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INTRODUCTION

In 2011, the Radioastron, which is a unique obser�
vatory nearly the size of the Earth�to�Moon distance,
integrating a 10�meter Russian space radio telescope
and the largest world land telescopes in the united
space�ground interferometer, was successfully put into
operation. The project is created by order of the Rus�
sian Academy of Sciences within the Russian Space
Program. The head developer of the project is Lavoch�
kin Scientific Production Association, the head scien�
tific organization is the Astro Space Center of the Leb�
edev Physical Institute of the Russian Academy of Sci�
ences. Many technical solutions realized on the
spacecraft are innovative and unique. As the experts in
Russia and abroad note, this extremely successful
project defines today the world level of radio�astro�
nomical observations from space.

The space radio telescope (SRT) is established on
the specialized SPEKTR�R satellite. It operates in
four radio wave bands, 1.2–1.6, 6.2, 18, and 92 cm, in
two polarizing channels with right and left circular
polarization. The signals from space radiation sources
received by SRT are transformed into a digital form
and are transmitted in real time to the scientific data
reception stations of (Pushchino near Moscow and
Green Bank in the US) by radio link with a bandwidth
of 144 Mbps. Synchronization of signals and of fre�

quency transformations on board the satellite are car�
ried out from an onboard hydrogen frequency stan�
dard. In the control, tracking, reception and transmis�
sion of information a number of ground objects take
part: the Flight�Control Center (FCC) of the Lavoch�
kin Scientific Production Association; the Deep
Space Network communication antennas in Ussuriisk
and in Medvezh’i Ozera, used for control by satellite,
(command transmission and telemetry reception); the
reception stations for scientific data in Pushchino
(Lebedev Physical Institute of the Russian Academy
of Sciences) and in the Green Bank National observa�
tory in the US; the laser ranging stations and the ter�
restrial radio telescopes taking part in observations.

The “Quasar” being the Russian geodesic radio
interferometric network of the Institute of Applied
Astronomy in St. Petersburg gives significant support
to the Radioastron project by carrying out the joint
observations with the space telescope at the three
32�meter radio telescopes of institute. The final stages
of preparation of the project are described in our mag�
azine in N.S. Kardashev’s article with co�authors
(Yu.A. Aleksandrov et al., 2011), the results of flight
tests are presented in publications (V. Yu. Avdeev et al.,
2012; N.S. Kardashev et al., 2013), and the realized
parameters of the space�ground interferometer are
given in the work (Y.Y. Kovalev et al., 2015). In 2014,
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the special issue of the “Space Research” magazine
was prepared describing the technical details concern�
ing an onboard scientific complex, and the features of
mission control and the questions of flight support.

The Astro Space Center (ASC) of the Lebedev
Physical institute carries out the scientific program of
the Radioastron observatory. Functioning of the SPE�
KTR�R satellite is supported by the “Roskosmos”
Russian Space Agency and performed by the Lavoch�
kin Scientific Production Association. The ballistic
group of Keldysh Institute of Applied Mathematics in
Moscow carries out the measurements for orbit deter�
mination and the analysis of these data. Scientific data
from the space radio telescope, receiving by tracking
stations, are recorded in the RadioAstron Data For�
mat (RDF) developed specially for this project. Corre�
lation of data is carried out on the correlator of ASC.
In addition, the correlation of data is partially carried
out on the correlator of the Max Planck Institute for
Radio Astronomy (MPIfR) in Bonn (Germany) and
on the correlator of the Joint Institute for VLBI in
Europe (JIVE) in Dwingeloo (the Netherlands).

In this publication, we provide some preliminary
results of the implementation of the early scientific
program (ESP) of the Radioastron project by interna�
tional scientific groups on the study of nuclei of active
galaxies, pulsars, the interstellar medium and masers.
Scientific groups will publish the full results of the ESP
in a series of separate articles.

