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Theories unifying gravity with other interactions suggest the possibility of tem-
poral and spatial variation of the fundamental “constants” in an expanding
Universe. In this review we discuss the effects of variation of the fine-structure
constant and fundamental masses on measurements covering the lifespan of the
Universe from a few minutes after Big Bang to the present time. Measurements
give controversial results, including some hints for variation in Big Bang nu-
cleosynthesis and quasar absorption spectra data. Furthermore there are very
promising methods to search for the variation of fundamental constants by
comparison of different atomic clocks. Huge enhancements of the relative vari-
ation effects happen in transitions between accidentally degenerate nuclear,
atomic, and molecular energy levels.

1. Introduction

It is widely believed that the Standard Model of elementary particles is
a low-energy manifestation of a more complete theory that unifies grav-
ity with the other interactions (electromagnetic, weak nuclear, and strong
nuclear forces). Many well-motivated extensions to the Standard Model
include variation of fundamental constants as a possibility, or even as a ne-
cessity in an expanding Universe (see e.g. review 1). Additionally, the fun-
damental constants may be slightly different near massive bodies (see e.g.
review 2). There are some hints for the variation of different fundamental
constants in quasar absorption spectra3® and Big Bang nucleosynthesis®1?
data. However, a majority of publications report limits on the variations
(see e.g. recent reviews 11,12).

We can only detect variation of dimensionless fundamental constants.
Here we will discuss variation of the fine structure constant c«, the pro-
ton g-factor g,, and the dimensionless ratios X, = m./Agcp and Xy =
mq/Agcp where m, and mg are the electron and quark masses, and Agcp
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is the quantum chromodynamics (QCD) scale, defined as the position of
the Landau pole in the logarithm of the running strong coupling constant,
as(r) ~ 1/In(Agepr/hc). The proton mass my, is proportional to Agcp,
therefore the relative variation of u = me/m, is equal to the relative varia-
tion of X, = m./Agcp (if we neglect a small contribution of quark masses
(mq ~ 5 MeV) to the proton mass, m, = 938 MeV). In the Standard Model
electron and quark masses are proportional to the vacuum expectation value
of the Higgs field.

The hypothetical unification of all interactions implies that variations
of different fundamental constants may be related.!3-17 For example, grand
unification theories predict

0X, e’

Tq ~ 35; . (1)
The coefficient here is model-dependent, but large values are generic for
models in which variations come from high energy scales (for a sim-
ple explanation see Ref. 10). If these ideas are correct, the variation in
Xe,g = Me,q/Agcp or = me/M, may be easier to detect than the varia-
tion in a.

In Sec. 2 we discuss variation of fundamental constants in Big Bang
nucleosynthesis. The factor of three disagreement between the calculations
and measurements of the BBN abundance of “Li may, in principle, be ex-
plained by the variation of mq/Agcp at the level of ~ 10~2; there have
also been several publications studying variation of a and gravitational con-
stant in BBN which we do not consider here, see review 1. The claim of
detection of variation of fundamental constants based on the Oklo data in
Ref. 18 is not confirmed by recent studies'®~2! which give a stringent limit
on the possible variation of the resonance in !°Sm during the last two bil-
lion years (Sec. 3). We discuss the variation of fundamental constants in
atomic (Sec. 4) and molecular (Sec. 5) spectra, which can be used both in
laboratory-based clocks as well as over cosmological timescales by compari-
son with astrophysical data. Additionally, we discuss possible enhancements
in these systems as well as in nuclear clocks (Sec. 6) and ultracold systems
near Feshbach resonances (Sec. 7).

2. Big Bang nucleosynthesis

The result of our work® suggested that a reduced deuteron binding energy
of AQ/Q = —0.019 + 0.005 would yield a better fit to observational data,
(the WMAP value of barion-to-photon ratio 7 and measured primordial
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2H, “He, and "Li abundances) for Big Bang Nucleosynthesis. Using our
calculations?? we obtained an estimate of the strange quark mass variation.

