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ABSTRACT

We report on slow phase variations of the response of the space-ground radio interferometer RadioAstron during observations
of pulsar B0329+-54. The phase variations are due to the ionosphere and clearly distinguishable from effects of interstellar
scintillation. Observations were made in a frequency range of 316-332 MHz with the 110-m Green Bank Telescope and the 10-
m RadioAstron telescope in 1-h sessions on 2012 November 26, 27, 28, and 29 with progressively increasing baseline projections
of about 60, 90, 180, and 240 thousand kilometres. Quasi-periodic phase variations of interferometric scintles were detected
in two observing sessions with characteristic time-scales of 12 and 10 min and amplitudes of up to 6.9 radians. We attribute
the variations to the influence of medium-scale Travelling Ionospheric Disturbances. The measured amplitude corresponds to
variations in vertical total electron content in ionosphere of about 0.1 x 10'®m~2. Such variations would noticeably constrain
the coherent integration time in VLBI studies of compact radio sources at low frequencies.
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1 INTRODUCTION

When a source of intrinsically small angular size, such as a pulsar,
an AGN, or a component of an interstellar maser, is observed
at sufficiently low frequency, experimentally measured position,
the integrated brightness, size, and the structure of its image are
influenced and in many cases are completely determined by the
scattering by density fluctuations in the intervening plasma. Because
of the motion of non-uniform plasma across the line of sight and
stochastic variability of the electron density due to the turbulence,
the scattered image exhibits both temporal and angular random
variations. Statistical properties of the time-varying image contain
information on the intrinsic structure of the observed object and on
the properties of the scattering plasma.

The only method capable of directly resolving the scattering disc
formed due to interaction of the radio emission with the turbulent
interstellar medium is very long baseline interferometry (VLBI). The
results of VLBI observations of interstellar scattering (ISS) may be
presented as the cross-spectrum

Vap(, 1) = Ex(, DE}(v, 1) ()

of frequency v and time 7 produced by cross-correlating data obtained
on a pair of antennas A and B. Here, E (v, t) is the Fourier transform
at frequency v of the complex form of the electric field measured
by antenna A and Eg(v, t) is the corresponding complex conjugate
measured by antenna B. In the special case when A = B, the cross-
spectrum reduces to the dynamic spectrum, which is the real-valued
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function that describes the observed flux density as a function of
frequency and time. In the general case when A # B, the value of
Vap is complex, so to fully employ the capabilities of VLBI, in
comparing observations with theoretical models it is necessary to
take into account both the amplitude, |V|, and the phase, arg V, of
the cross-spectrum.

In many cases, however, the large systematic errors in measured
phase make it impossible to use it in the analysis. One source of
uncertainty is the variability of the ionospheric excess path with the
time-scale comparable to the duration of observations. To minimize
its adverse effect on the VLBI experiments aimed at investigating
the interstellar scattering, it is necessary to determine the relevant
parameters of the ionosphere at the time of observations.

In the present paper, we report the measurements of the phase
variations in cross-spectra obtained from observations of PSR
B0329+54 with space-ground interferometer RadioAstron. Analysis
of the visibility amplitude measured during these observations have
led Gwinn et al. (2016) and Popov et al. (2017) to resolution of
the fine substructure in the scattering disc. It seems plausible that
the contribution of the substructure elements to the observed cross-
spectrum varies on the time-scale of the order of the scintillation
time, which leads to the variability of the cross-spectrum phase.
The detection of phase fluctuations caused by variability in the
substructure would yield additional information on the properties
of the scattering plasma.

The time dependence of complex cross-spectra—both in amplitude
and phase — for several pulsars including PSR B0329+-54 were used
by Popov et al. (2020) as an initial point in their study of the intrapulse
variations of interferometric visibility. But the variations with time-
scale &~ 107 s studied in that paper are ~10° times faster than the
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Figure 1. Left-hand panel: Average profile obtained in an observing scan. The vertical dashed lines delineate the window used for calculation of the on-pulse
dynamic spectra and cross-spectra. Right-hand panel: Dynamic spectrum based on GBT observations for the session on November 26.

