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ABSTRACT 
A statistical equilibrium analysis for the selective excitation of AA4063, 4132 of Fe i shows : (a) selective excita- 

tion by Ca ii or He can reproduce the line intensities observed in T Tauri stars; (b) when enhanced AA4063, 4132 
emission is observed, an upper limit on the electron density and/or hydrogen density as a function of distance 
from the star is obtained ; (c) it is sometimes also possible to obtain an upper limit on the local gas kinetic tem- 
perature and a lower limit on the hydrogen density divided by the dilution factor W. Upper limits obtained for 
RW Aurigae are: NeIW < 1016 and N^W < 1016 if H n/H i < 0.1, for Te = 3000° K. Also, NHIW > 1014 if 
the lines are formed less than 1000 stellar radii from the star. A qualitative model is suggested for RW Aurigae 
where the Fe i lines are formed in an expanding envelope, beyond 10 stellar radii from the central star. Although 
Ca ii H is a stronger emission line than He in some T Tauri stars, considerations of the velocity shifts expected 
for different parts of the envelope indicate that He may be responsible for the selective excitation of AA4063,4132. 
Subject headings: atomic processes — emission-line stars — pre-main-sequence stars 

I. INTRODUCTION 

The Fei emission lines ÀÀ4063, 4132 are enhanced 
in T Tauri stars relative to the other lines of the same 
multiplet (see e.g., Joy 1945). This may be explained 
in terms of a fluorescent mechanism due to the wave- 
length coincidence of the strong Ca n H and He emis- 
sion around À3969 with the transition a 3F4-t 

3F3
0 of 

Fei A3969.261 (Herbig 1945). We expect that under 
conditions of sufficiently low electron density and 
temperature the level y3F3° will be strongly over- 
populated, leading to emission in lines originating 
from it (see fig. 1). 

This paper presents a statistical equilibrium analysis 
of this set of lines, with three goals. The first is to see if 
reasonable assumptions for the physical conditions 
will lead to the observed line ratios. This is simply a 
quantitative examination of the fluorescent mechan- 
ism. The second is to determine the effect of several 
parameters on the line ratios observed. Finally, we 
would like to determine the range of conditions for 
which enhanced AA4063, 4132 emission is possible. 
This will enable us to use the observed line ratios to 
obtain limits on the physical conditions. 

II. THE MODEL AND ASSUMPTIONS 

a) The Mechanism and the Model Atom 

A 12-level model Fe i atom with continuum is 
shown in figure 1. Calculations were also made with a 
five-level model atom: levels 1, 2, 3, 10, and 11 on the 
figure. This five-level atom contains the essential 
physics of the mechanism. Level 1 is the lower level of 
the pumped transition A3969. Levels 2 and 3 are the 
lower levels of the observable lines AA4063, 4132, and 
4143. The lines AA4063 and 4132 originate from the 
pumped level 11. Level 10 is not pumped and the line 

* Present address: Erwin W. Fick Observatory, Depart- 
ment of Physics, Iowa State University, Ames, Iowa 50010. 

A4143 which comes from it is thus a suitable 
“comparison” line. 

A comparison of the results of the five-level and 12- 
level calculations shows that the five levels do indeed 
contain the essential physics of the mechanism. Cal- 
culations were also made with a 12-level atom con- 
taining the ground state of Fe i, a 5L>i,2,3,4> instead of 
the levels a 3G4>5 and b 3G4,5. A comparison of 
representative curves obtained from these three model 
atoms showed that the differences are not large enough 
to significantly affect our conclusions—the maximum 
difference was 0.1 in the log, and all features of the 
curves were the same. 

Since the principal transitions we are concerned 
with, those of the five-level model atom, are within a 
single multiplet, uncertainties in the iron /-values 
should have little effect on our results. In fact, com- 
putations made with g/values differing by a factor of 
3 gave identical results. 

Two line ratios will be considered: A4063/A4143 for 
the five-level atom, and in addition A4063/A4005 for 
the 12-level atoms. The ratio A4063/A4143 indicates the 
relative populations of levels 10 and 11; A4063/A4005 
indicates the relative populations of levels 11 and 12. 
These two line ratios thus represent two possible con- 
figurations: (1) a comparison line originating from a 
level below the overpopulated level and (2) a compari- 
son line originating from a level above the over- 
populated level. The results show that these two line 
ratios can behave quite differently (see § Ilia). 

b) The Fine-Structure Transitions 

Preliminary calculations showed that collisional 
transitions between fine-structure levels are important 
in determining when enhanced AA4063, 4132 emission 
will occur. As was pointed out by Bahcall and Wolf 
(1968) collisions with protons and with neutral atoms 
are more important for fine-structure transitions in 
neutral atoms than are electronic collisions. 
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Fig. 1.—The model atom. The numbers 1-12 on the right refer to the 12-level model atom. The five-level model consists of 
levels 1, 2, 3,10, and 11 of the 12-level atom. The dotted line is the pumped transition A3969. 

