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Chapter 4: Damping

4.1: The Absorbing Atom and its Environment

In chapter 3, we saw how the dsorption coefficient for a non-interacing
atomic spedes at rest is given by the combination of the strength of the trangtion, the
population of valid absorbers, a crredion for stimulated emisson and a line profile
function describing the frequency dependence of the transition. The line profile
function for an isolated atom at rest is given by equation (3-60):

AA

) = 21 .
- +H2H

Perturbing atoms will not affed the basic physicd processes that give rise to

@(A (4-1)

this profile, but they can dter the physicd parameters that control it, namely AA
(altering the width of the line) and A, (shifting the wavelength of the line). Thus the
line profile function for a single @om can be dtered by interadions with its
environment.

As we do not have asingle asorber, but an ensemble of absorbers with eath
absorber in different conditions, eat absorbing atom can have adifferent line profile
function. The dfed seen will be a onvolution of the line profile function as affeded
by the environment and the probabili ty distribution function of theenvironment:

O(A) = @ ueg(A) O Wlemironment)

= Iqoisolated (Wa\/elength shifted to A by environment)VV( environment) denvironment

al possible
conditions

(4-2)
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4.2: TheLorentzian Line Width

The width of the Lorentz profile of the line will be dtered by any processwhich
changes the lifetimes of either the upper or lower energy states of the transition. The

natural width of the lineis given by equation (3-61) as

XT
M=o (+3)

where the damping constant I is the sum of the rates at which atoms in the upper and
lower levels change state (thus being equal to the sum of the redprocds of the
lifetimes for ead level). The only way in which a non-interading atom can change
state, or otherwise affed thelifetime of the transtion, isby spontaneous emisson. For
such an isolated atom, I isthe sum of the spontaneous emisson rates for ead level.

Although I is dependent solely on the level lifetimes for an isolated atom, I is
a property of the trangition between the two levels, rather than a property of the levels.
Thus, ' can be consdered to depend on the lifetime of the trangtion. This is an
important distinction when interadions with other particles (i.e. collisons) are
considered. Only a small fradion of collisions will depopulate the upper or lower level
(non-adiabatic oollisions), most collisions will be aliabatic. An adiakatic collision will
in genera, alter the transition energy (and thus the wavelength) for the duration of the
collision. If this dift in energy is grea enough, it can be mnsidered as an interruption
in the existence of the transition, and will thus affed the lifetime of the transition, and
therefore, I'. Thiswill be consderedin more cetall in sedion 4.5.

The transition lifetime of a non-isolated atom can be dfeded in a number of
ways. spontaneous emisson, interadion with the radiation field (absorption or
stimulated emisson) and collisons. The damping constant for the transition will be

given by the sum of the rates for these processes:
F=Tg+l, +T¢ (4-4)
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where Ny is the total spontaneous emisgon rate, I is the combined absorption and

stimulated emisson rate' and I isthe rate of occurrence of significant colli sions.

4.2.1: Spmtaneous Emisson

All downward transitions from both the upper and lower energy states need to
be cmnsdered. The sum of al of the possble spontaneous transition rates from a level

isamply given by the raturd lifetime of the levd:
Me =1 (4-5)

where t, is the lifetime. The total spontaneous emisson rate taking both levels into
acount will be given by acombination of the twolewd lifetimesinvolved:

rR — rFLQJpperIevel + rFle_owerIevd (4—6)

In the solar photosphere, spontaneous emisson will not strongly affed the line

width, asthe effea of callisionswill be much grea’er.2

4.2.2: Absorption and Stimulated Emisgon

When there is aradiation field present, atomic level lifetimes will be affected by
stimulated emisson and absorption. The rates of these processewill be related to the
intensity of the radiation field at the transition wavelength. The stimulated absorption
rate will be given by

M = i B I dw (4-7)

diredions

1The radiative cntributions to the damping constant I, namely I's (with “R” for radiation) and I, are
small in the solar photosphere. The damping width of the linewill be determined by collisions.

2This will not be the case for all conditions, such asin nebulae, where lli sion rates are much lower
and spontaneous emisson rates become crrespondingly more important. |If the spontaneous emisson
and radiative rates are not small compared to colli sional rates, LTE does not ocaur. The eisterce of

LTE thus guarantees smadl radiative rates.
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where dwis the solid angle into which the spedfic intensity |, passesnd theintegrd is

caried out over dl diredions. The stimulated emisgon rateis

rji = iBji |Adw (4‘8)
diredions
To estimate the ntribution of stimulated emisson and absorption to the level
lifetime, we can asuume that |, is isotropic and approximately equal to B,. The

absorption and emisson rates are then given by

rij = 4nB|j B,
_8mc® B (4-9)
TOOB @A _q

for absorption, and

_ 8rhc® By
i ¥ M _q (4-10)

for emisson.

In LTE, the relationship between the spontaneous emisson rates and the rates
above can ke obtained from equation (3-33), which gives

A, =(e"* -1)B,B,. (4-11)

Considering the ratio of the spontaneous emisson rate for this transition to the

stimulated emisson rate, we obtain
A1

e G} (4-12)
For visible wavelengths and photospheric temperatures, the spontaneous emisson rate
iIs many times greaer than the stimulated emisgon rate.

Trangitions (spontaneous and stimulated) between the upper level and other
levels, and between the lower level and other levels will also affed the level lifetimes.
A smilar relationship between spontaneous and stimulated emisson and absorption
rates will exist for these transitions. Thus, in the solar photosphere, the contribution of
stimulated emisson and absorption to the width of the line is much less than the
contribution due to spontaneous emisson (the natura lifetime). As the natural line
width (due solely to spontaneous emisson) is snall compared to the line width in the
photosphere (due mainly to collisions), the dfeds of stimulated emisson and

absorption on the line width can be safely negleded.
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4.2.3: Callisions

Interadions between the &sorbing atom and the surrounding perticles
dominate the width of the Lorentz profile of the line. Of the medanisms contributing
to the width of the line, as well as being the most important, it is aso the least well
described theoreticdly, as atoms generaly are sufficiently complex so asto defy smple
guantum medhanics. In general, eat type of perturber must be taken into acmunt,
along with any interadions between the perturbers. However, suitable gproximations

can be made so asto make the problem more approachdole.

4.2.4. Transition Lifetime and Asymmetry

It is usually asuumed that the wllison rates will be independent of the
wavelength aaoss the smal wavelength range of the transtion. This gives a
wavelength independent (as far as the particular line is concerned) value of AA. Thus,
although the width of the line will change if the lifetime changes, the Lorentzian profile
will remain completely symmetric. Although determination of collision rates is in
genera important to the theory of spedra line formation, as they will not cause awy
asymmetry of the line, their acaracy is not so important here a any discrepancy
between theory and observation can be compensated for by adjusting the value of I
used so as to reproduce the observations. For other purposes, acairate knowledge of
collision rates isimportant, such as when acairate abundancesare keing determined as
the @undance determined from a spedra line depends on the damping rates,

particularly for strong lines.



