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of high-energy astrophysical sources
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Multi-messenger observations
of high-energy astrophysical sources
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observational quantities

(energy, flux,...)
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Outline

How do we study multi-wavelength emission from
astrophysical processes

e Read a SED
e Thermal and non-thermal emission
e |nstruments

* Build SED from (archival) data



Basic definitions

* Luminosity
* (spectral/photon) Flux density
e Spectrum

e photon spectrum - flux

 SED



unresolved

(point source) SOurCe ‘UmlﬂOSF[y

» Spectral luminosity: energy emitted per unit time in
the (unit) energy/frequency interval

db

Ly = —— [W Hz '] or [erg s' Hz1]

* Bolometric luminosity: energy emitted per unit time,
at all frequencies

Lbol — / L,/dV [W]
0



unresolved

(point source) DeteCtOr ﬂUX

e Spectral flux density (or energy flux density)

Ly, oy
F, =5 'Wm™ 2 Hz ']
lerg st em ™ “ Hz ]
dE 1Jy = 1026 W m2 Hz"
F,(v) = dt dA dv 1023 erg s cm2 Hz'!

* Energy flux (plotted in SED)

dE dE
m— 4 —
dtdAdv  dtdAd(logr)

vEF,(v)



unresolved

(point source) DeteCtOr ﬂUX

* Photon flux density per unit frequency interval (useful
for high-energy telescopes)

_ dN -1, —2 —1
F,(v) = T aAdy phs™ " m “Hz |
* Photon flux density per unit energy interval
dN
F,(F) = phm *s teV ]
dtdAdFE ke V-l
J-l

Energy Flux density Eil,dE = F,dv

Fnergy Flux = SED E°FpdE = vF,dv



Flux density and SED

Photon energy
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Thermal processes

e [The sun

¢ Tphot = 5770 K

0.66 0's 0.9

frequency

Lsun= 3.8x1026 W = 3.8x1033 erg/s

SDO/AIA 4500 2011=-12-07 12:00:08 UT



Intensity (arbitrary units)

Thermal processes

e [The sun
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Intensity (arbitrary units)
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Thermal processes

e [The sun
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Thermal processes

* Accretion disk: blue bump

(erg sec”' cm?Hz™')
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Jansky 1932

DIRECTIONAL STUDIES OF ATMOSPHERICS AT
HIGH FREQUENCIES*

By

Kant G, Jaxsxy
(0l Telephone Laderatorion, New York Ciy)

Summeary - A syatew for recording the direction of errival and infensity of
staric om shorl wases (s deserided. The agstem consists of a refating directional
antenna array, o dewdle delection receiver and an cuergy operalod asdpmaiic recorder,
The operation of the apatem 5 such that the ond pul of the receiver dn Repd constant
regardless of the intensity of the slalic.

Date oMained with this syatem akow the poesence of three separate growps of
statie: Group 1, static from lecal Aunderstorma; Group 2, static from distant thun-
deratorms, and Groxp 3, o stendy Aisy [pe afalic of unknown arigin,

Curves are given shouing fhe dircelion of errival and intensily of slatic of the
Srat gronp plotted againsd time of day and for severol different thunderstorms.

Stotic of the second growp was found lo correspond o that on lamg wares in (Ae
direction of arrival and s Aezrd only when the long ware atatic is very strong. The
stofic of this group comes mos! of fhe time from directions lying befween southeast
and southuesl ar does lhe long wave slalie.

Curves are given showing the direction of arrival of static of group three plotted
apainat lime of day. The direetion vardes gradually tAroughesd the day guing olwmest
completely aronnd the compass in 24 hows. The emidence indicales that the soaves
of this sialic 1s somechow arsocialed with the sus.

INnTRODUCTION

OR some time various investigators have made records of one
Ftype or another of the direction of arrival of static on the long

wavelengths, Watson Watt has made a comprehensive study of
the direction of arrival of static in England. Others working under him
have used apparstus similar to his in Australia and Africa, Captain
Bureau has done considerable work on the study of statie in France,
In this country, L. W. Austin with E. B. Judson working with him has
worked on the long-wave statie problem. Harper and Dean, also of this
country, have made a study of the direction of arrival of long-wave
static in Maine. Very little work, however, has been done on the diree-
tion of arrival of short and very short-wave static with the exceplion of
the series of observations made by Mr. Potter as deseribed in his paper
on short-wave noise.’

