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VSOP-2
A Space VLBI Mission to Image
 Central Engines and Jet Launching Regions

• VSOP-2 Project Overview
• Scientific Specifications
• Science Case for AGN disks and Jets

Seiji Kameno（Kagoshima University）
VSOP-2 Science Working Group
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• VSOP-2 Project Overview

• Scientific Specifications

• Science Case for AGN
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VSOP-2 to succeed the heritage of VSOP
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Target Life Time is 3 years.

Dual pol. @  8, 22, 43 GHz 
Phase-referencing capability

  Switching Maneuver 
  10 cm Orbit Determination

9.3 m Antenna
surface accuracy (0.45→0.7mm rms)

precision pointing (0.005deg)

1 Gbps Data 
Downlink

ASTRO-G satellite of the VSOP-2Mission
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ASTRO-G Satellite Configuration

Mass (wet) 1200Kg
Power 2000W• 9.3-m offset Cassegrain 

antenna with module 
structures
•Light weight
•gimbal adjuster
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第２２号科学衛星　SOLAR-B                   ASTRO-G    Configuration 
Orbit
  　Apogee Height            25,000 km 
　  Perogee Height             1,000 km
  　Inclination                         31° 
  　Orbit Period                     7.5 h                   

Solar Paddle

rSolar Paddle
天体方向

副鏡

主鏡

9.6 ｍ

Ka Ant for VLBI Link

Satelite Size
  Mass            1,200 kg
  Power     　 　2,000 W

Observation Target Satellite For VLBI
•　9 meter Deployable Antenna 
                                           for 43GHz
•   Cooled LNA （30 K ）
•　1 Gbps Down Link
•　Phase Compensation Observation
　     Target Switching 
                 (3deg manoeuvre in 15 sec)
        Orbit Determnation 
                          with 10 cm Accuracy

Solar Paddle

Sub Reflector

Main Reflector
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Large Deployable Antenna
… employs ETS-VIII Mechanism

Module-type offset-Cassegrain antenna

  ETS-VIII (2006) deployment mechanism  ETS-VIII 
（Dec. 2006）

Deployment Test of ETS-VIII  Seven Modules  (Stow / Deployment)
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Rocket & Orbit

HALCA / VSOP ASTRO-G /
VSOP-2

Apogee Height

Perigee Height

Inclination

Orbit Period

21,300 km 25,000 km

560 km 1,000 km

31º 31º

6.3 hr 7.5 hr

Launch Rocket is H2A 
•Launch epoch; 2012→2016+

8

due to technical uncertainty pointed out 
in the JAXAʼs critical review
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Antenna Deployment tests
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Launch configurationDeployed configuration
Surface error after
deployment

…doesnʼt meet the
requirement of 1.0 mm rms

due to creep of the hoop cable

2 mm 
4 mm!

We tested a new cable material;
Quartz → Carbon Fibre

This modification results in

•rms = 0.57 mm (nominal)
 0.78 mm (worst)

•43 GHz obs. possible
•Delay in the schedule

Quartz cable Carbon Fibre
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Financial 
Year 

(Apr-Mar)

2000～ 
2005

2006 2007 2008 2009 2010 2011 2012
～

Spacecraft
Development 

Phase

Events

Tracking 
Stations

Ground Radio
Telescopes.

Basic Design Detailed D. Manufacture and TestDesignConcept Operation

Launch

Ground Tracking Stations

ASTRO-G Development schedule (previous)

Developments Op. Test

Phase -A Phase -B Phase -C Phase -D Phase -E

More than
5 years

operation

Pre Phase -A

Selection of 
the science 
mission in 

ISAS

Approval of 
project 

preparation

△Budget
 Request

△ △ △ △ △
△System I/F Fixed

△ Reviews △ Review △ Review △ Review
△ Project starts

Design of 
PFM Structure

Antenna, Obs.system
Attidute control system

Ground Tracking Stations
Usuda International
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Financi
al Year 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Spacecraf
t

Developm
ent Phase

Events

Tracking 
Stations

Ground 
Radio

Telescope
s.

