing theoretical
odels. 
An early and often cited explanation for drifting subpulses is

he rotating carousel model proposed by Ruderman & Sutherland
 1975 ) (henceforth the RS model). In this model, a group of localized
parks is formed in the vacuum polar gap abo v e the magnetic poles
f pulsars. The sparks generate charges which are accelerated and
re responsible for the observed coherent radio emission at higher
ltitudes in the magnetosphere. The electric potential close to the
urface creates discharges via sparks. These sparks, along with the
ubbeams anchored to them, circulate around the magnetic axis
elative to the neutron star surface, resulting in the appearance of
rifting subpulses. These take the form of diagonal drift bands in
ulse stacks (see e.g. Fig. 1 ). 
The drift bands are characterized by two periods, P 2 and P 3 ,

orresponding to the horizontal (pulse longitude) and vertical (pulse
NRAS 538, 1063–1080 (2025) 
umber) interval between adjacent drift bands, respectively. In the
ramework of the rotating carousel model, P 3 is determined by the
irculation time of the carousel P 4 and the number of subbeams n sb .
gnoring the important possibility of aliasing, which will be discussed
n Section 3.3 , P 3 can be taken as P 4 /n sb , and therefore independent
f observing frequency. In contrast, P 2 depends on the spacing of the
ubbeams which can be expected to vary with observing frequency
ogether with the width of the profile. See for example Edwards &
tappers ( 2003 ) for a discussion of the frequency and pulse longitude
ependence of P 2 . 
Although PSR J1514 −4834 is unusual in possessing amplitude
odulation in addition to its drift patterns, it is not unique. The well-

nown pulsar PSR B0943 + 10 (Deshpande & Rankin 1999 , 2001 ;
sgekar & Deshpande 2001 ; Gil & Sendyk 2003 ), is comparable to
SR J1514 −4834 in both characteristic age and spin-down energy

oss rate, and is also reported to have both these features. 2 PSR
0943 + 10 has a symmetrical pair of spectral features at both sides
f the main ( P 3 ≈ 2) drift feature. These ‘sidebands’ are the beat
requencies of the drifting subpulses with a slow modulation. The
uthors model these features as a rotating carousel consisting of 20
ubbeams of fixed but unequal intensities. The slow circulation time
 P 4 ≈ 37) then drives the slow amplitude modulation in addition to
he drifting subpulses. 

Sidebands were also described for PSRs B0834 + 06 (Asgekar &
eshpande 2005 ) and B1857 −26 (Mitra & Rankin 2008 ), while an

dditional slow spectral feature (without sidebands) was linked to a
arousel circulation time for PSRs B1237 + 25 (Maan & Deshpande
014 ) and J2022 + 5154 (Chen et al. 2024 ). The inferred number
f subbeams in the carousels for these pulsars ranges from 8 to 20
ubbeams. 

Periodic amplitude modulation as seen for example in PSRs
1133 + 16 (Herfindal & Rankin 2007 ) and J1819 + 1305 (Rankin &
right 2008 ) has been attributed to periodic nulling, whereby a

ulsar suddenly ceases its regular emission for one or many stellar
otations (see, e.g. Ritchings 1976 ; Rankin 1986 ; Gajjar, Joshi &
ramer 2012 ). Nulling is often observed as a stochastic process,

lthough several pulsars are known to show a periodicity in the
ccurrence of nulls (e.g. Herfindal & Rankin 2007 , 2009 ; Rankin &
right 2008 ; Gajjar, Joshi & Wright 2014 ) and can therefore be

egarded as an extreme instance of amplitude modulation (Basu
t al. 2017 ). Whether periodic or not, a sparsely filled rotating
arousel may be responsible, with nulls arising from a line of
ight intersecting a region without active subbeams. These have
een dubbed ‘pseudo’ nulls (Redman, Wright & Rankin 2005 ) as
pposed to ‘true’ nulls involving cessation of the entire emission
rocess. 
When conducting a full and comprehensive analysis of the mod-

lations present in any pulsar, fluctuation spectra are useful and
owerful tools. These take two principal forms. First, the longitude-
esolved fluctuation spectrum (LRFS; Backer 1970 ) is based on
ne-dimensional Fourier transforms along constant pulse longitude
olumns (vertical direction) in the pulse stack, and reveals P 3 as a
unction of pulse longitude. Secondly, two-dimensional fluctuation
pectra (2DFS; Edwards & Stappers 2002 ; Weltevrede et al. 2006 ,
007b ; Song et al. 2023 ), which is based on the two-dimensional
ourier transform of the pulse stack, provide information about both
 2 and P 3 . Appendix A1 provides a more detailed mathematical
escription. 
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In this paper, we will argue that the observed complex emission
atterns of PSR J1514 −4834 result from the beat between two sepa-
ate modulation patterns. An important expectation in such scenario 
s that complex phases of spectral features in the 2DFS, which we
efer to as Fourier phases, are correlated between different spectral 
eatures, and a new methodology is developed to meaningfully 
ompare the Fourier phases in the context of the beat system model.
or drifting subpulses, these Fourier phases have been explored in the 
orm of ‘subpulse phase tracks’ (Edwards & Stappers 2002 ) as the
omplex phases of the LRFS, to characterize the average drift band 
hape. It also has been used to, for example find delays in the phase-
ocked modulation between the main pulse (MP) and interpulse (IP) 
n PSRs B1702 −19 (Weltevrede, Wright & Stappers 2007a ) and 
1055 −52 (Weltevrede, Wright & Johnston 2012 ) by comparing 

he subpulse phase of the MP and IP. 
This paper is structured as follows: Section 2 describes the details 

f the observations and data processing. In Section 3 , we show the
omplex emission patterns of PSR J1514 −4834 in both the time and
ourier domains and introduce the beat system model. In Section 4 ,
e introduce and use the Fourier phase correlation technique to 

onfirm the beat system interpretation. In Section 5 , we discuss the
otential physical origins of the beat system, and point out a possible
ay to interpret the observed modulation pattern as beats between 

wo interacting carousels. Finally, we summarize our findings in 
ection 6 . 

 OBSERVATION  A N D  DATA  PROCESSING  

e observed PSR J1514 −4834 using the MeerKAT telescope at both 
he L band (856 to 1712 MHz) and UHF band (544 to 1088 MHz).
he L -band data were obtained from the Thousand-Pulsar-Array 

TPA) programme, while the UHF -band data were obtained from a 
eparate proposal. 

The work of Song et al. ( 2023 ) also exploited the L -band data from
he TPA programme, but only a single observation consisting of 1040 
ulses from the ‘census data set’ with the full available array (in this
ase 59 out of a total of 64 antennas). In this paper, we analysed all
vailable L -band data from September 2019 to September 2024 with 
 total of 15 924 pulses, including the census data set and regular
onthly observations from the TPA programme using a ≈ 32-dish 

ub-array. In addition, PSR J1514 −4834 was observed for 80 min 
sing the MeerKAT UHF band (on 2024 January 18) with the full
rray (in this case 58 available antennas), obtaining 10 549 pulses in
 single long observation. 

All data were recorded in full polarization and in ‘search mode’ 
y the Pulsar Timing User Supplied Equipment (PTUSE) backend 
Bailes et al. 2020 ) and sampled every 120.5 µs. The bandwidth of
he L and UHF bands are 856 and 544 MHz, split into 1024 and 4096
requenc y channels, respectiv ely. These data were processed off-line 
n the MeerTIME single-pulse pipeline (Keith et al., in preparation), 
here the data are folded at the pulsar period using DSPSR (van
traten & Bailes 2011 ) to produce 1024 pulse phase bins within a
ulsar period.Depending on the observation, ≈20–30 per cent of the 
requency channels in the L -band data, and 12 per cent in the UHF -
and data, were discarded to mitigate for radio frequency interference 
RFI). The same set of frequency channels were discarded for every 
ingle pulse within a given observation. After RFI mitigation, the 
ulses are averaged over the full bandwidth and single pulse archives 
re generated. To quantify the subpulse modulation properties, a 
urther subpulse modulation pipeline as described in Song et al. 
 2023 ) is applied to produce the science-ready pulse stacks for
ubsequent analysis (see Sections 3 and 4 ). This analysis uses the
SRSALSA software package 3 (Weltevrede 2016 ). 

 T H E  SUBPULSE  M O D U L AT I O N  O F  PSR  

1 5 1 4 – 4 8 3 4  

.1 Drifting subpulses, flickers, and their beats 

ig. 1 shows three consecutive sections of the pulse stack of PSR
1514 −4834 using the L -band data. The drifting subpulses are clearly
isible as diagonal bands of emission. In general, the drift bands
epeat every P 3 ≈ 40. However, in the middle panel (between pulses
70 to 769), the drift bands are significantly more shallow with a P 3 

alue of ≈ 24, which we refer to as the ‘event’ in all the following text.
he significance of this rare event is further discussed in Section 3.2 .

t is noticeable that the drift bands are curved such that they are
teeper in the later part of the profile (the trailing and strongest pulse
rofile component as shown in Fig. 3 ). 
In addition to the drifting subpulses, a rapid amplitude modulation 

uch that every bright pulse is followed by a weak pulse is evident
hroughout the observation. We will refer to this fast bright–weak 

odulation as ‘flickering’. The Fourier-based census of subpulse 
odulation in the TPA data (Song et al. 2023 ) revealed the existence

f the periodicities associated with drifting subpulses and amplitude 
odulation in many pulsars. From this census, it is clear that most

ulsars with drifting subpulses only have one periodicity. Where 
ultiple periodicities are detected, it is presumed that in most cases

hese are a consequence of successive drift mode changes (Song 
t al. 2023 ). Here, by contrast, we demonstrate that PSR J1514 −4834
xhibits both periodicities simultaneously, something which is much 
arer in the pulsar population. 

