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Abstract: Using the atmospheric pulsation code written by George Bowen, we have performed a
parameter study examining the effects of modifying various parameters of models of oxygen-rich
AGB atmospheres pulsating in the fundamental and first-overtone modes. For each pulsation mode,
we have examined the effects of adjusting the dust condensation temperature, dust condensation
temperature range, pulsation amplitude, dust opacity, and metallicity. Our model grids are generated
with the constraint that their luminosities are chosen to span the range of observed mass loss rates
at a chosen mass. The dust condensation temperature, pulsation amplitude, and dust opacity have
strong effects on the ultimate location and shape of the final model grids in the mass luminosity
plane. The mass loss rate evolution of the fundamental and first-overtone mode models show a
significant difference in behavior. While the fundamental mode models exhibit the typically assumed
power-law relation with mass and luminosity, the first-overtone mode models show significant
non-power law behavior at observed mass loss rates. Effectively, models in the first-overtone mode
require somewhat higher luminosities to reach the same mass loss rates seen in fundamental mode
models of the same mass, consistent with observed AGB stars.

Keywords: asymptotic giant branch; evolved stars; giant stars; late-type giant stars; M giant stars;
Mira variable stars; pulsating variable stars; stellar mass loss; stellar pulsations; astronomy data
modeling

1. Introduction

Mass loss in AGB stars is driven by a pulsation and dust-driven stellar wind during
the thermally pulsating (TP-AGB) phase. In this process, pulsations shock the stellar
atmosphere, leaving a post-shock cooled region (or, a refrigeration zone), allowing the
condensation of dust in the stellar atmosphere. This dust entrains the local gas, and is
driven outwards by radiation from the star and the recurring pulsations. This mass loss
has been measured to be on the order of of 1077 to 10> Mg, /yr, leading to the star losing
its envelope and becoming a white dwarf. The state of our understanding of this process is
reviewed in Hofner and Olofsson [1].

Over the past 30 years, models of the stellar atmosphere have progressively become
more detailed. In one dimension, the DARWIN code is the state-of-the-art with detailed
calculations for radiative transfer and dust nucleation [2-8]; work is now being conducted to
model these atmospheres in 3D [9]. However, as more detailed calculations are incorporated
into models, we sacrifice computational speed. With limited computer time, astronomers
must have some notion of what the input parameters of the models should be.

For this work, we used the pulsation code written by George Bowen [10]. While
incredibly sophisticated and intensive in its time, on modern systems, the code is extremely
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fast. This makes it particularly useful for generating numerous large grids of models. Using
these grids, we can quantify the effects of adjusting model parameters, clearly demonstrat-
ing which parameters have the greatest impact on the properties of resulting models.

2. Materials and Methods

The Bowen code is a one-dimensional code that uses an adaptive Lagrangian grid. A
piston is placed at the bottom of the grid, located three pressure scale heights below the
photosphere, which drives oscillations in the atmosphere. Note that this code does not
attempt to model the source of the pulsations, only their effect on the stellar atmosphere.
As is typical for these types of models, the pulsation amplitude is increased over several
cycles to develop a stable stellar wind. In this model, dust is treated simply, with the
opacity of the dust and fraction condensed being convoluted and only the final effect of
the dust grains on the model layer being modeled. This prescription makes adjustments
to the broad properties of the dust straightforward, but precludes modeling of processes
impacting individual grains, such as dust—gas drift; however, these effects become less
relevant as the mass loss rate increases, and we are particularly focused on stars with the
highest mass loss rates (see Krueger and Sedlmayr [11] and Hofner and Olofsson [1]). The
dust opacity in a layer is described by the logistic curve

1

1+ exp[(T — Teon) /7] M)

KD = KD,max

where «p is the dust opacity in a layer, xpmax is the maximum dust opacity, T is the
kinetic temperature of the gas, Tcon is the condensation temperature of the dust, and ér
is the range of temperatures that dust can condense; below T.on — 1, dust is assumed
to have condensed, and above Tqon + d7 none of the dust is assumed to have condensed.
Dust sublimation occurs (so, kp decreases) only if the dust reaches radiative equilibrium
with the surrounding gas and the equilibrium temperature Teq is above the minimum
condensation temperature.

