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ABSTRACT

We demonstrate the influence that non-LTE radiative transfer has on the electron density, ionization equi-
librium, and excitation equilibrium, in model atmospheres representative of both oxygen-rich and carbon-rich
red giant stars. The radiative transfer and statistical equilbrium equations are solved self-consistently for H,
H,H,,He,C1,Cn, Nari Mg1, Mg, Cal and Ca 11 in a plane-parallel static medium. Calculations are
made for both (a) radiative-equilibrium model photospheres alone and (b) model photospheres with attached
chromospheric models as determined semiempirically with IUE spectra of g Her (M6 III) and TX Psc (C6, 2).
This paper reports on the excitation and ionization results for hydrogen and helium. The second paper in this
series will concern itself with results obtained for the neutral metals and their importance to the electron
density and H™ opacity.

Although hydrogen is strongly overionized with respect to LTE throughout much of the atmosphere of the
photospheric models, almost all the hydrogen is still in the ground state or associated in H,, and the hydro-
gen contribution to the electron density is small. Thus this overionization has little impact on the atmospheric
structure or the emergent spectrum. Similar, even stronger, results are found for helium. Radiative equilibrium
models converged with polyatomic molecular opacities have hydrogen ionization and excitation equilibria that
are fundamentally different than those models converged with diatomic molecular opacities alone. The Lyman
lines control the ionization and excitation in these model atmospheres. Carbon abundance influences the ion-
ization and excitation of hydrogen through the strong C 1 bound-free opacity under the Lyman lines—carbon
stars are overionized and overexcited in hydrogen with respect to oxygen-rich stars of similar temperatures
and surface gravities. Attaching a chromospheric temperature rise to the outer layers further increases the
ionization in the upper photosphere from “chromospheric backwarming.” Partial redistribution effects in Lya
have significant consequences in the ionization and excitation of hydrogen in the temperature minimum region
of the g Her chromospheric-photospheric model and the lower chromosphere of the TX Psc model. Although
the Lyman lines are very optically thick throughout much of these models, detailed balance does not hold for
these lines, and detailed radiative transfer plays a fundamental role in the ionization and excitation of hydro-
gen throughout the entire atmospheres. Helium is ionized only slightly in these chromospheric models, and its

ionization essentially plays no role.

Subject headings: radiative transfer — stars: atmospheres — stars: late-type

1. INTRODUCTION

Particle densities in the upper photospheres and chromo-
spheres of late-type giant and supergiant stars are so low that
atomic and molecular electronic transitions are dominated by
radiative instead of collisional processes (e.g., see Auman &
Woodrow 1975; Hartmann & Avrett 1984; Jordan 1986).
Because of this complicating circumstance and a lack of good
observational data for stars later than MO, little research on
ionization and excitation has actually been carried out.
Readers are referred to the original papers for observational
details concerning ionization and excitation for chromospheric
depths of these late-type stars (Judge 1986a, b; Johnson &

Luttermoser 1987; Eaton & Johnson 1988). An excellent

review of photospheric modeling, including discussions on
non—LTE (NLTE) ionization and excitation can be found in
Carbon (1979). Other general reviews are given by Johnson
(1986) and Judge (1989).

! Present address: Physics and Astronomy Department, Iowa State
University, Ames, IA 50011.
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Among the few early workers to investigate quantitatively
NLTE effects in the ionization equilibrium of late-type giant
stars were Auman & Woodrow (1975). They found the neutral
metals Na, Mg, Al, K, and Ca to be overionized with respect to
LTE in atmospheres with effective temperatures less than 3000
K. However, they assumed all radiative bound-bound tran-
sitions to be in detailed balance and used coarse approx-
imations in their calculation of photoionizations and
collisional transitions. A semiempirical investigation of the
ionization equilibrium in late-type giants was made by Ramsey
(1977), who generated LTE synthetic spectra of the Ca 1 line at
6572 A and the Ca 11 line at 7323 A from radiative equilibrium
models representative of « Tau, a Ori, # And, « Cet, x Gem,
and f Peg. A comparison between the synthetic line profiles
and the observed profiles indicated overionization with respect
to LTE, with « Ori exhibiting a very large overionization rela-
tive to LTE. However, this analysis was criticized by Desika-
chary & Gray (1978), due to the omission of a convolution of
rotation and macroturbulence in the synthetic line profiles;
and Luck & Lambert (1982) further showed that the contin-
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uum placement near these calcium lines is also difficult. A
semiempirical determination of photospheric structure for a
red giant is still lacking.

Although the detailed balance approximation for bound-
bound transitions is very convenient, we here demonstrate that
it cannot be used in any low-density environment for tran-
sitions with large oscillator strengths. We present radiative
transfer and statistical equilibrium calculations made with the
PANDORA radiative transfer code (Vernazza, Avrett, &
Loeser 1973, hereafter VAL I; 1976, hereafter VAL II; 1981,
hereafter VAL III). As models representative of the coolest
non-Mira red giants, we use radiative equilibrium models with
the parameters, in the notation (T 4/log g/C-to-O), of 3200/0.0/
0.58 (Brown et al. 1989) and 3000/0.0/1.05 (Johnson 1982) to
represent the photospheres of the M6 III star g Her and the
N-type carbon star TX Psc, respectively. Semiempirical
chromospheric models of Luttermoser, Johnson, & Eaton
(1992, hereafter called the LJE model) and of Luttermoser et al.
(1989, hereafter called the LJAL model) are used to represent
the chromospheric plus photospheric layers of g Her and TX
Psc, respectively. In addition, we also perform NLTE calcu-
lations with a 3100/ —0.5/1.03 model of TX Psc which included
polyatomic molecular opacities in the radiative equilibrium
calculations. Spectra from this “polyatomic” photospheric
model fit the infrared spectrum of TX Psc better than the
radiative equilibrium portion of the LJAL model (Jorgensen
1989), and it fits the visual and UV as well (Johnson, Luttermo-
ser, & Faulkner 1988). In some sense, these polyatomic models
supersede the models with diatomic molecular opacities only.
We must retain these older models, however, for the LJAL
chromospheric model—the only model for a carbon star pre-
sently available—is based on it. The polyatomic opacity
photosphere with attached hypothetical chromospheres have
recently been tested for their influence on molecular band
intensities (Jorgensen & Johnson 1991) and both photospheric
models with attached hypothetical chromospheres have been
subjected to the constraint of mass loss at the observed rate
(Johnson 1991). The photosphere/chromosphere models used
in this study are displayed in Figures 1a and 1b. Only the lower
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chromospheric regions of these models are constrained by the
observations; the upper chromospheres are just smooth
extrapolations of the temperature-density structure of the
inner chromospheres. Johnson, Jergensen, & Luttermoser
(1991) and Luttermoser & Brown (1992) discuss the short-
comings in the LJAL model.

Detailed discussions of the NLTE synthetic spectra calcu-
lations of the chromospheric-photospheric models, along with
comparisons to observed spectra, and the selection of such
stellar parameters (ie., T, logg, and microturbulent
velocities) can be found in the references cited. Section 2
describes the atomic models and rate parameters for hydrogen
and helium. Section 3 describes in detail the excitation and
ionization of hydrogen. Section 4 describes the helium calcu-
lations, where it is shown that excitation and ionization of
helium is negligible throughout the entire photosphere and
lower chromosphere of these models. The hydrogen and
helium calculations, described separately, are structured into
two subsections; the first discusses ionization and excitation in
the “ pure ” photospheric models, and the second describes the
effect that the chromospheric radiation field has on the level
populations both in the chromosphere and photosphere.
Section 5 contains a discussion on these results and various
problems encountered in NLTE modeling of cool, low-density
environments and concluding remarks. Discussion of the H™
opacity will be made in the second paper in this series
(Luttermoser 1992, hereafter Paper II); which presents results
of the ionization and excitation of the neutral metals, since
they are the major contributors to the electron density
throughout much of these atmospheres.

2. ATOMIC MODELS

Many of the atomic data used in these radiative transfer and
statistical equilibrium equations have been published else-
where. The data for hydrogen, with their original references
cited, can be found in VAL III, and updates to the hydrogen
collisional rates can be found in Chang, Avrett, & Loeser
(1991). The references for the neutral helium data are reported
by Avrett, Vernazza, & Linsky (1976). The following presents a
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F1G. 1.—Thermal structure of several model atmospheres considered here. (@) Representative models of the M giant star g Her. The semiempirical chromospheric-
photospheric (LJE) model is designated with a solid line and the “ pure ” photospheric model with a dashed line. (b) Various models representative of the NO carbpn
star TX Psc. The semiempirical chromospheric-photospheric (LJAL) model is designated with a solid line, the photospheric models are designated with a dashed line

for the Johnson (1982) model and a dot-dashed line for the Jorgensen (1989) model.
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TABLE 1
PHOTOIONIZATION DATA FOR THE HYDROGEN ATOMIC MODEL

Level (i) Notation g, A (A) 6, (10718 cm?)
Toveieinnn. 1s 28 2 911.76 7.906
2, 2p 2P° 8 3647.05 13.85
K JOSR 3p 2P° 18 8205.87 21.58

summary of this data. We also reference publications for
atomic data that has been updated from the VAL III and
Avrett, Vernazza, & Linsky papers.

