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Abstract. In M dwarfs the Ca14227 line is saturated, therefore,
the line core forms at a relatively small column mass density.
As a result, the line is a potential diagnostic of chromospheric
structure in these stars. We have calculated line profiles out of
LTE for a grid of early M dwarf atmospheric models that spans
the range from low to high chromospheric pressure and cov-
ers a range of observed activity levels. We have found that this
line is sensitive to the detailed structure of the chromosphere
in the same way as well studied strong lines such as Ha and
Call HK: as the chromospheric pressure increases, the line
changes from absorption to strong emission with a central dou-
ble reversal. Therefore, observations of the Ca1 4227 line in
M dwarfs would provide a useful additional constraint on the
structure of the outer atmosphere. We also calculate consistently
the line blanketing in the upper atmosphere of models with a
chromosphere and transition region and investigate the effect
of its inclusion on Ca1 4227. Finally, we demonstrate that the
effects of Partial Frequency Redistribution must be taken into
account if the Ca14227 is to be used as an accurate diagnostic
of the T, region in dMe stars.
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spheres — line: formation

1. Introduction

One of the main outstanding problems in stellar astrophysics
is the nature of the non-radiative heating that gives rise to the
chromospheric and coronal temperature inversion in late-type
stars. In order to constrain heating theories it is necessary to have
accurate and detailed semi-empirical models of the outer atmo-
spheres of these stars. Strong resonant absorption lines such as
the HI Lyman o, Ca11 HK, and Mg11 hk lines have been the
main chromospheric and transition region diagnostics because
their cores form at relatively small column mass densities and,
therefore, carry information about the gas above T, (for a re-
view see Avrett (1990)). Also, late-type dwarfs can exhibit high
levels of transient chromospheric activity, such as flares, and the
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cores of strong lines have been used to model the flaring state
of the plasma (for a review see, Haisch et al. 1991).

In order to further constrain chromospheric models, it is
necessary to develop additional spectral diagnostics for which
the formation depends on the chromospheric structure in a way
that differs somewhat from that of previous diagnostics, and,
therefore, provide diagnostic complements. Also, because the
Ca1 H K and Mg 11 hk lines are either far out on the Wien side
of the emergent flux distribution where the star is faint, or not
accessible from the ground, it is desirable to find other diag-
nostics that are more observable. For example, Andretta et al.
(1996) (henceforth ADB) have performed a theoretical inves-
tigation of the Na1 D lines in a grid of chromospheric models
corresponding to an early M star with a range of chromospheric
activity levels. They show that the Na1 D lines provide a use-
ful diagnostic for semi-empirical chromospheric models. The
purpose of this investigation is to study the behavior of the Cal
4227 line and assess its utility as a chromospheric diagnostic.
Recently Ca14227 has been used by Mauas & Falchi (1996) to
track the time development of a flare on the dMe star AD Leo,
and is already known to be responsive to the high activity state
of flaring plasma.

In general, the cores of strong lines that form at relatively
low gas densities high in the atmosphere differ greatly from
those predicted by calculations done with the approximation
of Local Thermodynamic Equilibrium (LTE) (see the review
by Avrett 1990). The line under investigation may depend on
radiative rates in other transitions of the atom, and these rates
may be sensitive to the non-local radiation field. Therefore, a
detailed description of the background radiation field may be
important for an accurate solution of the non-LTE problem (see,
for example, Mihalas (1978)). Many previous investigations of
chromospheric line formation have either ignored line blanket-
ing in the background radiation field, or, as in the case of ADB,
have only included photospheric line blanketing. The multi-line
chromospheric modelling of g Her (M6 III) by Luttermoser et
al. 1994, which included Ca1 4227, included background line
opacities. However, it is unclear if this line opacity corresponds
to a photospheric or a chromospheric model, and, in any case,
they do not compare the calculated line with and without the
inclusion of line blanketing. Because strong lines form well
above T, they may be affected by line blanketing that arises



C.I. Short et al.: The Ca14227 line as a chromospheric diagnostic for M dwarfs

20

Ternperature (X10°K)
o o

@)l

-6 -4 -2 0 2
log,, Column Mass Density (g cm™)

Fig. 1. Temperature structure of models in grid. 1 A series: thin dashed
line, 2 A series: thick dashed line.