Ho we ver, as a first step, we need to confirm that the flickering
oes not arise from a misidentification of the rotation period. If the
ulsar has an interpulse, and is folded at half the true rotational period
f the star, the MP and IP will be observed alternately at the same
ulse longitude in successive pulses. This will give the impression 
f flickering at a modulation period of exactly two pulses. Such
ase was identified in the TPA data for PSR J1618 −4723 by Song
t al. ( 2023 ). Ho we ver, for PSR J1514 −4834 this can be firmly ruled
ut, as the pulse profiles (and pulse stacks) constructed of the even-
nd odd-numbered pulses (not shown) are identical. Therefore, the 
ickering represents an intrinsic phenomenon for PSR J1514 −4834. 
The observed flickering, i.e. the fast bright–weak modulation, is 

lso very different from periodic nulling (see, e.g. Ritchings 1976 ;
ankin 1986 ; Gajjar et al. 2012 ). This can be confirmed in the pulse-
nergy distribution obtained from the much longer UHF -band data 
s presented in Fig. 2 . For pulsars showing nulling, a bimodal pulse-
nergy distribution is expected: distinct populations of nulls and 
ulses where the former should be consistent with zero flux density.
o we ver, here the pulse-energy distribution of PSR J1514 −4834

blue) is almost entirely unimodal and shows a significant offset from
he Gaussian-like noise distribution (grey) centred at zero. Such a 
ontinuous unimodal distribution suggests that the flicker modulation 
s gradual, rather than switching abruptly between distinct ‘on’ and 
off’ states as expected for nulling. Yet, apart from the persistent
ickers, three nulls (blue bin centred at zero) are seen out of a total
f 10 549 pulses recorded in the UHF band. Their flux densities are
onsistent with the noise distribution in Fig. 2 and confirmed by visual
nspection of these pulses, while the remaining pulses are confidently 
MNRAS 538, 1063–1080 (2025) 
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Figure 2. The pulse-energy distribution of PSR J1514 −4834 in the UHF 

band (blue) and the off-pulse distribution (grey). Here, the energies are 
normalized to the average pulse energy 〈 E〉 . 
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Figure 3. Pulse profiles for PSR J1514 −4834 normalized and aligned by 
their peak. The red dotted lines in both panels represent the pulse profile 
of the rare event with P 3 ≈ 24 (middle panel of Fig. 1 ). The L -band pulse 
profiles are shown as grey solid lines in both panels. In the upper panel, the 
544 MHz bandwidth of the UHF band is split into four sub-bands, labelled by 
their centre frequencies. In the lower panel, the grey shaded areas represent 
the distributions of pulse profile variations in all L -band observations after 
splitting the data into segments of 200 pulses (the length of the event). The 
three shades of grey correspond to 1 σ , 2 σ , and 3 σ . 

Figure 4. An S2DFS showing the 1 /P 3 evolution in cycles per period (cpp) 
based on one of the L -band observations in which the event occurred. Here, the 
window width (FFT length) is 200 pulses. The spectral power is indicated by 
the colour bar. The spectral power is normalized and clipped at 50 per cent of 
the maximum po wer, allo wing the weak er flick er feature to be better visible. 
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etected. 4 Therefore, the nulling fraction of PSR J1514 −4834 is
ltra low: ∼ 0 . 03 per cent. This is as low as the lowest (non-zero)
ulling fraction known (PSR J1932 + 1059; Wang et al. 2020 ). The
ltra low nulling fraction of PSR J1514 −4834 is consistent with the
pper limit in Li et al. ( 2024 ). No evidence is found to suggest that
he occurrence of these three nulls is related to the intensity of the
icker, or the 1 /P 3 frequency of the drifting subpulses. 

.2 The rare fast P 3 event 

efore exploring the interplay between the drifting subpulses and
he flickers within the framework of the beat system model, we first
nvestigate the extent to which the short section of data shown in
ig. 1 characterized by a shorter P 3 ≈ 24 stands out from the rest of

he data. Despite P 3 of the drifting subpulses being variable o v er time,
his short P 3 sustained for several drift bands has been observed only
n a single short stretch of data ( ≈ 200 pulses) out of all L -band data
15924 pulses) and not at all in the UHF -band data (10549 pulses).
lthough a drift mode change would be a natural explanation for
 distinct P 3 , with only one known event in combination with the
ransition appearing to be more gradual, it remains unclear if this
are event should be considered to be a mode change. 

In addition to the different P 3 values, this event shows a distinct
verage pulse profile from that of the rest of the data (Fig. 3 ).
 or better comparison, the y are normalized and aligned with the
eak intensity of the trailing component. The intensity and pulse
ongitude of the peak are inferred by fitting the average pulse
rofiles with three Gaussian components. These three components
ccount for a relatively subtle bridge between the leading and trailing
omponents. For the UHF -band data (upper panel), the pulse profiles
re calculated for four 136 MHz wide sub-bands separately. The
igher the observation frequency, the lower the relative intensity of
he leading component. The pulse profiles at L band (grey line in
he upper panel) and UHF band are similar. In contrast, the event
red dotted line in the upper panel of Fig. 3 ) is more distinct, with
elatively strong emission at the leading part of the profile. This
ifference is much bigger than can be expected from random pulse-
o-pulse variability. This follows from the lower panel of Fig. 3 ,
hich compares the profile shape of the event (red dotted line) at L
and with the distribution of profiles obtained from the rest of the
NRAS 538, 1063–1080 (2025) 

 Only the UHF -band data have a energy distribution clearly separated from 

he noise, and as a consequence, no nulling is detected in the L -band data. 

o  

w  

w  

2  
 -band data after dividing them into segments with the same length
s the event. The shaded contours mark the 1 σ , 2 σ , and 3 σ levels of
he obtained pulse profile distribution. 

Not only is the P 3 value of the drifting subpulses and the o v erall
ulse profile distinctly different during the event, but the flickering
lso becomes more noticeable in Fig. 1 . A sliding two-dimensional
uctuation spectrum (S2DFS; Serylak, Stappers & Weltevrede 2009 )

s used to quantify the strength and frequency of the flicker and drift
pectral features (Fig. 4 ). Note the power in at the DC frequency, i.e.
 /P 3 = 0 cycles per period (cpp), has been suppressed here, as well
s in all subsequent fluctuation spectra in this paper, unless stated
therwise. An S2DFS is obtained by choosing a short pulse number
indow with a length equal to the FFT length and then sliding this
indow across the entire pulse stack. At each window position, a
DFS is calculated. The power of each spectrum is then integrated
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Figure 5. The S2DFS for the UHF -band data. The spectral power is clipped 
at 10 per cent of the maximum po wer, allo wing the weaker flicker feature to 
be visible. 

i  

a
 

T  

b
f  

q  

g
r
a  

w
t  

6
 

B  

i
N  

r  

m
 

v
a
b

3

T  

P  

s  

p  

s
a  

p  

a  

c
p  

a  

t
p
−  

5

h
p

f  

a  

e  

p
s

 

s  

(  

a  

p  

I  

‘  

J  

i  

N  

f  

a  

l  

a  

a  

o
f  

i
a

i  

b  

t  

f  

s  

o  

t  

m  

t  

d
c  

s  

a  

o  

t  

p

4

T  

a  

m
P  

a  

o  

f  

u  

i
i
i

 

p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/538/2/1063/8029891 by guest on 27 M
ay 2025
n the 1 /P 2 direction to produce a 1 /P 3 distribution. Consequently,
n S2DFS provides insights into the temporal changes of 1 /P 3 . 

In Fig. 4 , the drift (low frequency) feature is strong and persistent.
he feature with 1 /P 3 ≈ 0 . 5 cpp, the flicker, is only strong between
lock numbers 400 and 600. This coincides with the time 1 /P 3 

requency of the drift feature increases, i.e. during the event. Subse-
uently, the flick er f ades and the 1 /P 3 frequency of the drift feature
radually returns to its normal value. To quantify this temporal 
elationship, the cross-correlation between the intensity of the flicker 
nd the 1 /P 3 frequency of the drifting subpulses was calculated. It
as found that the flicker intensity reaches its maximum preceding 

he peak of the 1 /P 3 frequency of the drift feature by approximately
0 P . 
Fig. 5 shows the S2DFS of the much longer UHF -band data.

oth the 1 /P 3 frequency of the drift and flicker features are variable,
ndicating the inherent instability of the flicker and drift periodicities. 
ev ertheless, the 1 /P 3 frequenc y of the drift feature varies and

emains within the range of the typical 1 /P 3 value of 0 . 025 cpp,
uch lower than the rare event shown in Fig. 4 . 
The ratio of spectral power of the flicker and drift features is

ariable and increases, for example around block numbers 3000 
nd 5800. Ho we ver, no significant correlation could be established 
etween this ratio and the 1 /P 3 frequency of the drift feature. 

.3 Confirmation of the predicted beat features 

he expected beat features are confirmed by computing the 2DFS 

5 of
SR J1514 −4834 during the event discussed in Section 3.2 . This is
hown in panel (a) of Fig. 6 . Three spectral features are identified in
anel (a), and their centroid positions are summarized in Table 1 . The
trongest spectral feature corresponds to the drifting subpulse feature 
t 1 /P 3 ≈ 0 . 04 cpp ( P 3 ≈ 24). The feature is significantly offset to
ositive 1 /P 2 , consistent with the drift towards later pulse longitudes
s seen in Fig. 1 . The feature at 1 /P 3 ≈ 0 . 49 cpp centred at 1 /P 2 ≈ 0
orresponds to the flickering, which does not have any significant 
hase drift. A similar feature appears in fig. 3 in Li et al. ( 2024 ),
lthough they do not discuss or comment on this. In addition to these
wo spectral features associated with the identified periodicities in the 
ulse stack, there is an extra spectral feature with a ne gativ e 1 /P 2 ≈
75 cpp and 1 /P 3 ≈ 0 . 45 cpp. So the apparent drift direction of this
 Follo wing Welte vrede et al. ( 2006 , 2007b ), all the 2DFS in this paper are 
orizontally flipped to ensure that a positive 1 /P 2 can be associated with 
ositive drift (drift towards later pulse longitudes). 

p  

A  

e  

a  

a  
eature is opposite to that of the drifting subpulses. This feature is
lso visible in Fig. 4 at the same time the flicker feature is strong. This
xtra feature can be naturally attributed to a beat of the other two
eriodicities, and does not require additional physical complexity 
uch as bi-drifting (e.g. Champion et al. 2005 ; Weltevrede 2016 ). 

If the drift and flicker periodicities are beating, then two extra
pectral features are expected. One with the sum of the frequencies
which we refer to as �), and one with the difference ( � ). This
pplies to both the 1 /P 2 and 1 /P 3 frequency, and therefore the
osition of the � and � features can be predicted (see Table 1 ).
ndeed, the extra feature identified in panel (a) of Fig. 6 (labelled
beat’ in Table 1 ) coincides with the predicted � feature. For PSR
1514 −4834 the � feature is not visible as a separate feature
n panel (a) because the summed 1 /P 3 frequency exceeds the
yquist frequency ( ≈ 0 . 532 > 0 . 5 cpp). This means the apparent

requency of � would be aliased and appear in the observed 2DFS
t 1 /P 3 ≈ 0 . 468 cpp and 1 /P 2 ≈ −51 cpp in Fig. 6 . The predicted
ocation of the � feature as given in Table 1 corresponds to the
liased position. Given the spectral width of the features, the �
nd � features are predicted to significantly o v erlap, and the single
bserved beat feature is formed. The conclusion that the � and � 

eatures are expected to be observed as a single merged feature is
ndependent of whether the observed drift and flicker frequencies are 
liased or not. 