66 Sdar Line Asymnetries

4.3. TheTransition Wavelength

The wavelength of the trangtion, A,, will be dfeded by any external eledric
field; this change in wavelength is cdled the Stark effea.’ In hydrogen and helium,
spedral lines are observed to split into a number of components, with the splitting
proportional to the field strength; this is cdled the first order, or linear Stark effed.
With other elements, the splitting is negligible and what is observed is a shift of the
wavelength of the line, usually towards longer wavelengths. This dnift is proportiona
to the square of the magnitude of the dedric field and is cdled the quadratic Stark
effed.

4.3.1: The Stark Effea”

The energy E of an atom in state i in an externa eledric field E can be written

E =E,+AE+BE*+CE>+.. (4-13)

where Ey, is the unperturbed energy of the gom and A, B, etc. are mnstants dependent
on the state of the @om. When the first perturbation term is dominant, a first order
Stark effed will be seen, and if the second is dominant, a quadratic Stark effed will be
observed. The first order Stark effed predominates when levels of opposite parity are
nealy degenerate. These levels are then shifted in opposite diredions by the field.

When such levels are further apart (~100 cm™), they do not interadt, and
respond dfferently to the external eledric field, and no first order Stark effed is een.
This is the usua case for atoms other than hydrogen and helium which show a
quadratic Stark effed.

3Named after Stark who first observed it in 1913

4The Stark effed will only be briefly discussed here. Many works on the quantum theory of atoms
only briefly discuss the Stark effed, or ignore it atogether. A more omplete, but still simple,
treatment can be found in White, H.E. “Introduction to Atomic Spedra”, McGraw-Hill (1934).
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As the energy shifts of the upper and lower levels of a transition will differ, the

transition wavelength will be dtered.

4.3.2: ThelLineProfileand the Stark Effea

The shift in wavelength of a single @om can be found from the locd eledric
field, and the shift of the entire line can be found in terms of an average magnitude of
the dedric field. The shape of the line profile will also be dfeded, as eadt individual
absorbing atom will have its line profile shifted by a various due to differing locd
eledric fields. The resultant line profile of the ensemble of absorbers will be a

combination of these individual shifted profil es.

4.3.3: Asymmetry and Wavelength Shift

As there will be dedric fields present in the photosphere due to both charged
particles (eledrons and ions) and dpoles (neutral atoms, espedally hydrogen), there
will be dhanges in the wavelengths of lines. The dedric fields are due to microscopic
fluctuations in the distribution of particles, and the distribution of the dedric field will
be very asymmetric, and any effea will contribute to the asymmetry in spedral lines.
The dfeds would be expeded to be quite small in overall effed, but should be taken

into acount as a possble source of asymmetry.

4.4: Damping Theory

Formulating a complete theory of damping is a formidable problem, and is not
even usualy attempted. Numerous approximations are usually introduced to make the
problem nore tradable. Some of the approximations traditiondly made are sound, but
others excessvely reduce the acairacy of the resulting theory, or limit its applicabili ty

to speda casesonly.
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Damping theory is usualy approadied from one of two viewpoints. the
impact approximation wherein individual encounters with perturbers are mnsidered,
and the quag-static approximation where d perturbers are @nsidered
simultaneously but themotion of the perturbers isnegleced. Ead of these approadches

has its own strengths and drawbads.

4.4.1: Thelmpact Approximation

In the impad approximation, only the dfeds of close encounters with
perturbing particles are cnsidered. Impad broadening theory thus consists of
determining the rate of significant encounters, and the amulative dfed of such
dgnificant encounters. Ead encounter is assumed to be with a single perturbing
particle, and the time taken for an encounter is assumed to be small compared to the
times between encounters (which is necessary for encounters to be with single
perturbers).

A number of conditions must be satisfied for the impad approximation to be
vaid. The perturber density must be low enough so that the average perturber
distance is large enough for the dfed of distant perturbers to be small, the dfed of a
close encounter with a perturber must be greaer than the dfeds of distant perturbers,
and the dose encounter must take place sufficiently rapidly. The first condition
(perturber dengity) is most reaily satisfied by the lessabundant perturbers (any other
than neutral hydrogen), the second by perturbers with predominantly short-range effea
(such as neutral atoms), and the third (high speed) by particles of low mass
(particularly eledrons). We can thus exped broadening by eledrons to be well
described by the impad approximation, while that due to positive ions to be less ®.
Particle dengities in the photosphere ae low, and temperatures are high, so we can
exped broadening by neutral atoms, particularly light atoms, to be treaable in the
impad regime.

The simplest impad broadening theories assume the dfeds of all encounters
are identicd, reducing the problem to finding the wllision rate. More sophisticaed

theories acount for differences between individual encounters. The problem of the
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interadion between the perturber and the asorber is quite cwmplex; a successul
modern theory (the Bruedner-O’'Mara theory)5 is discus=d in sedion 4.5, along with
simpler theories.

Most theories assume that the perturbing perticle moves in a straight line and
its motion is unaffeded by the perturbed absorber (the straight classcal path
approximation). The dfeds of removing this approximation are quite small as the
perturber motion must be dose to a straight path when the impad approximation

regimeisvalid.

4.4.2: The Quasi-Static Approximation

The impad approximation ignores the dfeds of distant perturbers. These
perturbers do, however, have an effed, which can be important if the dfeds of the
closest distant perturbers are sufficiently large. This is most likely for abundant
perturbers, such as neutral hydrogen, or long range perturbers such as ions and
eledrons. Quas-static damping theory, or statistical broadening theory, is an
attempt to acount for smultaneous effeds of multiple perturbers. As sich, apart
from determining the dfed of a single perturber, the positions of all of the perturbers
must be taken into acount.

Although the probability of different perturber configurations can be realily
determined, it would be amuch more difficult problem to ded with the evolution of
the perturber positions over time, so it is assumed that the motion of the perturbersis
small during the time in which the perturbation isimportant.

As many perturbers are considered at once, and emphasis is on the dfed of
distant perturbers, the interadion between a single perturber and the asorbing atom is
usualy considered in smple terms.  For close excounters between perturber and
absorber, we can exped a smple picture of the interadion to be invalid, but the ques -

static approximation itsef ceass to be \did in such case.

5Seq for example, Ansteg S.D. and O’'Mara, B.J. “An Investigation of Bruedkner’s Theory of Line
Broadening with Application to the Sodium D Lines’ Monthly Notices of the Royal Astronamical
Saiety 253 pg 549-560(1991).
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A problem with standard statisticd broadening theory is that it is incorred.
Most work on quasi-static broadening has been for the broadening of spedral lines
(particularly first order Stark broadening of hydrogen)6 by highly ionised dense
plasmas, and while it is generally correct for such cases, it is not corred for quadratic
Stark broadening of heavier elements in the photosphere. A more gpropriate theory
is developed in sedion 4.6.

