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WHAT ARE JETS?

Collimated outflows seen in different sources and
at different scales

-

Hercules A, credit NASA, ESA 2 . 7 .CenA; credit ESO/WFI

Active Galactic Nuclei

il
2 Matteo Cerruti A \‘
> ‘ -



clination (J2

of Ik

WHAT ARE JETS?

Collimated outflows seen in different sources and
at different scales

R@ 1758-258, credit Marti

Micro quasars
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WHAT ARE JETS?

Collimated outflows seen in different sources and
at different scales

HH 212, credit ESO

HH 111, credit ESA

Young stellar objects
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HOW DO WE STUDY JETS?

Multi-wavelength observations

M87, credit EHT

The Jet of M87 in radio, visible, X-ray
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HOW DO WE STUDY JETS?

Relativistic Magneto-hydrodinamic (MHD) simulations
(+ GR if you want to study jet launching close to the black hole)

Gourgouliatos, 2018
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= Fendt, 2010
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HOW DO WE STUDY JETS?

Laboratory astrophysics

(a) 175ns 230ns 290ns 350ns 380ns 440ns

- 4

Suzuku-Vidal 2012

b
shgrL .

400ns gshock

-Vi 1
. Suzuku-Vidal 2015 Votton GComu @ NS,
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DOPPLER BOOSTING

Some reminders from special relativity

v
If f = —, we can define the Lorentz factor

C
1 r
I = 10;

V1-p2 ;

This is the same factor that enters into the b0 02 oa  os 08 1d
time dilation and length contraction formulae:
t =11
xl
X =—
I
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DOPPLER BOOSTING

N.B. The duration of a flare is a bit different

/

AT
AT = F(l — ﬂCOS Q)AT/ = T

and similarly v = ov’

where 0 is the Doppler factor D

to observer

For the flux:

F,=8F,

N.B.: This is for a single plasmoid; , l - g :
If extended region, it goes as 52 0.00 0.05 0.10 0.15

Matteo Cerruti @ C\‘A;()




JET / COUNTER-JET

Observations

ge (c) NRAQ 1996 Relative Right Ascension (arcsec)

15 10 5 0 -5 -10 -15

PKS 0637-752, Godfrey 12

Relative Declination (arcsec)

10




JET / COUNTER-JET

11

For a receding jet:

1
B I'(1 + fcosB)

3
. F,, 1+ fcos0
And so the flux ratio is =
counter—jet 1 - ,B cos 6

Exemple: if we measure a flux ratio of 1000,
Assuming ' = 10 —» f = 0.995

We get 8 = 35°

Matteo Cerruti
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SUPERLUMINAL MOTION

12

Observations

The right knot
has a
projected
displacement
of 25 light
years during
1991-1998!

3C279, credit VLBA

40 60 20 4
Light Years \S
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SUPERLUMINAL MOTION

In frame K:
AB = BcAT

In B the knot moved towards us by
pcAT cos 6.

The time needed for the signal to reach us is
AT — pcAT cosO/c = AT — BAT cos

The inferred velocity of the projected
PcAT sin @

AT — AT cos 6

component is

This can be > cif f > —
sin 0 + cos0

13 Matteo Cerruti

to observer
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KNOTS

0.5

-1.9

-20

14

Monitoring of features over several years
Moving vs standing knots
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KNOTS

Distance from Core [mas]

New ejections and trailing knots

Epoch [Year]
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JET PROFILE AND COLLIMATION

16

What is the jet shape? Far away it looks conical or even cylindrical
Close to the black hole we see parabolic to conical transition

Relative dec (mas)

Jet width (mas)
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JET PROFILE AND COLLIMATION

What is the jet shape? Far away it looks cylindrical
Close to the black hole we see conical and parabolic sections

 0238-084

0111+021

oooooooooooooooooo

04304052 rd " 0815-094
4
()Y

Kovalev 20
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RECOLLIMATION SHOCKS

Jet width (mas)

18

Are stationary features recollimation?

