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Space-Time Variation of Physical Constants and Relativistic Corrections in Atoms
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High-redshift absorption systems detected in the optical spectra of quasars provide a powerful tool
for constraining possible spatial and temporal variations of physical “constants” in the Universe. It is
demonstrated that high sensitivity to the variation of the fine structure consteah be obtained from
a comparison of the spectra of heavy and light atoms. We have performed calculations for Mg I, Mg
I, Cr ll, and Fe Il for which accurate quasar and laboratory spectra are available. Some possibilities
for observing enhanced effects in variations of the fundamental constants in laboratory measurements
are also discussed. [S0031-9007(98)08271-4]

PACS numbers: 06.20.Jr, 31.30.Jv, 95.30.Dr

A possible variation of the fundamental physical con-both laboratory and quasar spectra. Other possibilities
stants in the expanding Universe was first suggested binclude comparisons of different optical transitions, for
Dirac [1]. The subject is of particular current interest be-example,s-p and p-d, in the same atom or molecule, or
cause of the new possibilities opened up by the structureomparisons of microwave transitions in molecules which
of unified theories, such as string theory and M theorycontain rotational and hyperfine intervals.
which lead us to expect that additional compact dimen- We also propose two other potential methods (probably
sions of space may exist. The “constants” seen in thenore suited to laboratory experiments than to high red-
three-dimensional subspace of the theory will vary at theshift observations) to detect any possible change&.in
same rate as any change occurring in the scale lengths ©he first is to use transitions between “accidentally” de-
these extra compact dimensions (see, e.g., [2]). Quasagenerate levels in the same atom or molecule. This degen-
absorption systems present ideal laboratories in which teracy would be highly sensitive to very small changes in
search for any temporal or spatial variation of fundamen«. For example, in the Dy atom there are two degenerate
tal constants by comparing atomic spectra from the distardpposite-parity levels [5]. The frequency of théa tran-
objects with laboratory spectra (see, e.g., [3], and refersition between them is smaller than the hyperfine splitting
ences therein). of each level. As a result, the relative effect of a change

The energy scale of atomic spectra, in the nonrelativisin « is enhanced by 5 orders of magnitude (the ratio of the
tic limit, is given by the atomic unit”;—f. In this limit,  Size of the relativistic effect to the transition frequency).
all atomic spectra are proportional to this quantity and ngSimilar experiments with accidentally degenerate molecu-
change of the fundamental constants can be detected. Il levels belonging to different electron terms are also
deed, any change in the atomic unit will be absorbed in th&ensitive to very small changes in the ratio of the nucleon
determination of the redshift parameter- z = = (0'is 10 electron masses. This is because the difference in elec-
the redshifted frequency of the atomic transition, anés ~ tron energies may be compensated by the difference in
this frequency in the laboratory). However, any Changéhe vibrational and rotational energies of the nuclei. Asis
in the fundamental constants can be found by measuringhown, the nuclear mass is a function of the strong inter-
the relative size of relativistic corrections, which are pro-action constants and vacuum condensates. The problem
portional to a2, wherea = ¢2/hc is the fine structure here is to find narrow width “degenerate” levels.
constant [4]. The second potential method is to make accurate

It would seem natural to constrain any change frommeasurements of the difference between the frequencies
measurements of the spin-orbit splitting within a fineof two narrow width transitions in different atoms or
structure multiplet. However, this is not the most efficientmolecules. If this difference is very small it can be mea-
method, and it may even give incorrect results, sincesured with a very high absolute accuracy since limitations
other relativistic effects are ignored. The aim of thisassociated with the precision of the absolute frequency
Letter is to demonstrate that a change dnproduces calibration would be irrelevant (see, e.g., measurements
an order of magnitude larger effect in the differencein Hg Il and H [6,7]). For the Hg IB5514 cm™! line the
between transition frequencies in heavy and light atom$requency shift corresponding tha /a = 10715 is about
(or molecules) compared to the difference for transitions3 Hz which is bigger than the natural linewidth of 1.8 Hz.
within a single multiplet. To explain the advantages of our proposals let us

