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EHT science

» Measuring the black hole shadow:

» Unique and repeatable, strong
field test of gravity

» Event horizon signature, unique
testbed for theories of gravity,
space and time

» Resolve driver of the most energetic
events in the universe

» Probe supermassive black holes
over 103 scales

» Plasma physics in extreme
environments

Simulation: BHAC, Porth el al., 2017, Animation: Porth, Rezzolla
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The black hole shadow
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The black hole shadow
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The black hole shadow

» Kerr: shadow depends on
» Inclination
» SpIn
» Ccross-section changes only by ~4%

y |pas]

Measuring the shadow size Is a
robust null-test of GR
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“Shadow Industry” from Goddi et al. (2017)

The black hole shadow
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Mapping out the photon ring will allow to test different theories of gravity
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The radio jet iIn M87 (Virgo A)

—lliptical galaxy in center of Virgo clus
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The radio jet In M87 (Virgo A)

“lliptical galaxy in center of Virgo cluster 50 Million lightyears away
There is evidence for a central dark mass of 3-6x10° Mg,
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The radio jet In M87 (Virgo A)
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Global Structure of M87

e Parabolic (z « r1-7) over 10° rq
e Above bondi sale: conical streamlines
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ERT 2017 M8/ data look consistent with an
asymmetric ring (“crescent”)
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Quantify M87 source properties

Fit geometric models Fit GRMHD models Extract image parameters
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Geometric model fitting: crescents overwhelmingly
preferred over cher simple shapes
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- Theoretical models ®
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» Global General Relativistic Mé.gnetohydrodynamic \5
(GRMHD) and radiative transfer (GRRT) simulations

@ » End-to-end modelling pipeline: , (»

» from picking the spacetime, atmospheric effects to
parameter estimation
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» Dominating uncertainties:

®

» stochastic nature of the turbulent flows

» plasma physics: electron heating, radiation reaction and .
particle acceleration
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Simulation Library: 43 GRMHD numerical simulations

) M/MEdd < 107° . Radiatively inefficient (RIAF), no cooling and radiative feedback

» 3D GRMHD simulations from: BHAC,

» Two accretion states:

» SANE (Standard and Normal Evolution)

» MAD (Magnetically Arrested Disk)

» Spin parameter:
» SANE: -0.94, -0.5, 0, 0.5, 0.75,
0.88, 0.94, 0.97, 0.98
» MAD: -0.94, -0.5, 0, 0.5, 0.75,
0.94
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Event Horizon GRMHD Code Comparison Project
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The hair of accreting black holes: magnetic flux
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Image Library: > 60,000 images

» 1.3mm modeled images from: 1pole,
RAPTOR, BHOSS
» 100-500 samples per GRMHD simulation

» Observer inclination angles:
i=12,17, 22, 158, 163, 168 deg

» Thermal electrons (Moscibrodzka+, 2016):

2
2 — R 619 | 1 lon/electron temperature ratio depends on
1+ 53

I
1 1+ 52% Rhigh=(1, 10, 20, 40, 80,160), plasma beta
» Electrons colder at high plasma beta (disk), warmer

Bp = Pg/Pmag-
in low plasma beta (jet)

I GRRT code comparison: Gold et al. in prep
o ven orizon ieiescope
. Behind the image: first EHT results - Oliver Porth. Saclay SAp seminar, May 21st 2019




Where do mm photons originate”? (SANE, a = 0.94)

Rii.i, = 10 (disk dominated) Ry = 160 (jet dominated)
0 0

SANE
locus of photon orbits !

(GM /c?]
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Where do mm photons originate”? (MAD, a = 0.94)

. Rhigh = 10 Rhigh = 160
MAD

locus of photon orbits

(GM/c?]

