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Outline

• Radial pulsation models: physics and state of the art

• Recent results for RR Lyrae and Cepheids

• How to apply model results
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Radially pulsating stars: 
the instability strip
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Valve effect: variation of opacity (κ mechanism) and Γ3 -1 (ɣ mechanism) in the 
ionization regions of the most abundant elements of stellar envelopes: H, He and He+ 
(Eddington 1918, 1026, Zhevakin 1953, 1954)
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In the classical instability pulsation mechanisms expected to be connected with 
the position in the HR diagram, i.e. related to L, Te (R)

Valve effect: variation of opacity (κ mechanism) and Γ3 -1 (ɣ mechanism) in the 
ionization regions of the most abundant elements of stellar envelopes: H, He and He+ 
(Eddington 1918, 1926, Zhevakin 1953, 1954)



k mechanism

Opacity variations in the H, HeI, HeII ionization regions:

                      (kρ=1/λ)                  k ∝ ρn T-s   

                    The pulsation mechanisms
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k mechanism

Opacity variations in the H, HeI, HeII ionization regions:

                      (kρ=1/λ)                  k ∝ ρn T-s   

stellar interior ⇒ positive n and s: opacity decreases during contraction of the       
                              stellar envelope producing heat loss 

ionization regions ⇒ s becomes large and negative: small temperature variations 
                                    cause an increase of κ during  contraction 

 ⇒ radiation trapping ⇒ energy excess ⇒ pulsation work

                    The pulsation mechanisms
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γ  mechanism
   The adiabatic exponent Γ3-1 = (dlogT/dlogρ) decreases in 

the ionization regions.                                              

Most of  the released energy during the phases of contraction goes into ionization:

                    The pulsation mechanisms
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γ  mechanism
   The adiabatic exponent Γ3-1 = (dlogT/dlogρ) decreases in 

the ionization regions.                                              

Initial contraction phase 

Most of  the released energy during the phases of contraction goes into ionization:

ρ increases

small L variation because L∝ T4

small increase of  T
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γ  mechanism
   The adiabatic exponent Γ3-1 = (dlogT/dlogρ) decreases in 

the ionization regions.                                              

Initial contraction phase 

Most of  the released energy during the phases of contraction goes into ionization:

ρ increases

small L variation because L∝ T4energy is trapped

pulsation work

small increase of  T

                    The pulsation mechanisms
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Susequent energy excess
during the expansion phase



γ mechanism : effect of  T variations on L variations

k  mechanism: effect of k variations on L variations

Both the k  and  γ  mechanisms are efficient in driving the
pulsation but the phenomenon is started by a stochastic
fluctuation of the external layer properties (e.g. contraction)

                    The pulsation mechanisms
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The physical basis of the instability strip: 
why the blue edge?
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Only when the ionization regions are
deep enough the mass involved in
the pulsation driving mechanisms
prevails ⇒  Pulsation ⇒  Blue Edge

 pulsationNo pulsation

Blue edge



The physical basis of the instability strip: 
why the red edge?
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 No pulsation
pulsation

Red edge

Convection becomes more efficient
at lower effective temperatures  
⇒ k and γ  gradients are reduced 
⇒ quenching of pulsation 

(Baker & Kippenhahn 1965)



The physical basis of the instability strip: 
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 No pulsation
pulsation

Red edge

Convection becomes more efficient
at lower effective temperatures  
⇒ k and γ  gradients are reduced 
⇒ quenching of pulsation 

(Baker & Kippenhahn 1965)

When the quenching effect due to
convection prevails, pulsation is no
more efficient

⇒ Red edge of the instability strip



Radially pulsating stars: 
the variation properties
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Period
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The period and the amplitude of the oscillation are very solid quantities: they are independent 
of distance and reddening.



Radially pulsating stars: 
the period-density relation
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In particular, the period of the oscillation can be connected to the intrinsic properties of the 
pulsating star.

P√ρ= costant  + Stefan-Boltzmann → Period is a function of mass, luminosity, 
effective temperature (and chemical composition)



Radially pulsating stars: 
the period-density relation

INAF PhD School Francesco Lucchin - Agerola                              28 Ottobre 2025

In particular, the period of the oscillation can be connected to the intrinsic properties of the 
pulsating star.

P√ρ= costant  + Stefan-Boltzmann → Period is a function of mass, luminosity, 
effective temperature (and chemical composition)

PLCM relation 

This makes pulsating stars standard candles and stellar population tracers



Radially pulsating stars: 
the period-density relation

INAF PhD School Francesco Lucchin - Agerola                              28 Ottobre 2025

In particular, the period of the oscillation can be connected to the intrinsic properties of the 
pulsating star.
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Radially pulsating stars: 
the period-density relation
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In particular, the period of the oscillation can be connected to the intrinsic properties of the 
pulsating star.

