Imaging and Time Resolving Black Holes

Sheperd Doeleman (MIT & SAO)




Centaurus A: Optical
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Centaurus A: Radio




EHT Science Themes

e |s there an Event Horizon?
 Does GR hold near Black Holes?
 How do Black Holes grow and launch jets?



Strong GR: The Black Hole Shadow

Photographic plate
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Bardeen 1973 Shadow Diameter; | Non-spinning (a=0)
Luminet 1979 Dsh = sqrt(27) * Rsch

Spinning (a=1)
Dsh = 9/2 * Rsch

Shadow size and shape encodes GR (e.g., Johannsen & Psaltis 2010).




Theoretical Views

Noble &

Broderick & Loeb 2006 Gammie




Strong GR Effects: the ISCO

e [Innermost Stable Circular Orbit Size.
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SgrA>x< Best Case for a SMBH

e K, 16 June 2003, t, =4 h 47 min 46 s (UT)
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Sgr A* Spectrum
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Short Wavelength VLBI

1 million years)

Magnetic Tape

Resolution:

AD (cm) ~ 0.5 mas
AD (1.3mm) ~ 30 uas
AD (0.8mm) ~ 20 uas

ISM Scattering:

Oscat ~ A2

» | Shadow size (SgrA®*):

50 uas




SerA*: Event Horizon Structure Confirmed
Doeleman et al 2008
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Existence of an Event Horizon
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Broderick, Loeb & Narayan 2009

Lack of Horizon implies
additional radiative
signature.

Evidence of expected
blackbody not observed.
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MZ&7: BH Origins of a Relativistic Jet
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Strong GR Effects:
 Smaller than the expected ISCO: prograde disk.
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“ Ordered Fields?

Sheared Fields i in Keplerian Flow Magnetically-Arrested Disk

Narayan et al. (2003)

McKinney et al. (2012)




2013 EHT Data
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Ordered Fields at the Event Horizon
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etting the 13-yr old demographic

LONG AGO, FAR, FAR AWAY INTHE MILKY WAY GAL

AN ELECTRON SPINS AROUND A MAGNETIC
FIELD LINE. AS ALL GYRATING
ELECTRONS DO, IT EMITS LIGHT.

MAGNETIC FIELDS ARE CONCENTRATED BY
THE DISK OF GAS THAT ENCIRCLES AND
FEEDS THE BLACK. HOLE. THE DISK MOVES
FAST — ORBITING EVERY HOUR OR SO. AS IT
ROILS, 1T TWISTS THE MAGNETIC. FIELD LINES,
SO HOW ORDERED OR JUMBLED IS THE
FIELD? LIGHT CAN REVEAL THE ANSWER..

THE EVENT HOR\ZON TELESCOPE CATCHES
THE LIGHT AS 1T ARRIVES AT EARTH. BY
COMBINING RADIO DISHES PLACED
AROUND THE WORLYD, THE EHT HAS AS
MUCH MAGNIFYING POWER AS AN
EARTH-S\ZED TELESCOPE.

THE MAGNETIC FIELD LINE 1S JUST ONE
OF MANY, ALL SURROUNDING SGR A¥, THE
MONSTER. BLACK. HOLE ATTHE MILIY

WAY'S (ENTER. UNTILNOW, EARTHLINGS
RAVENT BEEN ABLE TOSEE WHETHER THE
MAGNETIC FIELD 15 ORDERED 0R JUMBLED—
OR SOMEWHERE IN BETWEEN.

THE MAGNETIC FIELD IMPRINTS ITS
SHAPE. ON THE LIGHT FROM THE SPINNING
ELECTRONS, THE MORE PARALLEL THE FIELD
LINES, THE MORE THE LIGHT WAVES WIGGLE
WITH THE SAME ORIENTATION —THEY ' RE
POLARIZED. WITH THAT SIGNATURE, THE
LIGHT SHINES OUT IN ALL DIRECTIONS.
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USING ITS GLOBAL SET OF DISHES, THE
EHT HAS MADE THE RIGHEST- RESOLVTION
MEASUREMENTS OF SGR A% YET, AT LAST
GUIMPSING FIELDS NEARTHE EVENT HORIZON.
1T SEES TAAT THE FIELDS HAVE ANEAT,
ORDERED STRUCTURE, BUT THAT THEY ALSO
HAVE A TANGLED, TURBULENT COMRONENT.
“THEY'RE BOTH ORDERED AND JUMBLED.




EHT Specifications: The Next 2-3 Years

* Increase stations from 3 to &: baseline number
grows from 3 to 28 (n*(n-1)/2).

» Bandwidth increase from 1 GHz to 16 GHz.
» Collecting area increase by x10.

* Impact:
— Sensitivity increase by x40: Long baselines.

— Full closure phase information: modeling/imaging.

— Full polarization information: magnetic fields.
— Time domain: time resolving BH/jet dynamics.

