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ABSTRACT

Context. The interstellar scintillation observed in radio pulsars arises from interference between electromagnetic waves scattered by
electron density fluctuations in the turbulent interstellar plasma, providing a critical tool for probing the small-scale structure of the
ionized interstellar medium and the pulsar system itself.
Aims. The primary aim of this work is to study long-term scintillation variations for a bright and nearby pulsar, PSR J0814+7429,
carried out from September 2013 to September 2023 with the LOw-Frequency ARray (LOFAR) High Band Antennae in the frequency
range 120–170 MHz.
Methods. We derived the basic scintillation parameters, scintillation bandwidth (∆νd), and scintillation timescale (∆τd) from the two-
dimensional (2D) auto-covariance function of the dynamic spectra that are a 2D matrix of pulse intensity as a function of time and
frequency.
Results. We present a long-term monitoring study of ∆νd and ∆τd for PSR J0814+7429, which shows a strong annual variation in the
time series of the ∆τd. From our modeling of the annual variations of scintillation velocities, the scattering screen is anisotropic and
located at 0.23 ± 0.02 kpc from the Earth, likely corresponding to the boundary of the Local Bubble.

Key words. ISM: general – pulsars: individual: PSR J0814+7429

1. Introduction

Pulsars are highly magnetized, rapidly rotating neutron stars
that appear to emit highly periodic electromagnetic radiation
pulses as their lighthouse-like radiation beams sweep across
the observer. Pulsar emission can be detected across vari-
ous wavelengths such as radio (Hewish et al. 1968), X-ray
⋆ Corresponding authors: wuzw@bao.ac.cn; zhuww@nao.ac.cn

(Bachetti et al. 2014), and gamma rays (Abdo et al. 2013). As
these radio signals of pulsars propagate through electron den-
sity turbulence in the ionized interstellar medium (IISM), they
get scattered and then the interference between these scattered
signals results in a modulation of the pulse intensity as a func-
tion of frequency and time, forming an interference pattern on
the observer plane (Rickett 1990). This phenomenon, known
as interstellar scintillation (ISS, Scheuer 1968), has become an
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important tool for probing the properties of the IISM (Rickett
1977, 1990; Narayan 1992) and studying binary pulsar systems
(Lyne 1984; Rickett et al. 2014). In addition, analysis of ISS
in precisely timed pulsars may be used to generate timing cor-
rections for gravitational-wave characterization by pulsar timing
arrays (Verbiest et al. 2021), such as the Chinese Pulsar Timing
Array (Xu et al. 2023), European Pulsar Timing Array (EPTA
Collaboration 2023), Parkes Pulsar Timing Array (Reardon
et al. 2023), and North-American Nanohertz Observatory for
Gravitational Waves (Agazie et al. 2023), thereby enhancing the
probability of detecting gravitational waves.

There are two main types of ISS: diffractive ISS (DISS) and
refractive ISS (RISS). DISS arises from small-scale density fluc-
tuations in the IISM and is typically observed with characteristic
timescales ranging from minutes to hours (Rickett 1969; Wu
et al. 2022; Liu et al. 2022). RISS originates from larger-scale
density gradients and manifests over weeks to months (Sieber
1982; Rickett & Lyne 1990). The interference effects produced
by ISS are measurable from dynamic spectra, which are two-
dimensional (2D) representations of pulse intensity as a function
of observing time and radio frequency. The characteristic time
and frequency widths of scintles can be parameterized using
the scintillation timescale, ∆τd, and scintillation bandwidth, ∆νd,
both of which can be obtained from the 2D autocorrelation func-
tion (2D ACF) of the dynamic spectrum (Cordes et al. 1986;
Wang et al. 2005). In general, ∆νd is highly frequency-dependent
and ∆τd is relatively weakly frequency-dependent, and also mod-
ulated by the relative motions between the pulsar, the scattering
medium, and the observer.

