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Abstract. The photospheric Mn 11l emission lines Wahlgren & Hubrig (2000) detect in the spectra of several
late-type B and HgMn stars and attribute to fluorescent excitation are more naturally explained by interlocked
non-LTE effects acting in a photosphere in which the manganese abundance is stratified with depth. The case is
particularly strong for HD 186122 (46 Aql) and HD 179761 both of which require the manganese overabundance
to be concentrated to column masses of log(m) < ~ —1.5.
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1. Introduction

Stellar emission lines are usually interpreted as evidence
for a chromospheric temperature rise, mass outflow, or
the presence of circumstellar material. However, emission
lines from “classical” stellar photospheres, in which none
of the previous mechanisms operate, cannot be ruled out
a priori as the specific intensity in a transition is deter-
mined by a source function which may respond in a com-
plex way to the presence of non-local sources and sinks of
line photons. Examples of this caveat are the photospheric
emission lines of Mn 1 multiplet 13 (AA6122 — 6132 A,
4d°D — 4f°F°) recently detected in the spectra of the
3He star 3 Cen A (HD 120709, B5III-IVp) and the hot,
mild, HgMn star 46 Aql (HD 186122, B9 III) by Sigut et al.
(2000). Sigut (2001) has demonstrated that these emis-
sion lines can arise via inter-locked non-LTE effects which
decouple the line source function from the local Planck
function and result in a line source function which rises
with photospheric height. It was also argued that an essen-
tial ingredient in reproducing the strength of the observed
manganese emission within the non-LTE framework is a
stratification of the manganese abundance profile in the
photosphere, concentrating the manganese in a layer at
small column mass.

Recently, Wahlgren & Hubrig (2000, W&H hereafter)
have also detected weak emission from Mn 11 multiplet 13,
as well as from additional transitions of Cri1 and Ti11, in
the red spectra of several late-type B and HgMn stars.
W&H postulate selective excitation via Ly« fluorescence
as the emission mechanism. In this letter, it is demon-
strated that the Mn 11 emission detected by W&H is con-
sistent with the non-LTE excitation mechanism of Sigut
(2001). Specific stratification models for each star are
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proposed as constrained by the available observations. The
possible role of Ly« fluorescent excitation is also discussed.

2. Calculations

The coupled equations of radiative transfer and statisti-
cal equilibrium for Mn 11 were solved with the MULTI code,
v2.0, of Carlsson (1992). Solutions were obtained in model
photospheres appropriate for the seven late-B and HgMn
stars for which W&H list Mn 11 multiplet 13 (4d°Dy —
4f5F2, A6122.4 A) equivalent widths (see Table 1). For
each star, the Teg and log(g) adopted by W&H were
used, and each model photosphere was represented by
an Kurucz LTE model atmosphere. Direct comparison
to non-LTE model atmospheres (Grigsby 1991; Grigsby
et al. 1992) and to observed UV-to-optical spectral energy
distributions (Fitzpatrick & Massa 1999) demonstrates
that the approximation of LTE model atmospheres is a
reasonable one for this range of stellar parameters.

The Mn 11 model atom consisted of 84 total LS7 mul-
tiplet levels from the quintet and septet symmetries. The
atomic data used was the same as that described in
Sigut (2001). To obtain a realistic assessment of the un-
certainties in the non-LTE predictions due to the large
uncertainties in the basic atomic data, Monte Carlo sim-
ulations were performed. Generous errors were assigned
to all of the atomic data (see Sigut 2001), and 15 sets of
Mn 11 atomic data were realized and used in the non-LTE
calculations. This gave, for each model photosphere and
stratification model, 15 estimates of the equivalent width
of each Mn1I transition, and the standard deviation in
these values was taken as an estimate of the uncertainty.
The use of Monte Carlo simulation to estimate the errors
in non-LTE calculations is discussed by Sigut (1996).
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Table 1. Unstratified models for the late-B stars of W&H.
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Fig. 1. The two-zone stratification model for the manganese
abundance for several choices of the model parameters.

