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Summary

• Introduction
• Numerical Methods

- 1D (or 1.5D): Spherical Symmetry
- Meshing
- Timestep control
- Reformulation of the equations
- Nuclear Networks
- Algorithm

• Solver efficiency and run time
• How to use MESA
• Massive stars: Sensitivity to “code physics”

- Super Eddington envelopes
- Tweak MESA with run star extras.f: wind mass

loss scheme.
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Foreword
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Intoduction: Open Source stellar evolution code

What does it stand for?

Modules for
Experiments in
Stellar
Astrophysics

References

Paxton et al. 2011, ApJs192,3
Paxton et al. 2013, ApJs208,4
mesa.sourceforge.net

mesastar.org

Open Source ⇔ Open Know How

written in FORTRAN 90
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mesa.sourceforge.net
mesastar.org


Modules overview

Figure: From Paxton et al. 2011, ApJs, 192, 3

Each module: “public” interface and “private” implementation
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Numerical Methods: 1D (or 1.5D)

Prohibitive computational cost of 3D simulations

⇒ 1D, but stars are not spherical-symmetric!

Need of parametric approximations for:

• Rotation ⇒ “Shellular Approximation”

• Magnetic Fields

• Convection ⇒ Mixing Length Theory (MLT)

• ...

Beware of systematic errors!
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Numerical Methods: Hydrostatic code...

... but stars are not necessarily static!

Figure: η Car, false colors, from wikipedia.

Other examples: He flash, outburst, episodic mass loss, RLO,
etc...
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Numerical Methods: Discretization

For numerical solutions:

df

dm
→ f (mk+1)− f (mk)

mk+1−mk

⇒ Discretization of space (mesh or grid)

and time (timesteps)
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Numerical Methods: Meshing

toward surface

toward center

mk−1, rk−1, Lk−1, vk−1, ...face k-1

mk, rk, Lk, vk, σ

σ

k,

, ,

Fi,k ,dmk Pk, T k, ∇T, kface k

mk+1, rk+1, Lk+1, vk+1, k+1, Fi,k+1, ...face k+1

dmk−1 ρk−1, Tk−1, Xi,k−1, Pk−1, ...cell k-1

dmk ρk, Tk, Xi,k, Pk, ∇ad,k εnuc,k εgrav,kcell k

Figure: From Paxton et al. 2011, ApJs, 192, 3

mesh delta coeff(=1.0) , mesh delta coeff for highT(=1.5) 9 / 29



Numerical Methods: Timestep selection

To choose the next timestep ∆tk+1:

1 vc ≤ vt ∼ 10−4, vc unweighted average over all cells of
the relative variations of log(R), log(T ), log(ρ):

∆tk+1 = ∆tkg

(
g(vt/vc,k)g(vt/vc,k−1)

g(∆tk/∆tk−1)

)1/4

g(x)
def
= 1 + 2 tan−1(0.5(x − 1)) ;

2 extra controls on many quantities to reduce it if necessary;

- Coming soon: check that ∆tk+1 ≤ τKH, τM loss, τff, ...

If MESA fails: first retry then backup
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Numerical Methods: Reformulation of the equations

• Pk−1−Pk

0.5(dmk−1−dmk )
= − Gmk

4πr4k
− ak

4πr2k
, ak

def
= dvk

dt , vk = rk
d ln(rk )

dt

• ln(rk) =
1
3 ln
[
r3k+1 +

3
4π

dmk
ρk

]
,

• Tk−1−Tk

0.5(dmk−1−dmk )
= −∇T ,k

(
dP
dm

∣∣∣∣
k

)
static

<Tk>
<Pk>

,

• Lk − Lk+1 = dmk{εnuc − εν + εgrav} ,

• Xi ,k(t + δt) = Xi ,k(t) + δt
(
dXi ,k
dt

)
nuc

+
(Xi ,k−Xi ,k−1)σkδt
0.5(dmk−1−dmk )
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Numerical Methods: Nuclear Networks

Figure: From José & Iliadis 2011,
RRPh, 74, 6901

Figure: From
faculty.buffalostate.edu

Small network ⇒ fake
e−-captures ⇒ “wrong”

Ye
def
= ∑i Xi

Zi
Ai
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Numerical Methods: The Matrix to Solve

P
T
L
R

1H
3He
4He
12C
14N
16O

20Ne
24Mg

Variables

E
qu

at
io

ns
 fo

r c
el

l k

cell k-1 cell k cell k+1

d(structk)
d(structk-1)

d(chemk)
d(chemk-1)

d(chemk)
d(chemk+1)

d(chemk)
d(chemk)

d(chemk)
d(structk)

d(structk)
d(structk+1)

d(structk)
d(structk)

d(structk)
d(chemk)

Figure: From Paxton et al. 2013, ApJs, 208, 4. Black dots are non-zero
entries.
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Numerical Methods: Algorithm

• Solves simultaneously the fully coupled set for the
structure and composition;