In some cases, the long time series of ∆τd shows an annual
variation and it is also possible to show orbital variations if
the pulsar is in a binary system (Lyne 1984). By employing
these variations, we can determine the small-scale distribution
and inhomogeneities of the IISM. Alternatively, we might also
be able to obtain a number of orbital parameters that are dif-
ficult to measure with the pulsar timing method alone. For
example, Reardon et al. (2019) used long-term scintillation of
PSR J1141−6545, which shows orbital and annual variations, to
resolve ambiguity in the sense of the inclination angle. Recently,
Liu et al. (2023) also used the annual and orbit of variations to
measure the distance, velocity, and degree of anisotropy of the
scattering screen for PSRs J0613−0200 and J0636+5128, their
results further add to the growing evidence of the Local Bub-
ble shell as a dominant region of scattering along many lines of
sights. The Local Bubble, which is a cavity of hot, tenuous, X-ray
emitting gas surrounding the Solar System, likely created by past
supernova explosions or stellar winds (Cox & Reynolds 1987;
McCammon & Sanders 1990). In addition to the above pulsars,
the following pulsars also had their annual and orbital varia-
tions studied: J0737−3039A (Rickett et al. 2014), J0437−4715
(Reardon et al. 2020), and J1603−7202 (Walker et al. 2022).
However, the number of pulsars that have been reported with
orbit or annual variations is very small, accounting for only a
small fraction of the total number of pulsars.

The LOw Frequency ARray (LOFAR, van Haarlem et al.
2013) provides unique advantages for ISS studies, owing to
the strong frequency dependence of ISS. Previous works have
already presented the census of DISS pulsars at LOFAR fre-
quencies (Wu et al. 2022) and also reported on a non-standard
frequency-dependence of the scattering properties using near-
simultaneous observations from LOFAR and the New extension
in Nançay upgrading LOFAR (NenuFAR, Wu et al. 2023). In
this paper, we present long-term scintillation monitoring of PSR
J0814+7429 with LOFAR. This pulsar was discovered by Cole &

Table 1. LOFAR HBAs observational campaign for PSR J0814+7429.

Station Date range Number of obs. Length
(year) (hours)

DE601 2013−2018 70 94.58
DE602 2016−2017 18 43.26
DE603 2014−2020 42 46.20
DE604 2016−2017 58 139.95
DE605 2014−2019 254 436.82
DE609 2017−2023 862 1827.12

Notes. Given are the LOFAR stations used and their observation date
range, along with the number and the total length of observations for
each station.

Pilkington (1968) and it provided one of the richest contexts for
studying pulsar emission physics. In Section 2, we describe our
observations and data processing. The analysis results and the
discussion are presented in Section 3. The conclusion is given in
Section 4.

2. Observations and data processing

The observations of PSR J0814+7429 presented in this study
were conducted between September 2013 and September 2023,
covering a selected frequency range of 120–170 MHz after
omitting the first and last 10 MHz bands contaminated by radio
frequency interference (RFI). Over this decade-long campaign,
we collected 1304 high band antenna (HBA) observations. Six
LOFAR stations were utilized for these measurements: DE601-
Effelsberg, DE602-Unterweilenbach, DE603-Tautenburg,
DE604-Bornim, DE605-Jülich, and DE609-Norderstedt (see
Table 1 for specifications). All observations used in our work
have been done in stand alone mode using the stations indi-
vidually. To ensure coverage of more scintles in the dynamic
spectra, our analysis focuses on observations lasting at least 30
minutes. The data are recorded with a frequency resolution of
0.195 MHz per channel and a typical temporal resolution of
60 seconds per subintegration. The data processing pipeline
closely follows the methodology described by Wu et al. (2022);
further details on observation protocols, raw data reduction, and
scintillation parameter extraction can be found in Section 2 of
that work. After data processing, all dynamic spectra are visually
inspected, and those seriously contaminated by RFI are excluded
using ITERATIVE_CLEANER1. A representative cleaned dynamic
spectrum is displayed in Figure 1. The long-term evolution of
the scintillation bandwidth (∆νd, bottom panel) and timescale
(∆τd, top panel) for PSR J0814+7429 is presented in Figure 2.
Notably, the ∆τd time series exhibits a pronounced annual
variation, which provides critical insights into the properties of
the IISM, as discussed in the next section.

