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Abstract: Theories unifying gravity with other interactions suggest temporal and spatial variation of the fundamental \'constants\' in expanding
Universe. The spatial variation can explain fine tuning of the fundamental constants which allows humans (and any life) to appear. We appeared in
the area of the Universe where the values of the fundamental constants are consistent with our existence. | present a review of works devoted to the
variation of the fine structure constant alpha, strong interaction and fundamental masses (Higgs vacuum). There are some hints for the variation in
quasar absorption spectra and Big Bang nucleosynthesis data. A very promising method to search for the variation consists in comparison of
different atomic clocks. Huge enhancement of the variation effects happens in transitions between very close atomic, nuclear and molecular energy
levels. Large enhancement also happens in nuclear, atomic and molecular collisions near resonances. How changing physical constants may occur?
Light scalar fields very naturally appear in modern cosmological models, affecting parameters of the Standard Model (e.g. apha). Cosmological
variations of these scalar fields should occur because of drastic changes of matter composition in Universe: the latest such event is rather recent
(about 5 hillion years ago), from matter to dark energy domination. Massive bodies can also affect physical constants. The strongest limits are

obtained from the measurements of dependence of atomic frequencies on the distance from Sun (the distance varies due to the dlipticity of the
Earth\'s orbit).
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Motivation

- EXxtra space dimensions (Kaluza-Klein, Superstring and
M-theories). Extra space dimensions is a common feature
of theories unifying gravity with other interactions. Any
change In size of these dimensions would manifest itself In
the 3D world as variation of fundamental constants.

- Scalar fields . Fundamental constants depend on scalar
flelds which vary in space and time (variable vacuum
dielectric constant ¢,). May be related to “dark energy” and
accelerated expansion of the Universe..

* “Fine tuning” of fundamental constants is needed for
numans to exist. Example: low-energy resonance in
oroduction of carbon from helium in stars (He+He+He=C).
_Sfltghtly different coupling constants — no resonance — no
ife.

Variation of coupling constants in space provide natural
explanation of the “fine tuning . we appeared In area of the
Universe where values of fundamental constants are
suitable for our existence.
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Search for variation of
fundamental constants

-Big Bang Nucleosynthesis

*Quasar Absorption Spectra '

+Oklo natural nuclear reactor

*Atomic clocks

Enhanced effects in atoms . molecules’
and nuclel
-Dependence on gravity
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Search for variation of
fundamental constants

*Big Bang Nucleosynthesis evidence?

-Quasar Absorption Spectra evidences’

+Oklo natural nuclear reactor

*Atomic clocks '

Enhanced effects in atoms '. molecules’
and nuclel
-Dependence on gravity

Based on atomic and molecular calculations Paoe 45t



Dimensionless Constants

Since variation of dimensional constants
cannot be distinguished from variation of units,
it only makes sense to consider variation of
dimensionless constants.

* Fine structure constant «=e?/hc=1/137.036

» Electron or quark mass/QCD strong interaction

scale, m. / lacp
X strong (F)=const/In(r _1qcp/ch)

me q are proportional to Higgs vacuum (weak
scale)
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Relation between variations of

different coupling constants
Grand unification models

- —1
a, (v) =agr +b1In(v/vy)
o 3 . g ¥ ;
Variationof GUI const o, -,
= | = | . —1 —1
da~ =da;,~ =da, =day;

da; {a, =(a; [a; )da, ! a;
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a3-1(m)=asrrong ! (m)=b31n(m A'lQCD)
o 1{(m)=5/3a,"1(m) + a,"(m)

A(WU\Q@) 1 Aa; const Aa _ 3524 Ao

/
m/ A,ep b.a, «, oa o o

. Proton mass M| _ 3A measure m, / M

OCD >

). Nuclear magnetic moments

Uu=g ef/ 411/[;10_,_ g = g(mg ’{IAQCD)

). Nuclear energy levels and resonances



Nucleon magnetic moment

u=(l+am_+..)=pu,(1+bym, +...)
Nucleon and meson masses

M =M, +am

QCD caiculatlons |attice, éhlral perturbation
theory,cloudy bag model, Dyson-Schwinger
and Faddeev equations, semiempirical.
Nuclear calculations: meson exchange theory

of strong interaction. Nucleon mass in kinetic
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Big Bang Nucleosynthesis:
Dependence on m,/ Aqcp

« 2H 1+7.7x=1.07(15) x=0.009(19)
- 4He 1-0.95x=1.005(36) x=-0.005(38)
- 'Li 1-50x=0.33(11) x=0.013(02)
Final result
X=AX4/X;=0.013 (02), Xqe=My/ Aqcp
Dominated by ’Li abundance (3 times
difference), consistent with <H,*He

Nonlinear effects: x=AX,/X,=0.015 (02)
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4.2 Astrophyvsical constraints:

(Quasars - probing the universe back to much earlier times

Ly man s Lyf Ly Sl Cn SalV sall CIv
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Variation of fine structureconstant(l

Many-Multiplet Method

Relativistic correction to electron energy Ej,:

LAy = EH(ZCY)Q . - ,
. =174
1. Increases with nuclear charge Z.

