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Why do we care about mass loss?

« AGB stars produce a whole
bunch of stuff!

The Origin of the Solar System Elements

- Carbon and Nitrogen il B2
primarily come from AGB dH 1 Hdd

stars e AA
. AA AAdﬂﬂAAdAA
* A lot of heavier elements are ﬂﬂ.
also produced there thanks to
the s-process
i A A G I s

Credit: Jenniffer Johnson, The Ohio State Univ.

AGB Stars and Stellar Pulsation, Konkoly Observatory, Hungary



Why do we care about mass loss?

e Qur Sun will become one of
these stars, so mass loss will
impact the fate of our Sun

Dusty envelope C

clumpy ? )
asymmetric? - e

« A lot of astronomers care about
white dwarfs! AGB stars can
inform us about white dwarfs
(and vice-versa as we will see!)

and growth - _

radial pulsation
Mira - SR - irregular

)
\\ \\
dust driven wind
\

Credit: Massimo Marengo, Florida State Univ.
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ﬁass losing stars in the LMC
(Prager et al. 2022)

Part 1 https://ui.adsabs.harvard.edu/#abs/2022ApJ...941...44P



Which stars are AGB stars?

7
AGB Stars in the LMC N
« Right: M, C stars as found in the o]

Large Magellanic Cloud (Riebel
et al. 2010, 2012)

« Seq.1 is fundamental mode, Seq.
2 is first-overtone mode

7 iy Ve :
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Which stars are AGB stars?

Results from Early Atmospheric
Models

« Right: Evolution in mass and luminosity
for solar-like stars (Willson 2000)

« We have a subtle bias: we classify stars
as being at the AGB tip when they are
near the cliff, or “death line” (solid
black), where

1 1dM 1dL

tey Mdt Ldt
« Qualitatively, the death line is where

evolution changes from predominantly
in L to predominantly in M.
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Which stars are AGB stars?

Results from Early Atmospheric
Models

This bias poses a problem:
“empirical relations give us the
properties of stars that are near a
critical stage of losing mass, rather
than telling us how to incorporate
mass loss into evolutionary
calculations.” — Willson (2000)
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How fast are AGB stars losing mass?

- Suppose a power law: logM =logA + BlogL + ClogM

d log M dlog M
gM _ p OlogM _

0 log L "dlogM

~ (C

- A bit of quick math and we know

AlogM _  AlogM

AlogL "Alog M

* SO, we can say

- This approximation gets better as our exponents get larger.

- Evolutionary tracks and period-mass-radius relations let us do
linear transformations between the above power law and

logM =loga + BlogL +ylogP
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How fast are AGB stars losing mass?

Results from Early Atmospheric
Models

« Right: approximation of the death
line (solid black line) and death
zone (dashed lines) of oxygen-rich,
fundamental mode AGB stars in the
LMC.

« We can measure Alog P and AlogL,

and thus find a formula:
logM = —35.2 + 8.24logL — 13.7log M
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How fast are AGB stars losing mass?

Results from Early Atmospheric
Models

logM = —35.2 + 8.24logL — 13.7log M

« This is a lower limit! Spread in
the data tends to widen the strip

« We can do this forall 4
classifications presented so far,
see Prager et al. 2022 for more
details
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ﬁodels of AGB Atmospheres: A
Parameter Study (Prager et al.
2024)

Part 2 https://ui.adsabs.harvard.edu/#abs/2024Galax..12...81P



A Primer on Atmospheric Models
input | Assumed Value

George Bowen's Atmospheric Pulsation Code - Piston Amplitude 2 km/s
Ig'nitgg.g/él;l.adsabs.harvard.edu/abs/1 988ApJ...32 Gas Opacity 2x10%-4 cm*2/g
Gas critical density 10”12 g/cm*3

« Right: “Typical” input parameters,

give or take Electron-to-Hydrogen ratio 0.1%

« Models establish a static Max. Dust Opacity 2 cm*2/g
atmosphere, it starts being
driven at a prescribed frequency,
dust is simulated as opacity

Pseudo viscosity pressure 4 dyn/cm*2

Dust Condensation Temp. 1450 K
Dust Cond. Temp. Range 100K

. M i ) A
changes in the atmosphere olecular Opacity 0.4 cm"2/g
V ful f hecki " Molecular Cond. Temp. 2000 K

) ery usetutfor checking a wide Molec. Dissoc. Energy 43 keV
parameter space! : :
Molec. Crit. Density 10*-7 g/cm*3
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Results

