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Abstract. We investigate the formation of Nd –  lines in the atmospheres of A-type stars with a comprehensive atomic
model including 1651 levels of Nd , 607 levels of Nd  and the ground state of Nd . NLTE leads to overionization of Nd 
which weakens the Nd  lines relative to the corresponding LTE line strengths at mild neodymium overabundance ([Nd/H] <
2.5) and amplifies them at higher [Nd/H] values. NLTE abundance corrections grow with the effective temperature and reach
0.6 dex at Teff = 9500 K for [Nd/H] = 2.5. The Nd  lines are strengthened compared with LTE in all cases, and NLTE abun-
dance corrections lie between −0.3 dex and −0.2 dex for Teff between 7500 K and 9500 K. NLTE effects are larger for an
inhomogeneous vertical abundance distribution compared with a homogeneous one resulting in positive NLTE abundance cor-
rection up to 1.3 dex for the Nd  lines and in negative ones down to −0.5 dex for the Nd  lines. The neodymium distribution
in the atmospheres of roAp stars γ Equ and HD 24712 is deduced from NLTE analysis of the Nd  and Nd  lines and a strong
evidence is found for the existence of enhanced Nd abundance layers above log τ5000 = −3.
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1. Introduction

Abundance analysis of cool Ap stars revealed for the rapidly
oscillating (roAp) stars a huge discrepancy of the order of
1.5–2 dex between neodymium abundances derived from
the Nd  and Nd  lines (Ryabchikova et al. 2000, 2001;
Gelbmann et al. 2000; Cowley et al. 2000; Kochukhov 2003;
Ryabchikova et al. 2004). In further LTE analysis of one of
these stars, γ Equ, Ryabchikova et al. (2002) interpreted the
observed anomaly as the stratified Nd distribution with the ac-
cumulation of the element above log τ5000 = −8. This result
is qualitatively consistent with the observed variation of the
pulsation radial velocity (RV) amplitude among spectral lines
of different elements and their ions. The Nd  and Nd  lines
show the maximum RV amplitudes of ∼500–800 m s−1, while
the Ba  or Ca  lines of the same intensity have much smaller
(<100 m s−1) amplitudes if any. The stratification model pro-
posed by Ryabchikova et al. for γ Equ predicts that Ca, Fe, Ba
are concentrated in the deeper atmospheric layers. However,
even with the stratified Nd abundances the fits of the line pro-
files are not good in many cases. In addition, the position of
Nd abundance layer above log τ5000 = −8 produces difficulties
for an interpretation of the RV pulsation phases derived from
the Nd  and Nd  lines and from the core of Hα (see Sachkov
et al. 2004a).

In the low density uppermost atmospheric layers a kinetic
equilibrium of atoms is expected to deviate from the ther-
modynamical one. In order to check the earlier conclusions
we consider in this work non-local thermodynamical equi-
librium (NLTE) line formation for Nd  and Nd  in atmo-
spheres of A-type stars assuming both homogeneous and strat-
ified Nd abundance distribution.

In Sect. 2 we present the method of NLTE calculations
for Nd  and Nd . Theoretical calculations of the Nd  and
Nd  atomic structure and transition probabilities and the
model atom are described in Sect. 2.1, NLTE effects are con-
sidered in Sect. 2.2, and the influence of the uncertainties of
stellar atmosphere modeling and atomic parameters on the fi-
nal results are discussed in Sect. 2.4. In Sect. 3 we obtain the
Nd distribution in the atmospheres of two roAp stars γ Equ and
HD 24712 from the NLTE analysis of the Nd  and Nd  lines.
The obtained results are discussed in Sect. 4 in connection with
pulsation properties of the roAp atmospheres.

2. NLTE calculations for Nd II–Nd III

NLTE calculations have been carried out with a revised version
of the DETAIL program (Butler & Giddings 1985) using the
accelerated lambda iteration following the extremely efficient
method described by Rybicki & Hummer (1991, 1992). We use
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Fig. 1. The Nd  model atom. The measured odd energy levels of unknown terms are shown in the column “o”.

homogeneous blanketed model atmospheres computed with the
MAFAGS code (Fuhrmann et al. 1997).

2.1. Model atom

The lower levels in singly ionized Nd belong to the 4f46s con-
figuration with the (5I)6I ground term. Laboratory measure-
ments (Martin et al. 1978; Blaise et al. 1984) give 831 energy
levels of Nd  with energy excitation Eexc ≤ 6 eV. About a half
of them belong to quartet and sextet terms of the 4f4 nl (nl =
6s, 5d, 6p) and 4f35d nl (nl = 5d, 6s) electronic configurations.
For most remaining energy levels only the total angular mo-
mentum and the parity are known. In line formation layers of
the atmospheres with Teff between 7500 K and 8000 K the to-
tal number densities of Nd  and Nd  are nearly equal, but
Nd  drops rapidly in the hotter atmospheres. To provide the
close collisional coupling of Nd  to the continuum electron
reservoir we include into a model atom the Nd  high excited
levels calculated in this paper for quartet and sextet terms of the
4f4 np (n = 7–11) and 4f35d 6p electronic configurations. The
calculations were made using the Cowan code (Cowan 1981).
We used “standard” scaling of the Hartree-Fock electrostatic
parameters by a factor 0.85. It was found that calculated in this

approximation, g f -values for the 4f46s 6I–4f46p transitions are
higher by a factor of 2 to 3 than the accurate laboratory mea-
surements from Den Hartog et al. (2003). A similar accuracy
is expected for the predicted g f -values for transitions to the
predicted 4f4np configurations.