4.4.3. Combining the Impact and Quasi-Static Approximations

The impad approximation fails to take multiple smultaneous interadions into
acount; such interadions will dominate while the nearest perturbing perticle is a long
way from the asorber. The quas-static goproximation completely ignores the time
distribution of events and fails for close encounters with perturbers. A smple first-
order combination of the two approadies can be made by using impad theory to ded
with close encounters and using statistica broadening theory to acount for the dfeds
of distant perturbers between close encounters.

As the quasi-static theory fails to predict any effed on the level lifetime, impad
theory must be used to determine I' and the Lorentzian line width AA. If quasi-static
theory is used to find the line shift, the resultant line profile (as found usng equation 4-
2) becomes the distribution of line shifts W(Ao) as given by the quasi-static theory

convoluted with the Lorentzian profile given by theimpad theory:

o) = [ o, (A. a2 AW(A)A

Iy
- (4-14)

:I anﬂgM%)d%
2 U

(A-2)"+

In seaion 4-6, it will be shown that the line shift distribution W(Ao) is asymmetric, and
thus dould be taken into acount in any study of asymmetry, but is difficult to

6SeeGriem, H.R. “Spedral Line Broadening by Plasmas’ Academic Press New York (1974).
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cdculate. The posshle aontribution to the total asymmetry of the line due to damping
isthen examined in sedion 4-7.

In the photosphere, we can exped W(Ao) to be anarrow function, centred on a
wavelength very close to the unperturbed Ao. Thus, the damped line profile will be
close to Lorentzian, and for most purposes, it will be sufficient to assume that it is
exadly Lorentzian. The non-Lorentzian contribution under other conditions can be
much larger, but, in such cases, both the impad and quasi-static goproximations will
tend to fal (due to smultaneous multiple dose eixcounters with fast moving

perturbers) so this simple combination of the two theories will also not be \did.

4.4.4. Damping by Various Types of Perturbers

The interadions due to different types of perturbers are usualy treaed
separately. The two main types of collisonal damping, namely damping duwe to
interadions with charged particles (ions and eledrons) and damping duwe to neutral
atoms (espedally hydrogen). Damping caused by charged perticles is cdled Stark
broadening, while damping by neutral hydrogen istermed van der Waals broadening.
Despite this nomenclature, both forms of damping have their origins in the Stark
effed.’ Any form of damping where the perturber affeds the asorber via dedric
fields can be wnsidered to be dfeded by the Stark effed. As the fundamental
medhanism giving rise to the damping in these two cases (which involve Coulomb
fields and dpole fields respedively) is the same, it should be possble to trea them
simultaneoudly with a unified theory. Thisisexplored later in this chapter.

With the quadratic Stark effed, the shift due to an externa eledric field of
magnitude E can be given in terms of a constant for the level, so for atranstion from a

level i to aleve j, the erergy shiftsare given by
AE =CE?
AE; =C,E. (4-15)

"White, for example, makes this point in White, H.E. “Introduction to Atomic Spedra” McGraw-Hill
(1939 (seepages 431 and 436).
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The mnstant is normally given in units of cm™ per 100 Wem™. The transition energy

is then changed by the difference between the shifts of ead level, so

AE, =E, -E
=(c,-c)e* (4-16)
= c“_ E?

and as the shift is small compared to the total erergy, the wavelength $ift is given by

AA=C.E? 4-17)
where the Stark constant for the wavelength shift is related to the constant for the
energy shift by
_*G
G e (4-18)

The shift of the upper level will generally be greaer than that of the lower level.®
For eledric fields due to charged particles, the overall effed will vary as the

inverse fourth power of the separation

C4

M=% (4-19)

and for neutral atoms, with predominantly dipole dedric fields, the wavelength shift

will be

C
M=%

(4-20)
These ae the usua equations for Stark broadening by charged particles and for van
der Wads broadening.

While the Stark effed is well understood for uniform eledric fields, the fields
due to very close encounters will be far from uniform. Further difficulties arise & at
short ranges, the perturber and absorber will strongly affed ead other, and the eledric
field produced by the perturber will be dfeded by the @sorbing atom. Short range
encounters (for which impad broadening theory is used) will therefore be more
complicaed, and ged care must be taken in describing the interadion in terms of a
single onstant. For quasi-static broadening, where long range interadions are dedt

with, a smple treament of the perturbing perticle should suffice. In the photosphere,

8Seq for example, Babcock, H.D. “The Effed of Pressure on the Spedrum of the Iron Arc” The
Astrophysical Journa 67, pg 240261(1928.
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asthe major neutral atomic spedesis hydrogen, the smple dipole description (equation
(4-20) ) will be alequate. This will not necessarily be the cae for other perturbers,
such as helium, where non-dipole cntributions to the instantaneous eledric field are

important.

4.4.5. Broadening of Hydrogen Lines

As hydrogen energy levels will be split into a number of components by the
linea Stark effed rather than shifted by the quadratic Stark effed, the procedure for
the computation of broadening of hydrogen lines is osmewhat different to that for
spedra lines of other elements. The resultant line profile can be found as a
combination of the separate Stark components into which the line is glit, ead with its
own wavelength shift distribution. Ead of the Stark components can be found in a
manner similar to other lines, with the instantaneous ghift being proportional to the
perturbing eledric field rather than its square.9

As no hydrogen line profiles are examined in this work, the broadening of

hydrogen linesis not of gred interest here.

4.5: Impact Broadening Theory

The usua impad approximation kroadening theory considers the daom to be a
clasgcal oscillator at a particular frequency. A perturbing perticle will cause ashift in
this frequency of

C

—_h
Aw=—p (4-21)

where r is the distance to the perturber and C and p are mnstants depending on the
type of interadion involved (seetable 4-1). If the perturbing particles travel in straight
lines (the straight classcd path approximation), with a dosest approach to the

9For a full treatment of the broadening of hydrogen lines, seeGriem, H.R. “Spedral Line Broadening
by Plasmas’ Academic Press New York (1974.
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oscillator of p, the passage of such a perturber will cause aphase shift n(t) in the
oscill ation, dependent on the total time taken by the encounter and the strength of the

instantaneous frequency shift.

constant velocity v

perturber

instantaneous
distancer

closest approach p

absorber

Figure4-1. The Straght Classca Path

The total phase shift induced by a perturber at timet is

An(t) = jAw(t')dt'

t o (4-22)
- Cp I( p2 +V2t:2) P/ dtl
which can berealily evaluated to give
Cy
—_bPTP
n(t) = vort (4-23)
where , isaconstant dependent on p (seetable 4-1).
Table4-1: p and the Type of Interacion.
Absorber Perturber W,
Hydrogen Charged particle m
Neutral atom Same atom 2

Atom other than hydrogen | Charged particle | 2

O |l W | N]T

Atom other than hydrogen Neutral atom 3178
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One gproach from here is to assume that only encounters causing a phase shift
greaer than some phase shift n, will contribute to the broadening of the line. In the
Weiskopf approximation, it is assumed that n, = 1 and that the phase dhange is

instant, bre&king the oscill ation into discrete segments (seefigure 4-2).

