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Introduction



  

● Radially pulsating stars
– cyclic radius change
– temperature change
– => brightness change

● Crossing the instability strip
– internal conditions make star

unstable against pulsations
– period depends on physical parameters

● Examples:
– classical Cepheids
– type II Cepheids

Pulsating stars
radial pulsations



  

● First observed in 1784
– XIX century: regular observations

● Beginning of XX century

– period – luminosity relation (Leavitt 1912)
– good distance indicators

● Towards Hubble constant...

– spiral nebulae are distant galaxies
– distant galaxies are red-shifted
– Hubble diagram (velocity vs. distance)

– first measurement of H0 (500 km/s/Mpc)
● Base for H0 measurement in XXI c.

– 1.4% precision, 73 km/s/Mpc (Riess+2022)

Short history of Cepheids



  

● Theoretical studies:

– radially pulsating giants
– instability strip (~5500-7000K)
– predictions (masses 3–13 Msun)

● Problems:

– lack of measurements
– physical properties

● esp. mass and radius
– binarity / multiplicity
– p-factor (for B-W methods)
– Hubble tension – 5σ

● Planck CMB vs. Cepheids+SNe

Do we understand them?

Evolutionary track for a typical Cepheid mass



  

● Binarity of Cepheids: 80% (Kervella+2019)

● Complications:

– Companion’s light
– Orbital movement

● Best tool for determination of
physical parameters

● Eclipses

– Stellar radii
– p-factor

● Lines of both components (SB2)

– Accurate dynamical masses

Binary Cepheids
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Introduction
methods and binary types



  

Properties of Cepheids
SB1

● Cepheids in single-lined binaries

● Limited information

– Mass function
(minimum mass
of the companion)

– Inclination not known unless
eclipsing or astrometric orbit measured

● If companion’s properties known (e.g. from SED in UV)

– Cepheid mass estimate
(low precision and accuracy)



  

Properties of Cepheids
SB2

● Cepheids in double-lined binaries

● Mass ratio q = M2 / M1

● Minimum masses M1,M2 x sin3(i)
● Minimum separation A1,A2 x sin(i)
● More information if:

– Astrometric orbit
– Eclipsing



  

Properties of Cepheids
SB2 + astrometric orbit

+ = M1, M2

● Radii unknown (harder to compare with theoretical models)

● Eclipses not necessary



  

Properties of Cepheids
SB2 + eclipsing

+

= M1, M2

R1, R2



  

● Important objects (distance determination, 
pulsation and evolution theory)

● About ~15000 known (Pietrukowicz+2021)

● Physical properties not well understood

● 6 accurate dynamical masses from
5 eclipsing SB2 systems (0.8-2.5%)

– 3 new VIS+FUV SB2 + interf. (1.1-5.5%)
● Masses between 3.6-5 Msun

– expected 3-13 Msun
● Mass – Luminosity relation

poorly constrained (-Z)
Gallenne et al. (in prep.)
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Binary Cepheids



  

MW & eclipsing LMC Cepheids
summary
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MW Cepheids - binarity
László Szabados (konkoly.hu)

● 171 Cepheids in the table
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MW Cepheids - orbital elements
László Szabados (konkoly.hu)

● 31 Cepheids in the table



  

Milky Way Cepheids

mass 
limits

Evans+2018

● Space observations 

– Nancy Evans+
– Mass estimates from SB1
– 6 Cepheids

(incl. 2 mass limits)
● + interferometry

– Alexandre Gallenne+
– 4 Cepheids

● 1 estimate from SB1
● 3 precise masses

from VIS+FUV SB2



  

Milky Way Cepheids
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Eclipsing Cepheids in the LMC
a breakthrough - first dynamical mass measurement

● OGLE-LMC-CEP-0227
(Pietrzyński+2010)

● FU classical Cepheid, Ppuls=3.797d

● Orbital period: 309.7 d

  Dynamical Pulsational Evolutionary

  4.15 ± 0.03    4.0 ± 0.3     4.5 - 5

Mcep = 4.15(3) M⊙
Rcep = 34.9(3) R⊙
  M2  = 4.06(4) M⊙
  R2  = 44.9(3) R⊙



  

Eclipsing Cepheids in the LMC
first dynamical mass (OGLE-LMC-CEP-0227)

Prada Moroni+2012
Cassisi & Salaris 2011 Marconi+2013

● Comparison with theoretical models



  

