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1
INTRODUCTION AND SUMMARY

The laws of physics describing and explaining natural phenomena are based on a
small set of parameters. Although these parameters cannot be derived from the the-
ories in which they appear, their values were measured in a number of dedicated
experiments. Since they represent the building blocks of any physical law, these pa-
rameters are referred to as ‘fundamental’ constants and they are considered to be
invariable.

Dirac [1], in his large number hypothesis, was the first to suggest the idea that the
fundamental constants should be considered as variables rather than pure mathe-
matical numbers. This hypothesis was later implemented by Jordan [2], who devel-
oped a theory in which the gravitational constant, G, and the fine-structure constant,
α= e2/4πϵ0ħc, were treated as dynamicals. Today, given the substantial body of the-
oretical and experimental work produced over the last decades [for an extensive re-
view see 3], the concept of ‘varying constants’ is not an oxymoron anymore. Rather,
testing the invariance of fundamental constants means to test the laws of Nature as
we understand them today. In particular, fundamental constants are deeply linked
with the equivalence principle and general relativity. Indeed, the mass of any com-
posite body includes the masses of the elementary particles as well as the binding
energies associated with the different interactions. As a consequence, the mass of
any composite body is a complex function of the fundamental constants. It follows
that variations of the fundamental constants imply violations of the Einstein equiv-
alence principle and deviations from general relativity. In other words, the detection
of any variation of the fundamental constants implies the existence of new physical
degrees of freedom in the current theories; that is ‘new’ physics.

Fierz [4] realised that, when the fine-structure constant varies, atomic spectra
will become space-time dependent, allowing the varying-constant theories to be
tested in dedicated experiments. Such experiments usually investigate the variation
of dimensionless combinations of fundamental constants. The reason for this is that
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there is no way to ascertain whether the variation happens in the dimensional fun-
damental constant or in the units system [5, 6].

The Standard Model of particle physics is built starting from 19 fundamental con-
stants, plus up to 9 extra parameters describing massive neutrinos. As first pointed
out by Born [7], only two of them, i.e. the fine-structure constant and the proton-to-
electron mass ratio µ, are needed to describe the structure of atomic and molecular
systems. While α sets the electrodynamic scale, µ is sensitive to the ratio of the chro-
modynamic to the electroweak scale [8].

The purpose of this thesis is to investigate the variation of the proton-to-electron
mass ratio µ, the value of which was measured with a relative precision of 9.5×10−11

by Sturm et al. [9]:

µ≡
MP

me
= 1836.15267389(17). (1.1)

It is worth noting that in many scenarios possible variations ofα and µ are connected
[8, 10–13] via the relation:

∆µ

µ
= R

∆α

α
. (1.2)

Although the proportionality factor R is strongly model dependent, its absolute value
is large (|R|∼ 20−40) in many scenarios. As a consequence, a hypothetical variation
in µ will be larger than that in α, making the proton-to-electron mass ratio an im-
portant target for detecting variations of fundamental constants.

1.1. THEORIES OF VARYING µ
Theories that allow fundamental constants to vary can be roughly divided into two
main categories: the Kaluza-Klein theories, which introduce the variation of fun-
damental constants by means of extra dimensions, and the Bekenstein theories, in
which the fundamental constants vary due to the coupling of an additional scalar
field.

The Kaluza-Klein theories descend from the first unified field theory developed
by Kaluza [14] and Klein [15], who postulated the existence of an extra dimension.
While more modern string theories postulate the existence of up to eleven dimen-
sions as for the M-theory [16–18], the underlying common idea is that fundamental
constants are invariant over the whole multi-dimensional space. In our spacetime it
is possible to perceive only their 3+1 dimensions projections, which are expected to
vary with the cosmological evolution of our Universe, while the multi-dimensional
fundamental constants stay invariant.

