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Goal for this session

- cover some of the basic ideas in stellar
structure and evolution

- how to make your own stellar models with the
MESA stellar evolution code

Thursday June 13
9-10.20 am
10.40am-noon
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What is a star?

ball of gas (plasma)

iInternal pressure balances
against the weight of the gas

if you know the mass and
radius, then you can work
out what the central
pressure must be

hydrostatic balance
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Stars shine because they are hot

A hot object will cool by
emitting thermal radiation

Pressure needed to
In many cases, heat is support the star =>

transported internally by central temperature
diffusion of photons

heat transport equation

24acT3 oT
L=—4znr
/ 3kp dr\
Luminosity / Temperature
at radial Thermal gradient
coordinate r conductivity

K = opacity (proportional to the cross-section for
scattering or absorption of photons)



The life of a star is a continual battle against gravity

As energy is radiated away, the star will contract, unless there is an
energy source inside the star

* Pre-main sequence: the star is too cold for nuclear burning; it contracts as it
radiates away energy

* Main sequence: the central temperature is large enough that the energy
released from hydrogen burning balances the luminosity: contraction halts

* White dwarf: once the star becomes very dense, degenerate electrons provide
the pressure. Degeneracy pressure is independent of temperature =>
contraction halts once again and the white dwarf cools at fixed radius

energy equation
Energy associated with

oL oT 0 0P — time-changing
— =€,,.— Cp— + —— temperature or pressure
nuc P P P
om ot p ot
|
How luminosity Energy per gram per second
changes with mass from nuclear burning

coordinate



Tracks in central density and temperature
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The equations of stellar structure

ar 1

E— : mass continuity
dm  4mr?o

a_P — Gm hydrostatic balance
dm drrt’

al oT o OP .

% — &h— &), —Cp W e 55 , energy equation
3_T = — GmlI \% heat transport

dm Awr4P

0X; mi - composition
N S =Y | =t omees
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Timescales in stellar evolution

Following the evolution of a star is a challenging calculation because of
the large range of timescales involved

o 0.007XMc*
nuclear burning timescale ¢, ~ ~ 70 Gyr

Lo

can be much shorter: e.g. hours at the end of the life of a
massive star, or during a thin shell flash

GM;

thermal time 1 ~ 30 Myr

Role

sets the evolution time when you run out of fuel

172
3 20 I
d nam'ca 'me [ ~ ~ mins

e.g. core collapse



Part 1 : Make a model of the Sun with
MESA



Make a new work directory:
cp —-r $MESA_DIR/star/work evolve

If youdo cd evolve
. /mK
./rn

MESA should run and pop up two windows

X/ PGPLOT Window 1

age 5.540682ed yrs rmodel 818 age 61.122547 yrs ; model 86
HR TRho_Profile
| 10 F ' g
> 1000 erg g~' 57! -
> 1 arg 9_1 g’
Oburn _ _ _ -7
cenvection & bum . - g o ‘"-— S~ 7
softaned convection . 777—"" el S -
5 - & 5 Semmeomactis Hebume o e ,
S 8 r tharmchaline e T - T 8
; |
8 H burn _ 7 \ 1
|0 S I I
| - ) ~ maea 15.0000000 | b
\_\I\ o Pros™F san ;= _ Hrich 150000000 X
4 B L e Ha cora 0.0000000 |
o] o 65 - /Nt 0 cbre 0.0000008 4B
© E - / lg mdat —89.0000000
& Teff 3873.085
lg L 42602436
o lg LH —20.6144502
3 - o Ig LHe —99.0000000
Ig R 2.4772666
4 r max lg T 5.5380948 4
Ig dt yr 4.917E-01
age yr B,112E+01
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. -3
log Teff log Density (g cm™~)
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Anatomy of a MESA work directory
sets physics and numerical

o / inlist_project parameters for the run
inlist
\ TR parameters for
inlist_pgstar plotting
history.data
/ this is where MESA puts

LOGS/

output files
\ profiles.index
profileN.data

model files that you can use to restart

photos/ MESA, e.g. ./re x050 insteadof ./rn

where you can extend MESA

src/run_star_extras.f
for more advanced use

%.mod model files that you can use to initialize the run,
save at the end, distribute etc.



