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observational spectral features

instruments

observational quantities 
(energy, flux,...)



Outline

How do we study multi-wavelength emission from 
astrophysical processes 

• Read a SED 

• Thermal and non-thermal emission 

• Instruments 

• Build SED from (archival) data



Basic definitions

• Luminosity  

• (spectral/photon) Flux density 

• Spectrum 

• photon spectrum - flux 

• SED



Source: luminosity

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

[W Hz-1] or [erg s-1 Hz-1] 

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

L
bol

=

Z 1

0
L
⌫

d⌫ [W]

unresolved  
(point source) 

L⌫ =
dE

dt d⌫



• Spectral flux density (or energy flux density)  

• Energy flux (plotted in SED)

Detector: flux

[erg s�1 cm�2 Hz�1]

1 Jy = 10-26 W m-2 Hz-1 
     10-23 erg s-1 cm-2 Hz-1

unresolved  
(point source) 

F⌫(⌫) =
dE

dt dA d⌫

F⌫ =
L⌫

4⇡D2
[Wm�2 Hz�1]

⌫F⌫(⌫) = ⌫
dE

dt dA d⌫
=

dE

dt dA d(log⌫)



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

• Photon flux density per unit energy interval  

Detector: fluxunresolved  
(point source) 

Fp(E) =
dN

dt dA dE
[phm�2 s�1 eV�1]

Fp(⌫) =
dN

dt dA d⌫
[ph s�1m�2 Hz�1]

EFpdE = F⌫d⌫

keV-1

J-1

E2FpdE = ⌫F⌫d⌫

Energy Flux density 

Energy Flux ➙ SED



Flux density and SED



Thermal processes
• The sun 

• Tphot = 5770 K

frequency

Lsun= 3.8x1026 W = 3.8x1033 erg/s 



Thermal processes
• The sun
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Thermal processes
• The sun

B⌫ =
8⇡h⌫3

c2
1

e
h⌫
kT � 1

[J s�1 m�2 Hz�1]

𝝁m       IR           optical   UV     X-ray



Thermal processes
• Galaxies: at 0th order are ensembles of star black 

bodies...

Lgal= 1034-37 W = 1041-44 erg/s 



Thermal processes
• Galaxies: at 0th order are ensembles of star black 

bodies...



Thermal processes
Accretion disk  (binary star systems, 
microquasars, quasars, AGN...)

R

Log ν
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g 
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Fν

Annular BB emission

T3 <  T2 < T1 ...

T1

T3

T2

total emission

credits: M. Paolillo

LAccDisk= 1034-37 W = 1033-38 erg/s 
T ~ 107 K 



Thermal processes
• Accretion disk: blue bump



Reber 1940

Jansky 1932



Reber 1940

Jansky 1932

Radio emission from Milky Way  
explained with synchrotron emission



Reber 1940

Jansky 1932 Giacconi 1962 
discovery Sco X-1 source

Radio emission from Milky Way  
explained with synchrotron emission



Multi wavelength view of non-
thermal processes

• Centaurus-A with HST (optical)



Multi wavelength view of non-
thermal processes



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) 

• Particle accelerated 

• 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 

• Bremsstrahlung 

• Inverse Compton 

• Annihilation 

• Particle collisions - cascades

ISM, matter

e-
γ

B
e-

γ

e-

e- γ

γ

e+

γ

γ

e-

P (RC)
π+

π0

γ

γ



Non-thermal processes
• Synchrotron radiation

• Bremsstrahlung 

• Inverse Compton

• Annihilation 

• Particle collisions - cascades
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The spectral shape of 
synchrotron emission

Synchrotron frequency

• Cyclotron frequency  
• Sinusoidal; single frequency 

• Relativistic beaming: length 
contraction + doppler shift

B
e

γ
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The spectral shape of 
synchrotron emission

Synchrotron frequency

• Cyclotron frequency  
• Sinusoidal; single frequency 

• Relativistic beaming: length 
contraction + doppler shift

B
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Bradt, Astrophysical processes   



