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Abstract. We present a model that explains the anomalous intensity ratios between each of two very bright UV
lines of Fe IT at 2507 A and 2509 A and its corresponding satellite line, observed in HST spectra of a compact
gaseous condensation (blob B) in the vicinity of the star n Car.The model is based on the assumption that the Fell
transitions have a substantial optical thickness, which varies as a result of the photodepletion of the long-lived
lower states, c*F, /2,9/2, by the intense Lya radiation. In conditions where the photodepletion rates of these two
states differ, the resonance scattering lengths of the spectral lines become different as well. In the presence of a
weak, nonresonant (continuous) absorption, this gives rise to a difference in attenuation between the spectral lines
(the Hummer effect (Hummer 1968)). It is the combination of these two effects that explains the anomalous (as
compared with laboratory data) intensity ratios observed in the two pairs of UV Fell lines. Ionization channels of
stimulated photodepletion by the Ly« radiation, including the possible role of autoionization levels, are considered.
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1. Introduction. Problem

One of the puzzles discovered in the course of high-
spectral-and-spatial-resolution observations of the star 7
Carinae with the Hubble Space Telescope was anomalous
(other than predicted by laboratory data) intensity ratios
between two very bright narrow Fell lines at 2507 A and
2509 A and their satellites. This observation was so ex-
traordinary that it even gave rise to the assumption of
stimulated amplification of these lines (Johansson et al.
1996). In a recent report (Johansson & Letokhov 2001b),
we have analyzed a number of photoprocesses induced by
the intense Ly« radiation in a gaseous blob (blob B, see
below) in the immediate vicinity of the star  Car. These
processes can, in principle, help to qualitatively describe
all these anomalous effects within the framework of the
physical parameters estimated for n Car and its blobs
(Davidson & Humphreys 1971; Davidson 1999; Hamann
et al. 1999). Using all these facts as the base, we have
considered (Johansson & Letokhov 2001b) a three-zone
blob model including an active HII region (which gen-
erates Lya photons), an intermediate passive HI region

Send offprint requests to: S. Johansson,
e-mail: sveneric.johansson@astro.lu.se

(which broadens the Ly« spectral line because of Doppler
diffusion), and a passive HI + Fell region, in which the
broadened Lya radiation can excite Fell ions and thus
cause the abnormal UV fluorescence observed. Moreover,
this model predicts a significant optical thickness for the
Fell transitions at AA2507, 2509, which can explain the
anomalous intensity ratio between these bright UV lines
and their satellites. In the present paper, we develop this
model further, so that this anomaly can be explained with-
out the need to exploit the idea of stimulated amplification
of the corresponding transitions.

Before going on to the main subject of this paper, let
us formulate the main features of the model presented ear-
lier (Johansson & Letokhov 2001a,b) of the origin of the
extremely bright UV lines of Fell in the gaseous conden-
sations near the star n Carinae.

2. A model of the origin of the extremely bright
UV Fell lines

According to observational data (Davidson & Humphreys
1997), the Weigelt blobs (Weigelt & Ebersberger 1986)
close to n Car (for example, blob B) are compact gas
condensations (low-intensity compact ejecta with a high
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hydrogen concentration Ny ~ 106 cm~2 and a Fe concen-
tration of Ng, ~ 102 cm™3).

The blob diameter is D < 10" cm, and the dis-
tance from the central star is R, ~ 3 x 10'% ¢cm. The
diameter of the photosphere of the central star is 2ry =
ds ~ 3 x 10" cm, and its effective temperature is T, =
(20—30) x 103 K. These parameter values are preliminary.
For example, according to recent HST/STIS observa-
tions (T. Gull, private communication, April 2001), the
distance R}, between the blob B and the central star is
around 3 x 10 cm, i.e. an order of magnitude smaller
than derived from previous data. The fact that the blob is
located close enough to the central star is of importance
for our model. The dilution factor of the radiation from
n Car, Q = %(Ts/Rb)Q, is around 1076—107°, which is
many orders of magnitude greater than that for a typical
planetary nebula. For illustration, we present in Fig. 1 a
schematic picture of a gas condensation having a spher-
ical shape with an average diameter D (as judged from
density) and an average volume concentration Ny of hy-
drogen atoms and ions and being located at the distance
Ry > D from the star. The most intense part of the stel-
lar radiation with hv > hy, = 13.6 €V is absorbed almost
completely by neutral hydrogen having a concentration of
Nur (Nur < Nunr = Ny ), provided that the optical den-
sity 7(v¢) of the Lyman-continuum is high enough, i.e.,

O'ph(l/C)NHID > 1. (1)
Condition (1) is satisfied if the hydrogen density Ny
exceeds some critical value N

Ner Ion 1/2_£ P(ve, Ts) Avpn 1/2
H = \aD "Ry aD ’

(2)
where « is the rate coefficient of the HII — HI recombina-
tion process, and Ipy is the effective intensity of the radia-
tion incident on the blob surface and ionizing hydrogen. As
an estimate we use, as in our previous paper (Johansson
& Letokhov 2001b), average values of the blackbody ra-
diation intensity P(v.) and photoionization cross section
oph(v) in the effective frequency interval Avpy ~ 3 eV
above v, where P(v) and opn(v) are sufficiently large.
Condition (1) means that the local Stromgren boundary
separating the HII and HI regions is inside the gas con-
densation being considered, as shown in Fig. 1. For blob B
near n Carinae at D < 10" ¢cm and Ty = 30000 K, the
critical density N > 10® cm™3.

The physical depth [,;, at which the photoionization
state of hydrogen is sustained at Ny > Nf' is defined by
the expression

b (NEY Z L I
D~ \ Ng NZ aD
At Ng > Ny, the depth I, < D, i.e. there is a thin front

layer of the blob facing the central star (Fig. 1).

