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Lyra constellation

Vega

RR Lyrae

Discovered by Williamina Fleming (1901)

The star’s luminosity varies 
regularly with a period of 0.5 days

The RR Lyrae stars3/18



P=0.27 days

P=0.82 days
Fundamental mode: RRab

• Short period variables: 0.2 -1 day 

• Radial pulsators 

• Period-Luminosity-Metallicity relations

4/18 The RR Lyrae stars

https://asas-sn.osu.edu/variables/2db1246f-b7bb-5de9-bdbf-a2916ba115de
https://asas-sn.osu.edu/variables/6be020bf-e8d2-5f54-b00e-78463b8176c4


Interlude: Metallicity in Astrophysics
Metals in astrophysics:  all the elements heavier than He  

Metals

[Fe/H] = log10 ( NFe

NH )
star

− log10 ( NFe

NH )
Sun

Metallicity proxy in stars: [Fe/H] = 0

[Fe/H] < − 1

[Fe/H] > − 0.5

Sun-like
Metal poor
Metal rich
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Older

Higher Opacity

Similar He core mass (~0.5 Msun)

The “Classical” textbook definition
(e.g. Catelan09, Smith04)

‣Low-mass (<1 Msun)

‣Old (>10 Gyr) 

‣ metal-poor ([Fe/H]<-1)


‣Tracers of old  populations (Halo, 
Globular clusters, Streams)

‣Metal-rich and/or young RR Lyrae 
stars should not exist

Core Helium burning star
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[Fe/H] = 0
Age = 25 Gyr

Age = 14 Gyr
[Fe/H] = − 1

[Fe/H] = − 2
Age = 12 Gyr

RR Lyrae star

He



RR Lyrae as Galactic fossils

MW  
stellar halo 
(>10 Gyr)

Sagittarius  
stream

Magellanic 
Clouds

Globular clusters 
(>10 Gyr)

Dwarf Spheroidals

Iorio&Belokurov19
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RR Lyrae stars in Gaia DR2

Sagittarius  
dwarf

https://ui.adsabs.harvard.edu/abs/2019MNRAS.482.3868I/abstract


Metal-rich (up to solar) RR Lyrae stars exist all over the Galactic disc 

Gaia Image of the week 25/02/2022Clementini+23

SURPRISE!8/18

Galactic disc

https://www.aanda.org/articles/aa/pdf/2023/06/aa43964-22.pdf


Metal-rich RR Lyrae in the Galactic disc
Bobrick&Iorio+24

• Thin-disc like spatial distribution 

• Follows the disc structures as the 
intermediate-young populations 
(<5 Gyrs)
Cabrera-Gadea+24

hz < 500 pc

They "share" a similar spatial distribution with intermediate-young disc stars.
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(Ages of typical stars in the thin disc < 10 Gys)
Yesterday Matthew’s talk

https://ui.adsabs.harvard.edu/abs/2024MNRAS.52712196B/abstract
https://arxiv.org/pdf/2410.22427


Rotations and dispersion consistent with young-intermediate populations
(also Zinn+20, Prudil+20)

Metal-rich RR Lyrae in the Galactic disc

They “move” similarly to intermediate-young disc populations
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Iorio&Belokurov21

