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ABSTRACT

Analysis of Space-VLBI observations of the pulsar B0834+06 conducted with RadioAstron at 324 MHz shows that in some
cases one of the scattering screens could be located very close to the pulsar (about 10 pc from the pulsar), and it has a strong
influence on the secondary spectra. For this case, the vertices of inverted arcs are aligned along the main parabolic arc and their
width is inversely proportional to the scattering time. The shape of the main arc is determined by another scattering screen that
is located at a distance of about 210 pc from the pulsar. The position of this screen is observed to be stable during 19 yr and
its spatial scale is larger than 5.6 < 10'® cm. We found that the scattering disc may be approximated by an ellipse with a 2.5
axial ratio and with the position angle of the major axis of about —8°. A small-scale structure with a size of 0.1 au located at the
close to observer screen and very high electron density of tens to a few thousand cm™ for different models can be responsible
for arclets in a secondary spectra. Additionally, angular refraction exists in the direction towards the pulsar. That suggests the
presence of the cosmic prism. We have estimated the angle of refraction to be 6, = 2 mas and the distance from prism to the

observer D < 160 pc.
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1 INTRODUCTION

Pulsar observations provide a powerful tool to study the properties
of interstellar plasma in the different directions of the Galaxy.
Pulsar radio emission propagating through the interstellar medium
is affected by the scattering on the inhomogeneities of the electron
density. This leads to many observable effects: angular broadening,
temporal broadening of pulses, the frequency and time modulation
of the radio emission intensity with the characteristic frequency
and time-scales. The study of these effects allows us to investigate
the spatial structure of the electron density inhomogeneity of the
interstellar plasma.

A large volume of pulsar experimental data has been interpreted
in the context of homogeneous isotropic Kolmogorov turbulence in a
wide range of scales (Rickett 1990; Armstrong, Rickett & Spangler
1995; Shishov & Smirnova 2002). However, in recent years a number
of works indicated the existence of the compact ionized structures
in the ISM with a significant impact on the scattering of pulsar radio
emission (Stinebring et al. 2001; Hill et al. 2003; Smirnova et al.
2014; Popov et al. 2016; Shishov et al. 2017). It was shown that for
some directions the spectral index n of inhomogeneities significantly
differs from the Kolmogorov n = 11/3. In particular, values n =
3 were found in the direction to the pulsars: B0950+08 (Smirnova
et al. 2014), B0834+06, B1237+25, and B2016+28 (Fadeev et al.
2018). Up to now, there is no theoretical interpretation of such
kind of turbulent plasma spectra. Observations also demonstrate the
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importance of ‘cosmic prisms’ — large-scale transverse gradients of
plasma column density on the lines of sight to several nearby pulsars
(Smirnova et al. 2014; Shishov et al. 2017).

Scintillation arcs were first detected by Stinebring et al. (2001)
in the secondary spectra (SS). The SS is the squared modulus
of the 2D Fourier transform of the dynamic spectrum in the
delay (conjugate to frequency) and fringe rate (conjugate to time)
domain. The usual interpretation of scintillation arcs is that the
main parabola corresponds to the interference of the emission
between the scattered rays and the direct ray. The inverted arclets
are caused by the interference of waves contained within the normal
scattering disc with a faint halo of waves scattered at much larger
angles (Cordes et al. 2006). Pen & Levin (2014) suggested that the
arclets arise when observed radiation intersects the reconnection
sheets in the interstellar plasma nearly aligned with the line of
sight.

Here, we present our approach to the interpretation of observations
of scattered radiation with space-ground VLBI observations.

Very long baselines (up to 330000 km) in space-ground VLBI
observations with RadioAstron provide an opportunity to obtain a
high angular resolution of up to 1 mas at the meter wavelengths
(92 cm), and thus to measure the scattering angle 8 directly.

2 OBSERVATIONS AND DATA ANALYSIS

The pulsar PSR B0834+06 is one of the brightest pulsars in a broad
frequency range. According to Liu et al. (2016), the distance to the
pulsar is R = 0.62 % 0.06 kpc. At this distance the proper motion
measured with a high accuracy by Lyne, Anderson & Salter (1982)
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Table 1. Parameters of observation and data reduction.

Epoch T, min Ground Telescopes b, 103 km Number of channels Positional angle ¢, deg
26.04.2012 120 AR 202.0-205.0 65536 —16 = 04
08.12.2014 60 GB 63.0-64.0 2048

08.04.2015 95 AR, GB, WB 147.0-152.0 65536 226 =03
09.01.2018 120 AR 825 2048 —88.3 = 0.6
24.02.2018 120 AR 75.0 2048 2+04
24.11.2018 120 AR 1715 2048 47 £ 0.6

Figure 1. Scattering screens and ‘cosmic prism’ revealed in the direction of
the pulsar: A — object plane, B — anomalous temporary scattering screen, C —
main permanent scattering screen, D — cosmic prism, and E — observer plane.
Meaning of various designations used on the figure is explained in the text.

implies a transverse velocity of Vq = 6 + 15kms™, V; = 15132

kms™ corresponds to tangential velocity |V,| = 150 20 kms™?.

