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Plan of the talk

The first image of a black hole: M3 /7*
How do you take a picture of a BH: observations!?
How do you take a picture of a BH: theory!?

Alternatives to Einstein and to black holes
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How was this accomplished?

ESO



VLBI: Very Long Baseline Interferometry

, wavelength
resolution= —— =

telescope size




A3.6cm wavelength A2cm 11.3¢cm A7Zmm  A3.3mm Al.3mm

smaller wavelengths (higher frequencies)

technology progress (GHz — THz)

angular size 5.6 mas 2.4mas 0.74mas 193 pas 43 pas

* [he shorter the wavelength, the smaller the emitting source

At |.3 mm the source becomes of the size of the horizon

mas = milli-arcsecond = 5 x[0-% rad puas = micro-arcsecond = 5 x10-12 rad



VLBI: Very Long

F orizonfrele?é?e “a

Baseline Interferometry

IRAMURAB. . ™. Zam

, |.3 mm (radio waves)
resolution= —— ——— .
intercontinental distances

Create a virtual radio

telescope the size of

the Earth sensitive to
mm wavelengths.




Mexico
(LMT)

Hawaii
(SMA/JCMT)

/ _"\ J

Spain
(IRAM 30m,
Pico Veleta)



The image
has soon

gone around

the world
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becoming a great resource for social media...

INSTAGRAM REAL LIFE

seen from Bologna
ME AFTERBUYING
THEIPHONE XS



240.000 light years

Elliptical galaxy in center of Virgo cluster 55 Million light years away
There is evidence for a central dark mass of 3-6x109 M,

A i in the optical
Large-scale radio map

(few cm wavelengths)

small-scale radio map of
the core (cm wavelength)

.
G

COmposite: H. Facke [RU Nijmazqger)



Elliptical galaxy in center of Virgo cluster 55 Million light years away
There is evidence for a central dark mass of 3-6x109 M,

240.000 light years

small-scale radio map of

'] the core (cm wavelength)

-

de Gasperin et al. (LOFAR), 2012

‘\ A Composite: M. Fakke (AU Nijmegen|



EHT BLACK HOLE IMAGE

COURCE, NSF ... to have an idea of
the scales...

https://xkcd.com/2 135/




How do we do this in practice?

EHT telescopes




How do we do this in practice?

. complex visibilities

(u,v) // e~ MUty I (1 ) dady

image plane

) : angular coordinates on the sky
u,v) : projected baseline coordinates
Y

I(x,y) : brigthness distribution

V(f) = /G_QWift[(t)dt

(u,v) plane



How do we do this in practice?

V(u,v) // e~ Zmiluztvy) 1 (g y)dxdy

EHT telescopes u-v coverage image reconstructed

observing time: 11:10 [UT]




How do we do this in practice?

EHT telescopes



How do we do this in practice?



The four teams used

multiple software packages
and were set to work
blindly from each other.

All of the teams recovered
a very similar images:
asymmetric ring is a robust
feature of the image

As the data was collected,
converted and calibrated
four different imaging teams
were set with the task of
computing an image

L

50 pas O

v v




M87 was observed
for several days
(eight) and lead to
four distinct images.

The images are
slightly different but
show again that the
asymmetric ring
emission is stable, as
expected on these
timescales.

April 10 April 11




How do we do this in practice?

BlackHoleCam:
et Bonn ( ), Frankfurt H‘
© (LR),Nijmegen (Falcke)



Three basic steps are needed:

GRMHD simulations in arbitrary spacetimes

ray-traced, radiative-transfer, deconvolved images
comparison with observations.

BlackHoleCam (LR, Falcke, Kramer), has developed a
complex and complete computational infrastructure:




System of equations to solve...

vV, " =0, (cons. energy/momentum)
V,.(pu") =0, (cons. rest mass)

p=p(p,e,Ye,...), (equation of state)

V,FH = TF, VI F* =0, (Maxwell equations)
1, = Tf,fid + Tilf + ... (energy — momentum tensor)
These are solved using finite-volume

methods with a variety of algorithms in 2D and 3D.



In addrtion...

The equations of
need to be solved in the background spacetime.

dL
dA

3

= —k,u" (_@V,OI | ]V’/’O> (radiative —transfer eq.)
0

A
7:=1,/v° T, () = —/ ay o (A) kyut dN
A

0



Which gravity!...

Field equations are not necessary as we are explorting
equivalence principle: test-particle motion

Previous egs. require background spacetime metric:

Testing theory of gravity not trivial if hundreds available!

Opted for agnostic approach and built a description able
to describe all theories:

Derive generic expansion explorting conformal mapping
and rapidly converging Pade’ expansion

GR seen as a possible, reference case:

LR, Zhidenko, 2014; Konoplya, LR, Zhidenko, 2016



Iracing photons near a BH Is not easy. ..

black hole

=
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thin disk

photographic plate
Younsi, LR 2019



o be even clearer...

source of light

event horizon cicular orbit “shadow”
2GM 3GM M
T = Teo = 1o i= be :\/27(G )

Muller, Possel, Weih, LR




The actual shape of the shadow also
depends on the spin of the black hole
a := J/M? and on the inclination angle

7.5

5.0

2.5

0.0

-2.5

—5.0 —5.0
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—75 —7.5
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shadow's size depends also on the inclination

Muller, Possel, Weih, LR



In reality, the disk 1s not geometrically thin
but geometrically thick, optically thin...




a typical GRMHD simulation...