Recently Dent, Stern, and Wetterich?® calculated the sensitivity of BBN
abundances for ?H, “He and "Li to the variation of binding energies of 23H,
$:4He, 7Li and "Be in a linear approximation. We calculated the depen-
dence of these binding energies on the light quark mass variation and esti-
mated the sensitivity of BBN yields to variation of the quark mass.10:24-26

Then we used the observational data to obtain the following equations for
2H, *He and "Lj:1°

1477 =1.07+0.15, (2)

1 —-0.95z = 1.005 £+ 0.036 , (3)

1—50z = 0.33+0.11 , (4)

where = 6X,/X,. These equations yield 3 consistent values of z:

0.009 4 0.019, —0.005 - 0.038 and 0.013 £ 0.002. The statistically weighted
average of 6 X /X, = 0.013+0.002 is dominated by the "Li data. Allowing
for the theoretical uncertanties, we should understand this BBN result as
0X,/Xq = K- (0.013 + 0.002) where K ~ 1 and the expected accuracy in
K is about a factor of 2. Note that here we neglected effects of the strange
quark mass variation. A rough estimate of these effects on BBN due to the
deuteron binding energy variation was made in Refs. 9,22.

We have performed a preliminary, more accurate calculation that takes
into account the effect of the 8Be binding energy variation (which is not
included in Ref. 23), the variation of the virtual !Sy(np) level, and non-
linear corrections in z which are important for “Li (with 1 given by WMAP,
the discrepancy between "Li abundances predicted by theory and inferred
from observations is now a factor of 2.4 — 4.3 at the 4 — 50 level?”). Taking
the observed "Li/H = 1 — 2 x 1071%, we obtain a variation of §X,/X, =
0.015 + 0.003.

3. Oklo natural nuclear reactor

The results from the Oklo natural nuclear reactor are based on the measure-
ment of the position of a very low energy resonance (E, = 0.1 V) in neutron
capture by '#°Sm nucleus. The shift of this resonance induced by variation
of o was estimated a long time ago in Refs. 28,29. Recently we performed a
rough estimate of the effect of the variation of X, = my/Agcp.>?%30 The

final result is
da 0X 0X
~ 108V (— — 10— + 100—==
0E, =~ 10°eV/( S 0 X, + 100 X,

) ()
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with m, = (my +m4)/2 and m, the strange quark mass. Refs. 19-21 found
that |E,| < 0.1 eV. This gives us a limit
da 60X, 60X, —9
01— —01=2+—=>2|<10 6

10.01— X, X, | (6)
The contribution of « variation to this equation is very small and should
be neglected since the accuracy of the calculation of the main term is low.
Thus, the Oklo data can not give any limit on the variation of o. Assuming

linear time dependence during last 2 billion years we obtain an estimate
|Xs/Xs| < 10718 yr=1,

4. Atomic spectra

4.1. Comparison of quasar absorption spectra with
laboratory spectra

Savedoff3! proposed the use of a fine structure multiplet to perform mea-
surements of o variation by comparison of cosmic and laboratory optical
spectra. There were numerous works successfully implementing this “alkali-
doublet” method (see review 1).

Later we developed a different approach: the many-multiplet
method.3233 The relative value of any relativistic corrections to atomic
transition frequencies is proportional to a?. These corrections can exceed
the fine structure interval between the excited levels by an order of magni-
tude (for example, an s-wave electron does not have the spin-orbit splitting
but it has the maximal relativistic correction to energy). The relativistic
corrections vary very strongly from atom to atom and can have opposite
signs in different transitions (for example, in s-p versus d-p transitions).
Thus, any variation of a could be revealed by comparing different tran-
sitions in different atoms in cosmic and laboratory spectra. The number
of spectral lines of different elements involved is 1-2 orders of magnitude
larger. This method improves the sensitivity to any variation of a by more
than an order of magnitude compared to the alkali-doublet method.