1

05
Anpituce

05

1o 2 4 6 8 10 12
Tine(odey

Figure 4-2: Effed of Instantaneous Impads on Oscilldion

The dfed of this on the frequency of the oscill ator is the same & the dfed of
the finite lifetime of the level; the lifetime of the trangtion is reduced by the wllisions
causing significant changesin phase. The rate of significant collisionsis

I, =2mNp,*v (4-24)
where p, isthe closest approach reedel to produce the minimum effedive phaseshift.

1
[Cpl,llp [p-1

Po = Bn—vH , (4-25)

and the mean relative speed of the perturber is given by

oo 8kTE 1,1 B
m DMabsorber Mperturber D (4-26)

For the impad approximation to be valid, the wllisions must be rapid and not overlap
in time with ead other. Such separation of the ollisons in time requires p, to be
much lessthan the mean interparticle distance

This smple theory gives results that are only of the right order of magnitude,
even if the damping constant C, is known, and as the autoff phase shift for a wllision

to be effediveisarbitrary, andis assumed to be sharp, with no contribution atdl from
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the (numerous) collisions with lesser phase shifts, the results can scarcdy be expeded

to be more acairate.

4.5.1: Lindholm-Foley Theory

The frequency of an oscillator at any time is given by the unperturbed

frequency wy and the frequency shift Awgiven by equation (4-21), so

w(t) =y +Aawt) (4-27)
The instantaneous phase of the oscill ator is given by
n(t)=n(t=0) +Id'zj—£,t')dt'
=n(0) +I(% + Aw(t’))dt’ (4-28)
=n(0) +awpt +An(t)

where An is contribution to the phase due to collisions, the antribution for a single
collison being gven by equation (4-23). The line profile is given by the Fourier

transform of the oscill ation, which is given by

/2 2

Iein(t)e—iaxdt

-T/2

o(w) = lim—

M - @29

As the ollisions can be consdered to occur separately in time, we can consider the

sum of Fourier transforms of individual collisions, so equation (4-29) beaomes

/2 2

1 |™oox oo
) (4-30)

T/2

T i in(t)\ o=
=lim—— _J/ge” 0 )e i it

As the encounters causing phase shifts (i.e. the times when Aw > 0) are randomly
distributed in time and the instantaneous phase is uncorrelated with the phase dange
caused by a particular perturber, the average oscillation in equation (4-30) can be
replaceby an oscill ation including an average phase fador (this is the Lindholm-Foley

approximation). Then, we have
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/2 2

I |An —iatdt .

-T/2

olw —Ilm—

Too 27T (4-31)

It would prove difficult to calculatethe time averageof the phase o itisreplacalby a
frequency average (via the egodic hypothesis). In this case, the frequency average is
adualy an average over impad parameters, which, as the rate of occurrence of

impads at an impad parameter p is 2rmpdpNv, is
(), = 2nNVI 7 pdp (4-32)

This can then be substituted into equation (4-31). The dfeds of the damping can be
reaily seen by comparing the resultant expresson to equation (3-51) which was used
to find the line profile function for an isolated stationary atom. The imaginary
component of the complex term gives the frequency of a Lorentzian profile, and the
red part givesthe Lorentzian width.

This gives a damping constant of

e fu2T1(p) 8
I =87mv[sn’ D"~ pdp (4-33)
and a line shift of
Ay, =2\ [sinn( p) pdp. (4-34)
0

These give, for the cae of atoms (other than hydrogen) interading with
charged particles (ead type of which needs to be mnsidered separately as they will
have differing mean speeds),

M, =1136 C,**v*°N (4-35)
and
Aw, =985C,7%V"*N (4-36)
For the p = 6 case, (where hydrogen will be the dominant perturber due to its
abundance) we obtain
. =808CAV*N (4-37)
and
Aw, =294 CAV¥N (4-39)
The problems with this approadc are that it still does not consider overlapping

collisions, which will occur espeaally for encounters at large distances causing small
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perturbations, and <ill assumes that al particles (of a particular type) can be
adequately described as moving at a uniform speed. The frequency at which strong
collisions occur, which determines I, should be given reasonably acairately, but as the
times between strong collisions, when a large number of distant perturbers have a
cumulative dfed, are not considered, the line shift may not be given acairately by this
theory. The broadening, being puely Lorentzian (with a wavelength shift), is
symrmetric.

4.5.2: Damping Constantsfor Collisionswith Neutral Hydrogen

Determining damping constants acarrately is a difficult task. It is made
somewhat easier in the cae of the photosphere by the fad that amost all neutral
atomic perturbers (namely hydrogen and helium) will be in the ground state due to the
high energy of the first excited state aove the ground state. This smplifies the
quantum mecdanica problem of the @sorber-perturber interadion considerably. The
difficulty liesin adequately describing the absorbing atom.

As a aqude gproximation, we can assume that the dsorber in state i can be
described by an effedive principal quantum number n’, given by

_Xu

‘7
4 X~ Xi

(4-39)

where Z is the dfedive nuclea charge, x4 is the ionisation energy for hydrogen, x; is
the ionisation energy for the absorbing atom, and y; isthe energy of the statei.

This hydrogenic approximation can then be used to determine the energy
shift of the state i dueto the perturbation.10 The energy shiftis

eaa’R?
AE=-—"¢" (4-40)

where a isthe polarisabili ty of hydrogen (= 6.70 x 10%° cm®) and

10The hydrogenic approximation is commonly used becuse it is particularly smple. For a full
derivation, see for example, pg 297 in Mihaas, D. “Stdlar Atmospheres’ Freaman (1970.
Unfortunately, the hydrogenic approximation is not always accurate.
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Ri)” =57 (3 +1-301+2), (4-41)

This gives the damping constant
C6 =4.05% 10_33( Rupper2 - I%owerz) . (4—42)

While damping constants derived in this manner can be used as approximate

values, they are generaly insufficiently acarate when the damping must be well-
known. For more acarrate damping constants, more sophisticaied theory, such as that
of Bruedkner, as extended by O’ Mara™" must be used.

4.5.3. Bruekner-O’'Mara Theory

The Bruedkner-O’Mara theory has 9 far proved to be an acairate and reliable
method for determining damping constants, particularly for collisons with neutral
atomic hydrogen in the ground state.

The theory assumes that the interadion between the dsorber and thehydrogen
atom is aufficiently we&k so that perturbation theory can be used. Rayleigh-
Schrédinger perturbation theory is used and exchange interadions are negleded. The
Unsold approximation12 is used in second-order perturbation theory to replace the
energy denominator with a suitable average energy (which all ows major simplification).
Lastly, the classcd path approximation is esumed to be \did.

The Hamiltonian for the absorber-perturber system can be written as

H=H,+V (4-43)

where, asisusudl, Vistheinteradion between the atoms.