The second class of theories is based on the work of Bekenstein [19], who con-
structed a framework for α variability based on very general assumptions, such as
covariance, gauge invariance, causality and time-reversal invariance of electromag-
netism, by introducing a scalar field coupled to the matter density. This work was
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later improved and generalised by Barrow et al. [20] and Sandvik et al. [21]. They re-
lated the variation of the fine structure constant to the coupling of a scalar field with
matter energy density. Such variation is suppressed by the larger dark energy density.

Despite the fact that light scalar fields were widely investigated and are often in-
voked to explain the cosmic acceleration at low redshifts, z < 1 [22, 23], they were
never detected in any of the tests of the equivalence principle. An explanation for
the non detection was eventually provided by the so-called ‘chameleon’ scenario
[24–26] which assumed that the light scalar fields acquire both effective potentials
and masses because of the coupling to matter. In particular, the effective potential
has a minimum whose value depends on the local matter density [24]. As a conse-
quence, this coupling introduces a functional dependency of µ and α on the local
matter density [27].

1.2. ASTROPHYSICAL CONSTRAINTS
As first suggested by Thompson [28], molecular lines provide a good testing ground
to search for variations of µ. In the Born-Oppenheimer approximation, the energy
level of the i-th molecular transition can be expanded as:

Ei = celectr +
cvibr
&
µ

+
crot

µ
, (1.3)

where celectr, cvibr and crot are related to the electronic, vibrational and rotational en-
ergies, respectively. Following Eq. 1.3, a variation of the proton-to-electron mass ra-
tio will cause a variation of the rovibrational transition energies, which can be ob-
served as a shift in the detected wavelengths, with respect to the expected, laboratory
wavelengths. Varshalovich and Levshakov [29] proposed to parametrise the shift as:

λobs
i =λem

i (1+ zabs)(1+Ki
∆µ

µ
), (1.4)

whereλobs
i , λem

i are respectively the observed and the emitted wavelengths of the i-th
transition, i.e. in its rest-frame, zabs is the redshift at which the transition originated
and Ki is the sensitivity coefficient of the transition. The sensitivity coefficient, which
defines the magnitude and sign of the wavelength shift, is defined as:

Ki =
d lnλi

d lnµ
(1.5)

and is specific for each transition.
The specificity of the sensitivity coefficients allows to break the degeneracy be-

tween the wavelength shift caused by the cosmological expansion of the Universe,
which is common to all the transitions, and the shift due to a non-zero ∆µ/µ, which
is different per each transition and acts as a ‘fingerprint’ of the µ variation. Usually,
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several spectral features related to multiple molecular and atomic species originate
from the same astrophysical system. Since the atomic features are not sensitive to a
varying µ, they can be used to unambiguously determine the redshift.

1.2.1. HIGH REDSHIFT CONSTRAINTS

Quasars are ideal targets to study the variation of fundamental constants over cos-
mological time-scales, since their spectra usually contain absorption features for a
variety of molecular and atomic species. Such features originate in intervening ab-
sorbers which lie in the line of sight towards the background quasar.

Quasars are usually found at intermediate and high redshifts, zabs > 1 and there-
fore provide a powerful tool to investigate µ variations over time-scales of ≥ 10 Gyrs.
Analyses of µ-variation at high redshifts are carried out targeting mostly molecular
hydrogen, H2, and deuterated molecular hydrogen, HD, absorption. Recently, an in-
dependent constraint on ∆µ/µ was derived from carbon monoxide, CO, absorption
in quasar spectra [30, see Chapters 4-5].

Molecular hydrogen is the most abundant molecule in the Universe and it is
sensitive to a varying µ. In spite of its abundance, H2 absorption is found only in
the spectra of a limited number of quasars. Zwaan and Prochaska [31] suggested
that molecular hydrogen in damped Lyman-α systems, DLAs, is concentrated in few
highly overdense regions with low covering factors (∼ 1−6%), so that the detection
of strong H2 absorption, i.e. log[NH 2/cm−2] > 21, is relatively rare. In a more recent
study, Jorgenson et al. [32] showed that the covering factor of strong H2 systems in
DLAs is ∼ 1%.

