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Space exploration & radio astronomy: 64 years together

*  Glorious start: Sputnik and 76-m Mk1 Jodrell
Bank (now Lovell) telescope, 4 October 1957

* Parkes receives the first TV images of Appolo-11
on the Moon, 21 July 1969

SN
-

Lovell 76 m, Jodrell Bank, UK

e

Parkes 70 m, NSW, Australia

* Discovery of variability of extragalactic radio
sources using deeps space communication
antenna by G.B.Sholomitsky, 1965
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Radio interferometry and space science

= Radio mterferometry In Space: Space VLBI

1986-88

TDRSS-OVLBI, @ 5m

Plus:
KRT-30 (1978-82)
QUASAT (1980s)
IVS (1987-91)
ALFA (1990s)
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VLBI in Space
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10-m antenna

0.327, 1.6, 5 and 22 GHz
Dual-polarisation

128 Mbps

« 2 on-board H-masers

» Apogee (initial) — 343,000 km
 Data reception — Pushchino
and Green Bank

RadioAstron — Spektr-R

N

In preparation since 1978
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How high can be Tgin AGN?

Theory:

Inverse Compton Cooling: Tg < 101> K
Kellermann & Pauliny-Toth 1969

Equilibrium (E, = E,)): T <1019 K
Readhead 1994

Observations:

TDRSS OVLBI: TB > 1012 K
Linfield et al. 1989

VSOP, AO0235+164: Ty = 6x1013 K
Frey et al.. 2000



RadioAstron measurements of 3C273

A Sq 0 Tg
[cm] GRT s [mJy] Masec [K]

GBT 165,000 km
Arecibo 0.9 Giga A

84,500 km

65+10 270%10 104

Arecibo 130+20 150+10 3x10%3

1.6 Giga A

GBT/VL 99,300 km

13
A 7.6 Giga ) 250140 2212 2x10

Observed Ty is 102 to 103 times higher than the theory predictions

Kovalev et al. 2016, ApJ 820 Lg
Johnson et al. 2016, ApJ 820 L1o
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How can this be?!

Relativistic Doppler boosting
- Tnhs = ﬁTint ™~ VTint

- y~13

-V, FV? NO!

Complex geometry

Non Stationary Processes (acceleration/injection)

Proton synchrotron radiation Coken e o 2407
- Ty(p)/Ty(e) = (m,/m,)%7 ~ 10 ';: &
Coherent emission '
Stimulated (maser) emission

Further RadioAstron story — in the talk by Petr Voytsik at this conference, 23 August
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THEZA: TeraHertz Exploration and Zooming-in for Astrophysics
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Spacecraft as a celestial radio source

= Spacecraft tend to be radio loud... actually?
Transmitter power 1 W
Distance 5 AU (Jupiter)
On-board antenna gain 3 dB
Bandwidth 100 kHz

= Operate at frequencies radio astronomers love (or hate):
UHF (400 and 800 MHz), S (2.3 GHz), X (8.4 GHz), Ka (32 GHz)

= Estimates of state-vectors of spacecraft:
Need for “higher-than-standard” accuracy in special cases

Geodynamics and planetology

Trajectory measurements in close vicinity of Solar System bodies (e.g. landings)
Fundamental physics

Space-borne astrometry missions (e.g. GAIA)

= Need for “eavesdropping” (sometimes, in
desperation...)



Working in the near field with PRIDE

While thinking of /B , let’s not forget | R

/ Far field \}// / Near field X\]{

\?/ B N B

Baseline 100 km 1000 km 104 km

Facility MERLIN EVNye EVN |
J=3.6cm X-band 200 AU




VEGA balloons VLBI tracking, 1986

f=1.6 GHz, Af=2 MHz, 20 radio telescopes

-
3 y e 1 Riee b € a3
2 ot L W | R

o, = 10 km
o, = 1m/s

Preston et al. 1986, Science, 231, 1414




Huygens VLBI heritage: 20 photons/dish/s

&

Ad hoc use of the Huygens “uplink” carrier signal
at 2040 MHz

Utilised 17 Earth-based radio telescopes
Non-optimal parameters of the experiment

(not planned originally)

Achieved 1 km accuracy of Probe’s descent
trajectory determination

Assisted in achieving one of main science goals

of the mission — vertical wind profile

= Titan, 14 January 2005
. & !
S &> sy
g \\u}“

3D Huygens descent trajectory



PRIDE 2021 vs Huygens VLBI tracking 2005

e

Distance Transmitter Band Time Delay Pomllal
power/gain resolution noise ‘,&Q y
Mission D (lateral)
\
[AU] [GHz, 8 C)O\’é[ps] ]
‘\ﬁ
H“\}’Eg?s 8 | 3w/3dBi | 2.0(S 6(6500 15 1000
q (5(}\.\\. (S) 100 5 120
C
F;E'I?:E' 5 d@&% dBi | 8.4 (X) 10 3 70
a(L
,S\‘\(\ 32 (Ka) 10 1 23