1lsee Ansteg S.D. and O’'Mara, B.J. “An Investigation of Bruedkner’'s Theory of Line Broadening
with Application to the Sodium D Lines’ Monthly Notices of the Royal Astronamical Saiety 253, pg
549560(199)), or the exrlier papersby O’ Mara (seeBibli ography).

12Unsild, A. “Quantentheorie des Wasserstoffmolekilions und der  Born-Landéschen
AbstoBungskréfte” Zeitschrift fir Physik 43, pg 563574(1927).
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12

electron 2
(absorber)

eectron 1
(perturber)

r

perturber R absorber
(hydrogen atom proton)

Figure 4-3. Geometry of Perturber-Absorber Systam

Theinteradion term Visgiven by
C

\ =G§%+i+i+\7( Als (4-44)
r, I,
where the asorbing atom is modelled as a single opticdly adive dedron outside a
closed ionic core gproximated by a Thomas-Fermi-Dirac ion (TFD ion). The
potentia of the TFD ionic core can be expressed in terms of a shielding function f(p,)

as

_ -1
V(pl):?l”(pl). (4-45)

Far from the ionic core, the shielding function is zero, and approadies —(Z — 1)/p; as
the nucleus of total charge Z is approached. For convenience, atomic units can be used
wherein e = 1, distances are in Bohr radii and erergiesarein Hartree

Rayleigh-Schrodinger  perturbation theory will bre&k down for small
separations R, espedadly if R is close to or less than the distance to the potential
minimum. At longer ranges, seand-order perturbation theory will be sufficiently
acarate.

Thefirst-order interadion energy is

AEY = (g VIy,) (4-46)
and the seaond-order interadion energy is
) AL
AEi( )= z< E(oi)<>_< Ek(o) >, (4-47)
K#i i K

which, using Unsold’ s approximation, reducesto
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-1 2
AE( = E_(<wil\/2|wi>_(AEi(l)) ) (4-48)

The @omic states here ae for the combined system, but as virtually all hydrogen in the
photosphere will be neutral and in the ground state, they will i n pradice only depend
on the state i of the dsorber. The first order energy is often assumed to be zeo, asit
is an exponentialy deaeasing function of R. At this point, given suitable
wavefunctions for the @omic states, the potentials for the upper and lower states can
be found.

To cdculate the Lorentzian line profile, we can assume that the line width I

and the shift Aw, can be obtained from a compex cross-sedion a(v), where
M +idw, = NI\/\N(v)a(v)dv, (4-49)
0
v is the relative velocity, and W(V) is the probability distribution of relative velocities.

In the impad approximation, the aosssedion o(Vv) is given in terms of the damping

parameter IN(p,v) for asingle callision as
a(v) =2r[n(p,v) pdp. (4-50)
0

For perturbations by ground state hydrogen, the damping parameter becomes

0 0
2l . +1 tr(Supper)
n(p,v):%— (s ﬁ, (4-51)

The Smatrices can then be calculated usingtheinteradion energy of the system.

Once the damping parameter is known, the cmplex collison crosssedion can
be found using equation (4-50), and thus the line shift and width can be found. The
line width can reaily be found from equation (4-49) if the mmplex crosssedion o(v)

isreplacel by itsred component. Then

= N}\/\N(V)G(V)dv (4-52)

where o(v) is the red collison crosssedion. As o(v) is a dowly varying function of

the relative velocity v, this expresson for the line width I can be well approximated by
= Nvo(v) (4-53)
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in terms of the aerage relative velocity (as given by equation (4-26) ). For
convenience the aosssedions cdculated using this theory can be expressed in terms

of the crosssedion at areferencevelocity and an interpolation constant a such that

o(v) = o(v=10kms 1)%@ . (4-54)

Given these 010 and a values, cdculation of the line width is stra ghtforward.13
The relationship between this crosssedion and the usua van der Wads

constant Cs can ke found from equation (4-37), giving
v
Cs = o-0(V)*? (4-55)

where the mean velocity isin c.g.s. units. This can be used to compare results.

Damping constants given by the Bruedkner-O’'Mara theory appea to be of
reasonable acaragy. The ladk of acarate experimental results hinders comparison,
but, particularly in view of the inacarracy of other common methods of cdculating
damping constants, the theoreticd damping constants obtained in this way may well be
the best available."

4.6: Statistical Broadening Theory

Impad broadening theory does not adequately acwmunt for perturbations
caused by multiple particles smultaneoudly. Statistica broadening theory (the quasi-
static goproximation) is an attempt to ded with this dortcoming. The usual starting
point is equation (4-21), in wavelength units giving

13software for the alculation of these mnstants was supgied by J.E. Ross (Physics Department, The
University of Queendand).

l4Anstee and O'Mara compare various theoretical and experimental results for the widths of the
sodium D lines in Ansteg S.D. and O'Mara, B.J. “An Investigation of Bruedner’'s Theory of Line
Broadening with Application to the Sodium D Lines’ Monthly Notices of the Royal Astronamical
Saiety 253 pg 549560 (1991). See aso Milford, P.N. “Line Intensity Ratios and the Solar
Abundance of Iron” PhD Thesis, The University of Queendand (1987. Recent work by O'Mara

confirmsthe general accuracy of the theory.
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C

M= (4-56)

Ead perturber is then assumed to produce al/re field, and the probability distribution
of the mbined field is then found.” This standard treament isincorrec; while it wil

produce areasonable result, asit will corredly give the dfed of the neaest perturber,
it will not corredly predict combined effeds. (Consider the difference between

combining two inverse square fields and finding the square of the magnitude and
combining two Ur* fields. Note that |a+bl” # |a*a+Ib/°b| in most cases) There is
no reason not to attempt a crred cdculation of the distribution of the wavelength
shift.

4.6.1: The Stark Effed and Statistical Broadening Theory

Whether or not the perturbing perticle is an ion, eledron or a neutral atom,
unlessit is very close to the asorber, the interadion is caused by the dfed of the
eledric field of the perturber at the asorber. Thus, the interadions are dl due to the
Stark effed, even those normally labelled as van der Wads broadening (p = 6). If we
know the probability distribution for the magnitude of the dedric field, W(E)dE, the
probability distribution for the wavelength shift W(AA)dAA can be found. For a
quadratic Stark effea16, the wavelength shift isrelated to the field by

AA=C.E? (4-57)
where C, is the mnstant of proportiondity for the quadratic Stark effed for the
trangition in question. Then, since

dAA = 2C_EdE, (4-58)
the probabili ty distribution is given by
W(AA)dAA = WE) dAA (4-59)
2CE '

155eg for example, pg 265in Mihaas, D. “Stellar Atmospheres’ Freaman (1970. Here, the
procedure is adapted from a calculation by Chandrasekhar of the probability distribution of the
gravitational field caused by an infinite number of identical randomly distributed sars, in
Chandrasekhar, S. “Stochastic Methods in Astrophysics’, Reviews of Modern Physics 15, pg 1
(1943. The alculation of an eledric fied distribution is simil ar.