Relativistic many-body calculations are used to reveal the dependence
of atomic frequencies on « for a range of atomic species observed in quasar
absorption spectra®?-3® (a 2004 summary may be found in Ref. 39). It is

convenient to present results for the transition frequencies as functions of
o? in the form

w = wp + gz, (7)
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where z = (0%0)2 -1= %i—‘" and wy is a laboratory frequency of a particular
transition. We stress that the second term contributes only if a deviates
from the laboratory value ag. We performed accurate many-body calcula-
tions of the coefficients q for all transtions of astrophysical interest (strong
E1 transtions from the ground state) in Mg I, Mg II, Fe I, Fe II, Cr II,
Ni IT, AL II, Al III, Si II, Zn II, Mn II, and many other atoms and ions
which are seen in quasar absorption spectra, but have not yet been used
in the quasar measurements because of the absence of accurate UV transi-
tion laboratory wavelengths. For a “shopping list” of needed measurements,
see Ref. 39. It is very important that this set of transitions contains three
large classes: positive shifters (large positive coefficients ¢ > 1000 cm™h),
negative shifters (large negative coefficients ¢ < —1000 cm~!) and anchor
lines with small values of ¢. This gives us an excellent control of systematic
errors since systematic effects do not “know” about sign and magnitude of
q. Comparison of cosmic frequencies w and laboratory frequencies wg allows
us to measure 5—:—.

Analysis of three independent samples of data contaning 143 absorption
systems spread over redshift range 0.2 < z < 4.2 gives® é—f = (—0.543 +
0.116) x 1075. If one assumes the linear time-dependence of «, the fit of the
data gives dIno/dt = (6.40 £ 1.35) x 10716 yr=! (over time interval about
12 billion years). A very extensive search for possible systematic errors has
shown that known systematic effects cannot explain the result.4?

Our method and calculations®?-37 were used by two other groups
to analyse data obtained on the VLT. However, they have not detected any
variation of a. Recently, the results of Ref. 41 were questioned in a reanalysis
of the same spectral data.®” The re-analysis revealed flawed parameter
estimation methods; a more accurate fit gives %" = (—0.64 £0.36) x 10~°
(instead of the % = (—0.06 + 0.06) x 1075 reported in Ref. 41). However,
even this revised result may require further revision.

One systematic effect that is still not completely excluded is that the
effect of o variation may be imitated by a large change in relative isotope
abundance during last 10 billion years. Spurious observation of variation
in o due to a change in the relative isotope abundance of any one element
has been ruled out. Nevertheless, an improbable “conspiracy” of several
elements could mimic the observed effect. We have performed very compli-
cated calculations of these isotopic shifts.44~4? However, as shown in Ref. 49,
calculations in atoms and ions with an open d-shell (like Fe II, Ni II, Cr
IT, Mn II, Ti II) are difficult, and our accuracy may be very low. There-
fore measurements for at least a few lines are needed in order to benchmark

41-43
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calculations. Additionally, these measurements are needed to study the evo-
lution of isotope abundances in the Universe, and to test models of nuclear
reactions in stars and supernovae.

A comparison of the hyperfine transition in atomic hydrogen with op-
tical transitions in ions was done in Refs. 50,51. This method allows one
to study time-variation of the parameter F' = a2ug,. Analysis of 9 quasar
spectra with redshifts 0.23 < z < 2.35 gave

6F/F = (6.3 +9.9) x 1076, (8)
F/F = (—6+£12) x 10716 yr~1, (9)

4.2. Optical atomic clocks

Optical clocks also include transitions which have positive, negative or
small constributions of the relativistic corrections to frequencies. We used
the same methods of relativistic many-body calculations used in the
quasar absorption studies to calculate the dependence on a of different
clocks,33:34:52-55 A 2004 summary of the results for the coefficients g is pre-
sented in Ref. 56. The ¢ coefficients for optical clock transitions may be
substantially larger than in cosmic transitions since the clock transitions
are often in heavy atoms (Hg II, Yb II, Yb III, etc.) while cosmic spec-
tra contain mostly light atoms lines (Z < 33). The relativistic effects are
proportional to (Za)?.