Molecular hydrogen absorption can be used to investigate µ variations only
when certain additional conditions are met. The H2 transitions that are typically
detected in quasar spectra belong to rotational lines in the B1

Σ
+
u −X1

Σ
+
g Lyman

and C1
Πu −X1

Σ
+
g Werner bands, the rest wavelengths of which are in the range

910-1410 Å. Such wavelengths can be observed using the large, ground-based tele-
scopes only for absorption redshifts zabs ≥ 2, when they are redshifted into the op-
tical atmospheric window. Moreover, the H2 transitions should be detectable yet
not saturated, otherwise the determination of their centroids will have large uncer-
tainties. This conditions translates into molecular hydrogen column densities in the
range 14 ≤ log[NH 2/cm−2]≤ 18. Finally, since the H2 transitions fall in the blue part
of quasar spectra, which usually has a lower S/N, the background quasar should be
bright enough to reach a good S/N in the Lyman-α forest within a reasonable ob-
serving time.

In µ-variation analyses the wavelengths of the molecular lines detected are com-
pared to those measured in the laboratory. Therefore, it is crucial to know the rest
wavelengths with the highest accuracy possible. More than 160 H2 Lyman and
Werner transitions, covering the range 900-1150 Å, were measured in the Amster-
dam laboratory with relative accuracies ∆λ/λ ≤ 8× 10−7, by direct XUV-laser and
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two-step excitation processes [33–37]. These measurements probed only the vibra-
tional ground state and the rotational states with J = 0-5, which are the transitions
typically detected in quasar spectra. In a similar way, HD transitions were measured
with relative accuracies ∆λ/λ ≤ 4× 10−7 [38, 39]. These reference wavelengths are
∼ 2 orders of magnitude more accurate than those observed in quasar spectra and
are therefore usually considered exact for the purpose of µ-variation studies. The
sensitivity coefficients were calculated within a semi-empirical framework, includ-
ing effects beyond the Born-Oppenheimer approximation and are known with rela-
tive accuracies better than 5×10−4 [36]. Sensitivity coefficients for the Lyman and
Werner band systems are in the range from −0.02 to +0.06. The low sensitivity of
the H2 molecule to a varying µ is compensated by the high redshifts at which it can
be detected. Molecular hydrogen transitions relative to the Lyman and Werner band
systems are detected at absorption redshifts zabs > 2, when they are redshifted into
the optical band. The highest redshift at which H2 is detected is zabs = 4.22 [40],
which corresponds to a look-back time of ∼ 12.5 Gyrs. Therefore, the temporal base-
line to probe µ-variations provided by the H2 molecule µ-variations is ∼ 9-10 orders
of magnitude larger than that of pure laboratory investigations. A database including
the molecular parameters needed to model the H2 and HD absorption, namely labo-
ratory wavelengths, sensitivity coefficients, oscillator strengths and radiative transfer
damping parameters, was compiled and reported by Malec et al. [41].

Carbon monoxide is the second most abundant molecule in the Universe and its
spectrum is one of the best studied in the laboratory. Despite its abundance, CO ab-
sorption is typically much weaker than H2 absorption, therefore it is detected only
in a few of DLA systems at redshifts zabs > 1. Carbon monoxide absorption at high
redshifts is usually detected in the singlet-singlet A1

Π−X1
Σ
+ band system and the

singlet-triplet d3
∆−X1

Σ
+(5− 0) perturbing band. All these bands have rest wave-

lengths in the range 1300-1540 Å, i.e. they fall at longer wavelengths than the Ly-
man α transition (λ= 1215.67 Å). Assuming that the difference between the emis-
sion redshift of the background quasar, zem, and that of the DLA system, zabs, is
small, these CO bands fall in the red part of the quasar spectrum, i.e. outside the
Lyman α forest. CO absorption in quasar spectra is detected also in other band sys-
tems, namely the singlet-singlet B1

Σ
+−X1

Σ
+, C1

Σ
+−X1

Σ
+ and E1

Π−X1
Σ
+ [30, see

Chapter 4]. However, these band systems have rest wavelengths < 1215.67 Å, which
implies that they fall in the Lyman α forest and they are likely to be overlapped by
some intervening neutral hydrogen features.

