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Motivation
● Problems, e.g.

○ Mass discrepancy problem (including all observables)
○ Minimum mass/period at Instability Strip (IS) entry
○ Metallicity dependence of PL relation
○ Degeneracies (overshooting - rotation - mass loss)
○ Consistency between evolutionary and pulsation calculations

● How MESA compare to other codes?



Model setup
● MESA r-21.12.1  (+pulsation with MESA-RSP)
● Mass range: 2−8M

☉
 (varying step, 0.5 & 0.1M

☉
), 

● Metallicity range, [Fe/H]=−1.0, +0.2 (11 values), ΔY/ΔZ=1.5
● Exponential overshoot, MS core + envelope (RGB)

○ fH: 0.00, 0.01, 0.02, 0.03, fenv: 0.00, 0.02, 0.04, 0.06
● Mass Loss: Reimers, η = 0, 0.2, 0.4, 0.6
● A09 reference solar mix, Sun-calibrated MLT
● Other factors explored: 14N(α,𝛾)15O, solar mix (GS98), ΔY/ΔZ
● No diffusion, No rotation, No pulsation induced mass-loss

Paxton et al., 2011-2019, ApJS
Jermyn et al., 2023, ApJS
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Model setup

Ziółkowska et al., 2024

● No numerical convergence 
after the MS for models 
with M ≥ 9

☉
● caused by an episode of 

thin convective shell 
formation a top of the MS 
core



Uncertainties on evolutionary tracks (Ziółkowska +, 2024)



Overview of the track repository
● Two types of grids: coarse and fine in mass

○ GC: 2.0, 2.5, 3.0, …, 8.0 (step 0.5M
☉

) 
- 13 mass values

○ GF: 2.0, 2.5, 3.0, 3.1, 3.2, … 8,0 (step 0.1M
☉

) 
- 53 mass values

● 11 metallicities
○ 143 models in GC, 583 models in GF

● Explored effects:
○ MS core overshooting
○ RGB envelope overshooting
○ Mass loss (Reimers)
○ 14N(α,𝛾)15O
○ GS98 solar mixture, ΔY/ΔZ



Overview of the track repository

> 6000 models



Edges of the Instability Strip

● Strongest sensitivity on convective parameter set
○ fiducial cool and hot IS (constructed based on Z=0.004, all crossings) 



Edges of the Instability Strip

● fiducial edges hot & cool IS edges: based on O24, Z=0.004, all crossings



Edges of the Instability Strip

● comparison with recent SPIPS & eclipsing Cepheids data
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Edges of the Instability Strip

● fiducial edges hot & cool IS edges: based on O24, Z=0.004, all crossings
● mid-lines



Blue loop extent across M and Z

log T of the hottest point 
on the loop
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log T of the hottest point 
on the loop

Models that enter
hot IS



Blue loop extent across M and Z

log T of the hottest point 
on the loop

Next slide:

fenv

fH





Blue loop extent across M and Z

fH=0.00, fenv=0.00 and
fH=0.02, fenv=0.04

- selected as a reference



Minimum pulsation periods at 2nd crossing

Median periods:
SMC: 1.94d,  LMC: 3.59d,  GD: 4.96d Mean [Fe/H]:

LMC: −0.35 (Z=0.006)
SMC: −0.70 (Z=0.003, Z=0.002)Soszyński et al., 2015, AcA

Hocde et al, 2023, A&A



Minimum pulsation periods at 2nd crossing



Period - luminosity relation (@LMC & SMC; OGLE data)



Period - luminosity relation: metallicity dependence

Breuval et al. 2025, ApJ, subm.

