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Astrophysical search for α-variation

Suppose that the fine structure constant α can vary in
space-time. Then, for a distant quasar all atomic frequencies
will be shifted:

ωi = ωi,0 + qix + . . . ,

x ≡ (α/α0)2 − 1, α ≡ e2/(~c),

where α0 = 1/137 . . . and ωi,0 are the laboratory values.
The light from the distant objects is red-shifted because of the
expansion of the Universe. We can account for that by taking
ratios of the frequencies:

ωi

ωk
=

(
ωi

ωk

)
0

[
1 +

(
qi

ωi,0
− qk

ωk ,0

)
x
]
.
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Astrophysical results for α-variation

Recent observations for the quasar spectra at distances of
∼ 1010 light years by Murphy et al. indicated that in the past α
was slightly smaller. Other groups are also looking for such
deviations in the spectra of distant quasars, but their results (at
3σ-level) are consistent with non-varying α:

∆α

α
=10−5×


−0.57(11) Murphy et al.(2003) 0.2 < z < 3.7
−0.04(19)(27) Quast et al.(2004) z = 1.15
−0.06(6) Srianand et al.(2004) 0.4 < z < 2.3
+0.54(25) Levshakov et al.(2007) z = 1.84

These frequency shifts are of the same order of magnitude as
typical isotope shifts. Therefore, possible changes in isotope
abundances can be one of the sources of systematic errors in
the search for α-variation.
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Laboratory tests

If we have two atomic clocks their frequencies are likely to have
different dependence on α and on mp/me. By comparing these
frequencies at different times we can look for time-variation of a
certain combination x of α and mp/me, x ≡ αν(mp/me)µ.
• Typical time scale of such experiments is of the order of one
year, compared to 1010 years in astrophysics.
•Typical accuracy of the frequency measurements is about 109

– 1010 times higher than in astrophysics.
•No isotope effects and other systematic effects are well
controlled.
•Laboratory tests are complementary to astrophysical tests
because they measure ẋ/x , not ∆x/x .
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Laboratory limits

Results of several most recent laboratory experiments based
on comparison of pairs of atomic clocks.

Group, year Limit Clocks used
1015 × α̇/α yr−1

Fortier et al. (2007) −0.55± 0.95 133Cs 199Hg+

Peik et al. (2006) −0.26± 0.39 171Yb+ 199Hg+

Cingöz et al. (2006) −2.7± 2.6 163Dy 162Dy
Fischer et al. (2004) −0.9± 2.9 H 199Hg+

1015 × ẋ/x yr−1, x = gnucme/mp
Fortier et al. (2007) 3.0± 5.7 133Cs 199Hg+
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Oklo reactor

It is generally recognized that some 1.8 billion years ago a
natural nuclear reactor operated in Oklo uranium mine in
Gabon.
In 1976 Shlyakhter realized that some of the involved nuclear
reactions depended on the resonances between nuclear and
electronic transitions. He concluded that when Oklo reactor
was operational α should be very close to its present value.
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Limits on time-variation from Oklo

In the most recent analyzes of data from Oklo the following
limits were obtained:

α̇

α
=10−18yr−1×

{
+3± 10 Gould et al.(2006)
−5± 35 Petrov et al.(2006)

These result depends on a number of assumptions. In
particular, it is assumed that strong coupling constant did not
change in time, which is unlikely if α was changing.
Flambaum and Shuryak argue that Oklo does not allow to place
any restriction on α-variation. Instead they place the limit on
Xs ≡ ms/ΛQCD: ∣∣∣Ẋs/Xs

∣∣∣≤10−18yr−1
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Electronic, vibrational, and rotational structures

It is well known that mass ratio µ = mp/me determines relative
scales of electronic, vibrational, and rotational intervals in
molecular spectra: Eel : Evib : Erot ∼ 1 : µ−1/2 : µ−1.
This relation was used in many astrophysical surveys of optical
spectra of H2, which placed increasingly stringent limits on
time-variation of µ. However, the most recent publication by
Reinhold et al. [PRL, 96, 151101 (2006)] suggests non-zero
variation at 3.5σ level:

δµ/µ = (20± 6)× 10−6,

at the time scale of approximately 12 Gyr. Assuming linear
variation with time this result translates into

µ̇/µ = (−17± 5)× 10−16 yr−1.
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Sensitivity coefficients

Sensitivity coefficient K to time-variation of fundamental
constant A is defined as

δω

ω
= K

δA
A

In optical transitions in molecules typical sensitivity coefficients
for both α and µ are:

K = few× 10−2

In microwave region, the fine-structure transitions, the
rotational transitions, or the inversion transition in NH3 can have

K ≥ 1
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Fine-structure of C+ versus rotational transition in CO

Fine-structure line of C+ is sensitive to α with K = 2, while CO
rotational lines are sensitive to µ with K = −1.
Comparing redshifts for these two lines we test time-variation of
the parameter F = α2µ.
Fine-structure line of C+ and (6− 5) line of CO were observed
by Maiolino et al. (2005) and Bertoldi et al. (2003) for the
quasar with z = 6.42 (lookback-time ∼ 14 Gyr):

C+ : zfs = 6.4189± 0.0006 ,
CO (6− 5) : zrot = 6.4189± 0.0006 .