3)
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At Nug > Ny the neutral component HI absorbs al-
most all of the power P (in photons/s) of the Lyman-
continuum radiation coming from the star:

o0
Pabs(v > ve) =~ QoSabs/ P(v, Ty)dv
Ve

~ Qn?D*P(v., Ts) Avpn, (4)

where ¢ = 472 is the solid angle and S,ps = %DQ is the
disc area of the blob absorbing the incident radiation from
the central star. Most of the absorbed energy is reemit-
ted due to radiative recombination of the hydrogen ions
formed. The major proportion (n & 0.7) of the absorbed
energy is emitted in the resonance line HI Lya. The max-
imum value of the optical density 7o(Lyca) with reference
to the center of Ly« in the HII region is

m g0 3
T ~ ——— ~5x10
0 opn(Ve) ’

(5)

where we have set op ~ 1.4 x 107 cm? and oph(ve) =
3 x 10718 cm? (average value) in the frequency interval
(Ve, Ve + Avpy). For illustration, we show in Fig. 2 the
qualitative distribution of the average concentrations of
HII and HI inside the blob, as well as the evolution of the
Lya radiation spectrum in various zones of the blob.

The Ly« radiation proves to be trapped in the HII
region, but the diffusion confinement time is limited by
the fact that the number of scattering events is limited
because of the Doppler frequency redistribution of the
scattered Lya photons. This redistribution makes them
leave the trapping region relatively fast via the wings of
the Doppler profile (Osterbrock 1967). Since the optical
density 7 is limited to 7§* = (0o/0opn), and the damping
factor for Lya is a = 0vpaq/0vp ~ 4 x 1074, the opti-
cal density in the Lorentz wings is ary® ~ 1, where we
assume the Doppler spectral width to be dvp ~ 6 cm™!
and the natural spectral width, 6vpaq ~ 2.5 x 1073 cm™1.
Therefore, the Lya photons leave the HII region by dif-
fusion while suffering an increase in the Doppler width
Avp by a factor of (In7")*/? ~ 3, so that the total power
emitted by the surface of the blob into Ly« is

Pem(Lycr) >~ 47 Sem P(Viya, Tor) (Avp/InTg?), (6)

where Se, = wD? is the area of the emitting surface of
the spherical blob and P(viya,Thy) is the average spec-
tral intensity of Lya on the blob surface, given by the
Planck distribution at a frequency of v, and a spectral
brightness temperature of T}, account being taken of the
spectral line broadening due to trapping. In the steady-
state case where the absorption of the trapped Ly« in the
HII region of the blob is negligible, we have

NPabs(V > Ve) = Pem(Lya). (7)

It follows from (7) that the brightness temperature T}, of
the Lya radiation on the open surface of the blob can be
estimated by the expression

Av,
P(Vyas Tor) ~ 10 ph

4 Avpy/InT

P(ve, Ts). (8)
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Fig. 1. Model geometry of the compact gas condensation (blob) in the vicinity of the central star of n Carinae.

It can be seen that the dilution factor €2 can largely be
compensated for by the effect of the spectral compression
of the absorbed energy into the relatively narrow Ly« ra-
diation. Note that the intensity of the Ly« radiation inside
the HII region of the blob is higher than that on the blob
surface, P(VLya,Thr), by a factor of In7{® due to diffu-
sion confinement. Therefore, to determine the brightness
temperature Ty, of the radiation incident on the bound-
ary between the HII and HI regions inside the blob (the
Stromgren boundary in Fig. 1), the right-hand side of ex-
pression (7) should be increased by In7§* ~ 7 times, which
is equivalent to the same increase in ):

- Avppy/In 7t —
PSt.b(VLya;Tbr) = nghAiVDOP(VcaTs)' (9)

The temperature T}, is fairly close to the temperature
of the blackbody radiation of the central star’s photo-
sphere (for  ~ 1075-107°, the temperature Tyy is
(10—20) x 10® K), but the spectral width of the line ra-
diation leaving the active HII region is still insufficient to
compensate for the difference in wavelength between the
Lya emission and the Fell absorption lines (see the top
part of Fig. 2). This radiation suffers further spectral diffu-
sion both in the HII/HI transition region (the Stromgren
boundary), which is optically denser for Ly, and mainly
in the passive, weakly ionized HI region.

The physical depth 6,y of the HIT/HI transition region
is shallow:

Slpn = < lph, (10)

ophNu
in comparison with the physical length [, of the pho-

toionization depth (the physical depth of the active HII
part of blob B):

; (11)

defined by expression (3). Note that, for the reader’s con-
venience, we present here these well-known expressions
(Mihalas 1978) in order to give explanations to the desig-
nations used. The optical thickness of the HII/HI transi-
tion layer with physical width dl,, can be estimated as:

A NS oo = =70~ 9 107, (12)
2 Oph
where N;{I ~ %NH is the average concentration of HI in
the transition layer, and 6l,, is determined by Eq. (10).
The high density of HI compensates the small width of this
layer and as a result the optical thickness of the transient
layer 7§ is almost equal to the optical thickness 7" of
the whole active zone. Nevertheless, these values of 7y are
much smaller than the magnitude required for the Ly«
excitation of Fell:
ao (2AV)2

75¢ = ooNuD = =

= ~ 108.
o(Av)  0Vaddvp 710

(13)

However, the remaining, dissipating (passive) volume of
the blob is also large enough to provide for 7§*¢ ~ 107
and the appropriate broadening of the Ly« line as a result
of the Doppler frequency diffusion of the radiation on the
Lorentz wing of the Lya resonance line.