2.1. Hydrogen

We use a three-level hydrogen atom in the radiative transfer
and statistical equilibrium calculations for the model atmo-
spheres. Luttermoser et al. (1989) has shown that a three-level
model for hydrogen is sufficient in these cool stellar environ-
ments for describing accurately both the emergent Balmer-a
line profile and the contribution of hydrogen to the electron
density. Our three-level model consists of the three lowest
energy levels of the hydrogen atom. The spectroscopic nota-
tions, statistical weights, bound-free edge locations, and photo-
ionization cross sections for the levels are listed in Table 1, and
collisional ionization coefficients are included in Table 2. Rate
equations for photoionization, radiative recombination, col-
lisional ionization (which defines the collisional ionization
coefficient), and collisional recombination are presented in the
next section. There are three bound-bound transitions
included in the atomic model: 2-1 (Lya), 3-1 (Lyf), and 3-2
(Ho). Table 2 also lists the collisional excitation coefficients for
a grid of temperatures, where a linear interpolation is used to
determine the coefficients at temperatures between the values
given in the table, and linear extrapolating are used for tem-
peratures above and below the maximum and minimum table
temperatures.

Table 3 lists the Einstein A-values and line-broadening
parameters for our three hydrogen transitions. The line-
broadening half-widths of Table 3 are defined as follows: C,,4
represents natural broadening, C, 4y is van der Waals broaden-
ing, Cg,,. represents linear Stark broadening by electron colli-
sions, and C,. is resonance broadening. The absorption
coefficient for each line is assumed to have the frequency
dependence of a Voigt profile H(a, v), where a = §/AAp, v is the
wavelength displacement from line center in Doppler units,
and A4y, is the Doppler half-width. The line-broadening half-
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TABLE 3

EINSTEIN A-VALUES AND LINE BROADENING HALF-WIDTHS FOR THE
HYDROGEN ATOMIC MODEL

}‘vac A Cmd CvdW CSlark Cres
Transition (A  (10%s™Y (107%A) (107%A) (107°A) (107%A)
2-1....... 1215669  4.699 184 9.1 002 266
3+ 1., 1025721 0.5575 2785 115 0.03 3.00
32, 6564.607 0441  650. 440. 1174. 898.
width d is given by

n T 0.3
6= Crad + CvdW<FHllﬁ><§06>

n, Ny
+ CStark<I61_2-) + Cres<10116> s (1)

where ny is the neutral hydrogen density, ny, is the density of
the hydrogen ground state, T is the electron temperature in
kelvins, and n, is the electron density.

2.2. Helium

We use a five-level helium atom in these calculations as
listed in Table 4, which tabulates the same parameters as Table
1. The photoionization cross sections tabulated are from
Mathisen (1984). Collisional rate coefficients for our helium
atomic model can be found in Table 5, and Einstein A-values

TABLE 4

PHOTOIONIZATION DATA FOR THE NEUTRAL HELIUM
AToMiCc MODEL

Level (i) Notation g, 2 (A) g, (107 1% cm?)

1o, 1s2 1S 1 504.27 7.376

2 25 38 3 2600.85 5.496

3 2s 1S 1 312231 9.237

4ol 2p 3P° 9 3422.56 16.3

s WP 3 368055 138
TABLE 5

COLLISIONAL RATE COEFFICIENTS FOR THE HELIUM ATOMIC MODEL
A. ToNIZATION: Q(T) (cm® s~ 1)

Level () 4000 K  8000K  15000K 20000 K 40,000 K

Levovoeeann, 145(—9) 205(—9) 283(—9) 329(—9) 4.08(—9)

TABLE 2 2 1.51(—8) 2.19(—8) 3.16(—8) 3.76(—8)  5.71(—8)

COLLISIONAL RATE COEFFICIENTS FOR THE HYDROGEN ATOMIC MODEL? i fg;g:g; ;gg}:g gggg:g; Zgﬁ:g; gggg_—_g;

A. ToNizaTioN: Q(T) (cm? s™%) S 1.85(—8) 2.73(—8) 398(—8) 475(—8) 7.07(—8)

Level (i) S000K  9000K  15000K 25000 K 35000 K B. ExaITATION: Qi(T) (em® s™*)

Lovoreeeii, 282(—9) 392(—9) S530(—9) 727(—9)  9.01(—9) Transition 4000 K  8000K 15000 K 20000 K 40,000 K
2 590(—8) 7.59(—8) 944(—8) LI7(—7) 134(—7)

3. 287(—7) 3.61(=7) 440(=7) 523(=7) 572=7) -1 924(-9) 700(—9) 537(-9) 480(-9) 3.64(-9)

3-1........ 439(—9) 387(—9) 3.61(=9) 3.53(=9) 3.16(—9)

B. EXCITATION: Q(T) (cm® s ™) 32, 107(—=7) 807(—8) 6.12(—8) 498(—8) 2.72(—8)

41......... 147(-9) 1.62(—=9) 173(=9) 172(-9) 151(-9)

Transition 5000 K 9000 K  15000K 25000K 35000 K 4-2......... 497(=7)  152=7) 10—6) 1.16(—6)  1.50(—6)

4-3......... 1.89(=7) 152=7) 129(=7) 115(=7) 7.80(—8)

2-1........ 2.19(—8)  2.18(—8)  211(—8)  204(—8  2.02(-8) S5l.cee.... 119(—9) 158(—9) 201(—9) 216(—9)  2.55-9)

3-1........ 7.62(—-9) 6.63(—9) 6.30(—9) 6.61(—9) 7.29(—9) 50 3.03(—8) 300(—8) 2.78(—8) 2.60(—8)  1.92(—8)

32l 540(—7)  666(—7) 846(~7) 821(=7)  8.56(—7) 53 ... 9.45(—7) 149(—6) 183(—6) 203(—6) 237(—6)

54 ... 512(—8) 4.10(—8) 3.57(—8) 3.25(—8) 2.06(—8)

2 Format a . be(y) corresponds to a . be x 10°.
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TABLE 6

EINSTEIN A-VALUES AND LINE BROADENING HALF-WIDTHS FOR THE
HEeLium ATomic MoODEL

C, C,

;Lvac A Cl‘

ad vdW Stark
Transition A) (107s7Y) (1075 4) (1075A) (1075 A)
4-2......... 10832.98 1.02 3.18 42.1 0.54
S5-1......... 584.33 180. 1.628 0.271 0.163
5-3...... 20585.87 0.1976  2030. 59.0 3.75

and line-broadening half-widths are listed in Table 6. We
include the following collisional transitions: 2-1, 3-1, 3-2, 4-1,
4-2,4-3, 5-1, 5-2, 5-3, and 5-4, where the 2-1, 3—1, 4-1, and
5-1 coefficients are obtained from Aggarwal, Kingston, &
McDowell (1984) and the 3-2, 4-2, 4-3, 5-2, 5-3, and 5-4
coefficients are from Mendoza (1983). Einstein 4-values for our
radiative transitions—4-2, 5-1, and 5-3—are obtained from
Kono & Hattori (1984). Finally, Stark half-widths are from
data published by Dimitrijevic & Sahal-Bréchot (1984). Equa-
tion (1) is also used to determine the total half-width for the
helium transitions without the inclusion of the resonance
broadening. We used only the five lowest energy levels of
neutral helium for these model atmospheres since the tem-
peratures at all depths are typically below 10* K, and essen-
tially all He atoms are found in the He 1 ground state. Singly
ionized helium calculations are not made since this ionic stage
is negligible relative to the neutral helium density and the
ionized hydrogen density.

3. HYDROGEN IONIZATION AND EXCITATION

A series of radiative transfer calculations are made for

Vol. 388

plane-parallel, static medium. Table 7 displays the character-
istics of each run: the model used, the star it represents, and
any assumptions made in the radiative transfer. From a model
atom of three bound levels, number densities and departure
coefficients are determined explicitly for the first three levels.
Hydrogen bound-free opacities for the lowest eight energy
levels are included in the background continuum calculations.
Number densities for levels n = 4 to n = 8 are determined as
follows. The departure coefficients for level 8 are set to unity at
all depths, and departure coefficients for levels between level 3
and level 8 are linearly interpolated as a function of level
number. The number densities for levels 4-8 are then deter-
mined from these departure coefficients and calculated LTE
populations. In all cases, however, as can be judged from
Figures 24, the population of these levels is so low that their
bound-free opacities are negligible.

The statistical equilibrium equations for this three-level
hydrogen model are

3 3
n, Yy [P;+Pyl= Y [mjP;+n.Py] ()]
j=1(#i) - J=1(#i)
and
3 3
Ry .Zl P.;= .Zl n; Py, 3)

where n; represents the number density in bound level i, n,
represents the continuum (i.e., ion) number density, and P rep-
resents the total transition rate (radiative R plus collisional C)
between the respective states. The photionization rate is deter-
mined from

. . . . ©
various atmospheric models of cool giant stars under various R, = 4n 1 a(v)J, dv )
radiative transfer assumptions. All calculations assume a e 1Y
TABLE 7
MODEL PARAMETERS
dec md Tradc md
Model* T log g C/O Type® Star (Balmer) (Balmer) (Paschen) (Paschen)

Al 2800 88. 3000 2170.
A2S. 3200 0.0 0.58 Ph g Her 2920 48 2820 15.
A3 2920 4.8 2820 15.
Bl 2600 610. 2800 710.
B2Y.ol 3000 0.0 1.05 Ph TX Psc 2740 54 2490 120.
B3 2740 5.4 2490 120.
C1 2700 130. 2900 350.
b 3100 —0.5 1.03 Ph TX Psc 2780 5.8 2770 34.
C3 2780 5.8 2770 34.
D1 2800 88. 3000 270.
D2 2900 0.56 2810 4.8
D3 3200 0.0 0.58 Ch g Her 2900 0.56 2810 48
D4 2900 0.56 2810 48
E1l 2600 610. 2800 880.
E2 2710 0.86 2440 54
B3( T 3000 0.0 1.05 Ch TX Psc 2710 0.86 2440 54
E4 2710 0.86 2440 54

Note—All temperatures are in kelvins.