1
1+exp [(Teq. - Tcon) /5T]

)

KD = KD,max

This specification means that once dust condenses from the stellar atmosphere, it
largely remains condensed, even deep within the stellar atmosphere, leading to a strong
pulsation and dust-driven stellar wind. The development of shock waves is extremely
important for understanding the evolution of the stellar wind, and is treated carefully
through a temperature- and density-dependent relaxation rate, allowing a dynamic tran-
sition from mostly isothermal shocks in the deep atmosphere to mostly adiabatic shocks
in the outer atmosphere, as suggested by Willson and Hill [12]. For more detail on the
physical assumptions, see Bowen [10], or, for full documentation, see Prager [13].

For this project, we used the code to generate grids of atmospheric models across
the mass—luminosity plane. Each grid is differentiated by changing the parameters that
characterize various physical properties of the model. A full list of the model parameters,
a brief description, and the default input values can be found in Table 1. Models are
generated starting at L = 10° L in increments of Alog L/ L = 0.05 until a mass loss rate
of 2 x 107> Mg, /yr is reached. The grids are limited to the observed range of mass loss
rates seen in the Large Magellanic Cloud [14,15]. Assuming M = 2 x 107> Mg, /yr is the
maximum mass loss rate, this implies minimum mass loss rates of M = 10~74 M, /yr in
the fundamental mode and M = 10~77 M, /yr in the first-overtone mode.

In this model, stellar mass is removed through the elimination of the outermost layer
during the rezoning process, assuming it has a sustained outward flow, at the end of a
pulsation cycle. The total amount removed is tracked through the model run; by dividing
it by the total number of elapsed cycles, we can determine the average mass loss rate M.
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Table 1. List of model parameters in the Bowen code. Column 1 notes shorthand names for these
parameters, column 2 gives a brief description of the parameter, and column 3 gives a typical value
for each parameter. In the case of parameters varied across model grids, these are also the reference
values (see Section 2).

Input Parameter Description Values
log Lo/ Lo Initial Stellar Luminosity 3.0
AlogL/Lg Luminosity step 0.05

Uamp. Piston velocity amplitude 2km/s
Kg Gas opacity 0.0002 cm? /g
Ocx Gas critical density 10-10 g/ cm’
q Pseudoviscosity Pressure 4 dyn/cm?
ne/ny Electron-to-Hydrogen Ratio 0.1%
KD,max. Maximum dust opacity 2 cm?/ g
Teon. Dust condensation temperature 1450 K
oT Dust condensation temperature range 100 K
Kw Molecular opacity 0.4 cm?/ g
Teon,w Molecular condensation temperature 2000 K
Edisc,w Molecular dissociation energy 43 keV
Ocx,W Molecular critical density 1x1077 g/ cm®

Reference Model and Adjustment Choice

To begin our analysis, we examined two grids of models with the model parameters
used in Bowen [10] and with parameters similar to those used in other works (c.f., Bladh
et al. [5,7,8], Hofner et al. [16]), one with models pulsating in the fundamental mode
and the other in first-overtone mode. All stars in this study are assumed to have an
oxygen-rich composition, or spectral type M. The periods and radii are defined by the
pulsation-mass-radius and radius-mass —luminosity relations of Trabucchi et al. [17]
as appropriate for the pulsation mode and composition, where the C/O ratio has been
eliminated as in Prager et al. [18] because it is outside the model’s scope, and the hydrogen
fraction is set to X = 0.72 and an assumed metallicity of Z = 0.002, similar to that of
the AGB stars in the Large Magellanic Cloud (see Harris and Zaritsky [19]), not the bulk
present metallicity. Note that in Prager et al. [18], the radius-mass —luminosity relation is
significantly better constrained for oxygen-rich stars than carbon-rich stars; this is because
these relations between parameters become increasingly non-linear at a higher mass, as
found by Trabucchi et al. [17]. Therefore, we modeled stars with AGB masses of 0.6, 0.7,
1.0,1.2,1.4,1.7, and 2.0 Mg, spanning the range of observed masses for M-type (that is,
C/0O < 1) AGB stars that have not undergone hot-bottom burning. Note that this carries
forward the choice of a,;;; = 2.0. The full list of reference values can be found in Table 1.