3. Results and discussion

In this section, we present our methodology for modeling the
annual variations in scintillation properties observed in PSR
J0814+7429 and report the corresponding analysis results. For
a more comprehensive analysis of annual scintillation variations
and detailed discussions of these phenomena in pulsar systems,

1 https://github.com/larskuenkel/iterative_cleaner
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Fig. 1. Example dynamic spectrum of PSR J0814+7429 with LOFAR
taken on MJD 57 361. The white patches are removed due to RFI.

we refer to the recent work by Reardon et al. 2019; Liu et al.
2023.

3.1. Scintillation from a thin screen

The distribution of IISM responsible for the observed ISS is
complex along the line of sight between the pulsar and the
observer. In this paper, we consider a simple thin screen model
for the medium distribution in the case of PSR J0814+7429,
which is supported by the detection of a scintillation arc (Wu
et al. 2022). For a thin screen model, Cordes & Rickett (1998)
presented that the scintillation velocity, VISS, which is the ratio
of the spatial scale of the diffraction pattern to the scintil-
lation timescale, ∆τd, can be estimated from the scintillation
parameters,

VISS = AISS

√
D∆νd

f∆τd
, (1)

where D is the distance from the observer to the pulsar in kpc,
f is the observing frequency in GHz, ∆νd is in units of MHz,
and ∆τd is in units of seconds. The factor AISS depends on the
geometry, the location of the scattering screen, and the form
of the turbulence spectrum. Cordes & Rickett (1998) derived
AISS = 2.5 × 104 km s−1 for a uniform medium, while for a
thin screen model, AISS = 2.78 × 104 √2Ds/(D − Ds) km s−1,
where Ds represents the distance of the scattering screen from
the Earth and is in units of kpc. Over the past two decades,
evidence of anisotropic scattering has been growing in many
cases, including pulsars (Stinebring et al. 2001; Brisken et al.
2010; Wu et al. 2022; Main et al. 2023) and fast radio bursts
(Wu et al. 2024b,a). Moreover, Stinebring et al. (2022) presented
that approximately 20% of the pulsars within their sample show
evidence of the existence of anisotropy of scattering. There-
fore, in this work, we consider an anisotropic scattering screen
and the anisotropy-dependent value AISS. This can be given by

AISS = 2.78 × 104 √(Ar + 1/Ar)/2
√

2Ds/(D − Ds) (Rickett et al.
2014), where Ar is the axial ratio of anisotropy under assuming
the spatial diffraction pattern as an ellipse (Coles et al. 2005).

In the thin screen model, the scintillation velocity VISS at the
observer (Liu et al. 2023) can be predicted as

VISS = |Veff |
D

D − Ds
, (2)

where Veff represents the effective scintillation velocity which
is a combination of the pulsar’s, the Earth’s, and the IISM’s
transverse velocities weighted by the fraction of distance of the
scattering screen (Cordes & Rickett 1998), expressed as

Veff =
D − Ds

D
VE +

Ds

D
(Vp + Vµ) − VIISM, (3)

where VE is the Earth velocity, Vp is the pulsar’s binary orbital
transverse velocity, Vµ is the pulsar proper motion transverse
velocity, and VIISM is the transverse velocity of the IISM. For
a solitary pulsar system, Vp is zero. Similarly to the approach
taken by Liu et al. 2023, we integrated Equations (1) and (2) into
the following formula,
√
∆νd

f∆τd
≡ Q =

|Veff |

AISS

√
D

D − Ds
, (4)

where all the scintillation observables are combined in the def-
inition of Q. The uncertainty of Q is mainly from the statistical
uncertainties of scintillation parameters.

For the effective transverse velocity, |Veff |, we take it in equa-
torial coordinates, employing the quadratic form from Rickett
et al. (2014) as

|Veff | =

√
aV2

eff,α + bV2
eff,δ + cVeff,αVeff,δ,

Veff,α =
D − Ds

D
VE,α +

Ds

D
Vµ,α − VIISM,α,

Veff,δ =
D − Ds

D
VE,δ +

Ds

D
Vµ,δ − VIISM,δ,

(5)

where Veff,α and Veff,δ are the components of the effective veloc-
ity in right ascension (α) and in declination (δ), respectively.
Based on the assumption that the spatial diffraction pattern is
an ellipse (as mentioned above), the coefficients a, b, and c are
parameterized by the axial ratio, Ar, of the ellipse and the ori-
entation angle, ψ, of the Ar. Considering the orientation angle,
ψ, is defined clockwise from the right ascension of the pulsar,
(Rickett et al. 2014), the coefficients are

a = [1 − R cos(2ψ)]/
√

1 − R2,

b = [1 + R cos(2ψ)]/
√

1 − R2,

c = −2R sin(2ψ)/
√

1 − R2,

(6)

where R is a scaled parameter for Ar: R = (A2
r − 1)/(A2

r + 1),
bound between 0 and 1.