2 Key to model labels: (1) Detailed balance in the Lyman lines. (2) All transitions handled in detail, line transitions in
CRD. (3) Same as (2), except He 1 NLTE calculations are included. (4) Same as (3), except Lya calculated in PRD.

® Ph = pure photospheric model; Ch = chromospheric-photospheric model.

¢ Radiation temperatures for the Balmer and Paschen continua in the outer layers.

4 Layers above the tabulated column mass (g cm~2) have contant Balmer and Paschen continua radiation tem-

peratures. See text for further details.
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FiG. 2—IJonization and excitation for a photospheric model of an M giant FiG. 4—Ionization and excitation for a photospheric model of a cool
star. Results for the number density of the atoms in the states n = 1,2, 3, and k¥ carbon star computed with polyatomic as well as diatomic molecular opacities
(continuum = ion) for H 1 are shown with full statistical equilibrium in the (Jorgensen 1989). Results for the number density of the atoms in the states
solution of the radiative transfer equation of the Lyman lines. Note that elec- n=1, 2, 3, and x (continuum = ion) for H 1 are shown with full statistical
tron densities used in the LTE calculations are those derived from the sta- equilibrium in the solution of the radiative transfer equation of the Lyman
tistical equilibrium equations. lines.
and the radiative recombination rate (per ionized atom) is where Q; is the collisional coefficient or collisional strength

* tabulateq in Table 2. Only electronic collisions are included in
R, = n R}, 5) these ratios; melasglc.: collisions .b.y neutral atoms are not con-
nk sidered. Since collisional transitions are in detailed balance
where with the equilibrium densities, the collisional recombinations
’ are determined from
Rl =4n fw L c:z(v)e"'v/"T(&v3 +J )dv . 6 n¥
" V1 hV ! c2 v Cxi = n_l* Cix . (8)
The thermodynamic-equilibrium ratio n}/n} is given by the "
Saha-Boltzmann equation with a value of n, derived from the In these atmospheric models, collisional ionizations and
statistical equilibrium equations. Collisional ionizations are recombinations are negligible with respect to photoionizations
calculated via and photorecombinations due to the low electron and atomic
_ —— densities. The Lyman-continuum transfer equation is handled
Cic = n.Q(Te > ) separately from all other bound-free opacities, and the method
used to solve this equation is described in detail in Appendix C
. — of VAL IIL.
F ] The total bound-bound rates for a given transition is the
- = sum of the radiative rates plus collisional rates. The net radi-
c 3 ative rate is defined as
= E_ _5 niR; —mRy;=n;Aupy; (j>i), ©
-‘E«: F . where R; = A; + B;; J; is the radiative transition rate from
g F E level j to level i; R;; = B;;J; is the radiative rate in the reverse
5 E E direction; Aj;, Bj;, and B;; are the Einstein coefficients; J; is the
E E e E total amount of radiation in the line; and p; is the net radiative
2 F IS ] bracket. Meanwhile, collisional excitation rates are calculated
w0 c e T ] from
S —20F 2 e e =
E ,/’/: """"""""""" - 3000/0.0/1.05 Photosphere : Cij =n, Qj;(T)e_hvﬁ/kT > (10)
o7 oo Full Statistical Equilibrium . . . .
F--0 T ] where Q; is the collisional excitation coefficient of Table 2.
B N R S Collisional de-excitation are handled in the same manner as
-10 -5 0 5 collisional recombinations, except j replaces x in equation (8).

Log Column Mass (gm/cm?)

Fic. 3—Ilonization and excitation for a photospheric model of a cool
carbon star (Johnson 1982) as in the LJAL model (see text). Results for the
number density of the atoms in the states n = 1, 2, 3, and « (continuum = ion)
for H 1 are shown with full statistical equilibrium in the solution of the radi-
ative transfer equation of the Lyman lines.

The frequency-independent source function of the bound-
bound transition can be written in the form (e.g., VAL I)

2hv3/c?
L Amwe "
o (gi/g)nyn) —1° 1)

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...388..579L

J. T T388.C579L T

]

rTI92A

584 LUTTERMOSER & JOHNSON

where g; and g; are the statistical weights of the upper and
lower states, respectively. From equations (9) and (11), we can
rewrite the net radiatives bracket as

pi=1 _J_ji/Sji' (12)

Note that the description of the source function above is
assumed to be frequency-independent; a description of the
source function calculation under the assumption of partial
redistribution can be found in Appendix A of VAL III. A more
detailed description of this equivalent two-level atom
approach to the solution of the coupled equations of radiative
transfer and statistical equilibrium can be found in VAL I and
VALIIL

3.1. Photospheric Models

We begin by investigating NLTE effects in the level popu-
lations of the first three levels of hydrogen for pure photo-
spheric models representative of two selected late-type giant
stars, g Her (M6 III) and TX Psc (C6, 2), which together
include many of the interesting features of very late-type giants.
The models are shown in Figure 1. By “pure,” we mean that
the model is described solely with a positive temperature (T)
gradient with respect to column mass (m) as deduced via
the assumption of radiative, or radiative plus convective,
equilibrium. After investigating NLTE effects from the
photospheric radiation field, we attach a semiempirical
“chromospheric” temperature rise (i.e., dT/dm < 0) to the
outer layers of the photospheric models to determine NLTE
effects at chromospheric depths and NLTE effects in the
photosphere from backflowing chromospheric radiation.

The first round of calculations made the assumption of
detailed balance (DB) in the Lyman lines (i.e., models Al, B1,
and C1). The assumptions of DB in bound-bound transitions
implies n; R;; = n; R;; or p; = 0. This assumption is often valid
at large optical depths, where J; may be essentially equal to S;.
The hydrogen Lyman lines are always optically thick in late-
type stars, so as a starting point, we make this assumption. Our
initial calculations also assume J, = W(m)B,[T,,4(m)] for the
hydrogen Balmer and Paschen continua, where W(m) is the
geometric dilution factor. We take W = 0.5 depths withm < 1
gcm ™ 2and W = 1 for depths with T > T, and W is linearly
interpolated with respect to depth points between these limits.
The Balmer and Paschen radiation temperatures are given in
Table 7 for each model (A1, B1, C1) and used at depths where
T, < T4, while T,,4 = T, for T, > T,,4. The Lyman photoion-
ization rate is handled in detail. After convergence is achieved,
we then allow the Lyman lines to radiate and handle the
Balmer and Paschen ionization in detail (i.e., models A2, B2,
and C2), the so-called full statistical equilibrium (FSE) case, to
investigate the effect the DB approximation has on the excita-
tion and ionization of hydrogen. Table 7 also lists the actual
radiation temperatures for the FSE calculations of the Balmer
and Paschen photoionization rates for comparisons with the
assumed radiation temperatures in the DB calculations. Later,
the FSE calculations are repeated for hydrogen when helium
densities are determined from NLTE analyses (i.e., models A3,
B3, and C3) in order to determine helium’s effect on the hydro-
gen ionization and excitation. In all of our pure photospheric
models, NLTE effects on He 1 populations have no effect on the
hydrogen ionization and excitation.

Figures 2, 3, and 4 show the hydrogen bound levels and ion
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librium in the solution of the radiative transfer equation of the Lyman lines
and (b) under the assumption of detailed balance in the Lyman lines. Note that
electron densities used in the LTE calculations are those derived from the
statistical equilibrium equations.

densities as a function of column mass for the g Her photo-
spheric model and the two TX Psc photospheric models,
respectively. Meanwhile, Figures 5, 6, and 7 display the depar-
ture coefficients with respect to LTE corresponding to Figures
2, 3, and 4, respectively. In addition, these departure coefficient
figures show a comparison between the results obtained for the
FSE calculations (top) and the DB calculations (bottom). We
define the departure coefficient as b; = n;/n¥, where the * rep-
resents LTE values (note that some authors define b; as
[n/n¥]/[n./n¥), e.g., VAL L, 11, III), The LTE ion densities are
determined here via the Saha equations based on electron den-
sities calculated from our NLTE analysis.
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F16. 7—lonization and excitation for a photospheric model of a cool
carbon star computed with polyatomic as well as diatomic molecular opacities
(Jorgensen 1989). The departure coefficients of H 1 are shown (a) with full
statistical equilibrium in the solution of the radiative transfer equation of the
Lyman lines and (b) under the assumption of detailed balance in the Lyman
lines.

Several points are raised by these population figures; we
shall address those concerning the ionization equilibrium first.

