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Introduction

W
e have covered the basic atom

ic processes that are
im

portant in X
-ray em

itting plasm
as: collisional

excitation/ionization, photoexcitation/ionization, radiative
decay and so on.

X
-ray em

itting plasm
as are separated into tw

o types:
• Collisional: k

B T
e  ~ Ionization energy of plasm

a ions
• Photoionized: k

B T
e  << Ionization energy of plasm

a ions

W
hat about plasm

as in local therm
odynam

ic equilibrium
 (LTE)?

This occurs if N
e  > 1.8 x 10

14 T
e 1/2 DE

ij 3 cm
-3. 

For T
e =10

7K
 for H

-like Iron, N
e  > 2x10

27 cm
-3. 

For T
e =10

5K
 for H

-like O
xygen, N

e  > 10
24 cm

-3. 



Introduction

A
strophysical collisional plasm

as com
e in tw

o types:

• Collisional-Radiative:  10
14 cm

-3 <  N
e  < 10

27 cm
-3

• Coronal/N
ebular:          N

e  < 10
14 - 10

16 cm
-3

In a CR plasm
a, collisions com

pete w
ith photons in de-

exciting levels; a level w
ith a sm

all A
 value m

ay be
collisionally de-excited before it can radiate.

In a Coronal (or N
ebular) plasm

a, collisions excite ions but
are too rare to de-excite them

; decays are purely radiative.
This is also called the “ground-state” approxim

ation, as all
ions are assum

ed to be in the ground-state w
hen collisions

occur.



O
ptical D

epth

But w
hat about radiative excitation?  Can’t photons still

interact w
ith ions, even in a collisionally ionized plasm

a?



O
ptical D

epth
So, is photon scattering an im

portant process?

Y
es, but only for allow

ed transitions; in a collisional plasm
a,

m
any transitions are forbidden or sem

i-forbidden.

So couldn’t this show
 up as optical depth in allow

ed lines,
w

eakening them
 relative to forbidden lines?

Y
es, and this can be calculated after m

odeling a plasm
a.

U
sing the ionization balance and the coronal approxim

ation,
along w

ith the A
 value for the transition and the em

itting
volum

e, it is easy to calculate the optical depth for a line:
t = n

I  s l

This effect is often not im
portant, and even less often checked!



Equilibrium

• A
 collisional plasm

a in ionization equilibrium
(usually called a CIE plasm

a) has the property that

Irate (Ion) + R
rate (Ion) = Irate (Ion

-) + R
rate (Ion

+)

• A
 non-equilibrium

 ionization (N
EI) plasm

a m
ay be:

• Ionizing  [SIrate (I) > S R
rate (I)]

• Recom
bining  [SIrate (I) < S R

rate (I)]
• O

ther

Both CR and Coronal plasm
as m

ay be in
equilibrium

 or out of it.



Equilibrium

The best term
 to describe the topic of this talk is:

optically-thin collisional (or therm
al) plasm

as
Frequently, the “optically-thin” portion is forgotten (bad!)

If the plasm
a is assum

ed to be in equilibrium
, then CIE is

often used, as are phrases like:
• Raym

ond-Sm
ith

• M
ekal

• Coronal plasm
a (even for non-coronal sources...)

O
ut of equilibrium

, either N
IE or N

EI are used frequently, as are:

• Ionizing
• Recom

bining
• Therm

al + pow
er-law

 tail 

N
on-elephant

Biology!



Spectral Em
ission

So w
hat do these plasm

as actually look like? 
A

t 1 keV
, w

ithout absorption:

A
PEC

Raym
ond-Sm

ith (/100) 

Brem
sstrahlung

Blackbody



N
EI vs CIE Em

ission
W

e can com
pare a CIE plasm

a against an N
EI plasm

a, in this
case an ionizing plasm

a, also at 1 keV
.