Stratification of the manganese abundance profile with
photospheric depth was represented by a simple two-
zone model depending on four parameters: the manganese
abundance in the lower zone (e1), the manganese abun-
dance in the upper zone (e3), the location in column mass
of the transition between the two zones (B), and a pa-
rameter setting the sharpness of the transition between
the zones (A). In terms of these parameters, the particle
conservation equation at each depth was written as

NL
Z (Nz/NH) — 10(62—12) e—A (log m—B) + 10(61—12) , (1)

i=1
for log m > B, and

NL
> (Ni/Ny) = 1002712 - 10l—12) (2)

i=1

for log m < B. Here Ny is the hydrogen number den-
sity, Np, the number of Mn11/Mn 111 levels included in the
non-LTE solution (namely 85), and m is the photospheric
column mass. Figure 1 illustrates this simple, two-zone
model for some representative choices of the parameters.

3. Results

The calculated non-LTE Mn 11 equivalent widths for vari-
ous stratification models were compared to the late B-star
observations of W&H. The zone abundances, €; and €3,
were independently varied from 2.92 to 7.92 in steps of
0.5 dex!. Only models with an overabundance in the up-
per zone (€2 > €1) were considered, aside from a reference
grid of unstratified models covering the same abundance
range. Parameter B, which determines the location of the
transition between the zones, was assumed to have values
of —1.0, —1.5, or —2.0. Models with B > —1 gave pre-
dictions which differed little from unstratified models of
abundance e because the zone boundary is near or be-
low the depth of formation of multiplet 13. Parameter A,
governing the sharpness of the transition between the two

! The solar manganese abundance is € = 5.39 dex (Anders &
Grevesse 1989).

HD Tewr,log(g) [Mn/H] Wi e Range wiele
209459 10350, 3.48 +40.25 +1.4 55-5.8 5.0+0.25
186122 12910, 3.74 +0.80 —-29 6.4—6.8 155+1.3
196426 13010, 3.84 +0.25 —-14 5.8—6.1 2.74+0.75
179761 13030, 3.43 +0.80 —-1.6 6.3—6.7 13.0+£1.1
186568 11700, 3.50 —0.9 4.4-52
219927 12970, 3.63 —1.2 4.4-56
16727 14500, 4.19 —0.6 “4.4—4.7

*5.6—6.0

Notes.- The stellar parameters, manganese abundance, and
A6122.4 A equivalent width (W, in mA) are adopted from
W&H. The interpretation of e-Range is different for stars with-
out [Mn/H] values — see text for details. There are two match-
ing ranges for HD 16727, labeled (a) and (b).

zones, was assumed to have values of 2, 4, or 6. As can
be seen from Fig. 1, larger values for parameter A give a
sharper transition between the two abundance zones.

Given these parameters, acceptable stratification mod-
els for each star were chosen to reproduce two observa-
tions: (1) the strength of Mn 11 multiplet 13, W (A6122.4),
and (2) the photospheric manganese abundance deter-
mined by previous workers, [Mn/H]. The form of the
second constraint stems from the fact that none of the
available abundance studies for the stars of Table 1 pro-
vide equivalent widths for manganese. Therefore, the man-
ganese abundances derived by these studies were assumed
to parameterize the strengths of the weak, optical, Mn1I
transitions used. To implement the constraint [Mn/H], an
LTE abundance analysis was performed on the predicted
non-LTE equivalent width of A4326 (Mn11 a®F, — z°F,)
in each stratification model. This generally weak, visi-
ble line is typical of those used in the abundance anal-
ysis of manganese. The hyperfine structure of A 4326 was
explicitly included in both the LTE and non-LTE cal-
culations using the experimental measurements of Holt
et al. (1999). A probable error of £15% was assigned to
the W (A 6122.4) data of W&H, and +0.20 dex to the var-
ious LTE manganese abundance determinations. As noted
by Sigut et al. (2000), the oscillator strength of A 6122.4
is unlikely to be in error by a large amount.