Since all investigated Nd  spectral lines arise in transitions
between levels with 6 ≤ L ≤ 9, only the terms with L ≥ 4 are
included in a model atom. Radiatively coupled to these terms,
the levels of unknown configurations have been added. The lat-
ter are shown in Fig. 1 in the column “o”. The fine structure
is considered for each term. In total, the model atom includes
1651 levels of Nd  (Fig. 1). For the levels taken from Martin
et al. (1978) excitation energies have been corrected according
to Blaise et al. (1984).

For Nd  the laboratory measurements resulted in 29 en-
ergy levels (Martin et al. 1978; Aldenius 2001). Five levels be-
long to the ground term 4f4 5I, and 24 to the triplet and quintet
terms of the 4f35d excited electronic configuration with Eexc ≤
5 eV. With such an incomplete term system we cannot get a
realistic kinetic equilibrium of Nd  and we use the energy
levels calculated in this paper for triplet and quintet terms of
the 4f3nl (nl = 4f, 5d, 6s) and 4f25d2 electronic configurations.
Calculations were made with the Cowan code, as for Nd .



L. Mashonkina et al.: NLTE ionization equilibrium of Nd  and Nd  311

Fig. 2. The Nd  model atom.

Scaling of the Hartree-Fock parameters was made, and the val-
ues of the effective interaction parameters were taken accord-
ing to their trends in the second spectra of lanthanide atoms
(Wyart et al. 2005). Our calculated g f -values agree within 20%
with the previously published theoretical calculations (Bord
2000; Zang et al. 2002). We include in a model atom all
Nd  levels involved in radiative bound–bound (b − b) tran-
sitions with available laboratory measurements or calculated
oscillator strengths, in total, 607 levels of Nd  with Eexc ≤
8.66 eV (Fig. 2). In the Nd  case the effect of the highly ex-
cited levels missing in the model atom on the kinetic equilib-
rium is weak because in the atmospheres under investigation
departures from LTE in the Nd  level populations are caused
mainly by radiative b − b transitions between low-excitation
terms.

According to our computations the contribution of the
Nd  and Nd  energy levels omitted in the final model atom
to the Nd  and Nd  partition functions is 3.5% and 4%,

respectively, at Te = 9500 K and even less at lower tempera-
tures. Since Nd  and Nd  together represent a major fraction
of the element, such underestimation of partition functions has
a negligible effect on level populations and Nd abundances de-
rived from the Nd  and Nd  lines. Levels of the same par-
ity with small energy differences were combined into a single
level. The final model atom includes 247 levels of Nd , 68 lev-
els of Nd  and the ground state of Nd .

Oscillator strengths fi j for the transitions between the mea-
sured Nd  energy levels were taken from the Vienna Atomic
Line Data Base (Kupka et al. 1999) or from recent experimental
work by Den Hartog et al. (2003). Oscillator strengths for the
transitions from the experimental levels of the 4f4 nl (nl = 6s,
5d, 6p) electronic configuration to the calculated levels of the
4f4 np (n = 7–11) and 4f35d 6p electronic configurations and
for all transitions between predicted levels have been calculated
in this paper. For all Nd  transitions we use fi j computed in
this paper, too.
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Since no data on the photoionization cross-sections σph for
both the Nd  and Nd  levels are available, we use the hydro-
gen approximation. We suggest that the photoionization from
any Nd  level ends in the ground state of Nd , 4f4 5I4. To take
into account the photoionization to the remaining levels of the
4f4 5I term we multiply σph by the ratio g(4f4 5I)/g(4f4 5I4) �
7. The photoionization from the 4f35dnl levels ends in the
excited Nd  4f35d levels, however, we neglect this for two
reasons. First, our NLTE calculations show that the most im-
portant processes affecting the kinetic equilibrium of Nd  are
related to the levels of the 4f46p electronic configuration, and
second, there is not much sense computing exact threshold
wavelengths when approximate photoionization cross-sections
are used. The threshold energies of the 4f35d nl levels are re-
duced by about 2 eV and, therefore, the photoionization rates
are overestimated for the levels with a threshold in the ultra-
violet and underestimated for the levels with a threshold in
the infrared.