Projected distance from core (pc)
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RECOLLIMATION SHOCKS

Simulations

helical B, =200 L
. log,(p) log,(p,) . Y
(a) ) () WP (c) ]
1.6
-2.83
4
-2.4 -18)
: )
-2.5 -2.0 3
-26
-2.2
2

e Mizuno 15 A
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DECELERATION

20

How does the jet end?
- Deceleration and disruption

(e) 3C 31

o mn

5 arcsec

0 =52.5°

3C 31, Hardcastle 20

3C 31, Laing & Bradle 14
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TERMINATION SHOCKS

21

DECLINATION (J2000)

How does the jet end?
- Termination shock

0®

3C 41,

.8 446 44.4 44.2 44.0
IGHT ASCENSION (J2000)

Kharb 08

DECLINATION (J2000)

DECLINATION (J2000)

3313

235

43.75
IGHT ASCENSION (J2000)

llllllllll

01264495 44.90 44.85 44.80 44.75 44.70 4465 44.60 4455 44.50
RIGHT ASCENSION (J2000)



TERMINATION SHOCKS

22

How does the jet end?
- Termination shock

BEFORE SPLITTING

o

.

a, 'v- .‘! .

Single terminal hotspot

Horton 23
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JET and OBSTACLES

The jet interacts with its environment
It has to collide with clouds and stars in the galaxy

a
tar Envelon 1.5x10'"®
k/' G, ‘ E 1.0x10'"®
Sl 3
B o
el . )
J t '.1 ¥ b A .
¢ . ‘ 5.0x10"7
. .$ ; .
R e . Jorres-Alba 20
Oy o |
Barkov 12 RO S Rt 7 S 0 3.3x10"7  6.7x10'7  1.0x10'
arkov Cen A, Wykes 15

y (cm)
23
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PRECESSION

24

6

SS 433, VLBI

Observational evidences
Simulations

S5 1044+719, Kun 23

Matteo Cerruti
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PRECESSION

OJ 287 & binaries

a
Binary black hole model
Jet ____l______
Line of S|g ht ol s 4 18.35 billion solar
150 million solar mass primary BH
mass secondary BH spin 0.38
Q
Secondar
Orbit of binary

system

\ black hole
Primary black hole s

Abraham 18

Accretion disk

Valtonen 11

Q
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JET UNIFICATION

A fundamental plane connecting jets at various scales

GBH NLR75

40
¥ b OO

log Ly (erg s h
3

Log M<2
5<Log M<6 -
6<log M<7
7<Log M<8
8<l.og M<9
9<Log M

30

L 1 1 [ 1 1 1 I 1 1 1 1
20 25 30 35
0.60 log Ly + 0.78 log M

Merloni 03
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MICRO QUASARS
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HISTORY

28

Follow up of bright X-ray sources in the Milky Way
First observations of jets that ‘look like’ quasars
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1E 1740.7-2942, Mirabel 92
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HISTORY

Confirmed by the discovery of superluminal motions

29

Matteo Cerruu

' ' ' '
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WHAT IS A MICROQUASAR?

30

X-ray binary with radio jet

Companion star

Relativistic jets

Compact object
of center

: : Accretion disk
Ultraviolet and

optical emission % Y-rays
i

N.B. not all binaries are microquasars!

Matteo Cerruti
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vxL,, 10% erg/sec

X-RAY EMISSION FROM MICROQUASARS

X-ray spectra from micro quasars

o — soft state
e — hard state

Cygnus X-1

T

saal

10 |

-

vxL,, 10% erg/sec

0.1 |

T
4U1705-44

(2) Direct coronal emission
(upscattered accretion disk emission)

’ (3) Coronal emission reflected

31
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Radio and Infrared Flux Density (mJy)

MWL EMISSION FROM MICROQUASARS
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DIFFERENT STATES

VHS/IS

HS Soft

Hard LS

no
jet

J

10jo€} Zjualio jer

Fender 04

. b
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GAMMA-RAYS FROM MICROQUASARS