P√ρ= costant  + Stefan-Boltzmann → Period is a function of mass, luminosity, 
effective temperature (and chemical composition)

PLCM relation 

This makes pulsating stars standard candles and stellar population tracers

PLC and PL relations 

Period, mean magnitudes  
and colors 



INAF PhD School Francesco Lucchin - Agerola                              28 Ottobre 2025

The theory of stellar pulsation

+ heat  transfer equation

The lagrangian description is usually preferred ← better physical    
interpretation of equations

Mass conservation equation

Momentum equation

Energy equation
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Radially pulsating evelope

• Spherical simmetry: the star varies its 
volume and luminosity on the 
pulsation time scale but the shape 
remains spherical.

• No rotation, no magnetic fields.

• The core is excluded (nuclear reactions evolve on much longer 
time scales, pulsation mechanisms excited in the envelopes)

• The envelope is divided in~150-250 mass zones. 
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State of the art of modeling:

Linear non adiabatic convective 1D models

Nonlinear convective 1 D models

    2D/3D simulations  



INAF PhD School Francesco Lucchin - Agerola                              28 Ottobre 2025

Linear non adiabatic pulsation models

Linear non adiabatic hydrodynamical models means that non adiabatic effects 
related to the driving mechanisms are taken into account but the hydrodynamic 
equations describing the pulsation phenomenon are linearized.
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Linear non adiabatic pulsation models

Linear non adiabatic hydrodynamical models means that non adiabatic effects 
related to the driving mechanisms are taken into account but the hydrodynamic 
equations describing the pulsation phenomenon are linearized.

Periods                                    
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Linear non adiabatic pulsation models

Linear non adiabatic hydrodynamical models means that non adiabatic effects 
related to the driving mechanisms are taken into account but the hydrodynamic 
equations describing the pulsation phenomenon are linearized.

Periods                                    

Instability strip                               

Amplitudes                                    X
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Nonlinear convective pulsation models

Nonlinear convective hydrodynamical 1D models means that the equations 
describing the pulsation phenomenon are NOT linearized and that not only 
the periods and the instability strip edges can be estimated but also the 
pulsation amplitudes (full amplitude variation of all the relevant quantities 
along the pulsation cycle) 

⇒ Periods, amplitudes, lightcurves, blue and red edges                                     

Several authors developed nonlinear convective pulsation models of 
Cepheids and RR Lyrae (e.g. Gehmeyr et al. 1990, Bono & Stelingwerf 
1994, Yecko et al. 1998; Kolláth et al. 2002; Bono, Marconi Stellingwerf 
1999, Szabo et al. 2000, 2004, Smolec & Moskalik 2008, Paxton et 
al.2019)
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2D and 3D hydrodynamical simulations

Multidimensional hydrodynamical simulations means that the 1D assumption 
is released and that the pulsation convection coupling is treated in 2D or 3D 
(e.g. Mundprecht et al. 2013, 2015 MNRAS → 2D approach to pulsation,
But see also Geroux & Deupree 2015, Deupree 2021)

More realistic simulations of 
the convection–pulsation 
interaction in Cepheids

→ guidelines for developing descriptions of convection to be applied in 1D modelling.
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1D nonlinear convective pulsation models
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Typical predictions of 1D nonlinear convective 
pulsation models: the instability strip

De Somma et al. 2022 ApJS 

Classical Cepheids
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Comparisons with the observations

De Somma et al. 2022 ApJS 

Canonical  l/Hp = 1.5 Canonical  l/Hp = 1.7 Non Canonical  l/Hp = 1.5 

Z
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Typical predictions of 1D nonlinear convective 
pulsation models: the instability strip

RR Lyrae

Marconi et al. 2015 ApJS 
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Comparison with the observations

Marconi et al. 2015 ApJS 

Clementini et al. 2023 A&A
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Typical predictions of 1D nonlinear convective 
pulsation models: the light curves

De Somma et al. 2020 ApJS
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Typical predictions of 1D nonlinear convective 
pulsation models: the light curves

RR Lyrae Cepheids

Bolometric light curves are transformed into various photometric systems 
through model atmospheres.
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Pulsation amplitudes in the selected 
photometric filters.
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Pulsation amplitudes in the selected 
photometric filters.

Theoretical Period-Amplitude diagrams
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Marconi et al. 2021 MNRAS

Clementini et al. 2022 A&A

Theoretical versus observational Bailey diagrams
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Mean magnitudes and colors in the 
selected photometric filters.
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Mean magnitudes and colors in the 
selected photometric filters.