Table 1. Parameters of grid models

Series 1 A Series 2A
10g Mo Tmin 10g MMmin Thin IOg Mmin
-6.0 2660 -2.72 2480 -3.72
-4.8 2830 -1.70 2650 -2.70
-3.8 2960  -0.80 2810 -1.80

in the chromosphere and transition region as well as blanketing
in the photosphere. Short & Doyle (1996) have used the re-
cently developed PHOENIX model atmosphere code of Allard
& Hauschildt (1995) to compute the line opacity in a grid of
M dwarf models that take into account the chromospheric and
transition region temperature structure. We include this blan-
keting opacity in our calculations and investigate its effect on
the predicted behavior of Ca14227.

2. Modelling
2.1. Atmospheric models

Because the calculation of line blanketing opacity is very CPU
intensive, we restrict our attention to a sample of six chromo-
spheric models taken from the grid presented by ADB. These
models have as their photospheric base a radiative equilibrium
model calculated with PHOENIX (Allard & Hauschildt 1995).
This photospheric model corresponds to a star of Te = 3700
K,log g =4.7,[41=0.0, and & = 1.0 km s~'. These param-
eters correspond to a star of spectral type dMO or dM1 (Lang
1992; Mihalas & Binney 1981). The PHOENIX model atmo-
sphere code includes many important diatomic and triatomic
molecules such as TiO and H,O in the equation of state and
opacity and provides realistic models of early M stars (Allard
& Hauschildt 1995).
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From each of the two model series of ADB labeled 14 and
2 A we take models with the smallest, largest, and an interme-
diate value of m,, which is the mass loading at the onset of the
transition region. These two model series differ in the value of
dl‘égm in the chromosphere, with the series 24 models having a
steeper chromospheric temperature rise. Therefore, comparison
of spectral diagnostics computed with these two model series
allows an assessment of the sensitivity to the steepness of the
chromospheric gradient (or, equivalently, the thickness of the
chromosphere) and the location of Tp,;,. The constancy of the
chromospheric dlﬁgm in these models is in keeping with the
results of previous semi-empirical modeling of the outer atmo-
spheres of a large variety of late-type stars (cf. Eriksson et al.
1983; Basri et al. 1981; Kelch et al. 1979 and other papers in
those series). The value of dlﬁng in the transition region is also
constant in these models, and we have chosen to use the sub-set
of the grid that has ( df)ng )TrR = —6.5. The temperature at the top
of the chromosphere where the transition region begins, 7'(m,,),
is fixed at 8500 K following Houdebine & Doyle (1994). We
only consider models that are in radiative equilibrium below
Tnin- Therefore, by fixing the value of T}, we also fix the value
of Mmin, Which is the mass loading at T1,,. Table 1 shows the
chromospheric parameters of the grid models, and Fig. 1 shows
their temperature structure.

The increase in temperature throughout the chromosphere
has an associated increase in the micro-turbulent velocity, &r.
In these models, & rises exponentially with decreasing log(m)
in the chromosphere to a value of ~ 10 km s ! at m,, then rises
rapidly in the transition region to a value of ~ 50 km s~!. A
value of 10 km s~! at the top of the chromosphere is typical of
values found for other late-type stars (see, for example, Eriksson
et al. (1983) and papers in that series).

2.2. Line opacity

Short & Doyle (1996) have used PHOENIX to compute for this
grid of models the mean of the total mass absorption due to lines,
K1, in 2 A intervals from 500 to 50000 A. The line lists used for
the calculation include ~ 70 million atomic and molecular lines.
They compute «; at all depths from the base of the photosphere
to a point in the lower transition region around a temperature
of 20 000 K. Short & Doyle (1996) contains a more detailed
discussion of how x; was computed and a description of how x;
behaves in the chromosphere and transition region.