What did we find? 0.6-
 Right: Comparison of observed 0.4-
stars in LMC (contours) to
models with observed mass-loss 0.2 1

log M

rates (dots, crosses)

0.0 A

« If we only track models with
mass-loss rates in the observed 02
range, the death line is in the

AKAXK XM X

7’
7 P2 0.0 8.8 8 8 3 8 8 4

Wrong placel 3T0 372 3T4 3].6 3T8 4T0
log L
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Results

What did we find? 030 | \ N

. We determined the piston 0251 N Lo
amplitude and dust opacity were o] | e N,
the most important and flexible E ® S
parameters for changing the v 0.5 \
mass-loss rate = \

0.10 1 = 2

« Right: Parameters needed to i _ o
match (SOI|d “nes) or be within 0.05 deeerrerrrreesiennns f;j: .................... ................ Cf:) .........................
expected observational error K
(dashed lines) °003 %o a0 o s 100

KD, max. (szlg)
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Results

There is a way to get here...
What did we find?

0.05

« This is a big problem! | don't

think AGB stars put 25% of their a
luminosity into pulsation or have 003
dust with opacities of 80
CmAZ/gl w 0.02
« Either our understanding of oor I NN T
mass loss is flawed, or one of \ oG Tor= o ea s 20 o 2 0.1
our input assumptions must be e
flawed. ~0.01% " o % 20 0
KD, max. (cm?/g)
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A Consistent Determination of

the Death Line (Prager et al.
2026)

Part 3 Submitted



Wait... is it the models or the observations?

An Independent Determination of

the Death Line

« Cunningham et al. (2024) used galactic white
dwarfs to determine an initial-final mass
relation

0.086M; + 0.469 if 0.5 < M;/Mg,, < 2.5
M; ={ 0.10M; + 0.434  if2.5 < M;/Mg,, < 3.4
0.06M; + 0.57  if3.4 < M;/Mgy, < 5.0

log M/Mg

« If we assume the final mass is the core mass
of an AGB star, the initial mass is some
percentage of initial AGB mass, and assume
the final luminosity is approximately the death
line luminosity, and combine with a core mass-

Iurﬂinosity relation... we get the figure on the
right.
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Wait... is it the models or the observations?

Radius-Mass-Luminosity

Relations Period-Mass-Radius Relations

« 3D Models by Ahmad et al. « 3D Models by Ahmad et al.
(2023) generated using (2023) generated using
COS5BOLD suggest these stars COSBOLD suggest these stars
are significantly larger when have similar periods as 1D
dynamics are taken into account models
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Wait... is it the models or the observations?

Radius-Mass-Luminosity

Relations Period-Mass-Radius Relations
= 2 65 e Ahmad etal. (2023) Models 4 E 29/ o Ahmad et al. (2023) Models
> Rip(L, M) =1.35R (L, M) o P3p(M, Rap) = 0.61P1p(M, R3p)
o + ®
5 2.60 S 281 .
o . 8 b 1
—_ Q
] L2y ‘
T 255 1 o o
@] J s ° "
S 3 o = 26 -
0 250 % a ™M ée®
. — _ o
Z % ad 7 2.5 *?
© ™ P > L ]
o 2.45- ? - S 24 ~
(a ™ =~ ¢
= o
o 2.3
2 240 o
230 235 240  2.45 2.50 22 23 24 25 26 27 28 29
logR/Re (1D Model Prediction) log P/days (1D Model Prediction)
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Death Lines from Observation

R3D, P3D

R1D, P1D

m— MOimc; 30

3.6 3.8 4.0
logL/Lg

3.4

3.2

0.3 4

Q
Lo
(9]
=
3
o
<

4.2

3.0

4.2

logL/Le

>
S
©
(@)
c
=)
I
>
| .
O
—
@©
>
S
(O]
(2}
0
@)
=
@)
X
c
o
X
nl
o
=)
©
R
=)
a
L S
L
o
—
wn
©
c
@©
w
—
@©
e
wn
(a8}
@)
<




... Now add the models

R1D, P1D

R3D, P3D

s MO pac; 3D e |FMR+CMLR; AMggg =0

—-0.4 - MO mc; 1D s |FMR+CMLR; AMggg = 0 —0.4
MOgowen; 1D == = |FMR+CMLR; AMggs = 0.2 e MOgowen; 3D mem= |[FMR+CMLR; AMpgp = 0.2
-0.5 4 T T T T -0.5 L T T T T
3.0 3.2 3.4 3.6 3.8 4.0 4.2 3.0 3.2 3.4 3.6 3.8 4.0
logL/Le logL/Lo
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Mass-Loss Rates