3.2. Fitting annual variations

Similarly to Reardon et al. (2019) and Liu et al. (2023), for the
value of the ∆νd in Equation (1), we used the average value of
all ∆νd observations. Via Equation (3), Veff incorporates three
transverse velocity components for PSR J0814+7429: the pul-
sar’s proper motion, Earth’s orbital motion, and the velocity
of the scattering screen. We derived the Earth’s velocity using
SCINTOOLS2 (Reardon et al. 2020). The pulsar’s transverse
2 https://github.com/danielreardon/scintools/
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Fig. 2. Long-term variations of scintillation timescale ∆τd (top panel) and scintillation bandwidth ∆νd (bottom panel) for PSR J0814+7429. The
vertical gray dotted lines indicate the start of a calendar year. More observations in 2017 resulted in relatively dense data points this year.

velocity, Vµ, was obtained from Brisken et al. (2002). The dis-
tance to PSR J0814+7429, D=0.432 kpc, was adopted from
Verbiest et al. (2012). Finally, the scintillation velocity model of
PSR J0814+7429 includes five free parameters in the anisotropic
scattering case: VIISM,α, VIISM,δ, Ar, ψ, and Ds.

We modelled the time series of the parameters Q using a
Markov chain Monte Carlo (MCMC) with EMCEE (Foreman-
Mackey et al. 2013). All fitting parameters have uniform priors
and their posterior distributions are presented in Fig. A.1. We
computed a reduced χ2 value of 2.40 for the thin screen model.
This value is slightly larger than unity, but the residuals between
the observed and predicted scintillation velocities in the bottom
panel of Figure 3 are approximately Gaussian-distributed and
exhibit no systematic patterns, indicating that the model pro-
vides an overall satisfactory description of the data. The modest
deviation from unity likely reflects minor underestimation of the
measurement uncertainties due to the limited frequency reso-
lution, rather than a significant deficiency in the model itself.
Therefore, considering possible underestimation of measure-
ment uncertainties, this model can provide a reasonably good fit
to the data. The best-fit parameters for VIISM,α, VIISM,δ, Ar, ψ, and
Ds are −50 ± 10 km s−1, −21+9

−8 km s−1, 2.0 ± 0.3, 168+7
−8 degrees

and 0.23 ± 0.02 kpc, respectively. The axial ratio, Ar, of the spa-
tial diffraction pattern is 2.0±0.3, which is in agreement with the
mildly anisotropic scattering model. Our results would predict a
scintillation arc curvature of ∼4.2 s3 at 145 MHz at MJD 57872,
which is different from 2.5 s3 (Wu et al. 2022) using η ∝ f −2

(Stinebring et al. 2019). This could indicate that there are multi-
ple scattering screens along the line of sight (Ocker et al. 2024).
In Fig. 3, we show the variation of the scintillation velocities as
a function of day of year, where the scintillation velocity from
Equation (1) is denoted by the gray point with error bar and the
one from Equation (2) by the solid black curve. We can see that
there is a clear annual variation in these scintillation velocities,
caused by the annual change in the Earth’s velocity.

The values of |VIISM,α| and |VIISM,δ| seem to be larger than
the expected average plasma velocity of about 10 km s−1

(Goldreich & Sridhar 1995) in the IISM. After considering the
differential rotation of the galaxy, the transverse velocity of the
scattering screen is still about 48 km/s. Similar larger IISM
velocities in other pulsars are also reported (Rickett et al. 2014).
Due to the limited understanding of the plasma’s origin, it is
difficult to determine whether these larger IISM velocities are
unusual or unreasonable (Reardon et al. 2020).