The relevant averaged cross-sections times velocity 
for neutral iron are (i) for electronic collisions: 

<ap)e ^ lO"10 forT^ 105 ° K , (1) 

estimated from the calculations of Breig and Lin 
(1966) for neutral oxygen; (ii) for collisions with 
protons: 

no-^r3,2P0'if r < io4 ° k , 
<<w>p- J \A£y 

[2.5 x 10~8P(i^f) ifr>105OK, 
(2) 

from Bahcall and Wolf (1968). 
These relations should be valid to within a factor of 

2, with P(i —>f) given by Bahcall and Wolf (1968, 
eqs. [48]-[52]); and (iii) for collisions with neutral 
hydrogen atoms : 

OpV - 2 x IO"9 (77100)1/6P(/->/), (3) 

again from Bahcall and Wolf. The factor is 
the probability the ion goes from the state i to the state 
/ after a strong collision. The assumption that after a 
strong collision the states will be populated according 
to their degeneracies gives 

P(i->f) ~ gr/^gi- (4) 

Bahcall and Wolf also give equations for P(i->f) 
for the low-temperature {T < 103 0 K) limit, where 
equation (4) no longer holds. 

For neutral iron for the transition between our levels 
(2) and (1) we find <crp)H > <o-p>p in the temperature 
range of interest, so that unless the hydrogen is mostly 
ionized we need only worry about collisions with 
neutral hydrogen atoms. This is very fortunate, since 
it means that we do not have to know the details of the 
ionization equilibrium as long as H 11/H 1 ^ 0.1. For 
RW Aur this must certainly be the case, because the 
fluorescent iron lines must be formed in a region with 
neutral iron. 

Figure 2 shows the results of calculations done with 
NeINK ranging from 1 to 10_4. For Ae/AH ^ 1 elec- 
tron collisional excitation of permitted transitions 
determine the high-density section of the curve, but 
for NeINn « 1 fine-structure transitions by collision 
with neutral hydrogen atoms are dominant at all 
densities. 

The remainder of the calculations of this paper were 
done with NeINK = 0.01, corresponding to the hydro- 
gen being 1 percent ionized. The conclusions resulting 
are valid for hydrogen between 0 and 10 percent 
ionized. Both collisions with protons and collisions 
with neutral hydrogen were included in the calcula- 
tions, although proton collisions had no significant 
effect on the results. 
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No. 1, 1974 Fe i FLUORESCENCE IN T TAURI STARS 145 

Fig. 2.—(a) and (b). Results for different ionization equilibria, represented by different values of NeINu. The observed values of 
the line ratios, from Gahm (1970), are shown by horizontal arrows. NH = 1014 is marked for each curve; this is the lower limit on 
Ah for all NeINu shown. 

c) The Model 
Details of the radiative transfer in the lines have not 

been included in this preliminary analysis. The lines 
ÀÀ4063 and 4132 both originate from the pumped 
level 11 ; if the lines are optically thin, the ratio of 
intensities of these two lines must be approximately 
equal to the ratio of their ,4-values, 3.7. (For a dis- 
cussion of this test, see Willson 1972). But for the 
three plates of RW Aur measured by Gahm (1970) 
these ratios are between 1.4 and 1.8. Thus it may not 
be reasonable to suppose that for RW Aur these lines 
are optically thin. We can estimate the effect of in- 

creased optical depth in these lines on our results by a 
simple argument. Define ^ by assuming that the 
radiative de-excitation rate is jV' times the collisional 
rate, i.e., 

(5) 
i i 

Then for every jV' absorptions of a photon in one of 
the fluorescent lines there will be a collisional transi- 
tion instead of reemission of another enhanced line. 
This will drive the line intensities toward their LTE 
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values. Under typical conditions is about 10. As the 
density or temperature increases, collisions become 
more important, and Jf decreases. As is discussed in 
detail § III, the statistical equilibrium calculations 
given an upper limit on the densities for which en- 
hanced ÀÀ4063, 4132 emission is expected. The effect 
of increased optical depth on our results is therefore 
to ¿fecreose the upper limit on the electron density. 

Conditions in the vicinity of the Fe i atom may be 
characterized by five parameters. Collisional transi- 
tion rates require knowledge of Ne and Te, the electron 

temperature and density at the position of the iron 
atom. The background radiation field is described by 
T0, a blackbody temperature giving the continuum 
energy distribution. Tr is a similar parameter specifying 
the intensity of the exciting À3969 line. IF is a dilution 
factor, primarily geometric, which is always < 1. We 
assume that the same dilution factor applies to the 
continuum and to the Can H-line; this is true for 
example if W is purely geometric and if the Can 
emission originates close to the star. Tr may be ad- 
justed to compensate for small differences in W. For 

Fig. 3.—(a) and (Jb). The ratios A4063/A4143 and A4063/A4005 as a function of log (Ne!W) for values of IF between 1 and 10-12. 
For W > 10"6, all the important features of the curves remain unchanged as W varies. The line ratios observed in RW Aur are 
indicated by arrows as in fig. 2. 
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Fig. 46 
Fig. 4.—(a) and (b). The ratios A4063/À4143 and A4063/A4005 as a function of log (Nel W) for different values of Te. The observed 

line ratios are indicated by the arrows. 

derivation and discussion of the equations used, see 
Willson (1972). 

The intensity of the exciting A3969 line may be 
characterized in another way : define 

E = EÁ39QQ(Tr)IBÁ39Q9(T0), (6) 

where BA(T) is the Planck function at wavelength A. 
E is the ratio of the intensity in the exciting line to the 
intensity of the underlying continuum, and so is 
directly related to the observed Ca n H or He intensity. 
For very low Ne and Te, we expect the line ratios to 
depend only on the radiative parameters T0 and Tr. In 

fact, they are determined by E alone for a wide range 
of T0 and rr. 