- We see large exponents no matter which RML and PMR we use
- We do still need observations to determine the mass exponent

C
Rip(M, L) and Pip{M, Rip) Rsp(M, L) and Psp(M, Rap)
log A £ log A 3
-53.3403 13.2351] -4 8. 850 12,408
-60.4485 1 3.4445 -8 030 11,828
-63.306 | 4. 604 -88.370 21,849
-54.2056 | 1.565 -71.624 17.117
-123.645 28 456 -68.534 15.975
-76.502 |6.812 -60, 802 15,802
-70.820 | 5. 020 -71.492 15, 220
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Mass-Loss Rates

R1D, P1D
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Are We Done?

Do mass-loss rates and periods Are pulsating stars as bright as we
match? expect?

—4.5 3.2

MOme. 10
—5.0 MOEcwen.lD
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Are We Done?

Do mass-loss rates and periods Are pulsating stars as bright as we
match? expect?
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In Progress: Does this apply to more than just Miras? —
(Coll.: L. A. Willson, J. Guzik, M. Creech-Eakman)

« Short Answer: Most likely yes  Models

- Long Answer: 06

 Limitation is we don't have 3D
models into C star parameter
space

« Similar adjustments to R (M, L)
relations as the MO stars for the
M1, CO, and C1 stars produce
death lines in agreement with
observations... and they all S fnes
seem to have similar death W F 56 o4 o8 B A 9B AN iB
lines ogl

Mdeath MO M3D
m— \death CO M3D

Observations
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In Progress: Does this apply to more than just Miras? —
(Coll.: L. A. Willson, J. Guzik, M. Creech-Eakman)

—e— |ogM GR=0linesLvsM MiMffromCunningham
—— |ogM

« Short Answer: Most likely yes

- Long Answer: 06

- Limitation is we don’t have 3D Dar 104 - 0
models into C star parameter 04 - Cre £ C1
space

« Similar adjustments to R (M, L) oo
relations as the MO stars for the ?E
M1, CO, and C1 stars produce 0
death lines in agreement with
observations... and they all 02
seem to have similar death
lines 04

3 3.5 4 4.5
LogL
logL
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In Progress: What about individual stars? (Coll.: D.
Baylis-Aguirre, G. van Belle, M. Creech-Eakman)

Observations Atmospheric Models (F. Mode)

R Boo: 8 vs. Teg, binned by A¢p = 0.1 (P =223.7d,N=73)
4.0 1.0 54 ’-4"
® ¢ =0-0.1bin (start)
2.2 1
3.8
0.8 2.0 1
— , 1.8
3.6 qu 5
— L 0.6 © 1.6 1
w0 [&]
© c i
E 3.4 é 1.4
= "~
@ 04 © 1.2 =
3.2 1 S gt
' < 1.0 T ———
Q- T T T T T
1500 2000 2500 3000 3500
30 T 02 Teﬁ {K:'
—— M=0.6, L=3162, Fund., £ = 0.05 M=1.4, L=3162, Fund., £ = 0.05
2.8 1 0.0 M=0.7, L=3162, Fund., = 0.05 —— M=17, L=3162, Fund., £ = 0.05
2250 2500 2750 3000 3250 3500 M=1.0, L=3162, Fund., €= 0.05 M=2.0, L=3162, Fund., £ = 0.05
Terr (K) —— M=1.2, L=3162, Fund., £ =0.05
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In Progress: What about individual stars? (Coll.: D.
Baylis-Aguirre, G. van Belle, M. Creech-Eakman)

Observations Atmospheric Models (10T Mode)

R Boo: 8 vs. Teg, binned by A¢p = 0.1 (P =223.7d,N=73)
4.0 1.0 V
® ¢ =0-0.1bin (start) 1.7
1.6 -
3.8 -
0.8
1.5 -
= .
3.6 - }I_,CJ € 1.4
F0.6 @ =
c 1.3
3.4 1 5
L 0.4 ©
. s 1 .NNT‘\
= — .
T T T T T
3.0 A 0.2 2000 3000 4000 5000 6000
Teff {Kj
2.8 1 00 —— M=0.6, L=3162, 10T, £=0.05 M=1.4, L=3162, 10T, £=0.05
2250 2500 2750 3000 3250 3500 ' M=0.7, L=3162, 10T, £=0.05 —— M=1.7, L=3162, 10T, £=0.05
Terr (K) M=1.0, L=3162, 10T, £ =0.05 M=2.0, L=3162, 10T, £=0.05