1. Hydrogen is neutral by a large factor throughout the
photosphere, the degree of ionization being miniscule.

2. Due to the large reservior of hydrogen atoms in the
ground state, b, =1 at all depths for these photospheric
models. :

3. Hydrogen begins to overionized with respect to LTE
(though still neutral by a large factor) in the photospheric
models at depths just above the continuum formation region
(m =~ 10® g cm ™ 2), due in part to the tiny amount of ionized
hydrogen in LTE. The ionization equilibrium, with respect to
column mass, behaves differently for each model and for the
assumptions used in the Lyman lines radiative transfer.

4. In the 3200/0.0/0.58 (A) model, this hydrogen overioniza-
tion reaches a peak just above m = 0.1 g cm ™2 and then begins
to decrease at higher depths. This phenomenon is not rep-
resented to the same extent in the carbon star models.

5. Hydrogen in the 3000/0.0/1.05 (B) model is still almost
entirely neutral but is fantastically overionized (by a factor
102°1) relative to LTE, and this ionization remains fairly con-
stant with depth. This strikingly large overionization of a
neutral element arises from the incredibly low ion density
expected in LTE in this cool gas.

6. The model with 3100/ —0.5/1.03 (C) also shows an enor-
mous overionization (a factor of ~10° at the peak), and this
rises sharply at depths just above the region of formation of the
visual continuum as in models A and B. The overionization
with respect to LTE is not as great in this model as compared
to model B due to the temperature-density structure differ-
ences between this “polyatomic molecular ” model C and the
“diatomic molecular” model B. The inclusion of polyatomic
molecular opacities in radiative equilibrium models lower the
pressure with respect to the Rosseland mean optical depth in
the upper layers due to an expansion of the model with respect
to models converged with only diatomic molecular opacities
(Jorgensen et al. 1985). This results in warmer upper layers
with respect to column mass (and gas density) as can be seen in
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Figure la. As such, for a given column mass T(polyatomic
model) > T(diatomic model), which gives rise to an enhanced
LTE ionized hydrogen density hence reducing b, in the outer
layers of model C with respect to model B.

7. In all cases, the Lyman line DB calculations (the lower -
panel of Figs. 5, 6, and 7) predict that hydrogen is underionized
with respect to those cases where all lines are handled in detail
(i.e., FSE). Indeed, the Lyman-line detail balance calculation
becomes “underionized” with respect to LTE at depths
m < 1075 g cm ™2 in model A2 (see Fig. 5). We stress here that
even though hydrogen is strongly overionized with respect to
LTE, the proton density is exceedingly small with respect to the
total hydrogen density; in the upper photosphere m<1 g
cm~2) of our radiative equilibrium models, n,/ny ~ 107° to
10~ ¢ (model A2), ~1072% to 10~ * (models B2 and C2).

An examination of the excitation equilibrium in these cool
stellar photospheres reveals the following:

8. As with the ionization equilibrium, the bound levels are
overexcited with respect to LTE in the FSE calculations,
except for the uppermost layers of the g Her radiative equi-
librium model.

9. Lyman line detailed balance causes a “de-excitation”
with respect to F'SE calculations.

Points (1) and (2) above are easily understood by examining
Figures 1a and 1b and noting the cool temperatures through-
out these radiative equilibrium atmospheres. The extreme
overionization of hydrogen with respect to LTE (points [3]-
[6]) can be demonstrated by examining the detailed ionization/
recombination processes for these models. This analysis also
leads to an explanation of the effect that Lyman line detailed
balance has on the ionization (point [7]) and the excitation
(points [8] and [9]) equilibria. We demonstrate the controlling
mechanisms of these processes by using equations (2) and (3) to
solve for the ratio n,/n,, where n, = n, for hydrogen. The solu-
tion for this ratio is long and cumbersome even for a simple
three-level atom (e.g., Avrett 1968). However, physical insight
to this problem can still be gained using a two-level atom. For
a two-bound level-plus—continuum hydrogen atomic model,
equations (2) and (3) become

e _ Ry + (ny/ny)R;,

ny Ry + R,
_ Rt Rou[Z15/(A31 P21 + Z5,)] ’ (13)
Ry + R,
where
Z;=Cy+ 2Py, (14

C,; are the bound-bound collisional rates, Z;; are indirect tran-
sitions between two bound levels through the continuum, the
so-called bound-free-bound rates, and are given by

P, P,;
= 15
70 S P 0
The assumption of detailed balance in Lya then gives
M _ Ry + RyudZ1,/Z,y) ] (16)

ny R + R,

At this point, we split the radiative equilibrium models iqto
two regions: the upper photosphere, as defined by depths with
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m < 1 gcm™?; and the lower photosphere, as defined by depths
with m > 1 g cm ™2 We now examine each model separately
since each has unique characteristics in ionization an excita-
tion equilibria.

3.1.1. Models A:3200/0.0/0.58 (g Her)

We compare the various rates of equations (13) and (16) at
different regions in the atmosphere. For the Lyman line DB
calculations (model A1), equation (16) is used, where

n, Zy 2
—=—x—= (upper photosphere, Lyx DB)
n, Zy Pyu
Cio+ 212
~ —=——= (lower photosphere, Lya DB) .
Co1+ 21

an

A curious result is found with this assumption of Lyman-line
detailed balance: n;R;, =n,R,,, even though the Balmer
ionization and recombination terms in equation (16) are not
negligible with respect to the Lyman continua rates. Lyman-
continuum detailed balance becomes valid under the Lyman
line detailed balance aproximation due to the fact that
R, /NZ.,/Z,))R,, = R,;/R,, to within 1% or better at each
depth, and that this ratio varies with depth by only 30% over
the entire atmosphere (3.4 at the top of the atmosphere to 2.4 at
the base). This coincidence can be understood by realizing that
photoionizations and photorecombinations dominate bound-
bound collisional rates in the upper photosphere. Using equa-
tions (15) and (17) in equation (16), we get

& ~ Rlx + RZK[(RIK sz/zm Rxm) ' (Em Rxm/RZtc Rxl)]
ny Rxl + Rn2

 Rix + Riu(Rea/Ry1) _ Ryl + Rya/Ryt)
R,; + R, Ry (1 + Ry2/Ryy)

R
=~ R—l" (upper photosphere, Lya DB) ;

xl

(18)

hence Lyman-continuum detailed balance is recovered. In the
lower photosphere, radiation temperatures become equivalent
to electron temperatures which forces the ratios of the terms in
the numerator of equation (16) to be similar to the ratio of the
terms in the denominator. The overionization with respect to
LTE can now be understood through the interaction of the
ground state with the excited levels through the bound-free-
bound rates: as an electron is ionized out of the ground state, a
significant fraction recombine through the upper levels. The
Balmer and Paschen continua are optically thin throughout
the entire atmosphere, so that as the electrons cascade back
down toward the ground state, they “see” the photospheric
radiation field of where the various continua thermalize [i.e.,
S, = Bz, ~ 1)]. For this g Her photospheric model, the
strongest opacity sources at the continuum formation depth
are H Rayleigh scattering (40%), H~ bound-free (28%), and
Mg 1 bound-free (28%) for the Balmer-continuum bound-free
edge spectral region, and H~ bound-free (97%) for the
Paschen-continuum bound-free edge region. This demon-
strates that the “on-the-spot” approximation for the Lyman
continuum (i.e., each internally produced Lyman-continuum
photon is absorbed locally, solely by the Lyman continuum
such that T,,4 &~ T,), which is often used in low-density environ-
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ments, is not valid where substantial visual and infrared radi-
ation fields exist, due to interactions with higher lying levels.

Relaxing the assumption of detailed balance in Lya (model
A2), one must now compare the net radiative rate to the col-
lisional rates for this transition and the bound-free-bound
rates. In the upper photospheric regions of these models,
|4y P21 ~ Z,1(xP,,), while at lower photospheric depths
(m>10 g cm™?) | A, p5;| € Z,,. This shows the validity of
Lyman line detailed balance deep in the photospheres (m > 10
g cm ™~ ) where collisional and bound-free-bound rates begin to
exceed greatly the net radiative rates. Allowing the Lyman
lines to radiate also invalidates the Lyman continuum DB
approximation in the upper photosphere. Our guess of the
Balmer radiation temperature in the Lyman line DB calcu-
lations leads to a factor of 4 decrease in the Balmer photoion-
ization rate, which should give a slight overionization with
respect to the FSE calculations—just the opposite of what is
observed. The main contributor to the differences in the ioniza-
tion equilibrium between the FSE and Lyman line DB calcu-
lations is the radiative transfer in the Lyman lines themselves.
The net radiative bracket is negative (i.e., more absorptions
than emissions) and comparable to the other rates for m < 1
g cm ™2 which acts as a “pump” to further excite the upper
levels through the Lyman bound-bound transitions. Once
excited, the electrons “see” the deep photospheric radiation
field, enhanced by the Planck function reaching a maxima in
the infrared, and immediately ionize. As a result, the Lyman
line DB approximation leads to an underexcitation and under-
ionization with respect to FSE calculations due to the fact the
“Lyman-pump ” is “ turned off.” Examinations of equation (12)
displays the reason for the negative net radiative rates for the
Lyman lines in the upper regions of this photospheric model:
J;>S; due to the local Planck function being so much
smaller than the mean intensity, since S; depends on a
weighted combination of J; and B;(T)(<J ), the Planck func-
tion at line center. Although the Lyman lines are dominated by
scattering processes in the upper layers of these models, there
are sufficient numbers of absorptions to force S; < J_ji, which
enhances the number densities in the excited levels under the
assumption of full statistical equilibrium with respect to the
assumption of DB in the Lyman lines.