ISS variability for the pulsar, and the origin of the variations is not
related to non-stationarity of the intervening plasma.

In determining the cross-spectrum phase variations due to ISS it is
necessary to subtract the ionospheric contribution from the observed
values. Ideally, the ionospheric contribution should be calculated
based on parameters of the ionosphere measured synchronously with
the VLBI observations by an independent method, e.g. applying the
procedure described by Ros et al. (2000), who used the GPS data.

In our case, independent measurements were not available, and
the only possible approach was to try to derive the ionospheric
contribution from our data alongside with the phase variations due to
interstellar scattering. The two effects can in principle be decoupled
by taking advantage of their different frequency dependence. Thus,
VLBI observations of pulsars potentially can yield information both
on ISS and on the phase distortions induced by the ionosphere.
Since one of the antennas used in our experiment was located
beyond the atmosphere, the measured ionospheric phase shift can
be directly related to the state of the ionosphere above the ground
antenna.

2 OBSERVATIONS

“PSR B0329+54 is the brightest pulsar in the northern hemisphere.
It is located at the outer edge of the Orion spiral arm. Its Galactic
coordinates are [ = 145°,b = —1.2, and its parallax distance from
the Sun is about 1 kpc (Brisken et al. 2002). We observed the pulsar
in P-band during four successive sessions on 2012 November 26,
27, 28, and 29 with the 10-m RadioAstron space radio telescope
(SRT) and the 110-m Robert C. Byrd Green Bank Telescope (GBT).
The baseline projections were about 60, 90, 180, and 240 thousand
kilometres for the four consecutive days, respectively.

The RadioAstron mission and technical parameters of the SRT
have been described by Kardashev et al. (2013). The SRT recorded
the data in the upper sideband of 316-332 MHz with one-bit
digitizing and transmitted them in real-time to the telemetry station
in Puschino. At the GBT, the science data were recorded with the
MkVb VLBI recording system with two-bit digitizing. In order to
reduce the influence of strong bandpass distortion at GBT near the
high-frequency edge of the sideband, we used only the measurements
in the range 316-330 MHz.
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Each observing session lasted 1 h. The automatic level control,
pcal, and noise diode were turned off to avoid the distortion of the
pulsar flux measurements. We recorded the data in 570 s scans with
30 s gaps between them, but only used data obtained during the first
500 s of each scan in the analysis. The recorded data were transferred
via internet to the Astro Space Center (ASC) in Moscow.

3 DATA REDUCTION

For quantitative analysis, we selected the observations performed on
November 26 and 29. The choice stemmed from two considerations.
First, we tried to maximize the spread of baseline projections.
Secondly, the exploratory inspection of data revealed that phase
variations are significantly stronger on November 26 and 29 than
on two other dates.

The data were processed in two steps. At the first stage, which
relied mainly on GBT data, we computed the average pulse profile
and principal characteristics, the scintillation time and decorrelation
bandwidth, of the interstellar scintillations (ISS). The results derived
at this stage were used to set some parameters of algorithms applied
at the next step of processing.

The second-stage comprised evaluation of the cross-spectrum for
the baseline SRT-GBT and investigation of the temporal variations
of the cross-spectrum phase, which is directly influenced by the ISS
and ionosphere.

3.1 Pulse profile and dynamic spectra

The first step of the analysis was to form the average pulse profile. The
pulsar period of 0.714 s was divided in longitude (pulsar rotational
phase) bins of 1 ms duration. Each observed instantaneous value
of flux density was assigned to a bin according to the longitude
calculated using TEMPO2 (Hobbs, Edwards & Manchester 2006).
Then, for each bin, the corresponding measurements were averaged
over a scan. The left-hand panel of Fig. 1 shows a portion of the
average profile obtained in an observing scan at the GBT and the
SRT. The sensitivity and the noise level of the SRT were calibrated
using the GBT measurements as the reference.

