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The Discovery of Mira
1596 David Fabricius

Over a period of 11 months, the bright second magnitude star faded, disappeared, and 
then finally returned to its former brightness.  

o Ceti was later called ‘Mira’ (meaning ‘wonderful’) to describe its unusual behavior.



 Cepheiδ
1784
A pulsation period of 5 days, 8 hours and 37 minutes and exhibits magnitude variations 
of ∼±1 mag. It is the prototype of a classical Cepheid, a pulsating variable.

Henrietta

Swan

Leavitt


(1868-1921)

2400 variable stars are identified 

from the photographic plates

Period Luminosity relation

has been found





Explanation of Stellar Pulsation
binary or radial pulsation?
Arthur Ritter (1879) 
Harlow Shapley (1914) 
Arthur Eddington (1918) 
- sound waves in stellar medium might provide radial pulsations 

Kelvin-Helmholtz to Francis William Aston (1920(?))



Thermodynamic Heat Engine
A Eddington

• Period  in terms of the radius and the sound speed
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Cepheid as a Heat Engine
Pulsation cycle : opacity as a valve, layer as a piston

• 1. Valve open : radiation 
goes out and shrinks due 
to gravity


• 2. Compressed layer heats 
up and becomes opaque


• 3. Valve closed : opacity 
keeps radiation more and 
raises temperature 
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A simple pulsation cycle

At one point in the pulsation cycle, a layer of stellar material loses support against
the star’s gravity and falls inwards.

This inward motion tends to compress the layer, which heats up and becomes
more opaque to radiation.

Since radiation diffuses more slowly through the layer (as a consequence of its
increased opacity), heat builds up beneath it.
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The pressure rises below the layer, pushing it outwards.

As it moves outwards, the layer expands, cools, and becomes more transparent
to radiation.

Energy can now escape from below the layer, and pressure beneath the layer
drops.

• 4. Pressure pushes it 
outward


• 5. Valve starts to be open : 
layer expands and cools 
and opacity decreases


• 6. Valve open : back to 1



∮ PdV = 0

Equilibrium is reached.

Pulsation is observed only one in 10^5 stars 

κ ∝
ρ

T3.5

The opacity increases

with compression He II partial ionization zone : 4 × 104 K

T is too low and 

convection is efficient

Not much left 

between the layer 

and the surface

Instability strip

5500 K < T < 7500 K



Herzsprung-Russell Diagram
Luminosity

Color
(Temperature)

Mass



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. 



Stars as laboratories
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Blue loop
from red(or yellow) giant branch Smooth He burning for 


triggers the blue loop
M > 2.3 M⊙



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



Magnitude and Distance Modulus

M = m − 5 log10 ( d
10pc )

F10
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(observation)(PL relation)



L ∝ R2T4

PL(C) relation of Cepheids

Stefan-Boltzmann

log L ∝ 2 log R + 4 log T
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log P + 4 log T
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M = α log P + β
Leavitt Law (1908)



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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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



A metallicity dependence of Cepheid pulsation properties is
theoretically expected. Stellar evolution models predict that, at
fixed mass, metal-rich Cepheids are slightly fainter than their
metal-poor counterparts (V. Castellani et al. 1992; G. Bono
et al. 2000a), with helium abundance showing the opposite
effect. In contrast, stellar pulsation models (G. Bono et al.
2000b; M. Marconi et al. 2005; R. I. Anderson et al. 2016;
G. De Somma et al. 2022; S. Khan et al. 2025) predict that an
increase in metallicity shifts the instability strip to redder
colors at constant stellar mass, as the enhanced opacity reduces

pulsation driving in the hydrogen ionization zone (see G. Bono
et al. 1999 for details). Conversely, a higher helium abundance
shifts the instability strip in the opposite direction
(G. Fiorentino et al. 2002; M. Marconi et al. 2005). These
dependencies directly affect the P–L and Period–Wesenheit
relations, and all recent models consistently predict that, at
fixed period and color, metal-rich Cepheids are intrinsically
brighter than metal-poor ones (γ< 0). We further note that the
modeled atmosphere results presented in B. F. Madore et al.
(2025b) do not change the above scenario, because a
metallicity dependence is already expected in bolometric
magnitudes as an effect of the pulsation mechanism physics
and is not only an atmospheric phenomenon.
In order to calibrate Cepheid distances in the Milky Way, to