We have calculated the dependence of the transitiogtart from simple analytical estimates of the relativistic
frequencies onx for Fe Il, Cr Il, Mg | [see Eq. (3)], effects in transition frequencies. The contribution of the
and Mg Il [see Eg. (2)] where accurate data exist forrelativistic correction to the energy can be obtained as an
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expectation valugV) of the relativistic perturbatiorV, The relative size of the relativistic corrections is propor-

which is large in the vicinity of the nucleus only. The tional toZ?, so they are smaller in light atoms. Therefore,

wave function of an external electron near the nucleusve can constrain any changednby comparing transition

is presented, e.g., in [8]. A simple calculation of thefrequencies in heavy and light atoms (or two heavy atoms
relativistic correction to the energy of the external electrorliike Fe Il and Cr Il where the relativistic frequency shifts

gives the following result: have opposite signs). We stress that the most accurate
me*7? (Za)? 1 and effective procedure must include all relativistic cor-
A, =— > 3 [ - - C(J, l)} rections and the analysis of all available lines (rather than
2k g j*12 the fine splitting within one multiplet only).
E,(Za)? 1 . To obtain accurate values of the relativistic frequency
- IESV c(j,D |, (1) shifts we performed calculations of atomic spectra using

many-body perturbation theory. Mg Il is a simple system
whereZ is the nuclear chargé,and are the orbital and  with one external electron above closed shells. In this
total electron angular momentd, is the charge “seen” case we used the complete set of relativistic Hartree-Fock
by the external electron outside the atom, i&.,= 1 for  energies and wave functions as a zero approximation and
neutral atomsZ, = 2 for singly charged ions, etc., and then calculated all second-order correlation corrections in
v is the effective principal quantum number, defined bythe residual electron-electron interaction (this technique is
E, = —% % whereE, is the energy of the electron. described in [9]). Thisab initio calculation reproduces
For hydrogenlike ionsy = n,Z, = Z, wheren is the the experimental energy levels of the external electron in
principal quantum number. To describe the contributionMg Il with 0.2% accuracy (the single-electron energy lev-
of many-body effects to the relativistic correctiak,  els in the many-body problem are defined as the ionization
we introduced the parametéX(j, ). Indeed, the single- energies with a minus sign). To find the value of relativis-
particle relativistic correction increases the attraction oftic corrections we performed calculations for three values
an electron to the nucleus and makes the radius of thef a: o = a;, @ = \/7/8 a;, anda = /3/4 «;, where
electron cloud smaller. As a result, the atomic potentialg; is the laboratory value ak. The calculated relativistic
which is the nuclear potential screened by the coreorrections to the energy levels of the external electron are
electrons, becomes weaker. This decreases the bindingy3s) = —189.4, AQ3pi2) = —72.1, AQBp3p) = 244,
energy of the external electron. Therefore, the manyandA;,, = 96.5 cm™!. Note that the many-body correc-
body effect has the opposite sign to that of the directions change the sign a&(3p3/,2). A convenient presen-
single-particle relativistic effect. Accurate many-body tation of the final results is given in the following form:
calculations described below sho@( j,!) for s and p
orbitals to be about 0.6. We see that the relativistic 351/2 — 3p1/2:
correction is large and negative fqr the lowsst, and ) = 35669.298(2) + 119.6[(£)* — 1]em™,
pi)2 States, wherev is small andj = 1/2. The fine )
structure splitting is given bA;; = E(p3/2) — E(pi1)2). 3s1/2 = 3p3p:
The relativistic correction may be large and positive for wy = 35760.848(2) + 211.2[(£)? — 1]em™ L.
the lowestd-states. Equation (1) may be used for the !
approximate semiempirical estimates of the relativisticThe first term in each formula is the laboratory value of
corrections. the frequency (these are averaged over the Mg isotopes;
In spectra of quasar absorption systems, transitiondetailed information including isotope shifts can be found
from the ground state have been observed. Understanding [10,11]), and the second term gives the dependence
how the observed frequencies of these transitions deperah «. We changed slightly the values of the calculated
on relativistic effects enables us to search for any relativeoefficients so as to exactly reproduce the experimental
changes inx over the large time span between the earlyvalue of the fine splittingd;; = 91.6 cm™! (ata = 0 the
epochs probed by the quasar data and today. The firfene splitting must vanish).
splitting in excited states is smaller than the relativistic Now consider atoms with several valence electrons, like
correction in the ground state, since the density of théMig | or Fe Il. Here we also have-p transitions from
excited electron near the nucleus is smaller. Thus théhe ground states, and the semiempirical formula (1) can
fine splitting of theE1 transition from the ground state be used to estimate the relativistic frequency shift. How-
(e.g.,s-p) is substantially smaller than the absolute shiftever, to accurately calculate the relativistic shift for each
of the frequency of thes-p transition. At C(j,I) = transition we performed relativistic many-body calcula-
0.6 the relativistic shift of the mean energy of the tions for energy levels. We used a relativistic Hartree-
electron,E(p) = 2/3E(p32) + 1/3E(p1,2), is close to  Fock method to construct a basis set of one-electron
zero. Therefore, the average relativistic shift of thg ~ orbitals and a configuration interaction method to ob-
transition frequency is mostly given by the energy shift oftain the many-electron wave function of valence electrons.
thes state:A(p — s) = —A(s). Correlations between core and valence electrons were also
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included by means of many-body perturbation theory [12]standards. Among them, the narrow Hg-Il transition
The details of these calculations will be presented in &d!%s 2S/,-5d%6s> 2Ds;, has the biggest relativistic
longer paper. We obtained the following results for thefrequency shift.w = 35514 — 29708x — 9767y cm™ 1.
frequencies of the strong1 transitions from the ground Since this is ai-s transition, it has a very large relativistic
state of Mg 1(3s> 'Sy — 3s3p 'Py), Fe Il (3d%4s°Dy/,  shift of opposite sign to the-p transitions above.