We show below that the kinetic equilibrium of Nd  is
mainly controlled by radiative b − f transitions, and the ac-
curacy of photoionization cross-sections is especially impor-
tant for NLTE calculations. Let us estimate the uncertainty of
our approximation. For a certain Nd  level with the princi-
pal quantum number of the valence electron n = 5 and thresh-
old wavelength λthr = 1700 Å the threshold hydrogen cross-
section is σthr = 0.25 Mb. If n is replaced by the effective
principal quantum number neff = 2.7 we obtain σthr = 5.7 Mb.
Using the Cowan code we have estimated theoretical pho-
toionization cross-sections from the 4f4(6s+5d) levels to the
4f4εp continuum. A value of σthr = 0.2 Mb was obtained
at the threshold consistent with the g f values for the upper
4f4np (n = 10–12) levels and close to the hydrogen one cal-
culated with principal quantum number n. It is known that
the photoionization is essentially a many-body process and
should be treated with approximations other than the one used
in the Cowan code. Correlations, especially in the final, state
would lead to a “giant resonance” in the photoabsorption which
would substantially enhance the cross-section. Indeed, labora-
tory measurements available for some rare-earth neutrals give
much higher photoionization cross-sections compared with hy-
drogen ones. For Eu ı σph exceeds 40 Mb at wavelengths from
a threshold for the photoionization at 2186.5 Å to about 2100 Å
(Kozlov & Kotochigova 1976). For Yb ı σph is a few Mb
at the threshold (1982.5 Å) and there is a broad resonance
around 1800 Å with σph � 40 Mb (Kozlov et al. 1976). In our
NLTE calculations we use the lowest estimates of photoion-
ization cross-sections based on hydrogen approximation and
principal quantum number of levels and, thus, obtain the lower
limit for NLTE effects in Nd .

Electron impact rates for allowed transitions are calculated
using the formula of van Regemorter (1962) while Allen’s
(1973) formula with Ω = 1 is applied to forbidden transitions.
Electron impact ionization cross-sections are computed accord-
ing to Drawin (1961).

We have checked the effect of uncertainties in the input
atomic data on the final results. They will be described in
Sect. 2.4.

Fig. 3. LTE and NLTE total number densities of Nd  and Nd  (top
panel) and departure coefficients for selected levels of Nd  and Nd 
(bottom panel) in the model atmosphere 7700/4.2/0.1. Everywhere in
the atmosphere [Nd/H] = 3. The level number corresponds to a suc-
cessive number of the level in our model atom.

2.2. Kinetic equilibrium calculations and NLTE effects

We demonstrate here that in the atmospheres of dwarfs (log g ∼
4) with Teff between 7500 K and 9500 K the Nd /Nd  ratio
deviates from the thermodynamical value. In the line forma-
tion layers all Nd  levels are underpopulated compared with
LTE while the Nd  levels are overpopulated at Teff ≤ 8000 K
(Fig. 3), while thermodynamical values are preserved at the
higher effective temperatures. NLTE effects for the Nd  and
Nd  lines have the opposite sign, and they are therefore im-
portant for the comparison of Nd abundances derived from
these lines. In Fig. 3, bottom panel, the departure coefficients,
bi = nNLTE

i /nLTE
i of the selected levels of Nd  and Nd  in

the model atmosphere with Teff /log g/[M/H]= 7700/4.2/0.1 are
shown as a function of continuum optical depth τ5000 at λ =
5000 Å. This model represents the atmosphere of the roAp star
γ Equ (Ryabchikova et al. 2002). Here, nNLTE

i and nLTE
i are

the kinetic equilibrium and thermal (Saha-Boltzmann) number
densities, respectively. Everywhere in the atmosphere [Nd/H]=
3 is adopted.

The overionization of Nd  in the atmospheric layers above
log τ5000 = 0 is caused by a super-thermal radiation of non-local
origin near the thresholds of 4f46p levels with Eexc between
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Table 1. List of the investigated Nd  and Nd  lines. Transitions and
corresponding level numbers in the model atom are given. The terms
with unknown orbital quantum number L are indicated by letter T.