* Hardware build-out supported through MSIP.
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SgrA*’s view of the EHT

Greenland




EHT Expansion: 2014/15

1.3mm VLBI Detections:

gy kﬁ\
Large Millimeter Telescope &

APEX Telescope
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IRAM 30m
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Phasing ALMA

* Increase resolution by x2, sensitivity by x10.
e Maser, recorders, correlator hardware, fiber.
e Complete - now commissioning.
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ALMA Phasing System observation from August 2015:

- Band 3

- 25 phased antennas

- Baselines <1.4 km

- dual polarization (XX, YY)
- 4 X 1.875 GHz bands

- Phasing efficiency” ~99%

-—
)]
)]
)]
1
=)}
]
©
~—
)]
]
©
=
Q.

mean ¢, ~ 9 degrees

-150

5 minutes

\ 4

-200 - l T T T T [<l T T T I T T T T I T T T T I T T T T I T T T ? I T T T T I
14:20:50 14:21:40 14:22:30 14:23:20 14:24:10 14:25:00 14:25:50 14:26:40

Time (from 2015/08/27) (s)




Next Gen VLBI Technology: Keeping up with Moore
Roach Digital Backend (RDBE2)

MarkéC’
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Expand from 16 Gb/s to 64Gb/s.
Data per session: ~7 PetaBytes.




Imaging:
Optical Interferometry & De-blurring

e r

Fish et al, ApJ, v.795, p.134, 2014.
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Time Resolving BH Orbits

Normal accretion flow Orbiting hotspot

I
LMT—ALMA—SMT

64 Gbit s}

ALMA—-Hawaii—SMT




Closure phases as probes of
Turbulence

Hotaka Shiokawa
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Polarimetric Imaging
Maximum Entropy Approaches
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Chael et al, submitted to ApJ.
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Perturbing the Kerr Metric: Quasi-Kerr
Q’=-a’/M? + ¢
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Location of the ISCO Lightbending

Johannsen & Psaltis: (2010), (2011) =




Tests of GR

Broderick, Johannsen, Loeb &
Psaltis, Apd, v784, 7B, 2014



EHT Roadmap

) EHTC Project: 2015-11-15
Telescopes VLBI equip. Observations

sma o 7]  (ArmayOperations |/~ Data Analysis =i Theory & Science \

— Dual-pol 2 GHz
1x BDC

RX upgrade JCMT/ 2% R2DBE (16 Gbps) I Setup & Verfication Protocols I Image Reconstruction I Science Requirements I
Algorithms

2x Mark6
Remote Monitor & Control ;
RX & crvo 8x Module v ) - ) Structure and Dynamics of B
ry —> SMT — 1x Synth 2015 VLBI equipment I Geometric modeling Accretion

upgrade
1x NoiseCal

v Meta-data acquisition
2SB Dual-pol Rx LMT —

/ Weather data & forecasting

PV30Om — e Slope Eqlzrs Dual-pol 4 GHz Enhanced scheduling

* BDC upgrd. (32 Gbps)
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I Feature ExtraEauy I Probes of Strong Field GR I

I Time Domain Analysis

I Simulation Infrastructure I

I Scattering Mitigation
Relativistic Jets: Generation
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Standardize logistics

-n( Data Pracessing\ / Education & \

Data Pipeline / CASA: Fringe Outreach
Finding, AIPS/HOPS func.

VLBI

Expand Correlators

Beamformed > NOEMA = 64 Gbps Dual-sideband Efficient Mark6 Playback
VLBI * Reconfig
2x Mark6 Dual-pol 4 GHz

16x Module (64 Gbps)

Repository of Presentation
materials

I Coherent & Incoh. routines

Zoom-band improvements

Calibration: protocol,
amplitudes

Modifications for dual-pol. I Web Presence

, 2018 Frequency Averaging across I Polarization techniques I Conference & meeting
GLT bands representation

I Data Generation & Formats I

New site
development LLAMA Inter-correlator comparisons I
planning 2019 Quiality Assurance & Error

Anal
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OVRO
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The EHT Vitals

Careful staging of precursor science.
Matched by advanced technical development

Impact across radio astronomy:
— VLBA upgrade uses EHT recorders and backends.
— Phasing system for ALMA from EHT program.
— New SMA correlator/phasing system.
— ALMA Dev program for next gen ALMA correlator.

High degree of leverage: > $1.5B in telescopes.
EHT Collaboration in advanced organization.

EHT on-track for full (ALMA) observations in
2017. 2




The Future

Series of observations and enhancements over
the next 3-5 years.

More BW: 256 Gb/s

ALMA Dev innovation: SMA as testbed
Next Gen VLBI instrumentation

Move to 345GHz

University based mmVLBI array for community
— Broad Science Case (Fish et al 2014)
— Specialized data reduction, instrumentation dev.
— Student/Postdoc training: black belt interferometry.

Interdisciplinary black hole studies. 53
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Interstellar:
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