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§ Introduction

Review articles :
Uzan, Rev. Mod. Phys., 75, 403, (2003)
Uzan, Living Rev. Relativity, 14, 2 (2011)
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§ § Variation of constants
[Since Dirac (1938)]

Gravitational constant

large numbers hypothesis [Dirac (1937,1938)]
Scalar-tensor theory [Jordan (1937), Brans and Dicke (1961)]

Gh o< 1/, [Chodos and Detweiler (1980)] in Kaluza-Klein
theories [Kaluza (1921), Klein (1926)]

Radar-echo time delay [Shapiro et al (1971), ... ]
Lunar Laser Ranging experiment [Williams et al (1976),...]

MESSENGER mission ¢/, < 4 x 10~* /yr [Genova
et al (2018)]



§ § Variation of constants

* Variation of the fine structure constant
e QSO [Savedoff (1956), ..., Webb et al (1999), ...]
o [BR DOMETERITE [wilkinson (1958), Dyson (1974), ...]
 Atomic clock [Turneaure and Stein (1974), ...]
e Oklo natural reactor [Shlyakhter (1976), ..., Fuijii et al (2002) ]
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—0.24 < 7“ x 107 < 0.11 [Gould et al (2006)]{f & SS—_—_—

 Variation of electron mass
e QSO [Cowie and Songaila (1995)] credit: US DOE
« Scalar field model [Barrow and Magueijo (2005)]




§ § Aa # Ow“%ﬁ,”[Webbetal(m%)]
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§ § Aa # Ow“%ﬁ,”[Webbetal(m%)]

e QSO MOFRARTERUNEREZHITE T |
o AalTH T BINE _
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Redshift
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§ § Aa+ 0D“HRE"DFNE

o OO AT [Wilczynskaet al (2020)]
> T=1-L. ZREERFHEDIKIZHY

Four direct measurements of the fine-structure
constant 13 billion years ago

Michael R. Wilczynska', John K. Webb'*, Matthew Bainbridge?, John D. Barrow?,
Sarah E. I. Bosman®, Robert F. Carswell’, Mariusz P. Dabrowski®, Vincent Dumont’, Ck
Ana Catarina Leite®*'?, Katarzyna Leszczynska®, Jochen Liske'!, Konrad Marosek'?,

s e89 Time since Big Bang (Ga
Carlos J. A. P. Martins®”, D 3 g A e since Big Bang (Ga) ) 0.75
| T T | 1 1 1 1 1 1
King et al. 2012: Keck Wilczynska et al. 2015
204 A Kinget al. 2012: VLT This paper, individual
®  Martins & Pinho 2017 @ This paper, combined

Observations of the redshift :
constant, a, over the redshift
0.8 billion years old. These are
a near-IR spectrograph. A ne\
graph on the Very Large Teles
mean electromagnetic force

ao)/ap =(—2.18 £7.27) x 107>, | |
data, we find a spatial variatic Redshift

Aa/a[107°]




§ § Atomic clock

e Atomic transitions ¢ Various atoms: H, Rb, Cs,

¢ £.0., hydrogen Hg, ..., with nuclet’s
. gyromagnetic factor and
V X Re, (Gross_) relativistic corrections
e v & Ral, (fine)

m, Zln (ﬂ) = (=5.3+7.9) X

* VX RimIp
10~17 /Yr [Rosenband et al (2008)]

mp

(hyper-fine)

VAl _
o aer§1208

= In(dem) = (~1.6 + 2.3) X
10717 /yr



§ § OkIOO)ﬂ%u BE [Shlyakhter (1976)]
o 12°Sm AVBumIZATE0N
e RELTHRILGLTI-EIZE R EF DRI
n+ 129Sm - 1229Sm +y atE, = 97.3 meV resonance

« O resonance [&. strong int. E2—OF DX+
VEILTELS

* Isotope abundance = R IGEILFFEXNDEEE
B EfEEZ LB L T cross section Z RiEH Y

. IRTEME 2% ~ 258 the potential depth V, &Y Aaas il fR

a Vo
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§ Big Bang Cosmology



Success of Big Bang Cosmology

1. Cosmic Expansion [Hubble (1929)]
2. Big Bang Nucleosynthesis [Gamow (1946), Alpha et al (1948)]

3. Cosmic Microwave Background Radiation
[Penzias and Wilson (1965) ]
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Success of Big Bang Cosmology

Cosmic EXpansion [Hubble (1929)]
Big Bang Nucleosynthesis [camow (1946), Alpha et al (1948)]

. Cosmic Microwave Background Radiation

[Penzias and Wilson (1965) ]




Success of Big Bang Cosmology

1. Cosmic Expansion [Hubble (1929)]
2. Big Bang Nucleosynthesis [Gamow (1946), Alpha et al (1948)]
3. Cosmic Microwave Background Radiation