As first proposed by the Amsterdam group [50], the CO A1
Π−X1

Σ
+ band system

can be used to probeµ variation, since it has sensitivity coefficients showing a spread
of ∆Ki = 0.068, corresponding to that of the molecular hydrogen Lyman and Werner
bands. Moreover, the B1

Σ
+−X1

Σ
+, C1

Σ
+−X1

Σ
+ and E1

Π−X1
Σ
+ band systems act

like anchor bands as they have much smaller sensitivities to a varying µ, resulting in
a more robust constraint on ∆µ/µ. However, the individual rotational lines in the CO
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TABLE 1.1: List of the 7 extragalactic CO absorption systems observed in the optical. The right
ascension and declination values are listed in Columns 2-3, the column densities in Column 5
are given on a log10 scale.

Quasar α δ zabs NCO References
(J2000) (J2000) [cm−2]

J0000+0048 00:00:15.17 +00:48:33.29 2.52 15.0 Noterdaeme et al. [42], Daprà et al. [43]
J0857+1855 08:57:26.79 +18:55:24.4 1.72 13.5 Noterdaeme et al. [44]
J1047+2057 10:47:05.80 +20:57:34 1.77 14.7 Noterdaeme et al. [44]
J1237+0647 12:37:14.60 +06:47:59.5 2.69 14.2 Noterdaeme et al. [45], Daprà et al. [46]
J1439+1117 14:39:12.04 +11:17:40.5 2.42 13.9 Noterdaeme et al. [47], Srianand et al. [48]
J1604+2203 16:04:57.49 +22:03:00.7 1.64 14.6 Noterdaeme et al. [49]
J1705+3543 17:05:42.91 +35:43:40.3 2.04 14.1 Noterdaeme et al. [44]

bands are not resolved and there are typically fewer rotational transition than those
found for H2 absorption. This results in a slightly looser constraint on a varying µ.
Another advantage of using CO absorption features inµ-variation analyses is that CO
and H2 probe the same molecular gas inside the absorbing system, hence they are
observed under the same physical conditions. Therefore the two molecules provide
independent constraints on ∆µ/µ at the same absorption redshift.

The constraints derived from H2 and CO absorption at high redshift systems
are presented in Fig. 1.1, their weighted average returns a constraint of ∆µ/µ =
(3.2 ± 1.6) × 10−6, which is consistent with no variation over a look-back time of
∼ 10.5-12.5 Gyrs at a 3σ confidence level. In Chapter 4-5, the first two constraints on
∆µ/µ derived from electronic CO absorption are discussed. In particular, the results
presented in Chapter 4 are derived from CO absorption in the same system analysed
and discussed in Chapter 3 for molecular hydrogen.

1.2.2. INTERMEDIATE REDSHIFT CONSTRAINTS

The H2 Lyman and Werner transitions have low sensitivities to a varying µ, as they
are electronic transitions. Ubachs et al. [36] showed that the electronic H2 transitions
have sensitivity coefficients more than one order of magnitude smaller than pure
rotational lines. More sensitive transitions, such as the ammonia, NH3, inversion
lines and methanol, CH3OH, rotational lines can be targeted to search for a drift of
µ. Ammonia is detected only in two extragalactic systems, B0218+357 Henkel et al.
[51] at redshift zabs = 0.7 and PKS1830-211 [at redshift zabs = 0.9, 52], while methanol
is detected only in PKS1830-211 [53].

