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The Standard Model of physics is built on the fundamental constants of nature, but
it does not provide an explanation for their values, nor requires their constancy over
space and time. Here we set a limit on a possible cosmological variation of the
proton-to-electron mass ratio g by comparing transitions in methanol observed in
the early Universe with those measured in the laboratory. Based on radio-
astronomical observations of PKS1830-211, we deduced a constraint of Ay/u = (0.0 +
1.0) x 107" at redshift z=0.89, corresponding to a look-back time of 7 billion years.

extreme sensitivity of methanol
(CH30H) (14, 15) to probe the varia-
tion of the proton-to-electron mass
ratio x« over cosmic time.

Methanol (Fig. 1A) is the simplest
alcohol and consists of a hydroxyl
group attached to a methyl group. The
C-O bond is flexible, allowing the
hydroxyl group to rotate with respect
to the methyl group. This so-called
internal rotation is strongly hindered
by the repulsion between the hydrogen
atoms of the different groups resulting
in a three-fold barrier (Fig. 1B). If the
barrier were infinitely high, the levels
in the torsional well would be degener-
ate. Quantum mechanical tunneling
through the barriers lifts this degenera-
cy, resulting in three levels that are
labeled according to symmetry, A, E1
and E2 (16). Because the symmetry of
the nuclear wave function is preserved
in optical transitions as well as in (non-
reactive) collisions, the A and E levels

This is consistent with a null result.

The Standard Model of particle physics, the theory describing symme-
tries and forces of nature at the deepest level, does not provide an intrin-
sic explanation for the values of the fundamental coupling constants, nor
does it prohibit that the fundamental constants depend on time and
space. In contrast, Einstein’s Equivalence Principle, a basic assumption
of General Relativity, assumes that the laws of nature, and hence the
fundamental constants are independent of a local reference system.
Some cosmological scenarios aimed at explaining the fine-tuning be-
tween fundamental constants sketch an evolving mechanism, where
minimally varying constants are crucial for reaching the present state of
complexity in the Universe (1). Theoretical approaches involving addi-
tional scalar fields have imposed bounds on varying constants through
tests of the weak equivalence principle (2). In the past decade the search
for small variations of dimensionless fundamental constants over cosmo-
logical time scales has become an active experimental endeavor, in par-
ticular because the accurate measurement of spectral lines of atoms at
high redshift have provided indication for a possible variation of the fine
structure constant a, either temporally (3, 4) or spatially (5, 6).

A second dimensionless fundamental constant u, representing the
proton-to-electron mass ratio mgy/me, probes the cosmological evolution
of the nuclear vs. the electroweak sector in the Standard Model. A search
for a possible drift of x« has been made operational by comparing obser-
vations of spectral lines of the hydrogen molecule (H,) in distant galax-
ies with accurate laboratory measurements (7). These investigations,
based on observations with the world’s largest optical telescopes have
yielded a limit at the level of Au/u < 107 for look-back times of 12 bil-
lion years (8, 9).

Inversion transitions of ammonia (NHs) were found to be ~100 times
more sensitive to u-variation than H, transitions (10, 11). Astronomical
observations of NHs, in the microwave or radio range of the electromag-
netic spectrum, led to stringent 1-c constraints at the level of (1.0 +
4.7)x1077 (12) and (-3.5 + 1.2)x1077 (13). This has shifted the paradigm
for probing u-variation from optical to radio astronomy. Here we use the

of methanol can be regarded as belong-
ing to two separate chemical species
The sensitivity coefficient, K, of a
transition with frequency v is defined
by: Av/iv=K xAu/u. The frequency of
pure rotational transitions, such as the
transitions indicated by the red and orange arrow in Fig. 1C, are inverse-
ly proportional to the reduced mass of methanol and hence to the proton-
to-electron mass ratio. Consequently, these have sensitivity coefficients
equal to -1. The frequency of pure torsional transitions — which are not
allowed in methanol — depend exponentially on the reduced moments of
inertia of the methyl and hydroxyl groups and have a sensitivity coeffi-
cient of -2.5. The sensitivity of mixed transitions, i.e., transitions in
which both the internal and overall rotation state is changed, is strongly
enhanced. The sensitivity coefficients for different transitions in metha-
nol range from -42 to +53. These enhancements occur generally in every
internal rotor molecule, but because of a number of favorable properties,
the effect is exceptionally large in methanol (17).