Basic 
Design

Detailed D.
Manufacture and 

TestDesignConcept Operation

Launch

Tracking Stations

ASTRO-G Development schedule (current)

Developments Op. Test

Phase -A Phase -B Phase -C Phase -D Phase -E

More than
5 years

operation

Pre Phase -A

Preliminary 
Design Review

↓
halt

Preliminary 
Design 
Review

△Budget
 Request

△ △
△ Reviews △ Review △ Review △ Review
△ Project starts

Tracking Stations
Usuda International

modification &
verification

△Budget
 Request

Critical 
Design Review
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• VSOP-2 Project Overview

• Scientific Specifications

• Science Case for AGN
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Improvements of VSOP-2

13

Resolution

Sensitivity

Possibility for direct imaging of accretion disks for the first time

w/ 25m VLBA as a GRT

Linear scales of 40 μas
10x frequency, 10x resolution, 10x sensitivity

13
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Phase Referencing Capability
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VSOP-2 offers position-switching phase referencing capability

Phase-ref OFF

Phase-ref ON

• Longer coherent integration → higher sensitivity
• Positioning

•Astrometry
•Multi-frequency registration
•Multi-epoch registration

60-sec-cycle switch for 3˚ separation

14
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Dual Polarization Capability
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LHCP and RHCP at 8, 22, and 43 GHz
• Linear polarization → B⊥

• Faraday rotation measure → B‖

15
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• VSOP-2 Project Overview

• Scientific Specifications

• Science Case for AGN
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Zooming up on the central engine
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Power Source of Active Galactic Nuclei
… considered to be accreting power   

     onto massive black hole

The key is to resolve the central engine:
•Black hole
•Accretion disk
•Jet-launching region

17
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Accretion disk types to image
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Slim Disk

Standard Disk

ADAF / RIAF

(Abramowicz et al. 1988)

(Shakura & Sunyaev 1973)

(Narayan & Yi 1994)

･ Te ~ 106 K
･ dm/dt > 1
･ Narrow-Line Sy1

･ Te ~ 104-5 K
･ dm/dt << 1
･ Quasars

･ Te ~ 109-11 K
･ dm/dt << 1
･ Low-luminosity AGNs

Too fa
int fo

r V
SOP-2

VSOP-2 Detectable
•Tb > detection limit of 108 K
• ~ 40% population of AGNs

18
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Imaging accretion disks and jets with VSOP-2
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Distinctly important source : M 87 

・Rs ~ 3.8 μas : VSOP-2 resolution ~ 10 Rs
・The root of the jet can be imaged
・Separated by 1.5° from M 84 … phase ref.

Movie : courtesy of C. Walker

19
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Disk imaging in

20

M 87
Most probable source for disk imaging
•Goal : image the core that is unresolved with ground VLBI
•Extra : detection of the disk discriminated from jets, distribution of brightness, 

spectral index, and time evolution

4 2009 Fermi Symposium, Washington, D.C., Nov. 2-5

Figure 3: Image of the M 87 jet with high resolution instruments: Large-scale jet in X-ray obtained with Chandra
(left). Inner jet in radio (43GHz) obtained with VLBA (right).

Figure 4: VLBA images of M 87 at 43 GHz. (A)-(D):
Sequence of difference images for observations during the
period of the radio flare. These images have had an
average image subtracted in order to show the effects of
the flare. The average was made from eleven observations
in 2007, outside the period affected by the flare. The
contours are linear with 10 (white) at intervals of 7mJy
per beam followed by the rest (black) at intervals of
70 mJy per beam; negative contours are indicated by
dashed lines. The sequence shows the significant rise in
the core flux density and the appearance of enhanced
emission along the inner jet.

move by more than ≈ 12RS during the flare, indicat-
ing that the peak emission corresponds to the nucleus
of M 87.

3.4. Results

In January 2008, the VHE γ-ray flux was measured
at a slightly higher level than in 2007. MAGIC de-
tected a strong flaring activity in February 2008 [21],
which led to immediate intensified observations by all
three VHE experiments. VERITAS detected another

flare about one week after the MAGIC trigger. The
joint 2008 VHE γ-ray light curve clearly confirms the
short-term variability reported by H.E.S.S. in 2005 [2].
During the 2008 VHE flaring activity, MAGIC ob-
served flux variability above 350 GeV on time scales
as short as 1 day (at a significance level of 5.6 standard
deviations). At lower energies (150 GeV to 350 GeV)
the emission was found to be compatible with a con-
stant level [21]. From March to May, M 87 was back
in a quiet state.

In 2008, the X-ray and VHE γ-ray data suggested a
different picture compared to the 2005 flare (Fig. 1):
HST-1 was in a low state, with the flux being compa-
rable with the X-ray flux from the core. The core,
however, showed an increased X-ray flux state in
February 2008, reaching a highest flux ever measured
with Chandra just few days after the VHE flaring ac-
tivity.