3.1. Unstratified models

Table 1 summarizes an analysis of the W&H stars us-
ing models with a uniform manganese abundance as a
function of photospheric depth. For the four stars with
available [Mn/H], Table 1 gives the (unstratified) man-
ganese abundance range (under column “e Range”) for
which the LTE abundance required to match the com-
puted non-LTE equivalent width of A4326 matches the
literature value within +0.2 dex. The next column, Wfalc,
gives the predicted non-LTE equivalent width of A 6122.4,
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along with its 1o error, for a manganese abundance at the
midpoint of this range. In all cases, the unstratified models
which match the LTE manganese abundance fail by large
amounts to explain the strength of the A\ 6122.4 emission.
The closest match is for HD 196426 where the calculated
A6122.4 strength differs from the observed value by over
5 standard deviations. The remaining stars all differ by
more than 10 standard deviations. Thus unstratified mod-
els are unable to simultaneously match both constraints,
prompting stratified models to be considered in the next
section.

For the three remaining stars, the constraint of [Mn/H]
is unavailable, and it is not possible to rule out unstratified
models. In this case, the column “e Range” reports the
range of manganese abundances for which the predicted
equivalent width of A6122.4 matches the observed value
within the combined observational and theoretical errors.
The range of abundances found are generally solar to sub-
solar.

One possible strategy to salvage unstratified mod-
els is to assume that the Tog and log(g) values for the
stars are in error by large amounts. For the two stars
with large manganese overabundances relative to the sun,
HD 186122 (46 Aql) and HD 179761, it was not possi-
ble to find unstratified models matching both constraints
within £1000 K in Teg and +0.25 dex in log(g). However,
for the two remaining stars with only modest manganese
overabundances, matching unstratified models could be
found. A model with Tog = 14000 K and log(g) = 3.5
can reproduce the HD 196426 observations for the narrow
abundance range of € = 5.9 — 6.0 dex. For HD 209459, a
model with Teg = 11500 K and log(g) = 3.5 can repro-
duce the observations for the abundance range of € = 5.6—
5.7 dex. However, the errors in Tyg implied in both cases
are ~1000 K and are at the outer limit of plausibility
(Adelman & Rayle 2000). For this reason, stratified mod-
els for these two stars have also been investigated.

3.2. Stratified models

Given the failure of unstratified models to reproduce the
observations, particularly for HD 186122 (46 Aql) and
HD 179761, stratified models were considered. Figure 2
presents the results for 46 Aql. Each panel in the figure
represents a single choice of the parameters B (location of
the zone transition) and A (sharpness of the zone transi-
tion). Given the (B, A) values, a square is plotted in the
(€1, €2) plane if that stratified model can reproduce the
[Mn/H] abundance within +0.2 dex, and an open circle is
plotted if that stratified model can reproduce the strength
of A6122.4 within the combined theoretical and experi-
mental errors. Thus a consistent stratified model is repre-
sented by a circle containing a filled square. For 46 Aq]l,
only models with B = —1.5 and A = 6 or B = —2.0
and A > 4 give consistent results. This occurs for an
upper zone abundance in the range of e; ~ 6.8-7.5 al-
though the exact value depends on the chosen (B, A)
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Fig. 2. Stratified models for HD 186122 (46 Aql). The (A, B)
parameters of Egs. (1) and (2) are indicated in each panel. As
described in the text, viable stratified models only occur in the
overlap region of the circles and filled squares. All models in
the (e1, e2) plane were considered except those below and to
the right of the solid line.

parameters. The lower zone abundance is less well defined
with matching models generally occurring for €; < ~ 5.0.

Figure 3 summaries the matching stratification mod-
els for the three remaining stars with both multiplet 13
equivalent widths and [Mn/H] abundances. In this figure,
a symbol is plotted in the (€1, €2) plane only if that model
matches both constraints, unlike Fig. 2. For HD 179761,
which like 46 Agl has a large [Mn/H] enhancement, match-
ing models are only found for B < —1.5 and A > 4 with
€ ~ 7.0 — 8.0 and ¢; < =~ 5.5. However, for the two
remaining stars with only moderate manganese overabun-
dances, a wide variety of stratification models can match
the observations.