(GM/c?]
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Overview of image library: Time-averaged Images (MAD)
ar= —0.94 ax= —0.5 ax =0 ax= +0.5 ax= +0.94

A O O
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Ring Asymmetry and Black Hole Spin

a, < 0,7 >90°

a, >0, 7> 90°

accretion flow

a, > 0,7 < 90°

a, < 0,17 <90°

-—@ > 1l
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Spherical Projection of Density Evolution

color shows

log(p)
on surface

r=10 GM/c?

pole to equator
contrast ~ 10°

MAD, a =-0.94 MAD, a = +0.94

) G. Wong, B. Prather, C. Gammie (lllinois)
Event Horizon Telescope
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Single snapshot model: fitting GRMHD data

+1759.3 days
Input Snapshot Single Snapshot Model
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Single snapshot model: fitting GRMHD data
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Fitting Time-Dependent Model to EHT observations
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Average image scoring (AlS):

check if the data is consistent
with being drawn from a
given simulation model

reject model if <p><1%
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i = 168°
SANE
a, = +0.94
Ruign = 80
i =163°
MAD
a, = —0.94
Ryigh = 160
i =12°

100

10*
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Average Image Scoring Summary

Fluxb a*C <p>d Mnodele I\/HN(,D)f NLAQ(([))g

SANE —0.94 0.33 24 0.01 0.88 »Compare:

SANE —0.5 0.19 24 0.01 0.73 data - (model)

SANE 0 0.23 24 0.01 0.92

SANE 0.5 0.51 30 0.02 0.97 model - {(model)

SANE 0.75 0.74 6 0.48 0.98 using Themis-AlS

SANE 0.88 0.65 6 0.26 0.94

SANE 0.94 0.49 24 0.01 0.92

SANE 0.97 0.12 6 0.06 0.40 »Rejects a =-0.94 MAD models
MAD —0.94 0.01 18 0.01 0.04

MAD —0.5 0.75 18 0.34 0.98

MAD 0 022 T 001 062 »This model exhibit highest
MAD 0.5 0.17 13 0.02 0.54 morphological variability
MAD 0.75 0.28 18 0.01 0.72

MAD 0.94 0.21 18 0.02 0.50

@}3 Event Horizon Telescope
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Distribution of Best-Fit Black Hole Angular Size

» The distribution peaks close to M/D ~
3.6 uas with a width of ~0.5 uas

| |
0.8 1 : —— GENA 1% 08 - : —— THEMIS 1%
! ——= GENA 10% I — == THEMIS 10%
: ..... CENA 100% : ----- THEMIS 100%
0.6 1 I 0.6 - | ']
a . a | ;
> , = | i
=) | =) | i
% 0.4 1 : % 0.4 - : ,;
g I © I l
| | ]
0.2 - | 0.2 - |
I |
| .
™./ | N 7
0.0 I| | | . T 0.0 I| :
1 2 3 4 5] § 7 1 2 3 4 5 0 7
M/D (pas) M/D (pas)

» Consistent with stellar mass estimate
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Distribution of Best-Fit Black Hole Angular Size .
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» The distribution peaks close to M/D ~
3.6 pas with a width of ~0.5 uas
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» Consistent with stellar mass estimate "
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Distribution of Model Best-Fit Position Angle

BH spin vector pointing away from Earth

oo TR Large scale jet orientation lies on the
ooy T CEIRIE s shoulder of the spin-away models
e ((PA) ~ 200 deg, opa ~ 55 deg)

0.004 A

e IS Large scale jet orientation lies off the
S shoulder of the spin-toward models
BH spin vector pointing toward Earth
0.010 ~ o °
- e BH spin-away models are favoured
0.008 - """ GENA Reflected 100%
\ Width of distributions arises from

brightness fluctuations in the ring

0.002 4

...
......
L]
-------

5555
N Ly Dok

0.000 -
0 50 100 150 200 250 300 350
PA(deg.)
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Further constraints 1 - 3:

1. Radiative Equilibrium:

Calculate radiative efficiency, ¢ = Ly /(Mc?)
Reject model if € > g(classical thin disk model); inconsistent; would cool quickly
Rejects MAD models with a 2 0 and Rhigh = 1 (hot midplane electrons)

2. X-ray constraint

X-ray data: simultaneously Chandra, NUSTAR observations during EHT2017 Campaign
2-10 keV luminosity: Lx=4.4 + 0.1 x 1040 erg/s

Reject models that consistently overproduce X-ray
Overluminous model: rejects SANE with Rpjgnh <= 20.