VLBA measured a continuously increasing radio
flux from the region of the nucleus (r=1.2 mas) during
the 2008 campaign, whereas in 2007 the flux was found
to be rather stable. Individual snapshots of the inner
region of the jet are shown in Fig. 4. The observed
radio flux densities reached at the end of the 2008
observations, roughly 2 months after the VHE flare
occurred, are larger than seen in any previous VLBI
observations of M 87 at this frequency, including dur-
ing the preceding 12 months of intensive monitoring,
in 6 observations in 2006 and in individual observa-
tions in 1999, 2000, 2001, 2002, and 2004 [34]. This
suggests that radio flares of the observed magnitude
are uncommon.

Given the rare occurrence of VHE, radio and X-ray
flares at very similar times as compared to their char-
acteristic time scales, we conclude that the events are
likely connected. This conclusion is supported by the
joint modeling of the VHE and radio light curves (Fig.
5). The VLBI structure of the flare, along with the
timing of the VHE activity, is strong evidence that the
VHE emission occurred in a region small compared to
the VLBA resolution. The observed pattern can be

eConf C091122

Walker et al.  (2009)

20



COSPAR 2010

Prediction from models and simulations

21

Wagner et al.  (2009)

Nagakura & Takahashi (2010)

Becker et al.  (2008)

Shock region

•RIAF (Radiative Inefficient Accretion Flow)
•SASI (Standing Accretion Shock Instability)

Te ~ 109-10 K
r ~ 30 Rg

prediction

6 2009 Fermi Symposium, Washington, D.C., Nov. 2-5
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Figure 5: SED data and models for M 87. Grey points: archival radio and optical data, as well as the EGRET upper
limit, taken from [25]. The vertical red line (VLBA) shows the range of radio fluxes during the 2008 flare (nucleus).
Fermi data points (blue data points) and model (blue solid line) taken from [37]. The models are taken from the
literature, see main text for references.

in Berlin, Durham, Hamburg, Heidelberg, Palaiseau,
Paris, Saclay, and in Namibia in the construction and
operation of the equipment.
MAGIC: The collaboration acknowledges the excel-
lent working conditions a the Instituto de Astrofisica
de Canarias’ Observatorio del Roque de los Mucha-
chos in La Palma. The support of the German BMBF
and MPG, the Italian INFN and Spanish MCINN is
gratefully acknowledged. This work was also sup-
ported by ETH Research Grant TH 34/043, by the
Polish MNiSzW Grant N N203 390834, and by the
YIP of the Helmholtz Gemeinschaft.
VERITAS: This research is supported by grants from
the US Department of Energy, the US National Sci-
ence Foundation, and the Smithsonian Institution, by
NSERC in Canada, by Science Foundation Ireland,
and by STFC in the UK. We acknowledge the excel-
lent work of the technical support staff at the FLWO
and the collaborating institutions in the construction
and operation of the instrument.
VLBA team: The Very Long Baseline Array is oper-
ated by The National Radio Astronomy Observatory,
which is a facility of the National Science Foundation
operated under cooperative agreement by Associated
Universities, Inc.

R.M.W. acknowledges partial support by the DFG
Cluster of Excellence “Origin and Structure of the
Universe”.
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M87 disk imaging capability
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VSOP2 observation on M 87: VSOP2 Key Science Program Proposal
Asada, K. (ISAS/JAXA) & VSOP-2 Science WG

“ Purpose ”

“ Feasibility Studies ”

“ Why M 87 ”“ KSP ? ”

1. Verification of black-hole and accretion disk paradim

2. Studies of jet and disk connection

3. Understanding of the formation, acceleration and collimation of the jet

40 μas = 0.0031 pc
40 μas yr-¹ = 0.01 c

40 μas ～ 10 rg

◉

・ Closest AGN jet at a distance of 16 Mpc  

・ Large Black hole mass: 3.2 × 10⁹ M

・ Collimation of the jet

・ Proper motion studies

(Harms et al. 1994, Ford et al. 1994)

sub-liminal proper motion of 0.3 c at inner pc
super liminal proper motion of 2.8 c at 70 pc from core

Wide opening angle of 60° at inner most region
Well-collimated 

0. Detectable?

Appendix: expected uv-coverage

Correlated flux*   Fringe detection rimit

～ 120 mJy     239 mJy     49 mJy

with VLBA    with GB

* at longest baseline of VLBA at 43 GHz, Iintegration time of 1 min

Contribution of the large ground telescope is required !!

a). imaging of the accretion disk
Brightness templature of 10⁹-¹⁰ K is expected
Expected angular size is larger than 10 rg

