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Abstract—As part of the Early Science Program of the RadioAstron project, the millisecond pulsar B1937+21
was observed in October 2012. The total duration of the experiment supported by eight ground-based radio
telescopes was about three hours. The radiation in both circular polarizations in the frequency band of
1644—1676 MHz was recorded. Characteristic time and frequency scales of scintillation caused by the scat-
tering on the interstellar plasma density fluctuations have been measured: Azy; = 275.2+0.1 s and
Avgir = 580 £ 30 kHz. The angular diameter of the scattering disk, 6 = 0.32 = 0.03 mas, has been esti-
mated from the decrease in the amplitude of the interferometric response at the ground—space baselines. The
dependence of the visibility amplitude on the delay shows two scattering time scales: T,,; = 110 + 30 ns and
T2 = 750 £100 ns, which indicates an ellipse-like scattering disc with an axis ratio of 2.6 : 1. The drift of the
visibility maximum on the residual interference frequency that was observed at the intercontinental baselines
can be explained by atmospheric effects, while the dominant contribution being the additional phase shift in

the troposphere above European stations.
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1. INTRODUCTION

In this paper, we continue the series of studies of
the parameters of scattering of pulsar radio emission
by inhomogeneities of interstellar plasma using the
ground—space interferometer RadioAstron. Some of
the results of these studies are discussed in [1—3] and
the studies cited there.

Pulsar B1937+21 is located almost in the plane
of the Galaxy (galactic coordinates: /= 57°31’,
b =-0°17"). Astrometric VLBI observations have
made it possible to estimate the distance to the pulsar

as 26003;8 pc and also module of V, = 5£2 km/s
and the position angle of its tangential velocity vector
of (PA)y =169.5° % 0.2° [4]. The dispersion measure
measured in [5]is DM = 71.1 pc/cm’.

B1937+21 is the first discovered millisecond pulsar
[6]. Short pulse repetition period (P = 1.557 ms) and
short pulse duration (=150 Us) impose severe restric-
tions on the operation of the correlator; these restric-
tions will be discussed in Section 2. The average pro-

file of the pulsar indicates the presence of an inter-
pulse of the same duration as that of the main pulse,
but with an amplitude that is half that of the main
pulse [5].

Besides normal pulses, pulsar B1937+21 also emits
so-called giant pulses [7, 8], which have a duration of
less than 15 ns [9, 10]. In this paper, giant pulses are
not studied, since due to their short duration, their
analysis cannot be carried out using standard methods
and requires the use of special algorithms that use
coherent de-dispersion to compensate for the influ-
ence of interstellar dispersion on the characteristics of
the received signal.

The observations used in this study were carried out
within the framework of the Early Science Program of
the RadioAstron project. In Section 2, the configura-
tion of the ground-space radio interferometer used
and the correlation processing method are described.
Next, conclusions about the characteristics of the
scattering medium made based on the analysis of the
dynamic spectrum are provided (Section 3); the
dependence of the interferometric visibility function
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on various parameters is studied (Section 4); and con-
clusions are formulated (Section 5).

2. OBSERVATIONS AND CORRELATION
DATA PROCESSING

The observations were carried out on October 22,
2012, and the total duration of the experiment was
about three hours. The observations involved eight
ground-based radio telescopes listed in Table 1.

The (u, v) plane coverage by the interferometer
baselines during the experiment is illustrated in Fig. 1.
These bases can be divided into three categories: small
intra- European bases, intercontinental bases between
Arecibo and European stations, and bases between
ground-based radio telescopes and the RA. The lon-
gest ground-space baselines reached values of
27000 km, which provided a maximal angular resolu-
tion of ~1 mas.

The pulsar signal was recorded at the radio tele-
scopes in a series of scans separated by 30-s intervals.
The duration of the scans was 10 min for the last scan
of the session and 9.5 min for the rest. Gain adjust-
ment was performed by telescope operators, since the
automatic gain control system was disabled. The entire
experiment consisted of 18 scans with a total duration
of approximately three hours. The measurements were
made in two adjacent frequency subbands, each
16 MHz wide. The center frequency was set to
1660 MHz, so the total reception bandwidth was
1644—1676 MHz. All radio telescopes, except the
Robledo observatory, recorded radio emission in two
channels of circular polarizations (LCP and RCP). In
Robledo, only left-hand polarization observations of
the LCP were made.