3. Jet power

Constraint Pjet > Pjetmin = 1042 erg/s rejects all a=0 models
Most |a| > 0 MAD models acceptable
Piet dominated by extraction of black hole spin energy through Blandford-Znajek process

Event Horizon Telescope
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SANE MAD

Constraint Summary

flux!  a.®  Ruign® AIS* €  Lx°® P’ flux'!  a.?  Ruign® AIS* € Lx® P’
SANE -0.94 1 Fail Pass Pass Pass | Fail — MAD -0.94 1 Fail Fail Pass Pass | Fail
SANE -0.94 10 Pass Pass Pass Pass | Pass MAD -0.94 10 Fail Pass Pass Pass | Fail
SANE -0.94 20 Pass Pass Pass Pass | Pass MAD -0.94 20 Fail Pass Pass Pass | Fail
| . d . f SANE -0.94 40 Pass Pass Pass Pass | Pass MAD -0.94 40 Fail Pass Pass Pass | Fail
} A p p I e A I SI CO n S I Ste n Cy O SANE -0.94 80 Pass Pass Pass Pass | Pass MAD -0.94 80 Fail Pass Pass Pass | Fail
ra d iaﬁve e q u i | i b ri u m m aX X_ ray SANE -0.94 160 Fail Pass Pass Pass | Fail MAD -0.94 160 Fail Paés Pass Paés Fa%l
) SANE -0.5 1 Pass Pass Fail Fail | Fail MAD  -0.5 1 Pass Fail Pass Fail | Fail
1 1 11 1 SANE -0.5 10 Pass Pass Fail Fail | Fail MAD  -0.5 10 Pass Pass Pass Fail | Fail
I u m I n OS Ity’ a n d m I n I m u m J et SANE -0.5 20 Pass Pass Pass Fail | Fail MAD  -0.5 20 Pass Pass Pass Pass | Pass
p Owe r SANE -0.5 40 Pass Pass Pass Fail | Fail MAD  -0.5 40 Pass Pass Pass Pass | Pass
SANE -0.5 80 Fail Pass Pass Fail | Fail MAD  -0.5 80 Pass Pass Pass Pass | Pass
SANE -0.5 160 Pass Pass Pass Fail | Fail MAD  -0.5 160  Pass Pass Pass Pass | Pass
SANE 0 1 Pass Pass Pass Fail | Fail MAD 0 1 Pass Fail Pass Fail | Fail
» Most SANE models fai |’ except SANE 0 10  Pass Pass Pass Fail | Failk.  MAD 0 10 Pass Pass Pass Fail | Fail
SANE 0 20 Pass Pass Fail Fail | Fail MAD 0 20 Pass Pass Pass Fail | Fail
a — —O . 94 a n d a — O . 94 m O d e | S SANE 0 40 Pass Pass Pass Fail | Fail MAD 0 40 Pass Pass Pass Fail | Fail
. SANE 0 80 Pass Pass Pass Fail | Fail MAD 0 80 Pass Pass Pass Fail | Fail
Wlt h I a rge Rh | gh SANE 0 160 Pass Pass Pass Fail | Fail MAD 0 160  Pass Pass Pass Fail | Fail
SANE +0.5 1 Pass Pass Pass Fail | Fail MAD +40.5 1 Pass Fail Pass Fail | Fail
SANE +0.5 10 Pass Pass Pass Fail | Fail MAD +0.5 10 Pass Pass Pass Pass | Pass
. SANE +0.5 20 Pass Pass Pass Fail | Fail MAD +0.5 20 Pass Pass Pass Pass | Pass
» La rge fraction of MAD model SANE 405 40 Pass Pass Pass Fail | Fail  |MAD 405 40 Pass Pass Pass Pass | Pass
SANE +0.5 80 Pass Pass Pass Fail | Fail MAD  +0.5 80 Pass Pass Pass Pass | Pass
p a SS] exce pt a — O m O d e I S a n d SANE +0.5 160 Pass Pass Pass Fail | Fail MAD +0.5 160  Pass Pass Pass Pass | Pass
| I R . d I SANE +0.94 1 Pass Fail Pass Fail | Fail MAD +0.94 1 Pass Fail Fail Pass | Fail
S m a h |gh m O e S SANE +0.94 10 Pass Fail Pass Fail | Fail MAD +0.94 10 Pass Fail Pass Pass | Fail
SANE +0.94 20 Pass Pass Pass Fail | Fail MAD +0.94 20 Pass Pass Pass Pass | Pass
SANE +0.94 40 Pass Pass Pass Fail | Fail MAD +0.94 40 Pass Pass Pass Pass | Pass
SANE +0.94 80 Pass Pass Pass Pass | Pass MAD +0.94 80 Pass Pass Pass Pass | Pass
SANE +0.94 160 Pass Pass Pass Pass | Pass MAD +0.94 160 Pass Pass Pass Pass | Pass
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From diameter to black hole mass
GM . 5