Expected brightness is 2.4 - 24 mJy/beam
c.f., 7 σ image sensitivity is 1.6 mJy/beam
             (with VLBA 10 stations, integlation time of 7.5 hrs)

b). imaging of the jet
Core is unresoluved with VLBA at 43 GHz 
> 3 mJy/beam is expected

a). Typical time scale for the disk 

b). Typical time scale for the jet

Monitoring time scale of 1.5 month (Nyquist rate) is required 

(Junor et al. 1999, Biretta et al. 2002)

(Ly et al. 2007, Cheng et al. 2007)

▲
▲

▲

1. Required image sensitivity

2. Required monitoring time scale

Time scale of Keplarian rotation at 10 rg is 3 months

time scale of the one rotation of accretion disk (3 month)
For the growth of MRI

time scale of the ten rotation of accretion disk (30 month)
For the saturation of MRI▲

▲
(Hawley & Balbus 1991)

(Machida & Matsumoto 2003)

▲

From VLBA observations, 40 μas (0.01 ly) / 0.3 c is required
Monitoring time scale of 16 days is required 

▲
Correlated flux density @ 43 GHz

※ VSOP-2 : 1200 - 4000 Mλ

expected correlated flux density ~ 100 - 200 mJy 

2009 Fermi Symposium, Washington, D.C., Nov. 2-5 3

Figure 2: (A): the night-by-night averaged VHE γ-ray
light curve Φ(E > 350 GeV) of M 87, covering the 2008
joint campaign. Strong variability resulted in a detection
of at least two flares (see the inlay for a enlarged view of
the relevant period). (B): Corresponding Chandra
measurements of the core and the HST-1 knot of M87.
(C,D): Flux densities from the 43 GHz VLBA
observations for the nucleus, the peak flux (VLBA
resolution element), and the flux integrated along the jet.
The shaded horizontal area indicates the range of fluxes
from the nucleus before the 2008 flare. While the flux of
the outer regions of the jet does not change significantly,
most of the flux increase results from the region around
the nucleus.

Among other AGN, the radio galaxy M 87 is part
of a multi-collaboration AGN trigger agreement be-
tween H.E.S.S., MAGIC and VERITAS. In order
to achieve a best possible VHE coverage (especially
during Chandra X-ray observations) a closer coop-
eration was conducted for the 2008 observations of
M 87. The collaborations agreed to have a detailed
exchange/synchronization of their M 87 observation
schedules. Further on, information about the status of
the observations (i.e. loss of observation time due to
bad weather conditions, etc.) was exchanged on a reg-
ular basis between the shift crews and the observation
coordinators.

M 87 was observed by the three experiments for a
total of > 120 h in 2008 (∼95 h after quality selection).
The amount of data resulted in an unprecedentedly

good coverage with >50 nights between January and
May 2008.

3.2. Chandra X-ray observations

Chandra monitoring of M 87 began in 2002 and con-
tinues to date. The angular resolution (≈ 0.8′′) allows
resolving the large-scale jet structure, and in particu-
lar to distinguish emission from the core and the inner-
most knot ‘HST-1’ (left panel in Fig. 3). During an ob-
serving season, M 87 is observed every ∼6 weeks. That
sampling allows detection of 1.5month-scale variabil-
ity. The most remarkable discovery of the monitoring
campaign so far has been the giant flare of HST-1 [30],
which reached its maximum intensity in 2005 (Fig. 1)
when the TeV emission was detected in flaring state
for the first time, suggesting HST-1 as the possible ori-
gin of the VHE emission [29]. Simultaneously, a huge
optical flare was detected by the Hubble Space tele-
scope [32]. Additional observations were taken in 2007
on shorter intervals to investigate short-time variabil-
ity and possible correlation with VHE emission, which
was unfortunately in a quiet state at that time.

3.3. Radio: VLBA

Throughout 2007, M 87 was observed at 43GHz
with the VLBA on a regular basis roughly every three
weeks [33]. In January 2008, the campaign was in-
tensified to one observation every 5 days. The resolu-
tion of the observations is rather high with 0.21×0.43
milliarcseconds or 15×30 Schwarzschild diameters of
M87. The aim of this “movie project” was to study
morphological changes of the plasma jet with time.
Preliminary analysis of the first 7 months showed a
fast evolving structure, somewhat reminiscent of a
smoke plume, with apparent velocities of about twice
the speed of light. These motions were faster than ex-
pected so the movie project was extended from Jan-
uary to April 2008 with a sampling interval of 5 days.