The physical depth [, of the passive HI region, at
which the diffusion spectrum broadening necessary for the
excitation of Fell is reached, is defined by the expression

exc
1 -~ To

AVNH B

lbr ~

: 14
pgn (14)

The depth Iy, (see Figs. 1 and 2) can be compared with
the depth [, of the photoionization region. Their ratio is
given by

be 78 (Nm\®
lph o UONHD Ncr

(15)
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Fig. 2. Radial profiles of the ionized (Num) and neutral hydrogen (Nu1) concentrations and a qualitative evolution of the
spectral shape of the Ly« radiation in the active HII region, the Stromgren boundary region, and the passive fluorescence region

relative to the Fell absorption profile.

At Ng = N the depth Iy =~ (0.01 to 0.1)Iyn, so that
the transition region fully provides for the necessary dif-
fusion broadening of Lya. At Ng = 10N, the depth Iy,
increases to (0.1 to 1)lpn. Finally, by =~ lpn at a hydrogen
concentration in the gas condensation defined as

Uolph

NH ~ (16)

argxe
For example, for blob B in the vicinity of n Car, this regime
is reached at Ng ~ 108—10° cm—3.

The following two well-known processes take place in
the passive HI region where the Lya radiation is trans-
ferred in a medium with 7§*¢ > 7*. At first, a more ef-
fective increase of the radiation spectral width (in propor-
tion to ,/7p) occurs as a result of the Doppler frequency
redistribution in the Lorentz wings, which compensates,
according to (12), for the frequency difference Av be-
tween the Lya and the Fell absorption lines. The diffu-
sion broadening of the Ly« radiation spectrum in the HI
region of the blob is limited exactly by the photoselec-
tive absorption of this radiation by Fell at A = 1218 A
and intensity transformation in the blue wing of Ly« into
an intense UV fluorescence of Fell (see the bottom right-

hand part of Fig. 2). Secondly, a more effective diffusive
confinement of the Lya radiation takes place, resulting
in a substantial increase, by at least (Av/Avp) =~ 50
times, of its spectrum-integrated intensity. However, to
carry out a quantitative analysis of the radiation transfer
in the HI-to-HII boundary region, in which the HI and
HII concentrations change sharply over a short distance
of liy =~ (0 Ng)™! ~ 10°=10'° em < D requires a spe-
cial computer modeling, and this will be the subject of
a special publication. So, in the case of blob B near n
Car, the extreme spectral brightness of the Ly« radiation
causes a very strong excitation of Fell ions contained in
the blob matter as a result of the Lya quasi-coincidence
(AX ~ 3 A) with the absorption line of Fell in a low-lying
metastable state. The subsequent extremely bright fluo-
rescence on UV Fell lines ensures an effective radiative
cooling of the blob.

To conclude this brief consideration of the evolution
of the spectrum and intensity of the Ly« radiation, let us
emphasize that Lya has a very high optical density, so
that one should take into account the diffusive frequency
redistribution far in the Lorentz wings. At the same time
the transfer of the UV Fell radiation (considered in Sect. 5
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Fig. 3. Energy levels and quantum transitions in Fell relevant to the anomalous UV Fell spectral lines.

below) takes place at a more moderate optical density
7(UVFell) < 2 x 102, so that the Lorentz wings take no
part in the evolution of the intensity and spectrum of UV
Fell. This remark is specially made to avoid confusion
between similar designations for the two different spectral
lines, because in both cases (for the Ly« and the UV Fell
line) the transfer of radiation in an optically dense medium
plays an important part.

3. Anomalous intensity ratio between the UV Fell
lines and their satellites

A schematic diagram of the Fell quantum states, radiative
transitions, and notations involved in the present problem
is shown in Fig. 3. The low-lying metastable state a*D7 /2
(m-state) with the energy F,, = 0.99 eV is one of the
low-lying metastable states in Fell. The wavelength of the
broad HLy« line coincides with that of the absorption
lines a4D7/2 — 5p6F9/2, 4p4G9/2 (m — 2 allowed transi-
tion). The radiative transitions from levels 2 down to the
long-lived states C4F9/2, C4F7/2 (2 — 1 transitions) in-
clude two strong lines (A and C), which terminate on the

c*F, /2 level, and two weak lines (b and d), which termi-
nate on the c*Fy /2 level. These spectral lines have anoma-
lous intensities.

For illustration, we present in Fig. 4 spectra from
blob B of the UV lines observed with the Hubble Space
Telescope (HST) and synthetic spectra based on labora-
tory intensities (Johansson & Zethson 1999). As can be
seen, the weak satellite lines (b and d) practically van-
ish in the spectra of blob B. The simultaneous spectral-
selective attenuation of two close spectral lines seems to
have an extremely small probability. On the other hand,
the anomalous intensity ratio observed between the strong
UV spectral lines and their satellites (left-hand part of
Fig. 4) can potentially be explained by amplification as
a result of stimulated 2 — 1 transitions (Johansson et al.
1996). It is possible if the stimulated emission rate W5i-e™-
is higher than the stimulated absorption rate W{5abs

12
Wapem > Wige (7)
i.e., in the case of population inversion:
N. N
22 (18)

g2 g1
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Fe I1 2507 & 2509 A in the Weigelt blobs

-11 | 2a
4-10 5p°ES ] — 4p*G,,
b
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3 ‘1 O ___anomalous
weak strong lines
lines{
=
-11 4 \ . 4
E 210 B ¢ Fys b B
Aa =2506.80 A
Ly = 2504.89 A
-11 o d
1-10 F he=250834 A
Na = 2506.40 A b
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1 1
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EXPECTED from LAB
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2508 2510 2512

Wavelength (1&)

Fig. 4. UV Fell spectral lines (A, C) and their satellites (b, d) observed in blob B (solid line) of n Car and relative intensities
expected from laboratory data (dashed lines) (according to atomic data in Johansson & Zethson 1999).