1. SCIENTIFIC PROGRAM

The main object of the project is the following: by
means of the space telescope, operating together with
ground telescopes by an interferometer principle, to
achieve previously unachievable spatial resolution at
certain wavelengths and to provide a new quality of
scientific data in a radio frequency band. In particular,
it has become possible to measure the sizes and con�
struct the radio images of those objects, which had
appeared as points. It is possible to study the fine
structure of material jets, with a high speed fluxing of
the centers of active galactic in the neighborhood of
supermassive black holes. An important task is the
measurement of the brightness temperature in the
region of radio emission generation. On the properties
of the radio emission received by the interferometer
one can also study the space plasma that is the material
of the interstellar medium, which accordingly distorts
the radio signal coming from the most compact
sources of radiation–pulsars. A separate task consists
in studying the kinematics and dynamics of compact
sources of line radio emission of masers in star forma�
tion regions.

Implementation of the Radioastron mission started
with the flight tests, of which the engineering tests of
the spacecraft main systems were the first part. Then,
the opening of a radio telescope mirror was carried
out, activation of devices on board the scientific com�

plex and testing of the whole scientific complex in an
independent mode by radiation reception from cali�
bration radiation sources. These tests took about three
months, and in November, 2011, the tests were begun
in an interferometric mode involving the largest radio
telescopes in the world. The first interferometric
observations appeared successful. Tests proceeded
until May, 2012, in all frequency ranges and all mea�
surement modes (the sources being continuous spec�
tra, radio lines and pulsars) were tested. Further, the
implementation of the scientific program was started.

Implementation of the scientific program in the
Radioastron project is divided into three stages: the
early scientific program (ESP), the key scientific pro�
gram (KSP) and the general scientific program (GSP).
The early scientific program was carried out by partic�
ipants in the project and the organizations provided
their large ground radio telescopes as a ground arm of
the interferometer. ESP began in February, 2012, and
proceeded until the end of June, 2013. For implemen�
tation of the ESP, three scientific groups on extraga�
lactic radiation sources, on pulsars and on the maser
sources radiating in the radio lines of hydroxyl and
water vapor molecules were created. Participants of
these working groups selected the most promising
objects of research, ordered the necessary observation
time on the ground radio telescopes according to com�
petitive demands, drew up the observation program
and analyzed the results from a correlator output. The
ESP was aimed at receiving the first scientific results
and on ensuring measurement of the basic parameters
of the space�ground interferometer. In the ESP, the
analysis of features and functional restrictions for pro�
viding this information for potential participants of the
basic scientific program, which was the following stage
of implementation of the program of scientific study in
the Radioastron project was carried out.

During the ESP, first, it was confirmed that the
space�ground interferometer operates and provides
data with the record angular resolution at short wave�
lengths (1.35 cm, 22 GHz), that is, at ten and more
times better than is possible using only ground tele�
scopes. Besides, interesting results for separate objects
of the program were received.

The KSP started on July 1, 2013. It was drawn up
based on competitive consideration of scientific
demands from the Russian and foreign research teams.
For an assessment of applications, the Radioastron
Program Evaluation Committee (RPEC) was created,
which included authoritative experts from Australia,
Germany, the US and Russia. Thirteen collective
demands from about 200 researchers from 19 coun�
tries (Russia, the US, Germany, Australia, Italy, the
Netherlands, Great Britain, Ukraine, Spain, Japan,
South Korea, South Africa, Canada, Poland, China,
Hungary, Mexico, India and Greece) came in. The
RPEC approved seven scientific applications, which
formed the content of the KSP for the period from
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July, 2013, to June, 2014. The third stage of the pro�
gram of scientific research represents the balance
between new applications of the KSP and GSP. It
started in July, 2014.

2. MAIN RESULTS OF THE STUDIES 
OF THE EARLY SCIENTIFIC PROGRAM

Within the framework of implementation of the
Radioastron mission scientific program, three groups
of space objects were studied. There were quasars, the
nuclei of distant galaxies, pulsars, the neutron stars of
our galaxy, and space masers in the water and hydroxyl
radio lines, being observed in the region of formations
of star and planets and shells of stars of late spectral
classes in our galaxy, and also in regions of star forma�
tion and circumnuclear disks of other galaxies.

The radio telescopes of Russia, Ukraine, Australia,
Great Britain, Germany, India, Spain, Italy, the Neth�
erlands, Poland, Sweden, China, the Republic of
South Africa, the US, Japan et al., participated in the
observations. Current information on a state of the
project and scientific results is available on the Radio�
astron mission website (http://www.asc.rssi.ru/radio�
astron/news/news.html).

