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Supermassive black holes (and jets) are everywhere
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M87 & M87*

Mgy = (6.5 +0.7) x.10° Mg
D = (16.8 & 0.8)Mpc
R, =2GM/c* ~ 64 AU

0.01 pc ~ 0.1mas 3.5 mm
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What does black hole accretion and jet launching look
Ik h . I > Image Credits: HST(Optical), NRAO (VLA),
Ike at event horizon scales: Craig Walker (7mm VLBA), Kazuhiro Hada (VLBA+GBT 3mm), EHT (1.3 mm)




The Black Hole Shadow
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 The shadow boundary separates of rays that end on the event horizon with those that escape to infinity

Image credit: Keiichi Asada (left), Narayan+ 2019, Chael+ 2021



The Event Horizon Telescope
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M87 & M87*

Mgy = (6.5 +0.7) x.10° Mg
D = (16.8 & 0.8)Mpc

R, = 2GM/¢* ~ 64uMl
dshadow ~ 40/”*‘&8 |

1200 pc

50 pas

~ 800 AU

0.01 pc ~ 0.1mas 3.5 mm

Image Credits: HST(Optical), NRAO (VLA),
Craig Walker (7mm VLBA), Kazuhiro Hada (VLBA+GBT 3mm), EHT (1.3 mm)



Sgr A * JVLA, 6 cm
Mgy = (4.10 4+ 0.03) x 10°M
D= (8.12+0.03)kpc &
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At the heart of M87...

What we know:

* Supermassive black hole with mass M ~ 6 x 10° Mg
* Hot (7 > 10'°K), sub-Eddington accretion flow emitting
synchrotron radiation

* Launches a powerful relativistic jet ( Py > 10*? erg s™7)

Questions | think about:
* |sthejet launched by extracting BH spin energy?

 Whatis the strength and geometry of the magnetic field?
 How can we perform precise tests of gravity?

 What will we see with upgraded EHT observations?

Simulated

Blackburn+ 2019, Chael+ 2019



My Research
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Simulations

Using physics to predict and
interpret near-horizon images

ﬁ

What tests are How can we use
possible given the images to test black
limitations of EHT hole & accretion
data? physics?

Imaging
Using EHT data to map near-

horizon emission in space, time,
polarization, and energy
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This talk:

Focused on M87%, not Sgr A* (but ask me questions!)
Outline:
1. How do we make resolved images of supermassive black holes?

2. What have we learned from near-horizon images?
3. What could we see next?



This talk:

Focused on M87%, not Sgr A* (but ask me questions!)

Takeaways:

1. Near-horizon imaging required new algorithms
 These techniques have wide applicability in interferometry
2. Polarization is the key for near-horizon astrophysics
 Polarized images of M87* show its accretion is magnetically arrested
3. We are just getting started in what we can learn from resolved black hole images

* Future EHT observations will reveal the jet base and inner shadow



The Event Horizon Telescope: People

300+ members
60 institutes

20 countries

from Europe, Asia, Africa,
North and South America.

Image credit: E. Traianou, MPIfR



Part I:
How do we make resolved images of supermassive black holes?

Chael+ 2016, 2018a, 2023
EHTC+ 2019 Paper IV, 2022 Paper VIl (Chael, paper coordinator)
arXiv: 1605.06156, 1803.07088, 2210.12226, 1906.11241, 2105.01169
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The EHT data path

Raw signals
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Image credit: Lindy Blackburn



Very Long Baseline Interferometry (VLBI)
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EHT coverage is sparse: inversion of image from the data is highly unconstrained

movie credit: Katie Bouman



Very Long Baseline Interferometry (VLBI)
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EHT coverage is sparse: inversion of image from the data is highly unconstrained

movie credit: Daniel Palumbo



Challenges of near-horizon imaging

Right circular polarization

Left circular polarization

Phase offsets from the atmosphere

Amplitude gain offsets from sensitivity mis-calibration



Traditional Approach: CLEAN

Data “Dirty” Image
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True Image