Multi-filter PL, PLC and PW relations 
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Marconi+ 2015 ApJ Neeley+ 2017 ApJ

Multi-filter PL relations predicted by 
RR Lyrae models
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Marconi+ 2015 ApJ Neeley+ 2017 ApJ

Multi-filter PL relations predicted by 
RR Lyrae models

Metallicity effect 
on the zero-point
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Multi-filter PLZ relations predicted by 
RR Lyrae models

PLZ relations
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Multi-filter PLZ relations predicted by 
RR Lyrae models

PLZ relations

To derive distances of 
RR Lyrae of known 
period and metallicity
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Multi-filter PLZ relations predicted by 
RR Lyrae models

PLZ relations

To derive distances of 
RR Lyrae of known 
period and metallicity

To derive the metallicity  
of RR Lyrae of known 
period and distance
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Marconi+ 2015 ApJ

Multi-filter PW relations predicted by 
RR Lyrae models
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Marconi+ 2015 ApJ

Multi-filter PW relations predicted by 
RR Lyrae models

Metallicity effect 
on the zero-point
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Multi-filter PWZ relations predicted by 
RR Lyrae models

PWZ relations

To derive distances of 
RR Lyrae of known 
period and metallicity

To derive the metallicity  
of RR Lyrae of known 
period and distance
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Marconi+ 2015 ApJ

Multi-filter PW relations predicted by 
RR Lyrae models
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3 band PW relations predicted by 
RR Lyrae models

Marconi+ 2015 ApJ
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3 band PW relations predicted by 
RR Lyrae models

Marconi+ 2015 ApJ
Color term 
of the PW



Classical Cepheid Results
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The Updated Dataset of CC Pulsation models

● Wide range of masses and effective temperatures

● 3 assumptions about the Mass-Luminosity (ML) relation

● 3 values for the efficiency of superadiabatic convection

● 4 chemical compositions

The ML relation and the efficiency of superadiabatic convection were varied simultaneously 

for the first time!

Low metallicity         

Solar metallicity  

    

Oversolar  metallicity 

Z=0.004    Y=0.25 

Z=0.008    Y=0.25 

Z=0.02      Y=0.28 

 

Z=0.03      Y=0.28

More than 
2000 models!!
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The Atlas of light and Radial Velocity Curves

Z=0.03    Y=0.28 
6 M

◉

-Mbol (mag) Velocity (Km/sec)

Phase Phase

Z=0.004    Y=0.25 
7 M

◉

-Mbol (mag) Velocity (Km/sec)

Phase Phase
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The First Theoretical Atlas of Gaia Light Curves

De Somma et al.,2020, ApJS
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Using bolometric corrections (Chen, Girardi et al. 2019 A&A),
 bolometric light curves were converted into the Gaia photometric system. 

G
BP 

G

G
RP

 



The First Theoretical Atlas of Rubin-LSST Light Curves

De Somma et al.,2024, MNRAS
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Using bolometric corrections (Chen, Girardi et al. 2019 A&A),
 bolometric light curves were converted into the Gaia photometric system. 

Filters:
- u (purple line)
- g

 
 (blue line) 

- r (green line)  
i-  (yellow line) 
- z (orange line)
- y (red line)



The Dependence of CC PW relation on Metallicity

There is a metallicity effect and it depends on the color!!
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The Metal-Dependent PW relation on Metallicity
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De Somma et al. 2022, ApJS 

 



The Metal-Dependent PW relation on Metallicity

Metal-dependent PW relations point 
towards a metallicity effect on the zero 
point varying from ∼-0.1 dex to ∼-0.2 
dex for the F-mode relations and from 
∼-0.1 dex to ∼-0.3 dex for the FO-mode 
relations.

The first theoretical PWZ relation in the Gaia filters
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At fixed period and color, models predict that more metallic Cepheids are brighter → effect on the 
distance scale 🡪
Accurate corrections for metallicity are crucial for reducing uncertainties and making the anchors 
consistent in the distance ladder.

De Somma et al. 2022, ApJS 
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Metallicity Effects on PL and PW Relations

Theoretical and empirical metallicity correction 
results are in good agreement!!

In 2020 we started the C-MetaLL 
(Cepheid Metallicity in the Leavitt 
Law) project (PI:V. Ripepi) 

Aim of the project : Measure 
accurate PLZ/PWZ relations 
based on homogeneous 
spectroscopy and photometry
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Application: Derivation of Individual Theoretical Parallaxes
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Steps

1. Upload the Gaia table (GaiaDR3_table.csv) and familiarize yourself with the meaning of each column.

Application: Derivation of Individual Theoretical Parallaxes
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PW for Z=0.02 and Y=0.28

PWZ  

 

Application: Derivation of Individual Theoretical Parallaxes



Application: Derivation of Individual Theoretical Parallaxes
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Application: Derivation of Individual Theoretical Parallaxes



Gaia parallax

Th
eo

re
ti
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l -
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←
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L 
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Brighter/fainter ML relation implies a shorter/longer distance scale → increase/decrease of H
0
 

           Best Match:
       Can ML relation
           α =1.7 

 -- Riess et al. 2021
  - De Somma et al. 2022 

Theoretical parallaxes were obtained by applying the PWZ: W= a + b logP + c [Fe/H]

Convective efficiency →

De Somma et al. 2022, ApJS
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Theoretical versus Gaia Parallaxes for Galactic Cepheids: 
the Effect of the ML Relation