The so-called ammonia method, i.e. the comparison of ammonia inversion tran-
sitions with rotational transitions of different molecules that were considered to be
co-spatial with ammonia, led to stringent constraints on a varying µ at the level of
|∆µ/µ| < 3.6×10−7 at a 3σ confidence level [54–56]. However, these constraints rely
on the assumption of co-spatiality, which may introduce, due to chemical segrega-
tion, systematic effects affecting the ∆µ/µ value.
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FIGURE 1.1: Left panel: measurements of ∆µ/µ at intermediate redshifts from methanol
and ammonia absorption in B0218+357 at zabs = 0.7 (blue squares) and PKS1830-211 at
zabs = 0.9 (blue diamonds). The weighted average of the constraints returns a value of
∆µ/µ= (−0.22±0.08)×10−6 which is indicated by the dashed line, while the shaded area shows
its ±1σ boundaries. Right panel: measurements of ∆µ/µ from H2 and CO absorption at red-
shifts zabs > 2. The dashed line shows the weighted average of the high redshift ∆µ/µ values of
∆µ/µ= (3.1±1.6)×10−6, while the shaded area shows its ±1σ boundaries. Artificial offsets of
±0.03 were introduced on the x-axis to avoid overlaps among constraints derived in the same
system.
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Methanol is another molecule which is sensitive to variation of µ. In particu-
lar, some of its transitions have sensitivities one order of magnitude larger than that
of ammonia inversion lines [57–59]. Despite being extensively observed in Galac-
tic systems, extragalactic methanol transitions are detected only in the gravitational
lens system in the line of sight towards quasar PKS1830−211 at the absorption red-
shift zabs = 0.88582 [53, 60], which corresponds to a look-back time of ∼ 7.5 Gyrs. The
main advantages of using methanol to constrain µ variations are its enhanced sen-
sitivity and the broad range of sensitivities of its transitions. In particular, the latter
allows to extract ∆µ/µ constraints using only methanol transitions, thereby avoiding
any assumptions on the co-spatiality of different molecules.

Early works on methanol absorption in PKS1830 − 211 delivered the first con-
straints on ∆µ/µ using only a single transition combined with ammonia inversion
lines [53], and two methanol transitions [61]. The latter work constrained µ varia-
tions at the level of |∆µ/µ| < 6.3×10−7, at a confidence level of 3σ.

A later analysis target 10 methanol lines, at laboratory frequencies of 12-492 GHz,
in the absorbing system towards PKS1830-211 using three telescopes: the Effels-
berg 100m, the IRAM 30m and ALMA [62, 63]. Thanks to the spread in their sen-
sitivities, ∆Ki = 31.8, a constraint of |∆µ/µ| ≤ 3.9×10−7 at 3σ significance is derived
for a look-back time of ∼ 7.5 Gyrs. At the same time, the large data set allowed for a
deep investigation of systematic effects like the chemical segregation between the E
and A type methanol and the presence of inhomogeneities in the temperature dis-
tribution of the absorbing cloud. Moreover, the impact of the background quasar’s
time variability and frequency-dependent structure were inspected and included in
an assessment of the systematics.

More recently, the higher sensitivity Very Large Array, VLA, was used to re-observe
4 methanol lines in PKS1830-211 [64]. This study targeted the extreme shifter
20 → 3−1 E line, νlab ≃ 12.18 GHz, the 10 → 00 A+ and E lines at νlab ≃ 48.40 GHz, and
the 10 → 2−1 E transition at νlab ≃ 60.53 GHz, indicating that the 20 → 3−1 E line has
a different velocity structure than the other methanol lines. The most likely cause
is the frequency-dependent morphology of the background quasar due to the larger
scatter-broadening at low frequencies [65]. The main consequence of this finding is
that including the 20 ← 3−1 E line in µ-variation studies might introduce a systematic
effect of unknown magnitude to the final value of ∆µ/µ. Excluding this line from the
sample yields a constraint of |∆µ/µ| ≤ 6×10−7 at a 3σ confidence level for a look-back
time of∼ 7.5 Gyrs Kanekar et al. [64]. Even though this value is less stringent than that
reported by Bagdonaite et al. [63], it is the most reliable of the present constraints on
a temporal variation of µ based on methanol spectroscopy. The constraints derived
from methanol and ammonia absorption in B0218+357 and PKS1830-211 are pre-
sented in Fig. 1.1. Their weighted average returns a constraint of |∆µ/µ| < 2.4×10−7

