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Temporal variation of fundamental constants

in 229Th transition *
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Abstract If is there enhanced sensitivity to variations of fine structure constant, nucleon mass and meson

masses in the transition between the low energy and long-lived nuclear isomer and ground states? To answer

this open problem, we investigate the transition between the long-lived 7.6±0.5 eV isomer and ground states in
229Th based on the formulae derived from both the Nilsson model and Feynman-Hellmann theorem. Consistent

conclusions are drawn by these two method. The sensitivity to relative variation of fine structure constant

could be enhanced by 3—4 orders of magnitude, and to variations of nucleon mass and meson masses are

enhanced by about 5—6 orders of magnitude in the 229Th transition.
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1 Introduction

The temporal and spatial variation of fundamen-

tal constants is one of the fundamental problems in

physics. Physicists have worked on this problem since

1937 when Dirac put forward the formulation of his

large number hypothesis
[1]

. Over the last decade,

it has been becoming a very popular topic (see the

review
[2—4]

and references therein). The constraints

of possible variations of fine structure constant α =

e2/~c, strong interaction parameter and masses were

reported using the data in Oklo natural nuclear re-

actor (e.g. Refs. [5—11]), Big Bang nucleosynthesis

(e.g. Refs. [12—14]), cosmic microwave background

(e.g. Ref. [15]) and quasar absorption spectra (e.g.

Refs. [16—19]). Experiments in laboratory is based

on the comparison of different atomic clocks and of

an atomic clock with ultrastable oscillators (see re-

cent researches in Refs. [20—31]). Measurements in

laboratory have the advantages of being repeatable

and allowing for better control of the systematic er-

rors. However, They have placed weaker constraints

on the temporal variation of α so far. Therefore, we

need to choose carefully the transition to be measured

to increase the sensitivity.

The lowest-lying excited state in nuclear physics is

the 7.6±0.5 eV
[32]

isomer state in 229Th. Its lifetime

has been estimated to be roughly 5 hours
[32]

. The

transition between this isomer and ground states is

expected as possible candidates for measuring varia-

tion of α and strong interaction parameters in labo-

ratory with higher accuracy
[33—36]

. In Ref. [33], the

relative effects of variation of fine structure constant α

and the strong interaction parameter mq/ΛQCD were

estimated in the 229Th transitions, and the author

found a 5—6 orders of magnitude enhancement. Here
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ΛQCD is the quantum chromodynamics (QCD) scale

and mq the light quark mass. However, in the recent

work
[38]

, the authors argue that there is no expecta-

tion of significantly enhanced sensitivity to a varia-

tion of the fine structure constant in 229Th and accu-

rately estimating a frequency shift due to variations

of strong interaction parameters may be beyond cur-

rent nuclear structure techniques.

Based on formulae derived from the Nilsson model

and Feynman-Hellmann theorem, sensitivity of the

variation of the transition frequency to variation of

the fine structure constant is reexamined by relativis-

tic mean field theory in the 229Th transition. There is

3—4 orders of magnitude enhancement of the sensi-

tivity to variation of the fine structure constant being

obtained by both methods. Sensitivities of the vari-

ation of the transition frequency to variations of the

nucleon mass, σ-, ω- and ρ-meson masses are also

investigated, and 4—6 orders of magnitude enhance-

ment is found in 229Th.

2 Enhanced sensitivity to variation of

fundamental constants in the 229Th

transition

An enhancement factor κi is introduced,

δω

ω
= κi

δλi

λi

, (1)

where ω is the transition frequency, and λi the stud-

ied parameter. δω is the change of the transition fre-

quency over a time interval, and δλi the variation of

the parameter λi over the same period. It is obvious

that the relative variation of the transition frequency

is more sensitive to the relative variation of parameter

when the absolute value of κi is bigger, and this will

improve the accuracy of the present day experiments

in laboratory.

Firstly, we calculate the enhancement factors κi

of variations of the fine structure constant α, nucleon

mass mn, meson masses mσ, mω and mρ (denoted by

κα, κn, κσ, κω and κρ, respectively) based on Nils-

son model. The energies of the long-lived isomer and

ground states may be described by
[39]

,

E = E0 +CΛΣ+DΛ2, (2)

where Λ is the projection of the valence nucleon or-

bital angular momentum on the nuclear symmetry

axis z, and Σ the spin projection. The total an-

gular momentum projection is given by Ω = Λ+Σ.

The ground and the first excited states in 229Th are

ΩP [NnzΛ] = 5/2+[633] and 3/2+[631], respectively.

