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ON QUASARS, DUST AND THE GALACTIC CENTRE

D. Lynden-Bell and M. §. Rees

2. Very long baseline interferometry may soon be possible with a broad enough
bandwidth to measure sources as weak as o5 f.u, to diameters of 1097, If 50, it may
be possible to determine the size of any central black hole that there may be in our
galaxy. However H 11 may render the central source opaque with a greater angular
size.

This suggests that discs which cannot radiate efficiently enough at
10%-10%"K will blow up into spheres,
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INTENSE SUB-ARCSECOND STRUCTURE IN THE GALACTIC CENTER
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ABSTRACT

The detection of strong radio emission in the direction of the inner 1-pc core of the galactic nucleus is reported.
The structure is bright (brightness temperature 3107 ° K), unresolved (¢ < 071), and distributed within a few
seconds of the brightest infrared and radio emission seen previously.

Subject headings: galactic nuclei — radio sources
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VLBI of Sgr A*: Scattering
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Kellerman et al. (1977), Lo et al. (1981 & 1985), Jauncey et al. (1989), van
Langevelde et al. (1992), Marcaide et al. (1992)



From first 7/mm VLBI

observations to the shadow
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(see also Backer et al. (1993))
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Krichbaum et al. (1993)
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Jet Model for Sgr A*:
wavelength-dependent size & low accretion rate
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We see that even at high frequencies the size of the jet is
smaller than current VLBI resolution. If we go even further,
i.e. to submm wavelengths, the size of the emitting region ap-
proaches the minimal size, which is the size of a Black Hole
of mass ~ 10° M. This scale then should correspond to the

Falcke, Mannheim, Biermann (1993)
see also Falcke & Markoff (2000)

= Black Hole Shadow
Falcke, Melia, Agol (2000)




Intrinsic Radio Size of Sgr A*

£ o
The higher the radio frequency - the closer to the black hole. 3 5
At 230 GHz the emission comes from the event horizon scale. Tom <@
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Radio Lags

measured with ALMA & VLA

Flux evolution at different frequencies
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frequencies, lead lower frequencies

delay is 30 — 90 min, size is ~1 light hour
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= relativistic outflow

Timelag profiles for constant-velocity inflows and outflows
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Brinkerink et al. (2015, A&A), see also Yusef-Zadeh et al. (2009)



Two-dimensional structure of

Sgr A*: fairly elongated %

e Accurate closure

amplitude
measurements of
2D-size of Sgr A*
with the VLBA.

Size at 43 GHz:
(35.4 =0.4) Rs X
(12.6x5.5) Rs

at PA (95%x4)°
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Intrinsic asymmetries in
Sgr A* (or scattering after all?) &)
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Closure phases at 1.3 mm

Event Horizon Telescope

allowed point source offsets
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VLBA+LMT+GBT: Shadow-
sized substructure @ A3mm V.

Radboud University Nijmegen
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Brinkerink et al. (2016, MNRAS, in press)
(see also Ortiz et al. 2016)

Reduced chi squared (model fit): 1.63
40 Reduced chi squared (zero model): 4.88 |
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Very Long.Baseline Intererometry at mm-waves (mmVLBI)

Create a virtual
radio telescope the
size of the earth,
using the shortest
wavelength.




Event Horizon Telescope

Event Horizon Telescope

Very Long Basellne Intererometry at mm-waves (mmVLBI)

_IRAM PdB ( .ﬂ?

Create a virtual
radio telescope the
size of the earth,
using the shortest
wavelength.
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Event Horizon Telescope

Very Long.Baseline Intererometry at mm-waves (mmVLBI)

IRAM PdB {,. S .
i

v Create a virtual
Veleta | e S— radio telescope the

size of the earth,

using the shortest

wavelength.
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Event Horizon Telescope

Very Long.BaselineiIntererometry at mm-waves (mmVLBI)

Create a V|rtual
radio telescope the
size of the earth,
using the shortest
wavelength.




VLBI with Africa mm-telescope? ’:
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A dedicated African cm and mm-VLBI telescope for EHT, EVN,

& SKA. investment cost: ~8 M€ + operations ...
e .,_;},J-- .

Earth seen from Sgr A*
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An African Dream: \
A future EHT Array for M87 .
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1.3 mm EHT with APEX

Arizona/California - Chile

very short baselines!

single-dish - pPCARMA

CARMA (L&R)
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Lu, Krichbaum et al., in prep.



