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ABSTRACT

We studied scattering properties of the pulsar PSR B032%vi8# a ground-space radio interferometer
RadioAstron which included the 10-m Space Radio Telescope, the 110-rartBank Telescope, the 1425-
m Westerbork Synthesis Radio Telescope, and the 64-m Kalyadio Telescope. The observations were
performed at 324 MHz on baselines of up to 235,000 km in Nowvan2012 and January 2014. At short
ground-space baselines of less than about 20,000 km, th@liisamplitude decreases with the projected
baseline length, providing a direct measurement of the éianof the scattering disk of 4+ 0.9 mas. The
size of the diffraction spot near Earth is 15,8000 km. At longer baselines of up to 235,000 km, where no
interferometric detection of the scattering disk would Bpexted, significant visibilities were observed with
amplitudes scattered around a constant value. These ideteoesult in a discovery of a substructure in the
completely resolved scatter-broadened image of the fkérgburce, PSR B0329+54. They fully attribute to
properties of the interstellar medium. The visibility faion at the longest ground-space baselines in the delay
domain consists of many isolated unresolved spikes, ineageat with the amplitude-modulated noise model.
Within the assumption of turbulent as well as large-scaégiularities in the plasma of the interstellar medium,
we estimate that the effective scattering screen lid58 0.10 of the distance from Earth toward the pulsar.
Subject headings. scattering — pulsars: individual B0329+54 — radio contimudSM — techniques: high

angular resolution

1. INTRODUCTION ground VLBI of Sgr A (Gwinn et al. 201/4) and pulsars (see,

All radio signals from cosmic sources are distorted by €:9:; .Kondratiev’et al. 2007; Gwinn et al. 1993; Desai et al.
the plasma turbulence in the interstellar medium (ISM). 1992;| Bartel et al. 1985) as well as ground-space VLBI of

Understanding of this turbulence is therefore essential fo PSR B0329+54 (VSOR, Yangalov e al. 2001). However,
the proper interpretation of astronomical radio obseoveti  Yhereas the latter observations were done at a relativgly hi
The properties and characteristics of this turbulence can{f€duency of 1.7 GHz and with baselines only up to about

best be studied by observing point-like radio sources, her 22,000 km, ground-space VLBI witRadioAstron allowed
pbservations at one-fifth the frequency where propagation

effects are expected to be much stronger, and with baselines
~ 10 times longer. With such observations the scatter-
roadened image of a pulsar could perhaps be resolved
and characteristics of the propagation medium revealed.
Here we investigate scattering effects witRadioAstron

the source, but instead directly attributed to the effect of
the ISM itself. Pulsars are such sources. The propagatio
of pulsar radio emission through the ISM is accompanied
by dispersion, and scattering by inhomogeneities in the
plasma. While the dispersion causes delay in arrival time

at different frequencies and consequent pulse smearing{Kardashev etal. 2013). . .
the scattering gauses angular broagening.p pulse broadegn— PSR B0329+54 is the strongest pulsar in the northern hemi-

ing, intensity modulation or scintillation, and distoio  SPhere. It IS located at a Galactic longitude 0(1;1‘33.451d

of radio spectra in the form of diffraction patterns. The latitude of=1°2, and at a parallax distance of0B’y; kpc
scattering effects have already been studied extensively(Brisken etal. 2002), just at the outer edge of the Orioredpir
theoretically (see, e.d., Prokhorov etlal. 1975; Ricke@9 arm. The VSOP observations did not resolve the scattering
Goodman & Naravan| 1989 Naravan & Goodiman__19809: disk and resulted only in an upper limit of the angular size
Gwinn et al 1998; Shishov etlal. 2003), observationallywit  Of fscat< 2 mas [(Yangalov et al. 2001). Since the scattering
size increases a¥, this upper limit corresponds to a size of
< 50 mas at 327 MHzRadioAstron has at this frequency an
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m RadioAstron Space Radio Telescope (SRT) together with in the November 2012 session and 8 ms in the January 2014
the 110-m Robert C. Byrd Green Bank Telescope (GBT). Thesession. The OFF-pulse window was offset from the main
second session used the SRT together with the 28-m pulse by half a period and had the same width as the ON-pulse
Westerbork Synthesis Radio Telescope (WSRT) and the 64window. The correlator output was sampled synchronously
m Kalyazin Radio Telescopes (KL). Both right (RCP) and with the pulsar period of 0.714 s (single pulse mode). We
left circular polarizations (LCP) were recorded in Novembe used ephemerides computed with the program TEMPO for
2012, and only one polarization channel (RCP) was recordecthe Earth center_(Edwards et al. 2006). The results of the
in January 2014. Because of an SRT peculiarity at 324 MHz, correlation were tabulated as cross-correlation spectos$-

only the upper sideband of the 316—-332 MHz observing bandspectra) written in standard FITS format.