The first step in obtaining information about the
properties of the interstellar medium scattering the
pulsar radiation from the observation results is prelim-
inary processing, which includes correlation process-

V, km

3x10*

2x10%

1x10*
0 .
—1x10*F
—2x10*
-3x10*

| |
-10* 0 10*

835

Table 1. List of telescopes

Telescope Start of session Duration, min
RA Radioastron 20:30:01 180
AR Arecibo 20:30:01 180
EF Effelsberg 20:30:01 180
JB Jodrell Bank 20:30:01 180
MC Medicina 20:30:07 159.9
NT Noto 20:30:01 169.5
RO Robledo 20:30:01 180
TR Torun 20:30:04 179.9
WB Westerbork 20:30:01 159.5

ing and normalization of the observational data. The
purpose of preprocessing is to compute for each pair of
antennas, hereinafter, designated ¢ and b/, dynamic
Cross-spectrum:

Iab(vat) = <Ea(V’I)E2k(V9t)>9 (1)
which is a function of frequency v and time ¢. Here,
Ea(v, t) and Eb(v, t) denote the Fourier transforms of
the electric field strengths of radiation received by
antennas ¢ and b, the superscript (*) is the complex
conjugation, and {...) is the averaging. In a particular
case of ¢ = b, the cross-spectrum is a real value and is
proportional to the spectral flux density, and in the
general case of a # b, is a complex quantity. Below, to
shorten the notation, we will usually omit the indices
indicating the used antennas.

Correlation processing was performed using the
correlator of the LPI ASC [11]. To present informa-
tion about the frequency dependence of /(v, ), during
correlation processing, the frequency band is divided

into N, channels of equal width. Besides, when pro-
cessing pulsar observations with the LPI ASC correla-
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Fig. 1. The (u, v) coverage by the interferometer baselines. Left: All baselines. Right: A zoomed-in view of the central part, show-

ing the intra-European baselines.
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tor, correlation can be performed in arbitrarily speci-
fied “windows”—intervals that repeat with the pulsar
period P. Typically, one of the windows used to mea-
sure the useful signal is selected to cover the main
pulse, while one or two windows located in regions,
where the pulsar emission is absent, are used to mea-

sure the noise of the system. A value of N, and the
position of the correlation windows are user-defined
parameters that determine the operating mode of the
correlator and are selected based on the characteristics
of the observed object and the scientific problems
being solved.

The correlator selects data from files received from
the interferometer stations in segments with a duration
of 0.03125 N, us. The procedure for positioning the
correlation window is carried out with an accuracy of
up to the duration of these segments. To maximize
increasing the signal-to-noise ratio, it is desirable that
the positioning error be small compared to the dura-
tion of the main pulse, which for B1937+21 is 150 us at
a level of 0.1 of the maximal intensity. This condition
determined the selection of the number of spectral
channels of the correlator when processing each sub-
band of N, /2 =128, which corresponds to the posi-
tioning error of =8 s and the frequency channel width

of Av,, =125 kHz.
For each pulsar period, uncalibrated cross-spectra
were calculated in the pulse window (/°") and in the

window outside the pulse (i Off) for all interferometer
baselines (see Fig. 2). Next, the results were averaged
over intervals with a duration of 7, =1000P =
1.557 s.

Off) on the time for the antenna in Arecibo.

3. DYNAMIC SPECTRUM

We estimated the parameters characterizing the
scattering of the pulsar’s radio emission by the inter-
stellar medium using a traditional analysis of dynamic
auto-spectra. The initial data were the results of obser-
vations at Arecibo. The method we used for construct-
ing dynamic spectra and calculating two-dimensional
correlation functions from them is described in detail
in the study of Fadeev et al. [1]. For clarity we will
briefly summarize the key aspects of this method here.

The result of the dynamic auto-spectrum measure-
ment obtained at the correlator output is a discrete
sequence of instantaneous spectrum measurements,

i.e., two-dimensional array IA,-j = f(vi,tj), which is a
tabular function of frequency v and time 7. Here,
0<i< N, is the spectral channel index, while
0 < j < N, is the time-averaging interval index.

The signal measured in the on-pulse window con-
tains both the pulsar radiation itself that is modified by
the interstellar medium and receiver noise, as well as
external interference. The off-pulse measurement
allows the noise level to be estimated simultaneously
with the signal recording. The response of the receiv-
ing system is not the same across the receiving band,
but depends on the frequency in a complex way.
During the session, the gain also does not remain con-
stant. The signal increment in the on-pulse window is,
to a first approximation, proportional to the system
noise level. In this way, artificial distortions of the pul-
sar signal power arise in time and frequency within the
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Fig. 3. Dynamic spectrum from Arecibo measurements that is summed over two polarization channels (LCP and RCP). The
color scale on the right side of the figure establishes the correspondence between the color and the spectral flux density in the

pulse that is normalized to the system noise.

dynamic spectrum. To correct for these distortions, we
calculated the normalized dynamic spectrum:

on 7off
_ I

y 2
i o (2

Here, I is the results of measurements in the on-
Toff

pulse window, and (/;;" ) is the moving average of mea-
surements in the off-pulse window.

The remaining significant interference in both sub-
bands and both polarizations separately was replaced
by random values with mean and variance determined
in adjacent spectral regions, after which the spectra of
the upper and lower subbands were combined, while
the resulting spectra in the two polarizations were
summed. Figure 3 shows the resulting dynamic
spectrum.

As noted above, the signal was not detectable above
the noise level in the first and last scans, but scintilla-
tion was clearly observed elsewhere. In the lower sub-
band, the scintillation is expressed somewhat more
pronounced than that in the upper one, although the
noise level in both subbands is approximately the
same.