* Decimal clamifiea b

Late, May 30, 1095 y..‘:::..s‘"‘..‘:':‘:‘“..:“a“;:":ma.zu::?mt
U, R.BI{_ at “mw{‘D C., April 29,

“H Nmeyumpkrh.ohe. Proc. LRE, vol. 19,
p 1751, Oclobc (1931).

—

Reber 1940

NOTES

COSMIC STATIC

Several papers' have been published which indicate that an electro-
magnetic disturbance in the frequency range 10-20 megacycles ar-
rives approximately from the direction of the Milky Way. It has
been shown' that black-body radiation from interstellar dust par-
ticles is not the source of this energy.

The antenna system shown in Figure 1 was constructed for the
investigation of this phenomenon.* The receiver can be set at the
desired declination by rotating along the meridian on the circular
tracks at cach side. Readings at a fixed declination are taken over an
interval of several hours, the rotation of the carth providing the
change in right ascension,

The drum at the focal point is an artificial black body described
clsewhere.* The entire receiving system has an effective cone of ac-
ceptance approximately 3° in diameter.

The output is indicated by a microammeter so connected that any
intercepted energy will cause the readings to decrease, A few typical
records are shown in Figure 2, in which the individual points are
omitted because they lie too close together. The magnitude of the
dip in the curve gives a measure of the intensity of the received

energy. Over a long period, as the apparatus warms up, the zero
level will gradually rise. The dotted line indicates the run which
would have been obtained had no radiation been captured.

The results of preliminary measures of the variation of the static

'K, G, Jameky, Prec. L.RE., 30, 1930, December, 1953; 31, 1387, October, 1013;
23, tag8 October, 1g34; 28, 1517, December, 1937, H. T. Frils and C. B. Feldman,
Bell Tech. J., 16, 337, Jely, 1037,

* Whipple and Greenatein, Proc. Neol. Acad. Sei., 33, 177, 1957.

? For details of the instrumestal design and the method of reduction of the data
we G. Reber, Proc, I RE 38, 68, 1940,

+ G, Reber, Commanicalions, 18, 5, December, 1938,

on
R —
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e —
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PAPER 9

Cosmic Rays as the Source of General
Galactic Radio Emission

K. O. Kierennzvex
Verkes Qbsersatory, University of Chicage. Wilkliams Bay, Wisconsin
Juze 20, 1950

HE galactic radio emission is not a thermal free-free radia-
tion of interstellar gas, as was first believed. The electronic

temperature would have to be of the order of 100,000° in con-

tradiction to all spectroscopic evidence which gives values around
10,000°, Stars could be considered as sources only under very arti-
ficial assumptions. The observed intensities, which must come from
the outermost layers of stellar atmospheres, could not be blackbody
radiation' and might be understood only in terms of coherent plas-
ma oscillations of extended regions. The formation and mainte.
nance of these oscillations is hardly possible in stellar atmospheres.?

It will now be shown that the general cosmic radiation®of our
star system is a high frequency source of sufficient power. In
interstellar space, at least inside the interstellar clouds which
occupy about § percent of space, the mean density of kinetic
energy ought to be of the same order as the magnetic-ficld energy;
therefore, fields of around 10°* gauss are to be expected. An
energetic clectron with energy Wimec®, which is circulating in
this field, is radiating clectromagnetic energy into a very narrow
cone whose angular aperture is mec®/W in the direction of motion.
Therefore, an observer at rest receives very short pulses corre-
sponding to a frequency which is very much higher than the
classical Larmor frequency, ». The mean spectral intensity dis-
tribution of this radiation will then be?