The lower states 1 have long lifetimes with a decay rate of
Az ~0.7x10% s~ (Kurucz 1988), but the upper states 2
(5p°Fy /2 and 4pGyg/y) have short life times and fast de-
cays with Ap; ~ 108 s~ typical for allowed transitions.
This means that under steady-state conditions (on a time
scale of >1078 s) amplification is only possible in the case

of fast depletion of the lower states 1 with the rate Wdlep :

Wiep = Az1 =2 108571 (19)

We can consider the following two very fast depopulation
alternatives:

(1) An accidental coincidence of some bright lines with
an unknown absorption line from state 2, and the oc-
currence of an accidental coincidence of HLya with the
m — 2 transition in Fell. The probability of an accidental
wavelength coincidence for two pairs of lines is extremely
low.

(2) Photoionization of Fell in the long-lived state 1 by
VUV black body radiation (BBR) with hv > 9.94 ¢V and
trapped Ly« emission with hrv = 10.2 eV generated inside
the blob (due to photoionization of HI by absorption of
photons with hv > 13.6 eV) with the rate Wpl}‘l > Aoy in
accordance with the requirement in Eq. (19).

As shown in our preceding work (Johansson & Letokhov
2001b), WI}I‘I can exceed the decay rate of the lower level 1,
but it is smaller by several orders of magnitude than the
value required by Eq. (19). Nevertheless, this process is
potentially important in reducing the accumulation of Fell
in the long-lived state 1 and hence the optical density 712
of the anomalous transition 1 — 2.

4. The effect of different resonance scattering
lengths in optically dense media in the
presence of nonresonant absorption

An essential result of the discussion in (Johansson &
Letokhov 2001b) is the possible evidence for a (in the case
of bright UV lines) significant optical density, m12 > 1,
for UV transitions terminating on long-lived states. A
second important feature is the physical difference be-
tween the strong and weak pairs of UV lines, namely, that
they terminate on different fine-structure levels (!), which
we have denoted as levels 1. Under laboratory conditions
(optically thin, non-absorbing media), the intensity ratio
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Fig. 5. Qualitative explanation of the intensity variation for the pair of a strong (A) and a weak (b) spectral line due to radiative
transfer from the centre (r = 0) to the surface (r = D/2) of the blob. The line intensities are normalized to the laboratory
values. The same explanation is also valid for the another pair of strong (C) and weak (d) lines.

between, for example, transition A (2a— 1b) and transi-
tion b (2a— 1la) is:

Lab. _ A2a—1b Noa  Asa—1p

(In/I)"* = REh =

A2a~>1a NQa A2a~>1a (20)
i.e., equal to the ratio between the Einstein coefficients A
for the corresponding transitions.

Under blob conditions, we should take into account
the possible difference in optical pathway for photons as-
sociated with different transitions as a result of a possible
difference in the mean resonance scattering lengths in op-
tically thick media (T12 > 1). The resulting difference in
attenuation, K., in the presence of weak nonresonant
(continuous) absorption

KAP ~ exp (—kaps < Lap >), (21)

where K.ps is the nonresonance absorption coefficient
(em™1), Ly and L; are the optical pathways of pho-
tons with different resonance scattering coefficients, 2
and k2, or different resonance scattering with mean free

paths (/%) and (¢5.). In the diffusion approximation
(< i >< D)

2

where D is the distance from the emitting source to the
boundary of the medium (in our case, it is the size of
the diameter of the blob), the resonance scattering co-
efficients are determined by the populations of the lower
states (No < Ni), and the corresponding cross-sections
or optical densities 75 of the transitions are given by

Ab 2
SCD7

<LA,b> ~ = K

(22)

A g2a
Kge = N1b01b—2a = N1b02a—1b=— X T1b—2a (23)

1b

and

(24)

b 92a
Rge = NiaO1a—2a = NlaUQa—lag X T1a—2a-
la

According to Egs. (21) and (22), the intensity ratios of the
blob lines should be

I _ (™ raep? et et
I, I, '

Thus, in the presence of nonresonant absorption (Kabs 7#
0) the difference between the resonance scattering lengths
1/k% and 1/kb, for different spectral lines will lead to a
difference between the blob and laboratory intensity ra-
tios. In Fig. 5 we have plotted the intensities of lines A
and b (normalized to laboratory values) as subject to ra-
diative transfer from the center of the blob (r = 0) to its
surface (r = D/2). (Note that the label on the vertical
axis in a similar figure in our previous work (Johansson &
Letokhov 2001a) is incorrect.)

The effect of nonresonant absorption of the flux of
emission lines having different optical path lengths in a
resonance-scattering medium of large optical thickness
was considered long ago (Hummer 1968). We have, in
essence, rediscovered this effect when trying to find an
explanation for the anomalous behavior of the intensities
of two pairs of close spectral lines. The qualitative picture
above does not take into account the Doppler frequency
shift caused by resonance scattering by moving Fell ions.
Actually the frequency-shifted photons can escape from
the blob at the depth resc <« D. This effect will limit
the optical pathways (L v,c,q4) for trapped spectral lines
(Adams 1972; Harrington 1973; Hummer & Kunasz 1980).
Hummer (1968) investigated in detail the special functions
arising in radiative transfer due to nonresonance scatter-
ing and the numerical solution of the transport equation

(25)
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for the case of scattering with complete frequency redistri-
bution. Subject to consideration in Hummer’s work (1968)
was radiative transfer in a plane-parallel layer with radi-
ation sources both in a line spectrum and in a continuous
spectrum. In addition, the source of the line radiation in
Hummer’s work contained some part due to the absorp-
tion of photons as a result of electron collisions with the
excited atom. The radiative transfer process in a medium
with non-resonant absorption in the case of partial fre-
quency redistribution was investigated both numerically
and asymptotically in (Hummer & Kunasz 1980; Frisch
1980), where effective scaling laws were found for the case
of small absorption coefficients and large optical thick-
nesses of the layer.