Nine binaries known in the TeV band,
but the emission is likely not associated with the jet

/ \ LS +61 303 02 40 34 +61 1525 Gal,BIN 2.0 kpc Default Catalog
’ ‘ LMC P3 05 36 00 -67 35 11 Gal,BIN Default Catalog
/ \ \ HESS 10632+057 06 33 00.8 +05 47 39 Gal,BIN 1.4 kpc Default Catalog
HESS J1018-589 A 10 18 58 -58 56 43 Gal,BIN Default Catalog

Eta Carinae 10 44 35 -59 39 56.6 Gal,BIN 2.3 kpc Default Catalog

PSR B1259-63 13 0249.3 -63 49 53 Gal,BIN 2.7 kpc Default Catalog

LS 5039 18 26 15 -14 49 30 Gal,BIN 2.5 kpc Default Catalog

HESS J1832-093 18 32 50 -09 22 36 Gal,BIN Default Catalog

SS 433 w1 19 10 37 +0502 13 Gal,BIN 4.5 kpc Default Catalog

SS433el 19 1337 +04 55 48 Gal,BIN 5.5 kpc Default Catalog

\ 1 PSR 12032+4127 20 3210 +41 27 34 Gal,BIN 1.8 kpc Default Catalog

These sources will be covered tomorrow by P. Bordas

1
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SS 433

Microquasar embedded in the supernova remnant W50

Distance: ~5.5 kpc
Location: 19h11m +04d58m
Central Object: black hole
with 3-30 solar masses
Companion Star: A-type

Period: 13d A
Precession: 162.5 days Matteo Cerruti A !
’ ‘ -

. W50, credit NRAO




SS 433

Zooming in on the microquasar

ANZRR
VLBA

Amy Mioduszewski
Michael Rupen

SS433, credit NRAO Craig Walker
N0 ® Greg Taylor
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SS 433

37

X-ray emission

o e

Jetin X-ray - ke

W50, credit Chandra . .-
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SS 433

38

Fermi J1913+05

Flux (10"°photon cm? s°1)

GeV emission

40
30
20
10

No LAT source associated with the X-ray jets.
A surprising source offset from the jets, and in

phase with the precession period

T lIII|IIII|llII|I

T

it

<7

%Zﬂ It %iﬂ '

Precession Phase
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SS 433

Extended TeV emission detected with HAWC

log (v[Hz])
9 12 15 18 21 24 27 30

4 T T T T T
- - - Leptonic (Inverse Compton) A Radio (Geldzahler et al 1980)
3| === Leptonic (Synchrotron) ¢ XMM-Newton (Brinkmann et al 2007)
e 11+ Hadronic (1y decay) % RXTE (Safi-Harb & Petre 1999)
‘o 21 % MAGIC-HESS 95% UL (2017) ¥ HAWC (this work)
o *  VERITAS 99% UL (2017)
=
(&)
>
2,
-
©
N =

log (E

log (E, [eV])

Abeysekara 18
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SS 433

40

Galactic Latitude
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SS 433

continuous injection continuous injection

radiative losses of electrons of electrons radiative losses
E2dN/dE E*dN/dE E%dN/dE E*dN/dE
L . \_ . L e
cutoff cutoff cutoff

compact binary region,
jet base

shock

jet

4
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Location: 19hsam +35d12m CYG X1

Central Object: black hole

with 7-13 solar masses
Companion Star: O-type
Period: 5.6d

Bremsstrahlung Bow shock front

gas

Synchrotron
lobe

Gallo 05

42 Matteo Cerruti ]



Dec {)2000)

CYG X1

+38°00'00.0" &

oo LAT emission detected during the hard state
Evidence of orbital variability implies contribution
from external photons (from the companion)
Zanin 16 N
43 02\00.05 2!10010 Os 58\0005 56!7\00.05 10\54!\000050 OZmU OOS ZOHOm0.00S SBnO0,0S SGmOOOS 19'14"\0‘0050

