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• Launching and collimation mechanism of relativistic jets

• Direct detection and imaging of radio emission from accretion disks 
and SMBH vicinity

• Connection between jet and various constituents of AGN (BLR, NLR, 
and relativistic outflows)

Goals in AGN jet physics

Animation by W. Steffen



VSOP
(1997 – 2003)

RadioAstron
(2011 – 2020?)

1990+ 2010+

• ~2 ED at apogee

• Orbit period: ~6 hours

• L and C band receivers

• ~25 ED at apogee

• Orbit period: ~9 days

• P,  L, C, K band receivers

Space-VLBI during the decades
Millimetron
(2020+ – ?)

2020+

• ~70 ED at apogee (L2)

• Orbit period: ~180 days

• 20-950 GHz  receivers
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• Different WGs for AGNs, pulsars, and masers.

• Both GOT (PI) and KSPs

• About 50% PI and 50% KS Projects after AO-2
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Mission timeline

3 AGN KSPs observations



UV-coverage



• Funded by MPIfR and BKG
• Upgraded in December 2015
• 68 nodes, 20 cores each
• 15 playback units for diskpacks
• 2 head nodes for correlation
• Total storage volume ~500 Tb

The cluster at MPIfR

Used for :

• Correlation of Geodesy and Astronomy 
(GMVA, EHT, RadioAstron) experiments

• Simulations
• Pulsar analysis
• Reduction in CASA



RA-DiFX: a software correlator for Space-VLBI

20051.0

20091.5

20102.0

20122.1

20132.2

20142.3
2.4 2014
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DiFX versions
• RA first branched from version 2.0, second branch in 2015 from  

version 2.4

• RDF-Mark5B conversion routine, to read in data from 
RadioAstron 

• Introducing general relativistic corrections in the delay model

• Changing DiFX metadata system to deal with variable position/
velocity of the spaceborne antenna



# RadioAstron position information for experiment raks03a  
# Coordinates are equatorial J2000 measured in degrees  
# Time is UTC  
#obscode time  X R.A.   X DEC   Y R.A. Y DEC   Z R.A. Z DEC  
raks03a 2013-09-21 15:10:35 49.9768825932   41.4751393042   89.22400818 -41.2214168807  159.691649 20.8881066585 
raks03a 2013-09-21 15:11:06 49.9768825932   41.4751393042   89.22400818 -41.2214168807  159.691649 20.8881066585 
raks03a 2013-09-21 15:11:08 49.9768825932   41.4751393042   89.22400818 -41.2214168807  159.691649 20.8881066585 
raks03a 2013-09-21 15:11:12 49.9768825932   41.4751393042   89.22400818 -41.2214168807  159.691649 20.8881066585 
raks03a 2013-09-21 15:11:22 49.9768825932   41.4751393042   89.22400818 -41.2214168807  159.691649 20.8881066585 
raks03a 2013-09-21 15:11:26 49.9768825932   41.4751393042   89.22400818 -41.2214168807  159.691649 20.8881066585 
raks03a 2013-09-21 15:11:31 49.9768825932   41.4751393042   89.22400818 -41.2214168807  159.691649 20.8881066585 
…

Orientation file:

Orbit file:
… 
2013-03-10T09:00:00.000  -40177.873238  179880.300449  112805.540864    -.533000678    1.045017344    -.282255746 
2013-03-10T09:00:01.000  -40178.406237  179881.345463  112805.258606    -.532999118    1.045010237    -.282260207 
2013-03-10T09:00:02.000  -40178.939236  179882.390470  112804.976343    -.532997557    1.045003131    -.282264667 
2013-03-10T09:00:03.000  -40179.472233  179883.435469  112804.694077    -.532995996    1.044996025    -.282269128 
2013-03-10T09:00:04.000  -40180.005228  179884.480462  112804.411805    -.532994435    1.044988919    -.282273589 
2013-03-10T09:00:05.000  -40180.538221  179885.525447  112804.129529    -.532992874    1.044981813    -.282278050 
2013-03-10T09:00:06.000  -40181.071214  179886.570426  112803.847249    -.532991314    1.044974707    -.282282510 
2013-03-10T09:00:07.000  -40181.604204  179887.615397  112803.564964    -.532989753    1.044967601    -.282286971 
2013-03-10T09:00:08.000  -40182.137193  179888.660361  112803.282675    -.532988192    1.044960495    -.282291431 
2013-03-10T09:00:09.000  -40182.670180  179889.705318  112803.000381    -.532986631    1.044953389    -.282295892 
2013-03-10T09:00:10.000  -40183.203166  179890.750268  112802.718083    -.532985070    1.044946283    -.282300352 
2013-03-10T09:00:11.000  -40183.736151  179891.795210  112802.435781    -.532983510    1.044939177    -.282304812 
2013-03-10T09:00:12.000  -40184.269133  179892.840146  112802.153474    -.532981949    1.044932071    -.282309273 