To determine the scintillation characteristics, we
calculated a two-dimensional correlation function:

Nep—1 Ny—1
z Z i+n,j+m
DCCF(Av,,At,) = , 3)
(N —n)(N, —m)
where Av, = nAv,, = 125n kHz,

At, = mT,, =1.557m s (see Section 2),
n=-Ng,/2+1,...,N,/2—-1,and
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m=-N,/2+1,...,N,/2—1.

3.1. Scintillation Time and a Spectrum Index
of Electron Density Fluctuations

The simplest quantitative characteristics describing
the dependence of the dynamic spectrum on time and
frequency that is caused by interstellar scintillations are
the scintillation time Aty;; and decorrelation bandwidth
Av ;. To calculate these characteristics, time and fre-
quency correlation functions, defined as C(At,) =
DCCF(0,At,) and C,(Av,) = DCCF(Av,,0), are
introduced, respectively. The scintillation time is
defined as the half-width of the function C,(A¢,,) at the
1/e level of the maximum, while the scintillation
bandwidth is the half-width at half maximum
(HWHM) of C,(Av,).

One of the main parameters of the interstellar
medium that influences the observed characteristics
of scintillations is the shape of the spatial spectrum of
electron density fluctuations. Information about the
type of this spectrum is contained in the time struc-
tural function of the dynamic spectrum S,(A7), which
can be estimated from observations using the relation

Si(A7) = 2(C(0) = C(AD)). 4

If the spectrum of fluctuations of the electron density
of the interstellar plasma is described by a power law

with exponent o, then according to [12],
N d (log S,(Ar))
d (log(A1)) |,

Basically, the values of Aty and Av;; can be found
directly from experimentally obtained functions

(6))

e =
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Fig. 4. Time (left) and frequency (right) autocorrelation functions. The data points obtained from the observations are shown as

dots, and the best fit is shown as a solid line.

C.(At,) and C,(Av,), and the value of «, is by approx-
imating the derivative in (5) by a finite difference.
However, with this approach, the parameters are cal-
culated based on only two or three measured values of
the correlation functions, and due to the small number
of data points used, instrumental noise has a strong
influence on the final result. Furthermore, in the sim-
plest method described above, one of the initial values
is the DCCF(0,0) value, which further increases the
error of the result, since at the point (0,0), the influ-
ence of system noise is stronger than at other values of
the arguments.

To improve accuracy, we adopted the following
approach. Functions obtained from observations
C.(At,) and C,(Av,) were fitted with a priori specified
analytical expressions by adjusting the free parameters
included in these expressions. The fitting included all
experimental points sufficiently close to zero, except
for the zero point itself. Next, the calculation of the
scintillation parameters was performed based on the
obtained approximations. Thus, the measurement
most susceptible to errors was completely excluded
from consideration, while the random error of the
sought parameters caused by noise was reduced by
averaging over a large number of points considered in
the fitting.

We used functions from the following family as
approximators:

y(xlA,B:PsS:W) = AeXp(_(lx_S|/W)p)+B, (6)

where A, B, p, s, and w are free parameters as well as
sums of these functions, if several scales were visible in
the correlation function. This family was previously
used in a similar situation in [1]. Values of C,(A¢t,,) and
C,(Av,), calculated from the observational results,
along with the corresponding approximation fits, are
illustrated in Fig. 4.

As can be seen from the figure, the function C,(A?)
is approximated very accurately by the sum of expres-
sions from family (6) over a wide range of values Ar.
The scintillation time value Az, = 275 s obtained from

this approximation agrees well with the conclusions
of [13].

To determine ¢, using (5), it is desirable to obtain
as accurate an approximation as possible for C,(Af) in
the vicinity of the point Ar = 0. To eliminate the
influence of measurements at large Ar on the calcula-
tion results when calculating o, the approximation by
expression y(At,) with s =0 on the interval of
At < Aty/2 was used, as a result, the value of
o, = 3.82 £ 0.02 was obtained.

Information about the spectrum of electron density
fluctuations can also be extracted from the frequency

dependence of the scattering time T, (v). Namely, at a
power-law spectrum of fluctuations with index o, the
dependence of T (V) is described, according to [14],
by a power-law with index o, where
o, = 20, /(0 —2). Kondratiev et al. [15], based on
their measurements at a frequency of 2100 MHz and

on published data, determined the dependence of the
scattering time on frequency for the pulsar B1937+21,

Ty o< v™*2. This result corresponds to o, = 3.82,
which coincides with the value we obtained.

Based on variations in the dispersion measure over
a 20-year interval, Ramachandar et al. [16] obtained a

value of o, = 3.66 = 0.04, which is close to the Kolm-

ogorov value of o, =11/3, for spatial scales corre-
sponding to time shifts of 30—2000 days. Since, the
time scales studied in that work are more than four
orders of magnitude larger than those we studied, the
difference between their results and ours can be inter-
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preted as evidence for a dependence of the spectral
index of inhomogeneities on the wavenumber.