To summarize, our model consists of a five- or 
12-level Fe i atom, located in a gas of electron density 
Ne and temperature Te. Impinging on our atom is a 
radiation field at temperature T0 originating from a 
star which may be some distance away, and so diluted 
by a factor W. The radiation field has a spike of 
intensity equal to E times the continuum intensity at 
3969 À; this coincides with the transition 1-11 in the 
model atom. When radiative transitions dominate, 
level 11 is overpopulated due to pumping from level 
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Fig. 5.—The ratio A4063/A4143 as a function of log (NeIW) for varying T0. Note that the upper limit on NeIW is not very sensi- 
tive to changes in T0. The arrow indicates the line ratio observed for RW Aur. 

1. Photons in the lines ÀA4063, 4132 emitted by tran- 
sitions 11-3 and 11-2 are assumed not to be absorbed 
before escaping the system. 

HI. RESULTS OF THE STATISTICAL EQUILIBRIUM 
CALCULATIONS 

The results of solving the statistical equilibrium 
equations for a variety of conditions are displayed in 
Figures 3-6. The ratio of intensities À4063/À4143 is 
shown as a function of NeIW for various choices of 
T0, Tr, Te, and J¥, and A4063/A4005 is shown as a 

function of NJW for different values of Te and W, 
with NPINK = Ne/Nn = 0.01 used throughout. 

Figures 3a and 3b show the line ratios A4063/A4143 
and A4063/A4005 as a function of NJW for values of 
W ranging from 1 to 10~12. It is apparent from figures 
2 and 3 that for a wide range of W, NJW and NJNn 
uniquely determine the line ratio A4063/A4143. The 
low-density behavior of A4063/A4005 is not purely a 
function of Ne¡W only if W < 10 ~6. The high-density 
drop of A4063/A4005 is given by NelW for IF between 
1 and 10-2; for W < 10"4 the dependence is more 
nearly on Ne. These features all represent a balance 

log(Ne/W) 
Fig. 6.—The ratio A4063/A4143 as a function of log (A^/ W) for varying Tr. Note that the upper limit on Nel ¡Vis not very sensitive 

to changes in Tr. The line ratio observed in RW Aur is indicated by an arrow. 
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between collisional rates and radiative rates. For the 
rate equations, see e.g., equation (2) of Willson (1972), 
or Jefferies (1968, p. 125). The collisional rates are 
proportional to Ne (or 7VH). Radiative excitation is 
always proportional to W. Radiative de-excitation is 
proportional to W when (hv/kTW) « 1 ; for fine- 
structure levels, this happens for W > 10 "2. For 
smaller W, radiative de-excitation is approximately 
independent of W, leading to the dependence on Ne 
noted above. 

As was pointed out earlier, the line ratio À4063/ 
À4143 represents the relative populations of the levels 
11 and 10, while À4063/A4005 represents the relative 
populations of 11 and 12. The latter ratio is much less 
enhanced for low densities than is the former, indi- 
cating that level 12 is also highly overpopulated when 
level 11 is. For intermediate densities this ratio in- 
creases, then decreases again to its LTE value. To 
understand this we must consider the populations of 
all the levels at the lowest densities. For low densities 
and W close to 1, levels 2 and 3 may be over-popu- 
lated by several orders of magnitude. The reason for 
this is the strong permitted transitions connecting 2 
and 3 to the highly overpopulated level 11. Level 10, 
on the other hand, is populated mainly by transitions 
from level 2 and the depleted level 1. Thus levels 11 and 
12 are overpopulated relative to level 10 at very low 
densities. 

For intermediate densities, at these relatively low 
temperatures, collisions among the close levels 1, 2, 
and 3 dominate over radiative transitions between 1, 
2, 3, and 10, 11, 12, thus keeping level 12 from being 
overpopulated. Thus as the density increases the 
ratio À4063/À4005 increases. The low-density behavior 
of À4063/À4005 thus represents a balance between 
radiative and collisional transition rates between fine- 
structure levels. Since collisions with neutral hydrogen 
atoms dominate the fine-structure transitions, the fact 
that À4063 is enhanced and À4005 is not gives us a 
lower limit on NK which is of the form NR > 
f{TQ, Tr, Te)W as long as W > 10-6. 

The behavior of the ratio A4063/À4143 as a function 
of density can be simply understood. For very low 
densities, collisional processes do not enter in at all, 
and the ratio is determined by the radiative rates 
alone. Hence the ratio is independent of the density. 
For very high densities, collisional processes dominate 
all transitions, giving LTE values for the line ratio. 
The LTE values depend only on the electron tem- 
perature Te—thus for high densities the ratio is again 
independent of 7Ve. 

At intermediate densities two types of curves occur. 
The first type has a simple drop from the low-density 
(extreme non-LTE, hereafter referred to as ENLTE) 
limit to the LTE value. This is seen for example in 
figure 3a. The second type first rises above the ENLTE 
limiting value, then drops to the LTE value (see fig. 4 
or fig. 5). This second type of curve is readily under- 
stood if we consider in detail which processes domi- 
nate at each point along the curve. Starting from the 
lowest electron densities, we have first the ENLTE 
limit, where radiative processes dominate all transi- 
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tions. Then we have an intermediate density range 
where collisions dominate transitions among the lower 
levels, numbered 1, 2, and 3 in the model (fig. 1). 
Collisions transfer atoms from levels 2 and 3 into the 
lowest level, level 1, which has been depleted by 
pumping to level 11. The transfer makes more atoms 
available for pumping which in turn enables the selec- 
tive excitation to appear more strongly, and so the 
curve rises. Soon, however, collisions begin to domi- 
nate other transitions, and the curve turns down to the 
LTE limit for high densities. 