λ [Å] Elow (eV) Transition

Nd 

4706.54 0.00 4f46s 6I7/2–4f35d6s 6H◦5/2 1–101

4811.34 0.06 4f46s 6I9/2–unknown T◦7/2 2–101

6514.96 0.18 4f46s 6I11/2–4f35d6s T◦9/2 3– 84

4061.08 0.47 4f46s 6I15/2–4f46p 6K◦17/2 7–122

5533.82 0.56 4f46s 4I13/2–4f35d2 4K◦13/2 8–104

5319.82 0.55 4f45d 6L11/2–4f46p 6K◦9/2 8–105

5165.13 0.68 4f45d 6L13/2–unknown T◦11/2 10–110

5077.15 0.82 4f45d 6L15/2–4f35d6s T◦13/2 12–114

5399.09 0.93 4f45d 6I7/2–unknown T◦5/2 14–114

5311.45 0.99 4f45d 6K13/2–4f46p 6I◦11/2 15–115

5063.72 0.98 4f45d 6L17/2–unknown T◦15/2 15–118

5033.51 1.14 4f45d 6L19/2–unknown T◦17/2 20–123

6637.19 1.45 4f45d 6H9/2–4f46p 6I◦11/2 37–115

6680.14 1.69 4f45d 4K13/2–4f46p 4K◦13/2 51–122

6637.96 1.77 4f45d 4L17/2–unknown T◦15/2 58–125

6650.52 1.95 4f45d 4L19/2–4f46p T◦17/2 75–129

6636.18 2.06 4f45d 4K17/2–4f46p 4K◦17/2 83–132

Nd 

5294.10 0.00 4f4 5I4–4f35d 5I◦4 248–263

6550.23 0.00 4f4 5I4–4f35d 5K◦5 248–257

4796.49 0.14 4f4 5I5–4f35d 5I◦6 249–270

5633.55 0.14 4f4 5I5–4f35d 5I◦4 249–263

6327.26 0.14 4f4 5I5–4f35d 5K◦6 249–260

6145.07 0.30 4f4 5I6–4f35d 5K◦7 250–263

6690.83 0.46 4f4 5I7–4f35d 5K◦7 251–263

5987.68 0.46 4f4 5I7–4f35d 5K◦8 251–266

5845.02 0.63 4f4 5I8–4f35d 5K◦9 252–270

5677.18 0.63 4f4 5I8–4f35d 5I◦7 252–271

5286.75 0.63 4f4 5I8–4f35d 5I◦7 252–273

3 eV and 4 eV (λthr = 1600–1850 Å). Up to log τ5000 � −1.5 de-
parture coefficients of all the levels with Eexc < 6 eV are similar
due to strong radiative and collisional coupling. The upper lay-
ers (log τ5000 < −1.5) become transparent for the radiation of
many weak lines arising between low-excitation terms (Eexc <
2 eV) and intermediate-excitation terms (Eexc = 2.7–4 eV), so
the photon loss in these lines increases the underpopulation
of the intermediate-excitation terms (level numbers from 105
to 129 in Fig. 3) caused by enhanced photoionization.

A list of investigated Nd  and Nd  spectral lines with
the corresponding transitions and level numbers in our model
atom is given in Table 1. If the lower or upper level of a transi-
tion is involved in a combined level its number density is com-
puted according to its statistical weight. For every investigated
Nd  transition bi > b j (i < j) is obtained, resulting in a source
function S i j � b j/biBν(Te) < Bν(Te) and the amplification of
the corresponding spectral line compared with the LTE case.
The obtained overpopulation of the Nd  levels leads to the

Fig. 4. NLTE abundance corrections for the Nd  and Nd  lines de-
pending on Teff . In all cases log g = 4 and [Nd/H] = 2.5.

strengthening of the Nd  lines compared with the LTE case.
NLTE effects depend on Nd abundance in stellar atmospheres.
For the same model atmosphere 7700/4.2/0.1 the Nd  lines
are weakened compared with the LTE case if [Nd/H] < 2.5
and intensified for [Nd/H] > 2.5. The Nd  lines are amplified
in all cases and NLTE effects grow with increasing [Nd/H].
The theoretical NLTE and LTE equivalent widths of spectral
lines together with the NLTE abundance corrections ∆NLTE =

log εNLTE – log εLTE are given in Table 2 (Cols. 4–6) for the
model atmosphere 7700/4.2/0.1 representing γ Equ. Oscillator
strengths were taken from Den Hartog et al. (2003), if avail-
able, or from  (Kupka et al. 1999). The mean difference
between Den Hartog et al. and  data is 0.10 ± 0.08 dex.

As expected, the departures from LTE for the Nd  and
Nd  lines grow with Teff. The larger Teff, the stronger the
ultraviolet radiation is, thus resulting in amplifying overioniza-
tion of Nd . Assuming [Nd/H]= 2.5 we have calculated ∆NLTE

for several Nd  and Nd  lines for Teff between 7500 K and
9500 K (Fig. 4). NLTE abundance corrections for the Nd  lines
are ∆NLTE < 0.1 dex at Teff = 7500 K but they increase with Teff

up to ∼0.6 dex at Teff = 9500 K. For the Nd  lines NLTE abun-
dance corrections are negative and nearly independent of Teff.

2.3. NLTE effects for stratified Nd abundance
distribution

To study the effects of the abundance stratification
we performed NLTE calculations for the model atmo-
sphere 7700/4.2/0.1 assuming [Nd/H] = 4 in the atmospheric
layers above log τ5000 � −3.6 and a steep decrease of Nd
abundance in the deeper layers, so that [Nd/H] = 0 in the layers
below log τ5000 � −2.7. The obtained departure coefficients
for some levels of Nd  and Nd  are shown in Fig. 5. The
theoretical NLTE and LTE equivalent widths together with
NLTE abundance corrections are given in Table 2 (columns
“layer”).