Eclipsing Cepheids in the LMC
accurate dynamical masses

● 6 Cepheids in 5 eclipsing SB2 systems
● 3 systems with almost perfect conditions for measurements

– Masses precise  ≥ 0.8%, radii to ≥ 0.3%

● 2 systems with only one eclipse per cycle

 ID        T      PER       Mass       Radius     P-factor     Porb      Ecc.
CEP-0227   F   3.797086   4.15 (3)    34.9 (1)    1.21 (3)    309.669   0.1659
CEP-4506   F   2.987846   3.61 (3)    28.5 (2)    1.35 (9)   1550.354   0.6116
CEP-2532*  FO  2.035349   3.98 (10)   29.2 (14)    ---        800.419   0.3075
CEP-1718B* FO  2.480917   4.22 (4)    33.1 (13)    ---        412.807   0.276
CEP-1718A* FO  1.963663   4.27 (4)    27.8 (12)    ---        412.807   0.276
CEP-1812   F   1.312903   3.76 (6)    17.85(13)   1.26 (8)    551.797   0.129

* one eclipse per cycle Pilecki+2018



  

Eclipsing Cepheids in the LMC
other results

Pilecki+2018

● First direct p-factor 
determination

● 3 measured p-factors
● Merger-origin Cepheid
● System composed of

two Cepheids
● Non-pulsating star inside IS
● Empirical P-M-R relation



  

Eclipsing Cepheids in the LMC
other results

● First direct p-factor 
determination

● 3 measured p-factors
● Merger-origin Cepheid
● System composed of

two Cepheids
● Non-pulsating star inside IS
● Empirical P-M-R relation

log PMR = –1.56 (4) – 0.80 (4) log M + 1.70 (3) log R

And not P ~ M-0.5 * R1.5

(period-density relation)



  

Type II Cepheids
in binary systems

● First mass measurements
for pW Vir stars
– T2CEP-098   1.5 M⊙

– T2CEP-211   0.64 M⊙

● Origin of pW stars
● Disks around companions



  

Type II Cepheids
in binary systems

● First mass measurements
for pW Vir stars
– T2CEP-098   1.5 M⊙

– T2CEP-211   0.64 M⊙

● Origin of pW stars
– From binary evolution
– Young objects

● Disks around companions

now

Relatively young objects (not population II) !



  

● First mass measurements
for pW Vir stars
– T2CEP-098   1.5 M⊙

– T2CEP-211   0.64 M⊙

● Origin of pW stars
– From binary evolution
– Young objects

● Disks around companions
– Complex structure

Type II Cepheids
in binary systems



  

Cepheids with
giant companions



  

● Pilot program 2020:

– 16 new Cepheids in SB2 (LMC)
(3x before)

– Higher periods/masses

– P-L outlier Cepheids explained

● Observations 2021-2024

● Current status:

– 60 Cepheids in SB2 (LMC/SMC/MW)
(10x before)

– 37 with orbital motion (final proof)

– 24 with preliminary orbital solutions
( Porb,  M*sin3(i),  q = M2 / M1,  ...)

Cepheids with giant companions
the project and current status
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Cepheids with giant companions
example orbital RV curves
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Cepheids with giant companions
minimum masses
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Cepheids with giant companions
merger-origin Cepheids

● Merger-origin binary Cepheids
(several  with q != 1.0)

– Cepheid or companion

– From triple (multiple) systems



  

● Pilot program 2020:

– 16 new Cepheids in SB2 (LMC)
(3x before)

– Higher periods/masses

– P-L outlier Cepheids explained

● Observations 2021-2024

● Current status:
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Cepheids with giant companions
wide-orbit binaries

● Wide-orbit binaries

– long orbital periods

– best candidates for direct
geometrical distances



  

OGLE LMC-CEP-1347
a merger-origin, first-crossing, low-mass 1O/2O Cepheid

(Pilecki 2022, ApJL, 940, 48)



  

Cepheids with giant companions
OGLE-LMC-CEP-1347

● Orbital period: 59 days (!)