16Here we will i gnore the fact that the external eedric field at our absorber is not spatially uniform,

and thus assume that the shift can be given simply in termsof the eledric field magnitude.
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The difficulty arises when we try to cdculate W(E)dE. If we asume that we
have a infinite number of perturbers uniformly distributed, we obtain a Holtsmark
distribution’. Distributions of this form have been cdculated, but generaly only for
either charged particles (ions and eledrons) or dipoles (neutral atoms) individually,
rather than both smultaneoudly. Also, neutral atoms are usually treaed as producing a
pure 1/r® dipole field, rather than considering the dfeds of variation in the dipole
moment and dredion of the dipole, resulting in an incorred distribution (but corred
mean behaviour).

The gproximation of a perturbing neutral atom as a dipole will only be
adequate & large separations, but at closer separations, the quasi-static goproximation
will fail anyway, so it should prove alequate for the purpose.

4.6.2: Holtsmark Theory

The distribution of the particles will not be random (for example, the position
of charged particles will be dfeded by the dedric field), so we must also determine
how good an approximation the Holtsmark distribution will adualy be. Field
distributions taking the non-random distribution of particles have been cdculated!s,
but, as under the conditions in the sun, the Holtsmark distribution, which will be eaier
to cdculate, may be a quite goad gpproximation.

A plasma can be daraderised by its Debye length which is the dfedive
distance over which the dedric field of a particle interads with other particles before
being cancdled out by the fields of shielding particles. Sinceions can be shielded by
both eledrons and other ions, the Debye length can be found by considering a total
charged particle density of 2N. (asauming that all of the ions have asingle positive
charge) which gives a Debye length of

(oaye). = 8,;;2 (460
where e is the diarge of an eledron. This will aso be the Debye length for dipoles.
Only eledrons will ad to shield the field due to other eledrons (due to their higher
spedls), so the Debye length for eledronsis given by

17Holtsmark, J. “Uber die Verbreiterung von Spektralli nien” Annaen der Physik 58, pg577 (1919
18see Mozer, B. and Baranger, M. "Eledric Field Distributions in an lonized Gas. II", in Physical
Review 118 pg 626(1960 where they calculate the field dstribution for a completely ionised gas

under varying conditions.
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o (461

eledrons ee

The total number of ions or dipoles of number density N within a Debye sphere (a
sphere of radius equal to the Debye length), being the number of particles which
contribute to the field at a point, is given by

3

( ) N Okt 2
Debye,

= ?— 4-62
12727 ON€° B (4-62)
and the number of eledronswithin a Debye sphereis
3
1 T2
(nDebye) dedrons 6 W 2 (4-63)

The number of particles in the Debye sphere & various depths in the
photosphere can then kefound. (See gble4-2.)

Table 4-2: Thenumber of particles within a Debye spherefor
various species of particles (usng Holweger-Miller atmosphere).

Opticd Depth 7, | Hydrogen Atoms | Charged Particles | Eledrons | lons
0.0001 34 x 10 1400 1040 | 370
0.01 1.2 x 10° 470 350 120
0.10 6.0 x 10° 280 200 72
0.32 32x 10 200 150 52
0.63 1.2 x 10° 150 110 38
1.0 48 x 10" 110 82 29
1.6 2.2x 10 87 64 23
2.0 1.2 x 10* 75 56 20
3.2 41 %10 56 41 15
4.0 25x 10° 49 36 13
10.0 9.5 x 10 37 28 10

Since there ae alarge number of hydrogen atoms within a Debye sphere, the
Holtsmark distribution will be a very good approximation for the dipole field
distribution, and the number of charged perticles is aso high enough so that the
Holtsmark distribution will be areasonale approximation.
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4.6.3. Holtsmark Theory Revisited

If we mnsider a region of the photosphere to be uniform and effedively
infinite, with a dharged particle number density of N. and a (hydrogen atom) dipole
density of N,, we can determine the probability distribution of the field due to both
charged particles and dpoles.l® Seetable 4-3 for a summary of notation used in this
cdculation.

Table4-3: Summary of notation usedin calculation of

Holtsmark distribution.
Symbol Meaning of Symbol
W(n)dn Probabili ty distribution function for n
Ei= Ei(r) Eledric field due to ith charged particle
ri Position vedor for ith charged particle
W(E))dE; Field distribution for a dharged patticle
Ei= Ei(r;,l)) Eledric field due to jth dipole
I Position vedor for jth dipole
l; Dipole separation vedor for jth dipole
E Total eledric field
W(E)dE Digtribution for total eledric field
E Magnitude of total eledric field
W(E)dE Distribution for magnitude of total field

First we will consider the field due to n. identicd charged particles and n,
dipoles, eat with an identicd distribution for their dipole separation vedors. (The
dipole separation vedor gives the diredion of the dipole moment and the distance
between the two charges comprising the dipole.) If we know the field distributionsfor
the dharged particles and the dipoles, we can then write the tota field dstribution as
the convolution of al of theindividua particle distributions:

W(E) =W(E,..)0.OW(E.., | OWE,.)J0.OWE,., ).  (4-64)

As there ae agrea many particles, it is not possble to cdculate this diredly,
but we can rewrite this convolution asa product in aFourier doman as

19This calculation foll ows Chandrasekhar (in Chandrasekhar, S. “ Stochastic Methods in Physics and
Astronomy” Reviews of Modern Physics 15, pg 1(1943) ), but deals smultaneously with bath kinds

of particles (charged particles and dpoles).
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=5 JI (O] [A(p)] " e =dp (4-65)

where A(p) and A(p) are the Fourier transforms of W(E;) and W(E;).2° The Fourier
transform for charged particlesis given by

= [[[w(E,)e*="dE,. (4-66)

all fields

or, interms of W(r;) and r; instead of W(E;) and E;:
)= Jffwir)es=" (4-67)
al space

1
If the particl% are uniformly distributed over avolume V, then W(ri) =V and

=2 .[U o (4-69)

aII space
Similarly, for dipoles, the Fourier transform is
0= (W et ag, (4-69)
all fields
and we can Write thisin terms of W(r;), r,, W(;) and |;:

o =flf IIIW( i Jee= ot (4-70)

space di pole
vectors

Again, \N() —and\/\/(l)

(Where &, isthe Bohr radius), 21 so

gl dr,. (4-71)

space dipole
vectors

Using these expressonsfor the Fourier transforms, W(E) is given by

20Chandrasekhar (in Chandrasekhar, S. “Stochastic Methods in Physics and Astronomy” Reviews of
Modern Physics 15, pg 1(1943) ) arrives at this point via adifferent route, by starting with the sum
of the probabilities of all configurations giving a particular value for the total field, and then
transforming this 2um into an integral over al space by using the discontinuous integral of Dirichlet,
and thus oltaining equation (5-25) for the spedes of perturber in question.