2. Changes sign for higher angular momem-
tum j.
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c(z,j,)| C=~0.6




Quasar absorption spectra

Earth Gas cloud ST
.............. )
v = 2
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Quasar absorption spectra

“i}. _-|
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Quasar absorption spectra

Earth Gas cloud Quasar
--'.........:%H“-I I. ?
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Quasar absorption spectra

Earth Gas cloud Quasar

One needs to know
E(a?) for each line to
L do the fitting




Use atomic calculations to find o(x).

For aclose to @y @ =wy+ g(a®/ag?—1)
g Is found by varying «in computer codes:

g = dol/dx = [@(0.1)—52)(—0.1)]/0_2, X=cz2/a02—]

a =e?/hc=0 corresponds to non-relativistic
limit (infinite c).

Pirsa: 08060046



Methods were used for many important problems:
- Test of Standard Model using Parity Violation in Cs. Tl.Pb.Bi
» Predicting spectrum of Fr (accuracy 0.1%). etc.

Probing the variability of a with QSO absorption lines

To find dependence of atomic transition frequencies on o we have
performed calculations of atomic transition frequencies for different

values of o

1. Zero Approximation — Relativistic Hartree-Fock method:
energies, wave functions, Green’s functions
2. Many-body perturbation theory to calculate effective
‘ Hamiltonian for valence electrons including self-energy
operator and screening; perturbation ——— V'=H-Hy;

r(rlLE) | .

e
‘%]‘04"“? core + ...

electrons M o
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Results of calculations (in cm™)

Anchor lines

Negative shifters

Atom @g q

Mgl 35051.217 86
Mgll 35760.848 211
Mgll 35669.298 120
Sill 55309.3365 520
Sill 65500.4492 50
Alll 59851.924 270
Al lll 53916.540 464
Al 53682.880 216
Ni Il 58493.071 -20

|

- 411
o
-
L=
=

any transitions in Mn

o l|l J -". f
IV \i "

'
o

N

T

—
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Atom @ q

Nill 57420.013 -1400 |
Nill 57080.373 -700
Crii 48632.055 1110 |
Crli 48491.053 -1280
Crli 48398.862 | -1360
Fell 62171.625 | -1300 |

Positive shifters

Atom ®g q
: Fell 62065.528 1100
Fell 42658.2404 1210
| Fell 42114.8329 1590
Fell 41968.0642 1460
Fell 38660.0494 1490
Fell 38458.9871 1330
Znii 49355.002 | 2490
Znll 48841.077 ) 1584
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Results of calculations (in cm™)

Anchorlines

Negative shifters

Atom @g q
Mgl 35051.217 86
Mgl 35760.848 211
Mgl 35669.298 120
Sill 55309.3365 520
Sill 65500.4492 50
Alll 59851.924 270
Al lll 53916.540 464
Al 11l 53682.880 216
Ni Il 58493.071 -20
Also. many transitions in Mn I, Ti I,
SIV.CIL.CIV. NV, O | Cal, Call,

- =6

£

Differentsigns and magnitudes of
q provides opportunity to study
Prea g8 tematic errors!

Atom @y ‘ q

Ni I 57420.013 | -1400 ||
Ni Il 57080.373 | -700 | r
crii 48632.055 1110 |
crii 48491.053 -1280
crii 48398.862 -1360
Fell 62171.625 1300 |

Positive shifters

" Atom @ q
' Fell 62065.528 1100 |
 Fell 42658.2404 1210 |
Fell 42114.8329 1590
Fell 41968.0642 1460
Fell 38660.0494 1490
Fell 38458.9871 1330
Zn i 49355.002 | 2490
' Znli 48841.077 1584




hyperfine=a? g, m, / M, atomic units
Rotation=m./M, atomic units

Vanation in the fine structure constant? Recent results and the future

Radio constraints:
~ Hydrogen hyperfine transition at A, = 21cm.

~ Molecular rotational transitions CO, HCO+, HCN,
HNC, CN., CS ...

