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cutline
S semi-representative 8 sowme common
sam[pi.e survey c:;nf emLsston processes
Ejpwat as&rophvswat and their
sources characteristics
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@ Solar wind and

comelks Comet C/1999 $4 (LINEAR)

Direction of Motion

e

North

East

To Sun

Lisse & Wollkk 2000 / chandra.harvard.edu
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D

Fe Ko fluorescence from disks
@ fluorescence around pre-Main—Sequence stars

5x10™

-2 0 210°°

Tsujimoto et al. 2008, ApJS, 160, §03
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@ SDO AlA Fe XIl {193 A) 25—Jul—2011 10:46:43.840

%
@ Solar (stellar)

coronae

SolarMonitor.org

V. Kashyap
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@ stellar coronae

FK Com : Chandra : MEG+HEG 1 : 354.1 ks

200 ' ' : ' l
8 MgXII NeX _
o SIXIV _
- SIXIII &
S 100 —
i Fe i
°0Z FeXVvil —
FeXXVI OVIII -
q g ; . . | g y : ] Lat . 0 &l : ™| i
5 10 15 20
[Ang]
12297+ 12356+ 13251+ 12298+ 13259+ 12357+ 12299
\' Kashjap
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Chandra X-ray Observatory
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v

Abell 16%9

Q0 0 Q0 Q0 0

Gataxv Clusters

Peng et al. 200% / chandraharvard.edu +$TScI
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@O Solar wind and P continuum
comets blackbody

@D fluorescence synchrotron &

@ Solar (stellar) bremsstrahlung
coronae scattering

@O Shocked plasma radiative

@ Accreting compact recombination
ob jects $ Llines

@D cooling compact # charge exchange
ob jects $ fluorescence

@ Collimated Jeks
S Galaxy Clusters

8 Ethermal

V. K&shjap
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8 conbtinuum

9 bto\awbodv

BATY = 2 h (V}/e?) [&/%T - 1] ergs st em™® Hz?t sr?

Viax = R.%2 kT/h
Aok = RO 107 (T [‘dﬁaK])“l t&

power radiated = oT#
0 = (2m°k*)/(16h3c?) = £§.6704-107° erq st em® K4

V. K&shjap
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8 continuum
B
9 synchrotron .
bremsstrahlung

accelerated charged particles emit radiation

enerqy emitted by single non-relativistic charged particle,
P = (2/3) (e*/c3) a?
at Larmor frequency
w=(eB/mc)
in the presence of a magnetic field B

V. K&shjap

Monday, August 1, 2011 23



X-ray Astronomy School, Cambridge, MA, 2011-auq-01

svmchroﬁrou emission

characterized bj power-Law spectra
wkj?

relativistic beaming gives
Plw) ~ constxF(w/we),
~ Yz
for power-Law distribution of electrons
N(E) ~ E7P, Le, N(Y) ~ VP,
Plws) ~ wlp-1/2

wibh we

but ok always useful to fit powerlaws -
spectra often have curvature

V. K&shjap
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thermal bremsstrahlung

energy emitted per unit volume per unit time per unit frequency

‘f(V}T) & Ne Ni 2'2 T“l/z Q"‘kV/h‘IT

D flat spe&&rum unkil expomem&ﬁal ciro[v ab kT
@S Tokal power ~ V T

V. K&shjap
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Thomson scattering: elastic @ continuum
scottering of low-enerqgy S
photons from Low-energy S
eleckrons, with cross-section
or = (¥7/3) (’/mc?) = @ scattering
0.668-107*% em ?

Compton scattering: low-energy photon
inelastically scatters off non-relativistic
electron, ends up with lower enerqy

inverse Compton scattering: low-energy photon
inelastically scotters off relativistic electron,
gains energy in observer rest frame

V. K&shjap
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Compton scattering

inelastic, Le,, there is energy and momentum exchange
between pka&on and slow-moving electron, and the
photon gives up enerqy to the electron
ON = Ac { 1 - cosB)
Comp&on wavelength
Ae = W/mec = 0,02426 A

cross-section is reduced as photon energy increases

V. K&shjap
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tverse Camp&am saa&%erma

relativistic eleckrons (y’-1 > hv/m.c?) can bransfer
energy to photons and boost their frequencies by ~y?

Radiated power,
Pic = (4/3) GT'CYZBZUPL\
where B=v/c, y=1/v{1-B*), Uph = tnitial Pko&ov\ clensi,&:j

V. K&shjap
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Stawarz et al 2008

Aneta Siemiginowska, CfA
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8 conbtinuum

H
S
capture of unbound electron
into a bound level i 8
(hence “$ree-bound”) 8 radiative
recombination

radiaked Pha&cw\ has £ » E;

radiaked energy propar%ic}nat ko
Ne N(Zo;l“‘”l) Eims

V. K&shjap
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Radiative Recombination

In many cases the RRC 1s weak, but it 1s an excellent diagnostic
if 1t can be measured. The power emitted per keV 1s:

dE dP flv)dv

— — n.nz i B.o ™ Eu, Tucker & Gould 1966
dtdVdw ~ B ~ ez B g
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Randall Smith's presentation from X-Ray School 2007
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Monday, August 1, 2011 31


http://heasarc.gsfc.nasa.gov/docs/xrayschool-2007/smith_emissionI.pdf
http://heasarc.gsfc.nasa.gov/docs/xrayschool-2007/smith_emissionI.pdf