This gives: ∣∣∣∣∆F
F

∣∣∣∣ ≤ 1.1× 10−4 .
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18 cm−1 λ-doublet line in OH molecule

The 18 cm−1 OH lines are seen from very distant objects, up to
redshifts z ≈ 0.765. These lines correspond to the ground state
λ-doublet with λ = 1. Frequency of this transition roughly
scales as µ−2 Ry.

One can compare frequencies of OH lines with 21 cm−1

hyperfine hydrogenic lines, which scale as α2µ−1gp. This
method allows to put a limit on the time-variation of the
parameter x = gp(α2µ)1.57 [Kanekar et al., 2005]:

∆x/x = (0.44± 0.36± 1.0)× 10−5.
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Laboratory experiment with Cs2 [David DeMille]

Ultra cold Cs2 molecules can be obtained by photo-association
in atomic trap. Cs2 has very narrow forbidden transition

3Σ+
u → 1Σ−g . The

frequency of this
transition can be
matched by n ∼ 102

vibrational quanta:

ω = ωel − nωvib ≈ 0.

Frequency ω is very
sensitive to variation
of µ: δω = nδωvib.
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Diatomic molecules with ground state 2ΠΩ

Fine structure splitting between the states 2Π1/2 and 2Π3/2
depends on α:

ωf ∼ α2Z 2 Hartree,

while vibrational frequency depends on the reduced mass
Mr mp:

ωv ∼ (Mrµ)−1/2 Hartree, µ = mp/me .

Choosing parameters Z and Mr we can satisfy the equation:
ω = ωf − nωv ≈ 0, n = 1,2, . . .
Dependence on fundamental constants is given by:

δω
ω ≈ K

(
2 δαα + 1

2
δµ
µ

)
, K ≡ ωf

ω � 1.
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Examples of molecules with ground state 2Π and
quasi-degeneracy between ωf and ωv

from Huber & Herzberg

Molecule ωf ωv
Cl+2 645 645.6
CuS 433.4 415
SiBr 423.1 424.3

Sensitivity of the microwave
transition to fundamental con-
stants is given by:

δω = 2ωf

(
δα

α
+

1
4
δµ

µ

)
Assuming δα/α ∼ 10−15 and ωf ∼ 500 cm−1, we get
δω ∼ 3× 10−2 Hz.
The line width for these transition is Γ ∼ 10−2 Hz.
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Molecular ion HfF+

The ion HfF+ is considered by Cornell’s group in JILA for the
experiment to search for the electric dipole moment (EDM) of
the electron.

In principle, EDM experiments and time-variation experiments
are similar as both require
high precision frequency measurements.
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Molecular ion HfF+

Recent calculation by Petrov et al. (2007) suggests that the
ground state of this ion is 1Σ+ and the first excited state 3∆1
lies only 1633 cm−1 higher. ⇒ the levels (1Σ+, v = 3) and
(3∆1, v = 1) are very close.

The very rough estimate for the transition
(1Σ+, v = 3)→ (3∆1, v = 1) gives:

δω

ω
≈
(

2q
ω

δα

α
+
ωel

2ω
δµ

µ

)
≈
(

2000
δα

α
+ 80

δµ

µ

)
,

δω ≈ 20000 cm−1(δα/α + 0.04δµ/µ) .

Assuming δα/α ∼ 10−15 we obtain δω ∼ 0.6 Hz.
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Inversion mode of NH3 molecule
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Inversion spectrum of the first vibrational level

Molecular rotation leads to the centrifugal distortion of the
potential curve. Because of that, the inversion splitting depends
on the rotational angular momentum J and its projection on the
molecular symmetry axis K :

ωinv(J,K ) = ω0
inv − c1

[
J(J + 1)− K 2

]
+ c2K 2 + · · · ,

ω0
inv ≈ 23.787 GHz, c1 ≈ 151.3 MHz, c2 ≈ 59.7 MHz.