~ oy/oy < a2ges where gp Is the proton magnetic g-
factor.

/o™,
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Redshift
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L~ alkali—doublet
—~ i
¥ § T
O 5
O e .J[; e - -
o 3 ?
3 1
= ) ~ )
<]
L L ] a
TH L]
o™ " EA P I T TR O v B T T Ry (L - T (R P VI R V) S S | NI S = IR\ [
0.2 0.3 0.4 0.5 Q.6 0.7 0.8
Pirsa: 08060046 Page 21/54

Fractional look—back ‘‘me



 Murphy et al, 2003: Keck telescope, 143
systems, 23 lines, 0.2<z<4.2

Ac/o=0.54(0.12) X 10-3
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 Murphy et al, 2003: Keck telescope, 143
systems, 23 lines, 0.2<z<4.2

Ac/o=—0.54(0.12) X 103

« Quast et al. 2004: VL telescope, 1 system. Fe ll, 6 lines.
S positive g-s. one negative g. z=1.15

Ac/a=—0.H19K2.7)x 10°

« Srianand et al. 2004: VL telescope, 23 systems. 12
ines. Fe ll. Mg |. Sill. Alll, 0.4<z<2.3

Aa/a=0.06(0.06) x 103
Murphy et al 2007 Ao/a=—0.64(0.36)x 10>

Furtherrevision may be necessary.



Spatial variation (Steinhardt list update)
10° Ao/a
Murphy et al
« North hemisphere -0.66(12)
« South (closeto North) -0.36(19)

Strianand et al (South) -0.06(06)?7
Murphy et al (South) -0.64(36)
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Measurements m_. / M, or m, / Aqcp

« Tsanavaris,\Webb,Murphy,Flambaum,
Curran PRL 2005

Hyperfine H/optical , 9 quasar absorption
systems with Mg,Ca,Mn,C,Si,Zn,Cr,Fe,Ni

Measured X=a?g,m. / M,
AX/X=0.6(1.0)10 No variation
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Best limit from ammonia NH,

Flambaum, Kozlov PRL2007

Inversion spectrum: exponentially small"quantum tunneling”
frequency o, =W exp(-S)

S= ( /M )05 f(Evibration/EatGmiC) 7 Evibration/Eatomic =const
(m. /M )05

iy IS exponent:ally sensitive to m, / M,

First enhanced effect in quasar spectra. 5 times
A(mg / M, )/ (mg / M,,)=-0.6(1 9)10¢ No variation
z=0.68. 6.5 billion years ago. -1(3)10°'° /year

More accurate measurements Murphy. Flambaum. Henkel.
Muller Science 2008 -0.74(0.47)10°
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Measurements m. / M, or m, / Aqcp

» Reinhold,Buning,k

ollenstein,lvanchik,

Petitiean,Ubachs PR
systems

_ 2006, H, molecule, 2

A(m, /M, )/ (m, / M,)=-2.4(0.6)10> Variation
4 o | Higherredshift, z=2.8
Space-time variation? Grand Unification

model?
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Oklo natural nuclear reactor

1.8 billion years ago

n+14°Sm capture cross section is dominated
by E,=0.1eVresonance

Shlyakhter;Damour,Dyson;Fujii et al
AE. =1 MeV Ao/

Limits on variation of alpha
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Oklo: limits on X =m/ Aqcp

Flambaum.Shuryak 2002.2003 Dmitriev.Flambaum 2003

Flambaum.Wiringa 2007
108m AE. =10 MeV AX, /X, -1 MeV \u

Limits on x=AX,/X;- 0.1 Az « from

Fujii et al |\E |<0.02 eV IX|<2.10-°
Petrov et al | \E,|<0.07 eV X|<8. 10-°
Gould et al |_\,E,,|<:OC)26 a\/ |><'<;3. 109 <16 10-18 y_*.
There is second. non-zero solution x=1.0(1) 104

Pirsa: 08060046
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Atomic clocks:

Comparing rates of different clocks
over long period of time can be used to
study time variation of fundamental
constants!

Optical transitions: o

Microwave transitions: a, (m,, m, )/Aqcp
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Calculations to link change of frequency to
change of fundamental constants:

Optical transitions: atomic calculations (as for

quasar absorption spectra) for many narrow

lines iInAlll, Cal, Srl, Srll, Inll, Ball, Dy |,
Yo l, YbIl, YbIlIl, Hg !, Hgll, Tl ll, Ra ll .