Although clearest then, the beating of drifting subpulses and flicker 
s not only detectable during the event. The 2DFS of the long UHF -
and data is shown in panel (b) of Fig. 6 . As described in Section 3.2 ,
he profile evolution of PSR J1514 −4834 is subtle with observing
requency, and the drift patterns at UHF band (not shown) are very
imilar to those at L band with P 3 ≈ 40. As a consequence, the 2DFS
f the UHF -band data is qualitatively similar to panel (a), although
he flickering, and hence the beat feature, are relatively weak. The
uch longer observation also means that the flicker feature as well as

he beat features are considerably smeared out in the 1 /P 3 (vertical)
irection, indicating that the flicker frequency is inherently less stable 
ompared to the drift frequency. In panel (c) it is highlighted that
ome of the power of the broad � feature is visible at positive 1 /P 2 ,
lthough most is aliased and superimposed on the � feature on the
ther side. Further strong evidence for a beat being responsible for
he complex nature of the observed spectra follows from the Fourier
hase correlation technique presented in the next section. 

 FOURI ER  PHASE  C O R R E L AT I O N  

he power spectra of PSR J1514 −4834 are complex (see Section 3.3
nd Fig. 6 ), with an additional beat feature originating from a flicker
odulating the drifting subpulses. Apart from during the short fast 
 3 event, both flicker and beat features are significantly smeared out,
nd the two predicted beat features cannot be detected. Without the
bservation of the rare event, establishing that a beat is responsible
or the complexities in the observed 2DFS would not be possible
sing power spectra alone. Here, we will show that the Fourier phase
nformation (see Appendix A1 for a mathematical definition), which 
s discarded in a power spectrum, provides the valuable additional 
nformation. 

The Fourier phases of a single 2DFS, together with the 2DFS
ower spectrum, fully describe the pulse stack. These Fourier 
hases are in some ways analogous to subpulse phase tracks (see
ppendix A1 ), which are the Fourier phases from an LRFS. For
 xample the 1 /P 2 frequenc y of a spectral feature in a 2DFS can
lso be inferred from the slope of the subpulse track associated with
 specific 1 /P 3 frequency bin. The complex phases in the 2DFS
MNRAS 538, 1063–1080 (2025) 
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M

Figure 6. Power 2DFS of PSR J1514 −4834 based on (a) the event at L band as described in Section 3.2 and (b) the UHF -band data. Panel (c) is the same as (b), 
but uses a shorter FFT length. In panel (c), the drift, flicker, and beat features � (difference) and � (sum) are indicated by shaded areas in different colours. The 
shaded areas and highlighted pixels (outlined boxes) are used for the Fourier phase correlation analysis (see Section 4 and Fig. 7 ). Each spectrum is normalized 
separately by setting the maximum power to one. To highlight the weaker features, the brighter features are clipped by applying a threshold of 30 per cent, 
3 per cent, and 10 per cent of the maximum spectral power in panels (a), (b), and (c), respectively. In panels (a) and (b), the horizontally and vertically integrated 
power in these two 2DFS are shown in the left and bottom side panels. The FFT length is 100, 1000, and 50 in panels (a), (b), and (c), respectively. 

Table 1. 1 /P 3 and 1 /P 2 measurements of the centroid locations of the three 
spectral features identified in panel (a) of Fig. 6 (the rare event at L band). This 
is followed by the predicted location of the beat frequencies of the subpulse 
drift and flicker. � and � correspond to the difference and summed features, 
respectiv ely. F or the latter, alias is taken into account (see the main te xt). 

1 /P 3 P 3 1 /P 2 P 2 

(cpp) (cpp) ( ◦) 

Drifting subpulse 0 . 042 + 0 . 009 
−0 . 005 24 + 3 −4 51 + 21 

−10 7 ± 2 

Flicker 0 . 49 + 0 . 01 
−0 . 05 2 . 03 + 0 . 20 

−0 . 05 0 ± 10 - 

Beat 0 . 454 + 0 . 004 
−0 . 033 2 . 20 + 0 . 18 

−0 . 02 −75 + 10 
−14 −4 . 8 ± 0 . 7 

Predicted � 0 . 45 + 0 . 01 
−0 . 05 2 . 23 + 0 . 28 

−0 . 05 −51 + 10 
−23 −7 ± 2 

Predicted � (alias) 0 . 47 + 0 . 05 
−0 . 01 2 . 14 + 0 . 05 

−0 . 21 −51 + 10 
−23 −7 ± 2 
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Fourier phases) indicate the vertical offset of the subpulse phase
racks (see also Fig. A1 ). As described in, for example Weltevrede
t al. ( 2007a , 2012 ), the actual values of these phases are not of
hysical interest, as they depend on the phase of the modulation
ycle at which the first single pulse in the pulse stack happened to
e recorded. Ho we ver, dif ferences in phase v alues are meaningful,
nd allow, for example, time delays in the modulation pattern in
ifferent profile components to be quantified (e.g. Weltevrede et al.
007a , 2012 ). To determine if a spectral feature is a beat, we will
se the fact that the beat frequency, as well as the Fourier phase
f a beat feature, is the sum or difference of the two periodicities
hat are beating (see Appendix A2 ). Here, we will illustrate this new
echnique by applying it to the UHF -band data and more L -band data
not during the event) of PSR J1514 −4834 where the beating is more
ifficult to identify. 
The procedure for calculating the Fourier phase correlation be-

ween spectral features is as follows (see also Appendix B1 for an
pplication to synthetic data): for a sufficiently long observation, the
ntire pulse stack can be segmented into several blocks with a length
qual to the FFT length which determines the spectral resolution.
ach block produces a complex Fourier spectrum, including both

he power and phase information. Although it is common practice
o average power spectra (shown in Fig. 6 ), averaging phase spectra
s not meaningful. Furthermore, subpulse modulation frequencies
NRAS 538, 1063–1080 (2025) 
re generally intrinsically unstable, adding complexity to the phase
nalysis. Hence, we instead compare the Fourier phase of the
resumed beat feature to the predicted phase based on a measurement
f the phases of drift and flicker features in individual short blocks of
ata. To do this, we first select two pixels in the 2DFS representing
he drift and flicker features, which are shown in panel (c) of Fig. 6 by
he red and orange outlined box es, respectiv ely. The corresponding
ositions of the beat feature pixels � and � follow automatically
rom this pixel choice as the sum and difference of the frequencies
f drift and flicker features, as indicated by the green ( � ) and purple
 �) outlined boxes. The phase relationship between these four pixels
an then be investigated for correlations as presented below. 

The Fourier phases of these four pixels, i.e. θdrift , θflicker , θ� 

, and θ� ,
re compared in the scatter plots in Fig. 7 . For each segment of data
ontaining 50 pulses for which a fluctuation spectrum is computed
therefore the FFT length is also 50 pulses), a single data point is
enerated in these scatter plots. Data points from the UHF - and L -
and data obtained from separate observations are shown in the same
gure. Both are based on the same FFT length and pixel selection as

ndicated in panel (c) of Fig. 6 . In the first two plots of Fig. 7 , the
 ertical ax es are the measured Fourier phases of the beat features θ� 

nd θ� . The horizontal axes are the corresponding predicted phases
ased on the measured Fourier phases of the drift and flicker features
 θflicker − θdrift and θflicker + θdrift ). If the spectral features � and � 

ere unrelated to the drifting subpulse and flicker features, their
ourier phases would be uncorrelated with the predicted phases.
o we ver, in panels (a) and (b), the measured phases of both beat

eatures follow a one-to-one relationship with the prediction (which
e will show to be significant). This is true for both the UHF - and L -
and data. This firmly establishes that the spectral features identified
s beat features are indeed closely related to drifting subpulse and
icker features, and confirms the prediction of the beat system

nterpretation. The residual plots below the scatter plots show that,
s expected, the residuals relative to the model’s predictions cluster
round zero. 

For completeness, the Fourier phases of the drifting subpulse and
icker features are compared in panel (c). They are uncorrelated and

herefore randomly scattered points are observed. As a result, the drift
nd flicker features contain independent information. More pairs of
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Figure 7. The scatter plots of the Fourier phase measurements from the highlighted pixels in panel (c) of Fig. 6 . The dots and crosses represent the UHF - and 
L -band data, respectiv ely. P anels (a) and (b) compare the predicted Fourier phases of the beat features ( θflicker − θdrift and θflicker + θdrift ) with the measured ones 
( θ� 

and θ� ). The Fourier phases of the drift and flicker features, assumed to be uncorrelated, are plotted in panel (c). The dashed lines correspond to a one-to-one 
relation. Below each scatter plot, the residuals relative to the dashed lines are displayed. As predicted, the correlations in the first two panels are significant, and 
absent in the third (see the main text). 
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pectral features are compared in Appendix B2 . From this it follows
hat θ� 

and θ� are only correlated with the specific combinations of 
flicker and θdrift shown in Fig. 7 . 

The significance of the correlations observed in Fig. 7 can be 
uantified with the circular correlation coefficient r (see Appendix C 

or its definition). This accounts for the cyclic nature of the phases
hich are compared. Given the similarity between the UHF - and L -
and data shown in Fig. 7 , they are used collectively in the correlation
nalysis. Both panels (a) and (b) show a positive correlation with 
 = 0 . 25 and r = 0 . 13. In contrast, the uncorrelated data in panel
c) have a much smaller r = −0 . 0005. To statistically describe the
ignificance of the measured correlation, statistical hypothesis tests 
re performed and the calculated p-values for the null hypothesis that 
osits no correlation (one-sided test 6 ) are 3 × 10 −54 , 6 × 10 −29 , and
.40 for panels (a)–(c), respectively . Consequently , the probability 
hat the beat features are uncorrelated with the drift and flicker 
eatures is extremely small, while, as expected the phases of the 
rifting subpulses and flickers are uncorrelated. Given the � pixel 
purple outlined box in panel (c) of Fig. 6 ] has lower spectral power
ompared to the � pixel (green outlined box), it is no surprise that
he correlation in panel (a) of Fig. 7 is stronger than in panel (b). 