The energy difference between these two levels is

ω = Ee−Eg = 2C−8D= 7.6 eV. The Values of C and

D are taken from Ref. [40]. 2C ≈ 8D ≈ −1.4 MeV

is adopted because ω is about 5 orders of magnitude

smaller than C and D. Then, one can obtain the

relative variation of the transition frequency,

δω

ω
=

δ(2C)−δ(8D)

ω
= 0.18×106

(

δD

D
−

δC

C

)

. (3)

The spin-orbit interaction is inversely propor-

tional to the nucleon mass mn squared, C ∝ 1/m2
n

[33]
.

Then,

δC

C
=−2

δmn

mn

. (4)

The orbit-orbit interaction constant D was as-

sumed to depend linearly on the mean field potential

V0
[34]

, D≈ const×V0, and then,

δD

D
≈

δV0

V0

. (5)

We perform the RMF calculations following the

method described in Ref. [34]. Then the contributions

from the variation of nucleon mass, meson masses and

the fine structure constant α are calculated for neu-

tron and for proton, respectively,

δω

ω
≈ 104

(

0.38
δα

α
−234.00

δmσ

mσ

+

237.00
δmω

mω

+3.96
δmρ

mρ

+66.78
δmn

mn

)

, (6a)

δω

ω
≈ 104

(

9.18
δα

α
−299.52

δmσ

mσ

+

306.72
δmω

mω

−3.60
δmρ

mρ

+76.68
δmn

mn

)

, (6b)

we can see that the enhancement factors κn, κσ(κω)

and κρ are about 5, 6 and 4 orders of magnitude,

respectively. The enhancement factor κα is about 2

orders of magnitude larger for an excited state with

single proton configuration than that with a single

neutron configuration. For 229Th, both the isomer

and ground states are neutron excited state. There-

fore, the enhancement of the sensitivity to α varia-

tion is 3 orders of magnitude. This is because the

fine structure constant α is a measure of the strength

of the electromagnetic force, and neutron has no net
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charge. On the other hand, with nuclear strong in-

teraction and the Coulomb force being solved self-

consistently, the relation between the strong interac-

tion and the Coulomb force is dealt with consistently

in RMF theory. Neutron will be affected by Coulomb

force indirectly. Thus, the enhancement factor κα for

neutron is not equal to zero
[34]

.

Then, using the general results obtained by

Feynman-Hellmann theorem, we investigate the en-

hancement factor κα again as follows
[36]

. The energy

of the transition between the ground state (|g.s.〉) and

an excited state (|f〉) is determined by,

ω≡〈f |H |f〉−〈g.s.|H |g.s.〉≡ 〈〈H〉〉 , (7)

where H is the nuclear Hamiltonian. 〈〈O〉〉 denotes

the difference of the expectation value of the opera-

tor O between two states. By using the Feynman-

Hellmann theorem, the temporal variation of transi-

tion frequency reads
[38]

,

ω̇ =
∑

i

(

〈f |
∂H

∂λi

|f〉−〈g.s.|
∂H

∂λi

|g.s.〉

)

λ̇i, (8)

with λi are the dynamical constants embedded in H .

The nuclear Hamiltonian are expressed explicitly as

H = Hn + Vc where Hn includes the kinetic energy

T and the nuclear strong interaction Vn. VC is the

Coulomb force which depends on the fine structure

constant linearly. Then the relative variation of the

transition frequency is
[38, 41]

,

ω̇

ω
=

[

〈〈VC〉〉

ω

]

α̇

α
. (9)

How big of the enhancement factor κα = 〈〈VC〉〉/ω

is in a nuclear transition depends on the Coulomb

energy difference of the two states. We calculate

Coulomb energies of the isomer and ground state

by the RMF theory for 229Th. The Coulomb en-

ergy difference is 〈〈VC〉〉 ≈ −0.698 MeV. It results in

κα = 〈〈VC〉〉/ω ≈ −9.184× 104. The enhancement of

the sensitivity to α variation is about 4 orders of mag-

nitude, which is close to that have been obtained by

Eq. (6). Further investigation based on Eq.(8) shows

that the enhancements of the sensitivity to nucleon

mass and meson masses variations are about 5—6 or-

ders of magnitude (see Ref. [36] for details).

3 Summary

Using formulae obtained by the Nilsson model

and Feynman-Hellmann theorem, we investigate sen-

sitivities of the variation of the transition frequency

to variations of the fine structure constant, nucleon

mass, σ-, ω- and ρ-meson masses in 229Th by RMF

theory. Consistent results are obtained by these two

method. The enhancement factor κα is about 3—

4 orders of magnitude. The enhancement factors

κn,κσ,κω and κρ are about 4—6 orders of magnitude.

We conclude that the 7.6 eV isomer state in 229Th is

a very narrow state with large enhancement factors

for variations of α, nucleon mass and meson masses.

The transition between this isomer and the ground

state would be a important candidate in researching

the temporal variation of some physical fundamental

constants.
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