3.2. Decorrelation Bandwidth

Sufficiently accurate approximation of the fre-
quency autocorrelation function, C,(Av), by the sum
of expressions (6) turned out to be possible only at
Av <5 MHz. The width of the decorrelation band-
width is taken to be the width of the term with s = 0

at half maximum, which is equal to Av,, = 580t
30 kHz.

The authors [13] approximated results of the mea-

surement of C, at a frequency of v = 1360 MHz by the
Lorentz function, ignoring the fact that the Lorent-
zian does not fit their data very well. Bringing the
result they obtained of Av,(1360 MHz) = 410 kHz

to our frequency using the scaling relation Av (V) o<

v*? produces Av,; (1660 MHz) = 947 kHz. It is diffi-
cult to identify unambiguously the main reason for the
significant difference between the values obtained in
[13] and in our study. The discrepancy may be due to
the difference in methods used to determine Avg;.

Furthermore, real variability in Avg, can make a sig-
nificant contribution: in [13], it is indicated that the
values obtained from observations carried out on dif-
ferent days vary (after being converted to our fre-
quency) between 846 and 1375 kHz.

In [17], relationships that connect the parameters
of scattering screens and the “interstellar prism” with
the structural function of the dynamic spectrum con-
sidered as a function of time, frequency, and coordi-
nates of the observer were derived. In order to use the
approach developed there, using a relation similar to
(4), we calculated the frequency structure function
S,(Av) and tried to determine its behavior near the
point Av = 0 by a method similar to that used in anal-
ysis of the temporal structure function. In this case, we

assumed that near zero, S,(Av) e Av ™. However,
the resulting value of o, = 1.6 (note that o, = o, + 2)
is purely formal and cannot be used in the further
analysis. The reason is the small number of experi-

mental points satisfying the condition Av < Av ;.

4. VISIBILITY FUNCTION

When constructing a radio image of the studied
objects, the next step after obtaining the dynamic
spectra, /,,(v,t), is usually the calculation of normal-
ized interferometric visibility functions V,,( f,T) as a

function of the residual interference frequency, f;

res d
and delay, t. The visibility function, V,,(f,.,T), is, in
essence, the cross-correlation coefficient of the elec-
tric fields of signals recorded at stations a and b at a
time shift equal to T. It is usually computed via a dou-
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ble Fourier transform of the dynamic cross-spectrum
(an inverse transform in frequency, v, and a forward
transform in time, f), normalization of the amplitudes
of signals received at stations, and a correction for sys-
tem noise.

In an idealized situation of an observed object of
simple structure, the use of precise ephemerides of the
object, geometric parameters of the interferometer
and clock corrections, a high signal-to-noise ratio,
and the absence of noticeable distortions from the
interstellar and interplanetary medium and the
Earth’s atmosphere in correlation processing, the

amplitude of the visibility function, |V, ,(f..,T)|, is a
unimodal function on the plane (f,,T) with a maxi-

mum at f,,, = 0, T = 0. A shift of the maximum away
from this point contains information about the various
parameters that characterize the difference between
the real and idealized scenarios described above and
about how these parameters evolve during the obser-
vation period.

4.1. Magnitude and Position of the Maximal Amplitude
of the Visibility Function

One of the most important quantities obtained
when processing interferometric observations is [V, »
which is a value of [V, (f,.,,7)| at the maximum. The

value of |V],,, carries information about the angular
size of the observed object, and, in our case, about the
extent of the scattering disk. Since the structure of the
scattering disk can change during the observation
period, and because various types of errors can shift

the position of maximum of |V|,,, on the plane

(fres>T) » the measurements should be divided into sep-
arate intervals, and the search for the maximum
should be carried out independently for each interval.

From the point of view of reducing the error caused
by random measurement errors, it is desirable to use
the longest possible intervals. On the other hand, their
duration is limited from above by the characteristic
timescale of interstellar scintillations. As a compro-
mise, we split each scan into two 285-s intervals,
which is close to the value of Aty = 275 s obtained in
Section 3.

For each interval, an uncalibrated visibility func-
tion was calculated by Fourier transforming the initial

A

dynamic spectrum, V,,, on a grid with steps in delay, 1,
and interference frequency, f.., that are equal to

31.25 ns and 3.5 MHz, respectively. In this case, only
data from the lower subband (1644—1660 MHz),
where the scintillation was more pronounced, were
used (see Fig. 3).

~

The resulting value V,, is expressed in the same
units as the dynamic spectrum obtained by the cor-
relator, i.e., in units of the signal recorders at the sta-
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Fig. 5. Comparison of the amplitude of maxima of the normalized visibility function at the European (EF—WB) and interconti-

nental (EF—AR) interferometer baselines.

tions, and is distorted by the influence of system noise.
Calculation of V,, is produced using the ratio:

I/ab = I}ab/Rab (D;naD;ffaD;naD;ff)a (7)

where D," and D," are the dispersions of the signals
recorded at stations a and b, respectively, during the

pulsar pulse, whereas D°" and D{" are the dispersions
of signals outside the pulse.