3.1.2. Models B: 3000/0.0/1.05 (T X Psc)

We now examine the various rates in equations (13) and (16)
for the B models. Once again the Lyman line DB approx-
imation forces the Lyman continuum into detailed balance,
with one interesting exception: The Lyman continuum goes
out of detailed balance in the molecular hydrogen formation
region (10 < m < 300 g cm™~2). Relaxing the Lyman line DB
approximation causes the Lyman continuum to go out of
detailed balance. The Balmer radiation temperature guess for
the photoionization rate underestimates R,, by a factor of 5 in
this model. For this TX Psc photospheric model, the strongest
opacity sources at the continuum formation depth are H, Ray-
leigh scattering (38%), H™ bound-free (33%), H Rayleigh scat-
tering (21%), and Mg 1 and Na 1 bound-free (3% each) for the
Balmer-continuum bound-free edge spectra region, and H™
bound-free (98%) for the Paschen bound-free edge. Again, the
assumption of Lyman line detailed balance is valid deep in the
photosphere (m > 103 g cm ™~ 2) due to the increased collisional
rates with respect to the net radiative rates. The underionization
of hydrogen in the upper photosphere under the assumption of
detailed balance in comparison to the FSE calculations is
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obvious from equations (13) and (16) and

n, P12
“ (upper photosphere, FSE)
ny Az Py + P P

212

~ (lower photosphere, FSE)
A21P21+ Co1 + Py P P

Ciat+2y

~ m > 10° g cm ™2, FSE) .
Co + 2Py ( £ )

(19)

Since the net Lya rate is negative throughout much of this
atmosphere, n,/n, is smaller under the assumption of Lyman
line detailed balance. Essentially, the transfer of radiation in
the Lyman lines, particularly Lya, controls the ionization equi-
librium of hydrogen in late-type giants. Once again, the net
radiative bracket becomes negative due to J;; > Sj;.

3.1.3. Models C:3100/—0.5/1.03 (T X Psc)

Once again we compare the radiative and collisional rates of
equations (13) and (16) for the C models. Detailed balance in
the Lyman lines is a valid assumption deep in the photosphere
(m > 100 g cm~2) due to the increased collisional rates with
respect to the net radiative rates and bound-free-bound rates.
Eyman line DB once again forces the Lyman continuum into
detailed balance to within 4%. Our guess of T, 4 for the Balmer
photoionization underestimates this rate by a factor of 3.
Lyman line DB again causes an underionization and under-
ionization and underexcitdtion with respect to FSE calcu-
lations.

The fundamental difference between the two carbon star
models is the temperature distribution with respect to the total
hydrogen density. As previously mentioned, the inclusion of
polyatomic molecular opacities in radiative equilibrium cal-
culations lowers the density in the T(m) [or T(P)] grid as
compared to an atmosphere converged with only diatomic
molecular opacities. Because of this, collisional rates are much
less in the B models in comparison to the C models, which
enables radiative processes to dominate far deeper into the
atmosphere and causes J, to be many orders of magnitude
different from B,. The level and ion densities in the diatomic
molecular models are determined essentially by the radiation
field of the deep photosphere and virtually do not “see” the
local conditions of the gas. The g Her photosphere is also
based upon polyatomic opacities, which lends itself to a com-
parison with the polyatomic carbon star model. A reexamin-
ation of Figures 5 and 7 shows that the functional “shape” of
the departure coefficients for the Lyman line DB calculations
are similar, the main differences arising from the factor of 10
increase in collisional rates in the oxygen-rich model. The full
statistical equilibrium calculations are fundamentally different
in these two models—the 3200/0.0/0.58 model departure coeffi-
cients reach a maximum value near log m = —1.5 and then
decrease with decreasing column mass, which is not seen
(perhaps just barely) in the 3100/ —0.5/1.03 model. This results
from the enhanced carbon density in the carbon star: The
strongest bound-free opacity under the Lyman lines is from
neutral carbon (except Lya, where Si 1 b-f dominates but C 1 is
still substantial); the enhanced carbon abundance increases the
C 1 b-f opacity and the continuum source function, which in
turn, lowers the net raditive rate in the outer regions of the
carbon star atmosphere (model C2) via equation (12). Hence
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the oxygen-rich model has greater negative net radiative rates
in the Lyman lines in comparison to the carbon-rich model
which drains the excited and ion states to a larger extent in
model A2 in comparison to model C2. Carbon abundance has a
significant effect on both the ionization and excitation of hydro-
gen. Since radiative transfer effects in Lyax dominate the other
Lyman lines and Si 1is the strongest bound-free opacity under
Lya, nonsolar silicon abundances should also have a major
impact on the ionization and excitation of hydrogen. This
should be of fundamental importance in the analysis of planet-
ary nebulae, H 11 regions, and active galactic nuclei, where both
carbon and silicon abundances may be quite different from
solar values.

3.2. Photospheric plus Chromospheric Models

IUE spectra of late-type stars show evidence of chromo-
spheric emission in singly ionized metal lines. It is still
unclear in the non-Mira variables of the nature of the
“chromospheres” of these stars. Chromospheres have been
modeled for g Her and TX Psc based on the Mg 11 h and k lines
from a semi-empirical approach (LJE 1992 and LJAL 1989,
respectively). We now investigate the effect a chromospheric
radiation field has on the ionization and excitation equilibrium
of cool giant stars.

3.2.1. The g Her Model

Figures 8a and 8b compare the number densities of the
first three bound levels and the ion of hydrogen for the full
statistical equilibrium calculations of the chromospheric-
photospheric model (D2) and the pure photospheric model
(A2) of g Her. Figures 9a and 9b are the corresponding plots of
the departure coefficients. Before commenting on the analysis
of these figures, we first discuss the assumption of Lyman line
DB in this chromospheric-photospheric model of g Her.
Hydrogen is overionized and overexcited at chromospheric
depths with the Lyman lines in DB as compared to calcu-
lations where the lines are handled in detail. Meanwhile, in the
upper photosphere (T,,;, < T < T,), just the reverse is true;
Lyman line detailed balance predicts an underionization and
underexcitation of hydrogen in comparison to calculations
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Fic. 8—Effect of a chromosphere. Plotted are the number densities of the
atoms in the states n =1, 2, 3, and « (continuum = jon) for H 1 with full
statistical equilibrium of the Lyman lines for either (a) a photosphere plus
chromosphere or (b) a photosphere only, for the star g Her (M6 I1I).
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k (continuum = ion) for H 1 with full statistical equilibrium of the Lyman lines
for either (a) a photosphere plus chromosphere or (b) a photosphere only, for
the star g Her (M6 I1I).

where the Lyman lines are handled in detail. Once again, as
was the case for the pure photospheric models, the Lyman lines
are affecting both the excitation and ionization of hydrogen. At
photospheric depths (m > 0.2 g cm™?2), the net radiative
bracket is negative (i.e., more absorptions than emissions,
Jji > S;) and comparable to the other rates, which, like the
pure photospheric models, acts as a “pump ” to further excite
the upper levels through the Lyman bound-bound transitions.
While at chromospheric depths (m < 0.2 g cm ~2), the net radi-
ative bracket is positive (i.e., more emissions than absorptions,
J; <8;) and dominates the collisional and photoionization
rates. The Lyman lines act as a “drain ” for the excited levels in
the chromosphere and a “ pump ” in the upper photosphere.
Another interesting phenomena is the effect that back-
flowing chromospheric radiation has on the ionization and
excitation at photospheric depths near the temperature
minimum region (see Fig. 8). The ionization and excitation is a
factor of 20 greater in a region in the photosphere just below
the chromosphere as compared to the same column mass in
the pure photosphere model (0.2 <m < 0.8 g cm™2). The
Lyman continuum in the temperature minimum region “sees”
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radiation from below plus the enhanced ultraviolet flux from
the chromosphere above. This may seem intuitively incorrect,
since the Lyman continuum is very optically thick in this
region (1., = 107-108). However, it is the Lyman lines that are
controlling the ionization and excitation. The Lyman lines are
very optically thick as well (zy, = 10°-10!°); however, the
extreme line wings are not. Both C 1 and Si 1 bound-free
opacities are large under Lya, and they remain optically thick
into the chromosphere (i.e., the continuum depth of formation
at the Lye and Lyp transitions are both in the lower
chromosphere). As such, the flux from these opacities is en-
hanced in the T, regime of the chromospheric-photospheric
model as compared to similar depths in the pure photospheric
model. Since the Lyman lines (actually the line wings) act as a
pump in this region of the atmosphere, the increase in J, from
C 1 and Si 1 opacities enhances this pump, further depleting the
ground state and further enhancing the excited and ion states.
This backflowing chromospheric ultraviolet radiation becomes
very important in the ionization and excitation of neutral
metals as will be demonstrated in Paper II. Table 8 lists
various data concerning the ionization of the chromospheric-
photospheric model of g Her.