Among the parameters in Table 1, the ones with the weakest constraints and strongest
expected impact on the output models are the maximum dust opacity xp max., the dust
condensation temperature Tcon , the phase transition range d, the piston amplitude uamp.,
and the metallicity Z. Metallicity in particular is expected to have a significant impact on
the availability of material to form dust; however, this relation is non-trivial and is further
examined in the upcoming final version of this study, Prager et al. [20].

For the remaining parameters, we explored ranges based on the results of several
works. Following Hofner [2], the dust opacity is expected to be on the order of a few cm?/g,
assuming spherically symmetric dust; assuming that greater fractions of the dust condense
in each layer or assuming more favorable dust morphologies can increase the dust opacity
to establish our upper explored limit of 50 cm?/g. In the case of the suspected species in M-
type AGB stars, Al,O3 and MgO, their respective condensation temperatures are expected
to be around 1000 K, with some range depending on the treatment of nucleation (see
Hofner et al. [6] and Bladh et al. [8] for the results of alternative approaches), with values in
this range often being used to fit observations (c.f., Ohnaka et al. [21]); we chose to explore
the range of 1000 to 1850 K. The piston amplitude is particularly poorly constrained, limited
only such that the final observed outflow of the outer atmosphere is on the order of 30 km/s.
In real stars, the pulsation-driving region near the photosphere is on the order of a few
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km/s; it is often assigned uniformly (c.f., Bladh et al. [7,8], Bowen [10], Fleischer et al. [22])
or occasionally related to the luminosity of the star (c.f. Bowen and Willson [23]). We
examined both approaches here, with constant amplitudes noted or expressed through a
numerical factor, €, defined through energy conservation,

L.P
Matm.

Uamp. = {[2€

®)

where L, is the mean luminosity of the star, P is the pulsation period, and Mam. is the mass
of the stellar material located above the piston. For constant amplitudes, we explored a
range of 1 to 8 km/s, with the fundamental mode assumed to be able to pulsate with twice
the magnitude of the first overtone mode. For €, we investigated a range of 0.01 (1%) to
0.05 (5%).

3. Results

With the reference model, we can immediately compare the model output to obser-
vation. This will clearly demonstrate if some correction to the models is needed, or if the
models we are using are sufficient. This comparison can be seen in Figure 1.

0.6 1 e Fund.
X 10T
0.4 1
0.2 1
=
(=2
°
0.0 1
—-0.2 1

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4
logL

Figure 1. This diagram depicts the location of observed AGB stars (contours) and models generated
using reference values (markers) in log M vs. log L in solar units. Solid blue contours depict the
location of fundamental mode M-type stars in the LMC and dashed red contours depict the location of
first-overtone mode M-type stars in the LMC from Riebel et al. [14]; contours are the percentile of stars
included in steps of 20, starting from 90 working inward. Blue dots are fundamental mode M-type
star models and red crosses are first-overtone-mode M-type star models within the established mass
loss rate ranges.

It is evident that the reference model is not consistent with observed AGB stars. In
Section 3.1, we explore the effects of adjusting the parameters outlined in Section 2. In
Section 3.2, we determine the shifts in parameters necessary to match observation. Finally,
in Section 3.3, we examine the physical differences we are seeing between models pulsating
in the fundamental and first-overtone modes.

3.1. Parameter Study

The primary goal of this study was to quantify the effects of adjusting model parame-
ters. In particular, we were interested in the position of the output grids in luminosity-mass
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space and the orientation of these grids. For this, we calculated the death line of each
grid, as defined in Prager et al. [18]. In short, this line is where the star changes from
predominantly growing in luminosity to predominantly losing mass. More technically, this
is the turning point where an evolving star reaches a critical mass loss rate M, = M/tev,
where t.y, is a characteristic e-folding time for the luminosity, 1062 yr, which traces a line in
M vs. L space, or related transformations. We can calculate the shift in position through the
changes in the death line luminosity at a reference mass (arbitrarily, we chose 1 M). The
slope of this line is then useful for assessing the orientation of a grid; as shown in Prager
et al. [18], the slope is equivalent to the ratio of exponents B and C of a power law

logM =1log A + Blog L + Clog M, (4)

with coefficient A, and is noted as such here. A, B, and C are determined through observa-
tion; improvements to this formula have been made over several decades, and we will be
using the values determined in Prager et al. [18].