The 43 Ghz radio flux density from the unresolved
core rose by 0.3 Jy (36%) while the integrated flux
density from within 1.2 mas of the core rose by 0.57
Jy (32%). beginning at the time of the VHE flare and
extending over at least the following two months until
the VLBA monitoring project ended (Fig. 2). Beyond
1.2 mas, there was no change. The initial radio flux
density increase was located in the unresolved core.
The region around the core brightened as the flare
progressed (Fig. 4), suggesting that new components
were emerging from the core. At the end of the ob-
servations, the brightened region extended about 0.77
mas from the peak of the core implying an average ap-
parent velocity of 1.1c, well under the approximately
2.3c seen just beyond that distance in the first half of
2007. The position of the M 87 radio peak did not

eConf C091122

•Fringe detection in M 87
•visibility amp. > 100 mJy@43 GHz, 24 mJy@22 GHz
•22 GHz : OK. 43 GHz : requre rms < 0.7 mm

•Resolutipn
•FWHM = 12 Rs@43 GHz, 24 Rs@22 GHz

• Tb > image r.m.s.
•Tb ~ Te ~ 109-10 K > r.m.s. = 5x108 K

•Electron scattering << disk size
•core size@5 GHz < 0.3 mas　（VSOP）
→ λ2 scattering < 14 μas@22 GHz, 4 μas@43 GHz

•Brightness ration to jets < dynamic range
•Tb in jets ~ 1011 K → require D.R. ~ 100

core peak flux

outer jets
VSOP-2 results impact to 

accretion disk models

22
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Imaging simulations
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Ground-VLBI VSOP-2

100 Rs

23
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Jet acceleration and high-energy emission
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•Jet velocity fields
•Inner structure of jets
•3-D magnetic fields
•High-energy emission 
component

24



COSPAR 2010

Proposed MHD models for jet formation
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Blandford & Payne (1982)

Kato, Y. (2007)

•Magnetic centrifugal force

•Magnetic stress by rotating disk
Uchida & Shibata (1985)

•Magnetic tower jets
Kato, Y. (2007)

3-D magnetic structure in 
the jet-launching region

25
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Velocity fields in Jet acceleration region
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internal structure of Cyg A jet

70 mas

Common feature for AGN jets ?

A

B

A B

Preliminary !!

Bach+

VLBI @ 22 GHz
VLBI @ 43 GHz

internal structure of M87 jet
Reid+

Walker+

We can resolve some 
near-by jets to it’s 
transverse direction

resolution = 15 rg !!
Krichibuam+

Brightness temperature @ 86 GHz
Preliminary !!

Apparent acceleration in ~ 0.1 pc (!?)
•collimation of jet opening angle
•increase of Doppler factors

To clarify what happens in inner sub-pc region 
→ magnetic fields in ~100 Rg

26
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Inner-Jet Structure
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RM observation towards another jets

0333+321 0836+710 1150-002

Mrk 5010820+2250745+241

KA+ KA+ KA+

Gabuzda+ Gabuzda+ Gabuzda+

SOURCE reference

0333+321 Asada+ 2008b, ApJ.

3C 120 Gomez+ 2008, ApJ.

0735+178 Gabuzda+ 2008, MNRAS

0736+017 O’Sullivan+, MNRAS

0745+241 Gabuzda+ 2004, MNRAS

0820+225 Gabuzda+ 2004, MNRAS

0836+710 Asada+ to be submitted

1055+018 Muhamad+ in prep?

1150-002 Asada+ in prep.

1156+295 Gabuzda+ 2008, MNRAS

3C 273 Asada+ 2002, PASJ,   Asada et al. 2008a. ApJ, 

3C 279 Zavala & Taylor 2004,  ApJ

3C 345 Taylor 1998, ApJ (recognized by Gabuzda+)

Mrk 501 Gabuzda+ 2004, MNRAS

1749+096 Gabuzda+ 2008, MNRAS

1807+698 Gabuzda+ 2004, MNRAS

2230+114 Taylor 2000, ApJ (recognized by Gabuzda+)

2251+158 Zavala & Taylor 2003, ApJ.

We now know that many jets have RM gradient, but there 
are objects we can not detect the RM gradient.

internal structure of other jets

Sheath

Spine

Polarimetry obsevation of 1055+018

(Similar case: Gabuzda+01, Pushkarev+05)

Central Bright Component: B⊥
Boundary Layer: B||

Spine
Sheath▲

Attridge+ 1999

•3-D magnetic fields by polarization 
observations
• Linear pol. → B⊥

• Faraday RM→B‖

27
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High-energy emission region
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Identification of the γ / X / optical component
Marscher et al. (2008)BL Lac VSOP-2 resolution corresponds 

to 0.03 pc at 100 Mpc

28
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Probing high-energy emitting region
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Pinpoin!ng the gamma-ray emi"ng components

Accurate determina!on of size, flux, and velocity

Plausible SED modeling

Jet physics Gamma-ray emission mechanism

Different origin from blazars?

