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Chapter 2: The Photosphere
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Fig 2-1: The Sun - Overall Structure

2.1: Thel arge Scale Structur e of the Photosphere

The photosphere, the visible surfaceof the sun, is the uppermost opaque level
in the sun. Light from deeper regions will not escgpe and higher material, being aimost
transparent, will emit relatively little light. Thus, the photosphere is the transitional
region between degper opague regions of the sun and overlying relatively transparent
material. This leals to the important feaures of the photosphere; in the photosphere
the opaaty drops from high to low, and the temperatures fall (although not as fast as
the opaaty) with increasing height.
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Relatively transparent layers of the sun

h=300km, T =4957K, P=2.30x 10 dyncm?, p=7.30 x 10® gem™

h=0km, T=6533°K, P=1.25% 10° dyn cm?, p=3.00x10" gem?

Opaque layers of the sun

Fig 2-2: Large Salk Structure of the Photosphere

The temperature falls with increasing height until the temperature minimum in
the lower chromosphere is readed, after which the temperature rises with increasing
height.

The structure of the photosphere is discussed in more detail in sedions 2.1.3
and 21.4. Figure 2-3 shows the variation of various properties of the photosphere
with height.

2.1.1: The Solar Interior

Thermonuclea fusion readions in the re of the sun provide the energy that
reades us from the sun. These readions only occur in the innermost region of the
sun, where the temperature and density are very high (out to about 0.3R) and this
energy must then be transported to the surface of the sun before it can escgpe into
gpace This energy can be transported by radiation or convedion; whether or not
convedive flow occurs depends on the cnvedive stability of the medium, which can

be determined by the Schwar zschild criterion? for the occurrence of convedion:

BB

(2-1)

iabatic

IAfter Karl Schwarzschild, who proposed it in 1906
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Thus, if the aiabatic temperature gradient is lessthan the gradient in the asence of
convedion, convedion will occur.

In a dense opague medium, convedion, if it occurs, is very efficient and the
adual temperature gradient of the medium will be very close to the aiabatic gradient.
In the sun, radiative transport dominates to a distance of about 0.7R | from the centre,
and then convedive instability sets in, and convedive transport dominates from 0.7R |
to the surfaceof the sun.

The photosphere itself, with its lower opaadties and superadiabatic temperature
gradient, is gable against convedion. The solar granulation (see clapter 6) is believed
to arise & a result of convedion in this zone, as convedive motions will tend to
overshoaot into stable regions; the flow in the mnvedion zone can cause variations in
the lower regions of the photosphere. An upward flow will not smply stop as oon as
it comes to a stable region; its momentum will cause it to proceal into the stable
region, and then it will fall badk down after coming to a stop. Large @nvedive
velocities can be maintained in this way for some distance into the stable region, as,
due to the rapid deaease of density with height, only a fradion of the massin the flow

neals to continue upwards in order to maintain the same volume flow.

2.1.2: TheOuter Atmosphereof the Sun

The outer solar atmosphere, consisting of the diromosphere and the @rona, is
relatively transparent and of very low density. It isresponsible for some fedures of the
solar spedrum, such as ultraviolet emisson lines, but has very little dfed on

Fraunhofer lines.
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2.1.3: ThePhotosphere

The photosphere exhibits many complex motions and other inhomogeneities.
Despite this, the large scde structure is dominated by the variation of properties such
as presure and density with height. Thus, a reasonable gproximation of the
photosphere can be obtained by considering the photosphere to be mmposed of
relatively uniform horizontal strata; thisis known as the plane-parallel approximation.
The dependence of the physicd properties of the photosphere on height must then be
considered.

The dange in pressure with height for an atmosphere in hydrostatic
equili brium will be

dP_ GM (r)

dr re

where r is the distance from the ceitre of the sun, M(r) is the mass enclosed by this

o (2-2)

radius, and p isthe dengity at this radius. The assimption o hydrostatic equlibrium is
a strong assumption, espedally considering that the photosphere is in motion. The
motions in the photosphere ae not rapid enough to cause astrong departure from
hydrostatic equilibrium?, so the asumption of hydrostatic equilibrium will give a
reasonable gproximation. In the photosphere, M(r) is essntially constant as the
contribution to the massof the sun due to the low density photosphere is gnall, so we
can writethisin terms of alocd gravitationa acceeration, g, as

dp _
dar
The gravitational accéeration g in the photosphere is about 274ms?.

