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Multi-Messenger (and Transient/Time Domain) Astronomy



Electromagnetic Wave and Atmospheric Window
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Spectral Irradiance (W/m?2/nm)

Solar Radiation Spectrum
as a Blackbody
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Radiation at multiple wavelengths -
Blackbody Radiation
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Blackbody Radiation
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Blackbody Radiation
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Transport (of EM Waves) =
Radiative Transfer



a The light bulb produces light -1.- """""""" The spectrum shows a smooth,
of all visible wavelengths continuous rainbow of light.
(colors). +++-..... )

"""""" A graph of the spectrum is also

continuous; notice that intensity varies

. slightly at different wavelengths.

hot light ‘

source prism

| m— |
intensity

wavelength

Continuous Spectrum

b The atoms in a warm gas cloud emit light only at specific
wavelengths (colors) determined by the cloud's
composition and temperature.

I -:.- """"""" We see bright emission lines at specific
wavelengths (colors), but no other light.

cloud of H 7 Z
gas H IS}
‘ £ et The graph shows an upward spike at
prism the wavelength of each emission line.
wavelength
Emission Line Spectrum
¢ Iflight from a hot source passes through a cooler gas I | -L- """"""" We see dark absorption lines where
cloud, atoms in the cloud absorb light at wavelengths the cloud has absorbed light of specific
determined by the cloud's composition and temperature. wavelengths (colors).
H 2 et The graph shows a dip in intensity at
\ 2 \/ o) the wavelength of each absorption line.
| cloud of H S
hot light gas ‘
source prism wavelength

Absorption Line Spectrum Image Credit: Bennett, Donahue, Schneider, Voit
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hot vs. cold continuum vs. line

b The atoms in a warm gas cloud emit light only at specific I -:.- """""" We see bright emission lines at specific
wavelengths (colors) determined by the cloud's wavelengths (colors), but no other light.
composition and temperature.

cloud of H 7 Z
gas H §
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Emission Line Spectrum
foreground vs. background
¢ Iflight from a hot source passes through a cooler gas I | -e """"""" We see dark absorption lines where
cloud, atoms in the cloud absorb light at wavelengths the cloud has absorbed light of specific
determined by the cloud's composition and temperature. wavelengths (colors).
H 2 et The graph shows a dip in intensity at
\ 2 \/ o) the wavelength of each absorption line.
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Absorption Line Spectrum Image Credit: Bennett, Donahue, Schneider, Voit






How bright is it?
Radiation Fundamentals

« Specific Intensity 1, : dE = I, do cos0 dw dv dt
 or Intensity, or Brightness, or Brightness Temperature
* rate of energy transport, along a particular direction, per unit area, per unit solid angle, and per
unit frequency

* conserved along a ray through free space

. unit:e.g.erg s~ em™2 Hz=' Sr~!

Flux Density S, (or F)) : le(w cos(0) dw

, Flux F: JS” dv
Geometry for normally incident rays.

* energy per time per area, depends on the relative position of source and the observer , o ,
Image Credit: Rybicki and Lightman

Power P : JF do

* or Luminosity

* energy per time given off by a source



How bright is it?

Radiation Funhdamentals

« Specific Intensity 1, : dE = I, do cos0 dw dv dt

 or Intensity, or Brightness, or Brightness Temperature

* rate of energy transport, along a particular direction, per unit area, per unit solid angle, and per

unit frequency

* conserved along a ray through free space

. unit:e.g.erg s~ em™2 Hz=' Sr~!