The data were correlated with the ASC correlator (Likhachev et al.
2017) using a frequency resolution of ~3.9kHz with dedispersion



and gating. The produced dynamic and cross-spectra were sampled
synchronously with the pulsar period. In this paper, we used the
results of correlation for two longitude windows each of 5 ms
duration: the on-pulse window, shown in Fig. 1, and the off-pulse
window located at the half-period offset from the main pulse, that
is beyond the longitude range of the figure. The results of the
correlation were stored in standard FITS-IDI format (Greisen 2016).
The CFITSIO package (Pence 1999) was used for the subsequent
analysis.

In the next stage of data processing, we applied corrections for
the receiver bandpasses, performed the clean-up of the spectra to
remove strong narrow-band interferences, and normalized the pulse
intensities in order to reduce the influence of strong pulse-to-pulse
intensity fluctuations. The normalization technique was described by
Popov et al. (2017).

The right-hand panel of Fig. 1 shows an example of the resulting
dynamic spectrum S(v, #) calculated from the data obtained at GBT
on November 26. To construct the dynamic spectrum for the whole
one-hour session we filled gaps between the scans by interpolating
between the last and the first spectra of consecutive scans.

The interstellar scintillation causes strong variations of the ob-
served flux density and the dynamic spectrum may be regarded
as an ensemble of bright spots on the time-frequency plane called
‘scintles’. The primary statistical characteristics of the ensemble are
the decorrelation bandwidth, Av., and the scintillation time, ., that
describe the average extent of the scintles in the respective directions.

For the observations used in the present paper, Av,. and 7, were
evaluated by Gwinn et al. (2016). From the analysis of the two-
dimensional cross-correlation between the dynamic spectra for the
LCP and RCP (left-hand and right-hand circular polarization) chan-
nels of GBT they obtained values of Avy. &~ 15 kHz and 7,. ~ 114 s.

3.2 Phase variations in cross-spectra

Our further analysis is based on the cross-spectra produced at the
previous stage of data processing. To increase the signal-to-noise
ratio, we averaged the on-pulse cross-spectra over ten consecutive
pulsar periods, that is over #,,s ~ 7.14 s. In the course of averaging,
only pulses that satisfy the condition F,, > <Fo5> 4604 were
taken into account. Here, F,, is the flux density in the on-pulse
window, <F.;> and o . are the mean and standard deviation of the
off-pulse flux density. In rare cases where none of the pulses falling
into the range of averaging meets the condition we assume that the
cross-spectrum is equal to the previous one.

Fig. 2 shows an example of the averaged cross-spectrum. Its
general structure originating from the ISS closely resembles the
structure in the dynamic spectrum discussed in the previous subsec-
tion. Since the averaging time, 7ops, Obeys the condition 7, < #,¢, €ach
scintle contains, on average, f./tons > 1 visibility measurements at
different points in time, which make it possible to study the temporal
variability of the complex cross-spectrum phase within individual
scintles. As discussed in Section 4 below, the comparison between
phase variations within different scintles permits to disentangle the
ionospheric contribution to the phase shift from the effects of ISS.

The scintles used in our analysis were constructed as follows. To
increase the SNR we averaged the complex cross-spectra produced
by the correlator over eight channels, thus reducing the frequency
resolution to 31.25 kHz (about 2 x Avg.).

The pixels of the averaged cross-spectra that exceed in visibility
magnitude the threshold of 3.50; are considered ‘bright” and form
a constituent part of a scintle. Here, o is the rms amplitude of the
cross-spectrum measured in the off-pulse window. The pixels with

lonospheric effects in VLBl 3

8 & ‘l |“ T T T T
7 | | b 35
|
6 | Il E
IR (4
|
= 5F | I I 1@ 25
E | 1 li
o 4 ‘ | . 2
E |
3 1 | \’ " | _ 15
2 + | - 1
| | ' |
1+ | v 1F1 05
1A
0 1 1 L 1 1 1l ! 0
316 320 324 328 332

Frequency (MHz)

Figure 2. Time-averaged correlated flux density on the baseline SRT-GBT
during a scan on November 26 in RCP channel. The averaging interval is
~7.14 s, correlated flux density is in correlator units.

the visibility magnitude below the threshold are considered ‘dim’
and the values of their phases are not used in further analysis. The
left-hand panel of Fig. 3 illustrates the results of the application of
the algorithm described above to the scan started on 2012 November
26 at 21:00 UTC.