https://ui.adsabs.harvard.edu/abs/2020MNRAS.492.2161Z/abstract
https://watermark.silverchair.com/staa046.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA1YwggNSBgkqhkiG9w0BBwagggNDMIIDPwIBADCCAzgGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMDVux2j1TEBZG4Z3ZAgEQgIIDCVhVnmcVleieg0aUyJoCUz_fn6G--97HwO4yZOoIOD302l6UWD3XIoQro17vhwKSaMt2c6hxdnk7MUps2biIbWPNAFfsMRDTwJ3C3NRzwKvesi306CaBILnH_8-293UlkRcmV7Cb-jro_R1Yck9QiyCXXzErUcheJSJO4AI_8XlKOx4UZi2bYqnxhlSSIhpm_K0Y91hgdit9i66o1Hu7tiKWj2U9Uqq4CAOW9JdVNiqDvJAuqIyY8d6u9b0AYVlla4BbM2zsmCC-RMhjyQacGbh259WsnniucYEiTYWrL2t1-v5hEgc5ErQScrmKbdSBhz7U1DZ5EKtgwDpiZsND2YiYJm3w0ET7675yHHo5uf9bM3mbc5227my4Ya99bF190tJX849SsP5VGNa_TGn6bE2WJWszyHkiYWEZdH0KNMdLNk8wHRP__Z0xo_qaCgS69oFMLaOP0EUhwjlJT4Pq6sq23m5iBLaKGhtqOnKx9W8kKispIjAgLI4jDTXrNHG-pxIBpdgbXnDXquFv6T3sSTobOgAwb090aD-gOhBJrLOeAceuGrLsr0Gzai7gpnDzFIx6SjTZfZWhqPuyAFzgEwwboNr-3_T9qmEzs1uBzQidIByUz-RmITcnpTjDXVLNuFCo1r7hUKvMLwYdeIA77uLhKKCQ66ODrSv9AmSElWpMSwNf2trTdzLvkKR5oLxxsarLoJU8fulVvIxF-hDQxqJHzYZG4mPQTRzCaxiCrNyM8bk4j7QHHzitJoTLO-SokGwl0JGIEq2vQfMsKfd0FA6LgDTvelZfXfkQCD0E0rmjBh2Id3xiL_pD1OFUmRjOCdf-YWc4mmQvCBZVtsiVV-3nnkp2qutr-NYB1p0EBvvoWM02k0it6dmJ5DFOk4wM9O7wgSTtov9P4I51gfRP2WaRj2QcdOrUZ0rrMPZ1r-lI3sm2Ak2ExLTLbDGUMFBI72TmIb5Waoo35NAmCCOq3vDOrCc7GoKrkEFkcyqex2zsfDsA0YLK_zub0vS6BieNpXDR_yNEvSP3zg


Metal-rich RR Lyrae in the Galactic disc

Age-metallicity trend opposite to the theoretical prediction!

Zhang,Iorio,Belokurov in prep.

Comparing Phase space distribution RR Lyrae with stars in the disc with known ages:
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A Mystery of Galactic proportion 

Savino+20

Theory Evidences

• Higher the metallicity, older the RR Lyrae


• Metal-rich RR Lyrae should not exist

• Higher the metallicity, younger the RR Lyrae


• Metal-rich RR Lyrae up to Solar metallicities
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https://www.aanda.org/articles/aa/pdf/2020/09/aa38305-20.pdf


What are the astrophysical implications?

Are they young?
• Paradigm shift: RR Lyrae may also trace intermediate-young populations


• Impact on stellar evolution: revision or new formation channel(s) needed

Are they old?
• Challenge for models of Milky Way formation and evolution: 


• Why do they resemble younger populations?

I focus on exploring alternative formation channels

A Mystery of Galactic proportion 13/18



Recipes to produce a metal-rich RR Lyrae star
Metal-rich RR Lyrae require less massive envelopes to balance higher opacity 

 (see e.g. Bono+98).
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Required mass-loss through winds is not supported by observations
Stars lose mass through stellar winds, but..

(<0.3 Msun, see e.g. Salaris+13, Origlia+14, Savino+19, Tailo+22)


Increasing mass lossRR Lyrae star



~20-50% of low-mass stars are in a Binary (Offner+22, Moe+19)
Alternative formation channel: binary mass transfer

Dickson24

Mass-transfer in binary much more efficient than Stellar Winds
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https://ui.adsabs.harvard.edu/abs/2023ASPC..534..275O/abstract
https://iopscience.iop.org/article/10.3847/1538-4357/ab0d88/pdf
https://iopscience.iop.org/article/10.3847/1538-4357/ad6c0d/pdf


Initial investigations indicate a good match with data  
(Bobrick&Iorio+24, Karczmarek+17), but evidence of RR Lyrae in binary is still lacking. 

Alternative formation channel: binary mass transfer

Bobrick&Iorio+24
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made in binary

Binary stellar 
evolution simulations


+


Galactic population 
models

Paxton+19

https://ui.adsabs.harvard.edu/abs/2024MNRAS.52712196B/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.466.2842K/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.52712196B/abstract


A Mystery of Galactic proportion 
What are the astrophysical implication?

• Paradigma shift: RR Lyrae are also tracers of intermediate-young populations


• Impact on stellar evolution: Exploration of new formation channels required


• Impact on binary evolution: Probes for studying the mass transfer

Are they old?
• Challenge for MW formation models and evolution: 


• why are they  similar to the younger populations? 

• Impact on binary evolution: should we revise our models? 

RR Lyrae from binary evolution is a prediction
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Are they young?



