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Abstract:

Horizon-scale images from the Event Horizon Telescope (EHT) now reveal two stable fea
a bright, polarized ring. These two features provide clean and robust standing points fi

region, any model that adds microwave emission would partially illuminate it, so t
background-free intensity test that yields strong bounds, which we showcased with dar
differential linear polarization angle between observing days, predicted and observed t
systematics; its stability leads to leading limits on the axion photon coupling in the
superradiant origin. | will also highlight recent progress on controlling observational un

these conclusions can be regarded as robust.
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Outline

* A (quick) summary of the EHT’s observation 2017
* A bright ring structure —stable prediction for BH
* Exploit the , perfect background for new physics

e Utilize the ring, stable polarized emission source



Event Horizon Telescope

The biggest ‘telescope’ ever

* Global Radio Telescopes @ 230GHz
* VLBI : Very-Long Baseline Interferometry

e The best resolution: can see a coin on
the moon

A
A0 ~ 1.22— =~ 50 uas
D

Credit:  https://www.astronomy.com/science/event-horizon-telescope-
releases-first-ever-black-hole-image/
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Image of the Black Hole

M87* at 230 GHz

» Clear Structure of Photon Ring and Black
hole Shadow

* Dynamical Range-10%

* No visible Jet

EHT M87* Paperlv 4
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Image of the Black Hole Rl 5

M87* at 230 GHz

Clear Structure of Photon Ring and Black
hole Shadow

Dynamical Range-10%

No visible Jet

50 pas

Polarization Shows Strong vertical B-field

EHT M&7* PaperVIl °
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Credit:
EHT collabg

M87 Black Hole — Event Horizon Telescope
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Relativistic jet

s Supermassive black ho
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ALMA image of the jet
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EHT image of the
black hole shadow
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What EHT actually sees

M87* at 230 GHz Frequency Domain

T T T T T T T T T T T T

_ — | Filled disk |
Asymmetric Ring} ...... Qaussian 3

o Crescent

10

...
- ~

Baseline (GA)

EHT M87* PaperVl /
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Credit:
EHT collabg

M87 Black Hole — Event Horizon Telescope
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Relativistic jet
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How to interpret the EHT results

M87* at 230 GHz

GRMHD:

spacetime

Disk evolution
Magnetic field
Jet launching &
propagation

Observations:

« Data comparison
« Model prediction

Pirsa: 25120023

Credit:
EHT collaboration

GRRT:

Mass & distance
microphysics
Emission model

Theoretical
prediction;

Synthetic data (VLBI
observation)
Image generation

Page 10/51



What is robust?

General Relativity Astrophysics
e Kerr metric(a), null geodesics » Accretion flow geometry
* Lensed photons e Electron distribution (n,, )

e Critical curve in image plane e Magnetic field

10
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What is robust?

General Relativity

e Kerr metric(a), null geodesics

* Lensed photons

e Critical curve in image plane

[

Geodesic structures are much
more robust than detailed
astrophysical features!
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MAD M8T7 *
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Credit:
EHT collaboration

How do we take pictures of BH?

GR Ray
Tracing

Pirsa: 25120023 Page 13/51



Empty Jets

No stable position for Plasma

|B| = 0(30) gauss

Plasmas are ejected away by centrifugal force

irsa: 25120023

Spin
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Shadow of the black hole

10M 10M
5M | 50
0 0
—5M U —oM
B1)) 742 S S VA VAV > —10M ]
—10M —5M 0 SM 10M —10M —5M 0 SM 10M
Credit: Chael et al.(2021) 18 &
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Face-on observation of MI87*

Luckily enough, we have the biggest shadow region arxiv: 240416673
Credit: Yosuke Mizuno

MAD M87 *
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Shadow of the black hole

1011 :

1010 -

We should
search for

New Physics'

3o - EHT2017
‘hﬁn 107 72
e ]
---- Equatorial Model ¢ = 0 deg
. ---- Equatorial Model ¢ = 90 deg
10 ] —— Simulation ¢ =0 deg
—— Simulation ¢ = 90 deg ngbEHI
107 I ] : : r T T T
40 -30 ~20 ~10 0 10 s 30 40

Image Position (uas)

Credit: Chael et al.(2021)
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Dark Matter Profile near the SMBH

Dark Matter Spike -------- Dense DM environment

e SMBH distort the gravitational

potential.

* Adiabatic growth towards
a cuspy profile.