4. Ly fluorescent excitation of multiplet 137

W&H suggest an alternative origin for the Mn 11 emission
lines, namely Ly« fluorescent excitation with the Mn1r
emission formed by population cascade as in a photoion-
ized nebula. W&H note close wavelength co-incidences be-
tween transitions in the Mn II term system and Lycq, most
notably those connecting the ground state with the lower
level of multiplet 13, 4d °D, and those connecting the low-
lying meta-stable state a®D with the upper level of mul-
tiplet 13, 4f5F°. Seductive as these close overlaps may
be, wavelength coincidence alone is not sufficient for fluo-
rescent excitation. Consider a weak, MnII transition with
line profile d)%[“ within v of Lya. The net excitation rate
in this transition due to Ly« is

R(Z—>]) anBUj—nJ(Aﬂ—l-Bﬂj), (3)
where

J= / oy Jy dv = A[SP]. (4)
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Fig.3. Matching stratification models for HD 209459
(squares), HD 196426 (circles), and HD 179761 (crosses).
Unlike Fig. 2, each symbol represents a viable stratification
model.

SLye is the Lya source function, and A is the A-operator
representing, in integral-operator form, the formal solu-
tion to the transfer equation. The second step in Eq. (3)
assumes that Ly« will dominate the radiation field at this
frequency and that J, is sensibly constant over the narrow
range of 0v. At the depth of formation of weak Mn II tran-
sitions, the optical depth at this frequency will be large,
and A is essentially the unit operator. The net rate is
therefore

R(’L — j) = —nj Aji (1 — SLya/Sij) . (5)

Here the definition of the line source function for the
Mn 11 transition, SLJ =n; AJL/(’I’LL Bij —n; Bji), has been
used. Direct calculation in this work suggests that in
an unstratified photosphere, Mn11 A6122.4 forms near
log 75000 &~ —0.5 to —1, depending on the abundance.
At these photospheric depths, the Mn1I departure co-
efficients are nearly equal due to strong collisional cou-
pling, and this thermalizes the line source functions to
the local Planck function (i.e. S;; = B, (T,)). Thus, Lya
fluorescent excitation requires that the Lya source func-
tion exceed the local Planck function. If Ly« is thermalized
with ™ = B, (T.), the net pumping rate is zero regard-
less of the number of close wavelength co-incidences with
Lya.

At the depth of formation of multiplet 13, the mean
optical depth in Lya is ~ 10125, Using the results of
Gayley (1992a, 1992b) to estimate the thermalization
length of Lya in typical late-B photospheres, one finds
that Ly« is effectively thermalized with its source function
equal to the Planck function at the local kinetic tempera-
ture. Thus, the net pumping rate due to Lya fluorescence
is zero. The thermalized radiation field in Lya will also
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act maintain the LTE population ratio between the first
two hydrogen levels; any postulated interlocked effects (for
example, photon loses in Ha, which might be invoked to
provide additional population to n = 2) will not disturb
the thermalization of the Ly« source function in these
deep photospheric layers.

5. Conclusions

All of the stars found by W&H to have emission in Mn 11
multiplet 13 can be interpreted in terms of standard, non-
LTE line formation acting in the photosphere. In addition,
evidence for the stratification of the manganese abundance
profile is particularly strong for HD 186122 (46 Aql) and
HD 179761 both of which require manganese to be con-
fined to column masses above log(m) &~ —1.5 to be con-
sistent with the available observations.

Modeling of a wider wavelength range of the Mni11
spectrum should provide much tighter constraints on the
possible stratification models for HgMn and related stars.
In addition, it is important to demonstrate that the weak
emission lines of Till and CriI also noted by W&H can
be interpreted within the non-LTE framework presented
in this letter.
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