In all examined parameters, the effect on adjusting the orientation of the grid varies
between a few to nearly 10% in the explored range, as can be seen in Figure 2. This cannot
match the uncertainty on the observed ratio in Prager et al. [18] while matching the position
of the death line, but we also note that it is weak compared to the effects of the chosen
mass loss rate cut-off and resolution of the model grid. Further investigation into more
parameters in Prager et al. [20] further addresses this discrepancy. We found that three
parameters have notably strong effects on the position of the grid: piston amplitude, dust
opacity, and condensation temperature. This is expected given our understanding that
AGB stars have a pulsation and dust-driven wind; in these models, increasing these values
means having stronger pulsations, more dust, and dust formation at greater depth in the
atmosphere. This allows the stars to reach the observed range of mass loss rates (see
Section 2) at lower luminosities. The other parameter we adjusted, 67, has a comparatively
small effect. These effects can be seen in Figure 3. The numerical results for this analysis in
the fundamental mode can be found in Tables 2 and 3 for the first-overtone mode.

Table 2. This table shows the effects of adjusting model parameters (X) of M-type AGB stars
pulsating in the fundamental mode. The parameters tested are maximum dust opacity «p max., dust
condensation temperature Tcon, condensation temperature width dr, velocity amplitude #amp., or
piston energy factor €. Shifts can be quantified through calculating how the width of the grid changes
with adjustments to the specified parameter X (column 3) and how the location of the grid in LM
space changes with respect to X (column 4).

Parameter (X) Test Values g'lg; ‘;‘, d;‘;ﬁ ngl
KD max. 0.5,1,2,5,10,20,50 cm?/g —0.020 —0.138
Teon. 1000, 1150, 1300, 1450, 1600, 1750 K 0.022 —0.839

or 50, 100, 200, 300, 500 K 0.035 —0.053

Uamp. 2,4,6,8km/s 0.017 —0.350

€ 1%, 2%, 3%, 4%, 5% 0.069 —0.127

Table 3. This table shows the effects of adjusting model parameters (X) of M-type AGB stars pulsating
in the first-overtone mode. The constant piston amplitudes tested were halved to keep piston energies
consistent between modes. Otherwise, this table follows Table 2.

d|BIC dlogL
Parameter (X) Test Values dllog )i d‘i‘g’g 2L
KD,max. 0.5,1,2,5,10,20,50 cm? /g —0.008 -0.172
Teon. 1000, 1150, 1300, 1450, 1600, 1750, 1850 K 0.112 —1.858
or 50, 100, 200, 300, 500 K 0.109 —0.037
Uamp. 1,2,3,4km/s 0.057 —0.085

€

1%, 2%, 3%, 4%, 5% 0.015 —0.020




Galaxies 2024, 12, 81

6 of 14

|B/C|

|B/C|

X ® Fund. Data
0.721 —— Fund. Fit
x x X 10T Data
~—— --- 10T Fit
0704  TT==-o -
________ i x
0.68 1 Tl
0.66
X
0647 o °
°
0.62 1
0.60 °
0.5 1 5 10 20 50
KD, max. (sz/g)
(a)
0.74
X ® Fund. Data
—— Fund. Fit
0.72 1 x 10T Data
—-- 10T Fit
/"
0.70 e
L
L
0.68 1 s
’/
"
. °
0.66 g x
X
.
,/
/,,
0.64 . .\o
X
.
a
0.62 1
°

N A

Uamp. (km/s)

(©)