In the present work, the transport equations have a
somewhat different form, because the only source of radi-
ation in the UV lines is the spontaneous emission of the
Fell ions excited by the wide-band Ly« radiation at dif-
ferent wavelength. Furthermore, the optical thickness 7o,
of the 1 — 2 transition, which is responsible for the in-
tense UV radiation, is substantial (7, > 1) (Johansson &
Letokhov 2001b), but not so great that it is necessary to
take into account the scattering in the Lorentzian wings,
i.e. the parameter ary, < 1, where the damping parameter
a = Atyad/Avpepp for the Fell lines of interest. And fi-
nally, the geometry of the passive region of blob B exposed
to the Lya radiation is more spherical than plane, even
though it is a convenient assumption to simplify the calcu-
lations. Thus, for the present problem with the anomalous
Fe 1II lines it would be desirable to calculate the radiative
transfer in an optically dense medium featuring nonreso-
nant absorption in a spherical geometry.

5. The change in intensity of optically thick UV
Fell lines in the presence of weak nonresonant
absorption (a Spherical Blob)

Let us consider a gas cloud (or blob) model in the form of
a spherical region of radius R, which contains Fell ions,
which, all over the volume of the region, are subject to
homogeneous excitation within the limits of the Doppler
profile and, hence, emit spontaneously within the limits of
the Doppler line width. The optical thickness of the region,
with reference to the line center of the 1 — 2 transition,
™ = KeR (notation in Johansson & Letokhov 2001b),
will vary over the range 107! ... 102, where kg = 012NV; is
the coefficient of resonance scattering per unit length, 77,
is the radiative transition cross section with reference to
the line center, and Ny is the concentration of the Fell ions
in the state 1. The coefficient of nonresonant (continuous)
absorption per unit length, x.ps, will vary relative to ks
within the limits of 8 = kabs/ksc = 0...0.1. Thus, at
high § and ks R values (kscRG3 > 1) nonresonant absorp-
tion per unit physical size is high, but where ks RS < 1
nonresonant absorption can be substantial only for a re-
peated scattering of radiation, which increases the optical
path length.

Origin of anomalous Fe II lines

5.1. Basic radiation transport equations

The equation for steady-state radiation intensity J, in-
side a blob at the frequency w with a spherical scattering
diagram has the form (Sobolev 1949a)

(Q -V + Kge (w) + fiabs) Ju (7‘, Q) =

o dw'p (w,w") Ksc (W) / Jor (r, Q) dQ + I (w) (26)
T

where the spontaneous emission intensity of Fell at level
2 is described by the term

A 1
A P mE

and the normalization corresponds to the radiation den-
sity (in photons/cm3). In this equation, J,, (7, Q) dwdrdQ2
is the number of photons contained in the volume dr, hav-
ing their frequencies in the interval dw and moving within
the limits of the solid angle dQ2. The factor p (w,w’) is the
probability that a photon of frequency w will be emitted
after the atom has interacted with a photon of frequency
w’, Q is the unit vector of the photon motion direction,
and kg (w) and Kaps are the coefficients of resonance scat-
tering and nonresonant absorption per unit length at the
frequency w. In the subsequent discussion we assume that
the frequency dependence of the scattering coefficient is
due to the Maxwellian atomic velocity distribution and
has the form

2
Rsc (W) = Rgc €XP <%> )

Here we use the Doppler width definition, which is adopted

in the astrophysical literature (Mihalas 1978). This defi-
—1/2

Iy (w) = (27)

Lo wow) 5

Aoon (28)

nition differs only by a factor of (41n2) from the
definition used in optical spectroscopy (Svelto 1989).

The transport Eq. (26) differs from the commonly used
one in two aspects. Firstly, intending to describe radiation
in spherical blobs, we consider a three-dimensional, spher-
ically symmetric problem, whereas it is usually a two-
dimensional, plane problem that is subject to considera-
tion. Secondly, we assume that the frequency dependence
of the radiation source, Iy (w), is defined by the Doppler
profile.

Since the optical thickness we consider for the 1 — 2
UV transition in Fell is not very large (7tha < 1), scatter-
ing takes place inside the Doppler core (Mihalas 1978). In
that case, photon scattering is completely noncoherent,
i.e., the scattering probability p(w,w’) has the following
form:

p(w,w') = Akge (W) . (29)

In this approximation, Eq. (7) adopts the form

(Q -V 4 Kge ( ) + fiabs) Jw (7‘, Q) K‘SC (w)

x(/dw'nse /waerQJr WO> (30)
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Equation (30) describes the transfer of UV radiation inside
the blob. To fully formulate the problem, it is necessary to
specify the boundary conditions at the edge of the blob,
which assumes no incoming flux into the blob. However, it
seems to be more convenient to formulate the problem in
another way, where we assume that radiation propagates
in an infinite space, but scattering occurs only at r <
R. One can easily see that also in this case there is no
incoming flux on the surface of the blob, and by virtue of
that fact, the solutions of the different approaches to the
same problem coincide inside the blob. Thus, we have to
solve the equation

