Giant rotating pin-wheels
with a pancake-like disk, a
central bulge , and spiral
arms.

M101:(the Pin-wheel galaxy

Credit: NASA, ESA, K. Kuntz (JHU), F. Bresolin
(University of Hawaii), J. Trauger (Jet Propulsion Lab), J.
Mould (NOAO), Y.-H. Chu (University of lllinois, Urbana)
and STScl; CFHT Image: Canada-France-Hawaii

Telescope/J.-C. Cuillandre/Coelum; NOAO Image: G.
Jacoby, B. Bohannan, M. Hanna/NOAO/AURA/NSF

~ Galaxies

Elliptica

From completely round to

Lenticula

Mix between spirals and

oval. Less common than elllptlcals Central bulge &

spiral galaxies.

Credit: ESA/Hubble & NASA.
Acknowledgement: Judy Schmidt

NGC

2865

disk of spiral galaxies but
no arms.

NGC
4886

Credit: ESA/Hubble & NASA.
Acknowledgement: Gilles Chapdelaine

Irregula

Unusual shapes.

Credit: ESA/Hubble & NASA




~ Galaxies

- Galaxies consist of stars, planets, and~vast clouds-of gés and dust, all bound together by gravity.
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Credit: NASA's Scientific Visualization Studio/SDO
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Credit: NASA, ESA, and J. Nichols (University of
Leicester)
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Credit: NASA, ESA, and M. Durbin, J. Dalcanton,
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Credit: NASA, ESA, and The Hubble Heritage
Team (STScl/AURA)
Acknowledgment: P..McCullough (STScl)




Sun-like Stars (M < 10

Stars are giant balls oMS@é@)mostly hydrogen some helium and tiny bits of heavier elements).
They are real-life fusion reactors : they burn hydrogen and create helium, this balances the graV|ty that
is puIImg the envelop together :
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Sun-like Stars (M < 0.

Stars are giant balls oMSéHé)mostly hydrogen some helium and tiny bits of heavier eIements)
They are real-life fusion reactors : they burn hydrogen and create helium, this balances the grawty that
is puIImg the envelop together.

L Whatis Ieft of the core is dense,
~ hot material that will cool .down
to become a White Dwarf.

In the case of the Sun and
similar stat&tRe"&fibsphere
keeps expanding until it is
blown away

The intermediate stage is called
the planetary nebula phase.

" Credit: NASAlscGtelardByiace Btigh NSk GnBaoith (KBRwyle)
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‘White Dwarf facts

%The remaining cool core is ~ 0.5 Msus
S |
*The size Is ~ size C

*It is very dense: like puti ‘ tin a teaspoon
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Heavier Stars

In the case of massive stars fusion contlnues unt|I grawty cannot hoId
it anymore.

The .core collapses then it

, Image of the remaining of a supernova
bounces off and creates a

bserved in 1572, Supernovaes can

shock .wave, with a big = @& . 'be so bright that they are visible with
explosion and pushes away = & 87, _ Ibare eyes, even during the day.

the remaining material: this is o ‘5 B .

called a supernova. Lt ' %

Somewhere in there is a
Neutron = Star, what
% ' remains from the original -
! 'oredit:x-ray: NASAIéX@IRIKEN&GSF?/‘i’. Sato et al; Optical: DSS : ' Core Of the star
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Neutron Star facts

*The remaining'cool‘.cor"e' is ~ 1.5 Msun
*The size is -
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' Very very heavy Stars
(M > 20 Msun) .

faﬁ:t if th%{iléré Fvf%s a
éa w8

6%58 $tnB0g h%v

g . ; o ; ' dard Space Flight Center/Jeremy Schnittman -~ * ;
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Black Hole facts

% The “No-Hair Theorem”, black holes are onIy defined by:
-Thelr mass

.= Their angular momentum how

»Thelr -_o

fast they rotate)

1964, became
0 be a black

‘%Cygnus X-1, a galactic‘ "
the first astronomical obje

% There are only 2 black hol

'imaged: M87* . -
(2019) and .S’ i _ :
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Supermassive black holes?
The ones | : RN :
explained‘

Observed Mass Ranges of Compact Objects The  ones that
are interesting
{o] active
galaxies .