-gp. (2-3)

The presaure and density are alsorelated by the ided gas law
P = NKT
_ KT (2-4)
|
where k is Boltzmann's constant and 1 is the mean massof the particles contributing

to the presaure, where

2The presaure variations driving the flow are small compared to the presaure differences involved with
the stratification. Asthe surface gravity of the sun ishigh, the atmosphere is highly stratified, and the

resultant presaure differences are large.
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> mN,

e

o= (2-5)

The temperature gradient is determined by the total energy flow and the
resistance of the medium to the energy flow. Thus, it will depend on the energy flow
medhanism. For radiative transport of erergy,

dir 3 kp L

dr ~ 4dac T° 4m?

(2-6)

where K is the flux mean opadty, or mass absorption coefficient averaged over all
wavelengths (and suitably weighted to acount for the wavelength distribution of the
flux), and L is the luminosity, or radiative energy flux, at the radius in question. For
convedive energy transport, the temperature gradient will be dose to the aiabatic
temperature gradient

dr O 107 dpP
o ~0 ybpdr 1)
where the ratio of the spedfic heds, y, for amonatomic ided gasisgiven by y = 2.
Radiative transport is the dominant medianism in the photosphere, with about 6% of
the energy being transported by convedion at the base of the photosphere, and
virtually none & a height of 60 km3 This deaease in the fradion of energy
transported by convedion is a necessary result of the rapid deaease in density with
increasing height; the velocities of a mnvedive flow would have to rise enormously in
order to maintain the same massflow nealed to maintain the same @nvedive energy
flux. The radiative transport is not hampered at all, the deaease in opadty resulting
from the deaease in density only makes it even easer for the energy to radiate
outwards.

As the temperature dianges in the photosphere ae small compared to the
changes in density and presaure, the pressure and density fall at an approximately

exponential rate as the height increase:
z

P=PRe "M (2-8)

3See pg 44 in Durrant, C. J “The Atmosphere of the Sun” Hilger (1989. These values are

determined from an analysis of the temperature and velocity variationsin the granulation.
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z

p= poe_H(T) (2-9)
where H(T) isthe scde height for presaure and density. This scalehaght isgiven by
N KT
H(T) = OT, (2-10)

where Ny is Avogadro’s number. For a temperature of 6300°K, the scde height is 150
km.4

The main feaure of the photosphere is the extremdy rapid drop in pressure and
density with height. The temperature dso fals with increasing height in the
photosphere,> athough much more sowly than the presaure and density. As the
opadty of the photosphere is proportional to the number of absorbers, the opadty
must also drop rapidly.

2.1.4: The Moded Photosphere

As conditions in the photosphere cawnot be diredly measured, a model
atmosphere can be cnstructed so that these conditions are satisfied, and the spedrum
produced matches the observed spedrum. Modificaions made necessary by
inhomogeneities will be consgderedlater.6 The photospheric modd usedin thiswork is
shown in table 2-1 below.

4Seepg 10in Durrant, C. J. “ The Atmosphere of the Sun” Hilger (1988.

5The upper chromosphere has a temperature of about 100 000K, and corona is even hotter, with a
temperature in the milli ons of degrees. Lines from Fe XVII and other highly ionised elements have
been identified in the wronal spedrum.

