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Lecture 2: Lecture 1:

Lecture 3:

Outline of the three lectures

Overview of high-energy sky

Thermal and non-thermal sources

Galactic and extragalactic sources

Particle acceleration / interaction / radiation mechanisms

Shock acceleration and acceleration by large scale electric fields

Synchrotron, inverse Compton, Bremsstrahlung emission by electrons /
positrons

Pion production / decay emission from high-energy protons

Physics of high-energy sources (selected examples)

Pulsars / pulsar wind nebulae

Active galactic nuclei and blazars

The Galactic Center




Pulsars and pulsar wind nebulae



Origin of neutron stars

Massive stars end their life with formation of iron core
where no nucleosynthesis reaction take place. The dense
core is supported against gravity by the pressure of
degenerate electron gas
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Mass-radius relation of the iron core follows from
hydrostatic equilibrium condition
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Accumulation of iron in the core leads to contraction of
the core and infrease of the Fermi velocity up to the
speed of light, at the moment when the core mass
reaches the “Chandrasekhar mass”
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Origin of neutron stars

As soon as the core reaches the Chandrasekhar mass,
degenerate electron gas in the core becomes relativistic
and its equation of state changes: P = np.c- n:/3
The hydrostatic equilibrium condition has no solution
for M > M . The core experiences gravitational
collapse. The collapse is accompanied by the process of

“neutronization”:
naspt+e +v,

pte—=<»n+v,

N _
n+e «»p+v,

The new configuration is supported by the pressure of
degenerate neutron gas and is called “neutron star”.

Neutron star mass is M ~ M, .ltssizeis R~ (m’°G M"")" ~(m’G /)" =10° cm. Its
densityis p = M / R° = 10" g/cm®, Its rotation period could be estimated from the
conservation of angular momentum R* / P = const, which gives P, = (R / R,)’P. ~1 ms
Its magnetic field could be estimated from the conservation of magnetic flux BR* = const
This gives B, =(R/R.)’B, ~10” G




Pulsars

A compact star with parameters

\( / M~M,
N/y R~(m’°G M7y ~(m’G/”)" =10° cm

P=(R/R,)’P. ~1ms
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stores the rotation energy
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/ A rotating magnetic dipole looses energy via dipole

radiation, with the energy loss rate
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Dissipation of rotation energy should gradually slow
down the rotation of the neutron star
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Neutron star should slow down its rotation _EB - 3p? - 5p3 - rot
on the time scale
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Pulsars

1074

107°

— PSR B0833-45 (Vela)
1077 | PSR J0205+6449 (3C58)
! —_ PSR B0531+21 (Crab)
—_ PSR B1509-58

Energy output of pulsed emission from
pulsars is dominated by gamma-ray band



Crab pulsar

Crab pulsar is a powerful source some 2 kpc
away at the place of a supernova explosion
recorded by Chinese astronomers in some
10° yr ago.

Its parameters are

P=33ms P=4x10"s/s

The spin-down age is
t,=P/P=10"yr

It is the youngest observed pulsar in the Milky
Way galaxy.

The spin-down power is
_ 87T°MR’P

sd 5P3

Only a small fraction of this power is converted

into the pulsed emission power. Most of the
power is released in a larger scale nebula.

E

=10 erg/s




Crab pulsar
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Gamma-ray spectrum strongly changes
between on- and off- pulse.
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Pulsars as particle accelerators

Lorentz force leads to charge redistribution at the
surface of the neutron star.

Charge redistribution creates an electric field of

quadrupole geometry
E(r)~r™

Large scale electric field accelerates particles in the
north and south polar caps

5 R

Maximal particle energies
E__~ eTEH R~eR’B/P

-1
P B
~10' 5 eV
33 ms 10° G
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Pulsars as particle accelerators
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) ool | | Particle acceleration is accompanied by radiation.
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.. This could not be synchrotron radiation, because the
107 ¢ + g synchrotron cooling time is extremely short
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| The only possibility how particles could be accelerated
| is if they move along magnetic field lines.
1078 |
| The magnetic field lines are curved. Minimal energy
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Particles are accelerated close to the neutron star at
least to TeV energy scale.
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Interactions of high-energy photons
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Similar process is pair production in photon —
magnetic field interaction.