In the discussion which follows, the term “cutoff 
value” refers to the narrow range of electron densities 
in which the line ratio drops from markedly enhanced 
to its LTE value. 

In figure 4 we see the effect of varying Te, for 
r0 = 6000° K and Tr = 10,000° K. A number of such 
curves were calculated for different T0, rr pairs 
bracketing the conditions expected in T Tauri stars, 
where enhanced AA4063, 4132 emission is observed. 
This particular T0, Tr corresponds to an enhancement 
of the radiation field at A3969 of E = 10. We note that 
varying Te primarily affects the value of Ne where the 
curve cuts off toward LTE, and that for low tempera- 
tures the dependence is quite strong. This is easily 
understood: Te and Ne together determine the magni- 
tude of the collisional excitation and de-excitation 
rates relative to the radiative rates, with the depen- 
dence roughly of the form Ne x exp { — hcjXkT^) for a 
given AH. 

Figure 5 shows the effect of varying r0, and figure 6 
the effect of varying Tr. The enhancement E is indi- 
cated for each curve, and also the observed line ratios. 
E ^ 10 is required for the calculated line ratio to be as 
large or larger than the observed one; £ ^ 10 corre- 
sponds to Tr > 104 0 K if r0 = 6000° K. For both of 
these we note that for a variation in J0 or Tr of 
± 1000° K the cutoff value of Ne is the same within an 
order of magnitude, as long as E is large enough. 
Further, T0 may be estimated from the color of the 
star to well within 1000° K. Tr (or E) is also easily 
estimated from the intensity of the Ca n H-line and 
He. For higher r0, Tr the errors introduced by un- 
certainties in T0 or Tr are even smaller. 

IV. IONIZATION LIMITS 
Since AA4063, 4132 are lines of neutral iron, a 

sufficient number of neutral iron atoms must be 
present if these lines are to be strong. The ionization 
equilibrium thus gives a further limit on the conditions 
allowing enhanced emission. 

Low densities and high temperatures favor Fen 
over Fe I. Therefore we do not expect to find strong 
AA4063, 4132 emission from a gas with high tempera- 
ture or low density. To translate this into quantitative 
limits requires information about the ionization equi- 
librium, and thus must be calculated by detailed con- 
sideration of the dominant mechanisms for ionization 
and recombination. It also requires knowledge of the 
volume of the emission region. Note that although a 
high degree of ionization may produce strong emis- 
sion-line spectra by recombination, the mechanism for 

Fe i FLUORESCENCE IN T TAURI STARS 
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TABLE 1 
Line Intensities and Line Ratios from Gahm 1970 

Plate No. (Gahm) Ca n H Ca n K Fe i A4063 A4143 A4005 A4063/A4143 A4063/A4005 

51     149* 386* 56 4 6* 14 9 
52   overexposed overexposed 48 3 5* 16 10 
S3...........  47* 241* 38 2* 3* 19 13 

* Intensities for these lines were underlined by Gahm, indicating that they were blended or that the continuum was ill defined. 

producing the AÀ4063, 4132 emission requires neutral 
atoms in the ground state. Further limits can be 
placed on the degree of ionization of iron from the 
observed limits on the strength of the recombination 
spectrum relative to the strength of the fluorescent 
lines. Again, quantitative limits require a more 
detailed model than we are considering here. 

V. APPLICATION TO THE CIRCUMSTELLAR ENVELOPES OF 
T TAURI STARS 

The lines AÀ4063, 4132 are among the strongest 
emission lines in the spectra of many T Tauri stars 
(Joy 1945). Gahm (1970) has published a list of line 
intensities in emission and absorption for three plates 
of RW Aur. His intensities for AA4063, 4143, and 4005 
yield the line ratios given in table 1. Since factors not 
included in our analysis, such as absorption and re- 
emission and extra levels, can only diminish the line 
ratios, we conclude that the appropriate values for the 
ratios at the origin of the Fe i emission are 

A4063/A4143 > 15, A4063/A4005 >10. (6) 

Next, we must establish the values of the input 
parameters r0, rr, and re : 

The parameter r0> which describes the shape of the 
continuum emergy distribution, may be estimated in 
several ways. From the “average” spectral type for 
RW Aur, dG5e, we find reff ^ 5500° K and Tcolor - 
6000° K for the visible portion of the spectrum. 
Herbig (1962) lists measurements of RW Aur yielding 
color temperatures between 4000 and 7000° K at 
different phases. 

The UBVRIJHKLM colors of Mendoza (1968) for 
RW Aur can be fitted with T0 - 5000-6000° K, the 
exact value depending on the corrections made for 
contributions to U, B, and V by emission lines. Kuhi 
(1969) estimates that emission lines may introduce 
errors of 10 percent or more in the continuum 
measurements. The underlying spectrum may also 
contain Fe i absorption lines—thus reducing the 
radiation field at the appropriate wavelengths and 
lowering TQ. These effects are difficult to estimate 
without a specific model ; however one source of 
uncertainty for Tq remains larger than these. TQ prob- 
ably varies with time. Without simultaneous measure- 
ments of the Fe i lines and the continuous energy 
distribution, the best we can do is a rough guess. 
T0 ^ 6000° K for RW Aur near maximum is con- 
sistent with all the above measurements, and is used 
here. 