4.3. Enhancement of the effect of a-variation in atoms

An enhancement of the relative effect of a-variation can be obtained in
transitions between the almost degenerate levels in Dy atom.3%5% These
levels move in opposite directions if « varies. The relative variation may
be presented as éw/w = Kda/a where the coefficient K exceeds 108 (¢ =
30,000 cm™, w ~ 10™* em™!). Specific values of K = 2¢/w are different
for different hyperfine components and isotopes which have different w.
An experiment is currently underway to place limits on « variation using
this transition.®”5® The current limit is &/a = (—2.7 £ 2.6) x 10715 yr—1.
Unfortunately, one of the levels has quite a large linewidth and this limits
the accuracy. Several other enhanced effects of o variation in atoms have
been calculated.59:60

4.4. Atomic microwave clocks

Hyperfine microwave transitions may be used to search for a-variation.5!
Karshenboim®? has pointed out that measurements of ratios of hyperfine
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structure intervals in different atoms are also sensitive to variations in nu-
clear magnetic moments. However, the magnetic moments are not the fun-
damental parameters and cannot be directly compared with any theory
of the variations. Atomic and nuclear calculations are needed for the in-
terpretation of the measurements. We have performed both atomic calcu-
lations of the a-dependence3?:34:52-56 and nuclear calculations of the X,-
dependence®? (see also Ref. 26) for all microwave transitions of current ex-
perimental interest including hyperfine transitions in !33Cs, 8"Rb, 171Yb™,
19Hg+, 111Cq, 129Xe, ¥°La, 'H, 2H and 3He. The results for the depen-
dence of the transition frequencies on variation of «, Xe = me /Agcp and
X4 = mq/Agcp are presented in Ref. 63. Also, one can find there exper-
imental limits on these variations which follow from the recent measure-
ments. The accuracy is approaching 1071% per year. This may be compared
to the sensitivity ~ 10~% — 1076 per 10!? years obtained using the quasar
absorption spectra.

According to Ref. 63 the frequency ratio Y of the 282 nm ®*Hg™" optical
clock transition to the ground state hyperfine transition in !33Cs has the
following dependence on the fundamental constants:

Y)Y = —6a/a — j/p—0.01X,/X, (10)

This ratio has been measured®® as Y/Y = (0.37 £0.39) x 10715 yr~1. As-
suming a linear time dependence we obtained from the quasar result® (see
Sec. 5.2) fi/p = Xe/Xe = (1 £3) x 1071¢ yr~!. Combining this result and
the atomic clock result for Y gives the best present limit on the variation
of a:

&/a=(~0.8%0.8) x 1076 yr=! . (11)

Here we neglected the small (~ 1%) contribution of X,.

5. Molecular spectra

Recently we wrote a review®® about search for the variation of the funda-
mental constants in quasar and laboratory molecular spectra. One recent
noteworthy result is a limit on cosmological variation of y in quasar spec-
tra using molecular hydrogen transitions in the Ly-a forest.6” By carefully
controlling systematics, the authors obtained Au/u = (2.6 £3.0) x 1076 at
redshifts z ~ 2.6 — 3.0. Below we present several examples related to our
works.
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5.1. Comparison of hydrogen hyperfine and molecular
rotational quasar spectra

The frequency of the hydrogenic hyperfine line is proportional to a?ugp;
molecular rotational frequencies are proportional to u. Comparison places
limits on the variation of the parameter F' = a?g,.5% Recently a similar
analysis was repeated by Murphy et al.%® using more accurate data for the
same object at z = 0.247 and for a more distant object at z = 0.6847, and
the following limits for the relative variation of F' were obtained:

S(InF) = (2.0 £4.4) x 107° (12)
6(InF) = (-1.6£5.4) x 107° (13)

The object at z = 0.6847 is associated with the gravitational lens toward
quasar B0218+357 and corresponds to lookback time ~ 6.5 Gyr.