NLTE calculations show the overionization of Nd  and en-
hanced number density of Nd  in line formation layers sim-
ilar to the case of a homogeneous Nd abundance distribution.
However, in contrast to Fig. 3, we find bi < b j for the Nd  lev-
els. The Nd  low-excitation levels are strongly underpopu-
lated above log τ5000 = −2, however, the 105th to 129th levels
are even slightly overpopulated between log τ5000 = 0 and −3.
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Table 2. Theoretical NLTE and LTE and observed equivalent widths (in mÅ) of the Nd  and Nd  lines for γ Equ. Computations were
made for the model atmosphere 7700/4.2/0.1 for two cases: [Nd/H] = 3 everywhere in atmosphere (columns “[Nd/H] = 3]”) and enhanced
Nd abundance with [Nd/H] = 4 in atmospheric layers above log τ5000 = −3.6 (columns “layer”). Most of the entries are self-explanatory. The
last four columns give the average depth of LTE and NLTE line formation calculated according to Achmad et al. (1991) with the contribution
function to the emergent total radiation (column “Line+continuum”) and with the contribution function to the emergent line radiation (column
“Line”).

log τ5000

λ, Elow, log g f [Nd/H] = 3 layer Wobs Line+continuum Line

Å eV WLTE WNLTE ∆NLTE WLTE WNLTE ∆NLTE mÅ LTE NLTE LTE NLTE
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Nd 

4706.54 0.00 −0.71 98 98 0.00 96 48 1.42 40 −4.11 −2.80 −4.95 −4.24

4811.34 0.06 −1.01 86 86 0.00 85 32 1.42 30 −3.74 −1.80 −4.78 −4.09

6514.96 0.18 −1.88 51 48 0.07 52 8 1.13 bl −1.98 −0.77 −4.34 −3.96

4061.08 0.47 0.55 127 128 −0.03 109 77 1.05 73 −4.32 −3.98 −5.13 −4.60

5533.82 0.56 −1.23 67 67 0.00 63 12 1.39 9 −2.39 −0.98 −4.42 −3.95

5319.82 0.55 −0.14 105 110 −0.12 106 56 1.31 49 −4.30 −3.42 −4.98 −4.25

5165.13 0.68 −0.74 80 83 −0.07 77 28 1.13 bl −3.35 −1.61 −4.61 −3.98

5077.15 0.82 −1.04 62 62 −0.01 55 12 1.07 7 −1.89 −0.84 −4.36 −3.88

5399.09 0.93 −1.41 44 42 0.03 32 5 0.97 6 −0.88 −0.52 −4.19 −3.85

5311.45 0.99 −0.42 84 87 −0.06 81 32 1.22 31 −3.52 −1.92 −4.64 −4.00

5063.72 0.98 −0.62 73 76 −0.06 68 23 1.04 29 −2.89 −1.26 −4.50 −3.93

5033.51 1.14 −0.47 74 77 −0.07 69 22 1.05 24 −2.88 −1.31 −4.49 −3.91

6637.19 1.45 −0.84 53 54 −0.02 45 7 1.14 19 −1.72 −0.97 −4.25 −3.88

6680.14 1.69 −0.72 50 52 −0.04 40 5 1.15 bl −1.51 −0.93 −4.21 −3.85

6637.96 1.77 −0.32 68 72 −0.06 61 17 1.00 32 −2.35 −1.29 −4.32 −3.89

6650.52 1.95 −0.11 66 71 −0.09 63 16 1.10 25 −2.54 −1.43 −4.34 −3.90

6636.18 2.06 −0.94 26 25 0.02 15 1 1.07 bl −0.73 −0.58 −4.09 −3.84

Nd 

5294.10 0.00 −0.70 105 124 −0.42 106 127 −0.51 143 −4.38 −4.67 −5.13 −5.16

6550.23 0.00 −1.50 77 99 −0.40 86 112 −0.48 120 −3.68 −4.42 −4.78 −4.94

4796.49 0.14 −1.66 57 69 −0.27 53 70 −0.37 83 −1.64 −3.73 −4.48 −4.62

5633.55 0.14 −2.19 34 48 −0.26 31 55 −0.43 67 −0.92 −2.63 −4.32 −4.33

6327.26 0.14 −1.42 74 94 −0.37 81 104 −0.42 123 −3.50 −4.37 −4.73 −4.90

6145.07 0.30 −1.34 74 94 −0.36 78 99 −0.40 131 −3.19 −4.27 −4.67 −4.83

6690.83 0.46 −2.36 20 32 −0.27 17 38 −0.46 53 −0.74 −1.84 −4.24 −4.18

5987.68 0.46 −1.27 67 87 −0.37 70 91 −0.38 108 −2.94 −4.28 −4.60 −4.81

5845.02 0.63 −1.18 63 82 −0.35 64 82 −0.33 110 −2.63 −4.22 −4.54 −4.75

5677.18 0.63 −1.43 54 68 −0.26 49 64 −0.27 90 −1.61 −3.85 −4.40 −4.60

5286.75 0.63 −1.79 34 45 −0.22 27 40 −0.30 56 −0.72 −2.84 −4.27 −4.35

For each investigated Nd  transition we find that S i j > Bν(Te)
and bi < 1 in line formation layers, so the corresponding
spectral line is weakened compared to the LTE case, thus re-
sulting in the large NLTE abundance corrections of 1.00 dex
to 1.42 dex for different lines. The strong amplification of
NLTE effects for the Nd  lines compared with the case of ho-
mogeneous Nd abundance distribution is caused by the shift
of the line formation layer upward where the departure coeffi-
cients of different levels deviate significantly from 1 and from
each other. The Nd  lines are strengthened compared with the
LTE case, approximately at the same level as for the homoge-
neous Nd abundance distribution.