Reconstruction

Regularized Maximum Likelihood

Forward
Model

3

\_l Regularizer

Model complex gains and leakage directly
OR
Use robust “closure” data directly as y




The eht-imaging software library

* Large python toolkit for analyzing, _ .
plotting, simulating, and imaging achael/eht-imaging (
|nterfer0metr|c data Imaging, analysis, and simulation software for radio ;

interferometry

* Flexible framework for developing tools:
« polarimetric imaging, dynamical BB e L TN T
imaging, multi-frequency imaging,
geometric modeling

* Uses:
* Al EHT imaging results to date
e EHT calibration software
* Forecasting from simulations
* Imaging & analysis from VLBA,
GMVA, ALMA....

https://github.com/achael/eht-imaging
pip install ehtim Chael+ 2016, 2018a, 2023



https://github.com/achael/eht-imaging

New imaging techniques have wide applicability!
HL Tau with ALMA

Original CLEAN image With eht-imaging

@®

500 mas

Chael+ 2018a
Data & CLEAN image: ALMA Partnership+ 2015



New imaging techniques have wide applicability!
3C279 with RadioAstron

Total Intensity (Jy/pixel) Total Intensity (Jy/pixel)”0.50
0.004 0.008 0.012 0.125 0.250 0.375

[

Ground Array @ 22 GHz w/ RadioAstron @ 22 GHz

e At22GHz (1.3 cm)

observed in 2014
o Space baselines to 20 en
RadioAstron supported
by a ground array of 23
antennas

e Reconstruction with
eht-imaging.

Antonio Fuentes

Fuentes et al, submitted https://www.researchsquare.com/article/rs-1449452/v1l



https://www.researchsquare.com/article/rs-1449452/v1

Polarimetric images of M87*

Total intensity Linear Polarization
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o Polarization is concentrated in the southwest
o Polarization angle structure is predominantly helical
e Overall level of polarization is somewhat weak, ~15 %

EHTC+ 2021 Papers VIl & VIII (Chael, paper coordinator/writing team)



Validation is essential: use multiple methods
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Part Il:
What have we learned from near-horizon images?

EHTC+ 2021, Paper VIl & VIl (Chael, paper coordinator)
arXiv:2105.01169, 2105.01173



EHTC Polarization team (Paper VII-VIII)

_ Sara Issaoun Jongho Park Maciek Wielgus Angelo Ricarte
coordinators

Monika Moscibrodzka  Ivan Marti-Vidal

John Wardle

Jason Dexter

Avery Broderick Ben Prather Charles Gammle George Wong

E g ; ﬂ

EHTC+ 2021 Papers VII & VIII (Chael, paper coordinator)
ArXiv: 2105.01169, 2105.01173




Theoretical Tools for Interpreting Black Hole Images

-60 -40
Magnetic Field Strength

GRMHD Simulations GR Radiative Transfer
Solves coupled equations of plasma dynamics and Tracks |i8ht ray; and §o|ves for the polarized
magnetic field in Kerr spacetime radiation (including Faraday effects)

Movie Credits: Chael+ 2019, Ben Prather (right)



Interpreting Images with GRMHD Simulations

* General Relativistic MagnetoHydroDynamic
, Rodtion Fouer _ Densiy simulations solve the coupled equations of

3 | plasma and magnetic fields in the Kerr
spacetime

 GRMHD simulations are the primary
theoretical tool for interpreting EHT images.