The Fourier phase correlation analysis presented in Fig. 7 is based 
n a specific pixel combination [the outlined boxes in panel (c)].
o we ver, because of intrinsic variability in the periodicities, as well

s other effects, spectral features are broadened and the expected 
orrelation exists in more pixel combinations. Therefore, a range 
f pixel combinations could be used. This is done for the shaded
egions in panel (c) of Fig. 6 as discussed in Appendix B2 . These
esults are consistent with Fig. 7 , confirming that a beat system is
n general active in PSR J1514 −4834, both during the rare fast P 3 

vent (see Section 3.3 ) and at other times. Moreover, it is shown in
ppendix B2 that also the presence of the aliased � feature which
 v erlaps with the � feature can be established with the Fourier phase
orrelation methodology. 
 In this case, the p-value represents the probability of observing a correlation 
s strong as, or stronger than, the one found in the sample, assuming that 
here is actually no correlation in the population. 

T
a
S  

m  

o  
 DI SCUSSI ON  

n recent times, time-domain studies of radio pulsar emission have 
ro v ed crucial for advancing our understanding of the dynamics
ithin the pulsar magnetosphere. Yet questions have remained 
nanswered about the physical origins of and relationships between 
ifferent time-scales of emission variability. Detailed studies of 
nusual pulsar behaviour, including this work, are indispensable as 
he y hav e the potential to test e xisting theories and pro vide crucial
onstraints on possible models. Therefore, in this section, we will 
xplore the physical interpretation of the complex emission of PSR 

1514 −4834 based on the observations and analysis results presented 
n previous sections. 

After discussing how this pulsar is placed in a wider population, we
how that at least two distinct periodicities are required to explain the
bserv ed comple xity. Note an additional independent process may 
e involved to account for the sporadic nulls, which are distinct from
he flickers for this pulsar. Ho we ver, we do not discuss it further in
he following discussion. It is argued that the coexistence of drifting
ubpulses and flickers is incompatible with the traditional circulation 
odel. As an alternative, we confirm that these phenomena can be

uccessfully encompassed by a feedback model. 

.1 PSR J1514 −4834 and the pulsar population 

n the surv e y of 1198 pulsars conducted by Song et al. ( 2023 ),
5 per cent had detectable drifting subpulses, including PSR 

1514 −4834. The P 3 of the drifting subpulses of PSR J1514 −4834
also in the rare fast P 3 event) falls within the large range of P 3 values
f other pulsars with similar P and Ṗ . Periodic amplitude modu-
ation, without any evidence for drift, is less common in the pulsar
opulation. Song et al. ( 2023 ) reported 181 pulsars (15 per cent) with
eriodic amplitude modulation, with little dependence on P and Ṗ . 
he phenomenon of flicker is rare within the pulsar population: 
mong the 181 pulsars with amplitude modulation identified by 
ong et al. ( 2023 ), only 21 pulsars (9 per cent) show amplitude
odulations with P 3 ≤ 2 . 5. Note that the flicker feature in the 2DFS

f PSR J1514 −4834 was not classified as amplitude modulation in
MNRAS 538, 1063–1080 (2025) 
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ong et al. ( 2023 ) because in their lower resolution 2DFS it partially
 v erlaps the beat feature which has phase modulation. 
Many pulsars with amplitude modulation are thought to be

ssociated with nulling and/or mode-changing, while in other cases
igher quality observations reveal weak drift. In some pulsars nulling
s found to be periodic, as observed in PSRs B1133 + 16 (33 P ;
erfindal & Rankin 2007 ), J1819 + 1305 (57 P ; Rankin & Wright
008 ), J0452 −3418 (42 P ; Gro v er et al. 2024 ), and J1701 −3726
48 P ; Wang et al. 2023 ). Furthermore, PSRs J1701 −3726 and
2313 + 4253 are observed to have an additional fast periodic sub-
ulse modulation similar to a flicker. In some cases periodic nulling
as been argued to arise from a sparsely filled rotating carousel,
ith ‘pseudo nulls’ arising from a line of sight intersecting a region
ithout active subbeams (Herfindal & Rankin 2007 ). However, as
ointed out in Section 3.1 , the nulling fraction of PSR J1514 −4834
s extremely low and unrelated to the flicker, and therefore must have
ifferent physical origins. 
PSR J1514 −4834 is notable for the simultaneous presence of both

mplitude modulation and drifting subpulses, a feature which has
een reported for only a few pulsars: PSRs B0943 + 10 (Deshpande &
ankin 1999 , 2001 Asgekar & Deshpande 2001 ; Gil & Sendyk 2003 ),
0834 + 06 (Asgekar & Deshpande 2005 ), B1857 −26 (Mitra &
ankin 2008 ), B1237 + 25 (Maan & Deshpande 2014 ), J1857 + 0057

Yan et al. 2023 ), J0452 −3418 (Gro v er et al. 2024 ), and J2022 + 5154
Chen et al. 2024 ). All of these show a long period amplitude
odulation in combination with fast drift. PSR J1514 −4834 is the

nly pulsar known to exhibit fast amplitude modulation (flickers)
longside slow drift. This will be argued to require a different
nterpretation (see Section 5.3 ). There are more pulsars for which
ong et al. ( 2023 ) identified both amplitude modulation and drifting
ubpulses. Although many of these may be related to mode changes
ather than the simultaneous occurrence of distinct periodicities,
ome may potentially reveal common physical mechanisms or
haracteristics in similar systems. Such findings would enhance
ur understanding of population-wide trends, taking us closer to
 complete picture of the physics of the pulsar magnetospheres. 

.2 The need for multiple underlying periodicities 

ere, we will argue that a carousel, in its simplest form, is unable to
xplain the simultaneous appearance of the slow drift and flicker in
SR J1514 −4834. 
Regular drifting subpulses with P 3 close to, but not identical to

, will produce chessboard-like patterns in the pulse stack. Such a
attern, at face value, looks like it contains a slow drift combined
ith alternating patterns. This P 3 ≈ 2 model has been applied to PSR
0943 + 10 (e.g. Bilous 2018 ), and a simulated example is shown

n Fig. D1 . As presented in Appendix D1 , the apparent slow drift
rising in such a scenario is in fact a manifestation of a harmonic of
he fundamental P 3 associated with the rapid drift. Therefore, if both
he flicker and drifting subpulses observed in PSR J1514 −4834 are
he consequence of a single carefully chosen carousel with P 3 ≈ 2,
t must require that the flicker feature in the 2DFS corresponds to
he first harmonic (fundamental) and the drift feature corresponds to
he aliased second harmonic. 7 This implies that not only the intrinsic
 /P 3 but also the 1 /P 2 frequency of the flicker feature should be
alf of that of the drift feature, which is clearly not the case (see
NRAS 538, 1063–1080 (2025) 

 Note that there is no need to consider higher-order harmonics as their 
ntensities decrease as harmonic order increases. 

m  

i  

T  

t  

I  
able 1 ). More importantly, such a carousel with a single underlying
eriodicity fails to explain the presence of the beat features. 
The presence of the beat features does require two frequencies

hich are at some level independent. This is corroborated by the
act that the Fourier phases of the flicker and drifting subpulses are
ncorrelated [see panel (c) of Fig. 7 ]. The two periodicities could
e associated with completely independent processes. For example
eriodic amplification of the radio emission in the magnetosphere
odulating the drifting subpulse signal. Ho we ver, alternati vely, the

wo periodicities might originate from a single integrated system,
uch as a more complex carousel model. Any two periodicities
odulating each other will produce beat features, regardless of their

hysical origin. In Section 5.3 , it is explored if the circulation time of
 carousel could be responsible for the additional frequency, which
s followed by the discussion of an interpretation in the context of a
eedback model (Section 5.4 ). 

Two completely independent processes would be ruled out if
orrelated changes in the flicker and drifting subpulses can be
stablished. Such a possible correlation is suggested in Section 3.2 .
uring the fast P 3 event, the pulse profile has a relatively strong

eading component, which stands out significantly from random
ulse-to-pulse variability. Furthermore, this event coincides with an
ncrease in flicker strength. This could point to a magnetospheric state
hange that simultaneously affects the drifting subpulses and flicker.
o we ver, it remains to be seen if the only rough time alignment
f these events is simply coincidence. Longer observations would
stablish this. 

.3 Circulation time model 

t has been shown that a carousel consisting of subbeams with
nequal intensities (Deshpande & Rankin 2001 ) or non-uniform
adial distances from the magnetic axis (Gil & Sendyk 2003 ) will
esult in simultaneous drifting subpulses plus amplitude modulation.
n such a scenario, the frequency of the amplitude modulation
s set by the circulation time of the carousel. Such a set-up is
xplored in Appendix D2 , where it is illustrated that such a model
ndeed produces beat features. Moreo v er, it is shown that the feature
orresponding to the circulation time of a carousel with n sb subbeams
as intrinsic (not aliased) 1 /P 2 and 1 /P 3 frequencies both of which
re n sb times smaller than those of the drift feature (see Fig. D2 ).
herefore the feature associated with the circulation should have
hase drift associated with it, although it could be mostly amplitude
odulation if the number of subbeams n sb is large. 
Here, we will apply such a circulation time model to PSR

1514 −4834 and conclude that it cannot explain the observed
uctuation frequencies of the drift and flicker features. In such
 model, the circulation time is expected to be associated with
he spectral feature which is mostly amplitude modulation, i.e. the
icker feature in the case of PSR J1514 −4834. So unlike for PSR
0943 + 10 and other pulsars in which this circulation time model
as been applied, the feature associated with the circulation time has
 higher observed 1 /P 3 frequency compared to that of the drifting
ubpulses. Since the circulation time should intrinsically correspond
o a lower 1 /P 3 frequency, at least the drift feature must be aliased. 

The flicker feature observed in PSR J1514 −4834 has a 1 /P 3 

requency of ≈ 0 . 49 cpp (see Table 1 ) during the event where the
easurements are most accurate. Assuming its observed periodicity

s unaliased, the circulation time would correspond to P 4 ≈ 2 . 04.
his implies an exceptionally fast-rotating carousel, with a circula-

ion time much shorter than predicted by the RS model ( P 4 ≈ 17 . 8).
f the observed flicker frequency were to be aliased, it would require
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Figure 8. Geometric representations of a feedback system between inner 
(blue) and outer (red) carousels. Here, the line of sight (curved dashed lines) 
only intersects the edge of the outer carousel. The width of the green line 
represents the strength of the interaction between the two carousels. The 
footprints, circles on the carousels, are active (filled) or inactive (open) 
depending on the strength of the interaction. Here shows, three snapshots 
from the animation available on Zenodo at doi: 10.5281/zenodo.14216938 . 
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n even faster rotating carousel. Therefore, in what follows, we will 
nly consider the case where the flicker frequency is not aliased. On
he other hand, the observed drifting subpulses have an observed P 3 

ignificantly larger than the circulation time. Yet, the expectation is 
hat the P 3 should intrinsically be n sb times smaller. Consequently, 
he observed 1 /P 3 ≈ 1 / 24 = 0 . 04 cpp must be an alias of a higher
ntrinsic frequency. 