was recorded, with one-bit digitization at the SRT and with  For the subsequent analysis we used the CFITSIO package
two-bit digitization at the GBT, WSRT, and KL. Science data (Pence 1999). We calibrated the data in seven steps. Fest, w
from the SRT were transmitted in real time to the teleme- corrected for strong narrow-band interference by reptattie

try station in Pushchina_(Alexandrov et al. 2012) and then affected data with properly scaled random numbers. Second,
recorded with th&adioAstron data recorder (RDR). Thistype we applied corrections for the SRT and GBT receiver band-
of recorder was also used at the KL, while the Mk5B record- passes using OFF-pulse cross-spectra as templates. Whird,
ing system was used at the GBT and WSRT. reduced the influence of strong pulse-to-pulse intensitfdtu

The data were transferred via internet to the Astro Spaceations by normalizing the cross-spectra according to thsepu
Center (ASC) in Moscow and then processed with the ASC intensities obtained from auto-spectra at the GBT, WSRd, an
correlator with gating and dedispersion applied. To deteem KL, where single pulses were easily seen. The normalization
the phase of the gate in the pulsar period, the average pulséactor,R., is computed as:
profile was computed for every station by integrating theaut
::é)lgte(z)lﬁtlon spectra (auto-spectra) obtained from the ASE c 1= \/ (02— 02, ) (03— 020) (1)

The amplitudes of the average pulse profiles allowed uspere 52 ando? . are the variances for the pulses observed
to accurately dete(mlne the sensitivities of each of théorad 4 e ground radio telescope used for cross-correlatam; ¢
telescopes, including the SRT. CB)? empty sky the GBT sys-pied in ON-pulse and OFF-pulse windows as the sum of
tem temperature is known to BT = 90 K and the system 5 harmonics in the power auto-spectra. Similasig,,, and
equivalent flux density SEFEST = 45 Jy aty = 324 MHz. The 52 _ are the variances for the SRT spectra, computed in the
sky temperature in the direction of the pulsar at a frequencysame way. Fourth, since the valuesog§ were slowly vary-

v =408 MHz isTsiy = 56 K (Haslam et al. 1982). With aspec- ing because we had the AGC system switched off, we used
tral indexa = -2.5 and flux densityS, o v, we estimate  a polynomial approximation fary at each of the telescopes
Tsky = 100 K atv = 324 MHz. This corresponds to an extra computed in advance. Fifth, the relatively low sensitiify

50 Jy for the SEFD. Therefore, the total SEFD for the GBT in the SRT renders the measuremeniodf, — 02, rather un-

the pulsar direction is SER§' = 95 Jy. The peak flux den-  certain. It can even give negative values.” We therefore re-

sity of the pulsar in a selected scan MaS/SEFI:ﬁSEﬁT =3.33 placed the value of this difference with the ON-pulse inten-
times larger, oAS= 325 Jy. For the SRT and the same scan Sty for a given ground radio telescope (GRT), but reduced

RT ; to the expected value for the SRT using the coefficigrt
AS/SEFD;; was found to be 0.008. After correction for the SEFDurr/SEFDsar. This coefficient was taken to be equal

one-bit sampling factor of 1.57, this ratio becomes 0.0125,+5 0.0024. 0.0063. and 0.016 for the GBT. WSRT and KL
yielding SEFIE{" = 26,000 Jy. This value is somewhat in ex-  respectively, which, with the sampling factor taken inte ac

cess of the SEFE¥" = 19,000 Jy measured for the SRT in the count, corresponds to the ratios of the SEFD values given in
total power mode in spade (Kovalev ef al. 2014). Similar com- 8[2. Then, equatidnl 1 can be written as:
putations give SEF[{?R" = 255 Jy and SEF; =650 Jy for L Oft, 2
the WSRT and KL, respectively. Reor = a(a Ton~ 0o V/11 (2)
In November 2012 the baseline projections were about 60,
90, 175, and 235 thousand kilometers for the four consec- Sixth, we normalized the cross-spectra according to equa-
utive days, respectively. Data were recorded in 570-secondion[d. For the November 2012 spectrum, when we averaged
scans, with 30-second gaps between scans. In January 201@ross-spectra by 10 pulses, we normalized every pulse, but
the baseline projections were about 20, 70, and 90 thousan@nly accepted cross-spectra of strong pulses: that isgptds
kilometers during the 12-hour session. Data were recordedwhich the sum of the harmonics of the ON-pulse auto-spectra
in 1170-second scans. The SRT operated only during thregvas larger than 6 times the rms of the OFF-pulse intensity
sets of scans of 60, 100 and 120 min each, with large gapdluctuations. For the January 2014 observing session, we als
in between caused by thermal constraints on the spacecraftiormalized every cross-spectrum, but if the normalizefgn
The auto-level (AGC), phase cal, and noise diode were turnedor was greater than 20 we left the spectrum unnormalized to
off during our observations to avoid interference with psls  avoid strong amplification of noise. For this later sesswe,
from the pulsar. left the data in single-pulse form for further analysis.
Seventh, for the November 2012 session only, we improved
3. DATAREDUCTION the signal-to-noise ratio (SNR) through averaging. An anal
All data obtained were correlated with the ASC correlator ysis of the dynamic auto-spectra of the GBT data for the

using 4096 channels for the November 2012 session and 2048lovember 2012 session showed the diffraction scintiliatio
channels for the January 2014 session, with gating and-dedistime to betgz = 114+ 2 s, and the scintillation bandwidth
persion activated. The ON-pulse window was centered on theto be Avgi = 15+ 2 kHz. We averaged the complex cross-
main component of the average profile, with a width of 5 ms spectra over 10 pulsar periods, resulting in a samplingderi
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TABLE 1
PSR B0329+54SCATTERING PARAMETERS