The parameters Tr or E, giving the strength of the 
Ca il H exciting line, can be estimated in two ways. 
First, Gahm’s listed intensities for Ca n H and He, 
about 50-150 in units of flux in 100 mÂ of the con- 
tinuum, indicates an E of at least 10, and more if the 
observed width of the line, ~ 1 Â, is due to the overall 
velocity field of the outflowing gas (see Kuhi 1964). 
With r0 = 6000° K this gives Tr > 10,000° K. There 
is a further check on Tr : if we assume a Tr which is too 
low, the calculated line ratios will lie below the ob- 
served ratios. In order to have the calculated value of 
A4063/A4143 above the observed values of 15-20 we 
must have Tr > 10,000° K—see figure 6. 

None of the conclusions about the circumstellar 
envelope of RW Aur that will be drawn from this 
analysis are very sensitive to T0 and Tr. So estimates of 
T0 = 6000° ± 500° K and Tr > 10,000° K are prob- 
ably sufficient. The electron temperature Te at the 
source of the Fe i emission is more crucial to the upper 
limit on the density, and more difficult to estimate. 

As we saw in § IV, an upper limit on Te may be 
obtained from the requirement that enough neutral 
iron atoms be present. The question of the ionization 
equilibrium in the circumstellar envelopes of T Tauri 
stars is very complicated, and we will not attempt to 
answer it here. T Tauri stars often show an ultraviolet 
excess, whose origin and strength at the ionization 
edge of Fe i is not known. Further, there are indica- 
tions that at least in some T Tauri stars and related 
objects, a substantial fraction of the hydrogen is 
ionized by some unknown process (see e.g., Oster- 
brock 1958; Milkey and Dyck 1973). We shall 
not consider here the complex problems posed by 
hypothetical radiation fields. 

It is important to try to obtain a lower limit on the 
electron temperature, because for low temperatures 
the range of densities permitted becomes very large 
(see figs. 4a and b). Since we do not yet know which 
region is producing the fluorescent lines, we do not 
know Te. In order to progress, we will assume a 
temperature which is reasonable, and proceed to cal- 
culate limits on Ne and NR. Then we will try to deter- 
mine where in the nebula the lines originate. If we can 
determine the local electron temperature in that region 
by any independent means, we can improve our limits 
on the density. 

Schwartz (1973) has measured the intensities of the 
forbidden lines in the nebula surrounding T Tauri. He 
finds for the outer portion of the nebula 7000° K < 
Te < 9000° K. That is too high for this to be the 
region producing the Fe i lines : first because the iron 
will be mostly ionized in this region; and second, 
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because the fluorescent lines are not favored for 
Te > 5000° K (see figs. 4a and b). 

Milkey and Dyck (1973) and Dyck and Milkey 
(1972) fit the continuous spectra of several hotter 
T Tauri-like stars with free-free emission for electron- 
ion encounters. They found Te ^ 3000° K gave the 
best fit in the infrared for a wide range of stellar tem- 
peratures, with at least 10 percent of the hydrogen 
ionized. The UBVRIJHKLM colors of Mendoza (1968) 
for RW Aur may be fitted in the same way. Assuming 
free-free emission in a large shell to account for at 
least part of the infrared excess yields Te ~ 3000° K. 
However this assumption is questionable for the cooler 
T Tauri stars. Schwartz’s measurements of Ha and H/3 
fluxes in TTau gave an emission measure Ne

2V = 
2 x 1056 cm“3, in agreement with the density and 
size of the ionized circumstellar envelope Kuhi used to 
fit the emission line profiles. Using equation (10) of 
Dyck and Milkey (1972), we can estimate the emission 
measure from Mendoza’s (1968) infrared measure- 
ments for RW Aur and from Schwartz’s (1973) 
measurements for TTau. If free-free emission at 
Te ~ 8000° K is to account for the infrared excess of 
these atoms, Ne

2V > 1058 cm"3 is required. This is 
much larger than was found from the hydrogen lines. 
Thus most of the infrared excess in these cooler stars 
is probably produced by dust with T ^ 3000° K. 

Since the neutral iron producing the fluorescent 
lines probably resides in a cool part of the nebula, we 
will estimate Te to be ^ 3000° K. After we have 
established where the Fe i lines are formed, we can 
improve this estimate and our limits on Ne and NK. 

From the calculations for the two line ratios for 
RW Aur, using Te = 3000° K, we find NJW ^ lO16 

if hydrogen is more than 10 percent ionized and 
NnlW ^ 1016 if hydrogen is less than 10 percent 
ionized—see figures 2 and 3. We also find N^/W > 
1014 if W > 10 "6, for all values of NeINK tested. To 
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translate these into limits on Ne or we must know 
W, i.e., we must determine whether there is appre- 
ciable dilution of the radiation field. This is equivalent 
to determining where in the circumstellar shell the 
Fe i lines originate. The possibilities are summarized 
in table 2, for a spherically symmetric envelope. 