(remnant from Lecture 2)

Gamma-rays could produce pairs in collisions with
other photons if the CM energy is above two times
electron rest energy
2
m
E, >—
" E

Y2

The cross-section of pair production peaks at
0, = 107 cm” and drops as E-'In(E) at higher
energies. Mean free path of gamma-rays through
photon background is B
po=—t o 10‘{ T } em
o, N, 10 ecm™

v
Number density of keV X-ray photons close to the

neutron star is
2 -2
} [ } cm™

2
ny =F(%) :IOH|:

Gamma-rays with energies in the GeV range could
hardly get out of the emission region near Crab
pulsar, because of the pair production.

D
2 kpc

R
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Pulsar magnetosphere

Curvature radiation quanta produce pairs in
interactions with magnetic field and X-ray photons.

The space around the neutron star gets filled with e
*e- plasma which screens the initial accelerating
magnetic field. e*e  plasma forms a
"magnetosphere"” around the neutron star.

“Problem of discharge...”
A first estimate of the charge number density in the
magnetosphere is found from the condition for the
discharge

B B P T
N, 252—21013[ 5 }[ } cm™
¢eR eP 10 G || 1 ms

It is called Goldreich-Julian density.

Charges are moving freely along magnetic field lines
and gradually escape from the magnetosphere
along open field lines crossing the light cylinder at

the distance
P P
RLC:—:IOS[ }cm
2T 33 ms
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Acceleration gaps in the magnetosphere

magnetic axis

Charges are moving freely along magnetic field lines
and gradually escape from the magnetosphere

along open field lines crossing the light cylinder. —

rotation axis

‘radio beam

Vacuum “acceleration gaps” form in the polar cap
regions (footprints of open field lines) and along the

boundary of the close field line region. outer

acceleration

gap

Size of the acceleration gaps is “self-regulated” in inner

. acceleration
such a way that they operate at the limit of the . 9ap
: open :
discharge. field lines : ;
: Closed !
field lines :light

icylinder




Pulsar wind

Continuous acceleration and wash out of charged
particles from the interior of the light cylinder along
the open field lines leads to generation of

relativistic particle outflow. | ]
rotation axis

magnetic axis

‘radio beam

Particle flow also creates currents which generates
electromagnetic fields _,
n B, R
B ~_GI7ic | 2rctlic

GJ outerl i
acceleration

RLC P gap

and carry the Poynting flux with the total power inner
2 6 acceleration
: B BR gap
Eem ~ ’ 47TR5C ~ 4 open !
4r P field lines |
L i Closed !
comparable to the power of magnetic dipole ; field lines ! light
- : icylinder

radiation. ;
Significant fraction of the pulsar spin-down energy

loss rate goes into generation of magnetized
relativistic pulsar wind.




Pulsar wind nebula

X-ray telescopes resolve Crab into a
point source of pulsed emission
surrounded by an extended nebula.

Angular size of several arcsecond at
the distance ~2 kpc corresponds to
~10"7-10"% c¢m), i.e. way larger than
the size of the light cylinder.

Nebula
(jet+torus)




Pulsar wind nebula

X-ray telescopes resolve Crab into a
point source of pulsed emission
surrounded by an extended nebula.

Angular size of several arcsecond at
the distance ~2 kpc corresponds to
~10"7-10"% c¢m), i.e. way larger than
the size of the light cylinder.

Nebula emission is variable on the
time scale of several months

(~3x10° s)
R 1 17

e~ R_20 M 50
¢ 3x10"s

Central source of pulsed emission
generates relativistic outflow feeding
the nebula. The outflow is stopped at
the termination shock at the distance
~1017-10"8 cm.