The pixels are then grouped into scintles in such a way that (a) all
pixels of a scintle reside in the same averaged frequency channel and
cover a contiguous time interval, (b) first and last pixels of a scintle,
as well as the majority, but not necessarily all, of intermediate pixels
are bright, and (c) the time interval between two adjacent bright
pixels located in the same scintle does not exceed #,./2.

The right-hand panel of Fig. 3 illustrates the phase as a function of
time for the four strongest scintles. The initial phase of ith scintle is
defined only within an ambiguity of 2n;7r, where n; is an arbitrary in-
teger, and therefore only comparison of the slopes of the curves in the
plot is meaningful. In creating the plot, the values n; were chosen in
such a way as to facilitate such a comparison. The apparent offsets be-
tween the phase curves for the different scintles could be due to char-
acteristics of the ISM but a more detailed analysis is not possible be-
cause of the 277 ambiguities and the relatively short observation times.

The phase variations for the four scintles, and in fact for all
other inspected scintles, are well approximated by a piecewise linear
function with the slope brake at ~300 s. For all the scintles the
rate of change of the phase is nearly the same during the whole
duration of the scan. The same analysis was performed for other
scans and in all cases phase differences ¢;(¢) — ¢;(¢) for any pairi, j
of scintles indices were constant over time within an accuracy of our
measurements.

The disadvantage of this method is that removing 277 ambiguities
becomes non-unique for long intervals between consecutive bright
pixels. Because of the inter-scan gaps, this difficulty inevitably arises
in trying to study the variability on the time-scales exceeding the
duration of the scan.

To investigate the phase behaviour over longer times, we used
a different approach that relies only on the instant phase shift rate,
¢’ = d¢/dt, which we approximate by the phase difference between
bright pixels separated in time by one *7.14 s long averaging interval.
This approach permits us to analyse the data without having to correct
for the 2 phase ambiguities.
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Figure 3. Left-hand panel: Schematic presentation of the pixels selected for tracing the cross-spectrum phase variability for the scan started on 2012 November
26 at 21:00 UTC. The plus symbols represent bright pixels that constitute the selected scintles. Right-hand panel: Phase variations for the selected scintles. The
numbers in the legend specify the numbers of corresponding frequency channels in the left-hand panel. The nearly parallel signature of the changes of phase for
all scintles is interpreted as being due to the ionosphere. The offsets between the phases of the scintles may be due to characteristics of ISS.

The left-hand panel of Fig. 4 shows the phase shift rate as a function
of time during the session on 2012 November 26. As is evident from
the left-hand panel of the figure, the average value of phase shift rate,
(@), over, say, 60 min is clearly larger than zero, meaning that ¢
gradually increases during the observations.

Another feature easily seen on the plot is a quasi-periodic 0s-
cillation of ¢’ around its average value, (¢). Our analysis of the
oscillations is based on the temporal structure function of phase shift
rate, D(t), defined as

D(t) = ([¢'(t + 1) — ¢' ). (€3

Here () denotes averaging over the time interval [fyeg, fena — 7] and
over all selected scintles, where f,., and fo,q are the moments of
the beginning and end of the session, respectively. If we assume
that slow gradual changes in ¢ can be approximated by a linear
dependence on ¢, then D(t) is completely determined by the
oscillatory component of ¢'(z).