Epoch taife Avgif  Wnr Wh Whr

(s) (kHz)  (ns) (mHz) ks)

1) (2 3 ()] (5) (6)
November 2012 1142 15+2 50+5 26+01 51402
January 2014 1022 7+2 43+3 30+01 75402

NoTe. — Columns are as follows: (1) date of observations,

(2) diffraction scintillation time obtained from the dynamau-
tocorrelation spectra at the GBT as the half width at 1/e ef th
maximum of the broad component, (3) scintillation bandtvidt
obtained from the spectra at the GBT as the half-width at half
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FIG. 1.— Interferometric responce in delay-fringe rate donfaima 500-s
scan on 29 November 2012 in the RCP channel on the SRT-GBTirm@se

maximum (HWHM), (4) HWHM of a sinc function fit to the
central spike of the visibility amplitude distribution alg the de- 3 . . . . . . .
lay axis, (5) HWHM of a sinc function fit to the central spike x5
of the visibility amplitude distribution along the fringate axis,
(6) HWHM of a Lorentzian fit to the broad component of the
visibility amplitude distribution along the delay axis, iglis the

GB-SRT (200.0)

25

x5

KL-SRT (120.0)

scattering time broadening. 2
of 7.14 s. In rare cases, when none of the 10 cross-spectr§ s . [T KL-SRT (20.0)
in an averaging period met this condition, the previoussros z
spectrum was taken for this averaging period instead. Iryeve 2 L WB-SRT (20.0)
s 1 M A W A -

observing scan, 570 s long, we took a round number of 70 nor-

malized and averaged cross-spectra. These cross-specaaw

used for further analysis. 1
The initial averaging timeAti,, was smaller thahy, and l

our channel bandwidthe\vi,: = 16 MHz/4096 for the 2012 bt AR Y s WBKL (2.0)

session and\vin; = 16 MHz/2048 for the 2014 session were T a—— " 5 c ” " %

smaller tham\vgir. Some of our analysis involved further in- Delay (us)

tegrations over time and frequency; we will discuss theogffe

of this in §[1. The values fagiz andAvg are given for the

two sessions in Tabld 1.

05

FIG. 2.— Examples of the fine structure of visibility amplitude afunc-
tion of delay, with fixed fringe rate, through the maximum lo¢ fringe-rate
delay visibility function; in particular, the cross-sestiof Figure[l is shown
in the uppermost panel. The upper two curves correspone totigest base-

line projections and the lower three curves to shorter besglwith the tele-
4. INTERFEROMETRIC VISIBILITY scopes indicated (GB for GBT, WB for WSRT) and the approxersiseline

We Computed the visibility functions from the prepared projections given in M in parentheses. The four upper curves are offset by
cross-spectra. These functions provide the distributfonss ;:_onstants for ease of viewing, and the two top curves arelditian, magni-
o ; . . ied by a factor 5.
ibility amplitudes as a function of delay and fringe rate. fglo
specifically, from them we computed the maximum visibil-
ity amplitude as a function of projected baseline lengtil an ipytion of the visibility amplitudes is relatively broadong
hence determined the size and characteristics of the scatte the gelay axis and relatively narrow along the fringe rais.ax
broadened image of the pulsar; and we computed the width  The gistribution of amplitude in the domain of delay and
of components in the distribution of visibility amplitud@®d  finge rate changes with baseline length. Fidre 2 displays
thus derived scintillation parameters that describe aftara  ¢rgss-sections through the maximum of the distribution of
istics of the ISM along the line of sight to the pulsar. amplitude, as a function of delay at a fixed fringe rate, close
to 0 mHz. The top panel shows the cross-section through Fig-
ure[1. The next lower panel shows the cross-section for the
slightly shorter SRT-KL baseline. The additional three éow
transform of the complex cross-spectra. Although for giron plots give the equivalent cross sections for 10 times and 100
single pulses the visibility amplitudes in the cross spehbad times shorter projected baselines. These three shortimse
SNR sufficiently high for a useful analysis, we decided to an- cross sections are qualitatively different from the longesa
alyze the data from all pulses consistently by using dynamicline cross sections: at short baselines the visibility hesra
cross-spectra, or time series of consecutive cross-spat tral spike resulting from the component of the cross-spectr
averaged the dynamic cross-spectra over integration tihes that has a constant phase over time, and in addition a broad
tint of 100 pulse periods or about 71.4 s. This time is also distribution from the component that has a phase that varies
smaller thartgis. over time. The central spike is strongest for the shortest-ba