Methanol is abundantly present in the universe and more than a 1000
lines have been recorded in our galaxy (18). So far, searches for metha-
nol absorption in far-distant galaxies have yielded detection only in the
gravitational lens system PKS1830-211 (19). A limit on Au/u (20) has
been previously derived based on two methanol lines. We present a
comprehensive study of radio astronomical observations of four metha-
nol lines in PKS1830-211, including the two previously observed, with
improved signal-to-noise ratio.

The background source of this system, PKS1830-211, is a high red-
shift (z = 2.507) blazar, which is radio loud, time variable, and viewed as
two spot-like features and an Einstein ring, which result from gravita-
tional lensing by the intervening face-on spiral galaxy (21, 22). The red-
shift of the main molecular absorptions from the galaxy is z=0.88582
(19, 23) corresponding to a look-back time of 7.0 billion years, or half
the age of the Universe (24). More than 30 different molecular species
were detected in the lensing galaxy of PKS1830-211 (see (19) and refer-
ences therein). Molecular absorption is mostly detected toward one of
the two blazar images (the south-western), whereas the other image (the
north-eastern) shows weaker and fewer molecular lines at a slightly dif-
ferent redshift but stronger neutral hydrogen absorption (see e.g., (19,
25)).
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The CH3;OH lines were recorded with the 100-m single-dish
Effelsberg radio telescope, using the 5 cm, 1.3 cm and 1 cm receivers.
Preliminary detections were performed during the course of 2011, and
subsequently systematic observations were performed in a narrow time
slot. The data were registered onto a Local Standard of Rest velocity
scale, which was centered at z = 0.88582. The two blazar images and the
Einstein ring are unresolved and PKS1830-211 is effectively treated as a
point source, which is an assumption underlying the present study.

The recorded spectra are shown in Fig. 2. For a single transition, the
spectra taken on various days were averaged together, weighting the
individual scans by their integration time. The lines were calibrated by
the total continuum so that their strength is expressed as line-to-
continuum flux density ratio. The profiles, devoid from underlying struc-
ture, were fitted as a single Gaussian (Table 1). The accuracy of the posi-
tion measurements is at the level of 1-4% of the line width. The
velocities between different transitions are interrelated via

Vic = -K,Aulu,

where ¢ is the speed of light, and Au/u represents the deviation from the
current laboratory value of x, defined so that a positive sign indicates a
larger 1 in the high-redshift absorbing galaxy (i.e. A = y; - wiap). There-
fore, to determine the fractional change in y, the peak positions of the
four transitions are plotted (in V/c) versus K,,, and a (dashed) line is fitted
to the data (Fig. 3). Because the A and E levels of methanol can be re-
garded as belonging to two separate species, the data were analyzed in
two different ways: first, only the three transitions from E levels were
fitted, then the A transition was added to the sample. The analysis of the
E transitions results in Au/u = (-0.1 £ 7.6)x10°%, which is consistent with
a non-varying u at the level of 1.5x1077 (95% confidence level). The
reduced chi-squared, y,2, which is a measure of the quality of the fit, is
~2.0 (26). The fit on all four transitions has a much larger y,* of 6.4,
which might be attributed to segregation issues (see below), and it deliv-
ers Aulu=(11.0 £ 6.8) x 10°%,