2.3. Hydrogen

Before calculating Calcium line profiles, we first re-evaluate
the Hydrogen ionization equilibrium in our models by using
the code MULTT (Carlsson 1986) to solve the combined radia-
tive transfer and statistical equilibrium equations for an atomic
model that incorporates the lowest nine levels of H1 and the
H11 state. In the upper chromosphere and lower transition re-
gion, HI contributes significantly to N, therefore, the density
structure at these heights is partially determined by the HI/II
ionization balance. Therefore, we iterate the non-LTE solution
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Fig. 2. Ha flux profiles for the 1A series (thin line) and the 2 A series
(thick line). The lowest pressure model is the one that has the weakest
line absorption.

and the equation of hydrostatic equilibrium to convergence. The
radiative transfer problem is solved in detail for all 36 b — b
transitions connecting the nine H I states and for the b — f tran-
sitions of these states. The Ly« line, which has a significant
effect on the statistical equilibrium of hydrogen, is treated as
a pure Doppler core to approximate the effect of Partial Fre-
quency Distribution (PRD) (Lites et al. 1987). The calculation
of the background radiation field includes the addition of the
PHOENIX line opacities, 1, to the continuous opacities nor-
mally computed by MULTI. See Short & Doyle (1996) for a
detailed study of how the Hydrogen spectrum and the equilib-
rium N, structure is affected by the inclusion of background
line opacity.

As aby-product of the Hydrogen ionization equilibrium cal-
culation, we obtain synthetic Ha profiles. The morphology of
Ha has been the principle diagnostic for classifying dM stars
by activity level. Therefore, for reference, we show in Fig. 2 the
computed Ha profiles for the model grid. This figure demon-
strates that our grid spans the range of observed activity level
from quiescent dM stars with weak Ha absorption, to moder-
ately active dM stars with strong Ha absorption, to the most
active dMe stars with strong Ha emission.

2.4. Calcium

The ground state ionization energies of Cal and Call are 6.11
eV and 17.98 ev, respectively. As a result, Ca 11 forms the reser-
voir population throughout most of the photosphere and chro-
mosphere, except for the transition region where the reservoir
shifts to Ca 111 and the T};, region where the ionization equilib-
rium is almost evenly balanced between Ca1 and Ca1l. There-
fore, the Ca1 population is expected to be sensitive to detailed
rates in transitions connecting CaI and CalI in the region where
Car1 4227 forms. Therefore, a careful non-LTE treatment that
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Fig. 3. Grotrian diagram showing the eleven terms and six multiplets
of the 14-level Ca1/11/111 model atom.

includes both ionization stages is particularly important for an
accurate result.

We use MULTT to solve simultaneously the coupled radia-
tive transfer and statistical equilibrium equations for an atomic
model that incorporates eight states of Cal, five states of Call,
and the ground state of Ca I111. Ten b — b and thirteen b — f transi-
tions are treated in detail. Fig. 3 shows a Grotrian diagram that
identifies the included states and b — b transitions. For clarity
the diagram shows only terms and multiplets rather than the
individual levels and lines treated in the calculation. The Cal
4227 line is a singlet transition that connects the 452 'S ground
state to the 4P ! P, state. Collisional excitations and ionizations
among all levels due to electrons are included. All atomic data
are those compiled and presented by Drake (1991), which we
have found to provide a very close fit to the observed solar Ca1
4227 profile. The Ca calculation incorporates the non-LTE N,
structure produced by the H1/11 calculation.