FSRQ studies

What is the origin of high/low power jet?

Blazar studies

ToO coordinated with γ-ray obs. 

Identify γ-ray components w/ ~0.01 - 0.03 pc resolution

such as ASTRO-H, CTA, IXO

29
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High-energy emission region
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Gamma-ray and Radio 
Images of M 87

Gamma-ray and Radio 
Images of 3C 84

A

B C

D

E F

G

Credit:
B. A.F. Aharonian et al.
C. NRAO/AUI and F. Owen, 
       P. Hardee & T. Cornwell
D. NRAO/AUI and C. Ly,  
       R C. Walker, & W. Junor

Credit
E: JAXA/ISAS and K. Asada
F: A.A. Abdo et al.
G: H. Nagai et al.
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Rg

Radius of GeV gamma-ray emi!ng region
(Abdo et al. 2009)

VLBA resolu"on (43 GHz)

Radius of TeV gamma-ray emi!ng region
(Acciari et al. 2009)

VLBA resolu"on (43 GHz)
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M 87

3C 84

10-4
length scale [pc]

C1
C2

2007/324

New 
component 

2006/134 2007/258 2008/106 2009/114

1 kpc

5 
pc

EGRET era : Blazars are γ-ray emitting AGNs
Fermi era : γ-ray from FR-I radio galaxies →imaging high-energy acceleration region

Gamma-ray and Radio 
Images of M 87

Gamma-ray and Radio 
Images of 3C 84

A

B C

D

E F

G

Credit:
B. A.F. Aharonian et al.
C. NRAO/AUI and F. Owen, 
       P. Hardee & T. Cornwell
D. NRAO/AUI and C. Ly,  
       R C. Walker, & W. Junor

Credit
E: JAXA/ISAS and K. Asada
F: A.A. Abdo et al.
G: H. Nagai et al.

1 10 102 103 10410-110-210-3

Rg

Radius of GeV gamma-ray emi!ng region
(Abdo et al. 2009)

VLBA resolu"on (43 GHz)

Radius of TeV gamma-ray emi!ng region
(Acciari et al. 2009)

VLBA resolu"on (43 GHz)
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Less-affected by opacity
•larger viewing angle 
•better linear resolution

30



COSPAR 2010

3C 84 flare and new component
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Probing high-energy emitting region
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Gamma-ray and Radio 
Images of M 87

Gamma-ray and Radio 
Images of 3C 84
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Credit:
B. A.F. Aharonian et al.
C. NRAO/AUI and F. Owen, 
       P. Hardee & T. Cornwell
D. NRAO/AUI and C. Ly,  
       R C. Walker, & W. Junor

Credit
E: JAXA/ISAS and K. Asada
F: A.A. Abdo et al.
G: H. Nagai et al.
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New coverage of observable space to 
open new window

Broadband SED
• γ-ray : Fermi(?) CTA
• X-ray : ASTRO-H, IXO
• Optical
• Radio

Timing observations
• Fermi / CTA / MAXI / IXO

Polarization
• Kanata / VSOP-2

Imaging and positioning
•VSOP-2
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AGN sub-pc-scale structure
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ALMAVSOP-2

Maser disk structure
• disk rotation→BH mass
• non-circular motion →accretion
• dispersion in P-V diagram →turbulence

LINER galaxy NGC4258 is observed indirectly
at a rate of about 30 µas yr−1 by measuring the
proper motion of the maser cluster from VLBA
observations (Herrnstein et al. 1999). Our goal
is to detect the rotation of the NGC4258 disk di-
rectly by clarifying each maser spot in space at
the highest angular resolution (fig 5.2).
3) Sub-pc scale structures traced by water maser
are not continuous from accretion disks in the
center of AGN. Clarification of the region of the
dense molecular gas from the warmer region that
constitutes of plasma ionized by central X-ray ra-
diation is critical for addressing physics of AGN.
NGC1068 is an appropriate source to approach
AGN physics on different scales from the center,
because a dense dusty torus is observed on scales
of 100 parsecs by interferometers and the maser
emission observed on scales of sub-parsecs arises
from more inner part of the thick disk or torus.
Further investigations at higher resolution would
give us more information about the inner struc-
tures of AGN. In the thick disk/torus model, ver-
tical structures of molecular materials have been
difficult to imaged due to lack of angular reso-
lution but could be imaged with VSOP-2. In
the radio galaxy NGC1052, the presence of a disk
with a larger thickness is diskussed (Kameno et
al. 2005) and it might be possible to observe tur-
bulent medium over a wider range of velocities.
Observed velocity dispersions at speed of around
100 km s−1 might explain that the dense gas con-
taining water molecules is involved in vertical dis-
persions. The kinetic energy originated from this
vertical dispersions could be transformed to the
disordered and turbulent motion in a thick torus.
Thus, with VSOP-2 we aim to detect the tur-
bulent motion of dense molecular gas in a thick
torus at the highest angular resolution.

