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Cepheid Variable Stars 

•  Most pulsating 
variable stars inhabit 
an instability strip 
on the H-R diagram. 

•  The most luminous 
ones are known as 
Cepheid variables. 
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One-zone model

(adiabatic)
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Cepheid Variable



∮ PdV > 0

The gas does work during the cycle.

The gas dampens the oscillation.
∮ PdV < 0

∮ PdV = 0

Equilibrium is reached.

Pulsation is observed only one in 10^5 stars 
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with compression
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Cepheid variable: Period – Luminosity relation 

Pulsation Period : 1 - 50 days

Luminosity (L) : 300 - 26,000 L_sun

Radius (R)       : 14 - 200 R_sun

Mass (M)       : 3.7 - 14 M_sol

PL relation of Cepheids is used

for measuring the distance.


Standard candle



L ∝ R2T4

PL(C) relation of Cepheids
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Magnitude and Distance Modulus
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Cosmic Distance Ladder
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Fig. 8. Same as Fig. 6 but for the PWZ relations.

DR3 metallicity estimate, therefore retaining only DCEPs with
metallicity measures from ground-based HiRes spectrographs.

The uncertainties on the parameters calculated in the fol-
lowing analysis are obtained through the bootstrap technique.
A set of 1000 resampling experiments is performed and the co-
e�cients of the Eq. 2 are calculated for each obtained random
data set. Finally, the quoted errors are estimated by considering
the robust standard deviation of the obtained coe�cient distribu-
tions.

4. Results

4.1. Literature and Gaia DR3 sample

The results of the fitting procedure obtained for this case are
listed in Table 3. We studied the dependence of the fitted
PLZ/PWZ coe�cients on the central wavelength of the consid-
ered filters. To associate a characteristic wavelength to the We-
senheit magnitudes, we decided to consider the central wave-
length of the main band (e.g. G band for the WG,BP�RP case). The
results of this analysis are shown in Fig. 4 for the F+1O sample

Fig. 9. Same as Fig. 7 but for the PWZ relations.

(i.e. the sample including both F and fundamentalised 1O pul-
sators) and assuming a metallicity dependence also in the slope
of the PLZ/PWZ relation (i.e. � , 0). Looking at the PLZ co-
e�cients (blue filled circles), a strong linear dependence as a
function of the ��1 is evident only for the ↵ and � coe�cients
(correlation coe�cient R

2 ' 1), while for � and � the slope of
the fit is consistent with zero. The relations between ↵ , �, and
��1 are the following:

↵ = (0.618 ± 0.003) · ��1 + (�3.428 ± 0.006),

with rms = 0.019,R2 = 0.99, and

� = (1.345 ± 0.026) · ��1 + (�6.49 ± 0.04),

with rms = 0.059,R2 = 0.99. The strong dependence of the
slope on the wavelength is a well-known feature, as thoroughly
discussed by Madore & Freedman (2011).

A similar discussion is valid for the case where the � coe�-
cient is neglected in Eq. 2. The estimated parameters are shown
in Fig. 5, while the linear equations for ↵ and � coe�cients are
the following:
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Fig. 4. Coe�cients of PLZ/PWZ relations obtained from the fit to the
Lit. + Gaia sample plotted against the ��1 parameter. From top to bot-
tom, the panels correspond to the ↵, �, �, and � coe�cients. In each
panel, PLZ and PWZ coe�cients are plotted with blue and red symbols
respectively, while the solid line shows the linear fit only for the PLZ

relations. Grey dashed lines in the � panel delimit the range of results
in the literature (�0.2 to �0.4 mag/dex, see Breuval et al. 2022, and
Sect. 5.4), while in the � panel, it corresponds to the value 0.

samples); and (iv) a few stars with HiRes metallicities from the
GALAH Survey (GALactic Archaeology with HERMES; Buder
et al. 2021, stars OGLE-GD-CEP-0059, OGLE-GD-CEP-0058,
V1253 Cen) and from the PASTEL catalogue (Soubiran et al.
2016, star OGLE-GD-CEP-0117). With these additions, the total
number of DCEPs with metallicities from HiRes spectroscopy
is 635. Concerning homogeneity, apart from the few stars from
GALAH, PASTEL, or GC17, the main samples adopted in this
work are the G18, K22, and combined C-MetaLL data. As men-
tioned above, the G18 sample is already homogeneous, while the
K22 abundances were homogenised with those of the C-MetaLL
sample in Trentin et al. (2023). As discussed in Ripepi et al.
(2021b), the C-MetaLL data have only two stars in common with
G18, namely X Sct and V5567 Sgr. For these two stars, the abun-
dances agree well within 0.5 �.