For large ground-based radio telescopes (Arecibo,

Effelsberg, and Westerbork), the difference D" — D"
is reliably estimated; the normalizing coefficient R in
(7) was calculated using the formula:

R, = (D = DY (D" - DY), )

Normalization was carried out separately for two
polarization channels. For further analysis, we used
the values averaged over both channels.

The change over time of the maximal normalized
amplitude of the visibility function at the Effelsberg—
Westerbork (EF—WB) and Effelsberg—Arecibo (EF—
AR) baselines is shown in Fig. 5. There is a significant
variation in individual values. However, the average
value of V], is the same for both European and
intercontinental baselines and amounts to 0.75 %+ 0.05.
The fact that a significant increase in the baseline pro-
jection does not lead to a decrease in |V, indicates
that the scattering disk remains at the intercontinental
baselines.

A significant deviation of the |[V|,,, value from
unity for an unresolved source indicates that the nor-
malizing coefficient, R, is calculated with a noticeable
error. The reason for this is the significant non-sta-
tionarity of the system noise and the smallness of the

(D°" = D°™)/D°" value. Formula (8) is valid for a sta-
tionary noise signal. When applied to bright pulsars
with periods of the order of a second, normalization
was carried out for each individual pulse (see, for
example, [18]), so that at each unit interval, the noise
could be considered stationary with high accuracy.

In the case of the pulsar B1937+21, the determina-
tion of the visibility function was carried out over a

time interval of 4.75 min that contained 1.8 x 10° indi-
vidual pulses. Over such an interval, the non-station-
arity of the noise becomes significant. In combination
with the smallness of the signal increment in the pulse
window over the noise outside the window, which
even for the most sensitive radio telescope in Arecibo,
does not exceed a few percent, and the variability of
the signal due to scintillations, this leads to a biasin the

estimate of R, and, consequently, |V, -

Underestimation of the value V|, Wwhen calculat-
ing the normalizing coefficient using (8) at low values
of the signal-to-noise ratio for an individual correlator
output is illustrated in Fig. 6.

Another probable reason for the decrease in the
amplitude of the visibility function is the influence of
the Earth’s atmosphere. detailed discussion is pro-
vided in Subsection 4.5.
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Fig. 6. Dependence of the maximum of the amplitude of the visibility function at the base (AR—EF) that is averaged over an inter-

val of 4.75 min on the signal-to-noise ratio for an individual reading of the correlator.

Among the ground-space baselines, the interfero-
metric signal was confidently detected at the RadioAs-
tron-Arecibo (RA-AR) baseline only. On this basis,
normalization of the visibility function using relation
(8) is impossible, since the space radio telescope,
unlike the ground-based ones, used single-bit quanti-

zation, resulting in Dy, = D{{i = 1. Consequently, the

method proposed by of Popov et al. [ 18] was applied to
calculate the normalizing coefficient, leading to the
following expression:

R=(De%/D3)" (D3 - D), ©
where

N = 1.258ps/Saz. (10)

Here, S is the system’s equivalent flux density, while
the factor of 1.25 in (10) takes into account the differ-
ence in signal quantization methods on space (one-
bit) and ground-based (two-bit) telescopes.

Figure 7 shows the dependence of the visibility
amplitude on the projected baseline length of the
ground-space interferometer. The average value of
[V,ax Was 0.86 + 0.05, which is somewhat higher than
the average value on the ground-based baselines
(0.75%0.05). This can be understood if we attribute
the decrease in the amplitude of the visibility function
on the ground-based baselines to the influence of the
atmosphere on the results of measurements at Euro-
pean telescopes, since the space telescope is located
outside the atmosphere, and the Arecibo radio tele-
scope observed in directions close to the zenith.

ASTRONOMY REPORTS  Vol. 69

No.9 2025

In Fig. 7, one can also notice a tendency towards a
decrease in the amplitude of the visibility function
with an increase in the baseline length of the ground-
space interferometer. We attempted to estimate the
size of the scattering disk using these data. The solid
line represents the fit of the observational data to a
scattering disk model with a width of 6,; = 0.32 £
0.03 mas. For the fit, we used the dependence of the
amplitude of the visibility function, [|__ (B), on the
projected baseline length, B:

_ 1 P eHB)OLC2
V|  (B)= 1 Zu? 1
WV max (B) exp[ 2( 55 2 } (11)

from the study of Gwinn et al. [19]. Here, A is the
observation wavelength, 0y is the full width at half
maximum (FWHM) diameter of the pulsar’s scattered
image disk, and o, = 3.82 is the exponent of the
spatial spectrum of electron density fluctuations (see
Section 3).