To establish the relationship between the amplitudes of oscillation
of ¢’(t) and D(7), which we denote as A, and Ap, respectively, we
consider the simple model where ¢, (f) = A, cos2mt/T) + €(1),
and where it is assumed that measurement errors €(f) are normally
distributed random values with variance independent of 7, and
<e(f)e(r) > =0fort ¢ . Straightforward calculation of the structure
function for the model, Dy, (7), yields Dy,,(t) = Ap(1 — cos 2ntt/T))
+ (¢), where Ap = Aj.

The right-hand panel of Fig. 4 shows the structure functions for
both observing sessions. Approximating the data by the simple model
described above we may estimate the characteristic period, Ty, and
the amplitude, Ay, of the observed phase shift rate variations to be
Ty ~ 12 min, A, ~ 0.030 rad s~ for the November 26 observing
session, and 7, ~ 10 min, A, &~ 0.015 rad s~! for the November 29
observing session.

4 ORIGIN OF THE OBSERVED PHASE
VARIATIONS

Two principal effects that may cause temporal variability in cross-
spectrum phase — interstellar scintillations and changes in parameters
of the ionosphere — are distinguishable from one another through their
dependence on observation frequency.
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In space-ground interferometry, the principal parameter of the
ionosphere that determines its influence on the observed visibility
phase is the total electron content (TEC) at the location of the ground
telescope. TEC is defined as

C. = /00 ne(h)dh, 3)
0

where n.(h) is the electron density at height /. Since our observing
frequency, v, satisfies the condition v >> v, where v, < 12 MHz
is the typical plasma frequency of the ionosphere, we can use the
high-frequency approximation for the plasma refractive index. The
ionospherically induced phase shift, A¢, is then given by

C. 1GHz

secz, )
where z is the zenith angle of the observed object (Mevius et al.
2016; Thompson, Moran & Swenson 2017).

The scintles used in Section 3.2 for the analysis of phase variability
cover the frequency range, Avg,, of about 12 MHz (see Fig. 2).
Ionospheric phase variations in all the scintles are governed by
changes in the single parameter, C.. Expected relative difference in
the magnitude of the slopes of dependence ¢ () for any two scintles
is less than Av,/v ~ 0.04 for the whole observing band and less than
0.03 for the brightest scintles presented in right-hand panel of Fig. 3.
Consequently, the values ¢;(t) — ¢;(¢), where ¢;(?) is the ionospheric
phase shift measured at the ith scintle, remain nearly constant in the
course of a scan.

In contrast, phase variations due to ISS in widely (Av > Av)
separated scintles are expected to be weakly correlated, since
different scintles originate from the interference of the rays passing
through different regions of the scattering interstellar plasma.

If we suppose that each cross-spectrum scintle originates from
an element of the scattering disc substructure, then ISS contribution
to temporal variations of observed phase differences ¢;(t) — ¢;(?)
reflects relative motion of the corresponding substructure elements.

As it is illustrated in Fig. 3, our observations do not show
any noticeable deviations from the synchronous phase changes in
different scintles, which is compatible with the assumption that
the observed temporal variations are dominated by the ionospheric
contribution, and ISS effects are below the sensitivity of our method.
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Figure 4. Left-hand panel: Phase shift rate variation with time for all scintles in the one-hour session on November 26. Right-hand panel: Structure functions
for the phase shift rate on November 26 (solid line) and on November 29 (dashed line).

To explain the slowly varying component of the observed temporal
variability pattern, we note that the observations were made in the
time range 21:00 to 22:00 UTC, during the last hour before the sunset
at GBT. The telescope tracked the source in the azimuth range 35-40°
and in the range of elevation angles 20-27°. The nearly linear trend in
phase can be attributed to diurnal variations in TEC in the ionosphere
above GBT and the decrease in sec z of the ascending source.

Before proceeding to the interpretation of the quasi-periodic phase
variations, we estimate the amplitude of changes in TEC above the
GBT that correspond to the amplitude, A,, and time-scale, Ty, of the
observed oscillations of ¢’. With the amplitude of phase variations,
A¢, approximated by A¢ ~ A,T4/m and the values for A, and Ty
from Section 3.2, the amplitudes of TEC oscillations are ~0.1 x 10'
and &~ 0.05 x 10'*m~2 on November 26 and 29, respectively.