A three-dimensional simulation of a Kerr black hole

(a=0.9375) In Kerr-Schild coordina

LES dNC

an MR

unstable torus would produce rest

ts of t

nis type...



L.Weih, LR



Space of parameters

*

black-hole spin (plasma dynamics depends onit): —1 < a < 1
accretion type as regulated by magnetic field (SANE o MAD)

*

black-hole mass (sets size of the shadow)
microphysics of emission (synchrotron emission, disk/jet component)

orientation wrt to observer (two free angles)

black-hole mass: 6.2 x 10” M, (stars) or 3.5 x 10° M, (gas)
inclination: 1 7° or 163° , with “position angle” 288°

X-ray luminosity: 4.4 x 10*° erg/s
jet power: 1.0 x 10** erg/s



tlectron thermodynamics

—mission of mm-long radiation is expected to be produced

ﬁ

from radiation processes.

Simulations evolve temperature of bulk of fluid (ions);
electron temperature undetermined.

temperature distribution Is reasonable approximation.

T. deduced from T; via “plasma parameter’: 5, ‘= Pgas/Pmag

|
I
Moscibrodzka+ 2016

“lectrons colder at high plasma beta (1.e., disk), warmer at
ow plasma beta (l.e., jet).

Rpign = [1, 10, 20, 40, 80, 160]: free parameter




Given physical assumptions (spin, magnetisation), 3D
GRMHD were made: ~ 50 high-res simulations.

From each simulation several are constructed by
changing the thermodynamics of the electrons: ~ scenarios.
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Simulation library (an example...)
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Given physical assumptions (spin, magnetisation), 3D

GRMHD were made: ~ 50 high-res simulations.
From each simulation several are constructed by
changing the thermodynamics of the electrons: ~ scenarios.

a.=-—0.94 a.= —0.5 3. =0 a.=+05 a.=+0,.97 a.= —0.04 a.=—0.5

SANE models MAD models

' black-hole
rotation axis



Where do

MAD

mm-Iong photons locus of photon
orbits

originate!

Kerr black hole,
a, = 0.94

: mostly from
the equatorial plane &

: can switch
from equatorial
plane to funnel wall




Where do
mm-long photons

originate!

Kerr black hole,
i locus of photon
Uy = —0.94 orbits

: mostly but
not only from the
equatorial plane

: equatorial
plane is essentially
depleted




Image 1s combination of emissions...

*lmage decomposed In:
. and

*MAD: midplane emission |
always dominates

* SANE with

midplane emission
dominates

e SANE with
farside emission
dominates

%

100%

100%




Given physical assumptions (spin, magnetisation), 3D

GRMHD were made: ~ 50 high-res simulations.
From each simulation several are constructed by
changing the thermodynamics of the electrons: ~ scenarios.

a.=-—0.94 a.= —0.5 3. =0 a.=+05 a.=+0,.97 a.= —0.04 a.=—0.5

SANE models MAD models
From each scenario are constructed after
radiative transfer and light bending: ~ images.

Genetic algorithms and MCMC pipelines find



Fitting the images to the data

visibility
amplitude (VA)

Closure
phase (CP)

GRMHD
image (left)
and convolved
image (right)

Fromm, Younsi, LR



The
also

A’

DE

ch Is fou
found In

original image

testimage O

Top-10 best matches

nd In the visibility space, but can

Image space.

In the image space this would correspond to
searching a face in a stadium full of people...

Images:

A Style-Based Generator Architecture for Generative Adversarial Networks

©C. M Frommé&L Rezzolla

Karras T., Laine 5. and Aila T., 2018



OBSERVATIONS THEORETICAL MODEL



GRMHD models
SANE, u, = -0.94, Ry, — 80 SANE, us = 0, Rpign = 10 MAD, u, = 0.94, Ryjer, = 10

Simulated EHT observations

LD O

Degeneracies present in physical conditions and scenarios.

() -

Brightness Tempe:ature (10° K)

o

—

robustness of conclusions (BHs produce ring)

more accurate observations to determine BH spin



What we measured...