The upper limit derived here is statistically more constraining than
previous tests in the radio-domain (11-13, 19, 20). Moreover, compared
to the methods used in previous studies, the methanol method is more
robust against systematic effects. In particular, it is much less sensitive
to the assumption that all absorbing species reside in the same physical
location and hence are at the same redshift. Spatial segregation of differ-
ent absorbers may mimic or hide a variation of x. This is the limiting
systematic error for tests based on the comparison between different
molecular species, such as the comparison of ammonia with various
rotational lines in HCO", HCN, CS etc. (11-13). The molecular survey
in PKS1830-211 suggests that segregation effects are prominent among
different species (19). For instance, a single methanol line was found to
be displaced from the average absorption velocity by more than 3 km/s
(19). Our test is based exclusively on a single molecular species. How-
ever, as discussed above, the E and A type methanol should be consid-
ered as different species and thus may undergo spatial segregation
effects. In the combined spectrum the 0 -1, A* and 0, -1, E transitions,
falling in close proximity in a single scan of the receiver, are separated
by 0.72 + 0.32 km/s. Moreover, the linewidths of the E lines are marked-
ly larger than that of the A line (Table 1). Because this is suggestive of a
spatial segregation of the E and A symmetry methanol molecules, we
adopt a fiducial limit on Au/u from the fit of only E transitions.

Another source of systematic error is the known variability of the
lensed object PKS1830-211. The absorption strength of radio lines was
found to vary strongly, by a factor of >6 in a time span of three years,
and this was ascribed to the intensity changes in the background contin-
uum source (27). This phenomenon might cause a varying alignment
through parts of the absorbing spiral and therewith absorption through
varying Doppler components over time. Hence this variability may af-
fect the derivation of a p-constraint from radio-observations. For this
reason we adopted a measurement strategy to explicitly address the

source variability issue. Spectra of the anchor lines (the middle panel in
Fig. 2) were recorded in December 2011 and April 2012, whereas the
two strongly shifting lines have been observed in-between in February
and March 2012 (28). The strong (0p -15 A") line in the combined spec-
trum from December 2011 is positioned at 8.32 + 0.10 km/s, and at 8.80
+ 0.24 km/s in the spectrum from April 2012. The difference between
them is 0.48 + 0.26 km/s, possibly indicative of a small systematic shift
due to variability. We have assessed this possible systematic effect as
caused by time variability in two models (26), and have chosen the one
producing the largest uncertainty (Au/u of 7.0x10%) to give a conserva-
tive estimate. Thus, we obtain a limit on varying u to be Au/u = (-0.1%
7.64tat £7.0gy5) x107% or, if the statistical and systematic uncertainties are
added in quadrature, a limit of Au/u = (0.0 £ 1.0)x107".
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Table 1. A summary of the relevant parameters and results. Laboratory data: lower and upper energy level quantum numbers, laboratory
frequencies, v, of the four relevant methanol absorption lines, their uncertainties, fractional uncertainties, and uncertainties in terms of
Doppler shift, Avp, in km/s. Calculations: the sensitivity coefficients, K,. Observations: the measured Local Standard of Rest velocities of
the lines (given with respect to z=0.88582) and the line widths with their 1-o uncertainties. Assuming a molecular hydrogen density of 2 x
10° cm™ and a kinetic temperature of 80 K (12, 29), FWHM linewidths as fitted to observations and a Tcvg = 2.728(1 + z) = 5.145 K for the
temgerature of the cosmic microwave background radiation at z = 0.88582, the optical depths T yield a total column density of 2.0 x10™
cm “ from a Large Velocity Gradient radiative transfer model (30).

Laboratory data Calc. Observations
Line v Aviv Avp Ref. Ky Position Width T
' -d' Ts (GH2) (km/s) (km/s) (km/s)
3.-2E 12.178597 (4) 3x107 01 (31) -32.8 9.06 +0.67 16.4+1.4 0.0024
0p-1p A" 48.3724558 (7) 2x10°® 0.006 (32) -1 8.40£0.10 10.8+0.2 0.045
0p-10E 48.376892 (10) 2x107  0.06 (33) -1 9.12+0.30 14.6 +0.6 0.016
2.-1,E 60.531489 (10) 2x107 0.0 (33) 7.4 9.83+0.43 17.0+0.9 0.028
4 A 1 E1
- 2 A"
~ = E~—3 E2
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Fig. 1. (A) Pictorial representation of the methanol molecule. (B) Potential energy as a function of the dihedral angle between
the OH group and one of the CH bonds in the methyl group. V3 denotes the barrier height. The vertical lines represent the
energy for the levels in the torsion-vibrational ground state, v; = 0, and first excited state, v; = 1. (C) Energy level structure of
the torsion-rotation ground state of methanol. Each level is labeled according to its torsional symmetry Ts, total angular
momentum J and its projection K on the molecule-fixed axis. The energy-level structure of methanol resembles that of a
prolate symmetric top, with the difference that each K manifold is offset depending on its torsional symmetry. Levels of A-
symmetry with |K|>0 are split by the slight asymmetry of the molecule. Levels of E1 and E2 symmetry in the K=0 manifold
cannot be distinguished, and are labeled as E. The four transitions observed in this study are indicated by the four arrows.
The transitions indicated by the red and orange arrows are pure rotational transitions and have a sensitivity coefficient of -1.
The transitions indicated by the blue and green arrows are mixed torsion-rotation transitions and have sensitivity coefficients
of -32.8 and -7.4, respectively.