(2 V 4+ ks (W) + Kabs) Jw (1,2) =
ﬁrnsc () (f dw'kse (W) [ Jur (7, 2)dQ2 + 1 Wo) r<R
0, r>R

(31)

If we do not consider the distribution of photons over
the propagation directions, we then can exclude from
Eq. (31) the dependence on the variable €2. This can
be achieved by taking the Fourier transform in terms
of spatial coordinates and then averaging over propaga-
tion directions. As a result, we obtain the following inte-
gral equation for the spectral density of photons in space,
J(r,w) = [dQJ, (r,Q):

e—(nsc(w)+nabd)

r—r/|

X
—
—
o,
E\
&
a
G
<

(r’,w’) -+ %Wo} . (32)

As already noted, this equation correctly describes the
true photon density inside the blob only. In the case of
spherical symmetry of the problem, Eq. (32) may be re-
duced to the form (Sobolev 1949b):

R

= e / ' By (|1 —7'] (Rse (W) 4 Kabs))

)
X (/ dwkise (W) J(r',w') + %Wo) dr’ (33)

where E} is the integral exponential function (Abramovitz
1964).

For the total photon density in space,
J dw'kge (w') J(r,w') , we have from Eq. (33)

R
rJ*(r) = é /r’ (J*(r’) + %W()) dr’
R

J*(r) =

X / dwrZ, (w) By (|1 = 7'| (Kse (W) + Kabs)) . (34)

Introducing the effective photon density (resonance-line
source function)

Q(r)=r (J*(r) + EWO) (35)
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we may represent the final integral equation in the form

= [ QU)arK(r =)+ ro0 (36)
“R
where
Kl =)= 3 [ dord () B (r = ] (5 ) + v

(37)
and —R < 7,7 <R.
Given the solution of Eq. (37), we can find the spectral
photon density J(r,w) and the total photon density P(r)
at any point inside the blob:

rd(r,w) = An%(w)
R
x / By (17 — 1] (se (@) + Fabs) Q () dr’ (38)
“R
A R
P(r) = /de r,w) =5 /Q
—R
[ i @) B (=] (e )+ ae)) - (39)
At the edge of the blob (r = R) we have
J(R,w) = L;}f”)
R
x / By (1R — 1] (ee () + b)) Q () A’ (40)
“R
P(R):/de LW 2R/Q
X /dw’ﬁsc (W) E1 (|JR— 7| (Kse (W) + Kabs)) - (41)

5.2. Numerical solution of the integral equation

The integral equation (Eq. (26)) can be solved either
numerically or by the approximate analytical methods
(Sobolev 1949a; Ivanov 1973). In this work, we solve this
integral equation numerically, as we are interested in the
radiation characteristics at a wide variety of values of
the scattering, absorption, etc. parameters, and analyt-
ical solutions are usually applicable only within limited
parameter regions. The dimensionless form of Eq. (36) is
as follows:

1
~ A

Q) = 3= [ @
d¢a® () 1 (o —a/| R (9)) +=.

X

\8

(42)

where —1 < 7,2’ < 1.
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When obtaining Egs. (36) to (42
the following notations:

), we have introduced

Q(I) = C.Z?Vi;:))’ = %7/\ = KRR
RO =Aa©) + 8.0 =exr (-5 ) (13)

The integral transport Eq. (42) is often solved by ap-
proximating the kernel with a set of exponents (Avrett
& Hummer 1965). This approach, however, imposes re-
strictions upon the form of the right-hand side of Eq. (26)
and fails to describe the singular character of the kernel
adequately enough.

In the present work, we use the Galerkin method
(Kalitkin 1978) and expand the solution Q(x) of Eq. (42)

into a trigonometric series:

Qx) = ax + Z Ym SIn TN (44)

m=1

The choice of expansion (28) is due to the odd character
of Q(z) and the fact that Q(£1) # 0 at the boundaries of
the region. Substituting expression (28) into (21), we get
an infinite set of linear equations for yy:

=S Ay = by — 2 (;;) (1-a) (45)
where
AT,
A = 7= 4 A€0? (€) Gy (€) (46)
AT,
bm_;@iéd@”ﬂﬂﬁg) (47)

and

1
/dxdx’ sin mmz sin wna’ By (|a: —2'|A (f))
1

l\D|H

(48)

1
H,, (&) = % /dxdx’ 2/ sinmma By (|:E — '] [\(f)) . (49)
21

The integrals G,,, and H,, can be expressed in terms of
integral exponential functions of complex variable:

St (3 (i)

o = L
+ (El ( )+ 27rm)) } +(men)

™n

(2A(9)

(50)
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Fig. 6. Source function Q(z) at 712 = kscR = 100, and 8 =
Kabs/Ksc = 0.001.
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2,2
2 m™n —2A 1
—l—ﬂ'n—7~2 5 2(1—6 (5)) - =3
A2 (&) +71%n TN

X {E1 (QA (g)) — R ((1 — i) By (2[\ €) + 27Tni))}

Gnn =

(51)
= (71)’”( — In 7T27L2 T arctan (E)
Ho = { 1 (H[p (5)) + ¢
2n  7wn? Y 72n? (-1)"
7 g (o) M@} ")
X {E1 (2A (g)) R ((1 — i) By (2]\ (€) + QW))}
(52)

The analytical calculation of integrals (50)—(52) in terms
of coordinates allows one to avoid the difficulties associ-
ated with the singular character of the kernel. The inte-
grals in terms of the dimensionless frequency £ are com-
puted numerically. The infinite system (45) can be reduced
to a finite-dimensional one by simply eliminating the
higher harmonics. In our numerical computations, we in-
cluded up to 700 harmonics. In doing so, we determined
the parameter « in this system so as to minimize oscilla-
tions at the point = 0. The absence of oscillations cor-
responded to the optimum choice of & = Q (1). With the
parameter o determined in this way, the Fourier series was
summed by the Fejer method (Courant & Hilbert 1962).
As a result, we obtained a smooth solution of Eq. (42).
Figure 6 shows the solution of Eq. (42) at typical param-
eter values (A = 100, 5 = 0.001).