Parameter

Estimate

Ring diameter * d
Ring width *
Crescent contrast °
Axial ratio ®
Orientation PA

0, = GM /Dc* ©

a = d /0, d

M°

42 + 3 pas
<20 pas

>10:1

<4:3
150°-200° east of north

3.8 = 0.4 pas

11193

6.5+ 0.7) x 10° M.,

Parameter

Prior Estimate

D c
M(stars) ©
M(gas) °

(16.8 + 0.8) Mpc
6.2 04 x 109 M.,
3.5M09 x 10° M,




Ring Asymmetry and Black Hole Spin

Conclusions on the spin can still be drawn If one combines
on jet power and orientation

ﬂa*>0,i>900 a, <0, 7> 90°

accretion flow

jet




Ring Asymmetry and Black Hole Spin

Conclusions on the spin can still be drawn If one combines
on jet power and orientation

. >0,i>90° [

t observer

( These two degenerate
accretion flow : : :
options remain possible

observer




Ring Asymmetry and Black Hole Spin

Size of the heliopause, the

Receding jet edge of the solar system )
‘1\ Accretion disk

Supermassive ~.

hlack hole S

Material rotating toward ™.
Earth is Doppler boosted
and brighter.

Disk rotation

Approaching
jet

a, < 0,17 <90°

Note that the in the images providing the best
match, the emitting material is close to the jet
funnel and coronating with the black hole




Moving away from Kerr black holes:
accretion onto a dilaton blaclk hole

nature
aStronony

The shadow of a black hole

Mizuno+ 2018



Dilaton vs Kerr black hole

Horizon

-alr comparison requires that basic
features of the flow are matched. s sco

Three most important are: horizon

n general, larger dilaton parameter
reduces horizon radius, photon

Qrbi‘['_, and |SCO (Cf Spiﬂ iﬂ Kerr). 0.0 0.1 o.ngj Sgi ;)éfalgﬁelg.[;ﬂo.és 0.9 1.0

Different matches possible but IS most critical since most
of the emission comes from around ISCO.



GRMHD simulations

Kerr Dilaton

10-02 T 0e02

3D GRMHD simulations of magnetized torus with a weak poloidal magnetic field
loop accreting onto Kerr BH (a=0.6) and |SCO-matched dilaton BH (b=0.5)



convolved GRRT
Images; emission
features smeared by
beam;

BSMEM

reconstructed image
with scattering; again,

Overall, at present

Relative declination (uas)

Relative declination (uas)

cl. Sgr A%

<  with scatter e

DSSIM=0.315

Smax=0.97 mJy Smax=0.94 mJy

100 —100 -50 0 50
Relative RA (uas)

—100 -50 0 50
Relative RA (uas)

GRRT (convolved) BSMEM (convolved scattering)

100

° dilaton

DSSIM=0.351

Snax=0.77 mJy Smax=0.94 mJ)y

100 —-100 -50 0 50
Relative RA (uas)

—100 -50 0 50
Relative RA (uas)

to distinguish the two BHs



Moving away from Kerr black holes:
accretion onto a boson star

Olivares+ 2019



Accretion onto a boson star

Self-gravitating compact objects composed of
scalar field (boson stars) have long since been considered
potential candidates for Sgr A* (dark-matter cusp).

Previous work has considered whether emission from boson
stars can be distinguished from that of a black hole.

Using spectral features: not possible to distinguish
(Guzman+ 2010)

Using shadow image of a boson star surrounded by torus:
not possible to distinguish (Vincent+ 2016).

These works did not consider effects of accretion.

We performed simulations of accreting
nonrotating boson stars.



L.Weih, H. Olivares, LR



» Simulations show considerable differences in the dynamics of
the accretion flow.

»In the case of the boson star, matter reaches very close to
the origin, forming a stalled accretion torus (MRl i1s quenched).

y)

h v a2 e e e el o P L J 1L 1 ) 3 v S SIS
woiIWal Znotillic Beint DOsULlL Shal
| TR S S e A e St T A o

density (x,z) density (x,

B Schwarzschild BH " Bosonstar

i = ()

side view

. 20 B0 4 W —30 -0 00
r GM/c?] r [GM/c”



compactness is quite high: Cgs := Mg/ Rgs = 0.11

accretion rate

Kerr BH Kerr BH B Boson star

A ‘ A A| t = 9500 M t = 9500 M
\J \
_o:? M VEAR

8950 9000 9050

W

— Boson star
—  Kerr BH, a = 0.9375

0 2000 4000 6000 8000 10000 -50 —40 =30 =20 =10 O 10 20 30 40 50 =50 —40 —-30 —20 =10 O 10 20 30 40 50

magnetic flux n v (M) o [M)

Mass-accretion rate: for black hole but for boson star;

Oscillations produced by stalled torus; correspond to epicyclic frequency.

No evacuated funnel in polar region in the case of boson star.

Slow wind flowing from hot and dense interior: from boson star.



GRRT (convolved)
Kerr a, = 0.937 Kerr a, = 0.937

. GRRT images;
sharp emission from

photon ring visible : (
for BH. S
S1ax=0.12 mJy Spax=1.55 mJy
Boson star Boson star
° reconstructed

image with scattering
and conditions of EHT
201/ campaign.

[av]
-~
==
=
o
o=
+
<
=
o r—
—
Q
=
o
>
=
+
<
—
Q
=

Sihax=0.22 mdy Shax=2.42 mdy

—50 0 50 3 0
Relative R.A. [pas] Relative R.A. [pas]

Reconstructed images shows ,both In size and structure

BH Image exhibits crescent; boson star emission from inner regions.