* GRMHD simulations naturally couple the
accretion disk, black hole, and jet
* Jet launching in simulations is universal
and driven by BH spin

-60 -40
Magnetic Field Strength

Movie Credit: Chael+ 2019



Magnetic field structure in sub-Eddington accretion

Two accretion states that depend on the accumulated magnetic flux on horizon

204
Magnetic fields are
weak and turbulent
Angular Momentum <& |
transport is local (MRI)

0 5 10 15 20

4"/"(1

S0

“Standard and Normal”

Note: ‘strong’ fields = ~10 G at the horizon for M87

Blandford-Znajek (1977): Py o (I)QBCLZ
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magnetic flux
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Strong, coherent
magnetic fields build up
on the horizon

Angular momentum
transport is global
(winds)

e.g. Narayan+2003, Tchekhovskoy+2011, Narayan+ 2012

Image credit: Riordan+ 2017



Scoring GRMHD Simulations: before polarization

 Most simulation models can be made to fit total intensity observations alone by
tweaking free parameters (BH mass, position angle)

GRMHD models
SANE, a, = -0.94, Ry = 80 SANE, a, = 0, Ry = 10 MAD, a, = 0.94, Ryn = 10

 Can we do better with polarization?

EHTC+ 2019, Paper V



Synchrotron polarization traces magnetic fields

Magnetic field
geometry in the
emission region!

Polarization direction

50 pas

Synchrotron radiation is emitted with polarization
perpendicular to the magnetic field line

EHTC+ 2021 Papers VIl & VIII (Chael, paper coordinator/writing team)
Movie Credit: lvan Marti-Vidal



Synchrotron polarization traces magnetic fields

50 pas

Light bending and Faraday effects make the
situation in M87* more complicated!

EHTC+ 2021 Papers VIl & VIII (Chael, paper coordinator/writing team)
Movie Credit: lvan Marti-Vidal



Faraday rotation matters!

* Light propagation in a plasma rotates the plane of polarization

Bi\

B

) -
X e /
>
~
- \
P
' s
-
-
-
-
4
-
4
> -
4
-
-
-
\ -
-
-
-
-
-
-
Z ~
- \ "
-

* ‘Internal’ vs ‘External’ Faraday rotation:

* External = rotation is far from the source, polarization rotated by same angle everywhere
* Internal = rotation is inside emitting source, image regions rotated by different amounts

Image credit: Wikipedia



(Internal) Faraday rotation matters!

‘infinite’ resolution

Without Faraday rotation
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(Internal) Faraday rotation matters!

Without Faraday rotation

at EHT resolution
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* Significant Faraday rotation on small scales
— scrambles polarization directions
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- depolarizes and rotates the image when blurred to EHT resolution
This means the emitting plasma is not (completely) made of pairs!

EHTC+ 2021 Paper VIII (Chael, paper coordinator)



GRMHD Simulation library
2 field states, 5 BH spins, 72k images

“infinite” resolution EHT resolution

Light-bending and Faraday effects are built in (1pole code, MosScibrodzka et al. 2016)

EHTC+ 2021 Paper VIII (Chael, paper coordinator)
Animation Credit: Ben Prather



Scoring a polarized image

* We compare EHT images to GRMHD images

using several summary statistics 2500 b b bRt
| EHT range -
0N B MAD Prfgrade ]
* These metrics include the total and average %o 2000 A proge |
polarization fraction £ - PP Retoede] 3
— 1000 .
S - . .
* The most constraining metric is the 2" Fourier g 1000E ‘ ]
coefficient characterizing the azimuthal % - i ]
structure: Z 500Ex ]
| Pmax 2T E E
BZ — f /P(p’ (,D) 6_27;@ pd(pdp v b o by b v b gy |
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Palumbo+ 2020
EHTC+ 2021 Paper VIII (Chael, paper coordinator)



Polarimetric simulation scoring

* Scoring with multiple approaches all strongly Weak-field Magnetically arrested
favor a magnetically arrested accretion flow C35 o R -1 1 B
C§ 30 Il [low = 10
" : : : 2251
* Implications for accretion and jet launching: 7 o0l
* Narrows M87*’s allowed accretion rate by 2 z
orders of magnitude: ° Lor
2 10r
M ~ (3 —20) x 107*M, yr~! = 5-
: .
(Mg = 137M; yr™") S
SO O O :
VA
* Strong fields more easily launch jets at " @@" s !
N N

lower values of BH spin

EHTC+ 2021 Paper VIII (Chael, paper coordinator)



Electron Heating and Cooling

ion-to-electron temperature ratio

Postprocessing Rad. Simulation

01

-10

Simulations with radiation & heating can produce
very different emission profiles than are found in
postprocessing techniques!