* Flat core structure due to

annihilation.

Pirsa: 25120023

0)[GeV/em”]

p(r,0

(ov)=10"2cm’ /s
(m«'> =10 Pem’/s

(ov)=10 "cm’/s

\ —— Non-annihilating

Ferit(0=0,a,=0.9375)

11

DM spike

-
-
-
I ~-
-
S~

2

3 4
logo (r/rg)

21

Page 18/51




Dark Matter Profile near the SMBH

Dark Matter Spike -------- Dense DM environment

e SMBH distort the gravitational

potential.

* Adiabatic growth towards
a cuspy profile.

* Flat core structure due to

annihilation.
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Plasma Injections From Dark Matter

e~e™ pairs from dark matter annihilation

. Dark Matter annihilates into SM particles, consequently generating e "e™ pairs.

« Different channels should be considered, ¥y — qgq, ll,e e, Y,U...
« Heavy unstable particle channel: sub-sequential decay, jets of low energy e e™
. e~ e™ channel: no sub-sequential decay, high energy of electron-positron pairs
« Other particles: high energy gamma rays, neutrinos, cosmic rays(neutrons)

« Spectrums are extracted from PPPC: https://www.marcocirelli.net/
PPPC4DMID.html

23

Pirsa: 25120023 Page 20/51



Plasma Injections From Dark Matter

e ~e*pair from dark matter annihilation

. ‘Static’ dark matter background provides e e injections.—Constant Source

« Dark Matter is not affected by the magnetic field, only GR effects them

« Dark Matter lives near-‘isotropically’, also abundant in the jet region

A

« Stable, feeble sources fore e™, at ~ GeV — TeV

24
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Plasma Injections From Dark Matter

e ~e*pair from dark matter annihilation

. ‘Static’ dark matter background provides e e injections. —Constant Source

. e etget absorbed by BH, or go to infinite far —Long mean-free-path & ordered B
« DM-e~e™ collisions, Accretion Flow-e "e™ collisions, e "e*-e"e™ collisions

. Mean Field Approach: V(x*) = V,(x*) + Vi ierna(X*)

25
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Plasma Injections From Dark Matter

e ~e*pair from dark matter annihilation

‘Static’ dark matter background provides e “e™ injections.—constant source

e eTget absorbed by BH, or go to infinite far —long Mean-Free-Path & ordered B

Steady distribution of e “epairs is formed, depending on the spatial and energy
transport. r

e

+

e~ e lose energy through synchrotron radiation—g-/radio emissiorl}from energetice e
L SRSt ey .

26
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e e Distribution near the SMBH

Spatial Transport
MAD model
/l suggested by EHT
. s 12 -
» Analytic fit of background *5 Je GRMHD
s a=0.94
e V, follows B MgT7*
* |V, |dictated by Gravity and =
Centrifugal force. %
41
[

Disk Region and Jet region
shows no significant difference.
(Spherical DM)
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arxiv: 240416673
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e _e™ Distribution near the SMBH

Momentum Transport

« Adiabatic Compression (p,q; = — p(V - v,)/3):

-1
* Work -> Ener hai = 1.03 x 10°6Gevs~! (=2_) (L i
oy Padi ~ 1.03 x 1072 GeV's (lGeV) ry (0.1)’
2 2

e Directional Compression P 7 1B p

p Peyn & —2.01 x 10~7 GeV's (1 g (1 GeV) ,

il : B = ~16 —1 (_Mion

« Speed dilution Phrem ~ —1.37 x 10716 GeV's 1cm_3) (1 GeV) (n -2 TRl 94) ,

1chm‘3) (1 GeV)2 i

Ne
lem )[ 1GeV+lnlcm—3+823]

e Synchrotron Radiation:
pc ~ —7.62 x 10718 GeVs~!

(
pro ~ —1.02 x 10716 GeV's~! (
(=

Psyn % P*B?