Overall, from images alone to distinguish them



Conclusions

covered all aspects of these observations, has
played a major role In the campalgn and analysis.

Accretion onto has been explored
extensively In various physical and thermodynamical regimes.

Exploration of accretion onto to Kerr BHs has
started: can be distinguished, cannot.
EHT has provided existence of clgle

boosted our understanding of accretion In

EHT observations of SMBHSs is now possible! A new
era of astrophysics has started.






Looking into the future:
ooINg INto space

1el0

|

“{).D 0.0 0.5
x (m) le7 u (A) lell

Martin-Neira, V.Kudriashov (ESA) Roelofs+ 2019



Relative Dec {fias)

L ooking into the future: going Into space
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Accretion onto a gravastar

e Non-rotating gravastar with compactness C := M /R = 0.478
e 3D simulations, logarithmic Kerr-Schild coordinates
e Surface absorbs energy and momentum, but not matter.

e Fluid touching the surface is set at near-zero pressure.

l" Y

Y "
Black hole, « = (1.0 g Gravastar, C = 0.437 ,
L= 5010 M o K f = 5010 M 3

| 1] ] 1 ' | 1 1
1) — a3 ) 10 () 11 20 ol L 4() -3 20 1) () 11 20 a0 1)



Accretion onto a gravastar: summary

e Also In this case, dynamics of matter very different.

e Mass accretion Is reduced by a factor ~ 5 with respect to
the Schwarzschild case

e |nteraction with surface produces violent outbursts as
matter 1s out of equilibrium once accreted (‘'nova” bursts).

e Oscillations and outward-moving spiral shocks are sent
into the accreting material.

e Although shadow Is very similar to black hole, accretion Is
not. Multi-wavelength observations will tell difference.



Representative GRMHD Model Image of M3/

Simulated image Simulated image
EHT2017 image  from GRMHD model  €2fvO!ved with
20 pas beam
MS8T7 April 6 GRMHD Blurred GRMHD

0 10 20 30
Brightness Temperature (107 K)



Distribution of Best-Fit Black Hole Angular Size

—— THuEMIS 1%
=== THEMIS 10%
----- TuEMIS 100%

—— GENA 1%
— == GENA 10%
----- GENA 100%

*
.
o —— O EE B B B B B M

g
* .
»
.y,
----------

3
—_
N
w

Distribution of M/D from fitting Image Library snapshots to 2017 April
6th EHT data

Results by Themis & GENA pipelines are qualitatively similar

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

The models are broadly consistent with stellar mass estimate



Distribution of M/D

D
T

- Distribution of M/D of different
BH spin and Rhigh for SANE &
MAD models

1

e~

M/D (uas)

D [\
T

Rhignh

=10
M/D (pas)
S

D [\
T

Rhign

- BH mass is calculated with
D=16.9 Mpc

=20
M/D (pas)
S

(=] [\
T

Riign

* Most individual models favour
M/D close to 3.6 uas

=40
M/D (pas)
s

(=] [\
T

Riign

80

» a < 0, SANE, Rhigh=1 model
favours M/D ~ 2 pas due to

e

M/D (uas)

(=] [\
T

Rhignh

160

outer ring at scale of
counterrotating disk ISCO

W~

M/D (pas)

Rhigh

(S}

- a =0.94, SANE favors M/D > 3.6
puas due to secondary inner ring



Distribution of Model Best-Fit Position Angle

* Large scale jet orientation
lies on the shoulder of the
spin-away models ((PA) ~

0.010 - zgi 18?% , ~ 200 deg, GPA - 55 deg)

BH spin vector pointing away from Earth

0.010 A

0.008 4 ==-- HEMIS 0.008 +

& 0006 1 2 0.006-
= ~
= =
] <l
0.004 - 0.004

0.002 A 0.002 A

* Large scale jet orientation
s T s lies off the shoulder of the

BH spin vector pointing toward Earth spin-toward models

I\

0.010

0.012 —— THEMIS Reflected 1% —— GENA Reflected 1%
=== THEMIS Reflected 10% . - ——=- GENA Reflected 10% o
0.010 4 <+ TrmMIS Reflected 100% 0.008 s /v oo GENA Reflected 100% - S Pl N -away maoadaelis are
. - ’ " \
. 000847 ~ 00064 /* I f d
& 4 &
< 0.006 4,7 = St rO ng y a.VO re
- R ST | < 0.004 1
0.004
Y : 002 - :
0.002 A : S 00029 R R4
_____ R v
SO e SCI TP T2 * s 8 : =
" - o * Width Of distributions arises
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

PA(deg.) PA(deg.)