Py)=(e/nR)(v/ve)}

for »y&» <v,, where R is the radius of the clectron’s circular orbit
and »,= {ro(W /mec?)?* If m, is the number of clectrons per cm?
with energy W, the emissivity of high frequency radiation will be
Ar=n P(»)Av= (FH/xW)n(v/re) Ar ergs/cm?/sec.
This increases steadily with frequency until »=p, and then
decreases rapidly, The observed distributiont* within the fre-
quency range of 10 to 3000 Mc seems rather to be =y %3, We
therefore expect to be already in a region with »>». Abo the
involved interstellar magnetic field strengths might vary through
space and so influence sensibly the spectral intensity distribution.
If the thickness of the emitting layer is D, the intensity of the
radiation becomes /= ArD. Let us suppose that there is one

Radio emission from Milky Way

explained with synchro

n emission
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Cosmic Rays as the Source of General
Galactic Radio Emission

K. 0. KiereNnevex
Verkes Obsersatory, University of Chicago. Williams Bay, Wisconsin
Juze 20, 1950

HE galactic radio emission is not a thermal free-free radia-
tion of interstellar gas, as was first believed. The electronic
temperature would have to be of the order of 100,000° in con-
tradiction to all spectroscopic evidence which gives values around
10,000°, Stars could be considered as sources only under very arti-
ficial assumptions. The observed intensitics, which must come from
the outermost layers of stellar atmospheres, could not be blackbody
radiation' and might be understood only in terms of coherent plas-
ma oscillations of extended regions. The formation and mainte.
nance of these oscillations is hardly possible in stellar atmospheres.®
It will now be shown that the general cosmic radiation®of our
star system is a high frequency source of sufficient power. In
interstellar space, at least inside the interstellar clouds which
occupy about 5 percent of space, the mean density of kinetic
energy ought to be of the same order as the magnetic-field energy;
therefore, fields of around 107 gauss are to be expected. An
cnergetic clectron with energy Wb mec®, which is circulating in
this field, is radiating clectromagnetic energy into a very narrow
cone whose angular aperture is mec®/W in the direction of motion.
Therefore, an observer at rest receives very short pulses corre-
sponding to a frequency which is very much higher than the
classical Larmor frequency, ». The mean spectral intensity dis-
tribution of this radiation will then be?

P(y)=(&/xR)(v/ve)}

for py&» <v., where R is the radius of the clectron’s circular orbit
and v, fro(W /mec?)?* If m, is the number of clectrons per cm?
with energy W, the emissivity of high frequency radiation will be

Ar=n P(»)Av= (CH/xW)n.v/r) Ar ergs/cm?/sec.
This increases steadily with frequency until »=p, and then
decreases rapidly, The observed distribution* within the fre-
quency range of 10 to 3000 Mc seems rather to be =»™ %3, We
therefore expect to be already in a region with » >». Alo the
involved interstellar magnetic field strengths might vary through
space and so influence sensibly the spectral intensity distribution.
If the thickness of the emitting layer is D, the intensity of the
radiation becomes /= ArD. Let us suppose that there is one

EVIDENCE FOR X RAYS FROM SOURCES OUTSIDE THE SOLAR SYSTEM"

Riccardo Glacconi, Herbert Gursky, and Frank R. Paolinl
American Sclence and Exgincering, Ino.. Cambridge, Massachusetis

and

Bruno B. Ross|

Massachusetts Institute of Tochnology, Cambridge, Massachasetts

(Received October 12, 196D

Data from an Aerobee rocket carrying a pay-~
load consisting of three large area Gelger coun-
ters have revealed a coasiderable flux of radia-
tion in the night sky that has been identified as
consisting of soft x rays.

The estrance aperture of each Gelger counter
consisted of seven Individual mica wiadows com-

ted into one face of the

irs had windows of

w counter had windows

itivity of these detec-

n2and 8 A, falling

e to the transmission

pacity of the windows,

s coated with lamp-

t light transmission.

lisposed symmetrically
s of the rocket, the
aking an angle of 55°
flight, the mormal to

h the sky, at a rate

(of the rocket, forming
to the longitudinal axis.
was usoed to limit the

s Also Incladed In

aspect system similar

rian and Kreplin.' The
| wore normal to the
tket. Each Gelger cow

Radio emission from Milky Way

explained with synchrotron emission

ter was placed in a well formed by an anticoinci -
dence scintillation counter designed to redace the
coamic-ray background. The experiment was in~
tended to stedy fluorescence x rays prodeced on
the lanar surface by x rays from the sun and to
explore the night sky for other possible sources.
On the basis of the knows flux of solar x rays,
we had estimated a flux from the moon of about
0.1 to | photon cm™* sec™ in the region of sensi-
tivity of the counter.