Using the space interferometer, about one thou�
sand of observation sessions were carried out involving
the largest radio telescopes worldwide. Interference
studies were carried out for more than 100 quasars and
radio galaxies, 20 pulsars and 15 space masers.

By means of the Radioastron project, it was possi�
ble to break the world records on angular resolutions,
having realized the keenest eye in the history of scien�
tific experiments on our planet. The signals from many
distant space objects are reliably recorded on the base�
line of the ground�space interferometer of up to
250 thousand kilometers. For the first time in scien�

tific practice, the interferometer scheme with projec�
tions of bases of such length is realized and with the
successful detection of radiation from ultra�compact
areas of cosmic objects, namely: 20 Earth diameters
(the study of pulsars at a wave length of 92 cm); 27, 22,
and 15 Earth diameters (the study of quasars at wave
lengths of 18, 6.2, and 1.3 cm); 5 Earth diameters (the
study of masers at a wave length of 1.3 cm). 

Thus, the ground�space interferometer operating
at wavelengths from 92 to 1.3 cm is realized, and the
record angular resolution in 27 μas is achieved in the
observation of one of the quasars.

2.1. Studies of Active Galactic Nuclei

From the observations of quasars at distances of
billions of light years from the Earth, it is possible to
obtain detailed images of ejections of hot material
(jets) and measure the width of a nozzle of ejections
near the central supermassive black hole. From the
Radioastron and telescopes of the European
VLBI�network data, the first ground�space radio
images of active galaxies were constructed. The image
of 0716+714 Lacertidae is presented in the article of
N.S. Kardashev et al., 2013, and 3C 418 and 2013+370
maps are shown in Fig. 1; these images are constructed
in a range of wavelengths of 6.2 cm. In the observation
of 2013+370 and 3C 418, together with a space radio
telescope, the European VLBI network participated,
as well as telescopes outside the network sited in Evpa�
toria (Crimea) and Usuda (Japan). The experiment
was carried out on October 31, 2012. On the horizon�
tal axis, shown in Fig. 1, the right ascension was indi�
cated, the declination is indicated on the vertical axis;
the color scale specifies the color concordance of the
measured flux density in terms of Jansky/solid angle of
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the synthesized beam. The ellipse in the bottom left
corner of the images shows a section of half the inten�
sity of the synthesized directional pattern of the space
interferometer.

In all three cases, owing to the space interferome�
ter, it succeeded in reliably resolving the jets in the
transverse direction and measuring the width of their
visible bases. The width of a nozzle of 0716+714 was
estimated at about 70 μas, which corresponds to
0.3 parsec (about 10 trillion km). For 2013+370 and
3C 418 the width of the visible basis of the jet was 160
and 500 μas (1.2 and 4.3 parsec) respectively. These
results are extremely important for studying the ques�
tion of the formation and collimation of jets in qua�
sars. The estimated brightness temperature of the
bases of jets in all three objects (some trillions of K)
correspond to the radiation model of relativistic elec�
trons with Doppler amplification. It was supposed that
just electrons are responsible for radiation from jets in
active galactic nuclei. However, to explain the results
of observations in the context of this model, the ejec�
tion speed should be several times more than was sup�
posed earlier.

The study of the brightness of quasar nuclei was the
basic EPS project of Radioastron. Ground VLBI
experiments are not sensitive to extreme values of
brightness (Y.Y. Kovalev et al., 2005). Only the
ground�space interferometer with large bases (the dis�
tance between two telescopes participating in the
interferometric observations) allows testing the exist�
ence of, or lack of, very hot spots in active galactic
nuclei. At wavelengths of 18 and 6.2 cm, the interfer�
ometer succeeded in recording the radiation of many
compact galactic nuclei on the Radioastron base up to
20 Earth diameters. These galaxies are the following,
3C 273, 3C 279, OJ 287, BL Lac, 0529+483,
1642+690 and tens of others. Positive measurements
with detection at record base lengths were obtained
generally with the most sensitive ground telescopes: in
Effelsberg (Germany), in Arecibo and GBT (United
States). In the same time, we note that all ground radio
telescopes participating in the observations regularly
show positive measurements with SRT. 