. = b
2D 5

» Observed diameter should scale with 6, =

» Naive approach: assume measured diameter corresponds to photon ring
alpha = 9.6-10.4 (Johannsen & Psaltis 2010)

» Calibrate alpha by fitting geometric models to a set of GRMHD models where Qg is
known: a =11.5 +/- 10%

)
K)

-
-~e

|
~
A
P
S

20

Brightness Temperature (10°

~
R—
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The black hole mass of M87

e Convert ©gto M using D =16.8 +/- 0.7 1
Mpc Stellar
M =6.5+/-0.7 x 10° Msun C
| ’-:: f‘,_I ................................................................... 4
* Three methods in excellent agreement
e Systematic error in calibration of alpha = "]
dominates in all cases Z | Ga
a4
* Excellent agreement with stellar e tveeeeenseeeennseeeaannee e baa e e b s aaeanssaeeennnaeennnnneree]
dynamics mass estimate 2l r f :
r e iC S GRMHD | d )
(Gebhardt+201 1 ) (’Nx))’::)c('ltcls‘lwﬁf: iengent mod:sl fitting fealtlll::‘%e@.\'?!"ggz%ll
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Towards tests of GR: null hypothesis test

—— Stellar Dynamics

Gas Dynamics
Kerr hypothesis

» Consistency of the mass estimate
with stellar dynamics means our
results are completely consistent with
general relativity

Normalized Probability Density

-20 =15 -10 -0.5 0.0 0.5 1.0 1.5 2.0
Fractional Deviation &

Event Horizon Telescope
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Conclusions first analysis

April 10

M87 at Tmm: Crescent-like structure with diameter
42 +/- 3 pas

Black hole mass 6.5 +/- 0.2lstat +/- 0.7lsys 10%9 Msun
(Consistent with stellar mass estimate)

Image consistent with strongly lensed emission at
the photon-orbit

Models show that the jet forms due to extraction of
spin-energy from the black hole (Blandford Znajek
mechanism)

Emission co-rotates with spin: Spin points away from
earth

» Non-spinning models ruled out
» So far all points towards a Kerr- black hole.

Event Horizon Telescope
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EHT Science in the pipeline (2017 & 2018 campaigns)

R LE LT
» M87*
e ati : - | s a8
» Polarisation: Jet launching, breaking | o
015 F
degeneracies a5 3
S \v
® . . - o
» Multi-wavelength: jet dynamics ool | conww I
L ® — ' | o
» SgrA* 5 5 I
a Vi
° oge . . 0.05 i
» Variability requires more complex analysis -\ f"
» Interstellar scattering seems OK T R Wy
.
» Better constrained test of General Relativity |
. . 0.55 T O.(l)O T l--01.051
» Jet launching in other targets Ot ceeg

Mass and distance of SgrA* known
accurately from Gravity measurements

@}2 Event Horizon Telescope
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Upcoming EHT science, near future

» More science applications:
» Dynamical imaging
» Variability, IR- and X-ray flares
» Other AGN

» Galactic Centre pulsars, masers

» Technical improvements

» Sensitivity, Polarisation,

» Observe at 345 GHz

» Additional telescopes

» Greenland, Llama, AMT

Event Horizon Telescope
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Upcoming EHT science, near future

» More science applications:
» Dynamical imaging
» Variability, IR- and X-ray flares
» Other AGN

» Galactic Centre pulsars, masers

» Technical improvements

» Sensitivity, Polarisation,

» Observe at 345 GHz

» Additional telescopes

» Greenland, Llama, AMT
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Mizuno et al. (2018)

non-GRMHD case: Dilaton BH

100

e 3D GRMHD simulations of magnetized
torus accreting with a weak poloidal .
magnetic field loop onto Kerr BH (a=0.6) & -
ISCO-matched dilaton BH (b=0.5) by |
BHAC

Dilaton

magnetizati@gn

e Azimuthal & time-averaged density (left)
and magnetization (right)

—100 —50 0 50 100 —100 —50 0 50 100
x [GM/c?] x [GM/c?]

e Overall plasma behaviour is very similar in both cases but high magnetized
jet spine region is different (dilaton BH is weaker than Kerr BH).