,$’ *
J

Stellar Intermediate Mass Supermassive -
Black Hole Black Hole Black Hole
Neutron
Star
White
Dwarf
Corcrnl Cornl ool ool ool Corrnl Cor ol ol
1 10 100 1,000 10,000 100,000 1,000,000
Object Mass

(Relative to the Sun)

Credit: NASA/JPL-Caltech




Active Galaxies

Around 10% of Known gaIaX|es are actlve thelr center appears more
than 100 times brighter than the combined Ilght of their stars!

‘kWhy is that? R —
¥ What makes them so brlght’? e

W

R : Th|s is M87, a galaxy -
In Active Galaxies, the supermassive™ _qjmpimlgctwe core
accreting material present in the central region

Credit; EHT Collaboration
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Active Galaxies

" Gas and dust
coming the

surrounding
: stars and
As ~ -matter  spirals clouds ;

towards the black hole:
it heats up and forms a
disk

Credit: NASA/Dana Berry, SkyWorks-Digital
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Actlve GaIaX|es

Credlt X-ray: NASA/CXC/SAO; visual: NASA/STScl; radio: NSF/NRAO/VLA

| N ,
As . matter  spirals 5 - . Jets GRS 109R81neo!
o ' | '« % .. |eneresfis) naftighshelrigcted
. . . : ;i » b o « ®
it heats ‘Up" = ' T T Wy . joutwaslmagpeResitddifections.
releases - SOMICEENN : e .t - awaychrmmothgisRigkd e jets
by radiating =S S e e R BEe ehacadienizediby:heir radio
light (here X-rays, in : - , & , ; wave emission.
pink) ; , . - ., '
: _ Multi-wavelength ©
. '\_lisiblé Lig.ht. A X-ray Light Radio Ligh’:
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E-Iectro’magnetic spectrum
PAUSBE o |

What's this story about X-rays, radio etc? |

A mechanical wave is a
propagation-of energy
MECHANICAL WAVE ELECTROMAGNETIC WAVE through matter.

Ex: waves on a rope.

. Light waves

(electromagnetic waves)
are oscillations :of electric
and magnetic fields.

Wavelength g Electric Field

Credit: NASA, ESA, Leah Hustak (STScl)
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Electromagnetic spectrum
What’s‘thié .story about X-r.éys,v radio etc?

The-runner runs always at the same speed If she was a light wave, her

speed would be 300 000 km/s. e

. She changes direction regularly. If she\ o[fe wave, she would change
direction 1 million times per second." k '

> time .

18.05.24



E-Iectro’magnetiq spectrum

What's this story about X-rays, radio etc?

What type
of object of
'_,,._‘ , @ everyday
' life uses
AM TV Remote Light Bulb Sun X-ray machine Radioctive Elements . that “lightn
Radio waves Infrared Ultraviolet X-rays Gamma rays
Interval

V l SL ITJC T R U M oscillations

/fil\l | :
% (/& i between two
@ K s ‘, f v wave :
Building Siz: ; at the speed
of light
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Active Galaxies

Credit: X-ray: NASA/CXC/SAO; visual: NASA/STScl; radio: NSF/NRAO/VLA

- Why do different parts emit at different wavelengthé? -:v \\.x/'
: . F 7,0
%It depends what type of particle there is. i D
%It depends how energetic the particles are. .
: . /

%It depends on t'he temperature of that region. .

-

_ Multi-wavelength <.

%It depends on how dense the region is.

< X . -
>

~ *Visible Light X-ray Light Radio Light
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M87: the typical
"Radio -7 = yisibicHE i - B coays

0.011y 0001 1 Mio ly
1000 ly 10Kk ly y

e . v - *

1000 ly Tiriese We(agﬁtri_")si B im'ultaneously during 3 months.
— This tiieeperfieatadietrspat Ignisstbe abre ofréminactiarecipaigity
o weneingt iom? quiet state. e ' :

Example: in gamma rays,;'Wé'aotkow,'We only see a blob of light. But in
radio, we see that the region closest to the black hole is bright. '



M87: the galaxy
| ‘ ﬂi’Réal_ néme? Messier 87

#ives in the Virgo.
constellation

Hts jet extends up to .. r
5000 light years! ‘ A

Outside of the galaxy

% Discovered in 1779 by
Charles Messier .