On the shortest wavelength of 1.3 cm, as already
mentioned above, the record results were received with
the GBT and VLA telescopes (United States) on pro�
jections of the interferometer base up to 8 Earth diam�
eters. The total quantity of independent measure�
ments (experiments), in which values from active
galactic nuclei were obtained from the extreme
ground�space bases of interferometer, was about 30%.
First results of the Radioastron survey of active galac�
tic nuclei are presented in proceedings of the Euro�
pean VLBI network symposium (K.V. Sokolovsky
et al., 2013).

The main conclusion of the survey can be formu�
lated as follows. The nozzles of jets in active galaxies
appear much hotter than considered earlier. It leads
to a qualitative change of understanding of the radia�

tive mechanism of relativistic ejections of quasars. The
following options for an explanation of this unex�
pected result are proposed: the radiation of relativistic
protons, much greater than previously thought, the
Doppler boosting of emission, coherent synchrotron
radiation and the continuous acceleration of particles
in an apparent jet nozzle. Thus, these results challenge
both of the nature of synchrotron radiation of jets in
quasars, and understanding of properties of the inter�
stellar medium.

2.2. Studies of Pulsars and the Interstellar Medium

During the studies of radio emission from pulsars
using the Radioastron ground�space interferometer,
the interferometric responses are received at frequen�
cies of 1660 and 324 MHz at all values of interferome�
ter base lengths up to maximum of 240000 km
(20 Earth diameters). It is evidence that neither the
influence of ionospheric fluctuations, nor the scatter�
ing effect on inhomogeneities of the interstellar
plasma completely blur the image. The observations of
the pulsars, having such small physical sizes that for
telescopes they remain point sources, are important
not only for understanding the processes in pulsars,
but also for studying the parameters of the interstellar
medium.

For the PSR B0950+08 pulsar receives information
on the distribution of the interstellar plasma along the
line of sight, which scatters a signal and causes it to
flicker. The ground and space telescopes formed the
interferometer with a base of 220000 km, which
allowed achieving a record resolution in the VHF
range. Fluctuations of a signal look like modulation at
a level of about 40%. It has been shown that such a
modulation one could result in the plasma configura�
tion along a line of sight in the form of two scattering
layers and “a space prism” with a sufficiently abrupt
gradient in distribution, deflecting a radio emission
over angles of 1.1–4.4 mas. The distant scattering layer
is, most likely, on the external boundary of the Local
Bubble (the region of the rarefied gas in the galactic
arm) at distances of 26–170 parsec, and the near layer
(4.4–16.4 parsec) is on the ionized surface of a molec�
ular cloud. The spectrum of turbulent fluctuations of
density in both layers follows a power law with indices
of γ1 = γ2 = 3.00 ± 0.08 that differs from a Kolmogorov
spectrum with γ = 11/3. These results could not be
obtained with observations only from Earth’s surface
since the Fresnel zone for the refraction of radiation of
a pulsar exceeds the Earth’s diameter. The results of
this research were published in the leading interna�
tional astronomical magazine, Astrophysical Journal
(T.V. Smirnova et al., 2014).

For the B0329+54 pulsar it was found the refractive
image shift was caused by moving ionospheric pertur�
bations. For this pulsar, the half�width of spot of con�
fusion which was found equal to 4 mas at half�width.
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Figure 2 shows the multicomponent structure of the
interferometer response for the B0329+54 pulsar,
obtained at the projection of the base of the ground�
space interferometer on the picture plane of a pulsar at
100000 km, (on the ground bases such response looks
like the single narrow isolated maximum). On one
horizontal axis in Fig. 2, the values of delay in the time
interval from –5 to +5 μs are indicated; on the other
horizontal axis, the values of residual frequency inter�
ference from –15 to +25 MHz are indicated, and on a
vertical axis the amplitude of the visibility function in
percentages is given.

For a pulsar in the Vela constellation, which dem�
onstrates the strongest scattering among studied
objects, the amplitude and shape of the correlation
function on the ground�space bases is also multicom�
ponent and does not correspond to the predictions of
the existing theory of radio wave propagation through
the inhomogeneities of the interstellar plasma, and
this theory needs corrections.