We also test the effect helium has on the ionization and
excitation of hydrogen by comparing runs where helium is
handled in LTE (model D2) to NLTE (model D3) runs. The
only effect seen is a slight decrease (~30% maximum) in the
collisional excitation rates for 1077 <m < 107% g cm ™2 (e,
middle chromosphere) when helium is handled in NLTE
due to the LTE assumption predicting an overionization in
this region. At lower column masses (i.e., higher in the
chromosphere), helium ionization nearly becomes complete
and b, — 1 while at higher column masses, neither hydrogen or
helium are the dominant contributors to the electron density.
The ionization of hydrogen is unchanged; however, the excited
state densities drop by a few tens of percent in this region of the
atmosphere. Essentially NLTE effects from helium have little
impact on the excitation and ionization of hydrogen in this
chromospheric model.

We next test the effect that partial redistribution (PRD) in
the Lya line has on the ionization and excitation of hydrogen
in this model (model D4). We use the partial coherent scat-
tering approximation of PRD as described by Avrett & Loeser
(1984). Photon diffusion in the line wings are accounted for via
the Hubeny (1985) technique (see Luttermoser et al. 1989 for
further details). PRD in the Lya line has little effect on the

TABLE 8
IoNIZATION OF HYDROGEN—g HERCULIS MODEL CHROMOSPHERE

m n, T,

Az1P21

C,

H 1
Depth (gcm™?) (cm™3) (K) ™ ()} T21° nfn® n/ny°

Leveenn, 66(—15)  19(—3) 11270 1L6(—11) 00 2.3(5) 4.4(8)

S 26(—12) 082 10410 66(—9)  60(—S)  5.3() 1.0(6)
10......... 35(—6)  2.56) 8400 8.5(2) 64(—4)  9.14) 9.6(—3) 27
15, 21(=2)  2.6(10) 5300 59. 0.38 6.5(8) 49(—4) 363
20......... 0.56 1.7(12) 223 —18. 023 25100  82(—15  13(=17)
25 8.6 2.3(13) 2482 —0.34 19 39(11)  62(—15)  3.4(—15)
30 1.6(2) 3.7(14) 2896 —039 31 69(12)  39(—13)  33(—13)
35 9.1(2) 1.8(15) 3398 —0.32 340. 78(13)  LY—10)  9.5(—11)
40......... 1.6(3) 2.6(15) 4118 —0.56 2.1(3) 64(13)  71(=8)  69(—8)
45......... 2.703) 3.1(15) 5688 —0.86 1.9(4) 1L0(14)  47(—4)  47(—4)

2 Line center optical depth.
® Full statistical equilibrium calculations.
¢ Assumption of detailed balance in the Lyman lines.
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ionization equilibrium in this model, except in the temperature
minimum region (which supports our Lya line wing/ionization
analysis above), where there is a factor of 2 increase in the ion
density just below the chromospheric temperature rise. At the
same depths, the second level density is enhanced as well by a
similar amount. The PRD approximation effectively traps
photons in the line core to larger optical depths than the com-
plete redistribution (CRD) approximation, which allows Lya
detailed balance to exist higher in the atmosphere. As a result,
the excitation and ionization is controlled by the transfer in the
line wings at this regime in the atmosphere. Photon diffusion in
the wings acts to speed up the Lya “ pump,” which results in an
enhanced excitation and as a result, enhanced ionization. It is
no surprise therefore that the only changes in the ionization
and excitation occur in the temperature minimum region,
where the line wing just outside the CRD core has an optical
depth near unity.

The Lyman line DB approximation also effects the structure
of the atmosphere. The DB overionization of hydrogen with
respect to FSE causes an enhancement in the electron density
in the upper layers of the chromosphere. Since the total
number density increases at these layers and hydrostatic equi-
librium is enforced in these models, the outer atmosphere
expands by 30% under the assumption of Lyman-line detailed
balance with respect to the model where all transitions are
handled in detail.

3.2.2. The TX Psc Model

Figures 10a and 10b compare the number densities of the
first three bound levels and the ion of hydrogen for the FSE
calculations of the chromospheric-photospheric model (D2)
and the pure photospheric model (A2) of TX Psc. Figures 11a
and 11b are the corresponding plots of the departure coeffi-
cients. Although surface gravities and effective temperatures of
g Her and TX Psc are similar, the radiation physics are very
different in each. As demonstrated by Johnson, Luttermoser, &
Faulkner (1988) in their comparison between an oxygen-rich
and a carbon-rich models of 3000 K and log g = 0, carbon
monoxide cooling in the outer layer extends deeper in the
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FiG. 10——Effect of a chromosphere. Plotted are the number densities of
the atoms in the states n = 1, 2, 3, and k (continuum = ion) for H 1 with full
statistical equilibrium of the Lyman lines for either (a) a photosphere plus
chromosphere or (b) a photosphere only, for the star TX Psc (C6,2).
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FiG. 11.—Effect of a chromosphere. The departure coefficients correspond-
ing to the number densities of Fig. 10 for the atoms in the states n = 1, 2, 3, and
K (continnum = ion) for H 1 with full statistical equilibrium of the Lyman lines
for either (a) a photosphere plus chromosphere or (b) a photosphere only, for
the star TX Psc (C6,2).

carbon star model than the oxygen-rich model. This enhanced
cooling increases the opacities of the neutral metals and mol-
ecules, which in turn lowers the pressures and densities in the
outer layer. Hence, for a given Rosseland optical depth in these
two models, the temperatures will be similar, but the densities
will be much lower in the carbon star (or to look at it another
way—for a given density, the middle and upper photosphere of
a carbon star is cooler). The relatively higher density (as a
function of optical depth) in the oxygen-rich star allows the
Lyman lines to remain thermalized (i.e., S, = B,) at all photo-
spheric depths except near the temperature minimum region
due to the higher collisional rates (LJE). Another effect helps
the Lyman lines to thermalize in the photosphere: additional
cooling from the CO molecule drops the temperatures enough
for molecular hydrogen to form throughout much of the
photosphere. As a result, the Lyman lines and continuum are
more transparent in the carbon-rich star than the oxygen-rich
star. The higher optical depths in the M giant force J, = B,,
hence LTE in the radiation field, higher in the atmosphere.

The Lyman line DB approximation has the same effect in
this atmosphere as it has in the g Her (LJE) model: Hydrogen
is overionized and overexcited chromospheric depths with the
Lyman lines in detailed balance as compared to calculations
where the lines are handled in detail; and is underionized and
underexcited at photospheric depths. The DB approximation
has a significant effect on the emergent spectrum. The over-
excitation of hydrogen under this approximation is so great (a
factor of 103-10° enhancement) that the Balmer lines become
opaque in the chromosphere resulting in strong absorption
features. Figure 12 displays a comparison between the Ho
profile as calculated under the assumption of Lyman line
detailed balance and as calculated with full statistical equi-
librium. Since the Ha line is not seen among the CN lines near
6563 A, observations further confirm that the DB approx-
imation cannot be valid for the Lyman lines in cool, low-
density environments. Recently, Mallik, Mallik, & Mohan Roa
(1991) made similar observations for an NLTE analysis of G
and K supergiants. (We take exception with one comment
made in this paper: “The assumption of radiative detailed
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FiG. 12—Profiles of the Balmer-o line in a combined photospheric-
chromospheric model for TX Psc, for both detailed balance (solid) and full
statistical equilibrium in the Lyman lines (dashed).

balance in the Lyman continuum and lines is certainly valid for
the lower chromospheres of cool stars where the densities are
high and the temperatures sufficiently low.” We have shown
here that general statements like this can lead to fundamental
errors when applied to all cool giants, each star (or rather
stellar type) is somewhat unique since the thermalization of the
Lyman lines are sensitive to the atmospheric conditions.)

Hydrogen is strongly overionized in the upper and middle
photosphere with respect to LTE. However, most of the hydro-
gen is in the ground state or in H,, and hydrogen’s contribu-
tion to the electron density is negligible at these depths. As
such, this overionization has no effect on the emergent spec-
trum or the atmospheric structure.

As can be seen from Figures 11a and 11b, the attached
chromosphere further overexcites and overionizes hydrogen in
the upper photosphere to an even greater degree than the pure
photosphere model, which we term chromospheric back-
warming of these levels. This level pumping however is pri-
marily due to the substantial increase of the ground-state
photoionization rate and subsequent recombination to the
excited states in the temperature minimum region in the
chromospheric-photospheric model as compared to the identi-
cal region in the pure photospheric model. Comparing various
rates between the two models show that the main difference is

LUTTERMOSER & JOHNSON

Vol. 388

the bound-free-bound rates (£) for levels 1 to 2 and levels 1
to 3. At T, in the chromospheric-photospheric model 2,, =
55x1072* 57! and 2,3 =34 x107%* 57! and at the
corresponding depth (i.e., same temperature and density) in
the photospheric model, 2,, = 8.0 x 10728 s7! and 2, =
5.0 x 10728 571, The enhanced Lyman-continuum flux in the
chromospheric-photospheric model and similar Lyman photo-
recombination rates in the two models at the depths of interest
leads to enhanced level populations of the excited states. Again
it should be stressed that even though the excited levels are
very overpopulated with respect to LTE, the number densities
are small with respect to the ground and ionized states of
hydrogen throughout the entire atmosphere. This is similar to
the effect seen in the g Her model: however, it is more pro-
nounced here and extends deeper into the photosphere. In this
case, it is the Lyman continuum and not the Lyman lines that
are responsible for the effect. In the upper photosphere of the
TX Psc model, approximately 0.03%—0.1% of the total hydro-
gen density is in the neutral atomic state (i.e., nearly all hydro-
gen is in molecular form; note that the density jump seen in the
ground state of hydrogen at log m ~ —0.5 g cm~? in Figure
10a is due to the formation of molecular hydrogen), the Lyman
continuum is transparent in these regions which allows the
Lyman-continuum chromospheric photons to penetrate deep
into the photosphere. The Lyman line wing transfer is unim-
portant at these depths due to the negligibly small opacity in
the wings. Table 9 lists various data concerning the ionization
of the chromospheric-photospheric model of TX Psc.

