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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.



o Cephei

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
| eavitt
(1868-1921)

2400 variable stars are identified
from the photographic plates

Period Luminosity relation
has been found
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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(7))



Thermodynamic Heat Engine

A Eddington
2R
. Period Il = — in terms of the radius and the sound speed
vS
7P . 5
v, = 4 | — for the pressure P and the density p & (y = —)
° \ p 3
dP 47Gp? 27Gp? 37
P w20 |
* dr 3 3 \ 2vGp
Harmonic oscillator |
freefall time

(in the absence of radiation pressure)



Cepheid as a Heat Engine

Pulsation cycle : opacity as a valve, layer as a piston

\ / * 1. Valve open : radiation * 4. Pressure pushes it
wilihe goes out and shrinks due outward
- to gravity

e 5. Valve starts to be open :

o 2. Compressed layer heats layer expands and cools
up and becomes opaque and opacity decreases

* 3. Valve closed : opacity * 6. Valve open : back to 1
keeps radiation more and
raises temperature




Instability strip

5500 K< T < 7500 K Not much left
between the layer

and the surface

T 1s too low and
convection iIs efficient

-10

= o

= 7 S

z =

p .

o)
K X —— PdV — O 2
T3.5 *
-3
- . . 5500 6500 7500
The opacity increases Equilibrium is reached. Terr (K)

with compression He Il partial ionization zone : 4 X 10* K

Pulsation is observed only one in 1075 stars



Herzsprung-Russell Diagram

Luminosity Mass
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Horizontal

Stars as laboratories

Hot, blue
| | | ' | 1 1 |

CO i

15

\White Dwarfs

see e.g. Ratffelt’s
excellent book

0

Sranch

1

(V-I),

Cold, red

Red Giant

Main Sequence

Globular Cluster color-maagnitude diagram

Pradler’s talk
2015
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Blue loop

from red(or yellow) giant branch

10,000

Luminosity (Le)

1,000

Smooth He burning for M > 2.3 M,

triggers the blue loop

Evolution of a 5 Mo star
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PERIOD - LUMINOSITY RELATIONSHIP

Type Il (W Viginis)

Luminosity (Lsyn)
o
?)

Pulsation Period : 1 - 50 days
Luminosity (L) : 300 - 26,000 L_sun
Radius (R) : 14 - 200 R_sun

Cepheids Mass (M) : 3.7 - 14 M_sol
102 o o0 PL relation of Cepheids is used
RRlyr - for measuring the distance.
14 Standard candle
| — ; — —
0.5 1 3 5 10 30 50 100

Period (Days)



Magnitude and Distance Modulus

F

0 = 100"F = (—)?
r 10pc
(Pall_brse;iizn) distance
magnetiude d
M=m-351lo
210 ( " Opc)

distance modulus H = i — M



PL(C) relation of Cepheids

L X R 2T4 Stefan-Boltzmann

loglL x2logR+4logT

P =1] «

- \
ocglogP+4logT

M=alogP + p

Leavitt Law (1908)




Cosmic Distance Ladder

Stellar Parallax Measurement of Cepheid Variable

Earth
(June)

Three Steps
to Measuring
the Hubble Constant

Type Ta Supernovae —= redshift(z)
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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:

Mag — y|FeH]

0 —2—-4—-6-8—10

100

Cepheids and SN la

Mag — f log(P)

~3-4-5-6-7—38

Standizable candle



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

Metallicity vs Galactocentric distance

THE ASTROPHYSICAL JOURNAL, 954:198 (8pp), 2023 September 10 Matsunaga et al.
0.6
(a) | ® This work
5 ¢ S22
0.4+ I . " X K22
5 e . | @ T23
j * N
0.2
5 X | ' “ o
= X W =
e L SRE—— | K . 2
E> i o) |
!
—0.2F
. © ©
—0.4 .
@)
—0.6 :
] | | | | (@] | |
0 2 + 6 8 10 12

Galactocentric distance, Rge (kpc)



THE ASTROPHYSICAL JOURNAL, 994:111 (13pp), 2025 November 20
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Figure 1. Recent empirical and theoretical estimates of the Cepheid

metallicity dependence ~ from the literature in the m;; and my, Wesenheit

indices. A few analyses were excluded from this plot (e.g., W. L. Freedman &
B. F. Madore 2011; P. Wielgorski et al. 2017; K. A. Owens et al. 2022) due to
1ssues that were 1dentified and discussed 1in L. Breuval et al. (2022). The blue
band shows broad agreement between v ~ —0.15 and —0.30 mag dex '. The
methods labeled with different shapes include comparison between P-L
relations 1n different galaxies, metallicity gradients, Milky Way Cepheids with
Gaia EDR3 parallaxes, Baade—Wesselink distances, and theoretical predic-

tions. The red point indicates the v ~ 0 multiwavelength result by MF25,

based on a variety of methods. The metallicity dependence v in the myy

Wesenheit magnitude and the Hubble constant H are related as follows: -y
shifts the luminosity of Cepheids which show the largest metallicity difference
with respect to Cepheids in SNIa hosts (1.e., in the SHOES distance ladder, the
metal-poor LMC, and SMC). This luminosity difference directly translates
into a shift in Hy. We note that the Hy values represented on the top x-axis are

not actually measured in the quoted references but are derived from HODN
Collaboration et al. (2025).



Vector dark matter from inflation (longitudinal)
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Kinetic mixing

Caputo et al., arXiv:2105.04565

1 0—10 N 7 [Arias et al)
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Kinetic mixing
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The previous invalidated constraints are shown as gray dashed lines.
2510.13956 Anson Hook, Junwu Huang, Mohamad Shalaby

em, < 1.5x 10712 eV
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Dark Photon Cepheid

Dark Matter Resonance Conversion

A A



M=6M,, Y=0.267, Z=0.003
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The result depends on whether the resonance occurs inside or outside of the valve (opacity peak)

Opacity



Back of envelope calculation

, JTE 2m},’
y ‘ 0g Wp ‘ Wp mm 10_14
Cepheid data dlogr L;.; 108%km
L= 103L@ ~ 4 % 10°° erg/s
R =40R. ~ 2 x 10’k PbMm
He Il shell !

~ €2 x 10°GeV/cm® X 1012 x 10%cm? x 10%m/s
n, ~ 10 cm™

2
4
T ~ 10°K (€ FDM__ ) | 34erg/s
10-° 10°GeV

dran,
m
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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