The observation results of all other pulsars in the
project have been successful, mysterious and contrary
to the predictions of the interstellar medium theory. It
was believed that the scattering effects in a galaxy on
the path from the pulsar to Earth would hamper to
such a high resolution. The results received by Radio�
astron represent an opportunity for studying the inter�
stellar plasma turbulence, moreover, they compel sci�
entists to revise fundamentally the structure of com�
pact turbulent bunches of scattering screens.

The existing interpretations of the effects of radio
wave propagation through heterogeneous interstellar
plasma in our galaxy predicted that long�wave radia�
tion from pulsars and quasars will be blurred, and as a
result, the Radioastron will not be able to record the
signals from them on large ground�space bases for
wavelengths of 18 and 92 cm. The results refute this
prediction. This discovery can fundamentally change

our understanding of the structure of turbulent clumps
of interstellar plasma in our galaxy.

2.3. The Studies of Galactic Maser Radiation Sources

Within the framework of the scientific program for
the investigation of space masers using the Radioas�
tron ground�space interferometer, fifteen maser emis�
sion sources were observed in the lines of hydroxyl
(with rest frequencies at 1665.4018 and 1667.3079
MHz) and water (22235.08 MHz) molecules. Masers
are extremely compact objects and they are often not
resolved even on the largest ground bases having the
highest brightness temperature up to 1014 K. Owing to
these properties, using these one can study the kine�
matics and physical parameters of objects in our and
other galaxies with high accuracy. Observations on the
ground�space interferometer allow not only investiga�
tion of the movements in the very distant objects, but
also to resolve the most compact parts and to evaluate
the brightness temperature of a maser source and its
size, which is necessary to understand the pumping
mechanism and to build the model of the radiating
region. 

During the studies carried out, emission from very
compact maser features was detected in the direction
of six regions of star formation: W3 IRS5, W51 M/S,
Cepheus A and Orion A in the water line at frequency
of 22 GHz, as well as W75N and Onsala 1 in the
hydroxyl lines at a frequency of 1.6 GHz.

Observation of maser radiation at the water line
from the W3 IRS5 region of massive star formation,
located at the distance of 1.8 kpc in the spiral arm of
Perseus in our galaxy, the maximum projections of the
space interferometer base, on which the signal was
detected, amounted to 5.28 and 5.42 Earth diameters
(about 69000 km), providing the highest angular reso�
lution (about 40 μas) ever obtained in the studies of
cosmic masers. Figure 3 shows an example of the
response to the water maser radiation in the region of
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W3 IRS5 star formation, obtained on the base of the
space radio telescope—the ground telescope in Torun
(Poland), with the base projection of 5.28 Earth diam�
eters. The frequency of the observed signal in the geo�
centric system and the value of the residual interfer�
ence frequency (Hz) are indicated on the horizontal
axis; the amplitude of the correlated signal normalized
to unity are indicated on the vertical axis.

Owing to the accompanying observations on
VERA Japanese ground interferometer, the details
observed on the ground�space interferometer had
been associated with compact objects radiating in the
radio and infrared continuum (H. Imai, private comm).

In the Cepheus A star formation region located at a
distance of about 720 pc from the Sun, the emission
was detected from the variable components of a water
maser with an angular resolution of approximately
60 μas (the projection of the interferometer base dur�
ing observations was about 3.5 Earth diameters),
which corresponds to a linear resolution of about
6.5 million km. Figure 4 shows the comparison of the
cross�correlation spectra of the compact maser detail
in Cepheus A star formation region detected at the
ground (red color) and�ground�space arm (blue color)
of the interferometer with a base projection of 0.24 and
3.5 Earth diameters, respectively. The amplitude of
correlated signal normalized to unity and the phase in
radians, depending on the radial velocity relative to the
Local Standard of Rest, are indicated on the axes. For
clarity, the amplitude of the ground�space arm is
scaled up. The dual detail structure shown on ground�
and space�based, indicates the existence of two com�
pact objects with sizes of the order of 10 μas. Thus, the
objects are moving with large relative velocity. This
means that the maser source has a complex spatial and
kinematic hyperfine structure on the scales compara�
ble with the size of our Sun. This picture is a possible
indication that the maser radiation in this case occurs in

protostellar or protoplanetary disks or turbulence cells of
the smallest size corresponding to the dissipation scale.