RA (12000) RA (12000)

——— w



CYG X1

Evidence (3.20) for flaring 2 1
activity in MAGIC data O a0

35°40' g

Cygnus X-1
2006-09-24
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o
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; o
o o
34750"
® o
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CYG X3

45

ARC SEC

0.5

0.0 -0.5
ARC SEC

Matteo Cerruti

21
October
2000

5

November —
2000

20
November
2000

-1.0

Distance: ~7.4 kpc
Location: 20h32m +40d57m
Central Object: compact
object with 1.3-4.5 solar
masses

Companion Star: WR-type
Period: 4.8h




CYG X3

46

LAT Flux (106 ph s-' cnr2)

LAT Flux (10 ph s' cm2)
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GeV emission associated
with giant radio flares
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ACTIVE GALACTIC NUCLEI
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ACTIVE GALACTIC NUCLEI

Point-like source of photons in galaxy center

The brightest ones can outshine the galaxy itself (=quasar)

_-:,,-':.‘—}F‘.*. 5 2% TN TSN DR REE 15T R | (N NN TN TENN RSN DU S NCUTUENEN BT S |
WO, FE A 2o [Ny Point-like source (PSF distribution)
o o § \
5 oo .
] - - a : .’_,
P4 o 2 o
l'?: 35 E N
. ~
. : A L 22 - . . -l
L y 24 - \. Galaxy emission
o Lo
8 \
~ '
® \
24 \
-
> 4
PR e | YRR (S 11
0 10 20 30 40
radius
Arevalo et al. 2005
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http://adsabs.harvard.edu/abs/2018Sci...361.1378I

ACTIVE GALACTIC NUCLEI

Current understanding
effect of accretion of matter onto a super-massive black hole

A7 mm | 3C 279
L I A.3 mm

’ 11 Apr 2017

"\

| 1000 pas
VLBA | I

/A3 mm
ﬁ 1 Apr 2017

X
N\

250 pas
I—=

Event Horizon Telescope 2019

GMVA

First image of a black- © Y. Kim et el (2920)
hole shadow Event Horizon Telescope 2020

Jet launching

1
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http://adsabs.harvard.edu/abs/2018Sci...361.1378I

ACTIVE GALACTIC NUCLEI

Radio-loud / radio-quiet dichotomy

NGC 3147 ¢+

Radio-galaxy Seyfert galaxy
with its relativistic jet

il
50 Matteo Cerruti & \"
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http://adsabs.harvard.edu/abs/2018Sci...361.1378I
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ACTIVE GALACTIC NUCLEI

A So;

Broad-band emission from Seyfert galaxies
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g i
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e

optical

\\ Molecular torus

. X-ray source

Mushotzky et al. 1993


http://adsabs.harvard.edu/abs/2018Sci...361.1378I
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ACTIVE GALACTIC NUCLEI

Radio-loud dichotomv: Fanaroff-Rilev I and FRII

3C457
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http://adsabs.harvard.edu/abs/2018Sci...361.1378I

ACTIVE GALACTIC NUCLEI

Radio-galaxies SED
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http://adsabs.harvard.edu/abs/2018Sci...361.1378I

ACTIVE GALACTIC NUCLEI

Blazars: radio-loud Active Galactic
Nucleus whose relativistic jet
/ points towards the observer

FR 11 (NLRG)

emission from the jet outshines
all other AGN components (disk,
BLR, X-ray corona, ...)

FR I (NLRG)

—=— Seyfen2

non-thermal emission from
S s radio-to-gamma-rays, and
o extreme variability

Flat-spectrum-radio-quasars : optical spectrum with broad emission lines
BL Lacertae objects : optical spectrum is featureless (lines EW < SA)

A
54 Matteo Cerruti @ A~
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http://adsabs.harvard.edu/abs/2018Sci...361.1378I

ACTIVE GALACTIC NUCLEI

FSRQs and BL Lac spectra

)

< st I | | f——t—t— ;
i 11209+1810 10516-6207 8
5 2F 2=0.845 FSRQ 2=1300 BIL .
S15F

s f 14
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_§ 0 : | l 1 ! | l 1 1 | l Il L 1 l { ‘ )iy i { l 4 ! ! l ] ] { ) 0
£ 4000 6000 8000 10000 4000 6000 8000 10000

Wavelength (4) Wavelength (A)
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Log vL, [erg s!]

