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2004PThPS.155..186M Miyoshi et al
2004ApJ...611..996T Takahashi et al
2005MNRAS.363..353B Broderick et al
2006ApJ...636L..109B

2006ApJ...638L..21B

2006 MNRAS.367..905B
200/MNRAS.379..833H Huang et al
2007Publ. Natl Astron 10.15-23 Miyoshi et al

Progress of Theoretical Physics Supplement No. 155, 2004

Direct Imaging of the Massive Black Hole, SgrA*

and Shinji HorivcHr?

Makoto M1yosHLY*) Jose K. ISHITSUKA,! Seiji KAMENO,! Zhi-Qiang SHEN?
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Figure 2. Simulated images of the RIAF of Sgr A* with ©® = (0° and i = 7 /2, 7/4, 0 (from top to bottom) at wavelengths of 1.3 mm (left two columns of
panels) and 3.5 mm (right two columns of panels). For each of the two columns at two wavelengths, right-hand one is obtained by convolving the lefi-hand

one (GR ray-tracing result) with the interstellar scattering. In each panel, the intensity is normalized to itself to show detailed structure. The units in the X- and

u 1a

Y-axes are gravitational radius ry, whichis 6 x 10" cm or 5 pas for Sgr A* with 4 108 M mass at 8 kpc distance.

Huang et al 2007



Hot spot model
vial—i3y

Figure 10. Comparison of the orbit-averaged, disc-subtracted images of a spol for two radio frequencies (at which opacity is important) and in the infrared (a B roderlck et al 2006
which the disc is transparent). For reference, the photon-capture cross-section for a Schwarzschild black hole is shown by the dashed white line.




150 GHz 340 GHz

R

around a nonrotating (bottom). moderately rotating (middle), and maximally rotating (fop) black hole at 150 GHz (Igff)
GHz (right) viewed at an angle of 45° relative to the spin axis. Polarization tick marks are overlaid, the lengths of which are indicats
v (not polarization fraction). The bar in the upper right-hand comer indicates the scale 2M (~10 pas). For reference, the photon-
capture radius of a nonrotating black hole is delineated by the dashed white circle. The intensity scale (red being bright and blue being faint) is linear, normalized -
separately for each image, and the vertical axis is aligned with the black hole spin. The increasing asymmetry in the images is primarily due to the special B rOderICk et al 2006
ant at the ISCO for a rapidly rotating black hole. The dim region near the center of the 150 GHz images is due

relativistic effects, which become more =i
The high-frequency emission, arising from closest to the black hole, 15 significantly

to the funnel region of the thick disk. not due to the black hole “shadow.
offset between a = 0 and @ = 0.998.
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Lo et al. 1985 elongated structure, size<20AU@3.6cm
Jauncey et al. 1989 64m parks and Tidbinbilla @8.4GHz

Marcaid et al. 1992

Lo et al 1993

Krichbaum et al. 1993 First 43 GHz VLBI detection, VLBA 4 antenna
Alberdi et al. 1993 First 22 GHz VLBI image, VLBA 5 antena + phase VLA
Rogers et al 1994 3mm observation, Incoherent fringe search
Bower et al 1998 43 GHz , Full VLBA observations

Lo et al 1998 Intrinsic size of Sgr A*, 72Rsc

Krichbaum et al 1998 86, 215 GHz obs, fringe detect ,110=+60uas
Doeleman et al 2001 86 GHz obs, Closure Quantities

Bower et al 2004(science) Closure amplitude
Shen et al 2005(nature) 86 GHz detection, 512Mbps obs , lau size
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5,8,15,32,and 43 GHz TA/=SQrA* DZ0MFDAESE
http://lwww.astro.ru.nl/~falcke/bh/sld10.html

BETSXTICEZEREELIZELY

EVEARBTEELNETD, R
SRR &)L 2TH<

A7 mm

A 14 mm

A 20mm

A 36 mm

@(( A 60mm

Figure 3. VLBA images of Sgr A* at wavelengths 8.0, 3.6, 2.0, 1.35
o and 7 mm made with DIFMAP, These imaget are smoothed to a
circular beam of FWHM = 2.62 AL} mas as shown on the laft-bottom
coroer om each image. At 7 mm, FWHM beam = 1.5 mas ~ mean
synthesls beam siee; and at 6 con FWHM beam = 38 mas that is close
to the mean seattering sive at this wavelength. The contours are 2 mJy

h“'lx ["‘2| i| lI’I ar 16'| 32l ﬁ4-| 12&! 258]*
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Shen et al 2005(Nature)



Sgr A* VLBIf&RH D A

e Loetal 1985 elongated structure, size<20AU@3.6cm

e Jauncey et al. 1989 64m parks and Tidbinbilla @8.4GHz

e Marcaid et al. 1992

e Loetal 1993

o Krichbaum et al. 1993 First 43GHz VLBI detection, VLBA 4 antenna

e Alberdietal. 1993 First 22GHz VLBI image, VLBA 5 antena + phase VLA
 Rogersetal 1994 3mm observation, Incoherent fringe search
 Boweretal 1998 43GHz , Full VLBA observations

e Loetal 1998 Intrinsic size of Sgr A*, 72Rsc

e Krichbaum et al 1998 86, 215 GHz obs, fringe detect ,110=+60uas
 Doeleman et al 2001 86GHz obs, Closure Quantities

 Bower et al 2004(science) Closure amplitude
e Shen et al 2005(nature) 86 GHz detection, 512Mbps obs , lau size

Doeleman et al 2008(nature) 230GHz detection. 4 Gbps recording
(2008F9H4H). (URSI 2008F8H13H)



Event horizon-scale structure in the super-massive black hole
Candidate at the Galactic Centre

Doeleman et al. 2008

Table 1| VLBI detections of Sgr A* on the ARO/SMT-JCMT baseline at 1.3 mm wawvelength

Date (uT) Correlated flux density Cly) SME Fesidual delay (ns)

Residual delay rate (pss ') Projected baseline length (10°

i)

0 April 2007 1220 03 ;o SONR=5 77

11 April 2007 11:00 0.37 7.2

11 April 2007 11:4¢ 034 5.4

0.29 3,568

25 3443
j - 3500Kkm:s::
0.