We include the PHOENIX &, opacities of Short & Doyle
(1996) in all the b — f transitions and in the Ca14227 and Ca11
H K b-b transitions after removal of the Ca opacity from x;.
These were incorporated using a modified version of MULTI
that was presented in ADB. For the b — b transitions, «; was
included as a straight arithmetic mean in 2 A intervals. For the
b — f transitions x; was included as a harmonic mean in 100A
intervals. An interval width of 100A is necessary because nor-
mally a sparse frequency sampling of the b — f continua is used
in MULTI calculations in order to control the computation time.
A harmonic mean was used because occasional strong lines have
a disproportionately large effect on the straight mean in a large
wavelength interval.
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Fig. 4. Population density of Ca1 (solid line), Ca1I (long dashed line),
and Calil (short dashed line) relative to the total Ca population. Thin
lines: continuous background opacity only; thick lines: x; included in
background opacity. The top and bottom panels show the lowest and
highest pressure models in the 1A series, respectively.

3. Results and discussion
3.1. The effect of line blanketing

Fig. 4 shows the non-LTE population of Cal, CaIi, and Calil
as a fraction of the total Ca population for the lowest and high-
est pressure models in the 1 A series with and without inclusion
of k;. For reference, the ground state photoionization energies
of Cart and Ca1r correspond to 203 and 104 nm, respectively.
In the lowest pressure model the Cal population is increased
by approximately an order of magnitude throughout the upper
photosphere and entire chromosphere and the Ca 111 population
is decreased by almost two orders of magnitude just above T},
by the inclusion of «;. This is consistent with the reduction of
photoionizing flux that is expected to occur because of the ad-
ditional opacity. The Ca11 stage forms the population reservoir
throughout most of the atmosphere, therefore, it is much less
affected by the amount of opacity. Nevertheless, the Ca 11 popu-
lation is slightly reduced by the inclusion of k; in the T}, region
where locally the Ca1 and Ca 1l populations are almost equal.

The effect of x; on the Ca I population in the highest pressure
model is similar to that in the lowest pressure model, although
the effect is localized to the upper photosphere and 7}, region.
Fig. 4 demonstrates that the inclusion of &, is necessary for an
accurate calculation of the Ca1 4227 line profiles because the
Ca1 population is sensitive to the treatment of the background
opacity.

The dashed and solid lines in Fig. 5 show, respectively, the
entire Ca1 4227 line profile with and without line blanketing
included in the background opacities. The background opacity
depresses the wings by more than a factor of two in many places
and must be taken into account when computed line profiles are
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Fig. 5. Ca14227 line for lowest pressure model in 1 A series with and
without line blanketing included in background opacity (dashed and
solid line, respectively), and the observed spectrum (dotted line).

compared to observed profiles. Normally, a computed flux spec-
trum is divided by the computed background continuum flux and
compared to an observed spectrum that has been rectified to a
continuum flux of unity. However, in this case, the computed
background flux is line blanketed. Furthermore, for stars of this
type, this spectral region is completely blanketed. As a result,
we do not know what the background continuum flux is for our
models. Therefore, it is not straightforward to normalize the
computed spectra to a continuum level of unity; in fact, to do so
would require using the same techniques that are used to rec-
tify an observed spectrum. Therefore, in the following analysis
we study computed line profiles in absolute flux units and scale
observed spectra to the computed pseudo-continuum.

The dotted line in Fig. 5 shows a moderate resolution ob-
served spectrum taken by one of us (Doyle) of Gliese 156.1
(V =10.86, dM 1.5, Gliese 1969). The spectrum has been de-
graded to a sampling of 2 A by integration with a boxcar function
to match the resolution of the line opacity in the calculated line
profile. The observed spectrum has been arbitrarily scaled in flux
so that the pseudo-continua are in general agreement. There is
some qualitative agreement in the detailed shape of the spectra
on the red side of the line, but not on the blue side. Luttermoser
et al. (1994) found the same result in their attempt to fit the Ca1
4227 line in the spectrum of g Her (M6 III). We speculate that
there may be a local region of particularly severe inaccuracy in
the atomic line list data just to the blue of 4227 A. Neverthe-
less, the overall fit shown in Fig. 5 gives us confidence that our
treatment of background line opacity is qualitatively correct.