Observations of PSR B0834+06 were carried out with RadioAs-
tron space-ground interferometer at 324 MHz. Signal was recorded
in the band 316-332 MHz. The following ground telescopes par-
ticipated in the observations: Arecibo (AR), Westerbork (WB), and
Green Bank (GB). Table 1 presents the dates, duration of observa-
tions, T, baseline projections of the space-ground interferometer, b,
the number of spectral channels used for the correlation, and position
angle, ¢, for cosmic baselines for different epochs. The description
of data processing and analysis can be found in Fadeev et al.
(2018).

Auto and cross-spectra | (p, p + b, T, t) were calculated by soft-
ware ASC CORRELATOR (Likhachev etal. 2017) using on-pulse gating
mode and incoherent dedispersion. Here, p — the spatial coordinate
in the observer plane perpendicular to the line of sight, b — the
base of interferometer, f — frequency, and t — time. For definition of
I(p,p + b, T, t)seeequation (Al). The duration of on-pulse and off-
pulse gates was chosen at the level of 10 per cent of the maximum
intensity in average profile. On-pulse and off-pulse spectra were
averaged over four pulsar periods. In our further analysis, we used
dynamic spectra — moduli of autospectra and cross-spectra.

Interpretation of observational results revealed several layers of
plasma on the line of sight to the pulsar contributing to the formation
of observed scintillation pattern. The overall picture of the relevant
plasma structures on the line of sight is illustrated in Fig. 1. Here we
present our model.

The pulsar emission propagating along the z-axis directed to
the Earth passes in succession through three layers of interstellar
plasma that influence observed statistical properties of received
radiation. First, it encounters two scattering layers B and C located,
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correspondingly, at distances r, and ry from the pulsar. The scattering
layers are considered to be statistically uniform phase screens.
Scattering by the screens does not change average direction of the
rays.

Then, the rays pass through the cosmic prism D located at the
distance rprism from the pulsar. The prism does not randomly scatter
the radiation, but changes the direction of a ray by angle 6. Due
to deflection, the intersection of the ray with the observer plane E
shifts by vector pg, which is parallel to the x-axis relative to the
intersection of the ray undeflected by the prism. Deflection angle,
0, and, consequently, displacement p¢ depends on frequency f.

The model qualitatively outlined here is described in more details
in the Appendix A, where relationships between physical parameters
of the scattering and refracting layers and observable quantities are
derived.

2.1 Dynamic spectra, structure functions, and scintillation
scales

Here, we continue the analysis of our data for PSR 0834+06 obtained
from observations of 2012-2015 (Fadeev et al. 2018) and also
present the new data from observations of 2018. Dynamic spectra
of the pulsar are presented on the left-hand side of Figs 2 and 3 in
logarithmic scale for intensity. We recorded data without calibration
so we cannot perform astrometry analysis of our data and do not
present here interferometric phase. Large-scale oblique structures in
SS are clearly visible in all our measurements except for 2012 data.
In 2012 observations only diffractive structures with much smaller
frequency and time-scales were observed.

Diffractive spots are extended along the line f = (df/dt)t. Such drift
indicates the refraction caused by a cosmic prism in the direction to
the pulsar. We determined the drift rate of the diffractive structure
by calculating the position of a maximum of the average cross-
correlation function between spectra separated in time with the step
of 4mP,wherem=1,2,... and P, isthe pulsar period. We found the
slope df/dt = 0.77 kHzs™* for 08.04.2015 and df/dt = 1.34 kHzs™*
for 08.12.2014.

Fig. 4 shows the frequency (the filled squares) and time (the open
squares) structure functions (SF) for 08.04.2015 (AR-GB baseline)
in the log-log scale. These SFs were obtained from frequency—
time correlation functions. Fitting by the power law gives a; =
1.19 + 0.03 (time SF) and a, = 1.13 + 0.01 (frequency SF). The
errors correspond to fitting uncertainties. That the slopes are nearly
the same for time and frequency SFs implies that the scintillation may
be described by the refractive model (Shishov et al. 2003). Analysis
of SFs for other days supports this conclusion.

The time and frequency scintillation scales, the power index of
inhomogeneities spectrum n = o + 2, the scale of the diffraction
pattern in the observer plane pgir, and the amplitude of visibility
function B, are presented in Table 2. All these parameters and also
the parameter of curvature a from analysis of SS, relative distances
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Figure 2. From top to bottom: dynamic spectra (left) and the secondary spectra (right) of PSR B0834+06 for 26.04.2012 (a, autospectra, Aresibo), 08.12.2014
(b, autospectra, Green Bank) and 08.04.2015 (c, cross-spectra, Aresibo — Green Bank) observations correspondingly. Logarithmic scale for intensity was used

for dynamic and secondary spectra.

r1/R (ry is a distance from the pulsar to the screen) and scattering
angle for 2012-2015 were obtained in (Fadeev et al. 2018). In this
paper, we present new data for 2018, and a model explaining our
data. We detect refraction in the direction to pulsar and suggest a

possible interpretation of spots in the SS for observing dates 2015
April 8 09.02018 January. Values of pgir and B, were obtained
from analysis of the normalized covariation function from complex
cross-spectra for the RadioAstron-Arecibo baseline (equations A2—
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Figure 3. From top to bottom: dynamic spectra (left) and the secondary spectra (right) of PSR B0834+06 for 09.01.2018 (a, autospectra, Aresibo), 24.02.2018
(b, autospectra, Aresibo), and 24.11.2018 (c, autospectra, Aresibo) observations correspondingly. Logarithmic scale for the intensity was used for dynamic and
secondary spectra.
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