M87* and Sgr A* have two-temperature plasmas
Te # Tj

EHT analysis fixes 1. locally in postprocessing:
* Major uncertainty in EHT analysis
* Most GRMHD simulations
don’t produce bright jets!

Radiative, Two-Temperature GRMHD includes
heating and cooling self-consistently:
e Sub-grid plasma heating model still uncertain

Ressler+ 2015, 2017, Sadowski+ 2017, Ryan+ 2018, Chael+ 2018, 2019, 2023 (in prep),
Dexter+ 2020,2021, Mizuno+ 2021



Very Soon: Circular Polarization

Linear polarization (simulation) Circular polarization (simulation)
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e Circular polarization in models can better constrain plasma properties, including particle composition
e Stay tuned!

EHTC Paper IX in prep (Chael, coordinator)



Part [l
What will we see in next-generation images?

Chael+2019, 2021, 2023
arXiv: 1810.01983, 2106.00683, 2210.12226



M87 Jets from two-temperature Simulations

Jets from magnetically arrested
two-temperature simulations
naturally produce:

* jet power in measured range
* observed wide opening angle
* observed core-shift

The observed limb-brightening is
hard to reproduce
 Nonthermal distributions?

Chael+ 2019



The black hole-jet connection at 230 GHz

Linear Scale Log Scale

0.0 yr
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Chael+ 2019



2017 EHT observations

Fourier plane coverage
lel0

230 GHz

1.I0 0.I5 O.IO —6,5 —1I,0
u lelO

Adding 345 GHz will increase resolution
Increased (u,v) filling from new sites in ngEHT will enhance dynamic range

EHTC+ Paper 11, 2019



The next-generation EHT (ngEHT)

Fourier plane coverage

lel0
OVROG##PIKES 1.0 1 ﬁﬁm""" . gig gg;
BAJA%%:%QS.’LA
KRXSMT . O o W ;
LMT s el \ 051 G
$ N 0.0 ( . ‘ 1
FALMA
—0.51
1.I0 O.I5 O.IO —Clr.5 —1I.0
u lel0
Adding 345 GHz will increase resolution
Increased (u,v) filling from new sites in ngEHT will enhance dynamic range
2017: Observations at 6 distinct sites N
2018: Observations at 7 sites (+ GLT) Nobs = ( Szltes) o N2,
2021-2022: Observations at 9 sites (+ Kitt Peak & NOEMA)

EHT Ground Astro2020 APC White Paper
(Blackburn+ 2019; arXiv:1909.01411)



NgEHT: a high dynamic range black hole imager

L

Simulated EHT2017

* Increased (u,v) filling from new telescope sites in ngEHT will enhance image dynamic range
* High dynamic range images will illuminate the BH-jet connection
* High dynamic range images may also reveal the ‘inner shadow’

Figure: Blackburn+ 2019
Simulation & Imaging: Chael+ 2019




Multifrequency near-horizon imaging with the ngeHT

Spectral Index Reconstruction

simulation ngEHT image

YR6—230

Multi-frequency ngEHT images can
probe the electron temperature and
distribution function in the disk, jet,

and interface

— 1.0

Q¥230—345

=0 Chael+ 2023

Using eht-imaging software: https://github.com/achael/eht-imaging Simulation: Mizuno+ 2021



High-dynamic-range near the horizon:
the inner shadow
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Chael+ 2021, arXiv 2106.00683



Inner shadow in magnetically arrested simulation images

Relative Dec (pas)

EHT Resolution Snapshot, Linear Scale Snapshot, Gamma Scale
| | |

Inner Shaddw

Spin Direction
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|
30 20 10 0 -10 -20 -30
Relative RA (pas)