@}2 Event Horizon Telescope
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Dilaton-BH Shadow Images

S/Smax S/Smax AS [,uJy]
0 02 04 06 08 1 0 02 04 06 08 1 —27.37 0 41.59
100 T T T T _
Dilaton ] Difference :
— :
CG L
= 50 ] :
- i
= i
o e [
g ‘ [
s ' :'
- :
QO i
> :
5 -50 ; :_
Q
A ]
100 Smax = 0.812 mJy Smax = 0.590 mJy c :
100 -50 0 50 100 -100  -50 0 50 100 -100  -50 0 50 100
Relative R.A. [pas] Relative R.A. [pas] Relative R.A. [pas]

e Emission model (fixed T;/T. = 3, M ~ 10~ 9M yr—1)

* BH shadow image Is quite similar...

e Pixel-by-pixel difference shows smaller shadow size in dilaton BH (blue ring), and offset &
asymmetry of shadow in Kerr (red ring)

* Differences small even in “infinite-resolution images’

.

The shadow of a black hole
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Olivares et al. (2019)

Boson Stars: GRMHD

2.0

1.8 1 \ — 7 BOson Star | “Boson stars are macroscopic quantum states which
) — o Boson Star are prevented from undergoing complete gravitational

Trr SChwarZSCh'_ld BH | collapse by Heisenberg uncertainty principle “
a Schwarzschild BH |-

Cardoso, Pani, Cadoni and Cavaglia (2008)

&, Vrr

« So far: static configuration (e.g. Vincent et al., 2016)
=> dynamical GRMHD simulations + GRRT

0 00 2 4 6 8 10 12 14 16 T 20
r |M]
A= [dey=g| i - 5V + Vi)
) ) . . o

Non-rotating Boson star, minimally V(o) = 5%%@? m o~ 10716V

coupled self-gravitating scalar field d
“mini-boson star”

@>‘ Event Horizon Telescope Feinblum & McKinley (1968); Kaup (1968); Ruffini & Bonazzola (1969), Cardoso, Pani et al. (2008)
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Olivares et al. (2019)

Boson Stars: GRMHD

100
Schwarzschild Boson star
75 Oons = 15° Oons = 15°
— 50
<
=
& 25 ~
= g
x <2
=
50
= =25 kS
=
b
= —50
—75
—100
—100 =75 =50 =25 O 25 50 75 100 —100 =75 =50 =25 O 25 50 75 100
Relative R.A. |[pas] Relative R.A. [pas]
4 R 1 .
A= | d*zv/—g | — — =V,oV*" + V(|p])
16w 2
* Non-rotating Boson star, minimally 1 m? 5 17 12
V() = 57ale m ~10"""eV/c
P

coupled self-gravitating scalar field
“mini-boson star”

. ' ‘ : K 1 : Ruffini & B la (1 Pani . (2
@}. Event Horizon Telescope Feinblum & McKinley (1968); Kaup (1968); Ruffini & Bonazzola (1969), Cardoso, Pani et al. (2008)
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Olivares et al. (2019)

Boson Stars: GRMHD

100 0
Schwarzschild Boson star '
75 Qobs = 60° Hobs = 60°
— 50
<
=
& 25 ~
= =
x 2!
=
S0
= =25 kS
=
Q
= —50
—79
—100
—100 =75 —-50 =25 0 25 50 75 100 —100 =75 —-50 =25 O 25 50 16!
Relative R.A. |uas] Relative R.A. [pas]
4 R 1 .
A= [ dzv/=g | == = SV,upVFe" + V(|gl)
16w 2
* Non-rotating Boson star, minimally 1 m? 5 17 12
V(|e]) = 5 772 o] m ~10"""eV/c
P

coupled self-gravitating scalar field
“mini-boson star”