Particle acceleration in the nebula
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Particle acceleration in the nebula

JV |

~

Relativistic pulsar wind is stopped by the
interstellar medium. A shock is formed at
the pulsar wind / ISM interface.

Relativistic shock operates as efficient
particle accelerator

Emax:3><1016[ f H%}e\f
10" G| 10" cm




Particle acceleration in the nebula
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Two Yy-ray telescopes, Fermi and AGILE, detect flares from Crab at the energies up to 1 GeV,
on a time scale ~1 day. This indicates that acceleration takes place on the time scale about the
light crossing time of a (fraction of) the termination shock of the pulsar wind.




Active Galactic Nuclei



Active Galactic Nuclei

Cenfaipl R . | NGC 4251

Radio loud (radio galaxies, quasars, blazars) Radio quiet (Seyfert galaxies and quasars)

M
Powerful emission L~ L, = 1045{ - } erg/s
10°M originates from activity of
G M M supermassive black hole
variable onvery 7, ~(1—-10)—"5—~(1- 10){ } hr

v
short time scale ¢

10'M




F, (10" ergss” em™A™)

Active Galactic Nuclei
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Optical spectra of AGN are characterized by
the presence of narrow and broad emission

lines
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The “Broad Line R4egion” is situated at the
distances d ~ 10" G, M so that the line
widths reach ~102? and in extreme cases ~1.
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Masses of black holes in the central engines
of AGN could be estimated (measured?)
through e.g “reverberation mapping”
technique. Broad lines are excited by the flux
of radiation from the black hole. A flare of
the central source has an “echo” in the broad
lines after a time delay A ~d / c.
Measuring A one could derive the black
hole mass from the relation

ArAL?

M = 5
G A
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Seyfert galaxies
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BT 1 | Seyfert galaxies are (mostly) radio quiet AGN
K it || typically found in spiral galaxies.

Finoressat ine
They do not accelerate particles and their high-
energy emission has (most probably) thermal

origin.
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The spectral feature produced by the accretion
flow (accretion disk) is known as “Big Blue
Bump”.

0.1 |- T -,J

The accretion disk is surrounded by a “corona”
composed of matter which failed to cool
sufficiently to settle into accretion disk. Electrons
in this hot corona are mildly relativistic and emit
photons at the energies £ ~ 100 keVvia
T T, A R N “Comptonisation” process (multiple Compton

1 10 100 1000| scattering).
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E Fp (keV cm™® s)

Seyfert galaxies

The dense accretion disk reflects part of radiation
from the hot corona. This results in production of
a “reflection hump” at the energy £~30 keV.
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visible band.

j Seyfert galaxies are usually divided into two
classes: Seyfert | and Seyfert Il.

Soft X-ray emission from Seyfert Il galaxies is
suppressed by obscuring material with large
column densities V,>10>* cm™. Obscuration also
prevents detection of broad emission lines in the
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E (keV)
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"Unified scheme” of AGN

Radio koud
QSO

Radio Quiet
QSO




Radio galaxies

| Central Engine:
supermassive
black hole

lobes

large-scale
jets

... with a
dust lane

Elliptical galaxy




RA offset from 43-GHz core (mas)
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Jets of the nearest radio galaxies could be resolved
down to the distance scales of ~10-100 Schwarzschild
radii of the supermassive black hole.

At this distance scale they are already well collimated
flows. The region of formation of the jet is situated
inside this distance scale.



Radio galaxies

1996

6.0c 55¢c 6.1c 6.0c

Inhomogeneities in the jets move away from the
central engine, sometimes with the apparent

superluminal velocity.

(04
Vaw = 1-vcosor” Vapp man = 20T

Observations of U,,,, ~ 10 show that inhomogeneities

in the jet move with large bulk Lorentz factors I ~ 10




Radio galaxies and quasars

Radio galaxies, similarly to Seyfert galaxies are also
divided on two broad classes: FR I and FR 2 (for Fanaroff-
Riley).