In Figure[1 we display the 2-dimensional inverse Fourier line and weaker for the next longer baselines. At very long
transform of the dynamic cross-spectrum for a 500-s scan.baselines the central spike is absent even after averaging t
This is known as the “secondary spectrum,” and is displayedvisibility over the whole observing period. On such longdsas
as visibility amplitude as a function of delay and fringeerat lines only the broad component is present. It consists of iso
The data were obtained on 29 November 2012 in the RCPlated spikes distributed over a range of abou$0n delay.
channel for a projected 200MGBT-SRT baseline. The dis- These spikes keep their position in delay for the sciniifat

4.1. Distribution of visibility
The visibility functions are computed as the inverse Faurie
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FIG. 3.— Results of calculation of visibility amplitude withdreasing in-
tegration time for KL-SRT baseline shorter than 30,000 kregiadation of
the visibility amplitude was found to follow the relatidfmp= 3.14t,27% in
the range from 150 to 1000 s of integration.

time of about 100 to 115 s as listed in Table 1.

4.2. Coherencetime

Popov et al.
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FIG. 4.— Cross-section of a secondary spectrum along the delay a
the fringe rate where the visibility amplitudes peakedseldo zero mHz.
The visibility amplitudes are shown as open circles for tteall component
without the narrow central component for the KL-SRT baeliisibilities
were computed in 71.4 s time intervals but averaged over sereing scan of
1170 s, and then further averaged over 16 points®p8 in delay to smooth
fluctuations. The Lorentzian fit function (solid line) abave background
level (dashed line) is also shown.

For our January 2014 observations, we determined the cos 5 sinc function in both delay and fringe rate coordinates.

herence losses as a function of integration time for thescros
spectra obtained for the shortest KL-SRT baselines, wibh pr
jected baseline less than 30,000 km. Fiddre 3 illustrates th

coherence looses as a function of integration time. To ob-

tain the visibility amplitudes as a function of projectedéa

The broader distribution takes that of a Lorentzian alorgy th
delay coordinate, and of an exponential function along the
fringe rate coordinate for individual scans. We do not ana-
lyze the broad distribution in fringe rate here further; wié w
discuss this distribution, and the influence of travelingaio

level in every secondary spectrum obtained for an integmati
time Atjn;. The maxima occurred at residual delays and fringe
rates close to zero, with small departures because ofuelati
small errorsin the SRT orbit parameters. For integratimes
from 150 s to 1000 s the degradation of the visibility ampli-
tude was found to follow the relatiovihmp = 3.14t,.9-7° from
which we derived a correction factor for visibility amplites

of 2.50, which we applied to correct data obtained in Novem-
ber 2012.

4.3. Averaged maximum visibility amplitudes

Our selection of the fringe-rate peak implies an effectise i
tegration time. For our November 2012 observations, this im
plied integration time ig\tj,; =500 s. Hence, for our Novem-
ber 2012 observationg\tiy: > tgi, SO that coherence losses
occurred and the visibility amplitudes needed to be coegbct

functional form along the delay axis to fit the central spike
and the broad component. The fit also included parameters
for the background noise level. We made this fit near zero
fringe-rate at the peak of the visibility amplitude in these
ondary spectrum. An example of a fit of the broad component
with a Lorentzian, above the background noise level, isrgive
in Figure[4.

To find the normalized amplitude of visibility, we com-
puted the area under the sinc function fit to the narrow ckntra
componentp,, and the area under the Lorentzian fit to the
broad distributionp,. We normalized the values by setting
P,+P, =1 us = const. The “normalized average visibility”
R=PR,/(P,+PR) is then another variable that depends on the
baseline length and can be used to determine the size of the
scattering disk. However, meaningful values were only de-
termined for the shorter baselines for which a central spike

For the January 2014 observing session each secondary spewas clearly visible. Information about the scattering disk

trum was computed over 100 pulsar periofdi = 714 s),

the long baselines could only be obtained from the maximum

short enough so that no coherence losses were expected andsibility amplitudes described earlier. The maximum bibi

no correction for it needed to be applied. The visibility dimp

ity amplitudes and the normalized average visibilRy,and

tudes were taken as the maxima from the secondary spectraheir behavior as a function of projected baseline length, a

and then averaged for every £8.00 pulsar periods, that is for
1170 s. These maximum visibility amplitudes for the Novem-

ber 2012 and January 2014 sessions give information about

described further in g 5.

4.5. Width of visibility distribution

the scatter broadened image of the pulsar, by providing the oy fits of the sinc function and the Lorentzian to the distri-

fringe amplitude as a function of baseline length.