21This result, the probability distribution for the location of an eledron in the ground state of a
2
hydrogen atom may be more familiar in the form W(I)dl = ¥I2e %dl wheredl is converted to

polar coordinates and, as there is no angle dependence integrated over al angles. Thisis used for
W() as the only atom we are mnsidering as a strong dpole is hydrogen, and almost all hydrogen
atoms will be in the ground state due to the large separation between the ground state energy and the
energy of the first excited state.
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Je*Edp (4-72)
where
'Y
jjj pE(rn)gr a Dl ePailn gy drjg
B
(4-73)

where N. and N, are the number densities of charged perticles and dpoles, so that the
total number of charged particles is given by n. = N.V, and the total number of dipoles
isgiven by n, = N,\V.

Since we ae mnsdering a very large volume with an effedively infinite
number of particles, we can consider the limit when V approades infinity. Keeoing in
mind that

i+ = @74

we can rewrite equation (4-73) as

= M a

NV &l

e e e 79

x4 +
] N,V O
B B
which, using equation (4-74), gives
A(p) - e_Nch(p)_NdDd(p) (4_76)

where D.and D4 are given by

pl=[Jf1-e ol (477

space

and

space dipole

_i@ SURUSTES (4-78)
vectors

If these expressons can ke cdculated, then W(E) can be found.
If equation (4-77) isrewritten in polar coordinates, with p direceddong the
z-axis, we then have
2m M
= [ | Ja-€==*)r?sing dr dpds. (4-79)
6=0¢=0r=0

The magnitude of the eledricfield is given by
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E=-2 (4-80)

where C. is the field strength constant. (Equal to the dedronic dharge e in this case.)

Then
ipCcosp

jjj(l e © )r?sngdrdpdd. (4-81)

6=0¢=0r=0

Integrating with resped to 6 gives
Moo ipC, Cos
:27TI I(l—e * r?singdr dg. (4-82)

9=0r=0

Ifwesubstltutey cosqo, dy = smqodgo, we obtain
D, 2nj j(l er )rzdr dy (4-83)

y=-1r=0

C
which can be (since sin P °y isoddw.r.t. y) written as

D 27'[I I(l cospczy)rzdr dy (4-84)
y=-1r=0
which can then be integrated to give
=0 dn r
D,(p) =4n H—Mmzdr (4-85)
o0 PC/T?
3
C )2
Substituting z:@ and rzdr:—(p °5) dz, we obtain
' 272
3
0 - C 2
Dc(p):4njﬁ—ﬂ§7p °5) dz
0 74 272
(4-86)
o
:27T(pCC)EIZ 12 4z
0 Z2
which can be evduated to give
4\/27'[
D,(p) = 2n( pC,)?
, (4-87)
=(v.pC.)?
where
2
O 33
V2t
Ve=0 15 [ U 26031 (4-89)
H H

Similarly, we can find asmple expresson for D,. If we rewrite equation
(4-78) in polar coordinates 6, ¢, and r for the position vedor rj, and ¢, (, and | for the
dipole vedor [;, we have
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© 27T T ®

- (1 g
TE:’lO 6=0 p=0r=0=0y=01=0 (4-89)

x 12sinyd dydér?singdr dpds.
The magnitude of the dipole field is given by

E = %1/1+ 3cos’ (4-90)

where CJ is the dipole moment. (Here, C, isthe dedronic charge eand | is separation
between the proton and the dedron.) If we integrate with resped to 68 and é and use
eguation (4-90) for E we obtain

P=25 T[] Jerge i

ao ©=0r=0y=01=0 (4-91)
x 12dnyd dyr?singdr de.
Substitutingx cosw dx=snydy,y= cosqoand dy = singdg, thisgives
1 o 2 D dy\/i
_—j j [ Je> BL— 07"l dxdr dy.

a0 y=-1r=0x=-11=0

(4-92
Asbefore, the sineterm in the € can be dropped and the expresson integratedin y:

T j[ T _A'D sn pCI\/1+3x /r) 2v2dl dw d
e X dr .
ao r=0x=-11=0 PC,IV1+3x /r @
(4-93)
/ 2 _ / 2
If we now substitute ZZM and ridr = PG| 1+3X this beaomes
1 o
8"pc [ fre~ e Ek;ﬁdl dx dz
z=0x=-11=0
l © _
:M [ free « T3¢ dl dx
3ao x=-11=0
2 1
:%pcdjxmsxzdx (4-94)
-1
_ma,pC, ) In[2+3)0
4 % J3
= Yq8, PCq
where
_m 5, o2+ V3 6.8109 49
yd - 4 % ﬁ] ( - 5)

The values that have been obtained for D, and D, can be substituted into
eguation (4-76) to give

A(p) e(vcCep) 2 Na (vaa,Ca p) (4_96)
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We can now find W(E):
W(E) = Nc(ycccp)E_Nd(ydaocdp)e_ip-Edp’ (4-97)

or, in polar coordinata

I I Ie o(ve cpz Na(yaaoCap) ePEXS? n2 g odp dpds .

6=0¢=0 p=0

W(E) =

8 3
(4-98)
Asbefore, we can nowintegrate over 0, giving

I I olve cpz Na(vaa.Cap) 'PEOOS“’p sn@dpodg.

9=0 p=0

4 2
(4-99)
Substituting z = cosg and dz = sing dg, and dropping the sine term from the complex
exponential

o(vCen) 2 Na(ya2sCq p) COi pEZ) de dz. (4-100)

z——1 p=0

Thiscan now be integrated to give

SiE Ie_Nc(chcp)E_Nd(ydaoCd o) psin( pE) dp, (4-101)
0

into which we can now substitutex PE, giving

WE) =~ I . @Jﬁ S dnx dx, (4-102)

WI(E) =

2m°E®
We now define anormal chargedparticle field as
2 2
F.=y.C.N_ 012502x10° N_3 (4-103
and anormal dipolefield as
F, =y,a,C,N, 017304x10*"N,, (4-109

and W(E) in terms of these normal fieldsisthen

T
=5 ESIe “Xsinx dx. (4-105

We do not adualy want W(E), the dedric field dstribution function, but
rather W(E), the distribution function for the magnitude of the dedric field. So, as
W(E) = 47PFEAW(E),

sinxdx (4-106

or, if preferred, withy = X/E,

2B 7 e

WE) =—e “ysin(Ey) dy. (4-107)

0
If we defineanormd field ratio a as
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(4-108

and measure the field in units of the normal charged particle field strength (giving the
distribution in as close as possble to the standard notation22),

E
B=r (4-109
Then W(B) = FW(E), glvmg us
W(ﬁ):%} %hm Féxsmxdx (4-110
or
5 2 vay
wip)=2E fe " Ysrl) o (@113

These integrals (equations (4-108), (4-109), (4-110 and (4-111)) can then be
numericdly integrated to determine the field dstribution for a set of given conditions
from which the normal field strengths are determined. (Seetable 4-4 for normal field
strengths in the photosphere.)