The rocket lasnching took place at the White
Sands Missile Range, New Mexico, at 2359 MST
on Juse 18, 1962, The moon was ome day past
full and was in the sky about 20" east of south
and 35° above the horizon. The rocket reached
a4 maximum altitode of 225 km and was above 80
km for a total of 350 seconds. The vehicle trav-
eled almost doe north for a distance of 120 km.
Two of the Gelger coanters fanctioned properly
during the flight; the third counter apparently
arced sporadically and was disregarded In the
analysis. The optical aspect system functioned
correctly. The rocket was spianing at 2.0 rps




Multi wavelength view of non-

thermal processes
* Centaurus-A with HST (optical)




Multi wavelength view of non-
thermal processes
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Non-thermal processes

Do not depend on the temperature of the emitter
- Highly energetic particles (TeV, PeV --> CR...)

* High energetic tail of high-temperature distribution (thermal
bremsstrahlung, inverse Compton)

e Particle accelerated
e Fermi processes
 electric field acceleration (pulsars, BH ergosphere)

* We exclude non-thermal processes emitting at specific frequency
(e.g. masers)



Non-thermal processes

Synchrotron radiation

ISM, matter O
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Non-thermal processes

- Synchrotron radiation

ISM, matter O

 Bremsstrahlung ¢ w\’\v

- Inverse Compton e AN T
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. Annihilation € \%%% e+
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“'The spectral shape of
synchrotron emission

Non-thermal

Synchrotron frequency Radiation

Electron
q B

* Cyclotron frequency  Weye = ==

* Sinusoidal; single frequency

\ Polarizauon

Magnetic Field

Non-thermal
Radiation

* Relativistic beaming: length
contraction + doppler shift



N The spectral shape of

synchrotron emission

Synchrotron frequency

» Cyclotron frequency

* Sinusoidal; single frequency

* Relativistic beaming: length

contraction + doppler shift

Weye —

Non-thermal
Radiation

b\ Polarizauon

qB Electron
T

Magnetic Field

Non-thermal
Radiation

Electron at Electron at
time 1) \ time £
—e edge

/ " Orbit of electron in magnetic field

Bradt, Astrophysical processes



N The spectral shape of

synchrotron emission

Synchrotron frequency

» Cyclotron frequency

* Sinusoidal; single frequency

* Relativistic beaming: length

contraction + doppler shift
* {pulseSync ~ (1‘,8)temit ~ 1/2)/2

2
Wsyne ™~ 7 Weye
1 ,qb

Vsync — _’y - Sln¢

27T m pitch angle

Weye —

Non-thermal
Radiation

\ Polarization

Electron
q B

m™m

Magnetic Field
Non-thermal

Radiation

Electron at Electron at
time 1) \ time £
/

/ " Orbit of electron in magnetic field

Bradt, Astrophysical processes



“The spectral shape of
synchrotron emission

Synchrotron power (single particle)
2 qg%a?
3 ¢’

e [ armor formula P =

e acceleration a=qgE/m E=-yvB v~c
P ~ y2B2

p. 2 po 2 326in¢
sync = g 2.3




“The spectral shape of
synchrotron emission

Synchrotron power (single particle) - cooling time

4

Piomne 7' = —§UTCUBW252
dE
E[W] = —2.66 x 107*Y B*y*Ug[J/m?]
ool E 2.75 x 108[ | 24.57[ |
- _ o — y
syne — R /dt B2 B2~ Y



Fv/v,)

N The spectral shape of

synchrotron emission

* Synchrotron spectrum (single particle)

0.1 |

0.01

0.001

0.01

10

exact solution:
v ® @)

Flvfve) = — Ks5/3(y)dy

Ve Jv/ve

Approximation:

4 v /3 v,
FWI ™ ) (2> ‘



http://www.brera.inaf.it/utenti/gabriele/total.pdf

“The spectral shape of
synchrotron emission

Ensemble of emitting particles

log F

emission single particle

log v



The particle-SED connection

Particle energy distribution

Emitted power

= x EP

dF

Power single electron  P*'" ~ 4*B? ~ E*B?