from brightness fluctuations
in the ring



Average Image Scoring Summary

Flux” ax (p)° Nodel® MIN(p)' MAX(p)®
SANE —0.94 0.33 24 0.01 0.88
SANE —0.5 0.19 24 0.01 0.73
SANE 0 0.23 24 0.01 0.92
SANE 0.5 0.51 30 0.02 0.97
SANE 0.75 0.74 6 0.48 0.98
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
MAD —0.94 0.01 18 0.01 0.04
MAD —0.5 0.75 18 0.34 0.98
MAD 0 0.22 18 0.01 0.62
MAD 0.5 0.17 18 0.02 0.54
MAD 0.75 0.28 18 0.01 0.72
MAD 0.94 0.21 18 0.02 0.50

» Compare:
data - (model)

model - {model)
using Themis-AlS

* Rejects a = -0.94 MAD
models

» This model exhibit
highest morphological
variability



Other Constraints

Apply three additional constraints:
|. Close to radiative equilibrium
2. Must not overproduce X-rays

3. Must produce jet power > minimal jet power = 1042 erg/sec



Radiative Equilibrium

+ Calculate radiative efficiency, €= Lvo/(M¢”)

* Reject model if € > g(classical thin disk model); inconsistent; would
cool quickly

* Looi: calculated by Monte Carlo code grmonty

* Rejects MAD models with a = 0 and Ryigh = | (hot midplane
electrons)



X-ray Constraint

» X-ray data: simultaneously Chandra, NuSTAR observations during
EHT2017 Campaign
2-10 keV luminosity: Lx= 4.4 £ 0.] x 1040 erg/s

- Compare data to SEDs generated from simulations

X-ray flux is produced by inverse Compton scattering of synchrotron
photons

* Reject models that consistently overproduce X-ray
* Overluminous model: mostly SANE with Rpigh <= 20.

* Lx is sensitive to Ryigh, very low values of Rpigh are disfavored.



Jet Power

- M87’s jet power (Pje:) estimates range from 1042 to 104 erg/s

* Adopt conservative lower limit on jet power, Pjegmin = 1042 erg/s

» Piec defined as total energy flux in polar regions where fy > |

* Pouc defined as energy flux in all polar outflow regions
(includes wide-angle, low velocity wind)

* Pout is maximal definition of jet power



Jet Power

» Constraint Pjec > Pjecmin = 1042 erg/s rejects all a=0 models (Pjec =0).
These models also have Pouc < 1042 erg/s

* SANE models with |a] < 0.5 rejected
* Most [a] > 0 MAD models acceptable

* Piec dominated by Poynting flux; driven by extraction of black hole
spin energy through Blandford-Znajek process



Constraint Summary

- Applied AlS, consistency
of radiative equilibrium,
max X-ray luminosity, and
minimum jet power

* Most SANE models fail,
except a=-0.94 and
a=0.94 models with large

Rhigh

* Large fraction of MAD
model pass, excepta = 0
models and small Rpigh
models

MAD

flux! a.?  Rhnigh AIS* &€ Lx® Puo’

SANE -0.94 1 Fail Pass Pass Pass | Fail

SANE -0.94 10 Pass Pass Pass Pass | Pass
SANE -0.94 20 Pass Pass Pass Pass | Pass
SANE -0.94 40 Pass Pass Pass Pass | Pass
SANE -0.94 80 Pass Pass Pass Pass | Pass
SANE -0.94 160 Fail Pass Pass Pass | Fail

SANE -0.5 1 Pass Pass Fail Fail | Fail

SANE -0.5 10 Pass Pass Fail Fail | Fail

SANE -0.5 20 Pass Pass Pass Fail | Fail

SANE -0.5 40 Pass Pass Pass Fail Fail

SANE -0.5 80 Fail Pass Pass Fail | Fail

SANE -0.5 160 Pass Pass Pass Fail | Fail

SANE 0 1 Pass Pass Pass Fail Fail

SANE 0 10 Pass Pass Pass Fail | Fail

SANE 0 20 Pass Pass Fai Fail ail

SANE 0 40 Pass Pass Pass Fail Fail

SANE 0 80 Pass Pass Pass Fail | Fail

SANE 0 160 Pass Pass Pass Fail | Fail

SANE +0.5 1 Pass Pass Pass Fail Fail

SANE +0.5 10 Pass Pass Pass Fail Fail

SANE +0.5 20 Pass Pass Pass Fail Fail

SANE +0.5 40 Pass Pass Pass Fail | Fail

SANE +0.5 80 Pass Pass Pass Fail Fail

SANE +0.5 160 Pass Pass Pass Fail | Fail

SANE +0.94 1 Pass Fail Pass Fail Fail

SANE +0.94 10 Pass Fail Pass Fail Fail

SANE +0.94 20 Pass Pass Pass Fail | Fail

SANE +0.94 40 Pass Pass Pass Fail Fail

SANE +0.94 80 Pass Pass Pass Pass | Pass
SANE +0.94 160 Pass Pass Pass Pass | Pass