Radio galaxies in the present day Universe are typically
operating at luminosities much below the Eddington
limit.

Distant (z~1) analogues of the radio galaxies, radio loud
quasars had much higher luminosities, saturating the
Eddington limit.

Observational properties of radio galaxies with jets
aligned along the line of sight, collectively known as
blazars, are significantly different from those with the
misaligned jets. They are commonly observed in the
gamma-ray band.

Apparent luminosity of the blazars is enhanced by the
Doppler effect Lapp ~ 6" Lwhere O is the Doppler factor.

Quasar 2C 273




Blazars
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Spectra of emission from blazars have characteristic “synchrotron—inverse Compton” two-bump
appearance. Both synchrotron and inverse Compton emission are variable on short time scales down to
the light crossing time of the supermassive black hole.



Blazars
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Gamma-ray emission from blazars reveals a range of extreme properties, like fast variability on the time
scale equal or shorter than the light crossing time of the black hole or peculiar spectral shapes during the
flaring activity.

The observed gamma-ray emission comes from the base of the AGN jet from the distance scales at most

d ~T?R,, =(100—1000)R,,.




AGN as potential sources of UHECR

Fermi LAT E>1 GeV
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Excess Events

-43°30’ Nearest-to-us AGN ("radio galaxy") is Centaurus A

at 3.6 Mpc distance.

Declination (J2000)
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The source works as particle accelerator. The
gamma-ray spectrum of the source extends up to

Rl 10 TeV energy.
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AGN as potential sources of UHECR

The direciton toward Centaurus A is coincident
with the direciton of an “excess” of UHECR
events, within ~20° around the source position.

Large angular spread of events around the source
could be explained by UHECR deflections in
Galactic and extragalactic magnetic fields.

Detection of UHECR from the nearest AGN could
provide a useful diagnostics of the efficiency of
particle acceleration process in these sources and
on the location of the acceleration sites

Emax:3><1019[ f H f }:V
10° G| 10" cm




AGN as potential sources of neutrinos

New 129
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Interactions of high-energy protons lead
to production of neutrino and
electromagnetic flux

log EF, [erg

TA hotspot

gamma from
Electrons / positrons

-12

—14

ermi

n® gamma

neutrinos
l 1 |

PG 1553+113

I

UHECR
protons

8 9 10 11 12 13 14 15 16
log E [eV]

17 18 19



Pair produciton and electromagnetic cascade
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Gamma-rays could produce pairs in collisions with
other photons if the CM energy is above two times
electron rest energy

2 E -1
E >ﬂ~25{ ”} GeV

vt 10 eV

Y2
The cross-section of pair production peaks at
0, = 107 cm” and drops as E-'In(E) at higher
energies. Mean free path of gamma-rays through
photon background is

1
2, =— :10‘{ e }cm

124 21 -3
o, N, 10° cm

Gamma-rays with multi-GeV energies could
hardly escape from the vicinity of the black hole
Surrounded by a luminous accretion disk.

Gamma-rays produced in pp interactions initiate
electromagnetic cascade which transfers power
to the energy band below the pair production
threshold.

Number density of low-energy photons close to the

black hole is I

Ny =—"—"5 "
ov 47rR2Ey2

2 —
10" L [ R Tcm»*
10® erg/s | | 10" cm




AGN as potential sources of neutrinos

New 129
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Interactions of high-energy protons lead
to production of neutrino and
electromagnetic flux.