The spectral shape of 
synchrotron emission

Synchrotron frequency

• Cyclotron frequency  
• Sinusoidal; single frequency 

• Relativistic beaming: length 
contraction + doppler shift 

• tpulseSync ~ (1-𝛽)temit ~ 1/2𝛾2

B
e

γ

!sync ⇠ �2!cyc

pitch angle
⌫sync =

1

2⇡
�2 qB

m
sin�

!cyc =
qB

m

Bradt, Astrophysical processes   



The spectral shape of 
synchrotron emission

Synchrotron power (single particle) 

• Larmor formula 

• acceleration  a = qE/m   E = -𝛾vB  v ~ c

B
e

γ

P =
2

3

q2a2

c3

Psync =
2q2

3m2c3
B2�2�2sin�

P ~ 𝛾2B2



The spectral shape of 
synchrotron emission

Synchrotron power (single particle) - cooling time

B
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The spectral shape of 
synchrotron emission

• Synchrotron spectrum (single particle) 

B
e

γ
http://w

w
w.brera.inaf.it/utenti/gabriele/total.pdf

exact solution: 

Approximation:

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


The spectral shape of 
synchrotron emission

Ensemble of emitting particles

B
e

γ

log F

emission single particle

sum individual 
contributions

log 𝜈

~𝜈𝛼



The particle-SED connection
• Particle energy distribution 

• Emitted power 

• Power single electron 

• Assume power radiated all at the 𝜈sync frequency 

dN

dE
/ Ep

dP

dE
/ dN

dE
Pel

P sync
el ⇠ �2B2 ⇠ E2B2

⌫sync / �2B ⇠ E2B

dP

d⌫
/ B (

⌫

B
)

1+p
2 ⇠ ⌫↵ ↵ =

1 + p

2



The spectral shape of 
synchrotron emission

Ensemble of emitting particles
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The spectral shape of 
synchrotron emission

Self-absorption

• black-body sets upper limit to emissivity 

• Rayleigh-Jeans limit  

B
e

γ

kT⌫ ⇠ �mc2 ⇠ mc2(
⌫
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)1/2
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The spectral shape of 
synchrotron emission

Self- absorption

B
e

γ
http://w

w
w.brera.inaf.it/utenti/gabriele/total.pdf

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


The spectral shape of 
synchrotron emission

• Self-Absorption at different frequencies

B
e

γ

Hada+2011



Inverse Compton
• Energy gained by electron 

• Power emitted

e
e- γ
γ

✏1 ⇠ �2✏



Inverse Compton
• Energy gained by electron 

• Power emitted

e
e- γ
γ

✏1 ⇠ �2✏

P ⇠ �T c nph�✏

PIC =
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3
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Z
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SSC
• Uph --> synchrotron radiation field 

S0
⌫ ⇠ ⌧

Z ⌫
max

⌫
min

S⌫0

Z �
max

�
min

�(⌫0 � ⌫

�2
)d⌫0N0�

pd�

sync radiation          electron distribution
opacity  (optical thin: linear)



SSC
• Uph --> synchrotron radiation field 

• 𝜈min = 𝛾2 𝜈'min    𝜈max = 𝛾2 𝜈'max 
• Power law  S𝜈 = C0𝜈𝛼
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SSC
• Uph --> synchrotron radiation field 

• 𝜈min = 𝛾2 𝜈'min    𝜈max = 𝛾2 𝜈'max 

• Power law  S𝜈 = C0𝜈𝛼

S0
⌫ ⇠ ⌧

Z ⌫
max

⌫
min

S⌫0

Z �
max

�
min

�(⌫0 � ⌫

�2
)d⌫0N0�

pd�

sync radiation          electron distribution
opacity  (optical thin: linear)

S0
⌫ ⇠ ⌧(C0⌫

↵)N0

Z �
max

�
min

1/�d� ⇠ ⌧S⌫N0ln⇤

LIC ⇠ Lsync⌧ ln⇤

↵ =
1 + p

2



SSC
• Uph --> synchrotron radiation field

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



Hadronic emission
• accelerated proton  (injected spectrum) 
• target proton (ISM, molecular cloud...)