We also test the effect helium has on the ionization and
excitation of hydrogen by comparing runs where helium is
handled in LTE (model E2) to NLTE (model E3) runs. Like
the g Her model, the only effect seen is a slight decrease
(~10% maximum) in the collisional excitation rates for
1071 < m < 107® g cm ™2 (i.e., upper/middle chromosphere)
when helium is handled in NLTE due to the LTE assumption
predicting an overionization, hence enhanced electron density,
in this region. This portion of the LJAL model has similar
temperatures (T, ~ 10* K) to that of the LJE model where this
effect was noticed. The ionization of hydrogen with respect to
LTE is increased by a factor of 10 at these depths when helium
is handled in NLTE. We wish to point out here that the LJAL
model is not correct at depths where T, > 7000 K (m < 10" % g
cm™2) since VLA measurements at 3.6 cm detected no signal
from TX Psc—a 12.5 km s~ ! wind radiating at 10* K would
easily produce a detectable signal (Luttermoser & Brown
1992). Gas temperatures hotter than 7000 K do not exist in the

TABLE 9

IoN1zATION OF HYDROGEN—TX PiscruM MODEL CHROMOSPHERE

m Ny T, Az1 P21 Cyy
Depth (g cm™?) (cm™3) (K) (Ch)] ()] 2% n,/n,® n/n,°

) DRI 8.1(—12) 4.5 10000 2.5(4) 6.5(—9) 0.0 0.22 1.0(3)

Seeeiiit 4.2(—9) 3.33) 8300 6.9(3) 1.7(—6) 1.12) 8.6(—4) 21
10......... 5.5(—4) 6.0(8) 6050 8.3(2) 4.8(—3) 1.7(7) 1.5(—95) 1.6(—2)
15......... 6.7(—2) 9.4(10) 4700 1.7(2) 0.11 2.209) 21(-7) 4.3(-9)
20......... 0.29 2.8(12) 1239 —38 0.11 1.0(10) 3.1(—16) 29(—18)
25, 28. 2.4(14) 1430 —-23 2.8 1.1(10) 2.3(—20) 2.0(—21)
30......... 2.8(2) 1.6(15) 1980 —42 19. 2.0(11) 4.3(—19) 1.0(—20)
35t 7.7(2) 2.5(15) 2550 —17. 51, 6.1(12) 5.4(—16) 9.8(—17)
40......... 2.0(3) 3.0(15) 4390 —1.1 1.7(3) 5.3(13) 58(—7) 5.5(=7)

* Line center optical depth.
® Full statistical equilibrium calculations.

¢ Assumption of detailed balance in the Lyman lines.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992ApJ...388..579L

J. T T388.C579L T

220

rt

No. 2, 1992

outer layers of TX Psc, which makes the helium NLTE effects
on the hydrogen populations seen in this model atmosphere
irrelevant in the actual stellar atmosphere.

We next test the effect partial redistribution (PRD) in Ly«
has on the ionization and excitation of hydrogen (model E4).
Hydrogen ionization remains virtually unchanged at all
depths. The second and third level populations are reduced
between 20% and 30% in the outermost layers in the PRD case
and enhanced by a factor of 3 in the lower chromosphere. The
temperature minimum region, however, displays no change.
This effect is due to the Lya wing radiative transfer. The Ly«
“drain efficiency” is reduced due to the inability for core
photons to scatter into the wings as they can under the CRD
assumption. As such, the core stays in detailed balance which
enhances the excited populations in the lower chromosphere.
This effect is too small, however, to affect the Balmer line
profiles, unlike the effect caused by the assumption of detailed
balance for the entire line. Likewise, PRD effects reduce the
source function in the outermost depths, which determines the
n,/n, ratio, hence reducing the excited level populations at
those depths.

The Lyman line DB approximation again affects the struc-
ture of the atmosphere. The increased electron density (hence
total particle density) in the outer layers, coupled with the
hydrostatic equilibrium assumption, expands the atmosphere
by 33% under the assumption of Lyman line detailed balance
with respect to the model where all transitions are handled in
detail. Comparisons between the CRD and PRD calculations
show no change in the structure of the atmosphere in this or
the g Her model.

4. HELIUM IONIZATION AND EXCITATION

The neutral helium calculations are carried out with a five-
level model atom with three bound-bound transitions. Photo-
ionizations and recombinations are included for all bound
levels. He 11 calculations are not made since the He 1ionization
is entirely negligible in the photospheric models and through-
out most of the atmospheric depths of the chromospheric-
photospheric models. The excited states of He 1 all lie at high
energies (lowest lies near ~20 eV) and are virtually unpopu-
lated in the photospheric models and throughout the lower
layers of the chromospheric-photospheric models. These states
and transitions between the states have no impact whatsoever
on the emergent spectrum or structure of the pure photo-
spheric models. Minor changes are noted for the atmospheric
structure of the upper chromospheres.

4.1. Photospheric Models

Figure 13 shows the number densities of the five bound
levels and ion in the photospheric model of g Her (model A3).
Similar results are found for the two carbon star photospheric
models. In a sense, the ionization and excitation of helium in
the photosphere, is almost trivial, for there is vanishingly little
of either. For this reason, we discuss both the M giant and the
carbon star photospheres together.

As expected, in either LTE or NLTE, helium is neutral by an
enormous factor throughout these photospheric models (A3,
B3, and C3). Departure coefficients for the ion and bound
states are very similar in both shape and magnitude to those of
hydrogen for the respective models. This is no accident since,
like the hydrogen atom, the ion and excited states densities are
controlled by bound-free-bound rates out of the ground state.
The resonance transition at 4584 (5 — 1) is far from being in
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F1G. 13.—Ionization and excitation for He 1. Plotted are the number den-
sities of the atoms in the states n = 1, 2, 3, 4, 5, and « (continuum = ion) for He
1 for a photospheric model for the star g Her (M6 III). Please see text for a
description of the atomic model.

detailed balance, since the net radiative rate A5, p5, is compa-
rable to the bound-free-bound rate £, throughout the entire
atmosphere (the collisional rate Cs, is negligible throughout
much of these atmospheres, reaching a maximum strength,
relative to As, ps,, of 2%—7% deep in the atmosphere (m > 103
g cm ~2) of the various models. As a result, helium population
densities only reach equilibrium values at only the deepest
layers of these models. Once again, the UV resonance line acts
as a “pump” for the excited levels. The extreme weakness of
the far ultraviolet radiative flux makes this a much less efficient
pump than the Lya line. Once an electron has been excited to
the 2p 'P° level via the 1584 transition, ionization occurs
rapidly from the photospheric radiation field at A3681.

Finally, due to the extremely low ion densities of helium in
these models, NLTE effects have no impact on either the emer-
gent spectrum or atmospheric structure of these models. The
ground-state density is a large reservoir and as such b, = 1 at
all depths; hence the resonance line opacity remains equal to
the LTE opacity values (neglecting PRD effects). The excited
states have such low densities that no transition out of these
states will be seen. The low-ionization state of helium dictates
that helium plays no role as a source of electrons and hence
does not affect the structure of the atmosphere in any way. As a
result, NLTE effects in helium do not alter the population
densities and radiative rates in the hydrogen calculations.

4.2. Photospheric plus Chromospheric Models

As was seen in the previous section, helium can be handled
in LTE in modeling cool stellar photospheres due to the negli-
gible effect NLTE radiative transfer has on the emergent spec-
trum and electron populations. We must now ask whether the
chromospheric temperature rise influences the atmospheric
structure and/or emergent spectrum.

4.2.1. The g Her Model

Figure 14 shows the number densities as a function of
column mass of the five bound levels and ion of our neutral
helium atom for the g Her chromospheric-photospheric model.
As can be seen, helium becomes mostly ionized in the upper
chromosphere (m > 10™8 g cm~?) of this model. Excited state
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FiG. 14—Number densities of the atoms in the statesn = 1,2, 3,4, 5,and
(continuum = ion) for He 1 for a model photosphere plus chromosphere for the
star g Her (M6 III).

populations are also enhanced in the chromosphere in com-
parison to similar column masses in the pure photospheric
model, although not enough to produce any observables
features from these levels. Figures 154 and 15b show a com-
parison of the departure coefficients for the chromosphere-
photosphere (D3) and pure photosphere (A3) models. As is the
case for hydrogen, chromospheric backwarming affects the
ionization and excitation equilibria in the upper photosphere.
Another interesting feature is the fact that helium is under-
ionized in the chromosphere with respect to LTE, an effect that
has already been noted in the hydrogen section of the paper.
Since the source functions are partially coupled to the photo-
spheric radiation field (J, < B,) in the NLTE case instead of
being directly coupled to B,, underionization with respect to
LTE results. In the regime around 8000 K, hydrogen is nearly
(but not fully) ionized, which allows the NLTE effects in the
helium ionization to alter the electron density. At hotter tem-
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FiG. 15—Effect of a chromosphere. The departure coefficients for the
atoms in the states n = 1, 2, 3, 4, 5, and « (continuum = ion) for He 1 for either
(a) a photosphere plus chromosphere or (b) a photosphere only, for the star
g Her (M6 III).
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peratures, b, approaches unity due to helium becoming fully
ionized and helium’s contribution to the electron population
approaches that of LTE. For cooler temperatures, helium is
almost fully neutral and plays no role in the electron popu-
lation. This underionization of helium with respect to LTE in
the upper chromosphere causes a small decrease in the electron
density, which in turn, contracts the atmosphere by 4% in a
hydrostatic equilibrium atmosphere.