 The inner shadow is lensed image of the equatorial event horizon
e Redshift means the edge of the inner shadow in real images only asymptotically approaches the horizon

* the correspondence becomes better at higher dynamic range
Chael+ 2021



observer

Spacetime

Black hole image substructure:
photon rings and the inner shadow

Gray — never cross the equatorial plane, ey

form the ‘inner shadow’
Blue — cross once (direct image)
Green — cross twice (1st photon ring)

— cross 3x (2" photon ring)
Red — cross 4x (3rd photon ring) 0

—5M =

—10M
—10M —oM 0 oM 10M

Image plane

Chael+ 2021, Levis+ 2022
Plots from my code kgeo: https://github.com/achael/kgeo



https://github.com/achael/kgeo
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a = 0.99
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Inner shadow images provide another probe of spacetime

a=0.5

sPin a=0
The inner shadow changes in
shape and size with spin and

0 deg

inclination

1

If observable, it would provide a
second set of constraints on the
metric from the photon ring /
“outer” shadow

30 deg

i

Inner shadow

Chael+ 2021

‘outer’ shadow




Inner shadow images provide another probe of spacetime
1.0f
0.8}
Toy example of determining
0.67 mass and spin with inner shadow
.. (blue) and photon ring (red)
spin- s | radius measurements for M87*
Oy / (bands represent measurement
| “ = T Inner shadot uncertainties of 0.1, 0.5, 1 uas)
@ Te Photon ring
02 “ 1 | True Value 1
| |
ol |

2.5 3.0 3.5 4.0 4.5 5.0
M/D (uas) mass
With two curves in the image (the inner shadow and photon ring), we can measure
relative sizes (and positions), removing degenercies in estimating mass & spin

Chael+ 2021



NgEHT should detect the inner shadow

* New fast, GPU-
accelerated Bayesian
imaging code comrade

( Pa U I Ti ed e, CfA) Photon Ring ‘ La

Simulated Image of M87* EHT Image of M87* ngEHT Image

4 \ /I \\ / >
/ \ N =
' Inner '/ Y .’/ \ 109-5
1 \ '

* Imaging algorithms can | Shadow |
detect the inner shadow
in ngEHT data — analytic
modeling may constrain
its shape more precisely

109

Brightness Temperature (K)

1085

https://github.com/ptiede/Comrade.|l Image credit: Paul Tiede



https://github.com/ptiede/Comrade.jl

Conclusion:
The future of black hole imaging is bright



Takeaways...

1. Near-horizon imaging required advances in algorithms and validation
 New techniques have wide applicability to interferometry
2. Polarization is the key for near-horizon astrophysics
* Polarized images strongly constrain the field structure at M87*’s jet base -
-> the accretion disk is magnetically arrested
3. We are just getting started in what we can learn from black hole images
* Interpreting images of the black hole-jet connection will require radiative
simulations that correctly light up the jet
 The ngEHT should see the black hole’s inner shadow, significantly
strengthening EHT spacetime measurements

EHTC+ 2021 Paper VII, Chael+2019,2021



Takeaways...

1. Near-horizon imaging required advances in algorithms and validation
 New techniques have wide applicability to interferometry
2. Polarization is the key for near-horizon astrophysics
* Polarized images strongly constrain the field structure at M87*’s jet base -
-> the accretion disk is magnetically arrested
3. We are just getting started in what we can learn from black hole images
* Interpreting images of the black hole-jet connection will require radiative
simulations that correctly light up the jet
 The ngEHT should see the black hole’s inner shadow, significantly
strengthening EHT spacetime measurements

..and more guestions

 Can we measure black hole energy extraction in M87*?

* What plasma physics sets the temperature/distribution of the electrons?

 What powers flares in Sgr A* and M87*?

 What can EHT/ngEHT observation tell us about the near-horizon environments
of supermassive black holes beyond Sgr A* and M87*?

EHTC+ 2021 Paper VII, Chael+2019,2021
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