estimate the metallicity dependence of the P–L relation, and to
measure extragalactic distances and ultimately the local value of
the Hubble Constant (H0), many recent empirical studies (e.g.,
L. Breuval et al. 2021, 2022; A. G. Riess et al. 2021; X. Zhou &
X. Chen 2021; K. A. Owens et al. 2022; A. G. Riess et al.
2022a; V. Ripepi et al. 2022, 2023; A. Bhardwaj et al.
2023, 2024; M. Cruz Reyes & R. I. Anderson 2023; E. Trentin
et al. 2024) rely on Gaia Early Data Release 3 (EDR3), which
provides stellar parallaxes for over 1.5 billion sources with
unprecedented accuracy and completeness (Gaia Collaboration
et al. 2021). Gaia EDR3 parallaxes require additional calibration
at the level of ∼20 µas. A primary source of calibration comes
from Gaia EDR3 astrometry of quasars, which reveals
parallaxes that are negative by a few tens of microarcseconds.
Additional calibration comes from stars in the Large Magellanic
Cloud (LMC), with extension to brighter magnitudes from
physical pairs. Based on an extensive, simultaneous analysis of
this data, L. Lindegren et al. (2021a, hereafter L21) provide a
calibration or parallax offset correction (hereafter ϖL21), an
angular term that is a function of magnitude, color, and ecliptic
latitude. This parallax correction—which produces the most
accurate results—involves subtracting20 a value in angular units
derived by the provided function,21 and has been corroborated
by independent studies (e.g., M. A. T. Groenewegen 2021;
J. Maíz Apellániz et al. 2021). Various works have
investigated the need for an additional offset in the brighter
range of magnitudes (G< 10 mag) where the L21 analysis has
limited sampling (A. Bhardwaj et al. 2021; C. Fabricius et al.
2021; Y. Huang et al. 2021; F. Ren et al. 2021; K. G. Stassun
& G. Torres 2021; E. Vasiliev & H. Baumgardt 2021;
J. C. Zinn 2021; S. Khan et al. 2023). For a sample of 75 Milky
Way Cepheids (G< 8 mag), A. G. Riess et al. (2021) find a
best-fit residual offset (hereafter ϖoffset) after application of
the L21 correction, of ϖoffset=−14± 6 µas, in the sense
that L21 slightly overcorrects parallaxes. This step does not
depend on any external parallax reference, and is based only on
minimizing the P–L dispersion. Other independent studies have
obtained similar values (M. Cruz Reyes & R. I. Anderson 2023;
E. Trentin et al. 2024; H. Wang et al. 2024, with ϖoffset=
−19± 3 µas, ϖoffset=−15± 3 µas, and ϖoffset< 0 µas,
respectively). Overall, adopting the L21 parallax calibration
ϖL21 as well as a ϖoffset=−14 µas counter-correction for

Figure 1. Recent empirical and theoretical estimates of the Cepheid
metallicity dependence γ from the literature in the mH

W and mVI
W Wesenheit

indices. A few analyses were excluded from this plot (e.g., W. L. Freedman &
B. F. Madore 2011; P. Wielgórski et al. 2017; K. A. Owens et al. 2022) due to
issues that were identified and discussed in L. Breuval et al. (2022). The blue
band shows broad agreement between γ ∼ −0.15 and −0.30 mag dex−1. The
methods labeled with different shapes include comparison between P–L
relations in different galaxies, metallicity gradients, Milky Way Cepheids with
Gaia EDR3 parallaxes, Baade–Wesselink distances, and theoretical predic-
tions. The red point indicates the γ ∼ 0 multiwavelength result by MF25,
based on a variety of methods. The metallicity dependence γ in the mH

W

Wesenheit magnitude and the Hubble constant H0 are related as follows: γ
shifts the luminosity of Cepheids which show the largest metallicity difference
with respect to Cepheids in SNIa hosts (i.e., in the SH0ES distance ladder, the
metal-poor LMC, and SMC). This luminosity difference directly translates
into a shift in H0. We note that the H0 values represented on the top x-axis are
not actually measured in the quoted references but are derived from H0DN
Collaboration et al. (2025).

20 L21 : “Regarded as a systematic correction to the parallax, the bias function
Z5 or Z6 should be subtracted from the value (parallax) given in the archive.
Python implementations of both functions are available in the Gaia web
pages.”
21 https://www.cosmos.esa.int/web/gaia/edr3-code
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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
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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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is the important time scale (see Fig. 1), which is about
104 s at recombination, or about 10�9 compared to the
Hubble scale at the time5. The time scale ⌧ei sets the
rate of the thermalization between the electrons and ions,
and as a result, the time scale over which the ion acoustic
wave damp. Dedicated simulations of a collisional plasma
might be useful to understand this final state.