Ionization Balance
In order to calculate an em

ission spectrum
 the abundance of

each ionization state m
ust be know

n.  Show
n here are four

equilibrium
 ionization balance calculations for 4 iron ions:



Ionization Balance
In som

e cases, the differences are sm
all.  H

ere is a com
parison

of O
 V

I, V
II, V

III, and fully-stripped O
xygen, for three

different m
odels:

Li-like

H
e-likeH

-like

Bare



G
lobal Fitting

CCD
 (or proportional counter) data are regularly fit in a global

fashion, using a response m
atrix.  If you believe that the

underlying spectrum
 is from

 an optically-thin collisional
equilibrium

 plasm
a, then you can “fit” your choice of

collisional plasm
a m

odel (apec, m
ekal, raym

ond, equil are
available in X

SPEC or sherpa).

By default, the only param
eters are tem

perature and em
ission

m
easure.  If the fit is poor (c

2/N
 > 1) you can add m

ore
param

eters: such as the overall abundance relative to solar, or
the redshift.

If the m
odels are still a poor fit, the abundances can be varied

independently, or the equilibrium
 assum

ption can be relaxed in
a few

 w
ays.



G
lobal Fitting

A
re there problem

s w
ith this m

ethod?
O

f course there are.  H
ow

ever, w
hen your data has spectral

data has resolution less than 100,  you cannot easily identify
and isolate X

-ray spectral lines -- but low
 resolution data is

better than no data: the goal is understanding, not perfection.

1.
 If the underlying m

odel is inadequate, your results
m

ay be as w
ell.  Bew

are especially abundances
w

hen only one ionization state can be clearly seen.
2.

 Cross-check your results any w
ay you can.  For

exam
ple, the EM

 is related to the density and the
em

itting volum
e.  A

re they reasonable?
3.

 If you can’t get a good fit in a particular region,
your problem

 m
ay be the m

odel, not the data.

It is vital to keep in m
ind:

(tm
) K

e
ith

 A
rn

a
u
d



G
lobal Fitting

Consider this A
SCA

 CCD
 spectrum

 of Capella, w
ith a collisional

plasm
a m

odel fit:



G
lobal Fitting

In this case, the poor fit betw
een 9-

12 Å
 is likely due to m

issing lines,
not bad m

odeling.



G
lobal Fitting

H
ere is a parallel shock (pshock, kT=0.7 keV

), observed w
ith

the A
CIS BI:

A
n N

EI collisional m
odel fits the data quite w

ell.

But w
ith higher

resolution...
the N

EI m
odel fails, pshock is needed.

O
 V

II



Ions of Im
portance

All ions are equally im
portant.

...but som
e are m

ore equal than others.

In collisional plasm
as, three ions are of particular note:

H
-like : A

ll transitions of astrophysically abundant m
etals

(C
Æ

N
i) are in the X

-ray band.  Lya/Lyb is a useful
tem

perature diagnostic; Lya is quite bright.
H

e-like: Dn≥1 transitions are all bright and in X
-ray.  The

n=2Æ
1 transitions have 4 transitions w

hich are useful
diagnostics, although R=300 required to separate them

.
N

e-like: Prim
arily Fe X

V
II; tw

o groups of bright em
ission

lines at 15Å
 and 17Å

; ionization state and density
diagnostics, although there are atom

ic physics problem
s.



Ions of Im
portance

Fe X
V

II

N
e IX

O
 V

III

O
 V

II

N
e X

Capella observed w
ith the Chandra H

ETG



H
ydrogenic Lines

Three calculations of the O
 V

III Lya line as a function of
tem

perature.



H
ydrogenic Lines

Three calculations of the O
 V

III Lya/Lyb line as a function
of tem

perature (A
PEC agrees w

ith m
easurem

ents).



H
elium

-like Lines

O
ne useful H

e-like diagnostic is the G
 ratio, defined as (F+I)/R

[or, alternatively, (x+y+z)/w
].  It is a tem

perature diagnostic, at
least for low

 tem
peratures, and it is also m

easures ionization state.



H
elium

-like Lines
W

hy does the G
 ratio m

easure tem
perature and ionization state?

Because the resonance line R
is excited by collisions, w

hich
are tem

perature dependent,

G
 = (F+I)/R

w
hile the F and I lines are

excited by recom
bination and

other processes.