Sciencexpress/ http://www.sciencemag.org/content/early/recent / 13 December 2012 / Page 4/ 10.1126/science.1224898



http://www.sciencemag.org/content/early/recent

Fig. 2. Methanol absorption lines on a Local Standard of
Rest velocity scale relative to z=0.88582, observed toward
PKS1830-211. The transitions and their approximate
observed frequencies are indicated in each panel. The
coloring of corresponding transitions matches that of Fig. 1.
The top spectrum in each panel is a time-weighted average
of the individual spectra, which are displayed below the
combined one. For each spectrum, the position of a fitted
Gaussian (depicted as light green curves) is shown in the
graph at the right. Residuals are shown at the top of each
combined spectrum with dashed lines indicating +10 offsets.
In the case of ~25 GHz observations, two proximate
methanol transitions were recorded. They are separated by
27.494 km/s; the fitted positions of the weaker line are
corrected to bring the measurements on a common scale.
The lines are calibrated by the total continuum. The black
square (upper panel) and the black diamond (lower panel)
represent the single line observations from Ellingsen et al.
(20) and Muller et al. (19), respectively. The line positions,
originally reported on a heliocentric velocity scale, were
transformed to the Local Standard of Rest scale via Visg —
VheL = 12.432 km/s.

3.8

Aplu = (-0.1£7 61510

361
34+t

3.2F

30F ?3,-2,E

V/e [x107]

28+

26}

2.4 1 L 1 L 1 L

35 -30 -25 -20 -15 -10
Ky

Line-to-Continuum Ratio [%]

T T T

T T T
Residuals 1

P S D2 o '
fl )
0 Combined -
Mwmw ombine o e
0.1 Mo ]
ﬂ‘u 0ol ™ 1FJI JL 23-02-2012] | g
Hf Jth'Lm]ﬁ\[\I JJ‘M 1“‘\1‘&]\ 25.02-2012| ——
i
[ In Lll[ngHmflfJ]rJ]I ]’HL ﬂr 28-02-2012 | ——
~6 GHz
3‘_’I 2GE | 1 N | : " | X N
T T L T T T T T T
= F Residuals Ky=-1
0 AT, e 7 Combined 7| o=
HHM'{LMWW}W\ 08-12-2011| | D
25 g
Mt " 09-12-2011 B
Wﬁh‘ﬁfﬂhﬁm&r K;J-H' 10-12-2011 @
JITTSR PPE Mﬁ\ WJM 05-04-2012| =y
f’_} et 06-04-2012 | 8 =
O—>1 E O —r1 A V‘P
b e
Residuals | |K,=-7.4
Combined -
e e
06-03-2012 ——
07-03-2012/ o
1 I‘ 1 L 1 n 1 L 1
120 -60 0 60 120 6 8 10 12

Relative Velocity [km s]

Fig. 3. The positions of the four observed methanol lines
(represented by V/c with respect to z=0.88582) are plotted
versus their sensitivity coefficients, K,. The bold blue
straight line represents the fiducial result of a fit to the E
type lines, while the dashed line represents a fit to all four
lines. A positive slope of the fitted line implies that y had a
smaller value in the early universe than is measured in the
laboratory. The blue-shaded surface is a density plot of
simulated data points from the blue fitted line and reflects
the confidence bands of the fit. Color-coding of the data
points is the same as in Fig. 1 and 2.
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