The alias of twice the flicker 1 /P 3 frequency is within the mea-
urement uncertainties equal to frequency of the drifting subpulses. 
o n sb = 2 is compatible with the 1 /P 3 frequencies. Ho we ver, this

s incompatible with their 1 /P 2 frequencies. This is because in 
he circulation time model both the 1 /P 3 and 1 /P 2 frequencies

ust be harmonically related (see Appendix D2 ). Since there is no
etection of phase modulation for the flicker feature, a large number 
f subbeams n sb is required. Hence, the drift feature needs to be a
igher-order harmonic of the flicker frequency. 
The 1 /P 2 frequency of the drift feature should be n sb times larger

han the flicker feature. For n sb ≥ 4 the 1 /P 2 frequency of the drift
eature, predicted using the limit on how non-zero the 1 /P 2 frequency
f the flicker frequency can be, is within the errors consistent with the
easurement of the drift 1 /P 2 frequency. Ho we ver, the drift feature

eing a fourth- or higher-order harmonic of the flicker frequency is
roblematic. 
First of all, this would imply a high alias order for the drifting

ubpulse feature. This would be at odds with Song et al. ( 2023 ) who
oncluded that the majority of pulsars exhibit, at most, a first-order
lias. More importantly, even slight deviations in the circulation time 
fundamental) will result in changes in the apparent observed 1 /P 3 

requency of the drift feature (higher-order harmonic) that are at least 
 sb times larger. So if the intrinsic 1 /P 3 frequency of the drift feature

s four times larger, also its spectral width should be four times larger
han that of the flicker feature. Yet, especially in the long UHF -band
bservation, the width of the drift feature is narrower [panel (b) of
ig. 6 ]. Therefore, for PSR J1514 −4834, the circulation time model

s ruled out. 
Since the circulation time model does not apply to PSR 

1514 −4834, a different model is required. One possibility is 
xplored in Section 5.4 . Such an alternative model might equally 
ell apply to PSR B0943 + 10. Ho we ver, it remains to be seen
ow comparable these two pulsars are. Although the circulation 
ime model, which relies on beats, was developed to explain PSR
0943 + 10, the beat features (sidebands) and the corresponding 
mplitude modulation feature hav e nev er been simultaneously de- 
ected in one single observation (Deshpande & Rankin 1999 , 2001 
sgekar & Deshpande 2001 ; Backus, Mitra & Rankin 2010 ; Bilous
018 ). To a v oid this dilemma, Gil & Sendyk ( 2003 ) argue that a non-
niformly distributed subbeams with random fluctuations could help 
xplaining why the spectral feature associated with the circulation 
ime is suppressed. 

.4 Feedback model 

s concluded in the previous section, the turning of a rigid near-
nchanging carousel cannot explain the emission patterns of PSR 

1514 −4834. Here, we explore further if the flicker and drift
eriodicities could originate from a single integrated system. If the 
arousel picture is to be retained, it is required that as the individual
ubbeams turn on the carousel they are subject to a separate but
egular modulation process, resulting in the observed flickering 
atterns. 
To provide a possible interpretation of this extraordinary behaviour 

e may turn to a feedback model (Wright 2022 ) which suggests
hat all pulsars possess an inner carousel (often unseen, as in PSRs
1514 −4834 and B0943 + 10) that interacts o v er a time delay with
he observed outer carousel. The time delay then beats with the E ×B 

rift to create the double modulation effect in a single feedback sys-
em.The idea of two carousels present in the magnetosphere is not far-
etched. Over the intervening 50 yr since its publication, the original
arousel model (Ruderman & Sutherland 1975 ) has been modified, 
argely on observational grounds, to include a second carousel. This is 
equired both by the presence of multiple components of integrated 
rofiles (Rankin 1983 ) and complex yet strongly linked subpulse 
atterns often found in all components of complex pulse profiles 
e.g. Bhattacharyya, Gupta & Gil 2009 ). No more than two carousels
av e ev er been proposed to explain observations, yet no physical
rgument has been proposed as to why more should not be formed
n the polar cap. 
A geometric representation of the feedback model is presented 

n Fig. 8 , showing snapshots from a simulated animation at three
ime points. In this illustrative simulation, five sparks are formed 
n both the inner (blue) and outer (red) carousels. The interaction
etween two carousels in the form of an exchange of particle flows
s represented by the curved green lines, which travel back and
orth between the two carousels with a combined period of τ . The
nteraction of this flow (where the green line is thick) causes sparks
n one carousel to seed localized sparks in the other carousel and
ice versa, presumably via the magnetosphere. Thus sparks are 
he ‘footprints’ left by the particle flows travelling between two 
arousels. In a steady state, the flow can be seen as a combination of
 E ×B drift caused by an underlying magnetospheric circulation of 
xed period P 5 , and a quasi-radial mo v ement between the inner and
uter carousels. 
As a result, the observed circulation of the sparks is purely a
athematical consequence of the interplay (beat) between P 5 and 
, and no longer the direct result of the E ×B drift as assumed in

he RS model. By adjusting the values of P 5 and τ , it is possible
o achieve a carousel that rotates in either direction. For example
n Fig. 8 , both the E ×B drift and the spark circulation (both inner
nd outer carousels) are counterclockwise, which can be more easily 
onfirmed in the animation (see Zenodo link in Fig. 8 caption). For
any pulsars this may provide advantages in explaining the observed 

rifting rates and directions, several of which are incompatible with 
he E ×B prediction (e.g. van Leeuwen et al. 2003 ; van Leeuwen &
imokhin 2012 ; Basu et al. 2016 ; Song et al. 2023 ). 
As pointed out in Wright ( 2022 ), the flexibility of the feedback
odel arises from its capacity to specify the nature of the interaction

etween the two carousels. In our demonstration (Fig. 8 ), this is
MNRAS 538, 1063–1080 (2025) 
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isualized as the curved green lines of varying widths corresponding
o varying strength. Here, a scenario is illustrated in which the
ntensity varies from strong to weak o v er a duration of τ/ 2, followed
y a further τ/ 2 during which the interaction gradually increases
ack to strong and the cycle is complete. As a consequence, the
uter carousel (red) is brightest at t = 0 (left panel), while the inner
arousel (blue) is brightest at t = τ/ 2 (right panel). Which of the
wo carousels has brighter/weaker sparks would therefore alternate.
ince the line of sight grazes only the outer carousel (red), when the
uter carousel is weak, little radio emission is observ ed, ev en though
he inner carousel is bright. This generates amplitude modulation in
ddition to the gradual slower drift of the sparks. 

In general, the additional modulation pattern generated by the
arousel interaction can vary o v er time in a single pulsar and/or
rom pulsar to pulsar. F or e xample in the case of constant and
mooth interaction, (i.e. uniform green lines occupying the entire
ow), both carousels will al w ays appear equally active, and drifting
ubpulses without additional modulation will be observed. Ho we ver,
f gaps exist in the flow, this can lead to periodic nulling as
bserv ed, for e xample in PSRs B1133 + 16 (Herfindal & Rankin
007 ) and J1819 + 1305 (Rankin & Wright 2008 ). If the strength of
he interaction varies gradually, as in Fig. 8 rather than being abruptly
urned on and off, the pulse energies will be modulated smoothly.
his can explain the continuous unimodal pulse-energy distribution
f PSR J1514 −4834 (see Fig. 2 ). 
For flickers to generate a pure amplitude modulation, as observed

n PSR J1514 −4834, all sparks in the outer carousel must be
ynchronized such that they brighten and fade simultaneously. This
equires a specific pattern along the particle flows. For example in
ig. 8 where five sparks are presented, five identical green curved

ines are required to co v er a full circulation. At t = 0, each of them
riginates from the inner carousel (blue) as thin green line, gradually
idens until reaching the outer carousel (red), then contracts and

eturns to the inner carousel before seamlessly connecting to the
e xt green curv ed line. So the maxima and minima of the flows
each all sparks of the same carousel at the same time. Ho we ver, it is
ossible to drop the assumption of a precise periodicity and allow a
ifferent number of green line segments, or a variation of the green
ines in intensity, length or both. Then the feedback system becomes
apable of generating more complex drift patterns, and might explain
he subtle effects found in pulsars such as PSRs J1857 + 0057 (Yan
t al. 2023 ) and J1059 −5742 (Song et al. 2023 ), where subpulse
ntensity appears to counter-drift from drift band to drift band. 

In conclusion, the two periodicities observed for PSR J1514 −4834
an be explained in terms of a single integrated system which retains
he concept of a carousel drift, but incorporates time-delayed interac-
ion with an inner second carousel. Such a feedback model provides
 geometric (and possible physical) framework for understanding
he link between the drifting subpulses and flickers observed in
his pulsar. It also holds out the possibility of understanding the
omplex emission of other pulsars which hitherto has been difficult
o reconcile with the carousel model. 

 C O N C L U S I O N  

n this paper, we analyse the complex subpulse modulation patterns
n PSR J1514 −4834 using L -band data from the TPA programme and
urther MeerKAT UHF -band data. In addition to drifting subpulses,
SR J1514 −4834 simultaneously shows rapid amplitude modulation
ith a period of ≈ 2 P . The latter is referred to as ‘flicker’. Such

apid amplitude modulation is uncommon in the pulsar population,
nd its coexistence with periodic drifting subpulses is even rarer (see
NRAS 538, 1063–1080 (2025) 
ection 5.1 ). Also, PSR J1514 −4834 nulls extremely sporadically.
ts nulling fraction of just 0.03 per cent is as low as the lowest known
n the pulsar population. The flicker shows a continuous smooth
nimodal pulse-energy distribution, distinct from that of the nulls.
learly the nulls are of a different physical origin than the rest of the
mission. 