flux' R Ruign®  AIS? €’ Lx® P’
MAD -0.94 1 Fail Fail Pass Pass | Fail
MAD -0.94 10 Fail Pass Pass Pass | Fail
MAD -0.94 20 Fail Pass Pass Pass | Fail
MAD -0.94 40 Fail Pass Pass Pass | Fail
MAD -0.94 80 Fail Pass Pass Pass | Fail
MAD -0.94 160 Fail Pass Pass Pass | Fail
MAD -0.5 1 Pass Fail Pass Fail | Fail
MAD  -0.5 10 Pass Pass Pass Fail Fail
MAD -0.5 20 Pass Pass Pass Pass | Pass
MAD  -0.5 40 Pass Pass Pass Pass | Pass
MAD  -0.5 80 Pass Pass Pass Pass | Pass
MAD  -0.5 160 Pass Pass Pass Pass | Pass
MAD 0 1 Pass Fail Pass Fail | Fail
MAD 0 10 Pass Pass Pass Fail | Fail
MAD 0 20 Pass Pass Pass Fail | Fail
MAD 0 40 Pass Pass Pass Fail | Fail
MAD 0 80 Pass Pass Pass Fail | Fail
MAD 0 160 Pass Pass Pass Fail | Fail
MAD +0.5 1 Pass Fail Pass Fail Fail
MAD +0.5 10 Pass Pass Pass Pass | Pass
MAD  +0.5 20 Pass Pass Pass Pass | Pass
MAD +0.5 40 Pass Pass Pass Pass | Pass
MAD  +0.5 30 Pass Pass Pass Pass | Pass
MAD  +0.5 160 Pass Pass Pass Pass | Pass
MAD +40.94 1 Pass Fail Fail Pass | Fail
MAD +0.94 10 Pass Fail Pass Pass Fail
MAD +0.94 20 Pass Pass Pass Pass | Pass
MAD +0.94 40 Pass Pass Pass Pass | Pass
MAD +0.94 80 Pass Pass Pass Pass | Pass
MAD +0.94 160 Pass Pass Pass Pass | Pass




1.0 1

0.8 1

0.2 1

0.0 1

0.995

/6 cut

0.707

Piet/Pout VS fycut

ﬁ cut

0.100 0.010 0.995 0.707

0.100 0.010

—— MAD a=-0.94

MAD a=-0.5
—8— MAD a=0
—— MAD a=+05
—@— MAD a=+0.94

1.0 1

0.8 1

0.2 1

0.0 1

—— SANE a=-0.94
SANE a=-0.5
—8— SANE a=0
—@— SANE a=+05
—@— SANE a=+0.94

100
5 cht

MAD

L T T LI T T T L T
1071 10—2 10!

10°
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* Piet depends on Py cutoff used in definition

* Piec small for a = 0 because energy flux in relativistic outflow is small
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BH Mass Distance 1 Rs

SOUCe  ie) (Mpo)  (uas)

Sgr A* 4 x 106 0,008 10

33-62x% 16,8 36713
10° 7.6

M104 1 x 109 10 2

M87

Cen A 5 x 107 4

Event Horizon Telescope



llar Mass: 6.2 x 109 Msun Gas Mass: 3.5 x 109 Msz
(Gebhardt et al. 2011) (Walsh et al. 2013)

\ABIack Holet.845.2 R

Black Hole: 4.84-5.2

orm Hole: ~2.7 Rg
(e.g., Bambi 2013)
ked Singularity: 1T
(superspinar)
(e.g., Bambi & Freese 2009)

6.5 Billion Solar Mass Black Hole



MAD vs SANE (GRMHD Simulations)

\F model, two extreme situati .
3D GRMHD  side delnsity

simulations with ~ view
a':CK)er.l‘ gaﬂ;.%ﬁ

plasma beta magnetisation

1071 E

000000000




+ 0.0 days

GRRT Image

at 230 GHz

e MAD, a=+0.94,
Rhigh=160 &

* =163 deg P

* cach frame
corresponds to 1M
(~0.35 day)

(Paper V,

: —40 -20 0 20 40
Event Horizon Telescope EE— X [)(.L'LI-SJ



SANE averaged GRRT images

+ = —0.94 a x 0.5 =0 ax= +0.5 a= +0.97

""l—l:' \v) d I e ﬁ_ .:
outerrnw _ -
black hole counter-clockwise ¥ clockwise
rotational axis

=163 deg

Rhigh =1

Rhigh = 20

“the forward jet is

poiﬁted to the right - i bright bottom

in all panels . |
Inner ring

w (Paper V)
Event Horizon Telesco

.|___ ; &

Rhigh =160




EHT observed

M87 Polarization

polarization in

2017 (Sgr A%, GRMHD simulation

M87, + AGN (SANE, i=20 dec
sources) 40
\’\/-/ ...........
. ) . SRR R O B B N Y
Polarization map @ 20
(linear & §
circular), rotation 3 O '
measure, total @
polarization ‘g —20
degree =
=

—40

Given additional
gonstraint for

-40 =20 0

20
X (microarcseconds)

40

Semi-analytic force-free
jet model (Broderick & Loeb
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r AN* 1o m
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Q /aYs
o 11T 1TUI

SE e-complh -
due to time variabilit B
scattering during E
observation period (~6h)
* Image snapshot => Movie " ...