Fig. 5. Same as Fig. 4 but for the case neglecting the metallicity depen-
dence in the PLZ/PLW slope (i.e. � = 0).

In addition to this already large sample, we decided to
exploit the recent results released by the Gaia DR3. To this
aim, we cross-matched the DCEP catalogue published by Gaia

DR3 (Vizier catalogue I/358/vcep) as amended by (Ripepi et al.
2022) with that of the astrophysical parameters (Vizier catalogue
I/355/paramp), retaining only matching stars that have a global
metallicity value ([M/H]) derived from the medium-resolution
spectra obtained with the Radial Velocity Spectrometer (RVS,
see Recio-Blanco et al. 2023, for details). The total number of
matching stars is 983, among which 475 have HiRes metallicity
estimations from the literature. Gaia metallicities were corrected
following the recipe by Recio-Blanco et al. (2023, their eq. 4 and
table 5), and then we assigned a data-quality flag to every object.
Assigned flags are 1, 2, and 3, which refer to high-, medium-, and
low-quality, respectively, according to Recio-Blanco et al. (2023,
see sect. 9). The Gaia abundances were derived using the stacked
RVS spectra over all the epochs of observations. The resulting
spectra are therefore an average of many spectra over the pulsa-
tion cycle. As the DCEPs vary in terms of e↵ective temperature,
surface gravity, and microturbulent velocity along the pulsation
cycle, we can in principle expect an impact on the derived abun-
dances. In addition, the abundances published in the Gaia As-
trophysical parameters are the mean metallicities [M/H], which
may di↵er from the [Fe/H] scale used for the HiRes sample. To
investigate these potential concerns, we compared the corrected
Gaia metallicities with those from the HiRes sample for the 475
stars in common. The result is shown in Fig. 2. There is good
overall agreement for all the Gaia subsamples (low, medium,
and high quality). In all cases, the average di↵erence between
HiRes and Gaia results is very low, namely � ⇠ �0.03 dex, with
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A&A, 683, A234 (2024) 
Cepheid Metallicity in the Leavitt Law (C-MetaLL) survey 

V. New multiband (grizJHKs) Cepheid light curves and period–luminosity relations⋆ 

Cepheids and SN Ia 

:Standizable candle

https://www.aanda.org/articles/aa/full_html/2024/03/aa48140-23/aa48140-23.html#FN1


Cepheids, the spherical effect has been suggested to be within
0.1 dex (Heiter & Eriksson 2006).

During the above estimation of [Fe/H] and ξ, we fixed five
parameters of the atmosphere models, i.e., Teff, glog , vbroad,
[α/Fe], and [C/Fe], of which the last two abundance ratios
were assumed to be zero. In contrast, the metallicity [Fe/H] of
the atmospheric model changed together with the [Fe/H] being
used for synthesizing the Fe I lines, so that the prediction of the
line strengths was self-consistent. Then we estimated the
systematic errors caused by the uncertainty in the stellar
parameters as follows. We evaluated how much the [Fe/H] for
reproducing each line absorption would change by differentiat-
ing each of the following six parameters by the amount given
in parentheses: Teff (±100 K), glog (±0.15 dex), ξ
(±0.3 km s−1), [α/Fe] (±0.3 dex), [C/Fe] (±0.3 dex), and

the model metallicity [Fe/H] (±0.15 dex). For Cep024.54
−01.68 and Cep028.76−00.43, with larger errors in Teff, we
used larger offsets, ±150 K. The total systematic errors were
finally calculated by combining the above responses to varying
the stellar parameters with the standard deviation of the line-by-
line abundances in quadrature. Table 2 lists the total errors thus
obtained.

4. The Metallicity Gradient

4.1. Our Result

Figure 2 plots the [Fe/H] of the target Cepheids against RGC
(upper panel), l (lower left panel), and the Galactic azimuth β
(lower right panel). The azimuth β is defined as zero toward the
Sun and increasing in the direction of Galactic rotation,

Figure 2. The metallicity distribution of Cepheids plotted against (a) RGC, (b) l, and (c) β. The red circles indicate our results, while the other symbols indicate the
results from some relevant papers—Luck (2018) with gray circles, Kovtyukh et al. (2022) with blue crosses, Elgueta (2022) with red diamonds, and Trentin et al.
(2023) with blue circles. The error bars for our measurements include the systematic errors, while those for Kovtyukh et al. (2022) and Elgueta (2022) include the
standard deviation of line-by-line [Fe/H] only. The black triangles in panel (a) show the averaged metallicity of the Cepheids from Luck (2018) in bins with a width of
1 kpc at each position. The linear regression to the metallicity gradient is indicated by the red line, together with the 90% confidence interval for our Cepheids, while
the black counterpart indicates the gradient obtained for the Cepheids from Luck (2018) at RGC > 6.5 kpc. In panels (b) and (c), only the objects in the inner disk
(3 < RGC < 6.5 kpc) are compared.
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Metallicity vs Galactocentric distance
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FIG. 4: (Lower plot) Primordial density power spectrum of a massive vector produced by inflationary fluctuations.