4.2. Determination of the Scattering Time
Jfrom the Dependence of the Visibility Function
on the Delay

Information about the geometry of the scattering
disk is contained in the dependence of |V (f,,T)| on
delay T at a fixed f,., = f,,. Here, f,, is the value of
fres» at which the maximum of |V/| is achieved. To ana-

lyze the dependence |V (f,.,T)|, we selected scans on
the EF—AR baseline for which the condition
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Fig. 7. Dependence of the maximum of the amplitude of the visibility function on the projected baseline length (RA—AR). The
solid line shows the approximation of the data by the model of a scattering disk with a radius of 0.3 mas.

|V|max > 100, was satisfied, where &, is the root-
mean-square (rms) error |V|. For all these scans, the
value of f,, turned out to be equal to zero, while the t
values, for which || reaches its maximum, are the
same. For further comparison with the theoretical
model, the function |V|21 (1) which is average value for
the selected scans |V(0, T)|, was used.

When interpreting observational data, the influ-
ence exerted on the measurement results of [V'|_ (t) by
fluctuations in the intensity of radiation generated by
the pulsar with characteristic times comparable to and
shorter than the accumulation time of the interfero-
metric signal should be taken into account. In Rick-
ett’s study [20], the autocorrelation function of the
recorded signal in the so-called amplitude-modulated
noise approximation was calculated. In this approxi-
mation, the pulsar’s radiation intensity is approxi-
mated by the product of white noise and a function
describing the pulsar’s average pulse profile. In this
case, the autocorrelation function of the recorded sig-
nal is represented as the sum of two components: a
narrow noise peak near the delay of T = 0 and a rela-
tively slowly changing pedestal carrying information
about the pulse shape.

The noise peak arises as a consequence of the fact
that the autocorrelation function of white noise is the
Dirac &-function. For the observed signal, the peak
amplitude is finite, while the width is non-zero due to
smoothing of the input noise by the recording system
with a finite bandwidth.

As noted above, the visibility function calculated
during the processing of VLBI observations is the
cross-correlation function of the signals recorded at
the baseline antennas. The intensity of the radiation
generated by the pulsar enters as a multiplier into the
signal recorded by both antennas. Due to this, the
influence of the noise nature of the pulsar radiation on
the statistical characteristics of the measured visibility
function near T = 0 is very similar to what occurs in
single-antenna observations. In this case, the parame-
ters of the noise peak depend mainly not on the char-
acteristics of the scattering medium, but on the prop-
erties of the pulsar itself and the parameters of the
interferometer. In particular, the bandwidth of the
receiver—correlator system and, therefore, the width
of the noise peak are determined by the signal accu-
mulation time during correlation. In our case, the
noise peak includes three points: the point at T =0
and two adjacent to it.

In the study by Popov et al. [21], based on observa-
tions of five pulsars performed using a ground—space
interferometer, the fine structure of the function (in
our notation) |V|a (1) near T = 0 was analyzed. As in
our case, the measurement results were well described
by the amplitude-modulated noise model and could
be represented as the sum of two components with
approximately equal values at Tt = 0: narrow noise
peak near T = 0 and a smooth function that decreases
slowly with increasing |t|.

When comparing observational data with the
results of model calculations, an approach similar to
that used in [21] was used in our study. Since informa-

ASTRONOMY REPORTS  Vol. 69

No.9 2025



MEASUREMENT OF RADIO EMISSION SCATTERING PARAMETERS

843

0.8

=
(o)
T

<
~

IV, O)l/Wmax

0.2

Observations e

Model —

Residual delay, us

Fig. 8. Observed and model dependences of the amplitude of the normalized visibility function on the residual delay at the base

(EF—AR). Results of measurements near T = 0, marked with the symbol “x”_ are distorted by the noise signal of the pulsar and
were not taken into account when determining the parameters of the model. The sum of two Lorentz functions with half-widths

of Ty = 0.11£0.03 s, T, = 0.75+0.01 ps was used as a model approximation.

tion about the structure of the scattering disk is con-
tained in the broad component, measurements at
those 1 values, in which the contribution of the noise
peak is noticeable, were not taken into account in the
analysis. Measured values of |V|a (1) and the model
function approximating them are shown in Fig. 8.

The characteristics of the scattering disk are deter-
mined by fitting the broad component with a theoret-
ical model. In the simplest case of a circular scattering
disk formed on a thin phase screen, the model depen-
dence of the broad component has the form:

V], (=" Ltt,), (12)

where |V|f::x is the amplitude of the broad component,
and the Lorentz function, L, is given by the expression:

2
T
s (13)
T+ T,

L(t,t,) =

while the scattering time t,, is determined by the
angular size of the scattering disk and the distances of
the screen and the pulsar from the observer.

In our case, it was not possible to find a satisfactory
approximation of the measurement results using
model (12), and for the approximation |V| (1), we used
the sum of two terms (12). As can be seen from Fig. 8,
this model with T, = 0.11£0.03 usand 1, = 0.75 £
0.01 ps is a good approximation to the observed broad
component. According to [21, 22], two essentially dif-
ferent time scales arise in the dependence of [V'|, (1) in
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the case, where the scattering disk has an elliptical
shape. Following the approach outlined in these stud-

ies, we obtain that since T, o< Gi,, then the major and
minor axes of the scattering disk are related as 2.6 : 1.