Copy the inlist_pgstar file provided to your work directory
and run MESA again

%/ PGPLOT Window 1

age 746092356 yrs model 1386
TRho_Profile
10 £ 1 T T 4 10
e > 1000 erg g~ 57 - =
< AL Lk I ettt b
; 2 bum. _ - —
E 8 B :gfnt\;iitTZGnvection - e 7/_ T hemG \'|_ 8
15 overshoot H bum e et > e e |
"6 sermiconvection - T - mass 150006000 0
- £ thermahaline s R, H rich 150000000
MESA has many built s LT
o & - o £ KTt C oore  0.0000CO0 g
= o 4 U 1201540
: : : T - s lg L 38976674
in options for different 2 : i S
; Ig LHe —89.0000000
o 4 max T 57835963 - 4
O lg dt yr  1.105E+00
types Of p I OtS i age yr 7.AG1E+0E i
l l | | l
—10 =5 0 5 10
log Density (g cm ™)
HR Abundance
http:// 3 e
* 0 F h1 h1 h1 h1 1
mesa.sourceforge.net/
— QG
pgstar_defaults.html i | s =i
:S —_— 22
© °© 5L | — 14
\\j [V P my i — hel
3 ne ne ne ne ne
on L _
o ] nl4 nil4 nl4 nl4 nl4
= &
o
Lo
—4 | ;
— - hel he3 hel he3 hel
) S i S T | L L b
5 4 3 £ 10 15
log Teff m/ Mg




Now look at inlist _project

&star_job
create_pre_main_seguence_model = .true.

save model when _terminate = .false.
save_model_filename = '153M_at TAMS.mod'

pgstar_flag = .true.

&controls
initial_mass =

use_dedt_Torm_of_energy_eqn = .true.
use gold tolerances = .true.

Lnuc_div L zams Limit = ©0.99d@
stop_near_zams = .true.

®xa_central_lower_limit_species{1) = 'hl1'
¥a_central_lower limit(1) = 1d-3




Now look at inlist _project

Let’s make a model of
&star_job the Sun

create_pre_main_seguence_model = .true.

save model when _terminate = .false.
save_model filename = '15M_at_ TAMS.mod

: | First step is to change
e Ll initial _massto 1

instead of 15

&controls
initial_mass = 15

use_dedt_form_of_energy_eqn = .
use gold tolerances = .true.

Lnuc_div L zams Limit = ©0.99d@
stop_near_zams = .true.

®xa_central_lower_limit_species{1) = 'hl
¥a_central_lower limit(1) = 1d-2




Now look at inlist _project

: ;
T - rn rn e 1 5 . | ™ =l & = = =
1INLIST TO evolve a 1o S50Lar 455 51a

! all of the other controls that simply have their default wvalues. l.E;t,ES rT]Eil(Ea d rT]()(jEBI ()f
&star_job the Sun

begin with a pre-main seguence model
create_pre_main_seguence_model = .true.
TA& run
= .Talse.
save_model_filename = '15M_at TAMS.mod®

.
ot s

pgstar_tlag = .trué.

. ¥
5 |
2lL1s1

&controls

. STarting speciTtic:E
initial_mass 15 !

hEé;dédt;fﬂ;m_nf;eﬁérﬁﬁ_éqﬁ.
use_gold_tolerances = .true. options for energy conservatic [ cpE

e adhen A e S MEET use_dedt_form_of_energy_eqgn = .Talse.
Lnuc_div_L_zams_limit = @.99g use_gold_tolerances = .false.
stop_near_zams = .true.

S1TO WNEeEn The center mass Tre H ] E-"\. L LIHE ..: -- ] con
xa_central_lower_limit_specie varcontrol_target
¥a_central_lower limit(1l) =

P - = B = o 1 . . -
=X ala , iy = Tai -
cNnd O ContioL:s dif2 L1551




We need a new stopping condition to stop when we get to
the age of the Solar System

http://mesa.sourceforge.net/controls_defaults.html#when_to_stop

max_age 9

Stop when the age of the star exceeds this value (in years). only applies when > 0.

max_age 1d36

Add this to your inlist_project in the controls section:

max;age =-4;5d9

and change this one from . true. to . false. :

stop_near_zams = .false.



We've set the flag Gridl_file_flag = .true. in
inlist_pgstar sothat MESA will output png files.
Before running make sure the png directory is empty

\rm —-r png/x

Now run the code!
./rn

To make a movie use

images_to_movie 'png/gridx.png’' movie.mp4

Take a look at the movie — does the star have the structure
you expect for the Sun?



log Temperature (K)
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The equations of stellar structure

ar 1

E— : mass continuity
dm  4mr?o

a_P — Gm hydrostatic balance
dm drrt’

al oT o OP .

% — &h— &), —Cp W e 55 , energy equation
3_T = — GmlI \% heat transport

dm Awr4P

0X; mi - composition
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Equation of state e.g. idealgas P = nkgT
P(p, T, X)) :

radiation P =—aT?

degenerate , 3 _ 5/3
dlectrons | = 5 Ep=Kp

CRYSTALLINE

Fig 3.9 from Hansen & Kawaler



Heat transfer |: photon diffusion

1 1
mean free path ¢ ~ —
n,c  pK
| i | I I 1

Contributions to i

the opacity: _

8l electron scattering

. . Q

electron scattering 2
(Thomson cross-section 07) %

k=02cm?g ! (1+X) .