Dark Photon Dark Matter constraints.— Our
numerical results indicate that resonant conversion can
inject up to O(100) times the electron thermal energy,
with typical cases depositing O(1). This piddling amount
of energy deposition essentially removes all resonance
conversion constraints on DPDM. e.g. spectral distortion
bounds require energy deposition of 10�4

⇢� , whereas 100
times the electron thermal energy is only 10�8

⇢� .
Such an energy injection is smaller than the non-

resonant heating studied in [63] for all mA0 and " that is
not already constrained. The non-resonant heating rate
scales as "2⌫e/H, instead of "2!p/H as in Eq. 2 and there-
fore leads to constraints that are weaker than [34] by a
factor of more than 3000 before recombination, as shown
in Fig. 4 as the red shaded region for mA0 & 10�9 eV.

After recombination, the constraints on exotic energy
injection come from measurements that are sensitive to
changes of ionization fraction [29, 41], as well as the tem-
perature of the gas [64]. Unlike what was considered
before in [41], the energy injection from non-resonant
conversion cannot be treated as instant injection, and

the energy injection rate significantly decreases as T�3/2
e

as the temperature of the electron increases. We com-
pute the terminal temperature as a function of " and mA0

and impose that the universe cannot heat up to tempera-
tures at which collisional reionization occurs during dark
ages (⇠ 10 eV for 20 < z < 500), or temperatures that
lead to line broadening of Lyman-↵ forest (⇠ 0.8 eV for
2 < z < 6) in all allowed parameter space (see App. D
for details). The tentative limits from after recombina-
tion are shown as the orange and blue shaded region in
Fig. 4. We leave a careful study of the e↵ects of non-
resonant heating during recombination to future work.

We caution that the above-mentioned instabilities can
also invalidate constraints stemming from resonant con-
version of axion DM and DPDM into electromagnetic
waves around a variety of dilute (magnetized) plasma
near astrophysical bodies [67, 68], or dark stars [69]. We
leave studies involving magnetized plasma to future work.

Conclusion.— In this letter, we show that the reso-
nant conversion from DPDM to plasma excitations shuts
o↵ before a substantial amount of energy can be trans-
ferred to the plasma due to plasma instabilities. Our

5
This is smaller than 1/⌫ei by the ion-electron mass ratio.
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FIG. 4. Updated Dark Photon Dark Matter Limits. The
gray shaded regions are constraints from a variety of astro-
physical and lab searches [35], while the color shaded regions
are the cosmological constraints from early universe consider-
ations (spectral distortion and Ne↵ in red) and late universe
considerations from Dark Ages (orange) and Lyman-↵ forest
(blue). Constraints on dark photons also arise from vector
superradiance with gravitational wave measurements [65, 66].
The previous invalidated constraints are shown as gray dashed
lines [27–29, 34, 41].

analytical and numerical results suggest that these non-
linear e↵ects become important as the energy transferred
approach the initial thermal energy (pressure) in the elec-
tron ion plasma. The excitation of high k Langmuir wave,
and more importantly, ion acoustic wave leads to spatial
variation of the plasma frequency, and termination of res-
onant growth in numerical simulations.
The inability to resonantly transfer a substantial

amount of energy leads to a much weaker constraints on
DPDM. Over ten orders of magnitude in mass between
10�14 to 10�4 eV, the limit on " is weakened by at least
a factor of 3000. This highlights that non linear plasma
e↵ects can play a significant role in our understanding of
the evolution of light DM in the universe.
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Solar cooling
ALLOWED!!!

ϵmD ≤ 1.5 × 10−12 eV
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the e↵ective peak, the extra heat is trapped while compression time and in-
crease amplitude. Above the peak, the extra heating modifies the ionization
fraction and weaken pulsation engine. This is followed by smaller ampli-
tude. This is why peak to peak amplitude has di↵erent sign of deviation
depending on the position.

Figure 1: These plots show the extra heating e↵ect on the Cepheid’s prop-
erties depending on the heating position. For the corresponding position in
Cepheid profile, see Fig.2
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Figure 2: The inner profile of Cepheid right before(left)/ while pulsat-
ing(right) without extra heating. The red curve shows the opacity profile
and the black curve shows the electron number density. The horizontal line
corresponds to ne = 5⇥ 1015cm�3(⇡ 2.64meV).
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M = 6M⊙, Y = 0.267, Z = 0.003

The result depends on whether the resonance occurs inside or outside of the valve (opacity peak)

5 × 10−3 eV
5 × 10−3 eV



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