—3 I y

panel A |Igh-t Curve)anelB |

4.0 F======mmmm—meee

Stot [Jy]

R 1
1
1
|
1
1
1
1
1
1
|
1
1
|
1
|
|
|
|
1
1

b & — — — — |— — — — —

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
t[hours]

S[mJyl
0.4 0.6

t=1.3 Sit=4.62)y t=5.7 Sit=3.34)y averageimage Siot=4.02])y

Relative Dec. [uas]

GRMHD + GRRT + scattering

50 0 -50 50 0 -50 50 0 =50

: (SANE a:O 6 |:6O deg) RelativeR. A. [nas] RelativeR. A. [pas] RelativeR. A. [pas]
Event Horizon ’Telescope ’



Extend EHT: space VLBI (EHT+satellite)

- Consider EHT ground VLBI array + 1 orbiting satellite = increase f%%yuﬁcﬂjw

y Que.stion: which orbit to use? Stellar orbit
- 6 orbital elements

- ) ) ) — ~ Ay _i—] K sate‘l_]i’te's
semi major axis: a, eccentricity: e, ==l © POSTROR g
inclination: i, right ascension of

the ascending node: Q2, argument of perigee:

®, true anomaly: 6

——equatorial plane

.

- Set constraints:
- keep beam nearly circular
- fill uv-plane within 24 hours

+ optimise orbit for, Sgr obs?rvatlons
= constraingd non-linear opt|m|sat|on by using Genetic Algo

Even(l-ﬁzA\T)lescope

"ascending
node




GA Results for Satellite Orbit

number of individuals: 1000 number of generations: 10
animation: iteration until best orbit (last frame)

Calculated by C. Fror

Satellite seen from SgrA’ Satellite ground Lrack

a=11962kme=0.11=3

1=9

V[107)x]

120°W50°W 0° GO°L 120°E

N 10 15

-10 =10 =D (IJ

_U [1077]
Method can be easily adopted and modified for:

- different sources (M87 or M87+3Sgr A*)
- different observations schedules (6h,12h,18h,...)

2 - modification of ground array (where to add new antennas)
Event Horizon Telescope




Primary Target for EHT

L7 1 L 1 - I I 1 1 L) §.~0: 0 0. 8 I Ll 1 L) S D ST M | ‘_‘
Bright targets 3C273
10 for 2017 campaign @ |4
: 0J287 |
>
-2 1 —
X E NGC1052 | -
LE 0 Primary targets IC1459 ® 1
£ - for horizon science +—@)— M81 1
™ g °- :
- - ®— F“
LR S mes  '©429% Ngeazer 3
- 10 My @ @ :
- g @ ]
- 10 M @ NGC1399 -
C 10°M,, - i
0501 "T 'l | 1 L1 1 ll 1 1 L 1 B L pLE l 1 1 L 1 - - lf
2 4 6 8 2 4 6 8 2 4 6 8
1 10 100

@}- Event Horizon Telescope EHT Resolution (RSch) PsaltiS (20‘I 8)



Slowly Building Up Data

Lo-band eht-imaging on April 11

‘:. e

Carrelated Fhue

u(GA)

Credit: Palumbo & Wielgu

Event Horizon Telescope



Closure Phases: Mildly asymmetric & time-variable structure

CALMA-LMT-SMT 4 Apeils CLMT-SMA-SMT | }'
20 b Amil6 ] 300f ¢
S | +9‘”:% ¢ Aprill0 {2 | ¢
- ’ . - [
% —40F 4 30‘ ¢ April 11 - 2 00k %
x ‘% B [
% 60 Q’{} O i %§ §§
= —060r = '
z o4 ¢ o ] Z 100 ¢ g 13! _
—80r e ] [ ' ¢ # Z
- P U S NS S T T NS T S U N T TR S N NN T TN SRR T R 0_. PR S R I TR T TR T N T TR TR T NN TR SR N TR NN T TR TR T NN TR T T S N TR
15 16 17 18 19 20 21 15 16 17 18 19 20 21
GMST (h) GMST (h)

(Paper V)

@}Q Event Horizon Telescope



- X-ray data: S|mu)(ar@yL@tyr@’[aama NuSTAR

observations during ERT2017 Campaign

-Compare datato S

+ 2-10 keV luminosity: Lx= 4.4 + 0.1 x 1040 erg/s

—Ds generated from simulations

»+ X-ray flux is produced by inverse Compton scattering

of synchrotron pr

- Reject models that

otons

consistently overproduce X-ray

» Overluminous model: mostly SANE with Rnigh < 20.

B Lxds.sansitive to Rpign, very low values of Rhghare

> disfavored.