T T

3 4

|B/C|

|B/C|

® Fund. Data X
0.724 — Fund. Fit x
X 10T Data .
--- 10TFit X
X e
0.70 A P
X - -
0.68 1
0.66
X
°
L
] ®
0.64 °
1150 1300 1450 1600 1750 1850
Teon. (K)
0.701 ® Fund. Data 4
—— Fund. Fit °
0694 X 1OTData
—-- 10T Fit
0.68 -
0.67
0.66
0.65 -
0.64 -

0.03 0.04 0.05

0.74 4

0.72 4

0.70 1

IB/C]

0.68 1

0.66 1

0.64 1

0.62 1

® Fund. Data
—— Fund. Fit

X 10T Data
—-- 10T Fit

67 (K)

T
200

T T
300 500

Figure 2. These figures depict the effects of adjusting model parameters on the ratio of the power
law exponents |B/C1, and thus the orientation of the model grid. Shifts due to the maximum dust
opacity Kp max. are found in (a), the dust condensation temperature Tcon, in (b), a constant piston
amplitude tamp. in (c), the factor € from Equation (3) in (d), and the range of condensation and
evaporation temperatures d7 in (e). The fundamental mode fit line can be seen in solid blue with
individual grids marked by blue dots, and the first-overtone mode fit line can be seen in dashed red
with individual model grids marked by red crosses.
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Figure 3. These figures depict the effects of adjusting model parameters on the position of the death
line, and thus the position of the model grid. Shifts due to the maximum dust opacity kp max. are
found in (a), the dust condensation temperature Tcon. in (b), a constant piston amplitude #amp. in (c),
the factor € from Equation (3) in (d), and the range of condensation and evaporation temperatures
ot in (e). The fundamental mode fit line can be seen in solid blue with individual grids marked by
blue dots, and the first-overtone mode fit line can be seen in dashed red with individual model grids
marked by red crosses.
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Olog L, DL =

3.2. Comparison to Observations

Noting Figure 1, the model grids do need some adjustment to match observation.
As noted previously, observations are well fit by models with condensation temperatures
around 1500 K (c.f., Ohnaka et al. [21]). Given the weak effects of adjusting the temperature
range 67, the maximum dust opacity and pulsation amplitude are the best candidates
to adjust to attempt to match model grids with observations. In Prager et al. [18], we
determined the location of the death line for the AGB stars in the LMC, showing that the
intrinsic spread in these observed sequences of AGB stars is related to the power law that
can reproduce them. If we use a Monte Carlo method by randomly assigning the reported

errors on the individual data and repeating the analysis, we converge to the errors in

Table 4. Noting these errors, we can determine the first-order approximation for the error
on the death line position, as defined in Equation (4).

(Ctoc—1)logM  (logtey +10g A+ 0ioga) (C—1)log M — (logtey +log A)

0.10 -
0.05 - :

0.00 -

B:l:(TB B:l:O'B

; ©)
Figure 4 depicts the shifts necessary for a model grid to be consistent with the obser-

vation, where € = 0.01 is taken to be the reference value; of the tested values, it produces
piston amplitudes that most closely resemble the reference piston amplitude in Table 1. To
match the observation, these models require a significant increase to the maximum dust
opacity and energy transferred to the piston. The most extreme pair tested was € = 0.05
and Kp max. = 50 cm?/ g, which we can see compared to observations in Figure 5. Further
work is being performed to test additional parameters to see if they can account for the

discrepancy, or if the required shift cannot be generated in 1D models with current physical
assumptions.

0.30

0.25 4

0.20 4

0.15 4

60 80 100
KD, max. (sz/g)

Figure 4. This figure depicts the necessary change in energy factor € or maximum dust opacity Kp max.
necessary for a grid of models generated using the Bowen atmospheric pulsation code to match
the observed population of AGB stars in the LMC. The blue shaded region spans the shifts for the
fundamental mode, with the solid curve being the shift, assuming no error in Prager et al. [18], and
the dashed lines bounding the maximum spread, as described by Equation (5). The red shaded region
and corresponding curves show the same for the first-overtone mode. Note that this figure extends

beyond the bounds discussed in Section 2 to show which combination of parameters is implied to
replicate the observed range of AGB stars.
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Figure 5. This figure depicts an extreme (not physical) combination of the explored parameters chosen
to shift the death line position as close to observations as possible, € = 0.05 and xp max. = 50 cm?/ 8.
The contours depict the same data as in Figure 1. Fundamental-mode models are represented by
blue dots and first-overtone models are represented by red crosses. The fundamental-mode models
have moved closer to the observed population, but are not yet in agreement. While the first-overtone
mode models are within error bounds, neither they nor the fundamental mode are as extensive as
expected, implying the mass loss rate increases too quickly with luminosity.