3,556

ra

Correlated flux density (Jy)
FWHM size (mas)

-

. -
| | | et |
| 1 | 1 1 | 1 | | 1 1" | 1 | 1 |

Source-dominated

Scattering-dominated

0 1,000 2,000 3,000
Baseline (10%))

- 37u=(16,10) Intrinsic diameter of Sgr A* (obs 43u)
- Non detection on the JICMT-CARMA (3075km)

1
Wavelength (cmj




Doeleman et alD#EE

e Intrinsic diameter of Sgr A*: 37u= (16,10) - FE7=3c(obs 43 1)
 Implies that Sgr A* Is offset from SMBH
« 1.3 mm VLBI confirms 4 Rsch diameter for Sgr A*

B 5T Im D B AT AR

* 4 Gbit/s recording (2Gbit x 2)
LML SNR=5 (109F& %) 3500km— =575 5 [L i i &5 R 22
- Incoherent Fringe Search (Triple Product or Bispectrum)
(Rogers 1995, TMS 329p)

URSI 2008
- Mark5C upgrade by early 2009: x4 in sensitivity over current VLBA sustainable rate
- Move to 345GHz and dual polarization
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Mon. Not. . Astron. Soc. 367, 905916 (2006) doi: 101111 1365-2966.2006.10152.x

Imaging optically-thin hotspots near the black hole horizon of Sgr A*
at radio and near-infrared wavelengths

Avery E. Broderick®* and Abraham Loeb*

Institete for Theory and Computation, Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, M8 31, Cambridge, MA 02138, USA

-
[

Accepted 2003 December 19, Reczived 2005 December 17; in original form 2005 September 8

imaging. Within the next decade, it is expected that a Very Long
Baseline Array (VLBA) of submillimetre telescopes will exist, pro-
viding 20-11as resalution imaging capabilities (Doeleman & Bower
2004; Miyoshi et al. 2004)) Thus, theoretical efforts to compute the
images of realisfic accretion flows are warranted. In Broderick &

It is expected that a VLBI of submm telescopes will exist,
Providing 20-puas resolution imaging capabilities

(Doeleman 2004, Miyoshi et al 2004). Thus, theoretical
Efforts to compute the images of realistic accretion flows are

warranted.
Broderick et al 2006




ERHTIEVLBICS M TESH ?
(FF=RARER)

- IHFE(ZIZS O—/NLY TSI RVIBHZISMT AENSREBERD
ASTE, ACAIZ&AEMIFESH () FEY O—/\JLVLBI, J-NET)
JOzHOMDELLIZIZESIELND TIE?

- EBEEYT5—(8 Gsps). 8 GbhpsLa—4H | KFRA—H—
ESREA—HIL, VINEE. SAEMmME.

B 3

- BARARATY 7D AT (VEDA). fZHT 3% SMI (Miyoshi et al 2008)

- ASTET1Om

- ACA (Phased array)

FEHLOEBIEIINEFRHIDTLS, (FAYALSNNBERDH)
EZHEMNESIM?
—Z|Z=FED !



EDED?
Visibility amp

HTEE T
SNRA] E

F1) E#RIEN

[Z&Bnull=

R (RERR
UXHRHIZ

2

Amplitude (Jy)

=
=
o=
=
™
C
0
-
.
=
=
0
£
o
o
=
o
Q

k.

uv distance (GA)

| | Fiz. 4— Plot of expected visthility amplitude as a function of baseline length for two frames
2 000 3.0 of Model B230. Symbols show the noiseless visibility amplitudes that would be obtined if the
’ ' ' source struchire were frozen near minimwam (black) and maimum (color) fux in the hot spet
Baseline (1 ﬂﬁl} arbit. At maimum fux, peints are color-coded and labelled by baseline as in Fizure 3. Visthility
amplitude falls off rapsdly with baseline length, and the fractonal vanability on long baselines can
be significantly different than that seen at zero spacinz.

Doeleman et al. 2008
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230GHz Closure phase (Hot Spot model) ' 'S" €tal- 2008

Hawaii—SMTO—CARMA 4Gbit/s Heweii-CARMA—Chilel 4Ghit/s Hawaii—CAT.MA-Chileld '8Gkit/s PY—PdB—Chileld 18Gbit/s
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ASTE+16(3bps ACA+16Gbps

Figure 1: Simulated data at 230 GHz (points), with noiseless models in red. Models are denoted by black hole spin (a =

0 or 0.9 times maximal), inclination of spin axis to line of sight, and projected major axis orientation. The hotspot
orbits at the innermost stable circular orbit for a = 0 and a comparable radius at a = 0.9. Two hours of data,
corresponding to 4.5 periods, are shown. The second and third columns illustrate why Chile-10 may be important.



345GHz Closure Phase (Hot Spot model) Doeleman et al. 2008
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230 GHz Closure Amplitude (Hot Spot model) Doeleman et al. 2008
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