Because of the dipole selection rule ∆K = 0 the levels with
J = K are metastable and corresponding inversion lines are
usually much narrower and easier to observe.
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Inversion Hamiltonian

The inversion line can be approximately described by the
following Hamiltonian:

Hinv = − 1
2M1

∂2
x + U(x)

U(x) = 1
2kx2 + b exp

(
−cx2

)
,

where k ≈ 0.07598 a.u., b ≈ 0.05684 a.u., and
c ≈ 1.3696 a.u. Numerical integration of the Schrödinger
equation gives the following result:

δωinv

ωinv
≈ −4.46

δµ

µ
.
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Analytical solution [Landau & Lifshitz]

In WKB approximation the inversion frequency is given by:

ωinv =
ωv

π
exp (−S)

=
ωv

π
exp

(
−1

~

∫ a

−a

√
2M1(U(x)− E)dx

)
,

δωinv

ωinv
≈ − δµ

2µ

(
1 + S +

S
2

ωv

Umax − E

)
= −4.4

δµ

µ
.

Similar result was obtainedfor ND3 by
van Veldhoven et al. [Eur. Phys. J. D,31, 337 (2005)].
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Ammonia lines in astrophysics

The most distant object, where in-
version lines of NH3 are seen is the
galaxy B0218+357 at the redshift
z ≈ 0.68466, which corresponds to
the look back time about 6 Gyr.

Fig. Inversion ammonia lines
ωinv(J,K ) [Henkel et al. Astronomy
and Astrophysics, 440, 893 (2005)].

894 C. Henkel et al.: Molecular absorption lines in B0218+357

Table 1. Observational parameters.

ν θab T b
sys ηc

a

(GHz) (arcsec) (K)
5.9 130 35 0.53

13.7–17.8 65–50 50 0.40
21.6–25.8 40–35 50 0.35
43.0–43.2 22 125 0.16

a Full width to half power (FWHP) beam widths.
b System temperatures in units of antenna temperature (T ∗A).
c Aperture efficiencies, see the Effelsberg calibration pages in
www.mpifr-bonn.mpg.de.

Table 2. rms line to continuum ratios in units of 103×[rms/Tc] (Col. 4)
and corresponding channel spacings (Col. 5).

Molecule Line ν rms Channel
width

(GHz) (10−3) (km s−1)
C3N N = 1−0, J = 3/2−1/2 5.868 3.0 2.29
NH3 (J,K) = (2, 1) 13.711 2.1 1.71

CH3OH JK = 92−101 A+ 13.724 1.8 1.71
SiC2 JKaKc = 101−000 14.009 2.0 1.65
NH3 (J,K) = (1, 1) 14.065 1.0 1.65
NH3 (J,K) = (2, 2) 14.082 1.1 1.65
NH3 (J,K) = (3, 3) 14.169 0.7 3.30

HC5N J = 9−8 14.225 1.3 3.30
NH3 (J,K) = (4, 4) 14.329 1.4 1.65
OCS J = 2−1 14.440 1.9 1.65
SO JK = 10−01 17.809 2.6 1.32

HC3N J = 4−3 21.602 8.2 1.08
SiO J = 1−0, v = 0 25.776 20.2 0.91

DCN J = 1−0 42.985 16.7 2.18
H2CO JKaKc = 101−000 43.236 222.7 2.17

Spergel et al. 2003). In an attempt to constrain the physical
properties of this cloud at a luminosity distance of ∼3 Gpc, we
have searched for NH3 and other molecular species.

2. Observations

All observations were made with the 100-m telescope at
Effelsberg/Germany. In August 2001 and June 2002 we
searched, employing a single channel λ ∼ 1.9 cm HEMT re-
ceiver, for ammonia (NH3), sulfur monoxide (SO), methanol
(CH3OH), the SiC2 radical, cyanodiacetylene (HC5N) and car-
bonylsulfide (OCS). The measurements were carried out in a
position switching mode. In December 2001 we used a dual
channel 1.3 cm HEMT receiver to search for cyanoacetylene
(HC3N) and silicon monoxide (SiO) in its ground vibrational
state (see Tables 1 and 2). These measurements were made
in a dual beam switching mode with a beam throw of 2′ and
a switching frequency of ∼1 Hz. In January 2002, we also
employed a single-channel 7 mm HEMT receiver to search
for formaldehyde (H2CO) and deuterated hydrogen cyanide
(DCN). These observations were made in a position switching
mode. Most recently, in June 2003, a two channel 5 cm HEMT
receiver was used to search for the N = 1−0 J = 3/2−1/2
transition of the C3N radical.