Flux Density S, (or F)) : [Iy(a) cos(0) dw

Flux F : JS” dv

* energy per time per area, depends on the relative position of source and the observer

Power P : JF do

* or Luminosity

* energy per time given off by a source

Recall: Approximations

2hl/3 _/fl_br Wien
e (v

B(T) =

202kBT Rayleigh-Jeans
2 (v<<l)
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Radiative Transfer (of EM wave)

» Basic equation of (radiative) transfer

e dl,=j,ds—x, 1, ds
* J, : emission coefficient
 a,: absorption or extinction coefficient (cm_l) = Kk,p Where K, is the mass absorption coefficient

« Bothj, and o, are a function of intrinsic properties and physical condition of the medium

dl,
—=—1+ L
a,ds a,
v . .
. S, =—;dr, = a, ds where 7, is the optical depth
aI/

dl,

=—-1+S,




Radiative Transfer (of EM wave)

e Differential form

dl,
. —==0+S,
dr

* A general solution in integral form (considering a one dimension plane parallel slab geometry)
T

2
CL(r) =1(r) e +J S (1) e "dt

7
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Radiative Transfer (of EM wave)

e Differential Form
dl

v

° dT=_Iy+SD

* A general solution in integral form (considering a one dimension plane parallel slab geometry)
T

2
CL(r) =1(r,) e +J S (1) e dt
7
« The above equation can be fully solved if §, is known. However, S, generally depends on the
(local) radiation field. Namely, the emission and absorption properties of the material may depend

on [ ,. Hence, given the physical condition, one needs to solve I, and S, numerically and iteratively.



Radiative Transfer (of EM wave)

* Differential Form

dl

° d—;=—1y+Sy

« A general solution in integral form (considering a one dimension plane parallel slab geometry)
T

2
CL(r) =1(r,) e” T 4 [ S () e~y

7
* Think about special cases
* No foreground emission term, namely, first term only

* No background emission term, namely, second term only

e constant source function in optically thick case vs. optically thin case



Mechanisms (of EM Waves) =
Radiative Processes



Radiative Processes (of EM wave)

Line
(Intensity, Frequency Center and
Width, or Profile )

Continuum
(SED: spectral Energy Distribution)

Free-Free . L
( Thermal Dust Atomic (Recombination)
characterized by a single M . .
rast . olecular/lonic Line
(kinetic) temperature) Inverse Compton Scattering

Non-Thermal

(characterized NOT by a single
(kinetic) temperature) but Synchrotron Maser

energy distribution, e.g.)
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Figure 1.3

The integrated spectrum of the galactic plane as observed by the Cosmic Background Explorer
(COBE) satellite.
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Figure 1.3

The integrated spectrum of the galactic plane as observed by the Cosmic Background Explorer
(COBE) satellite. Other than the cosmic background radiation, which is seen over the whole sky, the
ISM shows strong continuum emission from cool dust of a temperature of ~ 20 K. A line due to
ionized carbon is also prevalent on the galactic plane.



Spectral Energy Distribution (in radio regime)
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The Power Spectrum (in radio regime)




The Power Spectrum (in radio regime)

First radio image of the Moon taken with a 12-meter ALMA antenna. The optical image at left shows
the sunlight reflected by the Moon’s surface, whereas the radio image shows the physical temperature
distribution of the Moon. The ALMA image clearly shows the temperature distribution of the Moon,
including weak radio emission from the dark side of the Moon.

(Source: https://public.nrao.edu/gallery/moon-as-seen-by-alma/)
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Spectral Energy Distribution (in radio regime)
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Radiative Process (Thermal Dust)

e dust extinction (absorption + scattering) and (nearly BB) emission
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Figure 21.1 Extinction versus inverse wavelength A\~' on a typical sightline in the
local diffuse ISM. The inset shows the extinction at A > 2 ym. Webb et al. (201 7)

Draine (Physics of Interstellar and Intergalactic Medium)



Slide Credit: Seamus Clarke

Column density estimation

Fitting spectral energy distributions
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Slide Credit: Seamus Clarke

Column density estimation

Fitting spectral energy distributions
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Radiative Process (Free-Free)

Bremsstrahlung (free—free)

o

v

Ionized gas:
e.g., H 11 region
Intracluster medium

Image Credit: Hiro Hirashita



Spectral Energy Distribution (in radio regime)
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Orion Nebula (in radio regime)