The use of Radioastron for the first time provides
the angular resolution sufficient to study important
astrophysical objects forming a basis of our knowledge
about the structure and evolution of the interstellar
medium, as well as the formation of stars and planets.

For Onsala 1 object, the observations of hydroxyl
masers (1665 MHz) also gave quite an unexpected
result. This source, like most star formation areas, lies
in the galactic plane, where the interstellar scattering
is strongest. Therefore, the observed image, according
to existing conceptions, should be very blurred. We
succeeded to obtain a signal on the projection of the
bases of about 24000 km, which corresponds to an
angular resolution of 1.5 mas.Taking into account the
successful observations of the other hydroxyl maser,
W75N, as well as earlier observations of G34.26+0.15
and W48 on VSOP Japanese satellite (V.I. Slysh et al.,
2002), one can say that, as in the case of the above
observations of pulsars and quasars, our understanding
of the properties of interstellar scattering material
requires substantial revision.

The total percentage of successful detection is
about 25%. All sources currently recorded were related
to the region of massive star formation. In most
sources, with ground�space bases several compact
details are observed, which allow the investigation of
the relative movements of the components.

CONCLUSIONS

(1) The ground�space radio interferometer provid�
ing the record angular resolution in four frequency
bands (from 0.3 to 25 GHz) was implemented. During
the project realization, many technical tasks were first
solved: the largest space antenna with highly accurate
surface 10 m in diameter with an automatic deploy�
ment in space was made from composite materials; for
the first time in space, a hydrogen frequency standard
of Russian production was installed on board the Spe�
ktr�R satellite; and transmission of scientific data on a
broadband communication line (144 Mbps) with an
operating distance up to 350000 km was successfully
implemented.

(2) The survey of compact extragalactic radio
sources (active galactic nuclei and quasars) found
objects, the brightness temperature of which signifi�
cantly exceeds the Compton limit, this resulted in a
change of our understanding of emission mechanism
of quasar cores.

(3) The data of Radioastron can restore the images
of jets of emissions of relativistic plasma in active gal�
axies and measure the width of the nozzles of jets.
These data are important for the study of formation and
collimation of relativistic jets in active galactic nuclei.

(4) The characteristics of distribution of the plasma
inhomogeneities were studied using the interstellar
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plasma probing method by pulsar radio pulses: in the
direction of the nearby PSR B0950+08 pulsar, two
scattering layers were discovered at distances of about
10 and 100 pc from the Sun and in the direction to the
brightest PSR B0329+54 pulsar in the northern hemi�
sphere of the celestial sphere, an estimate of the upper
boundary of the spectrum inhomogeneities of 5 × 1012 cm
was proved.

(5) Vela, being the brightest pulsar in the southern
hemisphere (constellation of Vela), demonstrated an
abnormal intensification of coherence functions mea�
sured by the ground�space interferometer. Thus, the
amplitude and shape of the correlation function at the
ground�space bases do not agree with the predictions
of the existing theory of propagation through the inho�
mogeneities of the interstellar plasma, and this theory
needs clarification.

(6) Analysis of the results of interferometry of
maser radiation sources in the regions of star forma�
tion indicates the existence of hyperfine spatial struc�
ture of compact details and, in the some cases, indi�
cates the existence of a large velocity gradient in the
studied region of star formation, about an order of
magnitude greater than previously known values. This
situation is possible in the central parts of the turbulent
cells and protostellar or protoplanetary disks.

(7) Interstellar scattering does not prevent us from
observing the masers in the galactic plane, even at the
hydroxyl line frequencies (1.66 GHz) and even at
bases significantly exceeding the Earth’s diameter.
This is in contradiction to the predictions of the mod�
ern theory of scattering and shows either a nonuniform
distribution of scattering material, or a need for clari�
fication of the theory itself (see above, item 5 and text
about observations of pulsars and quasars).
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