. ' ‘ : K 1 : Ruffini & B la (1 Pani . (2
@}. Event Horizon Telescope Feinblum & McKinley (1968); Kaup (1968); Ruffini & Bonazzola (1969), Cardoso, Pani et al. (2008)
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Olivares et al. (2019)

Boson Stars: GRMHD

100

Schwarzschild Boson star
75 Qobs = 90° Hobs = 90°

Ot
-

DO
Ot

-

logg (S/SmaX)

|
N
Ot

Relative Declination |uas]

|
ot
S

—75
—100
~100 —75 —50 —-25 0 25 50 75 100 ~100 —75 —50 —-25 0 25 50 75 100
Relative R.A. |[pas] Relative R.A. [pas]
4 R 1 W,k
A= [ d*z\/—g m—ﬁ—iv;ﬁ@v 0"+ V(|ol)
. ) : o -
Non-rotating Boson star, minimally Vgl = = 2|2 m o~ 10716V
2 M3

coupled self-gravitating scalar field
“mini-boson star”

. ' ' : K 1 : Ruffini & B la (1 Pani . (2
@}. Event Horizon Telescope Feinblum & McKinley (1968); Kaup (1968); Ruffini & Bonazzola (1969), Cardoso, Pani et al. (2008)
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Olivares et al. (2019)

Boson Stars: GRMHD

Animation: Lukas Weih
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Olivares et al. (2019)

Boson Stars: GRMHD

Animation: Lukas Weih
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Olivares et al. (2019)

Boson Stars: GRMHD

density magnetisation

Kerr BH Boson star Kerr BH Boson star
t =8900 — 10000 M | t =8900 — 10000 M

{+1

+0

* Formation of “mini-torus” inside of star due to centrifugal barrier
* No evacuated funnel in Boson star, slowly flowing out from the hotter and denser

interior (W < 1.05) => low magnetisation
Event Horizon Telescope
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Olivares et al. (2019)

Boson Stars: GRMHD

Kerr BH Boson star
t =8900 — 10000 M

8 10

* MRI stable in mini-torus interior:  d€Q2/dr > 0

QPO mini-torus oscillations with epicyclic frequency
> 28 Event Horizon Telescope

*
.
.
»
-
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Mizuno et al. (2018), Olivares et al. (2019) GRRT EHT 24h

GRRT 75 EHT (24h, reconst. , scatter)

Accretion onto strange objects -

50

Kerr BH  © ( ‘
(a=0.6) -

-50 nCCC=0.974
DSSIM=0.136

Smax=0-17 mJy Smax=0-12 m]y

o It iS presently diﬁiCUIt to diSti"gUiSh _7575 50 25 0 =25 =50 =75 _7575 50 25 0 =25 =50 =75
between a Kerr BH and a dilaton BH on aih recost._scater

50

ias]

Relative Declinat

-50

75 75

the basis of BH shadow images alone. T
KerrBH -~ ( 0 ‘
i} (a=0.9375) ;ééj—zs | ~25
* Dynamics matters:

-50 nCCC=0.956
DSSIM=0.125

 Absence of an event horizon in a Boson B e nansnaarnaans o s M o s s s sy oana
star leads to significant differences in 7 B
the dynamics of accretion T

- Dilation BH : * 2
e no magnetised funnel (abt 8 5) I :
e development a dense mini-torus o '

-50

50

—50 nCCC=0.978
DSSIM=0.146

Slll'(lX=O']‘2 m]y _75 SlllitX=O'1O mJy

75 50 25 0 -25 -50 -75 75 50 25 0 -25 =50 -75

GRRT 75 EHT (24h, reconst. , scatter)

-50
-75

75

 With SgrA* observations, we will likely rule out 2
many non-BH objects: =

50

ias]

25

. L Boson star © o :
e Boson stars, naked singularities, Gravastars
Event Horizon Telescope - S,,..=0.50 m)y SRR -

75 50 25 0 -25 -50 -75 75 50 25 0 -25 -50 -75

RelativeR. A. [uas RelativeR. A. [pas]
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Global Team at the EHT2016 Conference

—— ']
.

11/2016; Cambridge, MA
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Cologne University University of Science and Technology
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Follow updates online:

www  Nhitps://eventhorizontelescope.org

Nz

https://twitter.com/ehtelescope

n https://www.tacebook.com/ehtelescope
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