South Pole — APEX fringes

Event Horizon Telescope

South Pole -
Chile
_-‘\_ National Science Foundation ’—‘

WHERE DISCOVERIES BEGIN

FUNDING AWARDS DISCOVERIES NEWS PUBLICATIONS STATISTICS ABOUT NSF FASTLANE

Errnal\@ F'rlnta Share+

Press Release 15-041

Planet-sized 'virtual telescope'
expands to the South Pole to
News \ observe black holes in detail

News From the Field
— NSF-supported South Pole Telescope incorporated as part
For the News Media of global network

Special Reports
Research Overviews |

NSF-Wide Investments

Speeches & Lectures

NSF Director's Newsletter

Multimedia Gallery

News Archive

Arctic & Antarctic

Astronomy & Space

Biology The South Pole Telescope.

Credit and Larger Version
Chemistry & Materials

Computing

April 21, 2015
Earth & Environment
B-roll of the South Pole Telescope is available from NSF's Dena

Education Headlee, dheadlee@nsf.gov / (703) 292-7739. Ied by Da N M arrone (A rIZ ona )

Engineering Astronomers building a globe-spanning virtual telescope capable
. of photographing the "event horizon" of the black hole at the

rantar af anre Millas WWass hawn avbandnad thair inckriimant Fa

Mathematics



LMT - JCMT fringes
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Future mmVLBI bandwidths

Event Horizon Telescope

16 GHZ:
2% 8 GHz SYASI3 VA
2X2x4 2 % 16 GHz

2X2X8

R. Tilanus



Road towards the EHT

e 1995 IRAM 1.3 mm experiment (PI Krichbaum)
e 2004 Green Bank Sgr A*@40 conference joint declaration

Event Horizon Telescope

— 2005 informal telecons towards mmVLBI consortium

e 2005 Haystack-led 1.3 mm three-station experiments (PI Doeleman),
EHT precursor

— ALMA phasing project (PI Doeleman)
e 2009 EHT named at AAS coffee break

- mm-VLBI of Sgr A* listed in US & EU decadal
— 2012 1st EHT meeting, Tucson & “mm-VLBI with ALMA”, ESO
- 2014 Waterloo EHT meeting, f2f negotiations

e 2013 & 2014 ERC BlackHoleCam, NSF MSIP grant,
& institutional grants at: ASIAA, MPIfR, NOAJ, ...

e 2015 EHT interim board formed, telco negotiations

e 2016 Consortium Agreement accepted, legal review
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Global EHT Investments

e Arizona: SMTO, South Pole VLBI equipment, receiver, theory

Event Horizon Telescope

e ASIAA: Greenland Telescope, Maser cost-sharing, SouthPole maser,
Alma phasing

e BlackHoleCam (Radboud, Frankfurt, Bonn): Phasing PdeB (NOEMA),
data pipelining (in CASA), monitoring & control, VLBI backend
hardware & disks, theory

e Harvard/SAO: SMA, NSF-MSIP management, VLBI equipment,
theory

o IRAM, LMT (INAOE), JCMT (EACOA), SPT (Chicago): telescope time.

e MPIfR: Apex, VLBI instrumentation for Pico Veleta and PdeBure,
VLBI correlation, Alma phasing

e MIT Haystack: Alma phasing, correlation, analysis software,
management

e NAOJ: ASTE experiment (2010), Alma phasing, software
e Perimeter: theory



EHT structure |

13 institutions EHT Stakeholders & board

A. Zensus (chair) . H?rva{fj/Bs;ége(n%iﬁ)

EHTC Board « MIT Haystack (USA)
« C. Lonsdale
Executive Group * Univ. Arizona (USA)
 B. Jannuzzi
* Univ. Chicago (USA)
« J. Carlstrom
* Perimeter (Canada)
« A. Broderick
Science Council Director « MPIFR Bonn (Germany)
10 scientists nhamed S. Doeleman - A. Zenus
- IRAM (D/F/E)
« K. Schuster
« Radboud Univ. (Netherlands)
« H. Falcke
* Univ. Frankfurt (Germany)
Project Scientist Project Manager « L. Rezzolla
- INAOE (Mexico)
 D. Hughes
« EACOA (East Aisa)
. . . .  P.Ho
Science Working Technical Working - NOAJ (Japan)
Groups Groups « M. Honma
« ASIAA (Taiwan)
Individual EHT membership still to be defined (and possible)! « M. Inoue




ALMA & VLBI

e GMVA operates as 3mm VLBI operator

e EHT operates as experiment and 1.3 mm VLBI
operator (trial)