• Henyey code: varies all the quantities in each zone until
an acceptable solution is found ( 6= Shooting Method);

• Generalized Newton-Raphson solver (⇒ FIRST ORDER):

0 = F(y) = F(yi + δyi ) = F(yi )+

[
dF(y)

dy

]
i

δyi +O((δyi )
2) ;

δyi ' −
F(yi )[
dF(y)
dy

]
i

⇒ yi+1 = yi + δyi
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Numerical Methods: Convergence Low M

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
M[M�]
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Figure: Two models after ZAMS
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Numerical Methods: Convergence Intermediate M

0 1 2 3 4 5 6 7 8 9
M[M�]

0.0

1.0

2.0

3.0

4.0

5.0

T
[1

07 K
]

M = 9M�, Z = Z�,
custom initial model,
TAMS

1st iter
2nd iter
3rd iter
4th iter
5th iter

Figure: Two models after TAMS
16 / 29



Numerical Methods: Convergence High M
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M[M�]
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3.0

3.5

4.0
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Figure: Two models after ZAMS
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Numerical Methods: Run Time

3.73.83.94.04.14.24.34.44.5
log(Teff)

-1

0

1

2

3

4

5

lo
g(

L/
L �

) 10M�, age = 24.58[Myr], trun = 0.302 min
2M�, age = 1241.92[Myr], trun = 0.245 min
1M�, age =9166.73[Myr], trun = 0.206 min

Figure: MS evolutionary tracks for 3 solar metallicity stars
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Let’s go down the rabbit hole...

• $MESA DIR/star
• Work directory structure

- output: photos, models,
profiles*.data and history.data

- compile and run
- set up your run: the inlists

• Give it a try: will a 10 M� star

explode?[See §4 of the notes]
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http://www.tapir.caltech.edu/~mathren90/MESA_workshop_notes.pdf


Welcome to the rabbit hole!

ssh -YA mesawork@astr4pi.df.unipi.it

or
ssh -YA mesawork@astr18pi.df.unipi.it

then
cd ./MESA WORKSHOP
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Day 2

Mathieu Renzo - Università di Pisa
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Summary

• How to use MESA
• Massive stars: Sensitivity to “code

physics”
- Super Eddington envelopes
- Mass loss problem
- How to use run star extras.f: implement a

custom wind scheme
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Sensitivity to parametric physics

Stellar evolution calculations rely on many

parametric models

(e.g. MLT, diffusion approximation, rotation,

mass loss, B-fields, etc...)

and poorly constrained physical quantities

(e.g. 12C (α, γ)16O rate)

Their influence is not always explored in a

systematic way.
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Super Eddington Envelopes 1

dPrad

dr
(r)

!
= −GM(r)ρ(r)

r2
⇒ LEdd(r)

def
=

4πGM(r)c

κ(r)

5.0 5.5 6.0 6.5 7.0
log T

0.0

0.5

1.0

1.5

2.0

2.5

3.0

κ
(c

m
2

g−
1 )

OPAL: X = 0.7, log(ρ/T6
3) = −5

Z=0.02
Z=0.01
Z=0.004
Z=0.001
Z=0.0001

5.0 5.5 6.0 6.5 7.0
log T

0.0

0.5

1.0

1.5

2.0

κ
(c

m
2
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1 )

60 M� ZAMS profiles

Z=0.02
Z=0.01
Z=0.004
Z=0.001
Z=0.0001

Figure: From Paxton et al. 2013, ApJs, 208, 4
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Super Eddington Envelopes 2

Convection ⇔ dPrad
dPtot
≥ ∂Prad

∂Ptot

∣∣∣∣
s

, but Fconv . ρc3s

{
L(r) > LEdd(r)

F & Frad + ρc3s
⇒

MLT++:
okay to reduce gradT

∇T −∇ad → α∇f∇(∇T −∇ad)
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Effects of MLT++
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Massive stars mass loss in one slide

Important for:

• Chemical and dynamical
evolution of galaxies

• Evolutionary time-scales

• Final remnant (NS or BH)

Mechanisms:

• Line-driven winds

• Binary interactions

• Eruption and episodic
events

• ...

How to simulate it:
Assumption of steadiness and
homogeneity ⇒ Time averaged
prescriptions,

Ṁ ≡ Ṁ(L,Teff,R ,M ,Z , ...)

Large uncertainties
encapsulated in fudge factors

Ṁ → ηṀ
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Mass Loss Rates

Figure: From Smith 2014, ARA&A, 52, 487S 28 / 29



MESA’s mass loss recipies

• RSG wind scheme

used if Xc > 0.01 or Yc > RGB to AGB wind switch

• AGB wind scheme

used if Xc < 0.01 and Yc < RGB to AGB wind switch

In ($MESA DIR/star/defaults/controls.default): Reimers,
Blocker, de Jager, van Loon, Nieuwenhuijzen, Kudritzki, Vink,

Dutch or
other⇒ allows the implementation of a custom mass loss
prescription using the run star extras.f and the other

‘‘hooks’’.
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