* free-free and bound-free

absorption
T—7/2

conduction by
: degenerate electrons -
Ker=Kyy /

KX p

! i | | ] oz | | | 1
—4 —3 —2 —1 0 1 2 3 4 5 6
log © (in gcm—3)

Hayashi et al. (1962); reproduced in Fig 4.7 of Hansen & Kawaler




* hot fluid elements can become

Heat transfer Il: convection buoyant and rise, transporting energy

* an intrinsically multi-D process!
1D model: mixing length theory

F, ~p VconVCPT( V- Vad)

conv

V3~ gt(V—-=V,)

conv

where the mixing length £
IS a parameter calibrated to
observations

Convection turns on when the
temperature gradient exceeds
the adiabatic temperature
gradient

dinT olnT
V= > V4 =
dInP dln P ¢

In convecting region V ~ V4

(effective upper limit on
temperature gradient)

Clarkson et al. (2018)



Two ways to burn hydrogen

pp chains

'H+'H — ?H+e™ + e
‘H4+'H — SHe+1~

kbl J3He+3He — *He+'H+'H
ey
SHe + “He — "Be 4+~
N | " Be4+e~ — "Li+ ve(+7)
Li+'H — *He + *He
"Be+'H — °*B+y
PP-III °B —3 °Be4-et ik

8 Be — *He + “He

* Much easier to fuse low Z nuclei than
high Z (Coulomb barrier) => need higher
temperatures for the CNO cycle

CNO cycle
17F
150 160 170

13N
v

12

(PN -5 C) =863 s
(1’0 =" N) =176 s

* In the CNO cycle, p capture on 4N is rate
limiting step => C,N,O evolve to 14N



Part 2 : Properties of main sequence
stars



We want to compare the properties of main sequence stars with
different masses

Define “main sequence” as the time when the central hydrogen
abundance reaches X = 0.35 (you can use a stopping condition to
stop the model at that point)

Choose a mass for the star, and run MESA until the star reaches
X=0.35 at the centre.

Record your results in the google sheet. Fill in as many of the columns
as you can: (all evaluated when the star reaches X=0.35)

* The age of the star

The luminosity (in solar luminosities)

The central temperature

The mass of the convective core

The opacity at the centre

The ratio of luminosity from pp burning to CNO burning

* % % % %

https://docs.google.com/spreadsheets/d/1glyFBOLwJfaERpJhPoYSuVgFe -3jwf0doFIALOsY2Q/edit?usp=sharing




MESA output

LOGS/history.data

One line per model with information such as the age,
luminosity, mass etc. so you can see how things change
over time

LOGS/profileN.data

One file per model with the internal structure of each model,
e.g. composition profile, temperature profile etc.



Adding columns

Let’s add opacity to the output for each model

First copy the file that tells MESA which columns to output
into your work directory:

cp $MESA_DIR/star/defaults/profile_columns. list .

If you look in the file, you will see many options for things to
output. Uncomment this line:

opacity ! opacity measured at center of zone

Rerun MESA and you should find the profile files have an extra
column showing you the opacity at each location in the star

(To add columns to the history, use history_columns. list)



You can find my results for different masses here:

http://45.56.103.199/CRAQ_summer_school 2019/



L/Lo or R/IR
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Low mass vs high mass stars

A few different aspects of stellar physics change at about

the mass of the Sun:

Low mass (< solar mass)

free-free opacity

pp chain

radiative core,
surface convection zone

High mass (> solar mass)

electron scattering opacity

CNO cycle

convective core,
radiative envelope




Part 3: Beyond the main sequence



Compact stars vs giants

H burning
H burning shell

‘/ core

main seguence

inert
He core

red giant

Moving the burning source off-centre drives the star into a giant
configuration



Compact stars vs giants

shell burning
core heats up € products add
/ as it grows mass to the core \
_ Shell burning
Core burning (Giant star)

(CompaCt Star) often unstable=> shell flashes
main sequence (H)

horizontal branch (He) RGB (H shell, He core)

AGB (H and He shells, CO core)

| /

core fuel burning ignites in a
gradually depletes shell around the core
\ core fuel core /

runs out =¥ contracts



Helium burning

Once we leave the main sequence, we need to worry about He burning

e He burns by the triple alpha reaction 3a =12 C

e Requires temperatures of ~108K

e Further alpha captures make 1°0,%" Ne,?? Mg

More advanced burning beyond oxygen happens in massive stars (see
lectures this afternoon)



To run your model beyond the main sequence, you just need
to remove the stopping condition so that it keeps going