N




Orion Nebula (in radio regime)

Fig. 2.3, The 23-GHz radio continuum contours, in units of main-beam brightness temperature, on a
optical photo in Hx and [NIT] of NGC 1976 (Orion A, M42), below, and NGC 1982 (M43), above. Th
angular resolution is 42", which at the distance of Orion A, corresponds to a linear resolution




Spectral Energy Distribution (in radio regime

Orion Nebula

S,110-26Wm—2Hz—1)

Turnover
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1
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Fig. 2.2. Spectral flux density of the Orion Nebula plotted against frequency. The shaded regions mark

the optically thick and thin regions of the spectrum. (Reprinted with permission by Gordon and Breach
Science Publishers from: Terzian, Y. and Parrish A., Astrophysical Letters. Vol. 5(1970), pp. 261.
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Spectra
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Orion Nebula

Energy Distribution (in radio regime
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Fig. 2.2. Spectral flux density of the Orion Nebula plotted against frequency. The shaded regions mark
the optically thick and thin regions of the spectrum. (Reprinted with permission by Gordon and Breach

Science Publishers from: Terzian, Y. and Parrish A., Astrophysical Letters. Vol. 5(1970), pp. 261.
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Radiative Process (Spectral Line)

Radiative transition electric ~ UV, optical
molecular vibrational
/\/\/\ ~ near-IR

! molecular rotational
~ radio

Image Credit: Hiro Hirashita



Radiative Process (Spectral Line)
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Slide Credit: Seamus Clarke

Radiation sources

Line emission

Simeis 147

Electronic transitions:

Optical - UV wavelengths
Upper level

e.g. Ha, [OllI], [SII]

4 Lower level

Molecular rotational

Mol lar vibrational iti
olecular vibrationa transitions:

transitions:
Sub-mm - radio

Near-IR wavelengths wavelengths

e.g. Hz2.12 ym e.g. CO, NHs, CH3OH

Image credit: Nicolas Kizilian, Mark McCaughrean, Paul Goldsmith



18.4 21-Centimeter Radiation

Interstellar gas emits
low-energy radiation,
due to a transition in
the hydrogen atom

© 2018 Pearson Education, Inc.

;4) é() The emitted photon

carries away energy
Proton Electron equal to the difference
Parallel spins between the two spin states.
A hydrogen atom has
more energy when its Emitted
electron and proton spin photon

in the same direction.

# R

Antiparallel spins



TIDAL INTERACTIONS IN M81 GROUP
Stellar Light Distribution 21 cm HI Distribution

(NRAO Archive)




Line Radiation

» Spectral Line Radiation
 Peak Frequency : velocity
* Peak Intensity : opacity (hence column density, if with known excitation)
« Line-width : thermal and non-thermal (turbulence and pressure) broadening

 Polarization : splitting (due to magnetic fields)



Slide Credit: Seamus Clarke

The paper Mangum & Shirley (2015)

Population levels and excitation e
Level occupation

ﬁg T Nu We wish to determine what would the absorption and
iSsi thi tem.
s || Bl A (A emission terms be for this syste
Y y N First we need some additional definitions.
Fractional occupation Thermally distributed The partition
number states (LTE) function
N. all
n=— 2T) =) ge bkl
N M N 8k ,.
all n, N, g

Z(T)



Slide Credit: Seamus Clarke

Population levels and excitation

Emissivity and absorption

A Nu
dl
‘ﬁ BI Bul Aul ,\/\/W> -

ds
\ 4 v N|
Energy per photon Rate of photon release
\ per unit volume
. hyulA
Jv = ulNu¢(y)
47 \
Line profile

Per steradian

aUIIJ +-]l/

So how do we go about determining
these two quantities?