Getting fringes…



NUM_IF is 2 
NUM_TIME is 5690 
NUM_CHAN is 512 
NUM_STOKES is 4 
INT_TIME is 1.000000E-01 
CHAN_BW is 3.125000E+04 

r01 
FFT along the channel direction for many timeslots 
FFT along the time direction for many channels, for 1 stagger groups 
Stagger   0 Mean   1.9093617E+02 StdDev   9.9786536E+01 
Stagger   0 Peak  0 Delay_Pos     27   8.437E-07 [s] Rate_Pos   -174  -1.529E-01 [Hz] Value   1.1176270E+01 
Stagger   0 Peak  8 Delay_Pos    457   1.428E-05 [s] Rate_Pos  -3596  -3.160E+00 [Hz] Value   6.7450432E+00 
Stagger   0 Peak  9 Delay_Pos   -437  -1.366E-05 [s] Rate_Pos  -2309  -2.029E+00 [Hz] Value   6.6589090E+00 
Stagger   0 Peak 11 Delay_Pos     -2  -6.250E-08 [s] Rate_Pos   3751   3.296E+00 [Hz] Value   6.3564898E+00 
Stagger   0 Peak 13 Delay_Pos   -123  -3.844E-06 [s] Rate_Pos   4276   3.757E+00 [Hz] Value   6.2546752E+00 
Stagger   0 Peak 14 Delay_Pos   -108  -3.375E-06 [s] Rate_Pos   3098   2.722E+00 [Hz] Value   6.2131167E+00 
Stagger   0 Peak 15 Delay_Pos   -428  -1.337E-05 [s] Rate_Pos   3721   3.270E+00 [Hz] Value   6.1976198E+00 
Stagger   0 Peak 17 Delay_Pos   -180  -5.625E-06 [s] Rate_Pos    545   4.789E-01 [Hz] Value   6.1765788E+00 
Stagger   0 Peak 21 Delay_Pos    270   8.438E-06 [s] Rate_Pos  -2191  -1.925E+00 [Hz] Value   6.0806752E+00 
Peak closest to 0,0 
Stagger   0 Peak  0 Delay_Pos     27   8.437E-07 [s] Rate_Pos   -174  -1.529E-01 [Hz] Value   1.1176270E+01 
Fringe-fitting has   1024 frequency channels (center at    512) 
Fringe-fitting has  11380 time slots (center at   5690) 
…

Getting fringes…
Fringe search is performed with a dedicated software, able to handle big correlation windows



On the shoulders of giants…

• Effelsberg has a pivotal role for RadioAstron space-fringes search. 
At the longest baselines, only 100m-class antennas can reach the 
necessary SNR to spot fringes at correlator stage. 

• Fringes peak delay and rate are then used to center the 
correlation window, and perform further fringe-search with 
baseline stacking in AIPS.

• Effelsberg is also used in single-dish mode to measure polarization 
angle and flux of calibrators, as complementary observations to 
the RadioAstron ones (AGN polarization KSP)

1 INTRODUCTION 4

ASTRON, the Netherlands, and MPIfR, Germany, on behalf of the European VLBI Consortium
(EVN). Finally, the initial 1.35-cm (K-band) receiver operating at 22 GHz was provided by
the Helsinki University of Technology in Finland. Due to aging issues, the C- and K-band
receivers were replaced before launch by new models developed in Russia. The new K-band
receiver contains an LNA provided by the NRAO, USA, and can operate in frequency switching
mode in the range of 18.392–25.112 GHz. The original receivers were extensively used in
system development tests, and particularly in the astronomical tests of the complete engineering
complex of the SRT in Pushchino in 2004. In addition, the European Space Agency (ESA)
conducted detailed tests of the SRT antenna petals in the vacuum chamber in Noordwijk.
These test were essential for the final development of the RadioAstron project. ESA has also
provided funding for the development of the on-board Rubidium frequency standard, which
has been manufactured by the Neuchatel Astronomical Observatory in Switzerland. The S2
recording and playback facilities, which helped in the development of the RadioAstron Data
Recorder (RDR) and ASC software correlator, were provided by the Canadian Space Agency
and York University in Toronto, Canada.

During the fringe search period of the IOC tests many observatories committed necessary
observing time for the mission, including NAIC with the 300-m telescope in Arecibo, NRAO
with the GBT, MPIfR with the 100-m Effelsberg radio telescope, ASTRON with the WSRT,
IRA (Italy) with Medicina and Noto, JAXA (ISAS) with the Usuda 64-m telescope, Jodrell
Bank, Evpatoria 70-m dish of Ukranian Space Agency, three 32-m telescopes (Badary, Svetloe
and Zelenchuk) of the Institute of Applied Astronomy in Saint Petersburg, and the Yebes 40-m
telescope.

1.2 Main performance parameters of RadioAstron

The main performance metrics of the Space Radio Telescope in flight are shown in Table 1. See
section 4 for details.