Fig. 1. NH3 lines with a velocity scale relative to z = 0.68466, ob-
served towards B0218+357. Channel widths are 3.3 km s−1. The or-
dinate is in units of the radio continuum flux. In the case of the (1, 1)
line a two component fit has been added accounting for NH3 hyperfine
splitting (Kukolich 1967). The fit demonstrates that the line profile is
consistent with two optically thin velocity features. Limited signal-to-
noise ratios do not constrain the fit sufficiently to justify an inclusion
of its parameters in Table 3.

Frequencies, beamwidths, system temperatures and aper-
ture efficiencies are given in Table 1. For all measurements we
employed an “AK 90” autocorrelator with eight spectrometers,
using bandwidths of 40 MHz and 512 channels (20 MHz and
1024 channels and 80 MHz and 256 channels at 5 cm and 7 mm,
respectively). Calibration was obtained from measurements of
NGC 7027 (Ott et al. 1994). Pointing corrections could be ob-
tained toward B0218+357 itself and were accurate to better
than 10′′.

3. Results

Figure 1 shows the measured NH3 profiles. The detected in-
version lines, with the ordinate displaying absorption in units
of 1% of the continuum flux, are characterized by a prominent
narrow component with a width of a few km s−1, centered at
slightly positive velocities, and a wider and weaker component
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Redshifts of microwave lines for B0218+357

Rotational lines
CO J = 1→ 2 red-shifted 0.68470

blue-shifted 0.68463
CO, HCO+, HCN average 0.68466(1)

Inversion lines of NH3
NH3 (J,K ) = (1,1) red-shifted 0.684679(3)

blue-shifted 0.684649(15)
= (2,2) red-shifted 0.684677(3)

blue-shifted 0.684650(17)
= (3,3) red-shifted 0.684673(3)

blue-shifted 0.684627(33)
average red-shifted 0.684676(3)
average blue-shifted 0.684647(11)

H λ = 21 cm average 0.68466(4)
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Limit on time-variation of µ from microwave lines in the
spectrum of B0218+357

Using average redshifts of NH3 inversion lines we can calculate
the average deviation in respect to the average molecular
redshift (0.68466(1)):

∆zunweighted
av = (0.2± 0.9)× 10−5 ,

∆zweighted
av = (0.6± 0.9)× 10−5 .

This gives the following estimate for variation of µ:

δµ

µ
= 10−6 ×

{
0.3± 1.6 (unweighted),
1.1± 1.5 (weighted).
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Final conservative limit covers the total interval between the
minimal and maximal values for estimates above:

δµ/µ = (0.6± 1.9)× 10−6.

Assuming linear time dependence we obtain

µ̇/µ = (−1± 3)× 10−16 yr−1.

Previous astrophysical result [Reinhold et al., PRL, 96, 151101
(2006)] gives non-zero variation:

δµ/µ = (20± 6)× 10−6,

which translates into

µ̇/µ = (−17± 5)× 10−16 yr−1.
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Conclusions

Search for time-variation of α and µ = mp/me allows to
test theoretical models beyond the standard model.
There is no decisive evidence of α- and/or µ-variation, but
there are some hints for that from astrophysics.
The most stringent limit on time-variation of µ follows from
astrophysical spectra of ammonia.
Laboratory test are slightly less sensitive than
astrophysical tests. Proposed experiments with cold
diatomic molecules potentially have even higher sensitivity
to time-variation of α and µ.
Comparison of fine-structure line of C II with rotational line
of CO allows to place limit on time-variation of α2µ at
z = 6.42.
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Publications

V F Flambaum & M G Kozlov,
Phys.Rev.Lett. 98, 240801 (2007);
arXiv: 0704.2301[astro-ph].
V F Flambaum & M G Kozlov,
Phys.Rev.Lett. 99, 150801 (2007);
arXiv: 0705.0849[physics.atom-ph].
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Single multiplet method

α2

Take a doublet
(multiplet) line and
measure the ratio:
(ω1 − ω2)/(ω1 + ω2)
? It does not depend
on the redshift;
? it is proportional to
α2.
• Singlet lines
with strong α-
dependence are
not used and for
doublets only the
splitting is used.
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Many multiplet method

α2

Take all lines and
make a fit to find
the redshift and α
for each astrophysi-
cal object
? higher statistics
? larger effects
• possible systemat-
ics from isotope ef-
fects and from resid-
ual redshifts
⇒ requires large-
scale averaging
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Single ion method using Fe II

α2

Fe II ion:
? strong lines
? high abundance
? large effects
? q-factors of both
signs!
? relatively small
isotope effects
• complicated elec-
tronic structure
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