In [16], variations of T, over time (1996—2004) in
the range from 90 to 155 us were observed at a fre-
quency of 327 MHz. Based on the average value of

T, =120 ps and the frequency dependence of

T (V) o< v, we obtain T, = 0.094 us at 1660 MHz,
which is in good agreement with our measured value of
0.11 ps.

4.3. Analysis of Secondary Spectra

The secondary spectrum is the square of the result
of the two-dimensional Fourier transform of the

dynamic spectrum, |I(t, f..)} =|F(v,0)]. Stein-
bring et al. [23] found that the secondary spectra of a
number of pulsars contain specific structures called
parabolic arcs. They arise due to interference of the
pulsar’s radiation on individual elements of the sub-
structure within the pulsar’s scattering disk. It has
been shown [24, 25] that a strong elongation of the
scattering disk is one of the necessary conditions for
the formation of parabolic arcs. The asymmetry of the
scattering disk that we found is consistent with this
condition for the appearance of arcs.

We constructed the secondary spectrum from the

dynamic spectrum obtained at Arecibo and found no
traces of parabolic arcs. Turner et al. [13], who con-
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Fig. 9. Visibility amplitude as a function of the residual interference frequency. The top panel corresponds to the beginning of the
observation session (7" = 21 h), and the bottom panel corresponds to the end (7" = 23 h).

ducted observations with the Arecibo telescope a
month earlier, detected two parabolic arcs in the sec-
ondary spectrum of the pulsar B1937+21. They
showed that the arc contrast decreases drastically with
increasing frequency from 1285 to 1460 MHz. Our
observations were at 1660 MHz with a comparable
receiver bandwidth, and, therefore, the absence of arcs
in our data is consistent with the found trend.

4.4. Displacement of Maximum of |V| in Residual
Interference Frequency

The difference f;, (the residual interference fre-
quency, at which the maximum visibility amplitude is
achieved) from zero and the change in f;, during the
observation period are a sensitive indicator of the
impact of various factors that distort the correlation
results. To estimate the influence of these factors on
the final results, calculations of |V ( f,, 0)| were carried
out separately for each scan lasting 570 s, which pro-

vided resolution in an interference frequency of
1.75 mHz.

The dependence of the function [V (f,.,0)| on the
residual interference frequency at the beginning and
end of the observations is shown in Fig. 9. At the inter-
continental baselines EF—AR and WB—AR, a shift in
the maximum by =8 mHz is observed during the
observation session, while on the short EF-WB base-
line, such a shift is absent. The width of the maximum

of the function |V (f,,,0)| measured at half-width at
half-maximum varies from 1 to 3 mHz. Possible rea-
sons for these variations in the shape and position of

the maximum of |V (f,,0) will be discussed in
Subsection 4.5.

4.5. Distortion of the Interferometric Signal
by the Earth’s Atmosphere

One of the sources of errors in the results of mea-
surements of the parameters of the scattering disk are
distortions introduced by the Earth’s atmosphere.
Theoretical models explaining the origin of these dis-
tortions and making it possible to estimate their
impact on the observation results are described in [26]
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baselines.

and the references therein. A quantitative characteris-
tic of atmospheric effects influencing the results of
VLBI observations is L(f), atmospheric-induced
change in the optical path along the line of sight.
Atmospheric distortions of the optical path cause a
phase shift of the signal received at the station by
@ = 2nL/\, where A = 18 cm is the wavelength, and
the phase shift of the cross-spectrum for the baseline
a—b by Ag,, = @, — ¢,. The variability of atmo-
spheric distortions leads to a shift in the residual inter-
ference frequency by

dAo@
8,y = 8%
Yo ==,

Accurate calculation of the dependence of L(¢) on
time ¢ for each of the ground stations participating in
the observations requires taking into account both the
change in zenith distance z(¢) of the observed object
during the session and variations in the atmospheric
parameters above the station. As was noted above (see
Fig. 9), on long baselines between Arecibo and the
European stations, the shift of the maximum of the
function |V, (fi.s,T)| bY f,., during the session exceeds
significantly the shift for relatively short baselines
between European stations. This difference is natu-
rally explained if the dominant cause of variability in
L(¢) is a change in zenith distance. For the Arecibo—
Europe baselines, the zenith distances of the source at
the stations vary greatly and change differently during

(14)
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the observation period, while for the European sta-
tions, which are close to each other, the zenith dis-
tances remain close to each other all the time.

The source’s zenith distance at Arecibo did not
exceed 20° during the entire session, whereas at the
European stations, observations were carried out at
larger and increasing zenith distances towards the end
ofthe session. In particular, at the moment of comple-
tion of observations in Westerbork at 23:09:30 UTC,
the zenith distance in Effelsberg and Westerbork was
72.6° and 71.9°, respectively. Since the phase distor-
tion of the cross-spectra at the correlator output is
determined by the difference between the L(¢) values
for each pair of stations, and the L(¢) value, especially
its tropospheric component, increases significantly as
the line of sight approaches the horizon, then at inter-
continental baselines, the dominant factor is the addi-
tional phase shift in the troposphere above European
stations.