5.2. Enhancement of variation of p in inversion spectrum
of ammonia and limit from quasar spectra

A few years ago van Veldhoven et al. suggested using a decelerated molecu-
lar beam of NDj3 to search for the variation of 4 in laboratory experiments.”®
The ammonia molecule has a pyramidal shape and the inversion frequency
depends on the exponentially small tunneling of three hydrogens (or deu-
teriums) through the potential barrier. Because of that, it is very sensitive
to any changes of the parameters of the system, particularly to the reduced
mass for this vibrational mode. This fact was used in® to place the best
limit on the cosmological variation of u.

The inversion vibrational mode of ammonia is described by a double
well potential with the first two vibrational levels lying below the barrier.
Because of the tunneling, these two levels are split in inversion doublets.
The lower doublet corresponds to wavelength A =~ 1:25 cm and is used in
ammonia masers. Molecular rotation leads to the centrifugal distortion of
the potential curve, therefore the inversion splitting depends on the rota-

tional angular momentum J and its projection on the molecular symmetry
axis K:

winy(J, K) =wly, —c1 [J(J +1) — K*] + coK? 4 -+, (14)

where we omitted terms with higher powers of J and K. Numerically, w? = ~
23.787 GHz, ¢; = 151.3 MHz, and c3 ~ 59.7 MHz.

In addition to the rotational structure (14) the inversion spectrum has
a much smaller hyperfine structure. For the main nitrogen isotope ‘N,
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the hyperfine structure is dominated by the electric quadrupole interaction
(~ 1 MHz). Because of the dipole selection rule AK = 0 the levels with
J = K are metastable. In astrophysics the lines with J = K are also
narrower and stronger than others, but the hyperfine structure for spectra

with high redshifts is still not resolved. We obtained the following results
for NH3%% (in atomic units):

d(Inw? ) ~ 4.46 6(In u) (15)
d0(Inci2) =5.16(Inp). (16)

For NDj3 the inversion frequency is 15 times smaller and this leads to a
higher relative sensitivity of the inversion frequency to pu:

d(Inwl,) ~ 5.7 §(In ) (17)
d(lncio) =62 6(Inp). (18)

We see that the inversion frequency w(  and the rotational intervals
Winv (J1, K1) — winv(J2, K2) have different dependencies on the constant p.
In principle, this allows one to study time-variation of y by comparing dif-
ferent intervals in the inversion spectrum of ammonia. For example, if we
compare the rotational interval to the inversion frequency, then Egs. (15)
and (16) give:

§1n ([winv(J1, K1) — winy (J2, K2)] /wihy,) = 0.6 6(In ) . (19)

The relative effects are substantially larger if we compare the inversion
transitions with the transitions between the quadrupole and magnetic hy-
perfine components. However, in practice this method will not work because
of the smallness of the hyperfine structure compared to typical line widths
in astrophysics.

We compared the inversion spectrum of NHj3 with rotational spectra of
other molecules, where

dwrot _ 5_/1

. 20
Wrot % ( )

High precision data on the redshifts of NH3 inversion lines exist for the
previously mentioned object B0218+357 at z ~ 0.6847.”! Comparing them
with the redshifts of rotational lines of CO, HCO*, and HCN molecules
from Ref. 72 one can get the following limit:

op 60X

; 75 = (~0.6 £ 1.9) x 1075 (21)
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Assuming a linear time dependence over the 6.5 Gyr (corresponding to
z =~ 0.68), we obtain the most stringent present limit for the variation of u
and X,:%°

i/p=Xe/Xe=(1£3)x 10710 yr 1, (22)

This result is combined with atomic clock results (Sec. 4.4) to give the best
current limits on variation of a (Equation 11).

5.3. Proposals for enhanced effects in diatomic molecules

In transitions between very close narrow levels of different natures in di-
atomic molecules the relative effects of the variation may be enhanced by
several orders of magnitude. Such levels may occur due to cancelation be-
tween the hyperfine and rotational structures,”® or between the fine and
vibrational structures of the electronic ground state.” The intervals be-
tween the levels are conveniently located in microwave frequency range and
the level widths are very small, typically ~ 1072 Haz.