H
elium

-like Lines

Tw
o photon

Forbidden (z)

Resonance (w
)

Intercom
bination (x,y)

The ratio F/I is norm
ally called the R ratio, and it is a density

diagnostic.  If n
e  is large enough, collisions m

ove electrons
from

 the forbidden to the intercom
bination and resonance

levels.



H
elium

-like Lines

H
ow

 w
ell are these H

e-like lines know
n?  H

ere are three
calculations for each of the three lines:



N
eon-Like Lines

Fe X
V

II is the m
ost prom

inent neon-like ion; N
i X

IX
 is 10x w

eaker sim
ply

due to relative abundances.  There are a num
ber of diagnostic features, as can

be seen in this grating spectrum
 of the W

D
 EX

 H
ya (M

auche et al. 2001):



N
eon-Like Lines

H
ere they have

extracted the ratio
of tw

o very closely
spaced Fe X

V
II

lines, w
hich are a

density or a U
V

flux diagnostic



W
hat about the

strong 15.02Å
 and

15.26Å
 lines?

N
eon-Like Lines

They should be useful
diagnostics, but right
now

 w
e’re still

debating their proper
ratio...stay tuned

Bhatia &
 Saba 2001



Plasm
a Codes

U
nderstanding a collisional plasm

a requires a collisional
plasm

a m
odel.  Since even a sim

ple m
odel requires

considering hundreds of lines, and m
odern codes track

m
illions, m

ost people select one of the precalculated codes:

Source
ftp://legacy.gsfc.nasa.gov/softw

are/plasm
a_codes/raym

ond
http://saturn.sron.nl/general/projects/spex
http://w

w
w

solar.nrl.navy.m
il/chianti.htm

l
http://cxc.harvard.edu/A

TO
M

D
B

Code
Raym

ond-Sm
ith

SPEX
Chianti
A

TO
M

D
BThe calculated spectrum

 is also know
n as A

PEC, and the
atom

ic database is called A
PED

.



Plasm
a Codes

Individual line intensities as functions of T, n, etc. are not
easily available (yet) in either X

SPEC or Sherpa.

The collisional plasm
a m

odels available in X
SPEC or Sherpa are:

A
TO

M
D

B code; good for high-resolution data
U

pdated (1993) Raym
ond-Sm

ith (1977) code
O

riginal M
ew

e-K
aastra (M

ew
e et al. 1985) code; outdated

M
ew

e-K
aastra-Liedahl code (K

aastra 1992); new
 Fe L lines

m
ekal w

ith an polynom
ial EM

 distribution
Borkow

ski update of H
am

ilton, Sarazin &
 Chevalier (1983)

Ionizing plasm
a version of equil

Sedov (SN
R) version of equil

Plane parallel shock version of equil

apec
raym

ond
m

eka
m

ekal
c6m

ekal
equil
nei
sedov
pshock

V
ariable abundance versions of all these are available. 



A
tom

ic Codes

H
U

LLA
C (H

ebrew
 U

niversity / Law
rence Liverm

ore A
tom

ic
Code) : Fast, used for m

any A
PED

 calculations, not generally
available.

R-M
atrix : Slow

, used for detailed calculations of sm
aller

system
s of lines, available on request but requires m

onths to
learn.

FA
C (Flexible A

tom
ic Code) : Fast, based on H

U
LLA

C and
w

ritten by M
ing Feng G

u.  A
vailable at

ftp://space.m
it.edu/pub/m

gfu/fac 



Conclusions
So you think you’ve got a collisional plasm

a: w
hat do you do?

• If high resolution data are available, line-based analysis allow
s

the best control of errors, both atom
ic and data/calibration.

• If CCD
 (or w

orse) is all that you have, rem
em

ber Clint
Eastw

ood’s adm
onition:

A
 spectroscopist’s gotta know

 his lim
itations. 

K
eep in m

ind that :
(a)

only the strongest lines w
ill be visible,

(b)
they could be blended w

ith w
eaker lines,

(c)
plasm

a codes have at least 10%
 errors on line strengths,

(d)
the data have system

atic calibration errors, and finally:
(e)the goal is understanding, not c

2n  ~ 1 fits.