With integral Eq. (42) solved, the spectral radiation
density and photon density were found by direct numerical
integration in accordance with expressions (38)—(41).
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Fig. 7. Spectral radiation density at the center of the blob,
J(r = 0,w), as a function of the optical density in the absence
of nonresonance absorption (112 = kscR = 0.5...200, 8 =
Kabs/kse = 0.000), normalized to the spectral density value at
the center of the blob in the absence of scattering.

To answer the question about the effect of continuous
absorption on the intensity of the spectral line observed, it
is sufficient to calculate the dependence of the spectrum-
integrated radiation intensity at the boundary of the
spherical region on the parameters ks R and § = Kabs/Ksc-
We will, however, present a much greater mass of numeri-
cal data obtained, for they may also prove to be of interest
in understanding the origin and evolution of spectral lines
inside the blob.

Figures 7 and 8 present the dependences of the spectral
radiation density at the center of the spherical blob on the
transition frequency and optical density T2 = ks R at var-
ious values of the nonresonance absorption 3 = Kabs/Ksc-

It can be seen from these figures that when absorption
is absent (3 = 0) (Fig. 7), the line both broadens mono-
tonically and increases in intensity as the optical density
grows higher. When absorption is nonzero (Fig. 8), the line
broadens with increasing optical density, but its intensity
reaches a maximum and then decreases. As absorption
grows higher (Fig. 8), the line intensity already starts di-
minishing at low optical density values. Such a behavior
of both the broadening of the line and the reduction of its
intensity with increasing absorption is quite understand-
able: the line broadening is associated with non-coherent
scattering in each scattering event, whereas the reduction
of the line intensity at the center of the blob is due to the
fact that the photons, which formerly came to the cen-
ter of the blob from its intermediate layers, can no longer
reach the center because of absorption.

Figures 9 and 10 present the dependences of the spec-
tral radiation density at the edge of the blob on the fre-
quency w and optical density 72 at various nonresonance
absorption cross section values. It can be seen from these
figures that at low absorption values and sufficiently high
T12 values there is the formation of the well-known doublet
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line structure (Figs. 9, 10a), which vanishes as absorption
grows higher (Figs. 10b, ¢, and d). This is explained quite
naturally: only those photons can reach the boundary of
the blob which come from inside the thin layer next to its
surface, wherein the number of scattering events is small
and so is, accordingly, the spectral diffusion effect.

Figure 11 illustrates the dependence of the total pho-
ton density (normalized to the photon density in the ab-
sence of scattering) at the center of the blob on the scat-
tering cross section and blob radius at various absorption
coefficients. It can be seen that even here, as in the case
of spectral radiation density, the photon density in the
absence of absorption increases in a monotonic fashion
as a result of the diffusive confinement effect. At nonzero
absorption values the photon density first grows slightly
higher and then decreases substantially.

A similar situation is also obtained for the photon den-
sity on the surface of the blob, which governs the line
intensity observed (Fig. 12). In this case, however, even
in the absence of absorption, the photon density slowly
tends to 1, i.e., the photon density on the surface of the
major blob in the absence of scattering, following a slight
increase. The most important feature of Fig. 12 is the fact
that the photon density rapidly drops with increasing ab-
sorption coefficient as a result of the optical path length
growing longer in the absorbing medium.

6. Applications of anomalous UV Fell lines
in n Carinae

From the qualitative standpoint, the main result of this
computer consideration of Eqgs. (43), (46), and (47), which
are presented in Fig. 12, is as follows: the change of the at-
tenuation coefficients of two lines is inversely proportional
to the resonance scattering coefficients (see the asymp-
totes for ks R < 1 in Fig. 12). This asymptotic behaviour
can be approximated by the simple expression giving the
intensity ratio between the blob lines A and b on the
surface of the blob:

I (s
Ib HSAC

Using a more detailed notation for the anomalous spectral
lines and the corresponding quantum transitions and en-
ergy levels (Fig. 13), one can estimate the ratio between
the resonance scattering coefficients:

(53)

A
Kie _ Tib—2a _ V1a 01a—2a
Kb Tia—2a  NVib O1b—2a

_ <N1b) <A2a—1b) (gla/92a>
-\ V1w ) \42a-1a ) \91b/02a
-(m) )G

~ \Tw/) \Aza—1n ) \ g1

(54)
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Fig. 8. Spectral radiation density at the center of nebulae, J(r = 0,w), as a function of the optical density Ti2 (Ti2 = ksc R =
0.5...200) at various nonresonance absorption coefficients ( 3 = Kabs/Ksc), normalized to the spectral density value at the
center of the nebula in the absence of scattering: a) 8 = 0.001; b) 8 = 0.005; ¢) 8 =0.01;d) 8 =0.1.