An estimate shown below of the contribution of the
atmosphere to the results of cross-spectrum measure-
ments is based on static models of the troposphere and
ionosphere, for which the dependencies of L(z) are
given in [26]. An atmospheric shift of the residual
interference frequency for the baseline a — b was cal-
culated using the relationship:

_1 (dLa(z) dz,(1) dLy(2) dzb(t))
dt )’

S
Yo A dz

(15)
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and the calculation results are illustrated in Fig. 10.

The obtained theoretical estimate of the atmo-
spheric shift of the residual interference frequency of
=3 MHz during observations at intercontinental base-
lines is a little less than the value of =5 MHz obtained
from measurements. However, it should be noted that
the atmospheric model used for the estimate is a very
rough approximation of reality. The main sources of
error are the static nature of the troposphere model
and the lack of consideration of the influence of water
vapor. Therefore, atmospheric influence appears to be
the most likely cause of the observed shift.

In the static model of the Earth’s atmosphere used
above, variations in phase disturbances are associated
only with changes in the zenith distance of the pulsar.
Therefore, the shift that arises as a consequence of
these disturbances in f,, becomes noticeable only at
relatively large time intervals exceeding the duration of
the scan (10 min). Variations in f,, with shorter char-
acteristic times can be caused by non-stationary pro-
cesses in the atmosphere. The most likely cause of
these rapid variations in our case is the variability of
the column density of water vapor, which can be espe-
cially strong during observations at large zenith dis-
tances, i.e., at European stations toward the end of the
session.

Variability in f;, with a characteristic time less than
the accumulation time used in calculating the function

IV (fes» D leads to the fact that the peak of |V'| consid-
ered as a function of the argument f,.. becomes wider,

res
while |V|max, a value of |V| at maximum, decreases. In
Fig. 9, it is shown that this is exactly the situation
observed in our measurements.

5. CONCLUSIONS

Using a ground-space radio interferometer, obser-
vations of the ms pulsar B1937+21 were carried out at
a frequency of 1660 MHz with baseline projections of
up to 27000 km. Using dynamic spectrum analysis
techniques, we studied the characteristics of interstel-
lar scintillations. Based on the analysis of data
obtained at the Arecibo radio telescope, the largest of
the ground-based telescopes participating in the
experiment, the values obtained for the scintillation
time and decorrelation bandwidth were, respectively,

Aty = 275.2 0.1 sand Av,, = 580 + 30 kHz.

Using the relation between the time structural
function of interstellar scintillations and statistical
characteristics of electron density fluctuations in the

scattering plasma, an estimate of o, = 3.82 £ 0.02 was
obtained for the index of the power spectrum of these
fluctuations. This estimate coincides with the result
presented in [15] and obtained based on studying the
frequency dependence of the scattering time. Com-

FADEEV et al.

parison of our value with the results of [16] suggests a
dependence of ¢, on the wave number.

The interferometric response was detected both at
ground-based baselines and at the Arecibo—RadioAs-
tron baseline. Comparison of || . the maximum
amplitude of the visibility function, at relatively small
intra- European bases and at the intercontinental Are-
cibo—Europe baselines shows that even at the longest
ground-based baselines, the scattering disk is not

resolved. The dependence of ||  on time exhibits

strong random fluctuations (see Fr;g(s 5and 6). Forthe
average value of this quantity, we obtained

(Vlmaxy = 0.75, which is significantly lower than the

value (|V],.«» =1 that is expected for an unresolved
source. This decrease in the average level and strong
fluctuations are due to two reasons. First, the men-
tioned effects can be caused by atmospheric distor-
tions. Second, the method used to calculate the visi-
bility function leads to a biased estimate of [V'|  due
to the small and highly non-stationary signal-to-noise
ratio of the initial measurements at the interferometer
stations.

On the AR—RA ground-space baseline, a decrease
in (|| ) with increasing projected baseline length is
observed. A comparison of measurements with the

theoretical model yields an estimate of 6 = 0.32 =
0.05 mas for the angular size of the cross-section of the
scattering disk along the baseline direction.

The dependence of the amplitude of the visibility
function on the delay (Fig. 8) indicates the presence of

two characteristic scattering times: T, = 0.11 *

0.03 pus and 1, = 0.751£0.01 ps. This indicates that
the shape of the scattering disk is close to an ellipse
with an axial ratio of 2.6 : 1.

On intercontinental baselines, a systematic shift in
the position of the maximum of the visibility function
in the interference frequency is observed. This shift is
shown to be caused mainly by distortions arising in the
troposphere. The largest contribution comes from dis-
tortions at European stations, where observations were
carried out at large zenith angles. The shift of the visi-
bility function in interference frequency on long base-
lines may also be partly due to the effect of refraction
on inhomogeneities in the interstellar plasma.
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