0 =y +q(ce/og?—1)

Microwave transitions: hyperfine frequency is sensitive
to nuclear magnetic moments and nuclear radil

We performed atomic. nuclear and QCD calculations of
powers k . for H.D Rb.Cd*.Cs.Yb* . Hg"

V=C(Ry)(m/My)a2™ (my/NgcplP . Ao @=AVN



Results for variation of
fundamental constants

Source Clock,/Clock, do/dt/a (107 yr ™)
Blatt et al. 2007 Sr(opt)/Cs(hfs) -3.1(3.0)
-ortier et al 2007 Hg+(opt)/Cs(hfs) -0.6(0.7)
Rosenband ef a/l08 Hg+(opt)/Al+(opt) -0.16(0.23)
Peik et al. 2006 Yb+(opt)/Cs(hfs) 4(7)

Bize etal. 2005 Rb(hfs)/Cs(hfs) 1(10)2

fassuming m/Aqcp = Const

Combined results: d/dt Inae=-1.6(2.3) x 1077 yr-’ |
d/dt In(my/ \qcp) = 8(22) x10-1° yr |
me /M, or mg/\qcp -1.9(4.0)x10-18F -1
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Enhancement of relative effect

Dy: 4f195d6s E=19797.96...cm. q= 6000 cm"
4f°5d26s E=19797.96... cm™ . q=-23000 cm"
Interval A1o=10%cm"’

Enhancement factor K=108 (!). i.e. A@/®,=10% Aa/a



Enhancement of relative effect

Dy: 4f195d6s E=19797.96...cm' . g= 6000 cm
4f95d%6s E=19797.96... cm~'. g=-23000 cm"’
Interval A\@=10%cm™

Enhancement factor K=108 (!). i.e. Aw/®,=10% Aa/a

Measurement Berkeley dina/dt =-2.9(2.6)x 10-1° yr-



Enhancement of relative effect

Dy: 4f1°%5d6s E=19797.96...cm” . g= 6000 cm"
4fS5d26s E=19797.96... cm'. g=-23000 cm"
Interval A@=10%cm"’

Enhancement factor K=108 (!). i.e. A@/®,=10% Aa/a

Measurement Berkeley dlna/dt =-2.9(2.6)x 10-1° yr-

Close narrow levels in molecules and nucleus -=29Th35,54

00000000000000



Cancellation between fine structure

and vibrations in molecules

Flambaum. Kozlov PRL2007 K = 104-10°

SiBr. Cl,* ... microwave transitions between narrow
excited states. sensitive to aand u=m./M,

® =Eﬁne' Evibratiunal= E ﬁne/K

Ao /'oy=K(Aa/a—1/4 Apwpn)

Enhancement K =104-10°

E ;.. is proportional to Z2a?

E.ivrationa =N IS proportional to nu’>, n=12....
Enhancement for all molecules along the lines Z(11.n)
Shift 0.003 Hz for Aa/a=10"1¢ ; width 0.01 Hz
Compare with Cs/Rb hyperfine shift 10-° Hz

HfF K=103 shift 0.1 Hz
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Nuclear clocks
(suggested by Pelk, Tamm 2003)

Very narrow UV transition between first excited
and ground state in 42° Th nucleus

Energy 7.6(5) eV, width 10* Hz
Flambaum PRL2006

Nuclear/QCD estimate: Enhancement 10°,
Ao/oy= 10° ( 0.1Ac/at+ AX/X,)

Xq=mq/ *XQCD :

Shift 10° Hz for Aa/a=10-15

Compare with atomic clock shift 1 Hz

235J energy 76 eV, width 6 10+ Hz

00000000



Dependence of fundamental

constants on gravitational potential

Projects —atomic clocks at satellites in space or
close to Sun

Earth orbit is elliptic,3% change In distance to Sun
Fortier et al — Hg*°?PY/Cs , Ashby et al -H/Cs

Flambaum.Shuryak : limits on dependence of «,
M./ \qcp and my/ \qcp ON gravity

Sa/a=K_, 3(GM/rc?)

K, +0.17K_.=-3.5(6.0) 10/
K., +0.13 K;=2(17) 10”7
New results from Dy, Sr/Cs
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Dysprosium do/o=K_, 6(GM/rc?)

Dy: 4f105d6s E=19797.96...cm’ . g= 6000 cm"
495d%6s E=19797.96... cm'. g=-23000 cm"’
Interval Ao=10%cm™’

Enhancement factor K=10% . ie. Ao/®,=10% Aa/a



Dysprosium do/o=K,, 6(GM/rc?)