Table 4. These are the exponents determining the power law formulas log M + log A + Blog L +
Clog M that best replicate the observed population of AGB stars in the LMC, as found in
Prager et al. [18] with the addition of bounds as found through a Monte Carlo estimation of the error.

Pulsation Mode log A B c Alog Lpr B/C
Fundamental —35.2+0.05 8.24+0.04 —13.7+£0.07 3.5870% 0.59 £ 0.006
First-Overtone ~ —42.8 +0.60 10.2+0.08 —20.5+0.17 3.58+0.03 0.50 == 0.0002

3.3. Differences Between Pulsation Modes

In Prager et al. [18], we found that AGB stars are undergoing mass loss at nearly
the same ranges of masses and luminosities in both the fundamental and first-overtone
mode, with the fundamental mode extending to a somewhat higher mass loss rate than
the first-overtone mode. This suggests that both are undergoing significant mass loss, and
the switch to the fundamental mode does not necessitate passing the death line. Therefore,
modeling stars pulsating in the first-overtone mode is necessary to understand the full
behavior of these stars.

Preliminary investigations into the cause of this difference suggests there is a correla-
tion with the acoustic properties of the stars. The acoustic cut-off period, the inverse of the
acoustic cut-off frequency as described in Jiménez et al. [24], is defined as

o 2¢cs 2H 2 /5 Rgas
ey e (6)
8 s 8 3 Mmol.T

where g is the local acceleration due to gravity, ¢ is the local sound speed, H is the local
pressure scale height, Rgas is the gas constant, My, is the molar mass of the local gas, and
T is the local temperature. Waves with periods below the acoustic cut-off period can freely
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pass through a change in the medium, while those above it are internally reflected. In the
fundamental mode, stars pulsate slower than the acoustic cut-off; in higher modes, it is
always faster than this cut-off. This can be seen in Figure 6.

e P (Fund.) a
6004 * Pac (Fund.) 4
e P(10T) .
A Pac (10T) M R
500 A °
. A
2 . N
g 400 A °
- ° .
v °
§ | o A ‘
= 300 o A
A °
° * . ‘ ° o
A e °
200 A A A « °
el
o 2 t
100 A A b

3000 4000 5000 6000 7000 8000 9000 10,000 11,000
L (Lo)

Figure 6. Comparisons of pulsation period P to acoustic cut-off period P,. in AGB atmospheres
of a1l Mg star, as a function of luminosity. Blue compares these in the fundamental mode while
red compares these in the first-overtone mode. Dots track the pulsation period of the modeled
stars, and triangles track the acoustic cut-off period at the photosphere for the modeled stars. The
acoustic cut-off period varies between modes due to differences in the effective scale height—the
initial e-folding distance in the dynamic atmosphere—between the different pulsation modes.

If the acoustic cut-off period is related to the source of the difference between modes,
then we should see (1) significant differences in the propagation of shock waves between
pulsation modes and (2) a correlation between the mass loss rate and the ratio of the
period and acoustic cut-off period. The location of shock waves is recorded throughout
the modeling process, and an example for a star of M = 1 M, and L = 6309 L, is shown
in Figure 7; by default, in the program, a shock is said to be present if the ratio of the
pseudoviscosity pressure Py to the gas pressure Pg in a layer is greater than or equal to
0.10. We can see that shock waves propagate to much greater distances above the surface
of the star in the fundamental mode.