Assume power radiated all at the vsync frequency

Vsyne X 72B ~ E*B

dP
— x B
duoc

(&)

1+p
2

~ U

(84

8

_1+p
9




“The spectral shape of
synchrotron emission

Ensemble of emitting particles

log F

emission single particle

log v



D, “The spectral shape of
synchrotron emission

Self-absorption
* black-body sets upper limit to emissivity

kT, ~ ymc® ~ mc*( Y )1/2

Vsync
2
1%
* Rayleigh-deans limit I(v) = 2]<;TC—2
) 5/2
I(v) = T ~ 2mc?—— ~ =

2
C Vsync B1/2



“The spectral shape of
synchrotron emission

Self- absorption

Log F(v) [arbitrary units]

10 v, 12 14 16 18
Log v [Hz]

Figure 4.6: The synchrotron spectrum from a partially self absorbed source.
Observations of the self absorbed part could determine B. Observations of
the thin part can then determine K and the electron slope p.



http://www.brera.inaf.it/utenti/gabriele/total.pdf

“The spectral shape of
synchrotron emission

e Self-Absorption at different frequencies

Radio core at different frequencies

/ (VS>> Va=>va=va>=wVvy)

Central black hole and accretion flow

Fig.2 Diagram illustrating the core-shift of a jet . Optical
depth for SSA (tgqs) 1s @ function of the electron number
density N,, the magnetic field B and the observing frequency
v. Since 1¢, decreases with increasing frequency, the
separation between the central engine and a radio core at a
given v satisfies r(v) < v'* (a > 0) when the radial profiles of
N, and B in the jet show power law dependences.

-
1

Hada+201 |
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Inverse Compton

* Energy gained by electron
E
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Me C2
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e Power emitted

Electron
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Inverse Compton
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SSC

* Upn --> synchrotron radiation field

V’rnaw ,Ymam
S|~ 7'/ Sy / o(v ;Q)dV’Novpdv
v Y

mMmin main

opacity (optical thin: linear)

sync radiation electron distribution

IOJ\)



SSC

* Upn --> synchrotron radiation field

V’rnaw f)/mam
S/ ~ 7'/ SV// o(v'
v Y

min mimn
opacity (optical thin: linear)

sync radiation
®* Vmin = ¥2Vmin Vmax = Y2V
min = V=V min Vmax = Y=V max

« Power law S, = Cova

O =

1+ p

2

L

l°j\)

VVQ )dv' NP dry

electron distribution
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SSC |
* Upn --> synchrotron radiation field ,/ So )
logv

VmCL:I: ,Ymam
S/~ 7'/ Sy / o(v' ;Q)dV’Novpdv
v Y

min mimn
opacity (optical thin: linear)

sync radiation electron distribution

® Vmin = ]/2 V'min  Vmax = )/2 V' max

« Power law S, = Cove o = HTP
"Ymam
Sl// ~ T(C()Va)N()/ 1/’}/6{’}/ ~ TS,/N()IIIA
Ymin

Lric ~ LgyncTInA



SSC

* Upn --> synchrotron radiation field

J I I ' I I l// 1 I I I
-13 - 7
: A
- : y-a 2o ~T. InA
n —-14
C\ll -
g B
20 : hit y e
o —15 -
% B L /
Q0 .
S =18 |- v-elnA
I L L 1 | 1 1 1 1 | 1
10 15 20
Log v [Hz]

Ghisellini, radiative processes in high energy astrophysics, arXiv:1202.5949



p M,;W:Y
Hadronic emission

e accelerated proton (injected spectrum)

e target proton (ISM, molecular cloud...)