2.4. Uncertainties in stellar atmosphere modeling
and atomic parameters

Stellar atmosphere modeling. Ryabchikova et al. (2002) pre-
sented evidence for the abundance gradients in the atmosphere
of γ Equ. They find that Ca, Cr, Fe, Ba, Si and Na are over-
abundant in deeper atmospheric layers and normal to under-
abundant in the upper layers with an abundance jump in the
region of −1.5 < log τ5000 < −0.5. The excess or depletion
of the elements as a function of depth will modify the at-
mospheric structure. The effect should be particularly impor-
tant when a stratification of iron group elements takes place.
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Fig. 5. Departure coefficients (log b) for selected levels of Nd  (with
the level numbers between 1 and 230) and Nd  (up to the level num-
ber 263) in the model atmosphere 7700/4.2/0.1 with the [Nd/H] ratio
distribution shown in bottom panel by solid line. Dashed line in the
bottom panel shows the obtained [Nd/H] ratio distribution in the at-
mosphere of HD 24712.

For γ Equ [Fe/H] = −2.5 at log τ5000 < −1 and [Fe/H] = +1
in the deeper layers; [Cr/H] � −1 at log τ5000 < −0.6 and
[Cr/H] = +1.6 in the deeper layers. A similar abundance strati-
fication is found for 53 Cam (Babel 1992; Babel & Lanz 1992)
and β CrB (Wade et al. 2001). LeBlanc & Monin (2004) con-
structed self-consistent model atmospheres where abundance
gradients caused by radiative diffusion are calculated in each
iteration. The diffusion models predict the correct position of
the abundance jumps, but too low abundances in the upper-
most atmospheric layers compared with the empirical distri-
butions. For the atmospheric parameters representing γ Equ
we have calculated the model atmosphere using the empiri-
cal abundance gradients found by Ryabchikova et al. (2002)
and LL atmospheric code which provides the accurate
line absorption treatment in opacity calculations (Shulyak et al.
2004). The difference in temperature between homogeneous
and stratified model atmospheres is negligible in the outer at-
mosphere at log τ5000 < −2. The temperature in the stratified
atmosphere is higher by 3–4% at depths larger than τ5000 =

1 and lower by up to 200 K in the layers between log τ5000 =

−0.5 and −2 compared to the homogeneous model atmosphere.
It is important that the fluxes computed from both model atmo-
spheres are similar over a wide spectral range from the visible
to the UV. Thus, including the empirically derived stratification

for a few elements in model calculations does not affect the re-
sults of our NLTE calculations for Nd –Nd .

Atomic parameters. First, we test the photoionization cross-
sections for the Nd  levels, because the kinetic equilibrium of
Nd  depends strongly on radiative b − f transitions. Since the
departures from LTE in the Nd  lines are especially important
for the inhomogeneous Nd abundance distribution we perform
NLTE calculations for this case using various photoioniza-
tion cross-sections for the Nd  levels. When the hydroge-
nous photoionization cross-sections are increased by a factor
of 100 the overionization of Nd  is amplified and ∆NLTE in-
creases by 0.09 dex to 0.14 dex for different Nd  lines. For the
Nd  lines NLTE effects are slightly strengthened, too; namely,
by 0.02 dex in terms of NLTE abundance correction. Reducing
the hydrogen photoionization cross-sections by a factor of 100
has much larger effect on both the Nd  and Nd  lines: the
absolute value of ∆NLTE decreases by 0.36 dex to 0.65 dex
for different Nd  lines and by 0.10 dex to 0.14 dex for the
Nd  lines. We emphasize that even with lowest photoioniza-
tion cross-sections the ionization equilibrium Nd /Nd  de-
viates significantly from the thermodynamical one; for exam-
ple, for γEqu the difference of Nd abundances derived from
the Nd  and Nd  lines drops by about 1 dex compared to that
found from the LTE analysis. Thus, only in the case when the
hydrogen approximation significantly overestimates photoion-
ization cross-sections for the Nd  levels would it affect the po-
sition of the enhanced Nd abundance layer; namely, the layer
will be shifted outward. However, as was discussed above, the
adopted approximation gives the lower limit for the photoion-
ization cross-sections, so we under- rather than overestimate
NLTE effects in our NLTE calculations. We believe that an un-
certainty of photoionization cross-sections does not change our
conclusion as regards the existence of a inhomogeneous distri-
bution of Nd in the atmospheres of the investigated stars.