AT

) = [ s LB oy [ [ g Mol )] |
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e e Distribution near the SMBH

Momentum Transport

* Relatively Flat spectrum

* Much more lower energy &'V pF—vovu-—_—__

e~eY for bb channel

e Similar behavior for jet/
disk region

dn,/dlog,, (p/mpy) [em ]
=

g | — bb,mpy=1000GeV  — e'e ,mpy=10GeV |
—  bb, mpy =10GeV — e'e ,mpy=0.1GeV :

-4 3 2 <1 0
0g1q (p/mpy

Synchrotron Cut-off at v. ~ 180 GHz x = x( i )2
y " 7G 0.1GeV/

29
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llluminating the Inner Shadow with Dark Matter

Geodesics in Jet region is lightened up

il il |

1 1 I I 1 1 | | h | 1 i 1 1 M — -
—10M —10M —oM 0 SM 10M
« Cheal(2021) 30
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llluminating the Inner Shadow with Dark Matter

2D log-image from numerical simulation

Spike bb
My = 240 GeV

MAD M87 * (ov)=10 *"cm’s

arxiv: 2404.16673
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llluminating the Inner Shadow with Dark Matter

1D slice from numerical simulation

—— MAD M87*
—— Spike bb

A

4

Inner Shadow ' Critical Curve

10 5 0 5 10
alr,]

32
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llluminating the Inner Shadow with Dark Matter

Benchmark Constraints on dark matter annihilation cross section

*Black hole shadow morphology

=29
*Unique advantage (location, location, location) )
)
- Densest DM density in the galaxy o, TE Ay
o
- Relatively strong magnetic fields | B | 5
“\E 1
* Controlled dark background & —29] (77 EHT total intensity
. . ) v~ 1 EHT morphology
Sensitive and robust sensitivity for signals ——  EHT upgrades
_3 1 0
*New Physics smoking gun. 1 2 3

log,o(mpy/GeV)

33

Pirsa: 25120023 Page 30/51



llluminating the Inner Shadow with Dark Matter

Benchmark Constraints on dark matter annihilation cross section

. — - — -
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Turn back to
'the photon ring

MAD M8T7 *
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Photon Ring of the black hole

10M |
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Credit: Chael et al.(2021) 3
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Photon Ring of the black hole

Critical curve gives the peak intensity on the image

MAD MB87 *

Credit: George Wong and Michael Johnson.

37
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Photon Ring of the black hole

Critical curve gives the peak intensity on the image ‘ .
9 P y 9 Dominating
the intensity
on image
1011
101[] E
M‘: 10° 4
[ ]
1 ---- Equatorial Model ¢ =0 deg
8 ---- Equatorial Model ¢ =90 deg
109y __ Simulation ¢ =0 deg
—— Simulation ¢ =90 deg
MAD ]\'187 * 107 T T T T T T T T

-40 -30 -20 -10 0 10 20 30 40
Image Position (uas)

Credit: Chael et al.(2021)
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Polarization observation of the BH
M87* at 230 GHz

—

« Vertical Magnetic field: B 1 Equatorial Plane. —> MAD model

. Slow Variations: T, =——— R 8 hours —>

EHT average image, April 5 EHT average image, April 6 EHT average image, April 10 EHT average image, April 11

04

|n7 I net
Total E

[mM]net = 0.9%
Total EVPA = 21.9°

|M et = 1.9%
Total EVPA = -16.1°

.
'
.
'
-
e
t

.......

Ts (10° K)
o s
= [~
Fractional Polarization |m|

|Bp,2| = 0.06
LBy, =-140.8°

Credit: EHT.paper.VII
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Astronomical Uncertainty

AldayI
Histogram of relative change of intensity

10 — P= A5 A-099, 2= —0.00, o=0.04

« MAD model suggested by EHT. g

* Only considered selected pixels
I>0.11

max) 4

[y}

« Relative variation is 98 % likely to
be smaller than 10 % .

={d 0.2

Al1day)

40
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Astronomical Uncertainty

A4, EVPA
Histogram of relative change of EVPA

r—xp)?
0.200 — Pi= \/;‘—me'( i . A=0.95, g =—0.15°, o0 = 1.96°

« MAD model suggested by EHT.

0.1751
] ] 0.1501
* Only considered selected pixels 0195
I>0.11 '
( max) 0.100
0.0751
« Relative variation is 98 % likely to be -,
smaller than 5°. | —
00— e 7 e =
AEVPA
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Axion birefringence effect

Axion-photon-coupling

Axion-photon-photon coupling:

1 1 1
L =— ZF FH — —gayaF P+ 5 —V¥aV a

\ Y Y
VW VWA

|

|

|

I -
)( axion

As a pseudo-scalar, axion
distinguish photons with

different helicities \ /

Variation of
A0 = g“”l (tobse Xabs) = @ (Femic xemjt)] Linear Polarization Angle!

42
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