The flickers modulate the drifting subpulse pattern, and as a
onsequence spectral beat features should exist. We theorized that
hese beats are characterised by predictable frequencies and Fourier
hases – each the sum and difference of those of the two periodicities.
t is demonstrated that during a rare event, in which the drift,
icker, and one of the beat features are distinctly identifiable in

he power 2DFS with high significance, the observed beat frequency
atches what is expected (see Section 3.3 ). The second predicted

eat feature cannot be identified in this same data because, due to
liasing, the two beat features happen to o v erlap in the spectral
omain. Ho we ver, by applying a ne wly de veloped Fourier phase
orrelation technique the presence of both the expected beat features
s established (see Section 4 ), and this technique is shown to be robust
n the presence of fluctuations in the strength and stability of the
pectral features. Therefore, the complex nature of the fluctuation
pectra of PSR J1514 −4834 can be fully attributed to just two
nderlying periodicities. 
The coexistence of multiple underlying periodicities in the emis-

ion of PSR J1514 −4834 creates challenges to the often invoked
arousel model to explain drifting subpulses. A carousel consisting
f unequal subbeams, as proposed to explain the coexistence of
rifting subpulses and amplitude modulation in PSR B0943 + 10
nd other pulsars, is shown to be inapplicable to PSR J1514 −4834
see Section 5.3 ). Ho we ver, the feedback model of Wright ( 2022 )
ossesses sufficient flexibility to accommodate the complexities of
he emission of PSR J1514 −4834, while retaining the concept of
 carousel and providing a single integrated system that links the
wo observed periodicities (see Section 5.4 ). The feedback system
s go v erned by an interaction time-scale which beats with the E ×B 

rift. This results in both drifting subpulses and flickers, along with
he expected beat features, as observed in PSR J1514 −4834. 
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PPENDI X  A :  FOURI ER  T E C H N I QU E  IN  

RI FTI NG  SUBPULSE  STUDIES  

1 Two-dimensional Fourier spectrum 

ollowing Edwards & Stappers ( 2002 ), an idealized drifting subpulse
attern characterized by P 2 and P 3 in a pulse stack can be described
s a product of a two-dimensional sinusoid and an intensity envelope 
 ( φ): 8 

( φ, n ) = I ( φ) 

[
cos 

(
2 π

(
− φ

P 2 
+ 

n 

P 3 

)
+ θ0 

)
+ 1 

]
. (A1) 

ere, φ is the rotational phase, corresponding to the pulse longitude 
rom 0 to 360 ◦, n is the pulse number, and θ0 is the initial phase of
he drifting subpulses relative to the start of the pulse stack. It is the
uantity θ0 we aim to quantify using the Fourier phase analysis. 
The two-dimensional Fourier transform of a pulse stack results in 

 two-dimensional array comprising complex numbers. In the case 
f the idealized drifting subpulse signal given by equation ( A1 , the
esulting spectrum 

9 is 

̂ 
 2D ( k, l) = F 2D { S( φ, n ) } = 

“
φ,n 

S( φ, n )e −i2 π( −kφ+ l n ) d φd n 

= 

̂ I ( k) ∗
[
δ( k, l) + 

1 

2 
δ

(
k − 1 

P 2 
, l − 1 

P 3 

)
e i θ0 

+ 

1 

2 
δ

(
k + 

1 

P 2 
, l + 

1 

P 3 

)
e −i θ0 

]
. (A2) 

ere, i is the imaginary unit while k and l are the coordinate axes
n the Fourier domain, corresponding to the frequency components 
long the pulse longitude (1 /P 2 ) and pulse number (1 /P 3 ) directions,
espectively. The notation ̂  denotes the Fourier transform. As per 
he convolution theorem, the spectrum is the convolution between ̂ 
 ( k) and a combination of three Dirac delta functions. The first
elta function peaks at k = l = 0 (DC term) and the second at
 k, l) = (1 /P 2 , 1 /P 3 ). Since the pulse stack is real-valued, Hermitian
ymmetry is obeyed: ̂ S 2D ( k, l) = 

̂ S ∗2D ( −k, −l) and a third delta
unction appears at ( k, l) = ( −1 /P 2 , −1 /P 3 ). To a v oid redundancy,
ften only the top half of the spectrum is shown (as in for example
ig. 6 in the main paper). 
To visualize the complex spectrum 

̂ S 2D ( k, l), the magnitude ̂ S 2D ( k, l) 
∣∣∣ and argument θ ( k, l) spectra can be plotted separately. 

or equation ( A2 ) they are described by 

∣∣∣̂ S 2D ( k, l) 
∣∣∣ = 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

̂ I ( k) , if l = 0 , 
1 
2 ̂

 I ( k − 1 /P 2 ) , if l = 1 /P 3 , 
1 
2 ̂

 I ( k + 1 /P 2 ) , if l = −1 /P 3 , 

0 , otherwise , 

(A3) 
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Figure A1. The top and middle ro ws sho w two two-dimensional sinusoidal drifting subpulse signals with constant intensity envelopes, as well as their Fourier 
spectra. From left to right: the complex LRFS, subpulse phase tracks, and complex 2DFS. The product of these two drifting subpulse signals is presented in the 
bottom row, as well as its Fourier spectra. In the complex LRFS and 2DFS, colours indicate complex phases ranging from π to π , while the transparency of 
each pixel reflects its magnitude. More explicitly, in complex 2DFS, the magnitude and phase values are annotated abo v e and below the pixels containing the 
signal, respectively. The subpulse phase tracks correspond to the rows in the complex LRFS indicated by the dashed lines. 
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nd 

θ ( k, l) = ∠ ̂

 S 2D ( k, l) = 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

∠ ̂

 I ( k) , if l = 0 , 
∠ ̂

 I ( k − 1 /P 2 ) + θ0 , if l = 1 /P 3 , 

∠ ̂

 I ( k + 1 /P 2 ) − θ0 , if l = −1 /P 3 , 

undefined , otherwise , 

(A4) 

here the notation ∠ is used to denote the argument of the complex
umber, such that ∠ e i θ = θ . The square of the magnitude spectrum̂ S 2D ( k, l) 

∣∣∣2 
represents spectral po wer, kno wn as the conventional

wo-dimensional fluctuation spectrum (2DFS) which provides in-
ights into P 2 and P 3 of spectral features. The argument spectrum
( k, l) corresponds to what we refer to as the ‘Fourier phase
pectrum’ , which contains information about the initial phase θ0 

s defined in equation ( A1 ). 
In fact, the Fourier phases here are equi v alent to the vertical offset

f the subpulse phase track ϑ( φ), which are the complex phases of the
ongitude-resolved fluctuation spectrum (LRFS) at a specific 1 /P 3 

requenc y bin. F or a pure two-dimensional sinusoidal signal giv en
y equation ( A1 ), its LRFS (the one-dimensional Fourier transform
NRAS 538, 1063–1080 (2025) 
f the pulse stack along the pulse number direction) is 

̂ 
 1D ( φ, l) = F 1D { S( φ, n ) } = 

∫ 
n 

S( φ, n )e i2 πln d n 

= I ( φ) 

[
δ( l ) + 

1 

2 
δ

(
l − 1 

P 3 

)
e 

i 
(

2 π φ
P 2 

+ θ0 

)

+ 

1 

2 
δ

(
l + 

1 

P 3 

)
e 
−i 

(
2 π φ

P 2 
+ θ0 

)]
. (A5) 

imilar to equation ( A2 ), the definition of the one-dimensional
ourier transform here differs from the conventional mathematical
efinition by having an opposite sign in the exponent to ensure that
ositive drift corresponds to subpulse tracks with a positive gradient.
ased on equation ( A5 ), the subpulse phase track ϑ( φ) is 

( φ) = 2 π
φ

P 2 
+ θ0 . (A6) 

herefore, its gradient is determined by P 2 and the intercept θ0 

orresponds to the subpulse phase at pulse longitude φ = 0. This
s identical to the Fourier phase in the complex 2DFS. 
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Figure A2. A pulse stack (left) of a two-dimensional sinusoidal drifting 
subpulse signal with a Gaussian intensity envelope and its complex 2DFS 
(right). See Fig. A1 for details. 
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10 These spectral features are assumed to be separated in the l (1 /P 3 ) direction 
and not o v erlap with each other in the spectra. 
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The top two rows of panels in Fig. A1 give examples of pulse
tacks with pure two-dimensional sinusoidal signals where I ( φ) is
aken to be constant. The corresponding complex LRFS, subpulse 
hase tracks, and complex 2DFS are shown as well. In all these
omplex spectra, colours represent complex phases (ranging from 

π to π ), while the transparency represents their magnitude (square 
oot of power). According to equation ( A5 ), the power in the LRFS
the second column) is concentrated at three frequencies: the DC 

omponent and two drift features at ±1 /P 3 . The complex phases in
he + 1 /P 3 bin, i.e. the subpulse phase tracks, are reproduced in the
hird column, and are described by equation ( A6 ). In the complex
DFS (the fourth column), since ̂ I ( k) ∝ δ( k), equations ( A3 ) and
 A4 ) simplify to a pair of complex conjugate delta functions along
ith a DC component. Here, it can be confirmed that the Fourier
hases in complex 2DFS are indeed the intercepts of the subpulse
hase tracks. 
Ho we ver, in reality, the intensity envelope I ( φ) will not be a

onstant function of the rotational phase φ, and therefore a more 
ealistic scenario involves a narrow on-pulse re gion. F or e xample a
on-constant and time-independent intensity envelope in the form 

f a Gaussian function is illustrated in Fig. A2 . In such a scenario,
he Fourier transform of the windowed two-dimensional sinusoid 
ignal can be expressed as the convolution of the Fourier transform
f the window function (Gaussian envelope) and the delta functions 
epresenting the original (unwindowed) two-dimensional sinusoid 
ignal. As a result, the spectral features are horizontally ‘smeared 
ut’ in the 2DFS and their phases exhibit rapid variability in the
 /P 2 direction. This complicates the measurement of the Fourier 
hase, which is crucial to identify an underlying beat system using
he Fourier phase correlation technique introduced in Section 4 . We 
ill show this explicitly in Section A2 . 