4.22. The TX Psc Model

Figure 16 displays the level densities of levels 1, 2, 3,4, 5, and
« for the He 1 atomic model used in the E3 atmospheric model
of TX Psc. Like the g Her chromosphere, the ionization and
excitation is enhanced in the chromosphere with respect to
corresponding depths in the pure photosphere model. Unlike
the g Her model, the temperature of the TX Psc model never
exceeds 10* K and He 1 stays neutral at all depths in the
atmosphere except for the very uppermost layers of the
chromosphere. Recall that it was at these depths where
helium’s contribution to the electron density became signifi-
cant and had some impact on the ionization and excitation
equilibria of hydrogen. Once again, however, the enhanced
number densities of the excited states in the chromosphere of
this model have no effect on spectral features associated with
these levels.

Once again the ionization of helium is lower in the NLTE
case as compared to the LTE case at chromospheric depths.
The lower electron density that results from this leads to a
decrease in the size of the chromosphere by 3%—a negligible
amount with respect to the uncertainties in the temperature-
density stratification in this region of the atmosphere.

In summary, the ionization and excitation of helium has no
effect on the emergent spectrum (except for the ground-state
bound-free edge and resonance line, which will have to wait for
much more sensitive telescopes before being detected) and has
a small effect on the electron density at chromospheric depths
when T, > 8000 K. The atmospheric structure is slightly
altered but negligible with respect to the observational uncer-
tainties of this semiempirical atmosphere.
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Fi6. 16—Number densities of the atoms in the statesn = 1,2, 3,4, 5, and k
(continuum = ion) for He 1 for a model photosphere plus chromosphere for the
star TX Psc (C6,2).
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5. DISCUSSIONS AND CONCLUSIONS

Before presenting conclusions of this work, we comment
on the various difficulties in NLTE radiative transfer of
“ultracool ” stellar atmospheric models. The first difficulty to
note is the extreme low densities that are required in the outer
layers to allow the Lyman lines and continuum to become
optically thin, which is needed to solve the transfer equation
for these transitions. Typically for coronal stars, hydrogen
ionizes quickly in the transition region forcing the Lyman tran-
sitions to low-opacities. However, in these cool, noncoronal
stars, the only way to reduce the Lyman opacities is to extend
the atmosphere to interstellar medium densities or to hope that
sufficient quantities of molecular hydrogen form. Although the
temperatures are cool enough in the pure photospheric models,
molecular hydrogen formation is a three-body process which
requires a sufficiently high density for the molecule to form.
When one gets to column masses less than 10 g cm ™2 in the g
Her model and 1 g cm ™2 for the diatomic TX Psc model, the
molecular hydrogen—to—total hydrogen density ratio begins to
decrease as a result of the decrease in density, even though the
temperatures continue to drop. As has been shown by Bowen
(1988), however, hydrodynamic processes in late-type pulsators
pump up the density in the outer layers which may help in the
molecular formation process; unfortunately, the radiation field
from the emerging shocks tends to dissociate hydrogen readily
in the outer layers (Luttermoser & Bowen 1992). We earlier
noted that our “ pure” photospheric models are radiative equi-
librium models. This is true only out to column masses of
~1073 g cm ~2 since modelers tend not to go to lower densities
due to the difficulty in the radiative equilibrium temperature
correction (i.e., Avrett-Krook technique) convergence in these
regimes. The outer layers of our “extended” photospheric
models are just a temperature/density extrapolation from the
outermost layers of the radiative equilibrium models.

Another difficulty that arises in these low-density environ-
ments is the large number of iterations required to converge a

- model. In our equivalent two-level approach, upward of 200

iterations may be typically required to converge the three-level
hydrogen atom in the pure photospheric environments if one is
not careful in solving the statistical equilibrium equations.
Avrett & Loeser (1987) discuss this problem in detail for the
three-level hydrogen atom, and we summarize it here. In opti-
cally thick regions where p < 1, p should be calculated via

B..
Pji= €’i<_ﬂ - 1) >
J J Sji

where € and 4 for the 21 transition depend on p for the 31 and
32 transitions, and € and 4 for the 32 transitions depend on p
for the 21 and 31 transitions, etc., whereas in optically thin
regions, p is not necessarily small compared to unity, and it is
more appropriate to use equation (12). Avrett & Loeser then
use a linear combination of equations (12) and (20) at small
optical depths:

(20)

pi = (L —wp)p% + Wi pji » (21)
where p¥; is given by equation (20), p’; is given by equation (12),
and where w;; typically has the value 0.5 in the region of the
atmosphere where 7;; for the strongest line is no greater than
about 10. This specific prescription does not work in these
ultra—-low-density environments however. When collisional
rates are very low, we find quicker convergence by letting
w;; & 0.99-0.999 for 7;; < 10 specifically for each line and not in
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reference to the strongest line. In these cool, low density
environments, J; > S;; due to the extremely low values of the
Planck function, which results in a negative net radiative rate
(i.e., more absorptions than emissions). If these rates become
too negative, they easily outweigh the photoionization and
collisional rates, which in turn give rise to negative source
functions and departure coefficients. Even with the above
recipe, convergence typically required 50—100 iterations. Note
that convergence is achieved somewhat faster in the
chromospheric-photospheric models. Also note that no prob-
lems were experienced with the helium calculations, even in the
pure photosphere cases, where convergence is achieved in typi-
cally 10 iterations.

We have studied the ionization and excitation equilibria
through detailed radiative transfer calculations for very cool
(T.s < 3500 K) giant and supergiant stars for the first time.
NLTE effects in pure photospheric models and semiempirical
chromospheric models are investigated. The results found in
this study differ quantitatively from Auman & Woodrow
(1975). Their assumption of detailed balance in all bound-
bound transitions led directly to the result that densities of
excited state densities are determined solely by the ionization
equilibrium from these levels, which overestimates these den-
sities at chromospheric temperatures and underestimates these
densities in photospheric regimes.

The results ascertained in this study are summarized as
follows:

1. Non-LTE effects are substantial in late-type giant and
supergiant stellar atmospheres which lead to enhanced number
densities in excited bound states in the middle and upper
photosphere (7., region in chromospheric-photospheric
models) due to the source function coupling to the photo-
spheric mean intensity instead of the Planck function.

2. Although hydrogen is extremely overexcited and overion-
ized with respect to LTE at photospheric depths, hydrogen is
primarily neutral or in molecular form in these cool models.

3. NLTE effects in hydrogen are negligible in the emergent
spectrum for all models (pure photosphere and chromosphere-
photosphere) and has no impact on the electron densities for
all models, except for the extreme uppermost layers of the
chromospheric models.

4. The assumption of detailed balance for optically thick
lines in low-density atmospheres is not valid and tends to
overestimate/underestimate level populations and ionizations
at chromospheric/photospheric depths, since the Lyman lines
are not allowed to drain/pump the excited levels.

5. Number densities for excited and ionized states in the
middle and upper photosphere can be enhanced above photo-
spheric NLTE effects through chromospheric backwarming,
where chromospheric photons shine back onto the photo-
sphere, increasing J, at those depths.

6. Radiative equilibrium atmospheres converged with poly-
atomic molecular opacities have hydrogen ionization and exci-
tation equilibria that are fundamentally different than models
converged with diatomic opacities alone.

7. The Lyman lines (especially Lya) control the ionization
and excitation of hydrogen in these models, except for the
upper photosphere of the TX Psc chromospheric-photospheric
model, where the Lyman continuum dominates the transfer.

8. Carbon abundance influences the ionization and excita-
tion of hydrogen through the strong C 1 bound-free opacity
under the Lyman lines—carbon stars are overionized and
overexcited in hydrogen as compared to oxygen-rich stars of
similar effective temperature and surface gravity.
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9. PRD effects in Lya have significant consequences in the
ionization and excitation of hydrogen in the T, region of the
g Her chromospheric-photospheric model and the chromo-
sphere of the TX Psc model.

10. NLTE He 1 ionization and excitation equilibria have a
small effect on the electron density in the upper chromospheres
of these models and have no effect on the emergent flux of
these models and essentially no effect on the structure of the
atmospheres.

Paper II will discuss the results of detailed radiative transfer
in the ionization and excitation in the neutral metals C, Na,
Mg, and Ca. These metals are of fundamental importance since
they are the major contributor to the electron density, hence
H™ opacity, throughout most of the photosphere and lower
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chromosphere. As well, the ionization and excitation of these
metals have a substantial impact on the emergent spectrum of
these stars, particularly in the ultraviolet.
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