5.3.1. Molecules with cancelation between hyperfine structure and
rotational intervals

Consider diatomic molecules with unpaired electron and ground state 23,
for example, LaS, LaO, LuS, LuO, YbF.”™ The hyperfine interval Apgs
is proportional to a?ZFyei(aZ)ugnuc, Where Fy is additional relativistic
(Casimir) factor. The rotational interval Ao ~ p is roughly independent
of a. If we find a molecule with Apgs & Aoy the splitting w between hyper-
fine and rotational levels will depend on the following combination

w ~ [02Fre1(@Z) gnue — const] . (23)
Relative variation is then given by

) Angs da  dgn
o SHR (24 K) 2 e (24)
w w Inuc
where the factor K comes from variation of Fie(aZ), and for Z ~ 50,
K = 1. Using data from Ref. 75 one can find” that w = (0.002+0.010) cm™~!
for 139La32S. Note that for w = 0.002 cm™! the relative frequency shift is:

%~ (25)
w
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9.3.2. Molecules with cancelation between fine structure and
vibrational intervals

The fine structure interval wy rapidly grows with nuclear charge Z
ws ~ Z%a?, (26)
while the vibration energy quantum decreases with the atomic mass:
wyip ~ M2/, | (27)

where the reduced mass for the molecular vibration is M,.m,,. Therefore,
we obtain an equation Z = Z(M,,v) for the lines on the Z-M, plane
where we can expect approximate cancelation between the fine structure
and vibrational intervals:

W=wf—vwyipb =0, v=12,.. (28)

Using Eqgs. (26-28) it is easy to extract the dependence of the transition
frequency on the fundamental constants:
w _1 <2Wf§2 + Ewwbé—“> ~ K (26_a + li&) , (29)
w w a 2 I a 2pu
where the enhancement factor K = %i determines the relative frequency
shift for the given change of fundamental constants. Large values of K
suggest potentially favorable cases for making experiment, because it is
usually preferable to have larger relative shifts. However, there is no strict
rule that larger K is always better. In some cases, such as very close levels,
this factor may become irrelevant. Thus, it is also important to consider
the absolute values of the shifts and compare them to the linewidths of the
corresponding transitions.

Because there are a finite number of molecules we cannot have w = 0
exactly. However, a large number of molecules have w/wy < 1 and |K| >
1. Moreover, an additional “fine tuning” may be achieved by selection of
isotopes and rotational, 2-doublet, and hyperfine components. Therefore,
we have two large manifolds, the first one built on the electron fine-structure
excited state and the second one built on the vibrational excited state.
If these manifolds overlap one may select two or more transitions with
different signs of w. In this case the expected sign of the |w|-variation must
be different (since the variation éw has the same sign) and one can eliminate
some systematic effects. Such control of systematic effects was used for
transitions between close levels in two dysprosium isotopes.5”*® The sign
of the energy difference between two levels belonging to different electron
configurations is different in 163Dy and 162Dy.
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Among the interesting molecules where the ground state is split in two
fine-structure levels and (28) is approximately fulfilled, there are Clj (en-
hancement K = 1600), SiBr (K = 360), CuS (K = 24) and IrC (K = 160).
The list of molecules is not complete because of the lack of data in Ref. 75.
The molecules Cl and SiBr are particularly interesting. For both of them
the frequency w defined by (28) is of the order of 1 cm™! and compara-
ble to the rotational constant B. Reducing w further by the proper choice
of isotopes, rotational quantum number J and hyperfine components, we
may expect K ~ 103 — 105, New dedicated measurements are needed to
determined exact values of the transition frequencies and find the best
transitions. However, it is easy to find necessary accuracy of the frequency
shift measurements. According to (29) the expected frequency shift is

dw = 2wy (; + 377) (30)

Assuming da/o ~ 107! and wy ~ 500 cm~!, we obtain dw ~
1072 ecm™! ~ 3 x 1072 Hz, which is larger than the natural width
~ 1072 Hz. (In order to obtain similar sensitivity comparing hyperfine
transition frequencies for Cs and Rb one has to measure the shift at the
~ 1075 Hz level.)