6See dapter 7.
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Table 2-1: The Holweger-Miiller Model Atmosphere’
Opticd Temper- Eledron
Height® | Depth ature Presaure Presaure Density | Opaaty
(km) | (Ts000) (°K) (dynescm?) | (dynescm?® | (gem®) | (Ksood
550 |5.0x10° 4306 5.20x10° | 5.14x10° | 1.90x10° | 0.0033
507 |1.0x10* 4368 8.54x10" | 8.31x10° | 3.07x10° | 0.0048
441 | 3.2x10* 4475 1.75x10° 1.68x10" | 6.13x10° | 0.0084
404 |6.3x10" 4530 2.61x10° | 2.48x10' | 9.04x10° | 0.012
366 | 0.0013 4592 3.86x10° 3.64x10" | 1.32x10° | 0.016
304 | 0.0040 4682 7.35x10° 6.76x10" | 2.47x10° | 0.027
254 | 0.010 4782 1.23x10" 1.12 4.03x10% | 0.040
202 | 0.025 4917 2.04x10* 1.92 6.52x10° | 0.061
176 | 0.040 5005 2.63x10° 2.54 8.26x10° | 0.075
149 | 0.063 5113 3.39x10" 3.42 1.04x107 | 0.092
121 0.10 5236 4.37x10° 4.68 1.31x107 | 0.11
94 0.16 5357 5.61x10" 6.43 1.64x107 | 0.14
66 0.25 5527 7.16x10" 9.38 2.03x10° | 0.19
29 0.50 5963 9.88x10" 22.7 2.60x107 | 0.34
0 1.0 6533 1.25x10° 733 3.00x10" | 0.80
-34 3.2 7672 1.59xe+005 551 3.24x107 | 3.7
-75 16 8700 2.00xe+005 | 2.37x10° | 3.57x107 | 12

"Holweger, H. and Milller, E. A.
Coalli sion Broadening of Ba Il Lines by Hydrogen”, Solar Physics 39, pg 1930 (1974. Extra points

“The Photospheric Barium Spedrum: Solar Abundance and

have been cubic spline interpolated by J. E. Ross The optical properties (such asthe optical depth and

the opacity) of a model atmosphere are, obviously, very important, and will be mnsidered later. See

table C-4 for complete detail s of the Holweger-Mller model atmosphere including al depth points

used.

8The height scale is not arbitrary. The base of the photosphere (height = 0 km) is chosen to be at

standard optical depth of one (i.e. Tspom = 1).
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Figure 2-3: The Holweger-Miller Model Atmosphere

The variation of physicd properties with height can be reaily seen for this
model. The temperature increases with deaeasing height and the presaure increases
exponentialy. When the temperatures beacme high enough, the dedron presaire
increases rapidly as various atomic spedes begin to ionise more. The dedronic
contribution to the total presaure becomes sgnificant, and the density does not rise &
rapidly at this depth, as the presaureincrea®is provided by theincrea®dionisation.

Other model atmospheres differ in detail, but have the same general structure
as the one shown here. The regions responsible for the production of the solar
spedrum are very smilar between model atmospheres; the regions from which very

little radiation emerges are where most of the differences are.
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2.2: Chemical Composition of the Photosphere

The photosphere, like the rest of the sun, is mostly composed of hydrogen.
Helium is also common, and other elements are less abundant. The @undances of
many elements are only poorly known, but the dundances of the most important
elements are known to areasonable degreeof acaracy.®

The aburdarnce of elenents is usidly givenas
N

dement. 412, (2-12)

abundance,,,., =100, N
H

The fador of 12 is added to the logarithmic éundance ratio to make the @undances
of most elements greder than zero. Figure 2-4 shows the dnemicd composition of the

photosphere. (Seetable C-3 for abundances used in thiswork.)

12

104 .

MO

N I i

Atomic Number

Figure 2-4: Solar Abundance of Elements

The demicd composition of the photosphere seems to be the same & the
average mmposition of the antire solar system, so meteoric abundance measurements
can be used to improve the acarracy of solar determinations, or solar measurements

can be used in cases outside the sun.