Rate of photon absorption
per unit volume per unit intensity

hv,,
a, = (NlBlu - NuBul)¢(y)
4r

N,B,,I = Rate of stimulated absorption



Slide Credit: Seamus Clarke

Population levels and excitation

Einstein’s relations

Einstein’s relations Assume that LTE is valid
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Slide Credit: Seamus Clarke

Population levels and excitation

Einstein’s relations
Einstein’s relations

Assume that LTE is valid

ﬁ x N 2h3,
ul = 7 ul Nu g, _r_ g,
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Line Radiation [broadening]

Submillimeter Observations of Titan: Global Measures of Stratospheric Temperature,
CO, HCN, HC3N, and the Isotopic Ratios 12C/13C and 4N/15N
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Radiative Process (Synchrotron)

Synchrotron (magnetic

Radiation emitted from

bremSStrahlung) any part of trajectory
Electron with acceleration
a (L to B), velocity v,
T T pitch angle o (not shown)
 —
N
\>‘ ~ y~lrad
Polarisation
\\./
B Synchrotron ’
radiation To observer
Supernovae A

Image Credit: Hiro Hirashita AGN Jet

https://en.wikipedia.org/wiki/Synchrotron_radiation



Spectral Energy Distribution (in radio regime)
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Spectral Energy Distribution (in radio regime)

Cassiopela A: a star that died in ~1700
RADIO  INFRARED OPTICAL  XRAY




Synchrotron Radiation (single particle)

® synchrotron radiation

® spectrum
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Slide from Fabian Walter Lecture 2

Synchrotron Spectrum

“gg 13 slope
* Powerlaw.
~ * Observed spectrum is
‘;' , e 3 superposition of the
individual electron
[Frve] spectra.
contributions from individual electrons

log,, v

* Since (Y >> 1) this boosts

the emission frequency of
Vo= Vs Y2 Pe ~ 2 Y2 Ui synchrotron emission into
the radio domain.

Strong dependence on the Lorentz factor



Slide from Fabian Walter Lecture 2

Synchrotron Spectrum

“g; 13 slope
* Powerlaw.
~ * Observed spectrum is
‘;' , e 3 superposition of the
individual electron
 [Feve ] spectra.
contributions from individual electrons

log,, v

* Since (Y >> 1) this boosts

the emission frequency of
Vo= Vs Y2 Pe ~ 2 Y2 Ui synchrotron emission into
the radio domain.

Strong dependence on the Lorentz factor




Galactic Radio Astronomy - SNR

® SNR in extragalactic sources : e.g. M82

Credit: Josh Marvil (NM Tech/NRAO), Bill Saxton (NRAO/AUI/NSF), NASA



Slide from Fabian Walter Lecture 2

“Nonthermal emission” Synchrotron emission: electrons spiraling around a magnetic field
at relativistic velocities.
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162 GHz

Radiative Process (Inverse Compton) |

Wavelength (mm)
5 2 1

10 0.5

(Inverse) Compton Radiation e '
"::200
Intracluster medium "
‘\o h hv  (Sunyaev-Zeldovich effect) 2
AGN jet, accretion disk 2 50
Image Credit: Hiro Hirashita é
® Sunyaev-Zel'dovich effect = 20
® Sunyaev & Zel'dovich (1970) .
® CMB photons interact with 108K plasma in clusters, P20 ?reng’ncyz%m) 500
typically extend on the Mpc scale (angular size of AT 2T,
several arcmins) T e N
® no confirmed results until late 1990’ 0T=8§(micz)2=6-65 102 cm™

=224 107**T,N, L



162 GHz

Radiative Process (Inverse Compton) |
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Image Credit: Carlstrom et al. §
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® Sunyaev-Zel'dovich effect = 20
® Sunyaev & Zel'dovich (1970) ;
® CMB photons interact with 108 K plasma in clusters, 0 Frequancy. (GHz)
typically extend on the Mpc scale (angular size of AT 2KT.
. —=""CG; N, L
several arcmins) T om0
. ’ 8 _ _
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Take Home Message -

Think about what physical parameters can we extract?

Radiative Transfer
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