5.2.3 Method

Two methods of observations are considered for
disk-megamaser observations: Single-epoch ob-
servations (a few orbits may be required) for re-
solving structures of central sub-parsecs of AGN
at the highest possible angular resolution at 22GHz
band, and multi-epoch observations to detect proper
motions of each maser spot on a disk (fig 5.3).
The former will be useful for precise measure-
ment of the physical parameters of AGN and clar-
ifying the thick (non-thin) disk system in the
Seyfert galaxy NGC1068 and perhaps for the ra-

dio galaxy NGC1052 in which maser is seen to-
ward the relativistic jet. The latter applies for
observing the direct disk rotation in NGC4258.
For NGC4258, we request intense monitoring ob-
servations with 1-2 month interval for 2 years,
which is critical to detect the proper motion of
masers at the rate of about 30µarcsec year−1. For
NGC1068 and NGC1052, observations of a few
epochs are requested for imaging inner structures
of a disk/torus and, if any, turbulent medium dur-
ing these epochs.
In order to detect fringes of weak and narrow
maser lines between the ASTRO-G spacecraft and
ground telescope, NRAO Greenbank 100m tele-
scope (GBT) is critical as a ground telescope. For
improving the disk model, good (u,v) coverages
obtained from VLBA-GBT baselines will be nec-
essary. Estimations of sensitivity assuming GBT-
ASTRO-G baseline are listed in fig 5.4. In this
table, the proposed target sources are estimated
to be detectable by VSOP-2 observations in suf-
ficient signal-to-noise ratio.

Table 5.2: Key sources for AGN sub-structure
study

galaxy Scale (pc/100µas) disk type

NGC42581 0.0039 Thin1

NGC10682 0.0074 Thick2

NGC10523 0.0086 Thick 3or Jet4?
(1) Miyoshi et al.. 1995; (2) Greenhill et al.,1996;
(3)Kameno et al. 2005; (4) Claussen et al. 1997

Table 5.3: Observing time request
Galaxy Type #epoch GRT obs. time

NGC4258 multi-epoch 12-24 120-240 hour
NGC1068 multi-epoch 2-3 20-30 hour
NGC1052 multi-epoch 2-3 20-30 hour

Table 5.4: Observing method and sensitivity es-
timate

Galaxy Speak ∆v Phase-ref. SNR
(Jy) (km/s)

NGC42581 4 1.3 No ∼ 23
NGC10682 0.45 1.3 Yes ∼ 26∗

NGC10523 0.12 5.2 Yes ∼ 10∗

SNR (signal-to-noise ratio) estimated from Green-
bank 100m telescope - Astro-G spacecraft baseline
sensitivity; (1) Miyoshi et al.. 1995; (2) Greenhill
et al.,1996; (3)Kameno et al. 2005; *Assuming
phase-referencing observations
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Specific angular momentum in AGNs
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Summary

•VSOP-2 survives … to be launched 2016 (or later)
•40-μas resolution to image disks and jets in nearby AGNs
•Synergy with high energy astrophysics

•Broad-band SED, Timing at γ-ray, X-ray, and optical
•Positioning, kinematics, and magnetic fields with VSOP-2

http://hotaka.mtk.nao.ac.jp/groups/astrogswg/

Visit and give your contribution to
VSOP-2 science working group activity
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Concepts of Space VLBI
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SEFD

1.5.1 System equivalent flux density (SEFD)

The SEFD is determined by the system noise temperature, Tsys and the effective area of the aperture,
Ae = ηA as

SEFD =
2kBTsys

Ae
, (1.2)

where kB is the Boltzmann constant.
ASTRO-G’s SEFD is listed in table 1.1. The nominal values have been updated from those in the

VSOP-2 proposal (2005) and are based on achievable values of Tsys and Ae. Tsys values are measured
using the engineering models of the LNAs including losses in the feed system and radiation from main-
and sub-reflectors. The values of Ae are also derived from recent measurements of surface deformation,
reflectivity, and Ohmic loss. The nominal values assume a surface accuracy of 0.7mm (r.m.s.). SEFD
values for 1.0 mm (r.m.s.) are also listed: this is the minimum requirement that must be met for the
mission to proceed.