● 5 times shorter than any
measured before (310 d)

● Expected periods > 200 days
(after RGB) (Neilson+2015)

● Cepheid ~2x more massive

● Companion fainter and redded Pilecki+2022
(updated)



  

Cepheids with giant companions
OGLE-LMC-CEP-1347

● Mcep  > 2.02 M⊙

● Mcomp > 1.12 M⊙

● Estimates:

– Mcep   ~ 3.2 M⊙

– Mcomp ~ 1.8 M⊙

● => merger-origin Cepheid

– 2+1 → 1+1
● => Hertzsprung gap (first crossing)

● See talk by Felipe Espinoza
(new analysis and results)



  

BIND Cepheids
Spectroscopic confirmation of 9 new binary double Cepheids

(Pilecki 2024, A&A, 686, 263)



  Gieren+2014, Pilecki+2018

Binary Double (BIND) Cepheids
eclipsing LMC-CEP-1718



  

P1/P2 ~ 0.79

M1/M2 ~ 1.01

Pilecki+2018

Binary Double (BIND) Cepheids
eclipsing LMC-CEP-1718



  

Candidate double Cepheids:

● LMC: 2

● SMC: 5

● MW:  2

Binary Double (BIND) Cepheids
the sample



  

BIND Cepheids
binary O-C diagrams

● O-C for both 
components 
combined

● Polynomial 
subtraction

● Looking for
r < -0.7

● anticorrelated 
light-travel time 
effect

● binarity proof
for 5 double 
Cepheids



  

BIND Cepheids
spectroscopic confirmation

● after disentangling (puls. RV subtracted)

● anticorrelated orbital motion

● spectroscopic confirmation !

● mass ratios...



  

● anticorrelated orbital motion

● spectroscopic confirmation

● mass ratios far from unity

BIND Cepheids
mass ratios



  

● Preliminary orbital solutions
for 3 BIND Cepheids

– 1526 – high min. masses
            (high inclination)

– 2893 – face-on orbit
           (low Porb)

● mass ratios vs. period ratios

● Merger origin of one component

– Triple --> binary

– Triple systems common?

BIND Cepheids
preliminary orbital solutions



  

● BIND Cepheids (Ppuls 1.14-4.56 days); 50% with P2/P1 < 0.8 

● Simulating binaries with ~same-age cluster Cepheids:

– 22 Cepheids in NGC 1866 (Ppuls 2.64-3.52 days)

– 12 Cepheids in NGC 2031 (Ppuls 2.66-4.43 days)

– 7% with P2/P1 < 0.8

BIND Cepheids
period ratios - test



  

● 80% of Cepheids are in binaries

● Extra light from companions

● => brighter P-L relations (PLRs)

● 8 binary double Cepheids in the LMC/SMC

● Total light can be split between two Cepheids

● On average they lie below their PLRs

– True Cepheid PLR fainter by:
ΔW(I,V) = 0.024 +/- 0.010 mag 

● First empirical evidence for that!

● Larger sample needed to confirm and increase precision

BIND Cepheids
period-luminosity relations



  

● LMC and SMC objects
– known distances

● MW objects
- modified multi-band 
method
- d + E(B-V)

● GD: 10.7 kpc

BLG: 26.3 kpc
(beyond GC)

● closest SB2
Cepheids known

BIND Cepheids
distances



  

● Previously widest extragalatic:
4.2 yr / ϕ = 0.16 mas
(eclipsing binary Cepheid)

● BIND Cepheids
- long orbital periods
  (up to ~18 years)

● best candidates for direct
geometric distance measurements

● GD object: ϕ ~ 1 mas
(interferometry)

● LMC object (P~18 yr)
ϕ high but n.y.d.

BIND Cepheids
wide orbits

aα
d



  

● Explanation of overbright Cepheids

● 60 LMC/SMC/MW Cepheids in SB2 systems       (10x more)

– 9 new binary double (BIND) Cepheids          (1 => 10)
● First giant+giant SB2 binary Cepheids in the MW and SMC

● Closest such SB2 Cepheids ~10.7 kpc

● Low period ratios / Low mass ratios                      

– => merger origin for a significant fraction of Cepheids
● BIND Cepheids good for testing P-L relations

● Longest-period / highest-separation extragalactic binaries

– Direct geometric distances (in future)

SB2 single and double Cepheids
summary



  

LMC binary Cepheids
spectroscopically confirmed

in 2010

#: 1



  

LMC binary Cepheids
spectroscopically confirmed

in 2020

#: 5



  

LMC binary Cepheids
spectroscopically confirmed

now

#: ~50



  

THANK YOU

For references see:
https://users.camk.edu.pl/pilecki/
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