5.3.3. Molecular ion HfF*

The ion HfF* and other similar ions are considered by Cornell’s group in
JILA for experiments to search for the electric dipole moment (EDM) of
the electron. Recent calculations”™ suggest that the ground state of this
ion is 'EF and the first excited state ®A; lies only 1633 cm~! higher.
Calculated vibrational frequencies for these two states are 790 and 746 cm ™1
respectively. For these parameters the vibrational level v = 3 of the ground
state is only 10 cm™! from the v = 1 level of the state 3A;. Thus, instead
of (28) we now have:

3y 7
W= we + Ew\(,“)) - —w((.),)a ~0, (31)
where superscripts 0 and 1 correspond to the ground and excited electronic
states. The electronic transition we; is not a fine structure transition and

(26) is not applicable. Instead, we can write:

Wel =welo +9Z, z=0a?/ad—1. (32)
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Our estimate is7

§ 26 )
v <_‘1_a + ﬂ_“) ~ <20005—°f +805—“), (33)
w w a 2w «a ©

dw & 20000 cm ™! (Sa/x + 0.040 4/ 1) . (34)

Assuming da/a ~ 10715 we obtain éw ~ 0.6 Hz. The natural width is about
2 Hz.

We also present the result for transition between close levels in Css
molecule suggested in.””"8 Qur estimate is:%6

dw ~ (—2405—0‘ — 1600‘5—‘5).(:771—1 , (35)
a 7

6. Enhanced effect of variation of a and strong interaction
in UV transition of 22°Th nucleus (nuclear clock)

A very narrow level (7.6 + 0.5) eV above the ground state exists in 22°Th
nucleus.” The position of this level was determined from the energy differ-
ences of many high-energy ~-transitions to the ground and excited states.
The subtraction produces the large uncertainty in the position of the 7.6 eV
excited state. The width of this level is estimated to be about 10~* Hz.80
This would explain why it is so hard to find the direct radiation in this very
weak transition. However, the search for the direct radiation continues.8!

The 2?°Th transition is very narrow and can be investigated with laser
spectroscopy. This makes ??°Th a possible reference for an optical clock of
very high accuracy, and opens a new possibility for a laboratory search for
the variation of the fundamental constants.8? As is shown in Ref. 83 there
is an additional very important advantage: the relative effects of variation
of a and my/Agep are enhanced by 5 orders of magnitude. This estimate
has been confirmed recently by more accurate calculations.848°

A rough estimate for the relative variation of the 22°Th transition fre-
quency is
w 105(0.15—0‘ -+ 0Xq
w a Xq
Therefore, the experiment would have the potential of improving the sensi-
tivity to temporal variation of the fundamental constants by many orders
of magnitude. Indeed, we obtain the following energy shift in the 7.6 eV
229Th transition:

) (36)

5Xq
dw ~ . Me ( )
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This corresponds to the frequency shift 6 ~ 3-102°6X, /X, Hz. The width
of this transition is 10~* Hz so one may hope to get the sensitivity to the
variation of X, about 1072* per year. This is 10'° times better than the
current atomic clock limit on the variation of Xj.

Note that there are other narrow low-energy levels in nuclei, e.g. 76 eV
level in 23U with lifetime 26.6 minutes (see, e.g. Ref. 82). One may expect
a similar enhancement there. Unfortunately, this level cannot be reached
with usual lasers. In principle, it may be investigated using a free-electron
laser or synchratron radiation. However, the accuracy of the frequency mea-
surements is much lower in this case.

7. Enhancement of variation of fundamental constants in
ultracold atom and molecule systems near Feshbach
resonances

Scattering length A, which can be measured in Bose-Einstein condensate
and Feshbach molecule experiments, is extremely sensitive to the variation
of the electron-to-proton mass ratio u = me/myp or X, = me /AQCD:86

0A o 0 X,

— =K— =K—, 38
where K is the enhancement factor. For example, for Cs-Cs collisions we
obtained K ~ 400. With the Feshbach resonance, however, one is given the
flexibility to adjust position of the resonance using external fields. Near a
narrow magnetic or an optical Feshbach resonance the enhancement factor
K may be increased by many orders of magnitude.
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