The overall power of neutrino and
electromagnetic flux is comparable, but

they are emitted in different energy
bands.
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Electromagnetic cascade in the intergalactic medium

log(E Fy [erg/(cm? s sr)])
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Highest energy gamma-rays are also absorbed on the way from the source to the Earth in interactions
with Extragalactic Background Light photzons (infrared — visible band

E
E, > 025 2| TeV
E leV

Y2

Photon mean free path is ),W = 300(n,,, /107" ¢cm ™) 'Mpc which is shorter than the distance to
blazars. Gamma-gamma pair production leads to suppression of gamma-ray flux from distant sources.
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The Galactic Centre region provides the most
complicated astrophysical environment in our Galaxy.
— multiple supernova remnants and \
pulsar wind nebulae

— giant molecular cloud complexes
—radio “threads” and “arcs”

— supermassive black hole \

SNR 359.1-00.5
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The Galactic Centre

VHE gamma-ray image

Supernova Remnant G0.9+0.1

Sgr A complex

HESS J1745-290 (The Galactic Centre)

Molecular

clouds
--------------------------------------- Supernova

. remnants/
Emission along the Galactic Plane PWN

Mystery Source HESS J1745-303
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Galactic plane orientation
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The Galactic Centre is embedded into extended “bubble like” structure Sgr A East, of the size ~10 pc.



Sgr A complex

Galactic plane orientation
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Sgr A West

The Galactic Centre is embedded into extended “bubble like” structure Sgr A East, of the size ~10 pc.

Directly adjacent to the GC is a spiral structure Sgr A West.
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The source luminosity is about 7.~10°° erg/s.

The Galactic Centre source Sgr A* is a weak non-thermal source with the spectrum extending up to
the energy £~30 TeV.




Dereddened flux density (mdy)

Dereddened flux density (mJy)
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The source is strongly variable in near-IR and X-ray bands (but not in gamma-rays) on very

short time scales, 7~10 min. This limits the source size to be R < 10" cm
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Study of stellar orbits around the source
indicates that it hosts a superrr61assive black
hole of the mass M = 3x10"M |

Schwarzschild radius of the black hole is
~10"? cm. X-ray and infrared variability time
scale indicates that emission is produced in
the direct vicinity of the black hole.

Eddington luminosity of the black hole is

M
3x10°M

M =10* erg/s

The observed luminosity is 8 orders of magnitude below.
This indicates that either the accretion rate on the black
hole is very low or that the accretion flow is “radiatively
inefficient”.
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Radiatively inefficient accretion in Sgr A*
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Close to horizon, the temperature of protons
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with protons would heat the electrons to higher
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The accretion rate could be estimated known the
density 71 ~ 10° cm™ and temperature Mildly relativistic electrons emit synchrotron —
T ~0.1—1 keV of the interstellar medium. inverse Compton and Bremsstrahlung emission.
The accretion radius is determined by the
condition 7" ~ G, Mm /R .. Matteris Comparison of synchrotron and inverse Compton
removed from inside the accretion radius with luminosity provides an estimate of magnetic field
the free fall velocity v~ \/GM /R, . B ~ 10 G. Infrared emission component could
Numerical estimate gives be identified with the synchrotron emission form

M ~107 M@ / yr Gey e;lectrons. X-ray with the inverse Compton

emission by the same electrons.
If the accretion would be radiatively efficient, the
luminosity of the source would be
L~0.1M ~10* erg/s




Particle acceleration in the Galactic Centre

Sgr A” A naive estimate of the maximal attainable
G359.95-0.04 energies of particles is
HESS J1745-290 (2004) B R
5
HESS J1745-290 (2005/06 E =3%x10 > eV
10G ] [ 107 cm

However, it is not clear if the non-variable
gamma-ray component originates from the
accretion flow, i.e. if there is particle acceleration
mechanism operating near the black hole.

The non-variable gamma-ray source could well
be extended, because high-energy electrons and
protons could, most probably escape from the
Low-density accretion flow ( 77 ~ 10° cm™
359.94 359.92 close to the horizon). Pion production cooling
time for protons is 7, = (K(Tppn)_l ~1yr
which is much larger than the escape time from
the innermost part of the accretion flow.

Sgr A* possibly provides a constant source of
high-energy particles diffusing into the
interstellar medium.




Summary




