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Why fundamental constants?

® Dirac first suggested that fundamental constants
may vary with cosmic time (Dirac 1937).

® |n the Standard Model, constants are fixed, but
many extensions (GUTs, string theory, scalar
fields) predict variations (Uzan 2003, 2011).

® Astrophysical and cosmological observations
provide powerful constraints and a unique window
into unification and dark energy (Chiba 2011).

® Detecting variations in a, p, G would provide

_evidence for new physics beyond the Standard
Martins 2017; Le 2020-2024). |




Theoretical Framework

In GUTs, a dilation-driven mechanism links
variations in Yukawa couplings, a and the QCD
scale:

® AAQCD/AQCD — RAC(/C(

R is set by GUTs with Yukawa variations driving
Higgs vev changes:

*v= MPlanckeXp('(ST[ZC)/hz)

GUTs set v at the Planck scale, yielding derived

values: |



Theoretical Framework

WithS=dlIlnv/dinh,c=~h =1, and

Ah/h = (1/2) Aa/a, electron mass and proton mass
vary:

® Am,/ m, =1/2(1+5) Aa/a
® Amy,/ m, = [0.8R + 0.2(1 + S)(Aa/a)]

Perturbatively, Am, /m, = Amy/my = Am,/m, link
to variations in a and G over cosmic space-time:

AG
G

i| S) are parameters tied to the QCD and EW !

= [1.6R + 0.4(1 +S)]



Theoretical Framework

Variation in the Fine-Structure Constant:
Aa/a = (a, —ag)/ag~ (A, —A9)/ Ao
Where:
B A, is the spectral line wavelength at redshift z
B /1, is the laboratory wavelength of the line

Key refs: Webb et al. (1999), Murphy et al. (2003),
Le (2020-2024)

Probed via Quasar Absorption Spectra



Theoretical Framework

Variation in the proton-to-electron mass ratio:

® Au/p = (Ug — to)/ Ko

A A
o [0.8R—0.3(1+8)]—
u a

Key refs: Coc et al. (2007), Le (2020-2024)

Measured with H,, NH;3, CH3OH transitions




Observational Constraints
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Observational Constraints
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Observational Constraints
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Results & Discusion
Reference | Constraint (Aa/a) | Method

Webb et al. (1999, (-0.72 £ 0.18) x 10> Keck/HIRES QSO

2001)

absorption

Murphy et al. (2003) (-0.57 £0.11) x 10> Keck/HIRES
Chand et al. (2004) (-0.06 £ 0.06) x 10> VLT/UVES
Srianand et al. (2007) (0.06 £ 0.06) x 10> VLT/UVES
Levshakov et al. (2007) (-0.07 £ 0.84) x 10® VLT/UVES

Le (2019, 2023) ~ 1078

Time since Big Bang (Ga)
2 0.75

White dwarf spectra
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Results & Discusion

Constraint (Au/i) __|Method

lvanchik et al. (2005)
Reinhold et al. (2006)
King et al. (2008)

Malec et al. (2010)
Bagdonaite et al. (2013)

Le (2019, 2020, 2023,
2024)

Lookback time (Gyr)
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Results & Discusion

Constraint ¢/G (yr™) Method/Data Source

Biesiada & Malec (-1.0£2.3) x 107"
(2002)

Benvenuto et al. (2004) (-2.5%2.0) x 107"

Garcia-Berro et al. (-1.8+0.5)x 10712
(2011)

Zhu et al. (2018) (-1.6+£27)x 107
Luo et al. (2019) (=0.7 + 3.8) x 10™*

Binary pulsars
timing
Pulsating white
dwarfs

White dwarf cooling
rates

Binary pulsar timing

Lunar Laser Ranging
(LLR)

Le (2024, EPJC) (0.016 + 0.098) x 10> White dwarf stars
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Summary

= d (fine-structure constant):

Stringent significant variation, |Aa/a] < 10-8
WDs results consistent with quasar/astrophysical data.

= M (proton—electron mass ratio):
High-z absorption: |Au/p| < 10-8
WDs spectra give complementary bounds in strong
gravity.
= G (gravitational constant): WDs with strong
gravitational fields : G /G < 101> yr~1

Links G/G to Aal/a (via GUTs, R, S), probing extreme
stellar fields (Le, EPJC. 85(254) 2025).



Future Works

® Next-Generation Observations

o JWST, ELT/ANDES, SKA — higher precision
on a, m, G.

® New Gravitational Probes

® \White dwarfs, pulsars, and gravitational
waves to test G-variation.

® Theory & Synergy

® | inking GUT parameters (R, S) with
astrophysical + laboratory (atomic clocks)

I data. n
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