The correlation between mass loss rate and the ratio of the period and acoustic cut-off
period can be seen in Figure 8; this correlation is strong, but the ratio of the period to
acoustic cut-off period alone does not capture the total behavior. There are also effects
we have not determined the source of at this time, such as the change in which mode has
higher mass loss rates at different luminosities. The results from further investigation will
be in an upcoming study;, i.e., Prager et al. [25].
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Figure 7. These figures depict locations of shock fronts relative to the stellar radius (R/Ry) in
M =1Mg, L = 6309 L, AGB atmospheres. (a) displays these in the fundamental mode, (b) displays
these in the first-overtone mode. Note that these models share an RML relation (see Section 2) and are

thus the same mean radius, but have different cycle time scales due to differences in their pulsation

period. These models are evaluated to a distance of over 80 stellar radii, with some variation as

models are rezoned (see Bowen [10] for details).
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Figure 8. This figure demonstrate the inverse correlation between the mass loss rate M (y-axis) and

P/ P;¢ (x-axis) in AGB atmospheres of 1 M models assuming the reference parameters in Table 1.
Blue dots are the fundamental mode models and red crosses are the first-overtone mode models.
This plot is limited to models that fall within the observed mass loss rate range (see Section 2). The
luminosity of each model in solar units is included in the plot; (4466, 4731, 5011, 5308, 5623, 5956,
6309, 6683, 7079, 7498, 7943) is the fundamental mode set and (4731, 5011, 5308, 5623, 5956, 6309, 6683,
7079, 7498, 7943, 8413, 8912, 9440, 9999, 10,592) is the first-overtone mode set.
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4. Discussion

Using the atmospheric pulsation code written by George Bowen [10], we have ex-
amined the effects of adjusting various model parameters, explored what changes are
necessary to bring these 1D models into agreement with observations, and what is the
source of the observed difference between mass loss rates in the fundamental and first-
overtone modes. For the first part of this study, we demonstrated that, as expected for a
pulsation and dust driven wind, the parameters that control the strength of this wind have
the greatest impact on mass loss. As can be seen in Tables 2 and 3, the strongest factor is
the location of the primary dust condensation layer, so it is critical that we understand the
species that constitute AGB dust and their properties in the atmospheric environment. In
both the fundamental and first-overtone modes, we can see the next most important factors
are the dust opacity and piston amplitudes. In the case of the former, we can reiterate the
importance of understanding dust formation in these stellar atmospheres. In the case of
the piston amplitude, we see that the adjustment effects are very strong in the fundamental
mode, with significant differences apparent depending on how the piston is treated relative
to the stellar luminosity. It appears that understanding the piston mechanism is a critical
next step in improving models of stellar atmospheres, which will require models of the
pulsation layer in the stellar interior.

In the second part of this study, we assumed that we have a relatively good under-
standing of the dust chemistry of these stars, and focused on what shifts in dust opacity
and piston strength are needed to replicate observed populations of AGB stars. In models,
a reasonable dust opacity is on the order of a few cm?/g with a piston amplitude on the
order of a few km/s. We needed dust opacities an order of magnitude larger than this and
piston amplitudes nearly twice as large. This is unphysical.

It is possible that more detailed physics could account for the difference, but the most
recent results using the DARWIN code [7,8] show that 1D models still require luminosities
outside the observed range to reach observed mass loss rates, with less adjustment needed
as the effective temperature is increased. This suggests that the change in the models
needed to reach agreement with observations is more likely an effect that can only be
accounted for with a better understanding of the piston and its driving mechanism, by
better understanding dust, by better constraining the radius-mass-luminosity relation, and
by taking into account the behavior of the stellar atmosphere in three dimensions.

As the final part of this study, we have begun examining the source of the difference
in mass loss rate behavior between the fundamental and first-overtone modes. This is
motivated by the results of Prager et al. [18], showing that large mass loss rates are achieved
in both the fundamental and first-overtone modes at similar ranges of mass and luminosity.
These models suggest a correlation between mass loss rate development and the acoustic
properties of AGB stars, where shock waves generated in the fundamental mode are able
to freely propagate in the atmosphere but are restricted in the first-overtone mode. This
interpretation seems to be consistent with observations and the relative ineffectiveness of
increasing the piston amplitude in the first-overtone mode compared to the fundamental
mode, but more work is needed.

The final version of parts one and two of this study will be submitted in the near
future. Part three will be submitted for review subsequently.
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