The observed amplitudes of TEC oscillations, time-scales of quasi-
periodicity, and low-amplitude attenuation rates indicate that the
oscillations originate probably from medium-scale travelling iono-
spheric disturbances (TID). Ionospheric disturbances were studied
in many publications by various methods. Applications of VLBI
to the problem are described, e.g., by Zhi-Han & Yong (1993),
Hobiger, Kondo & Schuh (2006), and Heinkelmann, Hobiger &
Schmidt (2009). A review of important aspects related to probing the
ionosphere with RadioAstron was given by Zhuravlev, Yermolaev &
Andrianov (2020). It is generally accepted that TIDs are a manifesta-
tion of atmospheric gravity waves (AGW) in the ionosphere (Hocke
& Schlegel 1996). A short review of TIDs is provided by Crowley
& Azeem (2018). According to them, there are several geophysical
phenomena — ocean waves, tsunamis, explosions, weather fronts,
and thunderstorms — that might excite medium-scale AGWs, and
consequently TIDs.

The typical time-scale of oscillations caused by medium-scale
TIDs is 10-30 min. Azeem et al. (2017) reported the observations
of TIDs excited by earthquakes and subsequent tsunami-launched
AGWs using GPS total electron content (TEC) data. They found a
maximum amplitude of variations in TEC of &~ 1.1 x 10'm~2, and a
decay time of about 4 h. Thus, the phase oscillations that we observed
closely resemble the variations induced by medium-scale TIDs.

5 CONCLUSION

We present an analysis of two-element interferometry data in the
frequency range 316-332 MHz with the Earth-space baseline GBT-

SRT for PSR B0329+54. Analysing interferometer phase variations
in scintles produced by the interstellar medium, we show that
ionospheric effects on the phase can be clearly identified and
quantified.

Cross-spectrum phases were monitored over time for several
scintles. Variations that occurred synchronously in the scintles over
the whole frequency range of the bandpass are attributed to variations
of the ionosphere. Phase changes due to the effects of interstellar
scintillation are expected to be uncorrelated for scintles widely
separated in frequency.

The time dependence of the phase was calculated for indi-
vidual scintles. Intercomparison of cross-spectrum phases mea-
sured for multiple scintles permits to identify the origin of phase
variations. The variations arising from the ionosphere occur syn-
chronously in the scintles over the whole frequency range, while
phase changes due to effects of interstellar scattering are ex-
pected to be uncorrelated for the scintles widely separated in
frequency.

We found that the observed phase variations are nearly frequency
independent, which means that they are dominated by the ionospheric
contribution. Phase dependence on time may be expressed as a
sum of a slowly varying quasi-linear component and quasi-periodic
oscillations. The slowly varying component is naturally explained
by the diurnal variations of electronic density in the ionosphere and
the changes in the zenith distance of the pulsar as seen by the GBT.

The oscillatory component corresponds to quasi-periodic varia-
tions in the TEC in the ionosphere above the GBT with amplitudes
of (0.05-0.1)x 10'* m~2, time-scales of 10-12 min, and decay times
exceeding one hour. The TEC varions of this type are likely caused
by the medium-scale travelling ionospheric disturbances.

Interstellar scattering limits the coherent integration time, fobs,
for pulsar VLBI studies by the value of scintillation time, f#,
which is typically from several seconds to several minutes (Good-
man & Narayan 1989; Gwinn et al. 1998). These constraints
do not apply to VLBI studies of extragalactic radio sources be-
cause their intrinsic angular sizes are large enough to quench
diffraction scintillations in frequency and time (Walker 1998).
Therefore, only ionospheric and atmospheric effects would limit
the coherent integration time for these sources. In particular, the
observed medium-scale Travelling Ionospheric Disturbances would
pose the constraint fy,s << Ty on the duration of low-frequency
observations.

MNRAS 00, 1 (2021)
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