to the members of the multiplefsi®4p °D, °F, and®P) One more interesting possibility is to use transitions be-
and Cr Il Bd° °Ss, to the multiplets3d*4p °F and®P),  tween accidentally degenerate levels in the same atom.
as the functions o (in cm™1!): Such metastable levels exist, for example, in the Dy

. _ H H 10
Mgl 'Sp: @ =35051.277(1) + 106x — 10y, atc;m.ztwoJ_ = 10 opposite P]arlty levelstf¥5d6s and
4f°5d-6s lying 19797.96 cm™' above the ground state.
= 38458.9871(30) + 1394x + 38y,

Fell ®Dgjp: o

(This pair of levels was used to study parity nonconser-

D1 w = 38660.0494(30) + 1632x + Oy, vation in Ref. [5].) There are other examples of at_:c_i-
. dentally degenerate levels in the rare-earth and actinide
Fii2: o = 41968.0642(30) + 1622x + 3y, atoms and many close levels in other heavy atoms and
6F9/2: w = 42114.8329(30) + 1772x + Oy, ions (in the abse_nce of degeneracy one _should look for
. s-d or s-p transitions where the relativistic effects are
Frp0 @ = 42237.0500(30) + 1894x + Oy, larger). Where “accidental” degeneracy occurs, the con-
Pijp: @ = 42658.2404(30) + 1398x — 13y, tributions of the_ _rela_t|V|st|c corrections to the fr_(equency
] of the E1 transition in a heavy atom~1000 cm™) is
Cril °F3p: o =46905.17 — 1624x — 25y, compensated by the difference in the Coulomb interaction
6F5/2: ® = 4704035 — 1493x — 21y, energies of the two conflggratlons. Howevermfyanes
] with time, this compensation will eventually disappear.
Frp0 o = 4722724 — 1309x — 18y, Thus, we have a correctior 1000 cm‘l[((%)2 - 1] to
6Py @ = 48398.941 — 1267x — 9y, the very small €0.01 cm™!) frequency Qf the transition.
6 One can measure, for example, the time dependence of
Pspp: w = 48491.105 — 1168x — 16y, the ratio of frequencies for transitions between the hy-
Py @ = 48632.125 — 1030x — 13y, (3) perfine components of these two states. For accidentally

degenerate levels belonging to different electron terms in

wherex = () — 1.y = (3)* — 1. The values of the a molecule, one can have enhanced effects of the change
laboratory frequenciesy{ = «;) were taken from [11,13]. of both a and the nucleon mass. In the latter case the
The results for other atoms suitable for the astrophysicaénhancement factor is the ratio of the vibration energy to
measurements (Mn 1, Fe |, Ni I, Zn Il, Ge I, C Il, C IV, the small frequency of the transition.
NV,Ol Allll, Sill, SilV, Cal, Call) will be presented We are grateful to O. Sushkov, D. Budker, and J. Vigue
elsewhere. for useful discussions.

One can use Egs. (2) and (3) to fit Fe Il, Cr I,
Mg I, and Mg Il lines in quasar absorption systems to
constrain any variations in. We see that the difference
between the frequencies for light and heavy atoms have
a relativistic effect which is an order of magnitude
larger than the difference between frequencies within
one multiplet (note that the selection rdlg — J;| = 1
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