The expected AH and Ne and the velocities in table 2 
are obtained as follows : the photospheric densities are 
typical values for a G5 dwarf from Allen (1963). The 
last, interstellar, values are typical values for a dense 
interstellar cloud taken from Heiles (1971). The inter- 
mediate densities and the velocities are obtained using 
Kuhi’s (1966) values for the velocity and the density at 
the inner edge of the emission-line region (the chromo- 
sphere) for RW Aur and letting them drop according 
to Kuhi’s (1964) equations (1) and (2). We also note 
that Ne < 1013 in the chromosphere if we use Gahm’s 
(1970) list of hydrogen lines presumed present. The 
electron densities are obtained from the hydrogen 
densities by assuming that at the surface, the hydrogen 
is neutral and the metals ionized, so Ne ^ 10“4 AH; 
in the chromosphere, H is ionized almost completely— 
Ne ^ Nh to ^ 0.1 Ah; in the “observable nebula” 
NelNH ^ 0.1. 

The limits on the hydrogen density and the electron 
density are seen to be consistent with the expected 
densities in the photosphere and in the circumstellar 
envelope obtained from Kuhi’s (1964, 1966) fitting of 
the emission line profiles. Thus the density limits give 
us no clue as to where in the system the Fe i lines 
originate. This is unfortunate, since it prevents us from 
estimating the electron temperature directly from the 
distances and densities. We must find some other way 
of determining where in the system the Fe i lines are 
formed, in order to check Te and interpret our results. 

Walker (1972) lists some radial velocities of emis- 
sion and absorption components of several lines in- 
cluding some hydrogen lines, Ca n K, and Fe i A4063 

Fe i FLUORESCENCE IN T TAURI STARS 

TABLE 2 
Dilution Factors and Densities as a Function of Distance from the Star 

R/R* 
Nn from Fe i Expected 7VH* 

W (cm3) (cm3) 
Expected Ne* 

(cm3) 
Ne from Fe i V 

(cm3) (km s ' ^ Region 

1. 

10. 

102. 

104. 

106. 

107. 

0.5 

2 x 10“3 

2 x 10“5 

2 x lO"9 

2 x lO"13 

2 x lO"15 

1013-1016 

1010-1013 

lOMO11 

<107 

<103 

^lO1 

~1017 

~1010 

'3 x 108 

^3 x 105 

^103 

~1013 

10M010 

<107 

<103 

'3 x 102, (104f) ^lO"1 (103f) 

<10" 

<1016 

<1013 

^lO11 

<107 

<103 

^lO1 

0?425? 

45 

15 

1.5 

0.15 

1 photosphere 

chromosphere 
I or H ii region 

Fe i lines? 

I directly 
T observable 

region 

interstellar 
medium 

* Expected values for Nn and Ne are obtained from Kuhi’s (1964,1966) model combined with photospheric and interstellar values, 
as described in the § V. 

t Comparison value from Osterbrock’s (1958) study of the nebula surrounding T Tauri; Schwartz (1973) finds Ah — Ag ^ 
3 x 103-104 and Te — 8000° K for that same nebula. 
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* Call K 

• Fel X4063 

O Fel X4202 

A Pell X4233 

□ Sil X3905 

■ Hß 

1,2,3 H6 

(D,®,® H7 

A HÔ 

i A# □ 2^0 3 

<D ® A • □ mo 

(S> 1 2ëA □ * 3 

-200 -100 0 +100 +200 
V (km/sec) 

Fig. 7.—Velocity of emission lines and absorption components for HS Ori, from three plates by Walker 1972 

for three plates of HS Orionis, a star similar to RW 
Aur and with strong Fe i À4063 emission. The radial 
velocity of the Fe i line A4063 is about that expected 
for the star on two plates and shows a small amount of 
redshift on a third. The Ca n K-line at À3933 indicates 
material sinking with a velocity of 50-60 km s-1 rela- 
tive to the Fe i lines on all three plates. No other pair 
of lines listed shows a constant velocity difference. 
50-60 km s"1 is almost exactly the velocity shift 
needed to superpose Ca h H (A3968.470) and Fei 
A3969.261. This suggests that what determines where 
the Fe i lines will be formed is the velocity field, not the 
density; that the exciting photons travel through the 
nebula until their wavelength, shifted due to their 
origin in a rapidly moving region, matches that of the 
Fe i transition in the surrounding gas. If a large 
velocity shift is required for the Fe i emission lines to 
be formed then we expect a correlation between high- 

velocity envelopes and Fe i A4063 intensities. T Tauri, 
RW Aur, and five other stars are listed in table 3, with 
velocity differences, Ca n and H i line intensities, and 
fluorescent line intensities taken from Joy (1945). The 
Fe i lines decrease uniformly in intensity as the velo- 
city difference decreases, while the intensity of the 
Ca ii and H i lines show no such correlation. This is 
further qualitative support for this model. Also Kuhi’s 
(1964, 1966) correlation between mass-loss rate and 
emission-line intensity class is exactly what one would 
expect if the ejection velocity determines the strength 
of the fluorescent lines. 