3.2. Response to chromospheric structure

The thin and thick dashed lines in Fig. 6 show the computed
Ca14227 line profile for the series 1A and 2A models, respec-
tively. The profile with the strongest absorption corresponds to
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Fig. 6. Ca14227 line core for models of series 1A (thin lines) and 2A
(thick lines). Left panel: line blanketing; right panel: no line blanketing.

the lowest pressure model and that with the strongest emission
corresponds to the highest pressure model. The left panel shows
profiles calculated with the inclusion of «; in the background
opacities, and the right panels show profiles without the inclu-
sion of x;. Comparison among the series 1A profiles shows that
the line core is very sensitive to the mass loading at m, and,
therefore, the chromospheric pressure. Comparison of the left
and right panels shows that in some cases the inclusion of x; in
the background opacities makes a significant difference to the
line profiles. In particular, for the highest pressure models the
difference between the line profile with and without the inclu-
sion of k; is of the same order as the difference between the
series 1A and 24 models. Therefore, it is necessary to include
1 in order to use this line as an accurate diagnostic.

Fig. 7 shows for the lowest pressure model in the 1A series
the total monochromatic intensity source function, S, of the
computed Ca1 4227 line at line center (AX = 0.0) at an angle
near disk center (u = 0.887). The Planck function, B,,, and the
mean intensity, J,,, are also shown for reference. Also shown
is the intensity contribution function, Cy. The left panel shows
the case where « has been included in the background radiation
field, and the right panel shows the case where «; is not included.

For the lowest pressure model, S, at A\ = 0.0 is mono-
tonically decreasing throughout most of the chromosphere, and
only starts to increase again under the influence of the transition
region at depths well above those where C} peaks. Therefore, the
emergent line profile is purely in absorption. Comparison of the
left and right panels shows that the inclusion of x; in the back-
ground radiation field lowers S, slightly and causes the peak
of Cf to move outward to lower values of .S,,, thus lowering the
emergent [, in the line core.

Fig. 8 shows the same quantities for the highest pressure
model in the 1A series at three critical wavelengths: line center
(A = 0.0), near the peak emission of the central double reversal
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Fig. 7. Ca1 4227 total monochromatic intensity source function, S,
(thin solid line) and contribution function, Cf (dashed line) at AX = 0.0
and p = 0.887 for lowest pressure model in 1A series. Also shown is
the Planck function, B, (thick solid line), and the mean intensity, .J,
(dotted line). Left panel: line blanketing; right panel: no line blanketing.

(AX =0.1), and in the inner wing near the emission minimum
(AX=1.0).

This figure demonstrates that the central double reversal of
the emergent line profile is due to the same mechanism that
leads to similar behavior in the much studied Ca1l H K lines.
Because of the higher density of this model S, ~ B, until well
above T, before declining in value in the upper chromosphere.
This leads to a S, hump” in the chromosphere. At AX = 0.0,
C1 peaks near a local minimum in S, above the hump and below
the depth where S, increases again due to the transition region.
At AX = 0.1, C; peaks closer to the local .S, maximum in the
hump, thus leading to the central double reversal in the emergent
1, profile. As in the case of the Ca11 H K lines, at values of A\
where Cf peaks near Ti;, (1.0 A in this case) there is a minimum
in the I, profile that may be used as a powerful diagnostic of
Thnin because S, is strongly coupled to B, near Tiyp.

Comparison of the left and right panels in Fig. 8 shows that
inclusion of k; raises .S, at A\ = 0.1 in the upper chromosphere
leading to alarger I, in the emission peak. Also, S, at AX = 1.0
in the vicinity of Ti,;, decreases slightly and Cj is pushed out-
ward leading to alower emission minimum in /,,. These changes
due to k) are clearly visible in Fig. 6. Therefore, inclusion of
line blanketing in the Ca1/11/11I transitions is necessary in or-
der to use this line as an accurate diagnostic of chromospheric
structure.