Accelerator Cloud

\mm_; Interstellar Medium

p+p = p+p+m(rt +77) 4+’ |
+ + _ Y n<em®, wer~1leV/em®
A L L
- + _ Y
p= = e+ /v.+v,/y, . W
NNy

Wer>>1eV/em® n>>lem®

E,’h — (m%c4 -+ m%c4 + 2E\E, — 2p|p2c2c0s(01,2)) i > Mc?



o
Hadronic emission

* Anisotropic

10-30

Karlsson N. & Kamae T, 2008,ApJ, 674, 278
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Hadronic emission

e accelerated proton (injected spectrum)

e target proton (ISM, molecular cloud...)
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Observe non-thermal
DrOCESSES

 SED

* Observational techniques and instruments



logv (Hz)
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e Crab nebula

. ul—-
o —_—

-
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log [vS(v)] (W m2)

-14

~15 -
6 -4 -2 0 2 4 6 8 10 12 14
log E (eV)

Fig. 8.2: Spectral energy distribution (SED), »S(»), for photons from the Crab nebula over 19
decades of frequency reaching from the radio to TeV gamma rays with compressed horizontal
scale. The straight-line segments and polarization measurements indicate that most emission up to
about 100 MeV is synchrotron emission. The solid lines are a fit to the data for a synchrotron self-
Compton (SSC) model (Section 9.4) for a nebular magnetic field of 16 nT with contributions from
a millimeter synchrotron (radio) region and from nebular dust (narrow and broader light dashed
peaks, respectively). The heavy dashed line is the SSC contribution without these two components.
The peak at TeV energies is attributed to synchrotron photons that have been upscattered via
inverse Compton scattering (Chapter 9). [Compiled by HEGRA team from HEGRA TeV data and
the literature; F. Aharonian et al., ApJ 614, 897 (2004)]



Observation techniques

* |Instruments to observe at different wavelength

(brief overview)
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fig.2.2 Bradt "Astronomy methods"



0.1 -100 GHz

Radio

* angular resolution
* sensitivity

* Flux 1.22)\
Af = 5 rad]

 SED points

* catalogues
(3C, NVSS, FIRST,...)




0.1 -100 GHz

Radio

* angular resolution
* sensitivity

1.22)\
Af = 5 rad]

e Flux
e |nterferometry

e Polarization
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 Thermal objects

 Non-thermal component
from synchrotron emission

e dusty o

njects

e Ccool objects
* high-z quasars
 molecular lines

EBL

L, [fWm “sr)

Infrared

Infrared

The infrared/gamma-ray blazar connection

WISE
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Herschel
3.5 m

Main issue: thermal background

Cryogenic systems
e Survey: WISE, 2MASS







Ultraviolet

Traces hot (10*° K) moderately ionised gas

e e.g. corona from accretion disks
Also continuum non-thermal emission
HST-FUV camera

satellites: IUE, EUVE, FUSE, GALEX

Small telescopes on other satellites

o Swift/lUVOT, XMM/OM

YESR UvVOoT
XRT \

"

Spacecralt




Comparison of UV/Vis/IR

uv Optical IR
sources of massive stars, S i dust, cool objects,
emission WHIM, Ly « Y molecules
based on
detectors microchannel CCDs SRC STGIaRroys.
bolometers
plates
major GALEX, HST many Spitzer, Herschel,
telescopes ground
surveys GALEX SDSS 2MASS, WISE




... from telescopes to particle
detectors...

...from a wave to a particle.... Atom/inucleus --> 1 A ~ 12 keV
e E<~keV
e Focussing telescopes, with direct imaging of the source
e E>~keV (X-ray, y-ray)
e particle detectors
e image and parameters from the source are

reconstructed from secondary particles produced by
the interaction within the detector



-
- <9
&

& 3

4 Ve,
2 Q. .
&-‘J‘A i ’
-a&t&‘w("‘ " . \ .
e o

CHANDRA

X-RAY OBSERVATORY

T

* Absorption (coded masks)