The fluorescent iron lines may be excited by Ca n H 
emission which has been redshifted, or by He emission 
which has been blueshifted, as seen by the fluorescing 
iron atom. The observed velocity shift of 60 km s_1 in 
HS Ori tells us nothing about which of these possi- 
bilities is likely to be true, since a velocity shift of the 

TABLE 3 
Radial Velocities and Line Intensities for Seven T Tauri Stars from Joy 1945 

Star AV(abs.-em.) Fe i A4063 Fe i A4143 Ca h H Ca n K He* Hß 

UZTau  no absorption 8 1 25 50 2 30 
line spectrum 

S Cr A  no absorption 5 2 20 15 ... 30 
line spectrum 

RWAur  +84 5 1 35 45 ... 40 
XZTau   +67 4 1 25 25 ... 40 
UY Aur  +33 3 ... 50 45 4 40 
TTau +5 2 0 35 40 2 40 
R Mon  -9 ... ... 1 3 ... 15 

* He intensities quoted by Joy (1945) are uniformly much lower than that expected from the other 
Balmer lines. This may be due to the blending of He with Ca n H, or possibly the absorption of He 
by the Fe i. 
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same magnitude is required in either case. For stars 
which are losing mass, there are four configurations 
allowed by the hypothesis that the Fe i lines are pro- 
duced in a region where the exciting line has been 
shifted to A - 3969.27 Â: 

1) The emission lines are produced in a rapidly 
rising region near the star; Fe i emission comes from 
a region farther out, which is moving more slowly. 
The iron atom absorbs blueshifted He emission; we 
observe Fe i lines at approximately the same velocity 
as the star, and He and the other primary emission 
lines are blueshifted. This is the model assumed in 
table 2. 

2) Fe i lines are formed in an essentially motionless 
region in or near the photosphere; the primary 
emission lines are produced in a rapidly expanding 
envelope above this region. In this case the iron atom 
is excited by redshifted Ca n emission, but an external 
observer sees the Ca n and H emission lines blue- 
shifted with respect to the Fe i lines and the stellar 
absorption spectrum. 

3) Fe i lines form in a rapidly rising region near the 
star, excited by He emitted from a slower region 
farther out. 

4) Ca ii emission from a slowly moving region near 
the star excites Fei fluorescence in a more rapidly 
rising region farther from the star. 

For cases 3 and 4, an external observer sees the 
primary emission lines of H and Ca n redshifted with 
respect to the Fe i lines, but both the Ca n lines and 
the Fe i lines will be blueshifted with respect to the 
underlying stellar absorption-line spectrum. In HS 
Ori, Ca ii K was redshifted with respect to Fe i, but 
also with respect to the expected velocity of the star; 
hence HS Ori must be accreting matter rather than 
losing it. For the present we will consider only stars 
such as RW Aur for which outflow of matter is indi- 
cated. Cases 3 and 4 require the fluorescent lines to be 
produced in a region which is moving more rapidly 
than the region producing the primary emission lines— 
but that region is already known to be moving rapidly 
with respect to the star. This seems unlikely; further- 
more, this gives no explanation for the correlation 
between larger velocities for the emission-line region 
and more intense ÀÀ4063, 4132 shown in table 3. We 
therefore eliminate case 3 and case 4. 

This leaves us with a choice of the first two possi- 
bilities. Case 2 has the fluorescent lines produced in or 
near the photosphere, beneath the envelope producing 
the other emission lines. This is unlikely for three 
reasons: first, iron is probably ionized in the photo- 
sphere. Since these stars generally have a large ultra- 
violet excess, and since the hot, ionized emission-line 
region is close to the star, it seems likely that there are 
sufficient ultraviolet photons present to keep the iron 
ionized throughout the region between the photosphere 
and chromosphere. Second, for many of these stars, 
particularly those like UZ Tau and S CrA that have 
the brightest ÀÀ4063, 4132 emission, the photospheric 
absorption-line spectrum is not seen. This may be 
because the overlying chromosphere and circum- 
stellar envelope is optically thick, or because emission 
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from the chromosphere and the circumstellar en- 
velope dominates at the wavelengths of the lines. It is 
difficult to see how the fluorescent Fe i lines could be 
as strong as they are for these stars if they were 
formed below the envelope. (These objections also 
apply to case 3.) The third objection to case 2 is that it 
implies that the envelope is being accelerated. An 
accelerated envelope produces flat-topped emission 
lines, unlike those found in most T Tauri stars (see 
Chandrasekhar 1934; Kuhi 1964). (This objection also 
applies to case 4.) 

A similar analysis may be made for stars such as 
HS Ori which are still accreting matter. In this case, 
only two models are consistent with the observed 
difference in the radial velocities and with the presence 
of the fluorescent iron lines: 

1) Can emission coming from a region with high 
infall velocity near the star excites Fe i emission in a 
slowly moving or stationary region farther out. 

2) He emission from the rapidly moving chromo- 
sphere near the star excites Fe i from a stationary 
region below the chromosphere. 

The second case here is improbable, since it re- 
quires the infalling matter to decelerate and cool 
simultaneously. Thus the acceptable model for the 
stars with accretion is quite similar to the most prob- 
able model for the stars showing mass loss: a high- 
velocity chromosphere near the star, producing He and 
Ca il H emission, and fluorescent lines of iron pro- 
duced farther from the star, in a more slowly moving 
region. The fact that both RW Aur and HS Ori show 
fluorescent lines is therefore a consequence of the 
double coincidence of Fe i À3969 with Ca n H and He. 