It can be expected that varying cross-sections of the elec-
tron impact excitation has a stronger effect on the Nd  kinetic
equilibrium compared with Nd , because, contrary to Nd ,
NLTE effects for Nd  are mainly due to b − b transitions. An
influence of the uncertainty of collisional cross-sections should
be larger for the homogeneous Nd abundance distribution be-
cause in this case even at [Nd/H] = 3 the Nd  lines form in
the deeper layers compared with the stratified Nd abundance
distribution. For example, in the model atmosphere with Teff =

7700 K and log g = 4.2 the Nd  λ6145 line core forms around
log τ5000 � −3.5 for the homogeneous Nd abundance distri-
bution with [Nd/H] = 3 and around log τ5000 � −5.2 for the
stratified Nd abundance distribution. The corresponding values
are log τ5000 � −0.7 and −2.5 for the Nd  λ6690. As ex-
pected, an increase in collision excitation cross-sections by a
factor of 10 leads to weakening NLTE effects: for the homo-
geneous Nd abundance distribution NLTE abundance correc-
tions are smaller by 0.02 dex to 0.05 dex for the Nd  lines and
by 0.1 dex in absolute value for the Nd  lines. Thus, the un-
certainty of collisional rates does not affect our further analysis
of neodymium distribution in the atmospheres of the investi-
gated stars.
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Fig. 6. Theoretical NLTE (solid line) and LTE (dotted line) Nd  λ5319 (left panel) and Nd  λ5294 (right panel) line profiles calculated with
the stratified Nd abundance distribution shown in Fig. 5 compared with the observed spectrum (double line) of γ Equ.

3. Nd abundance distribution in the atmospheres
of roAp stars γ Equ and HD 24712

Our calculations show that at the assumption of homogeneous
Nd abundance distribution in the atmospheres with Teff ≤
8200 K (typical for roAp stars) NLTE effects may explain
only 0.5 dex of the difference between LTE abundances derived
from the Nd  and Nd  lines and not the 1.5–2.0 dex observed
in roAp stars (see Ryabchikova et al. 2001). NLTE calculations
have been performed for the stratified Nd abundance distribu-
tion. Based on them we analyse the Nd  and Nd  lines in the
two roAp stars γ Equ and HD 24712.

γ Equ. The results of LTE and NLTE calculations for
γ Equ are presented in Table 2. Equivalent widths in γ Equ
(the tenth column in Table 2) were measured using the spec-
tra described by Sachkov et al. (2004a) and Kochukhov et al.
(2004). Figure 6 shows a comparison between the observed and
synthetic NLTE and LTE line profiles for the two Nd  and
Nd  lines. The adopted Nd abundance distribution is shown
in Fig. 5 (bottom panel). The influence of the magnetic field
on line intensity in γ Equ was simulated by a microturbulence
value of 1.5 km s−1 (Ryabchikova et al. 1997a). Owing to the
adopted assumptions and possible errors in the model atmo-
sphere parameters for γ Equ we do not attempt to reach an ex-
act coincidence between the observed and computed equivalent
widths, so our stratification model may be considered as first
approximation. However, it provides a much better agreement
between observations and calculations than the LTE stratifica-
tion model derived by Ryabchikova et al. (2002). The position
of the Nd abundance jump is shifted down from log τ5000 = −8
in the LTE model to −3.2 in the NLTE model. We note that
the NLTE value is close to the depth formation of the Hα core
which extends from log τ5000 = −2 to −5 in the LTE approxi-
mation. A study of the Balmer lines based on NLTE line for-
mation is in progress and the results will be presented in a
forthcoming paper. For the stratified Nd distribution we have
calculated the LTE and NLTE average optical depths of line
formation as a center-of-gravity in wavelength domain using

intensity of the line points as weights. We follow Achmad et al.
(1991) with taking (i) the contribution function to the emer-
gent total (continuum + line) radiation (Table 2, Cols. 11, 12);
and (ii) the contribution function to the emergent line radia-
tion (Table 2, Cols. 13, 14). It was emphasized by Achmad
et al. (1991) that the second approach provides a more real-
istic depth of line formation, in particular for weak lines, for
which the continuum contribution shifts the average depth for-
mation downward. This effect becomes much more important
for the case of a stratified atmosphere. When the contribution
function to the total (continuum + line) radiation is used the
line formation depth of most Nd  lines is shifted well below
the enhanced Nd abundance layer.

HD 24712. Ryabchikova et al. (2001) derived a +1.46 dex
difference between LTE Nd  and Nd  abundances (we call it
the Nd /Nd  ionization anomaly). NLTE effects in a homo-
geneous atmosphere may explain a maximal difference of +0.2
to +0.3 dex. Again, it is impossible to achieve Nd /Nd  ion-
ization equilibrium without introducing an enhanced Nd abun-
dance layer in the upper atmosphere. LTE and NLTE calcula-
tions of the Nd  and Nd  lines were performed for the model
atmosphere with Teff = 7250 K and log g = 4.3 which repre-
sents the atmosphere of HD 24712 (Ryabchikova et al. 1997b).
Equivalent widths in HD 24712 (Table 3) were measured us-
ing the spectra taken at the maximum of the magnetic field
and of the REE line intensity (Sachkov et al. 2004b). Magnetic
intensification in HD 24712 was again mimicked by a mi-
croturbulence value of 1 km s−1 (Ryabchikova et al. 1997b).
Table 3 contains the results of LTE and NLTE calculations for
the Nd abundance distribution in the atmosphere of HD 24712
shown in Fig. 5 by the dashed line.