The spectrum is shown at a time when all modes covered are non-relativistic, but before self-gravitation of the modes

is important (this should be approximately valid until matter-radiation equality). The peaked part of the spectrum at

large k is the isocurvature power produced by the inflationary fluctuations of the field itself. The also flat part of the

spectrum at small k corresponds to the usual adiabatic fluctuations, which are imprinted onto the field from inflaton

fluctuations. The values m = 10�5 eV and HI ⇡ 1014 GeV were used here, corresponding to k⇤ ⇡ 1400 pc�1. Because

the density fluctuations are O(1) for k ⇠ k⇤, fluctuations on shorter scales (in the gray region) are not well described

by the power spectrum alone (see Fig. 5). These higher k modes are also expected to be a↵ected by quantum pressure

later in their evolution. For comparison, the top plot shows the power spectrum of the field amplitude (figure 3).

A. Isocurvature Fluctuations

As demonstrated in Section III the power spectrum of the massive vector field is peaked as in figure 3, with

O(1) power at the special scale k⇤. Since they are generation without correlated fluctuations in the radiation

bath, these are isocurvature fluctuations. Isocurvature perturbations are dangerous, since on cosmological

scales are strongly constrained by CMB observations. However, this limit only applies to scales within a few

orders of magnitude of the current size of the universe. On the other hand, k⇤ corresponds to a cosmologically

tiny scale,

1/k⇤ ⇠ 1010 km⇥

r
10�5 eV

m
. (47)

The isocurvature power spectrum fall o↵ on long wavelengths (low k), to unobservable levels. To demonstrate

explicitly this we calculate the density power spectrum in appendix A. The result is plotted as the peaked

spectrum in the lower panel of Figure 4. The power falls as k3 below k⇤, becoming completely negligible on

Vector dark matter from inflation (longitudinal)

1
k*

∼ 10−10 Mpc ×
10−3 eV

m

Ωvector

Ωcdm
=

m
10−3 eV ( HI

3 × 1013 GeV )
2
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Figure 2: Upper limits on the kinetic mixing parameter  vs. the mass of the dark photonmV .
The solid blue and red curves are the total constraints on the dark photon parameter space
from the sun (blue) and horizontal branch stars (red). The dashed curves show constraints
from retaining only the longitudinal resonance contributions. For comparison, the dot-dashed
curve shows the upper limit by considering only the contribution from transverse modes and
the dotted curve shows the constraint from the CAST experiment by only considering the
contribution from the transverse mode [9]. The current bounds from the latest result of
the LSW experiment by the ALPS collaboration [25] is shown in gray, accompanied by the
potential reach (yellow region) of the next generation of LSW experiments [26].

where the on shell conditions for the transverse photon and longitudinal plasmon are used
in the last step. Upon integration over |~k|2 we reproduce Eq. (22).

Finally, for a finite size thermal system, the radiation power into the dark photons can
be written as

P =

Z
dV

Z
d!

 

2

T

!d�prod

T

d!dV
+ 

2

L

!d�prod

L

d!dV

!
, (27)

In the next section, we use (27) to calculate the V -emission rate as a function of mV .
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Back of envelope calculation

Γ(γ′￼ → γ) =
πϵ2mγ′￼

v |
∂ log ω2

P

∂ log r
|

Cepheid data

L = 103L⊙ ∼ 4 × 1036 erg/s

ne ∼ 1016 cm−3

T ∼ 104K

ωP =
4παne

me
∼ meV

ω−1
P

Lshell
∼

mm
108km

∼ 10−14

ΦDMΓγ′￼A =
ρDM

mγ′￼

vΓγ′￼π(40R⊙)2R = 40R⊙ ∼ 2 × 107km

He II shell
∼ ϵ2 × 105GeV/cm3 × 1015 × 1025cm2 × 1010cm/s

∼ ( ϵ
10−9 )

2

( ρDM

105GeV ) 1034erg/s



Summary
Preliminary

• New era of dark matter astrophysics


• Dark matter beyond the gravitational source


• Many things to be understood in the stand(izable) candle stellar objects