Dy: 4f195d6s E=19797.96...cm' . g= 6000 cm
4f°5d<6s E=19797.96... cm’. g=-23000 cm’
Interval Aeo= 10" cm™’

Enhancement factor K=10% . ie. Ao/®,=10% Aa/a

Measurements Ferrel et al 2007

K =-8.7(6.6) 10¢
K.=4.9(3.9) 10° K,=6.6(5.2) 10° .
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Sr(optical)/Cs comparison :
S.Blatt et al 2008

New best limits

K =2.5(3.1) 10
K_=-1.1(1.7) 10%
K,=-1.9(2.7) 10
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Conclusions

Quasar data: MM method provided sensitivity increase 100 times.
Anchors, positive and negative shifters-control of systematics. Keck-
vanation of «.VLT-?. Systematics or spatial variation.

m./M, : hyperfineH/optical, NHs— no variation, H, - variation 4 ¢ .
Space -time variation? Grand Unlﬁcatlon model’?

Big Bang Nucleosynthesis: may be interpreted as a vanation of
Mg/ Agep 2

Oklo: sensitive to m/ Agep , effect <3 10-°

Atomic clocks: present time variation of ¢ , m/ Aqcep

Transitions between narrow close levels In atoms and molecules —
huge enhancement of the relative effect

22°Th nucleus — absolute enhancement (10° times larger shift)
Dependence of fundamental constants on gravitational potential

No variation for small red shift, hints for variation at high red shift
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Dysprosium oa «=K_, 3(GM/rc?)

Dy: 4f'°5d6s E=19797.96... cm’ . g= 6000 cm'
4f°5d=6s E=19797.86... cm' . g=-23000 cm'
Interval A@= 10— cm’

Enhancement factor K=10% |2 Ao/o,=103Ad/a

Measurements Ferrel et al 2007
K =-8.7(6.6) 10
K.=4.9(3.9)10% K, =6.6(5.2) 10*
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Cancellation between fine structure
and rotation in light molecules

Bethlem.Bunning.Meijer.Ubach 2007
OH.OD.CN.CO.CH.LIH....

E 5. is proportional to Z%-

E-ciational 1S proportional to Le, L=0.1.2....
u=m</M,

Enhancement for all molecules along the
lines Z(...L)
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Calculations to link change of frequency to
change of fundamental constants:

Optical transitions: atomic calculations (as for
guasar absorption spectra) for many narrow
lines inAlll, Cal. Srl, Srll, Inll, Ball, Dy |,
Yol,YbIl,YbIIl, Hg!l, Hg ll. TIll, Rall .
o =0, ~q(c/a"—1)

Microwave transitions: hyperfine frequency is sensitive
to nuclear magnetic moments and nuclear radii

\We performed atomic. nuclear and QCD calculations of
powers k . for H.D,Rb.Cd".Cs,Yb" Hg™

V=C(Ry)mJM,)e*~ (M/ArcpF . Adoio=AVV
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Measurements m, / M, or m. / \qcp

» Tsanavaris.Webb . Murphy.Flambaum.
Curran PRL 2005

Hyperfine H/optical . 9 quasar absorption
systems with Mg.Ca.Mn.C.Si.Zn.Cr.Fe.Ni

Measured X=x2g,m./ M,

AX/X=0.6(1.0)10> No variation
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Two sets of line pairs

1.6z O imitated by compression of the
spectrum

2. 5 O imitated by expansion of the
spectrum

Both sets give 5 0!
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Probing rke varfabiliti of o with 0S50 absorprion iines
Checks on general, unknown systematics:

~ Line removal: In each system, remove each transition and |
! iterate to find A/ again. Compare the Aa/a’s before and after
I | line removal. We have done this for all species and see no |
=% ‘ inconsistencies. Tests for: Lab wavelength errors, line |

blending, isotopic ratio and hyperfine structure variation.

Positive-negative shifter test: Find the subset of systems that

contain an anchor line, a positive shifter AND a negative shifter.

Remove each type of line collectively and recalculate Ac/a.
Results: subset contains 12 systems (only in high 7 sample)

No lines removed: Aw/a=(-1.31+0.39) x 105

Anchors removed: Ad/a=(-1.49 £ 0.44) x 105
+ve-shifters removed: Aa/a=(-1.54+1.03) x 105
-ve-shifters removed: Aa/a=(-1.41 +0.65) x 105
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q coefficient [mn‘ '

Negative

= Low-—%2

=200
Laboratory wavelength [A]
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Two sets of line pairs

1.6 © imitated by compression of the

spectrum
2. 5 U imitated by expansion of the

spectrum
Both sets give 5 0!
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