2 Beat system model 

or a beat system, the drifting subpulse signal is modulated by 
nother periodicity. As a result, beats arise. Mathematically, the pulse 
tack S is represented as a product of the drifting subpulse signal S d 
nd the modulation pattern S m 

: 

 = S d × S m 

. (A7) 

n the following discussion, the sub-scripts d and m indicate 
uantities associated with the drift and modulation, respectively. 
n illustrative example is presented in Fig. A1 , where the pulse

tacks, from top to bottom, correspond to S d , S m 

, and their product
. According to the convolution theorem, the Fourier transform of 

he pulse stack is 

̂ 
 = 

̂ S d ∗ ̂ S m 

. (A8) 
f both S d and S m 

are pure sinusoidal modulations (e.g. described by
quation A1 ), we obtain (using equation A2 ) 

̂ 
 ( k, l) = 

̂ I dm 

( k) ∗
(

δ( k, l) + 

H d 

2 
+ 

H m 

2 
+ 

H m + d 

4 
+ 

H m −d 

4 

)
. (A9) 

ere, we use the short notation 

 d = δ( k − k d , l − l d )e 
i θd + δ( k + k d , l + l d )e 

−i θd , (A10) 

nd 

 m ±d = δ( k − ( k m 

± k d ) , l − ( l m 

± l d ))e 
i( θm ±θd ) 

+ δ( k + ( k m 

± k d ) , l + ( l m 

± l d ))e 
−i( θm ±θd ) , (A11) 

o represent pairs of Hermitian spectral features. H m 

is defined 
imilarly to H d . Moreo v er, we define ̂ I dm 

( k) = 

̂ I d ( k) ∗ ̂ I m 

( k). In
quation ( A9 ), the first term inside the brackets represents the DC
omponent. H d is attributed to the drifting subpulses and H m 

to
he additional modulation. The remaining two terms in the brackets, 
 m + d and H m −d , are identified as beat features, which are the sum

labelled as � in the following discussion and the main text) and
ifference (labelled as � ) of the two input features in terms of not
nly the location of the delta function (frequency) but also the Fourier
hase. Because of the complex conjugate nature of Fourier spectra 
Hermitian symmetry), each term except the DC component has both 
ositiv e and ne gativ e frequenc y components. Therefore, there are a
otal of nine spectral features, as shown in the bottom-right 2DFS in
ig. A1 . 
Equation ( A9 ) can be expressed as follows in terms of magnitude

nd phase: 10 

 ̂

 S ( k, l) | = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

| ̂  I dm 

( k) | if l = 0 , 

| ̂  I dm 

( k ∓ k d ) | if l = ±l d , 

| ̂  I dm 

( k ∓ k m 

) | if l = ±l m 

, 

| ̂  I dm 

( k ∓ k � ) | if l = ±l � , 

| ̂  I dm 

( k ∓ k � 

) | if l = ±l � 

. 

(A12) 

( k, l) = 

⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎪ ⎪ ⎪ ⎩ 

∠ ̂

 I dm 

( k) if l = 0 , 

∠ ̂

 I dm 

( k ∓ k d ) ± θd if l = ±l d , 

∠ ̂

 I dm 

( k ∓ k m 

) ± θm 

if l = ±l m 

, 

∠ ̂

 I dm 

( k ∓ k � ) ± θ� if l = ±l � , 

∠ ̂

 I dm 

( k ∓ k � 

) ± θ� 

if l = ±l � 

. 

(A13) 

ere , 

k � 

= k m 

− k d , 

k � = k m 

+ k d , 

l � 

= l m 

− l d , 

l � = l m 

+ l d , 

θ� 

= θm 

− θd , 

θ� = θm 

+ θd . 
(A14) 

n the case of constant intensity envelopes (Fig. A1 ), i.e. I d ( φ) and
 m 

( φ) are constant, ̂ I dm 

( k) will be a delta function and therefore all
 ̂

 I dm 

( k) terms in equation ( A13 ) will be zero, leading to a concise
onclusion: the 1 /P 2 and 1 /P 3 frequencies, as well as the Fourier
hases of the beat features, are the sum and the difference of those
f the drifting subpulses and the additional modulation. This can be
erified in the complex 2DFS in Fig. A1 . For example the Fourier
hases of the drifting subpulses in the top and middle row are −2
nd −1 rad, respectively. The � feature resulting from the beat of
hese two drifting subpulse patterns (the top right pixel in the bottom
ight 2DFS) has a Fourier phase of −2 + ( −1) = −3 rad. Even in
he presence of the dramatic phase variability in the 1 /P 2 direction
rising if there is a non-constant intensity envelope (such as shown
n Fig. A2 ), the Fourier phases of the beat features can be shown
MNRAS 538, 1063–1080 (2025) 
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Figure B1. The synthetic beat system constructed from 8600 pulses of PSRs B0809 + 74 and B0818 −13. Only the first 100 pulses are displayed in the pulse 
stacks in the top row. To highlight the weaker features, the brighter features are clipped by setting the threshold to 50 per cent of the maximum power in each 
panel. The spectral features are labelled in a way similar to panel (c) of Fig. 6 . 
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11 The pulse stack of PSR B0809 + 74 is horizontally flipped to obtain a 
positive P 2 . This is done to maximize the separation of all features in the 
resulting spectrum and minimize o v erlap among them. 
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o be correlated with the sum or difference of the Fourier phases of
he two features presumed to be beating. This will be confirmed in
ppendix B1 . Consequently, measurements of the beat frequencies

their positions in the 2DFS, see Section 3.3 ), as well as their Fourier
hases (see Section 4 ) can serve as an independent verification to
dentify a beat system as the cause of complex-looking spectra. 

In principle, a beat system can also be identified based on subpulse
hase tracks, given their mathematical similarity. For instance, in
ig. A1 , the Fourier phase of the � feature (the top right pixel in the
ottom right 2DFS) is −3 rad, corresponding to the intercept of the
ubpulse phase track (blue dashed line). Ho we ver, an adv antage of
sing the complex 2DFS using the approach developed in this paper
s to separately measure the Fourier phases of two spectral features
ith o v erlapping 1 /P 3 frequencies but different 1 /P 2 frequencies.
 or e xample in the bottom row of Fig. A1 , two spectral features
re at 1 /P 3 = 0 . 02 cpp in the 2DFS (indicated by the red horizontal
ine), and their Fourier phase information is mixed in the subpulse
hase track (red curvy line), making the identification of an intercept
mbiguous. In the case of PSR J1514 −4834, for the UHF -band
ata in panel (c) of Fig. 6 in particular, both beat features ( � and
 ) o v erlap with the flicker feature in terms of 1 /P 3 , while 1 /P 2 

s well separated. For such a scenario, the Fourier phases in the
omple x 2DFS pro vide a more ef fecti ve approach to analyse the
hase information of the beat and flicker features. In fact, even
f spectral features were not well separated, the Fourier phase
orrelation technique would still be viable (see Appendix B2 and
ig. B5 ). 
NRAS 538, 1063–1080 (2025) 
PPENDI X  B:  APPLI CATI ONS  O F  F O U R I E R  

HASE  C O R R E L AT I O N  M E T H O D O L O G Y  

1 A synthetic beat system 

o demonstrate the Fourier phase correlation methodology and its
pplication, we construct a beat system using real pulsar data. Since
 pulse stack from a beat system can be thought of as a product of
wo pulse stacks characterized with different P 2 and P 3 periodicities
equation A7 ), we multiply two pulse stacks of real pulsar data to
reate synthetic beat system data. Therefore, all the complexities
f realistic pulsar data not captured by the simplified mathematical
odel as used in Fig. A1 are included. 
The synthetic data are shown in Fig. B1 , where the pulse stacks

f two pulsars, PSRs B0809 + 74 11 and B0818 −13, are multiplied.
hese data are the same as published in Weltevrede ( 2007 ) and were
btained using the Westerbork Synthesis Radio Telescope (WSRT) at
 centre frequency of 1380 MHz. In this observation, PSR B0809 + 74
as a P 3 = 11 . 12 and a P 2 = −13 . 2 ◦, while PSR B0818 −13 has
 P 3 = 4 . 74 and a P 2 = −5 . 1 ◦. Sections of their pulse stacks are
isplayed in the upper row in Fig. B1 , and the corresponding power
DFS are shown in the bottom row. The right-hand side pulse stack is
he product of the pulse stacks from two pulsars, hence shows beats.
s a result, in addition to the two spectral features attributed to the
rifting subpulses of PSRs B0809 + 74 (labelled as A ) and B0818 −13
labelled as B), two further features ( � and � ) are generated in the
ar-right 2DFS. Their positions in the spectrum are indeed the sum
nd difference of the frequencies these two pulsars have as predicted
y equation ( A14 ). 
Following the procedures outlined in Section 4 , we can extract

he Fourier phases of the spectral features in the complex 2DFS and
ompare them to the predictions from the beat system model. The
esults are presented in Fig. B2 in a way similar to Fig. 7 . The highly
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Figure B2. The Fourier phases of the pixels indicated in Fig. B1 are plotted 
in a way similar to Fig. 7 . The circular correlation coefficients r are 0.83 (left) 
and 0.74 (right). 
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Figure B3. The distribution of the circular correlation coefficients r by 
selecting different pixels in the shaded regions in Fig. B1 . The colours of the 
dots represent the signal strength Q of the pixels used to calculate the Fourier 
phase correlation (see Appendix B1 ). For clarity, only the top half of pixel 
combinations based on Q in each group are shown. 

Figure B4. Similar to Fig. B3 but for PSR J1514 −4834 based on the pixels 
in the shaded regions in panel (c) of Fig. 6 using the UHF - (upper) and L -band 
(lower) data. 
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ignificant correlations indicate that the Fourier phases of the beat 
eatures are indeed the sum and difference of those of the two features
eating, as expected. 
Considering that the spectral features are broadened, we repeat the 

bo v e procedure by selecting different pixels in the shaded regions
n Fig. B1 . For each pixel combination, a corresponding circular 
orrelation coefficient r is obtained (as defined in Appendix C ),
hich is then used to build the distributions presented in Fig. B3 ,
here all the spectral features are compared with each other. It is

lear that in most of the pix el combinations, the positiv e correlations
etween θ� 

and θB − θA (as well as θ� and θB + θA ) are observed. 
he significance of this is highlighted by comparing it with the 
bsence of correlations found for other spectral features which are 
ot expected to be correlated. For example the Fourier phases for
eatures A and B are completely uncorrelated (labelled θB versus 
A ), as must be true giv en the y were generated by two different
ulsars. 
In some pixel combinations, we observe a relatively low correla- 

ion between θ� 

( θ� ) and θB − θA ( θB + θA ). This is because in those
ixels, the signal is weak. To quantify this effect, the signal strength
 is calculated as follows for cases involving only two pixels: 

 = 

√ 

( M 1 − μoff )( M 2 − μoff ) 

σoff 
. (B1) 

ere, M 1 and M 2 are the complex magnitudes of the two pixels, and
off and σoff are the mean and standard deviation of the magnitude 
f all pixels not associated with spectral features. If three pixels 
re involved, the process is similar, except that the cube root of the
roduct of three terms are used. This Q is a proxy for the ef fecti ve
ignal-to-noise ratio of the pixels selected and is used to colour the
oints in Fig. B3 . Re vie wing the distribution of r between θ� 

( θ� ) and
B − θA ( θB + θA ) shows that points with relatively low correlation 
ave light colours, corresponding to weaker signals. 