● Observational studies converge on 
metallicity effect of order of 
𝛾 = −0.15,…, −0.30 mag/dex

● Theoretical studies are more 
scarce, but recent agree with 
observations



Period - luminosity relation: metallicity dependence

● fit  WI = a ᐧ (log P − 0.7) + b, separately for each [Fe/H]



Period - luminosity relation: metallicity dependence

● fit  WI = a ᐧ (log P − 0.7) + b, separately for each [Fe/H]
● fixed slope ([Fe/H]=−0.35; LMC)



Period - luminosity relation: metallicity dependence

Comparison with Breuval+ 2022



Evolutionary and pulsational relations: [Fe/H] dependence
● fit  Y = a ᐧ (log X − log X0) + b, separately for each [Fe/H]
● a([Fe/H]) and b([Fe/H]) dependence
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Evolutionary and pulsational relations: [Fe/H] dependence
● fit  Y = a ᐧ (log X − log X0) + b, separately for each [Fe/H]
● a([Fe/H]) and b([Fe/H]) dependence O00, no overshooting



Evolutionary and pulsational relations: [Fe/H] dependence

● fit  Y = a ᐧ (log X − log X0) + b, separately for each [Fe/H]
● a([Fe/H]) and b([Fe/H]) dependence
● fit  Y = (a + d ᐧ [Fe/H]) ᐧ log X + b + c ᐧ [Fe/H]

○ good for O24
○ for O00 - more complex - specific [Fe/H] relations will be plotted



M-L Relation

data: Pilecki+, Gallenne+, Evans+
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M-L Relation

data: Pilecki+, Gallenne+, Evans+



P-R Relation



P-R Relation



Period Change Rates



P-Age Relation



P-Age Relation



The Effects of Mass Loss, 14N(α,𝛾)15O, Solar mix, ΔY/ΔZ…

% of mass 
lost



Summary & Future Work
● Paper to be submitted soon
● Challenges

○ Minimum pulsation period at IS entry
○ More massive models (convective boundaries)

● Inclusion of rotation
○ The effect on M-L relation

● Population synthesis
○ A comprehensive comparison with observations

● Even more consistent pulsation and evolution?



Towards fully consistent evolution and pulsation in MESA
● Present work:

○ RSP uses the same microphysical setup (EOS, opacities) as 
MESA

○ but it uses envelope models (bound to evolutionary tracks, M, 
Teff, L, [Fe/H])

○ Pretty good for Cepheids!
● Is better consistency posible?

○ Development of TDC in MESA, Farag et al., in prep.



Self-Consistent Nonlinear Cepheid Pulsations During Stellar 
Evolution with MESA

Ebraheem Farag et al., 
● TDC: implementation of Kuhfuss model 

into MESA (may replace MLT)
● now extended with eddy-viscous terms

Farag et al., in prep.
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Self-Consistent Nonlinear Cepheid Pulsations During Stellar 
Evolution with MESA

Ebraheem Farag et al., 
● TDC: implementation of Kuhfuss model 

into MESA (may replace MLT)
● now extended with eddy-viscous terms
● single model (5.91M

⊙
, 5056L

⊙
, 5620K, 

Z=0.003032) integrated in 4 versions
● Excellent agreement of TDC models, 

good agreement with RSP
● Differences traced to different TDC/RSP 

solvers

Farag et al., in prep.



Extra slides



MESA r-21.12.1 vs. last MESA release (24.08.1)



Blue loop extent across M and Z: effect of 14N(α,𝛾)15O

JINA, Cyburt+ 2010



Blue loop extent across M and Z: effect of 14N(α,𝛾)15O

NACRE, Angulo+ 1999



Blue loop extent across M and Z: effect of Solar Mix

A09, Asplund+ 2009



Blue loop extent across M and Z: effect of Solar Mix

GS98, Grevesse & Sauval 1998



Blue loop extent across M and Z: effect of ΔY/ΔZ 

ΔY/ΔZ=1.5



Blue loop extent across M and Z: effect of ΔY/ΔZ 

ΔY/ΔZ=2.0



Ages and crossing times



Period Change Rates



Uncertainties on evolutionary tracks (Ziółkowska +, 2024)
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Uncertainties on evolutionary tracks (Ziółkowska +, 2024)
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● 8 benchmark 
points

● differences 
with respect to 
a reference



Period - luminosity relation: metallicity dependence

Comparison with Breuval+ 2021



Blue loop extent across M and Z

log T of the hottest point 
on the loop

Models that enter
cool IS