Using the asymptotic ratio (53), we can obtain the follow-
ing expression for the blob and laboratory line intensity
ratios:

I_A)blObN (&> <T1a) (I_A)Lab‘.
Iy ~ \gn /) \Twp I

A similar expression can also be obtained for the (C,d)
pair of UV Fell lines:

Ic)blob N (gm) (Tla) (IC)Lab.
I4 ~ \gwn/ \Twp I4

The model considered above for the difference in atten-
uation between spectral lines in resonance-scattering and
nonresonance-absorbing media requires that the difference
between the lifetimes 71, and T3y, of the low-lying lev-
els (1a) and (1b) (or ¢*Fg/5 and ¢*F7 /5 according to the
present identification of Fell levels) should be substantial:

(55)

(56)

Tia > Thp. (57)

It is only in this case that the weak (in lab.) lines are be-
coming more strongly attenuated in the blob than their
strong counterparts. This requirement contradicts the ex-
isting data on the lifetimes of the lower levels: Ty, =
1.35 ms, T1p, = 1.6 ms (Kurucz 1988).
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Fig. 9. Spectral radiation density at the edge of the nebula,
J(r = R,w) , as a function of the optical density Ti2 = ke R
in the absence of nonresonance absorption (8 = 0), normalized
to the spectral density value at the edge of the nebula in the

absence of scattering.

To fulfill the requirement, we should consider the pos-
sibility of the photoionization depopulation of the lower
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Fig. 11. Total photon density at the center of the nebula as a
function of the optical density 712 at various continuous absorp-
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levels by the Lya radiation (Johansson & Letokhov
2001b). The rate of this process is too low to provide for
any population inversion, but is quite sufficient to provide
for the depopulation of the lower levels at a rate much
higher than the radiative decay rate 1/T;. According to
Johansson & Letokhov (2001b), for the effective temper-
ature of Lya, Ter(Lya) ~ 10000 K, the resonance en-
hancement of the photoionization cross-section can pro-
vide for the depopulation of the lower states at a rate
of W) > 1/T1. Tt is most important that the narrow
resonances of the photoionization cross-sections of Fe II
(Nahar & Pradhan 1994) and the energy difference be-
tween the levels C4F7/2 and C4F9/2 (Fig. 4, AE = 30cm™1)
must provide for the preferable depopulation of the c*F5 /2
state (1b) and the resulting weaker absorption of the A
and C ultraviolet lines. According to (38), it is necessary
that the JPI)L ratio should be

U;E,i Iy blob Ir lab
w=(n) (%) =»

g b b

which can be proved by precise calculations similar to

those reported in (Nahar & Pradhan 1994) in the range

slightly above the ionization limit of Fell. The require-

ment in Eq. (58) is rahter unusual for photoionization of

levels belonging to the same LS term of an electron con-
figuration. Perhaps, this contradiction can be overcome

(58)
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in the frame of plausible photodepletion of the c¢*F lev-
els by relatively narrow autoionization levels (Johansson
& Letokhov 2001b, Fig. 9). However, this is subject to
more detailed and elaborative atomic structure calcula-
tions and/or experiments, which are out of the scope of
the present paper.

The estimates in Eq. (58) require the following value
of Kabs(UV):

(UV)

Fype | = (1072-1071)K{IYV). (59)

This requirement must be compatible with the need for
the Lya photons to be scattered many times, 79 ~ 107,
prior to their decay (Johansson & Letokhov 2001b) to
provide for a substantial diffusive broadening of the Ly«
spectrum. The most suitable non-resonance absorption
mechanism is the photoionization absorption of He I to
long-lived metastable states that are known to accumulate
in the passive HI region during the Hel/Hell/He*I pho-
toionization/recombination cycle under the effect of the
shorter-wavelength EUV radiation from the central star
(Ambartzumian 1939). Let us assume that the continu-
ous absorption coefficients k.ps are of the same order of
magnitude for Lya and UV Fell photons, i.e. Kaps(Lya).
It follows from these crude estimates that the ratio be-
tween the resonance scattering coefficients for these two
wavelengths is

kse(Lya) — Nur oo(Lya)  Nur Nren oo(Lya)

ksc(UV) — Nijyo12(Fell)  Npert Ny o12(Fell)

, (60)

where Ny; and Nge are the hydrogen and iron concen-
trations in the blob, respectively. The factor Ni.j is the
concentration of Fell ions in the long-lived state 1 (c*F),
which governs the optical density of the 1 — 2 transition
and the value is, according to the estimates presented in
Johansson & Letokhov (2001b), Ni.; ~ 3 x 1073 NZy,
where m is the metastable state. If we take the standard
estimate for Npp/Nper1 =~ 10%, we get from relation (60)

Fse(Lya) 2 3 x 10%ks(UV), (61)
and so requirement (59) corresponds to
Kabs(Lya) 2 Kabs(UV) =3 (1077=10"%)kec(Ly,).  (62)

Such a weak absorption of the Lya photons with their
short scattering length is known to provide for the neces-
sary number of their scattering events, 79 ~ 107.

7. Conclusion

Within the framework of the qualitative model presented
here, which is a natural development of the general model
presented in (Johansson & Letokhov 2001a), the anoma-
lous intensity ratio between the close UV Fell spectral
lines of a gas condensation (blob B) in the vicinity of the
star n Carinae can be explained without the need to intro-
duce stimulated amplification. The model can further be
verified by numerical calculatiions of narrow (a few tens
or hundreds of cm™!) resonances of the photoionization
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of the Fell ion from the quantum states C4F7/2,9/2 near
their photoionization limit. Finally, this work confirms the
importance of the calculations by Hummer (1968) of the
effect of continuous absorption on the observed intensity
ratio between spectral lines in nebulae. Obviously, to cre-
ate a quantitative model of the photoprocesses occurring
in the gas condensations in the vicinity of n Car, it is
necessary to compute the resonance transfer of the Ly«
radiation from the highly ionized HII region to the weakly
ionized, optically denser HI region precisely in the inho-
mogeneous transition layer, i.e., in the neighborhood of
the boundary of the Strémgren sphere.
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