* |ow sensitivity; wide FoV

 (Grazing incidence

e high resolution; high sensitivity; small FoV

* X-ray polarimetry (IXPE, XIPE)

0z
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Imaging X-Ray Polarimetry Explorer




Gamma-ray

e Particle detection techniques
« geiger (first satellites)

« Particle tracking

e Spark chambers (EGRET)

o Silicon trackers (Fermi/LAT)

e Calorimeter

e built in detector (LAT): space based

 Atmosphere (IACTs): ground based



» huge (>1km? or larger) detection area

» good (=> larcmin) angular resolution

» good (10-25 % ) energy resolution

5 nsec »  flux sensitivity => 1014 erg/cm?s

» domain: 0.1 - 100 TeV with a potential of
extension down to 10GeV and up to 1PeV

a-ray




32 countrles, 209 mstntutes, >1300 members, ~250M€ investment, constructlon
5 o

Key de5|gn goals'

edifor 2018-2022. Two sites; N & S; with;>100;telescor es otal'

. - ~|_ < -
Ry R T Tl

—

*Range overlapping Ferml' 20 GeV-200+ TeV

FuII sky coverage one array per hemlsphere ‘ LN B8

- 10x better sensitivity at TeV energles and 1 Ox better effectwe energy coverage
. Larger field of view for surveys S ‘
- Improved-angular resolution’, = . RS S S
Improved pointing accuracy T T A0 N : AU *




The

Low Frequency Radio

present L — : T : ]
d th VLITE on JVLA > (=201 ) )
an € Mid-Hi Frequency Radio ( FAST . ‘ ‘ )
VLA, V] Merlin, ATCA, EVN, JVN, KVN, VERA, LBA, GBT...(many other smaller facilities) Y

future Y 5 |
of multi- () SKAI&2 (Lo/Mid) )
Wavelength N-mﬂz Mopra, Nobeyama ... (many other smaller f.cmdes) %
and multi- |
messenger mmugmmg.m.mqe) : : )
facilities _ (BIackGEM (Veerlicht single dish protoype n 2016 ) - - ~ -

Op lcalllRLa eFacIlItles .

eck, GIC, Gem , viagella: 1@ny othe mal
‘ ‘:txf

TceCube-Gen2? }

UHE Cosmic R

Telescope Array = _upgrade to TAx4 ‘ ‘ )

CTA Science book, in pub. | Pierre Auger Observatory = _upgrade to Auger Prime =0l




Read the SED

14'l[IIl]lIl]lll]Illl|ll|l]1|l]|lll|ll|l|l

[ Mk 501 keV MecV GeV TeV |

_ | Mar-Jul 2009 : U

I INstruments [
2 |- Py, Low state —

- I8

§ .

11 -
: i Synchrotron 4 1
:= - : '(, i
10 E_,_. | L l:: i g 2q 13 Lol ot e b adaaqadqgdq
0 14 16 18 20 P 24 26 28

opservational quantities Log,, [ Frequency v (Hz) |

Bottcher+2012

(energy, flux,...)



Homework
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Build a SED with observational data

NASA Natonal Aeronautics and Space Administration
5 Goddard Space Fight Center

S

L Otmervitores Asthive

ASA’s HEASARC: Archive

Xanin Rowte ASCH Cataoge FTP Awa

asdc . AS/ Science Data Center CQ

ome  About ASDC Pubiic Ovtreach Quick Look Massons Mutimission Archive Catalogs Tooks Unks




~—synchr. e
SSC
- = = [C—disk
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Beaming

1

0= ['(1 — Bcosb)

dN

Y dtdv dQ dA
/
Shi' ik

h

(dt'/6) 6dv' (dY /62) d A’
s I'(V) = 68°I'(v/9)



Radiative transfer equation

, dN
dt dv dS) dA

Intensity Iv) = h

Absorption (abs coeft.)

d/ M
d(y) = —a,l(v) I(v)=1Iexp 7 T=—Qus
S

Source: volume emissivity j, [W m-3Hz1sr1]

Radiative transfer equation Cgv =—o,/l,t]
S

=—I(v)+ 5,

V

dl(v)
dr




Pu(v)
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