Table 4-4: Normd Fieldsin the Photosphere

Opticd Depth 1, F. Fs a
(esu) | (esu)
0.0001 0.0554 | 0.0212 | 0.382
0.001 0.128 | 0.0764 | 0.597
0.01 0.287 | 0.264 | 0.921
0.10 0.697 | 0.859 1.23
0.32 1.24 1.46 1.18
0.63 2.23 1.82 0.819
1.0 3.62 2.00 0.553
1.6 561 2.27 0.407
2.0 7.28 2.18 0.300
3.2 125 2.16 0.174
4.0 159 2.20 0.139
5.0 19.1 2.21 0.115
10.0 26.3 231 | 0.0879

22|f we only considered charged particles or dipoles individually, this would actuall y give the standard
form, but here we have two separate normal fields and no smple method to measure E in terms of

bath of them.
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From these results, we can seethat the fields caused by charged particles and
dipoles are both important; both must be taken into aceount for an acarate treament
of broadening.

The smple dasscd treament of the hydrogen atom dipole used here will be an
adequate gproximation when estimating the importance of quasi-static damping. If
acarate numericd results are nealed, the gpropriate integrals can be replacel by
sums over discrete states.

4.7: Spedral Linesand the Holtsmark Distribution

The distribution for theline shift WiII be given by equation (4-59), giving

H Fy 2+de5
W(ANdaA = G—fe

@nc sm%/\/imddeA}\ (4-112

using equation (4-107), or a Smilar expresson using any of the other threeforms of
the field distribution. A sampe Holtsmark distribution is shown in figure 4 -4.

0.3

Figure 4-4: The Holtsmark Distribution

4.7.1: Combining the I mpact and Quasi-static Approximations

For photospheric damping, quasi-static damping is usualy ignored, as the
contribution to the width will be negligible. The impad approximation alone is used
for the damping, and gven suitable interadion constants, gives an acairate result for
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the width of the Lorentzian profile. The quasi-static damping, however, is grongly
asymmetric evenif it contributes negligibly to the overal li ne width.

A suitable method to find the combined effed of impad and quesi-static
broadening is to use the impad approximation to determine the Lorentzian width I
and the quasi-static theory to cdculate the line shift distribution, as given by equation
(4-112). Theresult will then be a convolution between the two profiles.

A quick examination of such combinations (seefigure 4-5) shows us that the
guasi-static damping can contribute significantly to the asymmetry of the line while
effeding only minor changes in the line width.

Lorentz Profile + Holtsmark Voigt Profile + Holtsmark

0.9

0.8

0.7,

0.6/

0.5

0.4

0.3

0.2,

0.1

HOo
O]

Figure 4-5: Combination of Holtsmark profile and Lorentz and V oigt Profiles

The asymmetry caused by the damping is also the same genera type of
asymmetry that is sen is photospheric asorption lines. Thus, it is important to be
able to acarately estimate the ntribution to the line profile due to quas-static
damping.

4.7.2: The Quasi-Static Contribution

The quasi-static and impad broadening are related by the same interadions
being responsible for both. Thus, in the cag of the photosphere, we candetermine he
relative importance of the quasi-static contribution.

In order to investigate the importance of quasi-static damping, we must be ale
to compare the Stark coefficient C, used in the quasi-static cdculations with the
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damping interadion constants C, and Cs used in the impad approximation
cdculations. The mean value of the magnitude of the dipole field given by equation (4-
90) when averaged over al orientations and al dipole separations will be

approximately

E- ea?;@ | (4113
This gives awavelength shift of

A= ZCSrL?OZ : (4-119
The corresponding shift in angular frequency is

poo= LA (+119
and the damping constant Cg isthus

C.= 47E;f°zc C.. (4116
Similarly,

C, = ZAL;ZC C, (4-117)
and

C, = 2a,°C,. (4-119

In order to compare the dfeds of the Lorentzian impad broadening and the
Holtsmarkian quasi-static broadening, we can assume a(fictitious) Fe | spedral line &
50008 with Cs = 5.0 x 10° (of the same order of magnitude & Cs for the sodium D
lines). Then, C,=8.9 x 10™°and C.=5.2 x 10" (in standard c.g.s. units).

The impad damping can then be cdculated for various heights within the
photosphere (seetable 4-5).

Table 4-5: Impad Damping Constants

Opticd Depth | Hydrogen | lonsand Total Minimum Significant
To e Eledrons | Damping Wavelength Shift
P r A\ (A)
0.0001 1.2x10" | 50x10° | 1.2x 10 1.6 x 10°
1.0 1.4x10° | 32x10° | 1.4x10 1.9 x 10°
10 1.6x10° | 6.4x10° | 2.3x 10 3.1x10°

The importance of collisons with rneutra hydrogen can seen in table 4-5, as they
clealy provide the gredest contribution to the Lorentzian line width.
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The Holtsmark distributions at these heights can be cdculated numericadly.
The dedric fields needed to give wavelength shifts equal to these Lorentzian line
widths are shown in table 4-6.

Table 4-6: Eledric Helds Required for Shifts

Linewidth (A) | Field for shift (e.s.u.)
1.6 x 10° 55x 10°
1.9 x 10° 6.0 x 10°
3.1x10° 7.7 x 10°

The Holtsmark distributions at these photospheric heights and field strengths are
extremely small. The fields required to produce these shifts are much greaer than the
fields which occur with any red degreeof probability. The most likely fields are even
smaler. (Seetable 4-4 for expeded fields (i.e. normal fields).)

As the quasi-static damping has such a smal effed, it can be wmpletely
negleded in the solar photosphere. As this estimate of the importance of quasi-static
damping negleaed Doppler broadening, the dfed compared to the total width of the
Voigt profile will be even smaller.

Thus, damping should introduce no asymmetry, and, as the damping will be
symmetric, unlike the Doppler broadening, strongly damped lines dould show less
asymmetry than wedly damped lines. This is observed in the solar spedrum (see
chapter 1).

4.8: Damping Constants

The methods described above (such as the Bruedkner-O’Mara theory) can be
used to determine damping constants (i.e. line widths) for many cases. At other times
it may not be possble to acarrately determine adamping constant for a particular line,
such as when the dedronic configuration of the dement is such that it proves
particularly difficult to appropriately describe the @om at the ranges at which
important contributions to the damping are made. Some solar lines are il
unidentified, which makes any such cdculation impossble.

For some ca&es where the damping cannot be theoreticdly cdculated,
experimental damping constants have been measured.  Experimental damping
constants for collisions with atomic hydrogen, however, are few in number, and
generaly not very acairate.
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Spedra synthesis of the line profile can be used to determine the damping
constant that gives the best fit to the observed line profile. For a determination like
this to be acarate, acarrate gf-values are required. The ntribution of vdocity fields

to the line profile must also be well known, or large erors can be introduced into the
empiricd damping constant.
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