There is one more piece of physics to add to the
inlist_project, which is mass loss

cool wind full on T = 9.99d9
hot wind _full on T = 1d10

‘Reimers’
'‘Blocker”
RGB_to AGB_wind switch 1d-4
Reimers_scaling_factor = 0.8d@
Blocker_scaling_factor = 0.7d0

cool wind RGB_scheme
cool wind_AGB_scheme

(I copied these from the MESA test_suite IM_pre_ms_to_wd)



log Temperature (K)
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age 39.140521 mins model 5
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Tracks in central density and temperature
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Tracks in central density and temperature
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Tracks in central density and temperature

1010 :
109_5

108_5

H burning

7.605e+10 yr

107_5

106_5

0.8M,

O

108



Going further with MESA (what we didn’t talk about)

 The test suite as a resource
- Convergence studies
* Things you can change using the 1inlist

Examples are:

- the metallicity of the star

- changing to a different nuclear network, e.g. more isotopes for
advanced burning

- change the atmospheric boundary conditions

- turn on accretion, rotational mixing, diffusion, hydrodynamics

The MESA website is a good place to browse the different options

- Using run_star_extras to extend MESA

Examples are:

- implementing a more precise stopping condition (e.g. you need
to stop the code when X=0.35 precisely)

- adding your own opacity, mass loss prescription

- outputting custom information to the history or profile output files

When in doubt, email the user list! You will get a quick answer..
LSS



ls $MESA DIR/star/test suite/

Andrews-Mac-mini:evolve_test cumming$ 1s /Applications/mesa/star/test_suite/

1.3M_ms_high_Z
1.4M_ms_op_mono
1.5M_with_diffusion
15M_dynamo
16M_conv_premix
16M_predictive_mix
AM_pre_ms_to_wd
1M_thermohaline
IM_thermohaline_split_mix
25M_pre_ms_to_core_collapse
25M_z2m2_high_rotation
5M_cepheid_blue_loop
7M_prems_to_AGB
8.8M_urca

README
accreted_material_j
accretion_with_diffusion
adjust_net

agb

agb_to_wd

astero_adipls
astero_gyre
axion_cooling

black_hole

brown_dwarf
build_and_run

c13_pocket

cburn_inward
conductive_flame
conserve_angular_momentum
count_tests

create_zams
custom_colors

custom_rates
debugging_stuff_for_inlists
det_riemann
diffusion_smoothness
dol_rsp_test_source
dol_test_source
each_rsp_test_clean
each_rsp_test_run
each_rsp_test_run_and_diff
each_test_clean
each_test_do
each_test_run
each_test_run_and_diff
each_test_up_final
envelope_inflation
example_astero
example_ccsn_IIp
example_make_pre_ccsn
gyre_in_mesa_bcep
gyre_in_mesa_envelope
gyre_in_mesa_ms
gyre_in_mesa_rsg
gyre_in_mesa_spb
gyre_in_mesa_wd

hb_2M

he_core_flash
high_mass
high_rot_darkening
high_z

hot_cool_wind
hse_riemann
hydro_Ttau_evolve
hydro_Ttau_solar

irradiated_planet
list_tests

low_z
magnetic_braking
make_brown_dwarf
make_co_wd
make_he_wd

make_low_mass_with_uniform_composition

make_metals
make_o_ne_wd
make_planets
make_sdb

mesa_dir.rb
multimass
multiple_stars
neutron_star_envelope
noh_riemann

nova

ns_c

ns_h

ns_he
other_physics_hooks
ppisn

pre_zahb
profile_mesa
radiative_levitation
relax_composition_j_entropy
report

rsp_BEP

rsp_BLAP

rsp_Cepheid
rsp_Delta_Scuti
rsp_RR_Lyrae

rsp_Type_II_Cepheid
rsp_check_2nd_crossing
rsp_gyre
rsp_save_and_load_file
sample_he_zams
sample_pre_ms

sample_zams

sedov_omega_1
semiconvection

sewind
simplex_solar_calibration
split_burn_26M_si_burn_gp
split_burn_big_net_36M
split_burn_big_net_36M_logT_9.8
surface_effects
test_case_template
test_case_template_for_bill
test_memory

test_memory2

timing

very_low_mass

wd

wd2

wd3

wd_acc_small_dm

wd_aic

wd_cool

wd_cool_0.6M

wd_diffusion

wd_ignite
wd_surf_at_tau_1m4




MESA resources

MESA webpage: http://mesa.sourceforge.net/index.html

MESA Marketplace: http://cococubed.asu.edu/mesa_market/

MESA Summer schools:

http://cococubed.asu.edu/mesa_summer_school_2019/index.html

“Beyond inlists”
https://jschwab.github.io/mesa-2018/

The mailing list mesa-users@lists.mesastar.org

The MESA “instrument papers”
Paxton et al. (2011,2013,2015,2018,2019)

https://ui.adsabs.harvard.edu/abs/2019arXiv190301426P/abstract