ACTIVE GALACTIC NUCLEI
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“the blazar sequence”
(Fossati et al. 1998)

Spectral energy distribution (SED):
two separate components

FSRQs show a peak in IR
BL Lac objects are classified in:

- peak in IR: low-frequency peaked
(LBLs)

- peak in optical: intermediate
(IBLs)

- peak in UV / X: high (HBLs)

1
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THE GeV EXTRAGALACTIC SKY

o0 No association @ Possible association with SNR or PWN x AGN

* Pulsar A Globular cluster #* Starburst Galaxy ¢ PWN

® Binary + Galaxy 0 SNR # Nova o

* Star-forming region @ Unclassified source Ciprini 2018
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THE GeV EXTRAGALACTIC SKY

NI ’ *other AGN

Ciprini 2018
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Log vL, [erg s!]

THE GeV EXTRAGALACTIC SKY

Population of GeV AGNs

Dominated by high-luminosity
FSRQs and LBLs
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BLAZAR FLARES

Flux [E>100MeV] (10° ph cm? s)

Photon Spectral Index  Flux [E>100MeV] (10°° ph cm?s™)
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Blazars are extremely variable
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BLAZAR FLARES

Rapid flares
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BLAZAR FLARES

Periodicity and Quasi-Periodic-Oscillations
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BLAZAR FLARES

Helical structure of the jet

Super-massive black-hole
Binary

Precession model for Q287

!,_ Fobs

Flux

—

precessionf g
induced
by Jier and Jpu
misalignment

\\)
°°
Observer
o)
%

counter-jet

Britzen et al. 2017 Zhou et al. 2018
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Relative Declination (mas)

NARROW LINE SEYFERT 1

Narrow-line Seyfert 1 galaxies

Seyfert galaxies with unusual optical spectrum
Some of them show a jet and gamma-ray emission (when flaring)
-> low-mass version of FSRQs?

Clean | map. Array: BHKLMNOPS

J1443+47 at 4.868 GHz 2013 Nov 24 10 '
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THE TeV EXTRAGALACTIC SKY

65

e

o
A\ \e

http://tevcat2.uchicago.edu

98 extragalactic sources: 5 GRB

2 starburst galaxies
1 low-luminosity AGN
4 radio galaxies

86 blazars

WU 5.
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Log vL, [erg s!]

THE TeV EXTRAGALACTIC SKY
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Population of TeV AGNs

Log v [Hz]

Matteo Cerruti

Dominated by HBLs:

57 HBLs
9 IBLs
2 LBLs
10 FSRQ

(8 unclear)
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FSRQs and LBLs

Origin of y-ray emission:

External-Inverse-Compton External-Inverse-Compton

EIC

synch jnverse ompton

/ h

The external field also acts as an
absorber via y-y pair-production

BLR

The detection of VHE photons can
- be used to constrain the location
of the emitting region!

1
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FSRQs and LBLs
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First detection of a VHE FSRQ
in a non-flaring state!
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v Fv (erg cm? s

EXTREME BLAZARS

If the peak is beyond soft X-rays
(v > 107 Hz), we talk about
00 J0% 100 1 t0 10° 10° 0% 10° 10° 107 10" 10 10" 10" 152”%‘29\/) eXtreme_HBLS

(ergs™)

10%2

"~ Archetypal EHBL: 1ES0229+200

104
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-
5]
o
L1

1
—4

1043
10~13

11 lIIIIl|

But not all EHBLs have a hard TeV
w spectrum! The population seems
more heterogeneous