4.4. Normalized visibility amplitudes

bution of visibility amplitude in the secondary spectrum de
termined the widths of these components. In Table 1 we list
the fit half-width at half maximum (HWHM) of the narrow

To obtain information about the scatter-broadened image ofcentral component in delaw,., and in fringe ratew,¢, and

the pulsar, we normalized the averaged visibility ampkisid

of the broad component in delay,, . The width of the broad

To obtain these amplitudes we analyzed the secondary apectrcomponentis the time broadening of a sharp pulse, from scat-
in more detail. We found that the central spike takes the formtering. We found no dependence of the widths on projected
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FiG. 5.— Delay cross-section at zero fringe rate of the two-disienal Fic. 6.— Visibility amplitude versus projected baseline léngthe maxi-

CCF between RCP and LCP secondary spectra obtained on theSGBT mum visibility amplitudes are plotted for the November 2@8&8sion as black

baseline for a 500-s observing scan on 26 November 2012. fjected squares and for the January 2014 session as open squares.thdlpoints
baseline is 60 M. were averaged for 16000 pulsar periods. The solid line shbwdit to the

data on the short baselines with equatith (3), correspgnidira scattering
. . . . . disk sizefy = 5.2 mas. The normalized average visibiliti€s, for the Jan-
baseline length. We discuss these widths in terms of the diS-ary 2014 session, are plotted as stars. The dashed lines gheit to the

tance of the scattering material from Earth along the line of data with the same equation, corresponding to a diskgsize4.2 mas.
sight to the pulsar in €l 6.
ture of the pulses, as we elaborate uponl[ih § 8.
4.6. Cross-correlation of secondary spectra

The broad Lorentzian peak shown in Figlire 4 is composed 5. THE SCATTER BROADENED IMAGE OF THE
of fine structure as Figullg 2 shows. Togobtain inform%tion PULSAR AND SUBSTRUCTURE WITHIN IT
about this fine structure, we computed the two-dimensional To obtain information on the size and characteristics of the
cross-correlation function (CCF) between the right-dmcu  scatter-broadened image of the pulsar, we plot the maximum
polarized (RCP) and left-circular polarized (LCP) secagda and normalized average of the visibility amplitudes as &fun
spectra. In contrast to the autocorrelation functions (AGIF  tion of projected baseline length, in Figure[®. The figure
either RCP or LCP secondary spectra, the CCF has no spike o$hows four groups of points: maximum visibility amplitudes
correlated noise at the origin. Any such spike would have to on short ground-ground baselinds 2000 km), on inter-
be attributed to the pulsar. We selected spectra obtaintad wi mediate ground-space baselinbs{( 15,000 to 20,000 km),
an integration time of 500 s on 26 November 2012. The pro-and on the longest ground-space baselires 60,000 to
jected baseline length was 60\Vnot as long as the longest 235,000 km); and normalized average visibili®, on inter-
baselines in Figurgl 2, but long enough that only fine struc- mediate ground-space baselines.
ture and the broad component appeared. The central part of Each of the four groups of points shows internal scatter.
the CCF will therefore measure properties of the fine struc- We argue that this scatter does not arise from noise, bugrrath
ture, while the broad part will measure properties of theatdro  from variation of the scintillation on timescales much leng
component. thantqs. For example, for the first group observed in the

As expected, two components can be distinguished: a narJanuary 2014 session, on the shortest baselines the ront mea
row spike near the origin that characterizes the fine stractu  square variation of 100-pulsar-period maximum visibiéity-
and a broad component that characterizes the Lorentizan. Telitudes is 0.06 (11%). Increasing the integration time by a
illustrate these components clearly, Figure 5 shows thesero factor of 16 decreases the root-mean-square by a factor of
section of the 2-dimensional cross-correlation functisrea  four, to 0.015 (3%), as would be expected for random noise-
function of delay at zero fringe rate. We measured the half- like variations. We find the same relative rms values of 3%
width at half-maximum (HWHM) of the narrow spike in delay for the second and third groups. For each of the three groups
by fitting a sinc function and foundy,, cce =36+ 2 ns. We the relative rms values are smaller than the size of the sym-
measured the HWHM in fringe rate by fitting an exponential bols. Therefore, we argue that the scatter is not the reéult o
function and foundvnt ccr = 1.4+ 0.1 mHz. These two val-  statistical noise, but from longer-term variations.
ues measure the typical width in delay and fringe rate of the The expected visibility amplitude due to angular broaden-
fine structure. They should not be confused with the widths ing is given by Gwinn et all (1988) as
of the central spike on the short baselings andwy: (see o
Figurel2). We measured the HWHM of the broad component Van = 1 T Oub 3
in delay by fitting a Gaussian to fing, ccr = 5.8+ 0.2 us. AB = €XP| 75 (2In2y72 x (3)
As expected, this value is in approximate agreement with the
value ofwy,, obtained by fitting a Lorentzian distribution to  with, e.g.,o =4, for a Gaussian. The parameteris the spec-
the visibility functions (see Tablgl 1). As for the secondary tral index of density fluctuations anll, the projected baseline
spectra, we do not further analyze the broad component inlength of the interferometefy is the full width at half max-
fringe rate. Again, we did not find any dependence of the fit- imum (FWHM) diameter of the scattering disk. Clearly, this
ted widths on the length of the projected baseline. The marro function can not provide a good fit to the maximum visibility
spike and the broad component give information about the na-amplitudes on all baselines. Only those on the short and inte
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mediate baselines provided a good fit, with the fitting fumeti  with respect to the observes, with

shown as a solid line. We obtained for the maximum visibility _

amplitudes, plotted with open squarés=5.2+0.4 mas, and Faitf = Vi Lt - (4)

a = 3.5+ 0.1 with uncertainties as formal errors. For the nor- The velocity,vqi, is a geometrical function of the velocities
malized average visibility amplitude®, plotted with stars,  of the observen,s, the scattering screem,, and the pulsar,

we obtained)y = 4.2+ 0.4 mas, for a range of fixed values Vpsr as well as the distanceB,andds,, and is given by

for a with o = 3.5 giving the smallesf-squared per degree

of freedom. The values d@fy agree with each other within a v =yeree Py 4 P7A (5)

relatively small discrepancy of 128 We take the mean value diff = Xobs T G S e P

0y = 4.7+ 0.9 mas for our subsequent analysis, with the error

comprising the & errors of each of our two measurements.