* M87’s jet power (Pjet) estifpatdd rrpgsyfrom 1042 to 104 erg/s

o Adopt conservative lower Iimit on jet power, Pietmin = 1042 erg/s

* Piet defined as total energy flux in polar regions where gy > 1

* Pout defined as energy flux in all polar outflow regions
(includes wide-angle, low velocity wind)

* Pout IS maximal definition of jet power

o Constraint Pjet > Pjetmin = 1042 erg/s rejects all a=0 models (Piet
=0). These models also have Pout < 1042 erg/s

* SANE models with |a| < 0.5 rejectec

* Most |a|] > 0 MAD models acceptable

F"*j"e‘t“ﬁtf)ﬁ‘j’i‘r?a’[ oy Poyntmg Hux; drivern oy extractionoforack
hole spin energy through Blandford-Znajek process



Pjet/ Pout VS fycut

cu u
0.995 0.707 0.100 0.010 0.995 0.707 0.100 0.010

1.04 —— MAD a=-0.94
MAD a=-0.5

—8— MAD a=0

—@— MAD a=+05

—— SANE a=-0.94
SANE a=-0.5
—8— SANE a=0
—@— SANE a=+05
—@— SANE a=+0.94

10! 10° 1071 10—2 10! 10° 10—t 10—2

. Pjetdepeﬁas on By cutoff used in definition

* Piet small for a = O because energy flux in relativistic outtl

small
@}- Event Horizon Telescope




Johnson et al. (201¢

Black Hole Photon Ring

Relative Position (M/D)

Blue: perpendicular B S S
intersection to BH spin |
axis
Red: parallel intersectior: =
to BH spin axis

Decomposition of
subrings by the number n

10F

0 :
=30

of photon half-orbits from
turning points in 6.
1o 20 30 4o gubring flux ratio
Brightness Temperature (10° K) il TN o g :
e-average image of BH shadow! ring [Fring & €
SDMAD, 2=0.94, =17 deg y, Lyapunoy exponent v
for M87 contribute ~10% of total

17 18

. . ' 0 0
@}- Event Horizon Telescope Iu At ﬁOSity -18 -17 -16 -15 19 20

3 Relative Position (uas) Relative Position (uas)




Black Hole Photon Ring

Johnson et al. (201¢

500 Disk/Jet 73‘ Photon—Ring Dominated : n=1 n=2 Angular Resolution 1/u (uas)
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Effect of Changing Mass

+1759.3 days

apshot image of GRMHD simulatiqg
MAD, spin a=0.94, Rhigh=160 *

Changing mass between 20
3 x 109 and 6 x 10° Msun

X |pas

Credit: G. Wong, B. Prather, C. Gammie (lllinc
@}- Event Horizon Telescope




Effect of Changing Inclination

+1759.3 days

apshot image of GRMHD simulation
MAD, spin a=0.94, Rhigh=160 *
Changing inclination 2
from163 to O degree

y [pras]

0
—20
10
—-40 —20 0 20 40
X |pas]

Credit: G. Wong, B. Prather, C. Gammie (lllinc
g Event Horizon Telescope



M87 Theoretical Images

Movies of time evolution of
GRRT image of M87

GRMHD simulation, SANE,
a=0.94

Movie: Z. Younsi, L.
Weih, C. Fromm, L.
Rezzolla
Frankfurt BHCam
team



M8 7
Theoretic
al Images

Movies of time evolution of

GRRT & convolved images of
M87

GRMHD simulation, SANE,
a=0.94
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o
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Movie: Z. Younsi, C.
Fromm, L. Weih, L.
Rezzolla
Frankfurt BHCam team



Effect of Changing Inclination

Snapshot image of GRMHD
simulation
SANE, a=0.94

Changing inclination angle
(from 163°)

Movie: Z. Younsi, L.
Weih, C. Fromm, L.
Rezzolla
Frankfurt BHCam
team



Spherical Projection of Density Evolution
COIOIN SINMOWS
log(p) MAD, a=0 SANE, a=0
on surface
r=10 GM/c?

pole to equator
contrast ~ 10°

% y
\\V/”

Credit: G. Wong, B. Prather, C. Gammie (lllinc
g Event Horizon Telescope



Spherical Projection of Density Evolution

COIOTr SINTOWS

109(0) MAD, a = -0.94 MAD, a= +0.94
or?s%rface retrograde prograde
r =10 GM/c2

pole to equator
contrast ~ 10°

BH spin: clockwise BH spin: counter-clockwise
matter: counter-clockwise matter: counter-clockwise

Credit: G. Wong, B. Prather, C. Gammie (lllinc
g Event Horizon Telescope




Spherical Projection of Density Evolution

COIOr SNOWS
log(p) SANE, a = -0.94 SANE, a= +0.94

on surface ll A

r=10 GM/c?

pole to equator
contrast ~ 10°

BH spin: clockwise BH spin: counter-clockwise
matter: counter-clockwise matter: counter-clockwise

Credit: G. Wong, B. Prather, C. Gammie (lllinc
g Event Horizon Telescope




“redit: Dom Pesce
(Paper Vl)
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“redit: Dom Pesce
(Paper Vl)
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“redit: Dom Pesce
(Paper Vl)

Image
domain

Inlensily
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_redit: Dom Pesce Image
(Paper Vl) domain

Geometric