(Foffano et al. 2019
Costamante 2019)
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EXTREME BLAZARS
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Most significant association (30)
of a hlgh energy (290 TeV) neutrino with an
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IceCube, Fermi

Blass IC170922A 90% - area: 0.97 square degrees
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TXS 0506+056: THE 2017 FLARE

‘expected neutring
- events N>0.001

100 GeV photon
able to escape source
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TXS 0506+056: THE 2017 FLARE

Lepto-hadronic solutions
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They can work: neutrino rates of the order of 0.1 / yr
But rather high energetic requirement : L, > Ly, ~ x 107 erg/s
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TXS 0506+056: THE 2017 FLARE

Proton-photon interaction on external photon fields
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WHAT HAPPENED SINCE 20177

FLARE OF PKS 0735+178 / IC211208A
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RADIO GALAXIES - Centaurus A

Not variable! Unique spectral hardening at TeV
Extended!

10 : — ’ Fig. 1: Multiwavelength image of Centaurus A.
— Power-law fit below the break energy
- - Extrapolation above the break energy
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-> continuous acceleration mechanism along the jet
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GAMMA-RAY BURSTS
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Discovered by militaries during cold war

OBSERVATIONS OF GAMMA-RAY BURSTS OF COSMIC ORIGIN
Ray W. KrLEBesapeL, TaN B. StroNG, ANpD Rovy A. Orson

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico

Detector Count Rate (counts/sec)

Received 1973 March 16; revised 1973 April 2
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First afterglow detection: GRB 970228

Source

Gamma Ray Burst GRB 970228
Hubble Space Telescope * STIS

PRCY’ nber 997 + A. Fruch cl) and NASA
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WHAT ARE GRBs?

Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst Short gamma-ray burst
(>2 seconds’duration) (<2 seconds’duration)

l A red-giant -

Should come
with a core-
collapse
supernova
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..becoming so
dense that it

/ expelsits outer
/

ayersina
supernova

Gamma rays

star collapses
—> i < onto its core.... Stars* in
A a compact
binary system »

begin to spiral
inward....
»

..eventually
colliding.
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The resulting torus
has at its center

a powerful

black hole.

*Possibly neutron stars.

Should come with
a kilonova, an
optical transient
powered by
decay of
elements formed
through rapid
neutron capture
(r-process).
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WHAT ARE GRBs?
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Black hole
engine

Prompt and afterglow

Prompt
emission
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Flux (photons - cm™2 s™"- MeV™")

E'Ng (erg-em2.s7)

PROMPT PHASE SPECTRA

Prompt spectra are well fitted by a smoothly broken power law
(Band function, see Band 93)
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AFTERGLOW EVOLUTION

X-ray light-curves of afterglow

SWIXRT light curve of GRB 080729
blve: WT « red PC
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Magnitude
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AFTERGLOW EVOLUTION

Optical light-curves of afterglow
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Important relationships
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GW 170817
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GW 170817

Follow up observations in the TeV band
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THE TeV EMISSION
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Since July 2018 we had 5 TeV GRBs (and 2 candidates)
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GRB 180720B
GRB 201216C
GRB 190829A
GRB 190114C
GRB 160821B
GRB 221009A

GRB 201015A
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Flux (erg cm2s™)

THE TeV EMISSION

GRB 190114C, seen with MAGIC
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Energy flux (erg cm~2 s71)

Photon
index

THE TeV EMISSION

GRB 190829A, seen with HESS
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Cumulative Number of Bursts per Year

THE BOAT
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GRB 221009A, the brightest of all times
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Count rate [ count s™']

THE BOAT
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Seen by LHAASO-WCDA
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Number of events /10s

THE BOAT

And also by LHAASO-KM2A
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BONUS TRACK
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JETS FROM NEUTRON STARS

High resolution X-ray images from Chandra clearly show jets
launched from the Crab and Vela pulsars

Crab pulsar, Weisskopf 00
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