9See Ross J. and Aller, L. “The Chemical Compasition of the Sun” Science 191, pg 12231229
(1976, Grevess, N. “Acaurate Atomic Data and Solar Photospheric Spedroscopy” Physica Scripta
T8, pg 4958 (1984, and Anders, E. and Grevesse, N. “Abundances of the Elements. Meteoric and
Solar” Geochimica et Cosmochimica Acta 53, pg 197214(1989.
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2.3: Microscopic Properties and Behaviour

2.3.1: Thermodynamic Equilibrium

If the energy in a system is equally distributed among the available states, the
ratio of the occupation numbers of any two states is determined by the temperature T
and isgiven by

N, _g e
=21 2-12
N2 gz e_Ez/kT ( )

where k is Boltzmann's constant, g; and g, are the statisticad weights of the two states
(the dfedive number of sub-states making up ead state)10, and E; and E; are the
energies of the two states. This dependence of occupation of states upon the
temperature only is charaderistic of systems in thermodynamic equili brium. A system
is in true thermodynamic equilibrium only if it does not exchange energy with its
surroundings, but if the energy flows in and out of the system are balanced, and the
occupation of states depends only on the temperature, the system can be regarded as
being in thermodynamic equili brium.

The states of the system include the motion states of the particles, the
excitation and ionisation states of atoms, and the energy of photons in the radiation
field. The egui-partition of energy among the photon energy states gives the radiation
field in thermodynamic equili brium:

2hc? 1
I R |

which is the well-known Planck radiation function for the bladk-body radiation field.

(2-13)

This equili brium radiation field is obtained through interadion with the particles in the

system (due to the abserce of photon-photon interadion).

10The statistical weight is given in terms of the atomic quantum number j by g = 2j + 1.
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2.3.2: Local Thermodynamic Equilibrium -theLTE

Approximation

The photosphere, however, cannot be regarded as being in true thermodynamic
equili brium. Although thermodynamic equili brium prevails in the solar interior, in the
photosphere, due to the lower opadties and the higher temperature gradient, the
radiation field at any point contains contributions from regions of different
temperatures, and will not be equal to the black-body field. Also, if any atomic states
strongly interad with the radiation field, their populations will be dfeded by the
radiation field and will not be solely determined by the loca temperature.

If the particles interad with ead other much more strongly than with the
radiation field, their state populations will still be given by the Boltzmann equation,
(egn 2-12) even if the radiation field is not given by the Planck function. A system
with these dharaderisticsis sid to bein LTE, or local thermodynamic equilibrium.
The temperature of a system in LTE can be defined as the temperature of the particles.
The radiation field can be quite different from the Planck function, being in general

anisotropic and non-Planckian.

2.3.3: TheLTE Equation of State

The population of different energy levels or states for a system in LTE (or in
thermodynamic equili brium) can be found from the Boltzmann equation (egn 2-12).

-E; /KT

Since the occupation of a state i is proportional to ge , the sum of the

occupations of al states can be used to normalise this to find the probability of
occupation of astate for one particle, giving:
N. gi e—E,/kT

I L 2-14
N zgje—EJ/kT ( )

an

where N is the total number of particles. The normalisation fador, ZQje_E’/ s
ar

cdled the partition function.

u(m) =) ge ™" (2-19)

A
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The number of particles in a particular state is then given in terms of the total number

of particles by
N, gie_E'/kT
N um (2-16)

If we consider only the population of atomsin agiven ionisation state, then this
gives the population of atoms in the energy level i if N is the total population of atoms
in the ionisation state, and the partition function is cdculated over al energy states
available to atomsin thisionisation state.

If we consider the ratio between the populations of atomsin the ground state in
two successve ionisation states, equation (2-12) gives

NO,i+l _ i e—(X.+1+KEdedron)/kT (2-17)

Noi Qo
if we consider the energy of the ground state of the lower ionisation state to be zeo.
The multiplicity of the i+1 state is given by
0 = Go,+19eiectron- (2-18)

The number of states available to the eledronis

3 1
8V2rm,2KE ...
gelectron = N h3 st dKEelectron (2'19)

where N, is the dedron number density, m. isthe massof an eledron, and his Planck’s
constant, so we can then integrate equation (2-17) over al eledron kinetic energies to

give

Noji E{ZmlekT 290|+1 X /KT (2-20)

N,

or in terms of the total populations of atomsin the two ionisation states,

0|+1 ﬁmnek-r 2UI l(T) e_X'”/kT
U, (T)