— can support limited number of external proposals

e ALMA makes some fraction of time available for
VLBI at 1.3 and 3 mm

e NRAO receives proposals and distributes to EHT
and partner telescopes

— EHT provides technical and scientific assessment
— Proposals are reviewed by individual telescopes
o ALMA receives, reviews & ranks proposals
e EHT + ALMA jointly schedule successful proposals

e First session: April 5-14, 2017

Event Horizon Telescope




EHT Interim Board formed

Event Horizon Telescope
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The VLBI System

Last campaign: March 20-30, 2015

Event Horizon Telescope
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EHT Roadmap

Event Horizon Telescope

EHTC Project: 2016-03-22
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Scattering & Variability
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Broderick, Johnson et al. (2016)
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Scattering

4,
MiNne <
Radboud University Nijmegen

Unscatiered Source Kolmogorov Large Inner Scale SmallQuter Scale Ensemble Average

Unscattered Source Small Quter Scale Ensemble Average

Johnson & Gwinn (2015)
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Future: 350 GHz VLBI images
of 2D GRMHD L
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face-on orientation
“disk-only” model from Moscibrodzka et al. (2009)

model reconstructed VLBI Image

Falcke et al. (2011)



Future: 350 GHz VLBI images
of 2D GRMHD
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edge-on orientation

scatter-broadened model reconstructed Image

Falcke et al. (2011)



Source Variability

8 epodid}
Averaging

@ smoothing @

reduction

0 0.05

(mas)

-0.1-0.05

0.4 0.3 0.2 0.1 0 -0.1 0.2 0.3 0.4
(mas) Lu, Roelofs et al. (2016, APJ)



Fitting optimal shadow
model to get BH parameters 3.

MiNe<©
Radboud University Nijmegen
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Best Fit:
Spin: a = 0.10_,4%0:3
Inclination 6 = 60°9+£30
Orientation: &= 1560+150°

7 years of data
from 3 baselines 1,

Broderick et al. (2016)



Fitting optimal shadow
model ,

MiNe<©
Radboud University Nijmegen
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Models with jet emission d
give slightly different results V.

: MiNe €
Moscibrodzka et al. (2014
Radboud University Niimegen
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Needs library of models to understand systematic uncertainties

Take SED and other GC parameters into account (not just 1.3 mm image)

standardized data & science analysis pipeline(s) - ideally two or more
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Shadow Industry:

Different Spacetimes
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Deviations from GR
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Simulating and quantifying d
non-Einstein gravity ¢
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e New 3DGRMHD code BHAC (U. Frankfurt, Rezzolla)
e Adaptive mesh and arbitrary space times
e Example: Non-Einstein gravity with ,Dilaton parameter" b:

) 2b
ds2:—<5+2’;>dz2+(ﬁf—zﬂ)dpu(pusz)dm P—2 42y M=u+b

RNy

Schwarzschild, Einstein-Dilaton,

" Rezzolla & Zhidenko (2014) R b=0 b-0.1
metric expansion:

B*(r)
ds*> = —N?(r)df* + NZ—(r)drz + r2dQ?
yields high accuracy approximation
e.g. error of 1e-4 in gy with seven

expansion parameters
\ J

General axisymmetric spacetime also
available: Konoplya et al. (2016)

Time: 0.000000

Simulation credit: Yosuke Mizuno
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Multi.messengers: %
Stars, Pulsars, EHT
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e Uncertainties in
measurements of the
black-hole spin and
quadrupole moment
using orbits of stars
and pulsars are nearly
orthogonal to those
obtained from
measuring of the
black hole

e Tests validity of GR in S

0.0 0.2 0.4 0.6 0.8 1.0

strongly curved static Black Hole Spin
space time. Psaltis, Wex, Kramer (2016)

Black Hole Quadrupole Moment

Pulsars
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EHT and LIGO ,
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Conclusions AT
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o Future of EHT is bright
— Global consortium is forming

- More & bigger telescopes: ALMA, LMT, IRAM NOEMA, SPT,
GLT, Africa? (... but CARMA is gonee[1)

— More bandwidth: (0.1 GHz) 1 GHz > 16 GHz (32 GHz)

— Better analysis tools (CASA VLBI, imaging, de-blurring,
variability, polarization)

e Science analysis:

— Library of GRMHD simulations and images from different
codes & groups

- Independent analysis pipelines to cross-check results
- End-to-end detector/array simulations
- Multi-wavelength input needed to constrain fitting