The power-law indexx for PSR B0329+54 was also mea-

sured by Shishov et al. (2003) in their multi-frequency gtud

they founda = 3.50+0.05 in good agreement with our result. 1 >
Our fit functions fall toward zero very rapidly for baselines Vag = eXp<—§ r—_)(y > (6)

longer than~60 M. At the longest earth-space baselines, the dif

models are many orders of magnitude smaller than the visi-with equation[(B). We obtained

bility amplitudes we measured. For baselines from 60 to 235

M, our observations are scattered around a mearddd4 of I aitf = (i)\/ZI—nZ 7)

the maximum at-zero baseline. This indicates structure on Onm

very small scales that equatidd (3) cannot describe. Glearl

the scatter-broadened image of PSR B0329+54 is resolved

and substantial substructure exists in it.

We estimatedrqiz by comparing the expression for the
visibility amplitude versus baseline_(Prokhorov etlal. 897
Goodman & Narayan 1989):

andrgi = (1.5+0.3) x 10* km, with the error reflecting the
error of .
With rgir andtgir determinedyops andvyse kKnown andvsc

assumed to be in the range of 0-15 Ky sve get for the
6. THE S‘?ﬁ-lngﬁﬁllzNgFMspl\gier"?l(_)l'INHTEHIEdEgAAI\?LONG November and January session valukg,= (0.34+ 0.10)D

and (03740.09)D, respectively, with a mean df¢, = (0.35+

PSR B0329+54 is located at the outer edge of the Orion0.10)D, thus placing the effective scattering screen at a dis-

spiral arm, whereas the Sun is close to the inner edge of thaance of about one third away from Earth toward the pulsar.
arm. A comparison of angular and temporal broadening pro-
vides information on the distribution of the scattering emét 7. INTERPRETATION OF THE SUBSTRUCTURE IN THE
in this arm along the line of sight to the pulsar. Expressions SCATTER-BROADENED IMAGE OF PSR B0329+54

for the angular diametek; and the broadening timg.,have The diffraction scatter-broadened ima
. , - ge of PSR B0329+54
been derived by Blandford & Narayan (1985). These eXpres- in angular sizedy, is reflected in the rapidly decaying vis-

sions contain the functioti(z) which defines the mean scat- ibility amplitudes up tob ~ 40 MX. For longer baselines

:ﬁringbangle per unit lengttz, measured from the source to the image should be completely resolved and no visiblity de-
le:o fﬁrver' | here th eri terial is uni.tected: as indicated by the fitting functibh 3. However, Visi
or the simple case, where Ihe scattering matenal IS Unl-yiy; is indeed detected. The amplitude varies, but remain
formly d's”'buged along theline of sighttothe pulsa(z)isa 5 5r6yimately constant up to the longest observed baseline
constant, andy, = 16In2(rscay/ D) (Britton et all1998), with o 5oyt 250 M. Further, as shown in Figufé 2, the cross-
D being the distance to the pulsar. This relation gives for our gections of the secondary spectra are qualitatively diffefor
values of the broadening timéscai= W 0f 5.1£0.2usand  gifferent baselines. For shorter baselines, the crostisssc
7.5+ 0.5 s, values offy =4.8+0.7mas and B+ 0.8 mas  consist of a broad component and a central narrow spike,
for the November 2012 and January 2014 sessions, respeGyhereas for long baselines the central narrow spike disap-
tively, with the errors including those f@. For the Novem- pears. How can that be understood?
ber 2012 session our baselines were too long for @ measure- General aspects of the ground-space interferometer and the
ment of 6, but for the January 2014 session the above the-gcattering medium present important considerations fbr su
oretically predicted value could be compared with our mea- gy ctyre. For radio waves through the ISM, scattering is co
surement of the mean value@f=4.7+0.9 mas. They agree  gigered to be strong, meaning that the lengths of the many
within 1o. Therefore, for this relatively simple case, a model paihs the scattered radio waves take from the pulsar to the
of uniformly distributed scattering material along theeliof observer differ by many wavelengths. Goodman & Narayan

sight to the pulsar would be in agreement with ourresult. ~ (1989) and Narayan & Goodnmian (1989) distinguished three
For another simple case where the scattering material iscases for strong scattering: snapshot, average, and elesemb
only distributed in a thin screen located at a distathggfrom average regimes. Of these, two are relevant to our space