P π+

π0

γ

γ



Hadronic emission
• Anisotropic

P π+

π0

γ

γ

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



Hadronic emission
• accelerated proton  (injected spectrum) 

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

P π+

π0

γ

γ

Kelner+ 2006

p=2 p=1.5



Hadronic emission
P π+

π0

γ

γ



Observe non-thermal 
processes

• SED 

• Observational techniques and instruments



SED
• Crab nebula



Observation techniques

• Instruments to observe at different wavelength  
(brief overview)



Atmospheric absorption

fig.2.2 Bradt "Astronomy methods"



Radio
• Flux 

• SED points 

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

• angular resolution 
• sensitivity

�✓ =
1.22�

D
[rad]

0.1 -100 GHz



Radio

• Flux 

• Interferometry 

• Polarization 

• angular resolution 
• sensitivity

�✓ =
1.22�

D
[rad]

0.1 -100 GHz



• Space (Planck, COBE, WMAP,..)  

• Ground (ALMA, IRAM, JCWT, ...)` 

• CMB

Microwave
100- 900 GHz



• Space (Planck, COBE, WMAP,..)  

• Ground (ALMA, IRAM, JCWT, ...)` 

• CMB

• Early Release Compact 
Source Catalog (ERCSC)  

Microwave
100- 900 GHz

Mrk501



• Space (Planck, COBE, WMAP,..)  

• Ground (ALMA, IRAM, JCWT, ...)` 

• CMB

• Morphologies (interferometry)

• Trace molecular gas (Spectral analysis)

• High-z sources

Microwave
100- 900 GHz

Phoenix cluster 
Russell+2016



Infrared
• Thermal objects 

• dusty objects 
• cool objects 
• high-z quasars  
• molecular lines 

• Non-thermal component 
from synchrotron emission 

• EBL

Massaro+2016

WISE



Infrared
• Main issue: thermal background 
• Cryogenic systems 

• Survey: WISE, 2MASS 

JWST 
2018

SOFIA

Herschel 
3.5 m



Optical

• Most popular: HST, GTC, Sloan, x-shooter (VLT) 

• NOT, TNG,  

• Future: LSST, ELT, JWST,  

• Surveys:  SDSS, LSST, Pan-STARRS... 

• Search of transients



Ultraviolet
• Traces hot (104-5 K) moderately ionised gas  

• e.g. corona from accretion disks 

• Also continuum non-thermal emission 

• HST-FUV camera 

• satellites: IUE, EUVE, FUSE, GALEX 

• Small telescopes on other satellites  

• Swift/UVOT, XMM/OM





... from telescopes to particle 
detectors...

...from a wave to a particle.... Atom/nucleus --> 1 Å ~ 12 keV 

• E < ~ keV 

• Focussing telescopes, with direct imaging of the source 

• E > ~ keV  (X-ray,  𝛾-ray)  

• particle detectors 

• image and parameters from the source are 
reconstructed from secondary particles produced by 
the interaction within the detector 



X-ray

• Absorption (coded masks) 
• low sensitivity; wide FoV 

• Grazing incidence 
• high resolution; high sensitivity; small FoV   

• X-ray polarimetry (IXPE, XIPE)
new frontier!



Gamma-ray
• Particle detection techniques 

• geiger (first satellites) 

• Particle tracking 

• Spark chambers (EGRET) 

• Silicon trackers (Fermi/LAT) 

• Calorimeter 

• built in detector (LAT): space based 

• Atmosphere (IACTs):  ground based



Gamma-ray





The 
present 
and the 
future 
of multi-
wavelength 
and multi-
messenger 
facilities

CTA Science book, in pub.



Read the SED

Böttcher+2012

observational spectral features

instruments

observational quantities 
(energy, flux,...)

              

       



Homework



Cyg X-1



Build a SED with observational data

•  



Cyg X-1
Pepe et al. 2015



Beaming
� =

1

�(1� �cos✓)



Radiative transfer equation
• Intensity  

• Absorption (abs coeff.) 

• Source: volume emissivity j𝜈  [W m-3 Hz-1 sr-1] 

• Radiative transfer equation

dI(⌫)

ds
= �↵⌫I(⌫)

dI(⌫)

d⌧
= �I(⌫) + S⌫

I(⌫) = I0exp
�⌧ ⌧ = �↵⌫s