Conservative estimate, today’s technology
Minimal special requirements for the on-board instrumentation
Helps to address the key science of EJSM-Laplace —search for

undersurface liquid water by means of Europa tidal deformation
monitoring
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dec, mas +10

EMOSlc On, Wz, Mc, Ma, Ys, Mh Sv, Zc

3C446 2.5y

Fringe Finder at a distance Of
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PRIDE measurables

Prime measurable:
x and y —transverse coordinates (linked to ICRF

1 Supplementary measurable:
dR/dt ~range rate (Doppler along the line of sight)




ESA planetary science missions — VLBI “customers”

JUICE

ExoMars

BepiColombo
MMO

Europa Jupiter System Mission
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Launch 2022
Jupiter ETA 2030

N
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LaRa experiment

Launch 2020

2015

MarsEXxpress

Launch 2018

Operational




GRO35, Doppler detections - |
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Doppler detection noise, 10 s integration:

e mean value 2.5 mHz

* median value 2.2 mHz

* mod (maximum log-normal fit) value 1.7 mHz =» 30 um/s

Full description of the algorithm: Bocanegra et al. 2018, A&A 609, A59



Sounding planetary atmosphere
with PRIDE
(Venus)

Observatory

Country

Telescope

Code Diameter (m)

Ray path
asymptotes Ray path

(0:zr)

Sheshan {Shanghai)

China

Sh

25

Nanshan (Urumqi)

China

Ur

25

Tianma

China

Ta

65

Badary

Russia

Bd

32

Katherine

Australia

Ke

12

Kashima

Japan

Ks

34

Alitude (km)

200

HEfrﬂl;‘-’;i'u'iT‘g" (-

EOO

O=e0l =

Meutral number density (m 3:1

Tracking station

Bocanegra et al. 2019, AA 624, A59
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- . Planetary
~“Radio - |
~ Interferometry &

. . Doppler -~ . . ¢
- Experiment.

Near field VLBl ‘3'
R=B) g

3D astrometry of high Ty objects

T, > 1018K?

Kardashey, P\Qrijskij & Umarbaeva, 197
Baseline 100 km 1000 km 104km  10°km 109 km 10/ km 108 km
Facility MERLIN = EVN WE EVN R-Astron L2 - ~1 AU

A=3cm 2 AU 200 AU 0.1 pc 10 pc 1 kpc 100 kpc | 10 Mnc

J=30cm 3x10’km 20AU  2x10%AU  1pc 100pc  10kpc  1Mpc )
R

Astrometry of extragalactic pulsars?




[akryto!
Thank you!



Additional slides



VLBI in Latvia

Irbene RT-1€

beéne RT-32

A perfect match to many space science applications of VLBI !



Best (imaging) angular resolution across EM spectrum
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Lobanov. 2003, SKA Memo 3&



Why VLBI In Space?

= _..Because THERE ARE celestial radio sources out
there THAT DO NEED a sharper radio view!

= ... and “we do this not because it is easy, but because
itis hard...” (J.F. Kennedy, announcing ...., no, not the
first Space VLBI mission, but rather the US intention to
put a man on the Moon, 1961)

29



Three generations of VLBI Iin Space

1997-2019 >2030

1986-88

TDRSS-OVLBI, @ 5m

Plus:
KRT-30 (1978-82)
QUASAT (1980s)
IVS (1987-91)
ALFA (1990s)
ARISE (2000s)
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TDRSS-OVLBI: proof of SVLBI concept

[ mRs
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B=2.2D¢_,

» First Space-Earth VLBI fringes in 1986

« 2.3 and 15 GHz, 3/4 ground-based telescopes, Mk3 (28 MHz /width)
« Adozen of strong quasars detected

Levy et al. 1986, Science 234, 187
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VSOP/HALCA antenna deployment tes
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VSOP/HALCA launch 12 February 1997
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VLBI beyond the Earth diameter: VSOP mission
ISAS, Japan + world-wide collaboratlon (1997 — 2005)

Angular resolution:

0~1/B

J'l'rnlr_dl_'f_‘,fi‘r_n_'ncc H6ps 3 L.“;\,\)‘-’l ;
{Position offsét 4.8km) 5




2215+020 (z=3.55): jet resolved by VSOP

54027 at RIS G 7 19AT Sep £

Cross-section of the jet appears resolved: 5< Qjet <9 mas

» Theoretical prediction for jet cross-section (Beskin 1997):

0.5
I ~3x10° M. ( 5, j lcm]
t

\Y B

o ex
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2215+020 (z=3.55): jet cross-section resolved
B.., =10"G (Beck 2000)
B. =10* G(Field&Rogers) .