Earth, 63 = 8In2erecaf %) (Britton etal.[1998). This re-  VLBI data, the snapshot and the average regime. In the snap-
lation gives us for our measured valuesfgfand 7scq: from shot regime, the relative phases of the radio waves tragelli
the November and January sessiodg; = (0.33+ 0.12)D along different paths remain mostly unchanged during the ob
anddse = (0.43+ 0.12)D, respectively, with a mean value of servations. The interferometer observes a pattern of speck
dser=(0.38+0.17)D. les whose parameters are a function of the size of the source
A different relation betweedy and the distance$) and and of small and large-scale electron density variatiorisen
dscr, can be also considered. This relation includes the diffrac ISM. In the average regime, some averaging over several dif-
tive scintillation time,tgi, the associated diffractive length- ferent paths smooths effects of small-scale density vanst
scale,rqi, in the plane of the observer normal to the line of to zero, leaving only the visibility from the large-scaleiaa
sight to the pulsar, and the velocity of the scintillationtpm tions in action. In the ensemble-average regime, all vianat
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are smoothed out, leaving only a smooth visibility function temporal broadening.

like that given by equatioh]3). The averaging that carries a  [Rickett (1975) used an analogous model to explain mi-
observation from one regime to the next may be accomplishedcrostructure properties in pulsar radio emission. In their
by time averaging, frequency averaging, or averaging over fi model the observed electric fiek{t) is the product of a real

nite source size. amplitude modulatiora(t) and a complex stationary noise
For our observations, the size of the source is very small. processn(t):
Pulsar radio emission is generated in a very compact region E(t) =a(t)n(t). (8)

inside the magnetosphere of a neutron star. Even if the siz
of the emission region is as large as the light cylinder, tie a
gular size of that region for PSR B0329+54 would be only

The noisen(t) is assumed to be uncorrelated, stationary, and

white; and drawn from a Gaussian distribution in the complex

2.3x 10*? rad or 0.51.as, smaller than 0.001 times the an- p:_ang. fConseguently,dthe mtensmf IS ;he product of andam-

gular resolution of VLBI withRadioAstron on any baseline. plitude factora (t)’2 and an uncorrelated, stationary, ran (?m

Therefore, pulsars are essentially “point-like” radio mms ~ Process(t) = n(t)|* drawn from an exponential distribution:

and all signatures of the visibility data are therefore duthé () = a2(t)e(t) . (9)

small and large-scale density variations in the ISM. Furthe

the averaging of our cross spectra over 100 pulse periods oOf coursea(t) ande(t) are assumed to be uncorrelated. Note

71.4 s, is less thaty and therefore small enough to be in that, for an exponential distribution,

the so-called snapshot regime where no damping of visibil- ) 2

ity amplitudes is expected. However, the receiver bandwidt Ac=(%)=2((e)". (10)

Avine = 16 MHz is much larger than the scintillation band- The peak of the ACF of intensity lies at a lag of zero:

width Awvgir ~ 7 to 15 kHz, resulting in a decrease of the

visibility amplitudes. ACF(0)= 3>, 1(t)?= 1> a(t)e(t)®=
In our observations thie/r 4 ratio varies from 0.1 to about <a4) <62> =As-A.,

15. For a small ratio up to about 1, the projected baseline .

was small and the corresponding beam size of the interfer-where we definé, = (a*). One lag away from the peak, the

ometer large enough to average over many paths the scatvalue of the ACF is:

(11)

tered radio waves took from the pulsar to Earth. The ground ACE(1)= LS 1MI(t+1) =

telescopes and the SRT were still within a single diffrac- @) 1%‘,[;220(612(,[21) (Oe(t+1) = 12
tion spot. This is the average regime where the visibilities T " 5 16 € B (12)
from any possible small-scale density variations of the ISM (@) (<€>) ~Aa- A,

were averaged to zero and only those from large-scale den
sity variations survived. On these baselines our interfero
eter only measured the scatter-broadened image of the pul
sar. For larger ratios db/rqix up to 15, the two telescopes
were not in the same diffraction spot anymore. The scatter-
broadened image was completely resolved resulting in es
sentially zero visibility from the smooth, ensemble-aggra
scattering disk. However, in the snapshot regime, substruc
ture can still arise from diffractive scintillation. Evem@n
arbitrarily long baseline, for point-like emission, déftive
scintillation results in a stochastic visibility that decelates
over scales oAy andtgir (Johnson & Gwinn 2013). Sub-
stituting our parameters, we expect long-baseline ang#gu

of order~ (Avgit /vint)/? =~ 3 % relative to the zero-baseline
limit. Thus, our measurements and their variation are com- V(f) =a%(f)b(f). (13)

patible with the expected visibility contribution from fidic- . 5 . .
tive scintillation. Extended sources, such as Sgriat Here, the amplitude“ characterizes the variation of the sec-

quench the diffractive scintillation can more readily rave Ondary spectrum because of temporal broadening. The ran-
the refractive contribution to substructure (5ee Gwinrleta 90m variablen(f) is drawn from an uncorrelated, stationary,
2014). Clearly, substructure in the scatter-broadenedéma ~ cOMPplex distribution.