The screen distance was measured to be Ds = 0.23±0.02 kpc
for PSR J0814+7429. Rickett et al. (2000) studied the character-
istics of the scattering medium through long-term monitoring
of the weak scintillation for PSR J0814+7429. And they pro-
posed that scattering of this pulsar is consistent with either an
extended scattering medium along the entire line of sight or a
localized compact structure in the range 170−220 pc (with a pul-
sar distance of 310 pc (Taylor & Cordes 1993)) from the Earth.
Their distance-revised screen distance is fully consistent with our
result.

Currently, observed ISS phenomena have been suggested to
be caused by the boundary of the Local Bubble (e.g., Bhat et al.
1998), HII regions (Mall et al. 2022), hot stars (Walker et al.
2017), and supernova remnants (Yao et al. 2021). We found no
associated HII regions in a search of the Wide-field Infrared Sur-
vey Explorer (WISE: Anderson et al. 2014) along the line of sight
for PSR J0814+7429. We further searched the Gaia DR3 cata-
logue (Gaia Collaboration 2023) for the presence of hot stars
in close proximity to the line of sight, without reliable hot stars
to contribute to the scattering of PSR J0814+7429. However, the
distance of the scattering screen of PSR J0814+7429 is consis-
tent with the shell of the local bubble, which is similar to earlier
findings for PSRs J0613−0200 and J0636+5128 (Liu et al. 2023),
implying that the evidence of the boundary of the local bubble
could be a dominant region of scattering along the line of sight
to PSR J0814+7429. In addition, recent low-frequency Faraday
tomography observations from the LOFAR Two-Metre Sky Sur-
vey (LoTSS, Erceg et al. 2024a,b) revealed that the Local Bubble
is bounded by a magnetised and partially ionised shell located
about 40–200 pc, which potentially contributes to the observed
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Fig. 3. Top panel: scintillation
velocities of PSR J0814+7429 as a
function of day of year. The points
with error bars are the scintilla-
tion velocities from Equation (1)
and the curve shown is that from
Equation (2). The residuals between
the two scintillation velocities are
shown in the bottom left panel. In
addition, the residual histogram dis-
tribution with Gaussian fitting (gray
dashed line) is shown in the bottom-
right panel.

scintillation behaviours of pulsars. However, a recent work by
Ocker et al. (2024) noted that accurately associating the scatter-
ing screens with the Bubble’s boundary remains difficult, due to
uncertainties in both the screen distances and the Bubble’s mod-
eled surface. More observations are needed to further provide
additional evidence linking scattering screens of pulsars to the
Bubble’s boundary.

4. Conclusion

In this paper, we present an analysis of long-term scintilla-
tion monitoring for the solitary PSR J0814+7429. This has
been accomplished across a data span of ≈10 yr observed with
LOFAR. The annual variation in ISS can be explained as an
annual modulation by the orbital motion of the Earth. Under the
framework of an anisotropic thin scattering screen model, we
have modeled the annual variations of scintillation parameters.
The value of axis ratio Ar is 2.0 ± 0.3, which is in agreement
with the mildly anisotropic scattering model. We also constrain
the screen distance approximately halfway between the pulsar
and the Earth at Ds = 0.23 ± 0.02 kpc. Along the line of sight
at this distance, we suggest that the scattering screen of PSR
J0814+7429 is very likely associated with the boundary of the
Local Bubble.

For pulsars with scattering screens close to Earth, long-
term scintillation monitoring for them could more readily reveal
annual variations similar to those observed in PSR J0814+7429.
We have once again demonstrated the feasibility of using
LOFAR for ISS studies of pulsars. Further long-term ISS moni-
toring on other pulsars will be released in the future, with a view
to provide more clues to identify the ISS mechanism and the
astrophysical structures responsible for ISS.
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Erceg, A., Jelić, V., Haverkorn, M., et al. 2024a, A&A, 687, A23
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Appendix A: Posterior probability distributions for
the fitted parameters during MCMC

Fig. A.1: The posterior probability distributions of all fitted parame-
ters. From left to right in each 1D histogram, three black dashed lines
denote the 16% fractional percentiles, the most likely values, and the
84% fractional percentiles, respectively. The most likely values and the
upper/lower errors are indicated at the top of the 1D histograms.
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