X-ray Astronomy School, Cambridge, MA, 2011-auq-01

Lonized species in
the solar wind hiks
cold neubral H
arocund the F?Low\e% or
the comet, Pf«ﬂ‘fs up 8 Lline emission

o eleckron it an S charqge exchange
excited state, c&@.«mvs

and emits radiakion,

V. K&shjap
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8§ charge exchange

&iL = Ve Nn Nj yiL Oi  photons s™* em™

@.missi\/i&v
= colliston veto»::&? ~- 4 AORTEB heyn gL
* heubral speams emsi&v

~ 28 o2 emn3

* LOWNLE speﬁes c&.ev\siiv ~ 104 cm-2
* :ji;eici per CX excited Lown ~ 0(2)
* CX cross—-section ~ 10715 e & 30
\' Kashjap
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#® charge exchange

what do the s!ve&&ra look Like?

)

(,ud) waay aA1109)1d

O VI 5-2, Ne VIII 5d—2p

i

800

N

Wargelin et al., 2004, ApJ, 607, §9%6
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absorp%&on of an incident
photon, followed bv the
Eransfer of an ouber shell
electron down to the vacant
level, emitting a photon of ® line emission
energy equal to the

difference in the two levels, # fluorescence

V. K&shjap
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integrated over the

ihcidahﬁ QV\Q.T‘SLQS QbSOT’Fv’E&OV\ COQ{{&ﬁLQ@'\E O‘f

mass fraction element i at energy Eu.

of element flourescence ji.ei.c(

for orbital k

ey jd’:m w1207 SO IR b Gl — R Tue Pua
/ IJ(E:W\)"" H(Eem> COS(GW\>/COS(9EM> A b

‘ probability of krapping

thecident
reemission is syez:&ru,m | incident Fho&oms ab level Kk
Fpherie tobal mass atbtenuation coefficient
svmmeEri«z:

probability of electron in level L falling down to vacant level

fLluorescent intensity when electron in orbital L of element ©
traps the incident photon of energy Eu and escapes, and
electron in orbital k drops to the vacaney

Ogawa ek al. 200%, £PS, 60, 2¥3
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Narendranath et al, 2011, Icarus, 214, §3
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S

bj for the most common 3
mechanism of Line emission »
is from collisionally

excited radiative decay

S
S

Radiakive Erawnsition rake
(O\MO\ “ETEV\S&QE,M A VO\LMQ”D E«S Q LEJ’\Q QM&SSE«OM
the expected number of S
Eransikions per second 8

&)

Ehermal

V. K&shjap
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Grobrian diagram for OviI

Grabriel & Jordan 1969, MNRAS
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8 bound-bound

£a0T) = (he/N) Au-l(Z2,1, 7)) Nu(Z,1;T) 8V

(he/A) Auo{Z,1;TY N2, I, TOINCZ, I TONCZY Ny NLTD oV
N(Z,I,T) N(Z) Ni N(T)

c/N) A2 LT Nul(Z, L TINGZ
Ne(T) N(Z
EM—DL(Z;I;NQ;T> E»(Z!;I»;T) Az Nu NE(T) 6\&’

p—
.

1)

1)

V. K&shjap

Monday, August 1, 2011 40



X-ray Astronomy School, Cambridge, MA, 2011-auq-01

Differential Emission Measure

consider photons emitted from elemental volume ot v
£urtONTT) = Az Emi(Z,INGT) UZ,LT) NuGE) N(T, 770 3VE)

group together all volume which has the same temperature

furtONTY = Az €2, INeT) U2, 7)Y NG NLT 7)) 8VETT)

|+

rewrite as a function of Temyer&&ure, assuming N, Az, ekc, are
not changing by a Lot spatially

£otlNT) = Az BB SN2 T -r) Ni N@_(‘T‘) 6\!(1“)6{031“
| -

Fu-rtNT) =2 Az Gu-iZ,5NT) TﬁEIM(N,T)&Q

V. K&shjap
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Things ignored, but not igquorable

% absorp%i;c:n (and opacity)
@ dynamical evolution
@ tonizakion balawnce
@ wnon-equilibrium tonization
@O ionization mechanism (collisional vs
photolonization)
% composition
@ wodel errors and misspecification

V. K&shvjogp
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summary of emission mechanisms

bta«c@bodv : evarjﬁhms hiks everjEkiv\g, nmany times
synchrotron : electrons bend in magnetic fields
free—free : electrons bend in eleckric fields
Comp&om scattering : Pho&ons hit eleckrons

inverse Compton : photons hit energetic electrons
free-bound : electrons hit atoms, get captured
pkaﬁommizaﬁmm : pho&oms hit atoms, electrons escape
charge exchange : tons hit neutrals, swap eleckrons
bound-bound : electrons jum[zo down quantum levels

\2 K&shjap
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