Tables 2, 3 and Fig. 6 demonstrate a fairly good agreement
between observations and calculations, providing strong evi-
dence for a Nd concentration above log τ5000 = −3. The newly
found Nd abundance distribution is more realistic that derived
by Ryabchikova et al. (2002) with the LTE assumption.
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Table 3. Theoretical NLTE and LTE (columns “layer”) and observed
equivalent widths (in mÅ) of the Nd  and Nd  lines in HD 24712.
Computations were made for the model atmosphere 7250/4.3/–0.1
with the stratified Nd abundance distribution shown in Fig. 5. The
average depths of LTE and NLTE line formation calculated with the
contribution function to the emergent line radiation (Achmad et al.
1991) are given in the two last columns.

λ, layer Wobs log τ5000

Å WLTE WNLTE ∆NLTE mÅ  

Nd 

6514.96 64 17 1.39 15 −5.02 −4.61

5319.82 95 60 1.15 62 −5.34 −5.03

5165.13 73 38 1.10 45 −5.20 −4.70

5077.15 59 22 1.09 26 −5.04 −4.54

5311.45 75 41 1.16 40 −5.21 −4.75

5063.72 66 33 1.05 36 −5.14 −4.63

6680.14 50 13 1.16 23 −4.85 −4.47

Nd 

5294.10 84 112 −0.77 108 −5.38 −5.42

6327.26 69 95 −0.66 109 −5.22 −5.32

6145.07 66 89 −0.62 106 −5.17 −5.28

6690.83 17 38 −0.46 53 −4.81 −4.80

5987.68 59 82 −0.59 96 −5.12 −5.28

5845.02 54 75 −0.53 93 −5.07 −5.26

5677.18 43 62 −0.48 88 −4.96 −5.18

5286.75 24 43 −0.51 53 −4.84 −4.99

4. Discussion

Using a full NLTE analysis we have failed to remove the
disparity between Nd abundances derived from the Nd  and
Nd  lines under the assumption of a homogeneous Nd abun-
dance distribution in the atmospheres of two roAp stars. We
found, however, that introducing a layer with a strongly en-
hanced Nd abundance in the outer atmosphere provides a natu-
ral way to describe the Nd  and Nd  lines for the unique dis-
tribution of the Nd. The required Nd overabundance in the layer
is [Nd/H] = 4 at log τ5000 < −3.5 for γ Equ and [Nd/H] = 4.5
at log τ5000 < −4.5 for HD 24712. We expect that the Hα core
and the Nd  and the weakest Nd  lines should form in the
same atmospheric layers, given the similarity of their pulsa-
tion RV amplitudes and, in particular, phases (Sachkov et al.
2004a). Indeed, the present NLTE analysis suggests that the
Nd  and Nd  lines form closer to the layers where the cores
of hydrogen lines probably form.

From our study we conclude that any analysis of pulsa-
tion properties of the roAp atmospheres based on the Nd lines
has to be performed using the NLTE approach. NLTE effects
may be particularly important for the stars where the Nd  and
Nd  lines show different pulsation behavior. For example, in
the roAp star 33 Lib (HD 137949) the pulsation radial veloci-
ties of some Nd  lines vary approximately in anti-phase with
the RVs of the Nd  lines (Mkrtichian et al. 2003). Moreover,
the pulsation pattern of the Nd  5319.82 Å line in this star is
different from that for Nd  6145.07 Å: the first line shows

pulsations at two frequencies, 2.015 and 4.030 mHz, with
nearly equal amplitudes, while the RV pulsations of the
Nd  line occur mainly at the first frequency (Kurtz et al.
2004). The star 33 Lib (Teff = 7550 K, log g = 4.3) has even a
larger Nd /Nd  ionization anomaly (of ∼2.0 dex) than γ Equ
and HD 24712 (Ryabchikova et al. 2004). Therefore, we ex-
pect neodymium stratification in the atmosphere of 33 Lib,
too. Both Mkrtichian et al. (2003) and Kurtz et al. (2004) sug-
gest the existence of a pulsation node in the atmosphere of
33 Lib with Nd  and Nd  line formation on both sides of
this node. However, if the neodymium stratification in 33 Lib
has the same structure as obtained in the present paper for the
two roAp stars, then the overlapping of the line formation lay-
ers for some Nd  (4061, 4706, 5319) and Nd  (5286, 6691,
5291) lines will take place (see the last columns in Tables 2,
3); we predict a similar pulsation behavior (frequency pat-
tern, pulsation phases and amplitudes) of these lines. Rare-
earth element stratification analysis in roAp stars based on
NLTE line formation will provide extremely important infor-
mation about the distribution of the pulsations through the stel-
lar atmosphere.
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