(2-21)

which is known as Saha’ s equation.
This can then be used repeaedly to find the fradion of the total population of

any atom in any ionisation state:
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Ni_ N,
N~ Ng+N,+N,+N,+..
Ni
= No 2-22
- Nl N2 N3 (- )
1+—+—=+—+.
N0 N0 N0

Thus, the fradion of the population in any ionisation state can be found from ratios
between populations of successve states, which can be cdculated using Saha's
eguation (equation (2-21) ). Usuadly, it will be sufficient to only consider the more
likely ionisation states when using equation (2-22), cdculating only the first few terms
in the sum in the denominator. Thisis a strong tedhnique, as we neal only know the
appropriate partition functions and the locd temperature. This ease of cdculating
populationsis what makesthe LTE approximation so attradive.

Using these tedhniques to cdculate ionisation fradions and populations for
Iron, it can be seen that the Fe | population is grongly dependent on height in the
photosphere. The population is affeded by both the temperature and the dedron
concentration, which in turn depends on the ionisation levels of other elements. (See
figure 2-5 below.)
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Figure 2-5: Variation of Ironionisation statesand populationswith height

2.3.4: Non-LTE Conditions

If the LTE approximation is not valid, matters become more complicated.

In

the extreme cae we would not be dle to make use of any of the thermodynamic

equili brium results, and we oould not, in fad, even sensibly define atemperature for

the syssem. As collisons dominate the transfer of energy between states, the

photosphere is dmost in LTE, and only those states which interad strongly with the

radiation field will have populations differing significantly from the LTE values. The

populations of any we&ly interading atomic excitation states will still be & their LTE

values, the ionisation equilibrium will still be given by equation (2-22) (at least for

most atoms) and the velocity distribution of particleswill still be Maxwelli an.11

The population of a non-LTE state can be determined from the rate of all

transitionsto or from this state:

zAji Nj + z Bji l)\“ Nj + chollisionsJI Nj

1> IE3]

O
= ép\, +J_ZiB|j |)\J + chollisioan B\Ii

(2-23)

llseesedion 3.5 for the dfed of a Maxwelli an velocity distribution on spedral line profiles.
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where A, isthe Einstein spontaneous emisson coefficient and B, isthe Einstein induced
trangition rate for the i-j trangtion. If these radiative trangtion rates are small, the
state will be in LTE (as the ollision excitation and de-excitation ratesad to producea
Boltzmann distribution of states if the velocities are Maxwellian), but if they are large,
the population will differ from the LTE population. (If al the radiation terms balance,
an LTE population can result by acadent.)

To cdculate the population, we neal to know the various readion rates, and
the radiation field as well as the temperature. The deviation from the LTE ca% can ke

expresed in terms of anon-LTE departure coefficient b, where
b = # (2-24)
HinLTE

Departure aefficients depend on the height in the photosphere and on the erergy levd
involved. They can be determined by fitting cdculated spedral lines to observed
spedral lines and then incorporated into the model atmosphere, but in generd, it is
desrable to assume LTE whenever possble, and to restrict ourselves to transitions
between levelsin LTE.

LTE ismost likely to be agood approximation if the &sorption crosssedions
and emisson rates for transitions to and from the level are low, and colli sion excitation
and de-excitation rates are high. These anditions are likely to be satisfied for a given
gpedra line if transtions involving the upper and lower levels are not excessvely
strong, and if the line is formed deg in the photosphere (where the density and
collision rates are higher). In the outer aamosphere of the sun, where extremely low
densities result in much lower collision rates, populations can be far removed from
LTE populations.

Cases where departures from LTE were significant were avoided in this work.
In pradice non-LTE cases usualy involve very strong lines, which are more likely to
be blended than wedker lines (due to the greaer widths). Of the unblended lines used
in this work, only the potassum resonanceline at 7699\ shows serious departure from
LTE.12

12Non-LTE calculations can be performed, but are more involved than LTE calculations. See gdion

5.2.1 for abrief discusson of non-LTE methods.
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