Conclusions
• Metal-rich RR Lyrae in the Galactic disc represent an intriguing populations that 

challenges current models of stellar evolution   


• Their existence and formation channels have many implications on stellar 
and binary evolution theories and on the formation and evolution of our Galaxy 


• Binary formation channel is a promising solution, but direct observational 
evidence is still lacking 

My project
• Investigate the formation channels through stellar and binary evolution 

simulations covering a wide parameter space


• Improve the characterisation of this population by using current and 
forthcoming datasets and state-of-the-art machine learning methods





Recipes to produce a young metal-rich RR Lyrae
To balance the higher envelope opacity metal-rich RR Lyrae should have less massive envelope  

with respect to the metal-poor ones (see e.g. Bono+98).

Higher wind mass loss during RGB (>0.4-0.5 Msun)

• High RGB mass loss  not supported by observations 
(<0.3 Msun,eta<0.6) 

• Most of the RR Lyrae in the MW should be metal-rich 

Hotter core He burning stars

Challenges:

·MRGB ∝ η
RL
M

(Kudritzki&Reimers78)


(See e.g. Salaris+13, Origlia+14, Savino+19, Tailo+22)
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Predicted RR Lyrae population

• Consistent with the RRL Metal-rich 
population  

• Consistent with intermediate-young 
populations

Considering the Besançon MW model:

Expected fraction of binary-made RR Lyrae: 
•  ~ 30% in the thin disc region 

•  ~ 5-6% in the inner Galaxy 

•  ~ 0% in the stellar halo 

1 Binary made metal-rich RRL each 1E6 Msun

Consistent with the fraction of observed  
metal-rich and/or kinematically young RR Lyrae  
(e.g. Iorio&Belokurov+21, Savino+20)

https://ui.adsabs.harvard.edu/abs/2021MNRAS.502.5686I/abstract
https://ui.adsabs.harvard.edu/abs/2020A&A...641A..96S/abstract


Do metal-rich RR Lyrae have a companion?

There are candidates! 
(Liska+16,Kervella+19,Hajdu+21)

No tensions at the moment!

If formed through binary mass transfer Metal-
rich RR Lyrae must have a companion
• ~1 order of magnitude fainter


• P ~1000-2000 days 
(Most of Gaia DR3 binaries < 1000 days)


•Low orbital velocity (< 10 km/s) 
(RRL pulsations ~50 km/s)

Challenging to observe!

https://ui.adsabs.harvard.edu/abs/2016MNRAS.459.4360L/abstract
https://ui.adsabs.harvard.edu/abs/2019A&A...623A.116K/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.2562H/abstract


Metal-rich RR Lyrae in the LMC

NRRL = 15
NRRL = 9
NRRL = 160

RR Lyrae stars associated to LMC stellar clusters 
(Cuevas-Otahola+24)

Evidences of young and meta-rich RR Lyrae stars in the LMC stellar clusters

https://ui.adsabs.harvard.edu/abs/2024arXiv241112741C/abstract


About detailed chemical composition

-poor typical of thin-disc stars…. but peculiar under abundance for some elements (Y, Ba,Ca)α

D’Orazi+24D’Orazi+24

Signature of an accreted old population in the disc?
(D’Orazi+24, Feuillet+22)

or additional evidences of past binary interactions?

https://ui.adsabs.harvard.edu/abs/2024MNRAS.531..137D/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531..137D/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531..137D/abstract
https://iopscience.iop.org/article/10.3847/1538-4357/ac76ba/pdf


About detailed chemical composition

Peculiar abundances as signature of re-accreted circumbinary material?

This a peculiar signature of post-RGB, post-AGB stars,  
stars evolved off the RGB or AGB due to exceptional mass loss

(Kamat+15, Mohorian+24)
Are we tracing a similar population?

Mohorian+24
D’Orazi+24

(Molina+25, in prep)

https://arxiv.org/pdf/1508.00670
https://ui.adsabs.harvard.edu/abs/2024MNRAS.530..761M/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.530..761M/abstract
https://ui.adsabs.harvard.edu/abs/2024MNRAS.531..137D/abstract


RR Lyrae in the Globular cluster M3

Credit: J. Hartman

P=0.27 days

P=0.82 days
Fundamental mode: RRab

Fundamental+first overtone: RRd

https://www.astro.princeton.edu/~jhartman/M3_movies.html
https://asas-sn.osu.edu/variables/2db1246f-b7bb-5de9-bdbf-a2916ba115de
https://asas-sn.osu.edu/variables/6be020bf-e8d2-5f54-b00e-78463b8176c4
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