Table 1: Basic performance of RadioAstron

Observing Frequency Bandwidth per Smallest SEFD Gain 1σ baseline
Bands range polarization spacing (kJy) (mKJy−1) sens. (mJy)
(cm) (MHz) (MHz) (µas) LCP;RCP LCP; RCP
92 (P) 316 – 332 1× 16 530 13.3; 13.5 11 14; 14
18 (L) 1636 – 1692 2× 16 100 — ; 2.93 15 — ; 3
6 (C) 4804 – 4860 2× 16 35 11.6; — 13 5; —
1.3 (K) 18372 – 25132 2× 16 7 46.7; 36.8 3 17; 15

K-band observing can be done at one of the eight central frequencies: 18392, 19352, 20312,
21272, 22232, 23192, 24152, 25112 MHz (with further fine tuning, see section 4.1.1 and Table 4).
The fringe spacing is calculated for the longest possible baseline. The one-sigma baseline
sensitivity is estimated for the RadioAstron–GBT pair for a 300 s integration time and 16 MHz
bandwidth of a single polarization single frequency channel (IF). Image sensitivity is discussed
in section 4.5.3.



On the shoulders of giants…

• Example of Effelsberg contribution to a RadioAstron 
experiment: UV range from 4 up to 8 ED would 
have not been possible without the space-fringe 
detection at correlator  

• Indeed, when even Effelsberg or Green Bank are not 
enough, fringes delay and rates are extrapolated 
from good scans, hoping that final AIPS can see more 
signal at long baselines.

• This allowed to reach 8 ED for BL Lac during the 
AGN polarization KSP, allowing to reach the record 
21 uas angular resolution.

Gómez et al. 2016



•  Structure of compact jets in strong AGN (AGN-S)  
 M. Perucho, A.P. Lobanov et al.

• Nearby AGN at scales of 5 - 500 gravitational radii (AGN-N)
       T. Savolainen, G. Giovannini et al.  

• Polarization and magnetic fields in compact jets (AGN-P)  
 J. L. Gómez, A. P. Lobanov, G. Bruni et al.  

Key Science Projects at MPIfR



Polarization KSP results



BL Lac imaging at record angular resolution at 22 GHz

FWHM 200 μas

Gómez et al. 2016
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Gómez et al. 2016

Brightness temperature exceeding the limit

FWHM 21 μas
Super Uniform

Tb,obs>2x1013 K

• Supported by estimates from the 
visibilities amplitudes and their 
errors (Lobanov 2015).

• Intrinsic brightness temperature 
Tb,int>2.9×1012 K, suggesting 
departure from equipartition. 



RM EVPA

Evidence of helical magnetic fields

• Point symmetric structure in RM and EVPA

• The polarization structure is consistent with the existence of a helical magnetic field 
threading the jet.

• In agreement with RMHD simulations of jets with a helical magnetic field by Porth 
et al. (2011).

Gómez et al. 2016



Strong-AGN KSP results



Beam:
• Ground: 0.39 x 0.28 mas at -6°
• Space: 0.04 x 0.02 mas   at -59.3°
• Dynamic range:

     Ground: 770:1
      Space: 95:1

uv-coverage
 Natural weighting

Uniform weighting

Ground VLBI
Space VLBI

Vega Garcia et al. 2018 

0836+710 at 22 GHz



RA images provide exceptional probes of internal structure

0836+710 at 22 GHz

Vega Garcia et al. 2018 



Nearby-AGN KSP results



Core

Beam: 0.075x0.15 mas

•    Slightly super-resolved in one direction 

“Hot spot”
Mach disk /
reverse shock?

1 mas
0.35 pc

• Core resolved in direction transverse to the 
jet – the brightest feature in the middle of 
the flow

• Very wide opening angle at first, then rapid 
collimation to almost cylindrical jet 

• Edge-brightened emission upstream of the 
core

Giovannini et al. 2018 

3C84 at 22 GHz



0.3 mas
0.1 pc

0.075x0.075mas
“super-resolved”

1000 RS

3C84 at 22 GHz

•    Slightly super-resolved in one direction 

• Core resolved in direction transverse to the 
jet – the brightest feature in the middle of 
the flow

• Very wide opening angle at first, then rapid 
collimation to almost cylindrical jet 

• Edge-brightened emission upstream of the 
core

Giovannini et al. 2018 



Summary

• Effelsberg has a crucial role in Space-VLBI observations with RadioAstron, being 
capable of detecting fringes at the longest space-baselines.

• Fringes delay and rates are used to constrain the correlation window at even longer 
baselines, allowing further fringe-search in AIPS.

• After 5 years from the start of the three AGN KSPs, the combination of global arrays 
with RadioAstron has collected a number of significant results, both from the 
technical and scientific point of view, achieving unprecedented details in jets structure

• Record brightness temperature, record angular resolution in the first year of 
observations, promising results for the analysis of further KSP data