Thus the Fe i lines are probably formed outside of 
the chromospheric region, beyond 10 or 100 stellar 
radii, where iron is mostly neutral and where the gas 
has slowed to 55 or 60 km s-1 slower than the expan- 
sion velocity at the chromosphere. This may explain 
also why for example T Tau shows weaker Fe i 
fluorescent lines than RW Aur, even though its Ca n 
lines are nearly as strong (see e.g., Joy 1945 for rough 
line-intensity estimates for T Tau and RW Aur). Kuhi 
(1964) mentions that while in most of the T Tauri 
stars whose profile he fitted deceleration of the 
envelope was required, the profiles for T Tau were 
ambiguous. He suggested that as stars approach the 
main sequence the mass loss slows down and a 
solar-wind-type acceleration process becomes more 
important, and that for T Tau this may be happening. 
This is also consistent with the average difference 
between the velocities of the emission- and absorption- 
line spectra for RW Aur and T Tau listed by Joy 
(1945): for RW Aur it is 84kms~1, for TTau it is 
only 5 km s'1. 

In case 1 the fluorescent lines are excited by He, not 
the stronger Ca n H-line. We must next check whether 
He is strong enough to produce the observed Fei 
emission for RW Aur. Gahm does not list an intensity 
for He, since in the spectrum we see it is blended with 
Ca ii H. However, we can estimate what its original 
intensity must have been from the strength of the other 
Balmer lines. Interpolating between the intensities for 
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Hß, Hy, H8, H8, and HM that Gahm lists, using the 
known transition strengths for the Balmer lines, leads 
to an estimated He intensity of about 30 in units of the 
intensity in 100 mÂ of the continuum. If the Fe i sees 
an He profile that has a width ^30 km s_1, then the 
central intensity will be adequate to produce the ob- 
served ratio A4063/A4143. It is reasonable to assume 
the profile of He seen by the iron atom is no broader 
than this. 

Joy (I960) stated that the strength of Ca n K in 
T Tauri stars is usually nearly equal to that of Hy. 
Since the intensity ratio Ca n K/Ca n H for an opti- 
cally thin envelope is 2, and Hy/He is also about 2, 
this indicates that for most T Tauri stars at the origin 
of the emission lines the intensities of He and Ca n H 
should be nearly equal. Thus it is not unreasonable to 
suspect that He and not Ca n H excites the fluorescent 
iron lines. 

It is also interesting to note, in support of He as the 
exciting line, that all the fluorescent processes listed in 
Gahm’s table 2 have exciting lines with longer un- 
shifted wavelengths than the fluorescent lines except 
Ca il H (A3968.47) and Fe i A3969.27. If He (A3970.07) 
is instead responsible for AA4063, 4132 then there are 
no exceptions to this rule, and the same geometry will 
produce all the fluorescent lines Gahm found for RW 
Aur. 

We conclude that the Fe i lines are probably formed 
at more than 10 stellar radii from the star, in the 
circumstellar envelope. Since the Fe i fluorescent lines 
are characteristic of T Tauri stars, all T Tauri stars 
must have extended envelopes. The fact that forbidden 
lines of e.g., [S n] are also characteristic of T Tauri 
stars supports this conclusion. For some T Tauri 
stars, envelopes 105-106 stellar radii in extent have 
been observed; an envelope of 104 stellar radii or less 
is too small to observe directly. The presence of strong 
Fei AA4063, 4132 emission probably also indicates a 
high rate of mass loss, with matter ejected from the 
surface of the star and then decelerating as it moves 
away, although AA4063, 4132 emission may also be 
present in some stars which are accreting matter. 

VI. SUMMARY 
We conclude that the selective excitation of Fe i 

y 3F3
0 by Ca n H can reproduce the observed line in- 

tensities for T Tauri stars. Whenever AA4063, 4132 are 
observed to be enhanced, an upper limit of Ne or AH is 
implied. The limit is of the form 

Ne < W x ACT;, To, Tr) , Ne/NH > 0.01 , (7) 

Ah < Wx f2(Te, T0, Tr) , NejNR < 0.01 , 

Vol. 191 

for almost all values of Ne, W, Te, T0, and Tr. The value 
of the functions A and f2 for a given situation may be 
found from the graphs of line ratio versus NelW. For 
cases with r > 1, this upper limit will be less than that 
calculated for r « 1, since some of the photons in the 
enhanced lines will be lost to collisions in transit. The 
dependence of these functions on T0 and Tr is generally 
weak. For RW Aur with Te = 3000° K we find 

Ne< W x 1016 (8) 

or 
AH < IF x 1016 . 

An upper limit on Te may also be obtained from the 
presence of these lines by adding one further condition : 
that the number of neutral iron atoms present must be 
sufficient to produce the observed intensity in the Fe i 
lines. 

For RW Aur the densities allowed by the strength 
of the fluorescent lines are consistent with the densi- 
ties expected in the photosphere or anywhere in the 
circumstellar envelope. Consideration of the velocity 
field in the envelope and observed radial velocities for 
the various lines in several stars led us to conclude that 
the fluorescent iron lines probably are excited by He 
and originate in that part of the envelope where 
velocity of expansion is 55 km s_1 less than that of the 
chromosphere. However, we cannot exclude the 
alternate possibility that the Fe i lines are formed far 
enough from the star (>100 stellar radii) that the iron 
sees only a broadened blend of Ca n H and He. 
Strong fluorescent iron lines at AA4063, 4143 in stars 
with emission lines blueshifted with respect to the 
underlying absorption spectrum are thus indications 
of violent mass-loss phenomena, with ejection of 
matter from the star at high temperature and velocity, 
and with the ejected matter cooling and decelerating 
as it gets farther from the star. 
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