2 PSR J1514 −4834 

he distribution of the circular correlation coefficients r between the 
ourier phases of each spectral feature of PSR J1514 −4834 observed 

n both the UHF - and L -band data is shown in Fig. B4 , using the pixel
ombinations from the shaded regions in panel (c) of Fig. 6 . Positive
orrelations are observed between θ� 

( θ� ) and θflicker − θdrift ( θflicker + 

drift ), while other combinations are uncorrelated. This follows the 
rediction for a beat system (Appendix A2 ). 
Fig. B5 shows the Fourier phase correlation results for two 

ndividual pixel combinations in a way similar to Figs 6 and 7 . For
MNRAS 538, 1063–1080 (2025) 
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Figure B5. The results from the Fourier phase correlation analysis for two pixel combinations for PSR J1514 −4834 where the � beat feature is aliased. The 
2DFS in the left column are reproduced from Fig. 6 . The scatter plots are similar to those in Fig. 7 . In the case shown in the upper row, the � beat feature 
(purple) is aliased and appears on the other side of the 2DFS. Based on a combination of the UHF - (dots) and L - (crosses) band data, a positive correlation of 
r = 0 . 12 ( p = 5 × 10 −26 ) and a ne gativ e correlation of r = −0 . 04 ( p = 3 × 10 −10 ) are obtained in the middle and right scatter plots, respecti vely. In the lo wer 
row, the flicker feature (orange) is chosen to be exactly at the Nyquist frequency (0 . 5 cpp), so that the alias � beat feature exactly overlaps with the � beat 
feature. The correlation coefficients have opposite signs with equal magnitude: r = ±0 . 06 ( p = 1 × 10 −13 ). 
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oth cases, θ� 

follow θflicker − θdrift , leading to positive correlations
hown in the middle column. However, in both cases, the � feature
as a 1 /P 3 frequency exceeding the Nyquist frequency (0 . 5 cpp),
esulting in an aliased � feature appearing on the other side of
he 2DFS, as indicated by the purple outlined boxes in the 2DFS
n Fig. B5 . The aliasing ef fect re verses the sign of θ� , leading to
he expectation that θ� should be anticorrelated with θflicker + θdrift .
ndeed a weak anticorrelation can be seen in the third column. Note,
n the second row of Fig. B5 , the pixel in the flicker feature is
hosen to be at 1 /P 3 = 0 . 5 cpp so that the corresponding � and �
eat features exactly overlap. In this case, the circular correlation
oefficients r have the same magnitude but opposite signs (see
aption of Fig. B5 ). This shows that the Fourier phase correlation
echnique can be ef fecti ve e ven under the influence of aliasing effects.
 or clarity, pix el combinations involving aliased � beat frequencies
ere excluded in Fig. B4 . 

PPENDIX  C :  C I R C U L A R  C O R R E L AT I O N  

OEFFIC IEN T  

he Pearson correlation coefficient r p is often used to quantify the
orrelation between two v ariables. Ho we ver, circular data such as
ngles and phases are cyclic in nature. Hence, to find correlations
n the Fourier phases, the Pearson correlation coefficient r p is not
ppropriate and can be expected to underestimate the true correlation.

To account for cyclical continuity, Fisher & Lee ( 1983 ) proposed
 circular correlation coefficient, denoted as r f l here. The correlation
NRAS 538, 1063–1080 (2025) 
etween two circular variables θ and φ is defined to be 

 f l = 

∑ 

1 ≤i<j≤n 

sin 
(
θi − θj 

)
sin 

(
φi − φj 

)
√ ∑ 

1 ≤i<j≤n 

sin 2 
(
θi − θj 

) ∑ 

1 ≤i<j≤n 

sin 2 
(
φi − φj 

) . (C1) 

n an extreme case where the distributions of θ and φ are each
nimodal and highly concentrated, r f l ≈ r p . The circular correlation
oefficient r f l shares similar properties as the Pearson correlation
oefficient r p . For example 

(i) −1 ≤ r f l ≤ 1; 
(ii) r f l = 0 if θ and φ are independent; 
(iii) r f l is invariant under choice of the origin for both variables;

nd 
(iv) if r f l = r is measured between θ and φ, then r f l = −r when
easured between either −θ and φ or θ and −φ. 

Ho we ver, a significant difference between the circular correlation
oefficient r f l and the Pearson correlation r p is that r f l = ±1 if and
nly if φ = ±θ + constant. For example in cases of φ = 2 θ , despite
he linear relationship between θ and φ, the circular correlation
oefficient r f l would be zero. This feature is particularly useful in our
ourier phase correlation analysis introduced in Section 4 because

he Fourier phase of a beat feature inherently equals the difference
r sum of phases of the two spectral features beating. 
Another advantage of adopting the circular correlation coefficient

 f l in our analysis is the fact that arbitrary constant shifts of the phases
o not affect the correlation, meaning that the circular correlation
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Figure D2. Similar to Fig. D1 , but here a specific intensity distribution 
of the subbeams A n is adapted to generate a pair of symmetric sidebands 
(1 /P 3 = 0 . 05 ± 0 . 01 cpp) around the main drift feature (1 /P 3 = 0 . 05 cpp). 
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etween two variables θi and φi is the same as that between θi 

nd φi + constant . Due to various factors, we may consistently 
 v erestimate or underestimate the Fourier phases of spectral features, 
ntroducing an intercept in the correlation scatter plots. This will 
ot affect the circular correlation coefficient r f l , thereby adding 
obustness to the results. 

To quantify the significance of a correlation, it should be tested 
f a measured r f l is incompatible with the null hypothesis that the
easured θi and φi values are drawn from an underlying distribution 
ith r f l = 0. For pulsar data, θ and φ will have uniform distributions.

f uncorrelated, it can be shown that if n samples of each are
rawn randomly, nr f l follows a Laplace distribution such that 
he probability density function of nr f l is 1 

2 e 
−| nr f l | (Fisher 1993 ). 

hus, for a one-sided test at the significance level α, if measured
r f l > − ln 2 α, the null hypothesis that r f l = 0 is rejected and θ and
are significantly correlated. 

PPEN D IX  D :  ROTATING  C A RO U S E L  M O D E L  

IMULATION S  

1 Carousel with single periodicity 

 simple fast-rotating carousel is possible to generate pulse stacks 
hich give the illusion of slow drift interrupted by a rapid flicker. To

llustrate this, Fig. D1 shows an simulated pulse stack generated by 
 carousel with five equal intensity subbeams and a fixed circulation 
igure D1. Simulated pulse stack (left) with a carousel consisting of five 
ubbeams and its 2DFS (bottom right). The used carousel configuration is 
hown in the top-right panel, where the black spots represent the subbeams. 
he red curved dashed line is part of the trace of the line of sight in the 
mission region. The magnetic axis is situated at the centre and the carousel 
otates around this. Given the input circulation time P 4 and the number of 
ubbeams n sb , the resulting drift with P 3 = 2 . 08 is indicated by the green 
rrow in the pulse stack and the green spectral feature in the 2DFS. Its second 
armonic is marked in orange, showing an additional apparent slow ne gativ e 
rifting subpulses. 

In the 2DFS (bottom right panel), all the spectral features are aligned with the 
dashed line passing through the origin, showing that they are harmonically 
related. 
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ime P 4 of 10.4. Therefore P 3 = P 4 /n sb = 2 . 08, corresponding to
he prominent spectral feature at 1 /P 3 ≈ 0 . 48 cpp as indicated by
he green outlined box in the 2DFS in the same figure. P 3 is close
o 2, resulting in chessboard-like pattern in the pulse stack. The
ubpulses drift by 1 / 2 . 08 ≈ 0 . 48 times the spacing between two
onsecutive subbeams per pulse period, as illustrated by the green 
rrow. Because P 3 is not exactly equal to 2, the fast circulation time
reates an appearance that the subbeams are moving backwards by 
round 0.04 times the spacing, leading to an apparent slow ne gativ e
rift, as indicated by the orange arrow. This resembles a slow drift
ombined with a rapid flicker. The slow ne gativ e drift can also be
dentified in the 2DFS as the spectral feature indicated by the orange
utlined box. In fact, this feature (1 /P 3 ≈ 0 . 04 cpp) is the alias of the
econd harmonic of the fundamental drift feature (1 /P 3 ≈ 0 . 48). As
 result, not only the 1 /P 2 frequency but also the (unaliased) 1 /P 3 

requency are twice larger than those of the fundamental drift feature.
uch a scenario is incompatible with the observed spectral features 
f PSR J1514 −4834 in which the slow drift and flicker frequencies
re not harmonically related (see Table 1 and Section 5.2 ). 

2 Circulation time model 

 carousel with unequal intensity subbeams is argued to be able to
ccount for the observed sidebands in PSR B0943 + 10 (Deshpande &
ankin 1999 , 2001 ). Such a set-up is illustrated in the simulation

hown in Fig. D2 . Here, we consider a carousel consisting of five
ubbeams with different intensities A 1 , A 2 ,..., A 5 . As a consequence,
he resulting pulse stack has drift bands with unequal intensities. 
ndeed, sidebands are observed in the horizontally (1 /P 2 direc- 
ion) integrated power side panel of the 2DFS. A low-frequency 
1 /P 3 = 0 . 01 cpp) feature associated with the carousel circulation
MNRAS 538, 1063–1080 (2025) 
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ime appears with a strength comparable to that of the sidebands (at
 /P 3 = 0 . 05 ± 0 . 01 cpp). 
The presence of such a circulation feature was also noted in

he simulations conducted by Gil & Sendyk ( 2003 ). Ho we ver, here
e highlight that not only the 1 /P 3 frequencies, but also the 1 /P 2 

requencies are harmonically related: all spectral features align with
he dashed line in Fig. D2 . Therefore, the 1 /P 2 frequency of the
irculation feature is n sb times smaller than that of the drift feature,
n which n sb is the number of subbeams. The larger n sb is, the closer
NRAS 538, 1063–1080 (2025) 
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( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
he 1 /P 2 frequency of the circulation feature will be to zero. This
an make it appear as a mostly amplitude modulation as inferred
n (Deshpande & Rankin 2001 ). This conclusion is used in our
iscussion in Section 5.3 to dispro v e such circulation time model
or PSR J1514 −4834. 
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