Mg, =6x10°h™M_

Potentially powerful
method for estimating
Mg, In AGN, especially
in statistical studies

Lobanov et al. 2001

Distance from the core [Inas]

36



18.07.2012:
Orbital period 8.5 days
Perigee radius 67 000 km
Apogee 282 000 km
Inclination 81°




-

MEX/Phobos flyby as a test case

Uniquely close (58 km) Phobos flyby by MEX
* 29 December 2013 (Sunday)
Prime science: MaRS (MEX radio science), not PRIDE

Implemented under ESPaCE-MaRS agreement

* as a Pl-led EVN/Global experiment GR035
" Pl - Pascal Rosenblatt, Royal Observatory Belgium

* conducted by PRIDE team as a technical test
" no autonomous science evaluation by PRIDE team

Involved more than 30 radio telescopes globally

Lasted for 26.5 hours continuously, 3 MEX orbits
PRIDE data processing at JIVE, “operational” pipeline



GRO35 finding chart

MEX track
on Dec 28-29

Primary calibrator
J1232-0224

- - )
B

ET027 CAL2
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ET027 CALS < Secondary calibrator ENBAS ALY
~—  J1243-0218




GRO35, VLBI astrometry

CONT: MEX IPOL 8420.375 MHZ 11343.1CL001.1 CONT: J1232-02 IPOL 8420.375 MHZ gr035.1CLO0O1.1

-02 04 54.990

ongest global baselines

Declination (J2000)
Declination (J2000)

12 40 59.6008 59.6006 59.6004 59.6002 59.6000 59.5998 59,5996 59.5994 59.5992

12 42 00.0168 00.0166 00.0164 00.0162 00.0160 00.0158 00.0156 00.0154 00.0152
Riaht ascension (J2000)

Right ascension (J2000)

EVN image
y /-

Vs U for gr035.UVDATA.1 Several Sources
Ants *-* Stokes RR IF# 1 Chan# 1 - 256

Mega Wavingth

¥ ESAs
Mars Express

Phobos

0 -100
Me'?a Wavingth
Freq = 8.4120 GHz, Bw = 16.000 MHz




GRO35, VLBI astrometry

1.5
3 40 { RA
E, {1 Dec
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Q 20 i P 2
0
(]

-3.0

22:00:00 01:00:00 04:00:00 O7:00:00 10:00:00 13:00:00 16:00:00

Displacement between measured and predicted MEX celestial position, 2 min per point
(imaging approach). “Geodetic approach with +10 pas.
Formal precision (30):

RA 34upuas 35m
Dec 58 puas 60m

Duev et al. 2016, A&A 593, A34




GRO35, Doppler detections - I
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PRIDE by-product: CME detection

Analysis of an Interplanetary Coronal Mass Ejection 1 by a spacecraft radio signal
Molera Calves et al. 2018, Space Weather 15, 1523-1534

2015-04-06T06:00 Z2015-04-05T00 +1.25 days
Q Earth @ Mars O Mercury @ Venus O Maven O Spitzer PcSterso_A @ Sterec_B

Phase scintillation at Bd on 2015.04.06 with 5-min intervals

Ecliptic Plang, 2009021 AT = -6.2°

R 100[min] 150
. Mars E’f press
a’ b TC
Dist. Earth-MEX =23 AU | i |
Solar elongation = 18° | |

ARy
| Density |
enhanqemeﬁt
/| ‘ ‘ " Density
depletio

/' ICME front

ESD

RZ N [em™3)
Q0 10 20 30 40 50 @D
ENUL-2.7 lowres—adb1f-sal WS4 V22 GONG-2162




Generic PRIDE configuration

o " PRIDE: a multidisciplinary enhancement of
& ," @ the mission science return with minimum

on-board instrumentation

Planetary

Radio

Interferometry & B*
Doppler Rnf oC —
Experiment A




Earth-based segment of PRIDE

EUROPEAN

Jodrell Baky ;

We
Arecibo Cambridgée
& :

Plus:

 VLBA in USA
 LBA in Australia + New Zealand
* Prospective AVN in Africa : =

Total:
> 40 X-band-capable telescopes