— M=1.2, L=3162, 10T, £=0.05
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In Progress: What about individual stars? (Coll.: D.
Baylis-Aguirre, G. van Belle, M. Creech-Eakman)

[ ] [ ]
Observations Atmospheric Models (F. Mode)
M (oxygen-rich)
4.0 . ® R Boo(M) 1.8 4
< S Lac (M)
® A  TAnd (M)
W i
TU And (M) L7
3.5 y ] R Vir (M) |
9, h @® ¢=0-0.1bin (start) 1.6
k [ ]
] > 1.5 A
1erie .
ay o-
3.0+ v, = 1.4
S
N
c ¢ 1.3 4
© 2.5 1 1.2
R 1.1 1
v
LA\
2.0 - : Ar.-‘-.A 1.0 < T T T T T
oA 1500 2000 2500 3000 3500
1 Terr (K)
1.5 —— M=1.0, L=2511, Fund., €= 0.05 M=1.0, L=4466, Fund., €= 0.05
2000 2250 2500 2750 3000 3250 3500 3750 4000 M=1.0, L=3162, Fund., e=0.05 —— M=1.0, L=5011, Fund., £=0.05
Tesr (K) M=1.0, L=3548, Fund., £=0.05 M=1.0, L=5956, Fund., £ =0.05
—— M=1.0, L=3981, Fund., €= 0.05
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In Progress: What about individual stars? (Coll.: D.
Baylis-Aguirre, G. van Belle, M. Creech-Eakman)

[ ] [ ]
Observations Atmospheric Models (10T Mode)
M (oxygen-rich)
4.0 o ® RBoo(M)
< S Lac (M)
e - 4 TAnd (M) 1.45 7
Y TU And (M)
3.5 4 _ . R Vir (M) 1.40 -
“ L. @® ¢=0-0.1bin (start)
: \ 1.35 -
Sep® ) \
3.0 1 V> < 130 -
m & \‘.{
@ &
£ 1.25
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© 25 ‘\.1
1.20 1 h— _
AQ
Ny 1.15 -
2.0 Aty ®
“A“ T T T T T
A 1500 2000 2500 3000 3500
Tgff {Kj
1.5 1
2000 2250 2500 2750 3000 3250 3500 3750 4000 — M=1.0,1=2511, 10T, £=0.05 M=1.0, L=4466, 10T, £=0.05

Tefr (K)

M=1.0, L=3162, 10T, £=0.05
M=1.0, L=3548, 10T, £=0.05
— M=1.0, L=3981, 10T, e=0.05

—— M=1.0, L=5011, 10T, £=0.05
M=1.0, L=5956, 10T, £=0.05
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Questions?

- henry-prager@uiowa.edu



Bonus Slides

Part 3



Is it our code?

« Short answer: no 0.3 | = Mouei 30
MOgowen: 1D
« Long answer: Our code does make I Lo

many simplifying assumptions.
Improvements int the treatment of

0.1 4

dust modeling and radiative transfer g 0.0

do move the death line closer to g .

observations, but not enough. |
- Right: Demonstration of the above e

statement ~0.31

—-0.4 T . T T .
3.0 3.2 3.4 3.6 3.8 4.0 4.2
logL/Lo
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Is it our code?

« Short answer: no

* Long answer: Our code does make Y I
many simplifying assumptions. | Uamp = 4 km/s
Improvements int the treatment of '
dust modeling and radiative transfer
do move the death line closer to

observations, but not enough.

M (Mo/yr) (Darwin)

« Right: Our models predict 2 75
significantly higher mass-loss rates
at given parameter combinations

once new PMR and RML relations “75  -70 65 -60 -55 -50 -45 —4.0
are Used logM (Mg/yr) (Bowen)
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Can you tell me about the PTI data?

« Disclaimer: | am much more in the
modeling world, but | will do my
best! (Thank you, Dana)

« PTI was a near-IR interferometer,
single baseline

« Sensitive to objects 2-5 mas in
diameter, resolving power of ~20

« Data on the AGB stars weas taken
about once a month for 10 years
between 1998 and 2008

« Sadly, no closure phases
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