Penzias and Wilson (1965) ] o g e Ay
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Temperature (10 K) Baryon density (107! g em™3)



Success of Big Bang Cosmology

1. Cosmic Expansion [Hubble (1929)]
2. Big Bang Nucleosynthesis [Gamow (1946), Alpha et al (1948)]

3. Cosmic Microwave Background Radiation
[Penzias and Wilson (1965) ]
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§ § FHimAUHIIE

BBN constrains constants and new physics
> GNTOI'NeffT — HTn/pTYp T
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Qbhz[Seto and Todgm(2021)]
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Noee = 2.86 + 0.15 [Field et al (2020)] |
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» Long-lived heavy particle
e Gravitinos [Khlopov and Linde (1984), Ellis et al (1984),...]



§ § FHimAUHIIE

 CMB constrains constants and new physics
> Gy T — the Hubble horizon H~1 1

 Acoustic peaks to high £ ; the sound horizon c,H ™!
e More diffusion (Silk) dumping at j-th peak: A oc j H™1

Ly ng actor e~ C2)
Ap = (H 1 — ) | then dumping factore \2/ |
T Angular scale
T
5000 fi
> AG/ c < 19X 1073 [Obataet al (2017)]Ff”“” | 3,—‘: 1’&"‘&*’“&
. 1000 g2 il N
» Cosmological constant o T

wo = —1.028 4 0.031 [Planck (2018)]



Standard cosmological model T
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e FHIRDHAHFONS
e XJ&IAVVARN=XI)ILATVARE

Standard cosmological model TELEHLEWNZENH BT



§ Hubble (H,) Tension



§ § Estimation of Hubble parameter

1. Hubble law (low z)

SN + Cepheid :SHOES 73.04 + 1.04 km/s/Mpc [Riess
et al (2021)]

« SN+ TRGB : 69.8 km/s/MpcC [Freedman et al (2019)]
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2. Cosmology (high z) ; -'hd*;‘*"‘; R

Fultipcle mament, ¢

« CMB 67.4 + 0.4 km/s/Mpc [Planck (2018)]
« BAO+BBN 68.3t1_2 Km/s/MPpC [Schoneberg et al (2019)]




§ EMPRESS anomaly on helium
abundance



BBNAYY LEREDHETE

He (FMEDETTREEIZEDFTHELN S,
EREDDVIZEUVLARIE, 2RIRED He D70,
ERDVIGENEZAD He ZRIEL. £FFEE 0
*@ KEIZ’S'Hﬁ 0| FinalDataset | T |

Y =0.2449 +/- 0.0040 -
d(Y)/d(O/H) = 79 +/- 43
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O/ x 10°

[Aver et al (2015)]



EMPRESS d)ﬁ{}:&% [Matsumoto et al (2022)]
e Subaru —C%ﬁ'f_‘ %Jbéhf:*@i&ﬁJEﬁEiﬂ%
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: (I Eq(8)+ Sample of Hsyu et al. (2020)
% —— e Hsyu et al. (2020)
g o Kurichin et al. (2021)
[~ , Fernandez et al. (2019)
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E M P R ESS O) ﬁzli %R [Matsumoto et al (2022)]
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Standard cosmological model T
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§ Hubble tension %2 EMPRESS
results (XEEHDEFRZEILZ R
129 5hH?




Hubble tension Mi5&
= ITE
> AH5—T2) )L IEEH [Ballesteros et al (2020)]
e (M3 + f$?)R model confronts PN constraints
> (EIEE O IEZREETET JL [Lin, Raveri and Hu (2019)]

« WEEDXDFD/INTGA—F—
k*W = —4nuGa?(Ap + 3(p + p)o)

[ )
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MEVE KL T BIRE
* FTHEMH

> BEEAAS —4 T2 )L 3 — [Poulin, Smith, Karwal and
Kamionkowski (2019)]

» Phantom dark energy (w < —1) [Keely, Joudaki,
Kaplinghat and Kirkby (2019)]



Hubble tension NS

== J o —1
Eé,? ﬁ E2 [Hart and Chluba (2020), Sekiguchi and Takahashi (2020)]
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> Hubiole tension Z5EEIZFELIZIFIE

[Sekiguchi and Takahashi (2020)]

> BBNIZx 9 BE2LE/|N [Seto and Toda (2022)]



EMPRESS Q&4

o B JITEZN (Kohri and Maeda (2022)]
> Gy lorNegt — HT%/p1 Y, 1

o BHAA —%) T3~ )L 3 — [Takahashi and Yamashita (2023)]

° ﬁ&%ﬂ”ﬁiﬁi;& [Seto, Takahashi and Toda (2023)]
» depd o Qi=my—m,1
—  suppress p — n conversion rate
— nuclar reaction cross section T
for less Coulomb repulsive
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§ Summary
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