PSR B0329+54 was detected, most likely due to small-scale Analogously to the the AMN model, the peak of the CCF

where we assume thaft + 1) ~ a(t). This is one of the tests of
the AMN model: that the maximum of the broad distribution
{at about one lag from the maximum of the entire distribytion
has half the maximum of the entire distribution.

We correlatelV|, the amplitude of the complex visibility,
'V, in the lag/fringe-rate domain, between left and rightwirc
lar polarization. We suppose that this visibility is the guot
of a rapidly-varying, uncorrelated noisk(t), that describes
the narrow spikes, and a slowly-varying envelopg), that
describes the overall scale of the secondary spectrum:rin ou
model, the complex visibility)/(f), in the fringe-rate is the
product of an amplitude factaa(f)?, and a stationary, uncor-
related, random proceb§f):

electron density fluctuations in the ISM. of visibility lies at a lag of zero:
CCFO)= $ VP =1 S ®bOP= 1y
8. INTERPRETATION OF THE SUBSTRUCTURE IN (@ (|b|2) = Aa- Ap,
TERMS OF AN AMPLITUDE-MODULATED NOISE ]
MODEL where we defindy, = (|b|?). One lag away from the peak, the

A simple model, similar to amplitude-modulated noise value of the CCF is:

(AMN), explains the form of the CCF of the secondary spec- CCF(1)= %Zt VOV (t+1) =
trum. As discussed in[&4.6 and shown in Figure 4, the CCF T > @2(t)a2(t +1)[b(t)| [b(t+1) = (15)
shows a narrow spike on top of a broad component. The nar- (a%) (<|b|))2

row spike corresponds to many isolated unresolved spikes in
the secondary spectra, and the broad component to the ovemwhere we again assume tlet+1) = a(t), and recall thaa(t)
all scale of the secondary spectrum, which in turn is set byis real. We conclude that the ratio of the height of the peak of
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the broad plus narrow components, to the height of the broadtected significant visibility amplitudes, although nonereve
componentonly, is expected from the smooth scattering disk. They vary around
s a mean of about 0.04 of maximum visibility at zero base-
CCF(0) - (Ib[9) (16) line, and remain constant up to the longest baselines. This
CCF@)  ((b)))*

is the first time interferometric detections have been olei

from a completely resolved scatter-broadened image where
Our observations indicate that this ratio has the valueds9, the source is quasi point-like and the detections fully at-
Figure[4 shows. This is in approximate agreement with the tributible to the properties of the interstellar medium. isTh
prediction of 2.0 for an exponential distributionlmfBy con- detection represents the discovery of substructure in the
trast, a Rayleigh distribution fdy produces a ratio of 162, scatter-broadened image of PSR B0329+54. The discovery
whereas a distribution of the irregular Bessel functionhaf t  is confirmed and complemented by similar findings towards
second kind of order g, appropriate for the product of el- SgrA* (Gwinn et all 2014). The autocorrelation function of
ements from 2 uncorrelated complex Gaussian distribution,the visibility in delay corresponds to the model of ampleud
yields a ratio of 2.47 (Gwinn 2001). modulated noise, indicating that visibility spikes arethsult

of random interferences of many scattered rays.

9. SUMMARY

We made VLBI observations of PSR B0329+54 wiRa-
dioAstron at 324 MHz on projected baselines of up to 235,000 The RadioAstron project is led by the Astro Space Cen-
km. Our goal was to investigate scattering properties of theter of the Lebedev Physical Institute of the Russian Academy
ISM. These properties affect radio observations of alleele of Sciences and the Lavochkin Scientific and Production As-
tial sources. While the results of such observations aretfin g  sociation under a contract with the Russian Federal Space
eral influenced by the convolution of source structure witht  Agency, in collaboration with partner organizations in Blas
scattering processes, pulsars are virtually point-likerses and other countries. The National Radio Astronomy Obser-
and signatures in the observational results can be direstly vatory is a facility of the National Science Foundation eper
lated to the ISM scattering properties. ated under cooperative agreement by Associated Univessiti

The scattering disk of PSR B0329+54 was completely re- Inc. This study was supported by Russian Foundation for Ba-
solved on ground-space baselines longer than about 30,008ic Research grant 13-02-00460, by the programs of the Rus-
km. The FWHM of the angular diameter is74t 0.9 mas. sian Academy of Sciences “Origin, structure and evolutibn o
The diffractive length scale or size of the diffraction spear astronomical objects in the Universe 2013,” and “Nonsteady
Earth is 15,008:3,000 km. With the assumption of turbulent phenomena in objects of the Universe.” Y.Y.K. was supported
and large-scale irregularities in the plasma, the effecitat- by the Dynasty Foundation. C.R.G. acknowledges support of
tering screen is located¥b+ 0.10 or at about a third of the  the US National Science Foundation (AST-1008865).
distance from Earth to the pulsar. Facilities: RadioAstron Space Radio Telescope (Spektr-R),

At projected baselines of 60,000 to 235,000 km, we de- GBT, WSRT, Kalyazin radio telescope.
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