Table 1.1: SEFD of ASTRO-G
Frequency 8 GHz 22 GHz 43 GHz Remarks
SEFD (nominal) 5600 Jy 5000 Jy 28000 Jy surface accuracy of 0.7 mm r.m.s
Tsys 89 K 56 K 98 K
Ae 44 m2 31 m2 9.7 m2

SEFD (requirement) 5900 Jy 8200 Jy 190000 Jy surface accuracy of 1.0 mm r.m.s
Tsys 89 K 56 K 98 K
Ae 42 m2 19 m2 1.4 m2

SEFD (obsolete) 4080 Jy 2200 Jy 3170 Jy nominal value described in 2005
Tsys 60 K 30 K 40 K
Ae 40 m2 38 m2 35 m2

The sensitivity as an interferometer depends on ground radio telescopes that participate in VSOP-
2 observations, and the circumstances of the observations. In the following sections, interferometric
sensitivities are estimated for baselines to the GBT (100m) and VLBA (25m) telescopes, as examples
of large and medium-sized ground telescopes. We adopt SEFDs of 15, 50, and 80 Jy for the GBT
and 307, 500, and 1430 Jy for a single VLBA antenna at 8, 22, and 43GHz, respectively. (These
conservative values do not reflect proposed VLBA upgrades1.)

1.5.2 Fringe detection for continuum sources

For a standard (non phase-referencing) observation, ASTRO-G is pointed at a single target source for
the whole observation. The integration time in equation 1.1 is limited by the coherence time through
the atmosphere of ground radio telescopes. If we assume coherence times of 60, 120, and 360 seconds
at 43, 22, and 8 GHz, respectively, the fringe detection thresholds for continuum sources given in the
following table are obtained.

1.5.3 Fringe detection for masers

For masers, the bandwidth is limited by the emitter itself. If we assume a velocity width of 1 km s−1

for H2O masers, the bandwidth will be 74 kHz. Corresponding fringe detection thresholds for pointing
observations are listed in table 1.3.

1http://www.vlba.nrao.edu/memos/sensi/

6

0.7 mm rms

1.0 mm rms

Spec in 2005

Sensitivity degradation due to realistic Tsys and surface accuracy

Fringe 
detection 

limit

2005 nominal2005 nominal 0.7 mm rms0.7 mm rms 1.0 mm rms1.0 mm rms
22 GHz 43 GHz 22 GHz 43 GHz 22 GHz 43 GHz

7σ / GBT / Cont.                                                                                                                                                                                                                                                                                     12 mJy 22 mJy 24 mJy 100 mJy 30 mJy 280 mJy

7σ / VLBA / Cont.                                                                                                                                                                                                                                                                                                                               50 mJy 107 mJy 74 mJy 421 mJy 95 mJy 1100 mJy

7σ / GBT / Maser                                                                                                                                                                                                                                                                                     0.7 Jy 0.9 Jy 1.4 Jy 4.2 Jy 1.8 Jy 12 Jy

7σ / VLBA / Maser                                                                                                                                                                                                                                                                                  3.0 Jy 4.6 Jy 4.4 Jy 18 Jy 5.6 Jy 46 Jy

Impacts at 43 GHz
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Proposal 2005 New Science Case

Accretion 
disks

Goal : Imaging accretion disks in plural nearby 
AGNs
Extra : Distribution of brightness and spectral 
indices, imaging a black-hole shadow

Goal : Image the ʻcoreʼ to verify accretion-disk 
models in more than 1 AGN (at 22 or 43 GHz)
Extra : Disks in plural AGNs, Distribution of 
brightness and spectral indices

Jets
Goal : Inner-jet structure, Velocity fields, 
Magnetic field structure in jet acceleration and 
collimation region
Extra : Magnetic fields in disks and jet-
launching region

Goal : Velocity fields in jets, Imaging γ-ray 
emitting region, magnetic fields in jets in some 
nearby AGNs
Extra : Those in ~10 - 20 AGNs, Motion of γ-
ray emitting components

Extragalactic 
masers

Goal : Imaging masers in galactic SFRs, 
proper motion and annual pallarax,, Imaging 
megamasers in 20 Mpc, LMC/SMC annual 
pallarax
Extra : H0 measurements in 4% accuracy

Goal : Sub-pc structure of megamasers, LMC/
SMC proper motion
Extra : LMC/SMC annual pallarax, Calibration 
of the distance ladder

YSO 
magneto-
spheres

Goal : Time-development of flares
Extra : Magnetic field structure in YSO flares

Goal : -
Extra : - Red：deleted

Blue：degrade
Green：New!
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