3.3. PRD effects

The line profiles described above were calculated with the as-
sumption of Complete Frequency Redistribution. However, it
is known that strong resonance lines such as Ha and Ca 11 HK
are significantly affected by Partial Frequency Redistribution
(PRD) effects in late-type stellar atmospheres (see Linsky 1985
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Fig. 8. Ca1 4227 total monochromatic intensity source function,
S, (thin solid line) and contribution function, C; (dashed line) at
u = 0.887, B, (thick solid line), and J, (dotted line) for highest
pressure model in 1 A series at three wavelengths. Left panel: line blan-
keting; right panel: no line blanketing.

for areview). In their multi-line modelling of g Her, Luttermoser
et al. (1994) included PRD effects in their calculation of Ca1
4227. However, because this line does not show an emission
reversal in spectra of g Her, they do not present a discussion of
the effect of PRD on the calculated line.

We have used a version of MULTI that has been modified
to include the effects of PRD (Uitenbroek 1989) to re-calculate
the Ca1 4227 line in the highest pressure model of the 1A se-
ries, for which the line core is most strongly reversed. Fig. 9
shows a comparison of the CRD and PRD profiles. The flux
at line center and in the emission peaks are negligibly affected
by PRD. However, the minimum flux is reduced in the PRD
case by < 10%. This reduction in the flux minimum is sim-
ilar to what has been found for the well-studied Ca11 K line,
and is a well understood effect of PRD (see Uitenbroek 1989,
for example). From the discussion above, we have determined
that the flux minimum is an indicator of the value and loca-
tion of iy Therefore, the results shown in Fig. 9 indicate that
PRD must be taken into account if this line is to be used as a
semi-empirical diagnostic of the lower chromosphere. Never-
theless, the relative behavior shown in Fig. 6 due to changes
in the gross chromospheric structure, chromospheric pressure,
and treatment of background opacity, although based on CRD
calculations, is still qualitatively correct. Unfortunately, we are
unable at this time to include background line opacity in our
PRD calculations.

4. Conclusion

We have demonstrated that the Ca1 4227 line is sensitive to
the chromospheric structure of dM stars. In particular, as chro-
mospheric pressure increases from that of a quiescent chromo-
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Fig. 9. Ca1 4227 calculated with CRD (solid line) and PRD (dashed
line) for the highest pressure model in the 1 A series.

sphere to that of a highly active chromosphere, the line changes
from being strongly in absorption to being strongly in emission
with a central double reversal. In the most active stars, the line
source function is strongly coupled to the thermal temperature
at, and just above T1,;,. Therefore, the doubly reversed emission
core of stars with high chromospheric pressure may be used as
a “thermometer” for the T, region in the same way that the
Cai11 HK lines are used. However, the Ca1 4227 line has the
advantage of being more observable in M stars than is the Ca 11
H K line because it is closer to the Wien peak of the emergent
flux distribution. Also, as in the case of the Ca1l HK lines,
the effect of PRD must be taken into account in the line profile
calculation if the line is to be used as an accurate diagnostic of
Tmin- Unfortunately, there is a lack of observations of this line
in dM stars of sufficient resolution and signal-to-noise to fit the
core. Observations of this line with R > 150000 and S : N
in the pseudo-continuum of ~ 200 for dM stars of a variety of
activity levels are needed to exploit the modelling results shown
here.

The inclusion of x; affects the Ca1 4227 profile, both by
its direct effect on the radiative transfer of the Cal atom, and
by its affect on the chromospheric N, structure that arises from
the ionization balance of H 1/11. Because the Lyman and Balmer
transitions of H 1 form in the upper atmosphere, it is necessary to
include not just photospheric line blanketing in radiation fields
forming below T, but also chromospheric and transition re-
gion line blanketing in radiation fields that form above Tpy;y.
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