' ¥“close to Earth” (500 billion of
billion of km... 50 Mio light
years!)

18.05.24



'M87: the jet -

% The jet.is moving with
- relativistic speed (meaning

nearly at the speed of light) * 1t |s'one of the best-studleq jet

*Becauss of this, 1S S v B i o
gbserve it it looks lika e ” “directly 'po_inting at us, but also
material is travelling actually | nqt- completely R cicular

faster than light...
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M87: the black hole

‘*This image' s the first-ever

direct image of a black hole. Aihat we actually see: the

heated plasma (gas) orbiting
around the black hole.

%Observing the matter so
close to the black hole at this
distance is equivalent to look
at a credit at the surface of
the Moon. '

" #The black hole here is 6 billion
times heavier than the Sun!
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'MB87: the accretion flow

light : :

~ This image is taken in

- the radio domain: it

- means that the particles

- around the black hole -
‘must emit radio light.
How?

18.05.24



~ Synchrotron radiation

2 _ectron passes by a magnetic field:

field i0esine

HiETé’ e it light

15a

,vgth 6f the'emis_éion depends on
ic field strength and on the electron

18.05.24



Inverse Compton scattering

Photon (after)

o—

: '_h-energy electron collides with a low-

R
e ﬁﬁ%?ﬁ?e? W endhis

the X-ray or even gamma-

in th
Photon 3 paertls(?e SO it emlts light
(before) F
,, elength of the em|SS|on depends on

< the p oton density and on the electron energy
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leference between the particles of the jet and of the '
accretlon dISk | |

Number of particles E _ . Number of particles
/ - ; This difference in the , b
distribution makesthe |
emission from the jet e\
different than the o ) L
from the accretio +4 \
_ )OOR \
11 '

Energy of particles - > Energy of particles

In the jet: particles are . "~ I|n the disk: particles are
‘accelerated somehow — . not accelerated — they

they are thought to ' : ' are “thermal” and their

follow a power law - T . i ~ distribution is defined by-
g | b ‘the temperature
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Protons

' jet_ lead to the emission of very-high- -

2rgy fhemselves!

' € ere high-energy protons in the jets

In our model we conS|der that somethlng is able to
accelerate protons .
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EHT/ALMA/SMA (230 GHz)
EVN (1.7 GHz)

HSA (8.4/15/24 GHz)
EAVN/KaVA (22/43 GHz)
KVN (22/43/86/129 GHz)
VERA (22 GHz)

VLBA (24/43 GHz)
GMVA (86 GHz)

HST (optical) \L
Swift-UVOT (UV)
Swift-XRT (X-Ray)
Chandra (X-Ray)
NuSTAR (X-Ray)
Fermi-LAT (GeV)
H.ES.S. (TeV)

MAGIC (TeV)

VERITAS (TeV)

LEEL T LT |
Il 1 |
57833 57843 57853 57863 57873 57883 57893
MJD

Figure 1. Instrument coverage summary of the 2017 M87 MWL campaign, covering MJD range 57833-57893. (Made with the MWLGen software by J. Farah.)
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- This shows us
how - bright the
source is,- when
seen from Earth,
depending on
the frequency of
the light (the
wavelength)

18.05.24

log (vF,/ergs 'cm=2)

'Real data!

Gamma rays

GMVA

EHT

SMA

ALMA

HST
Swift-UvoT

Swift-XRT
Chandra+NuSTAR
Fermi -LAL
H.E.S.S.

MAGIC

VERITAS

18
log (v /Hz)




“The model
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Now we wait...

%Simulations need time to run

*| need time to figureid._' e IS in my code A
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’ ., “The results! -

B=10.0 G, pp=1.85, Ep max =7.0e+09 GeV

Jet + ADA:

Flux within'7.5rg
| —- ADAF

— et

log(v/Hz)
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The results! -

Ha'p'py astrophySiciAst's!

universitat
, ‘l innspruck

}

& Paolo Da vela
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