at a 3σ confidence level, which is consistent with no variation over a look-back time
of ∼ 7.5 Gyrs.
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FIGURE 1.2: Observed methanol transitions towards PKS1830−211 with the Effelsberg 100m
(Panel a), IRAM 30m (Panel b) and ALMA (Panel c) radio telescopes. The Gaussian profiles
fitted to the spectra are presented by a (green) solid line, while the residuals and their ±1σ
boundaries are shown on top of each spectrum.
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1.2.3. GALACTIC CONSTRAINTS

While extragalactic systems play a key role in probing µ variations over cosmolog-
ical timescales, astrophysical systems in the Milky Way are ideal targets to inves-
tigate the dependence of µ on local environmental conditions. For example, Bag-
donaite et al. [66] studied the dependence of µ on the gravitational field by ob-
serving molecular hydrogen absorption in white dwarf atmospheres. Another sce-
nario which was investigated during the last decade is the so called chameleon sce-
nario [24, 25], which predicts a variation of µ depending on the local matter density.
This scenario can be investigated by targeting systems with much different densities
than Earth (nEarth ≥ 1019 cm−3). Dense cold cores of dark molecular clouds represent
ideal targets to probe the chameleon scenario, as their densities (n ∼ 105 cm−3) are
≥ 14 orders of magnitude lower than on Earth. Moreover, their low kinetic temper-
atures, Tkin ∼ 10 K, and usually low degrees of turbulence result in narrow spectral
features, with line widths down to ∼ 100 m s−1.

As in the case of extragalactic investigations at intermediate redshifts, observa-
tions of cold cores can target a variety of molecules with enhanced sensitivities to
a varying µ. Levshakov et al. [67, 68] observed ammonia inversion transitions in 41
Galactic cores to constrain µ variation within the chameleon scenario. Their result
was later improved by re-observing 9 cores and testing the results against potential
instrumental errors, yielding to a constraint of |∆µ/µ|≤ 2×10−8 at a 3σ confidence
level [69]. Since the ammonia inversion transitions have the same sensitivity to a
varying µ, their observations were coupled with HC3N lines, which have different
sensitivity coefficients. Transitions of the two molecules were targeted together un-
der the assumption that their emission regions are co-spatial. As a consequence, the
presence of chemical segregation in the observed cores may introduce systematic
effects affecting ∆µ/µ.

As already mentioned, the methanol method involves the observation of
methanol transitions which show enhanced sensitivities to a varying µ, thereby
avoiding any assumption of co-spatiality between different molecules. Methanol
emission is well documented in massive star-forming regions, although it is scarcely
studied in cold cores [see e.g. 70, 71]. Recently, methanol emission lines were ob-
served in the cold core L1498 and subsequently compared with their laboratory fre-
quencies. The result was then tested against two major systematic error sources,
the underlying methanol hyperfine structure and the Doppler tracking of the tele-
scope, and their effects were included in the total error. This analysis returned a
constraint of |∆µ/µ|≤ 6×10−8 at a 3σ confidence level, which represents the first
Galactic constraint on a varying µ based on methanol only. This analysis is presented
in Chapter 6.
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1.3. OUTLINE OF THIS THESIS

In this thesis, possible variations of the proton-to-electron mass ratio are inves-
tigated by means of spectroscopic observations of molecular transitions in astro-
physical environments. These observations target molecular hydrogen and car-
bon monoxide in high redshift absorbers and methanol in Galactic giant molecular
clouds.

The content of this thesis can be divided in, roughly, three parts, each dedicated
to the observations of one molecular species. All chapters included in this thesis are
published as independent articles.

In Chapter 2, a constraint on ∆µ/µ is derived from the molecular hydrogen ab-
sorption system at absorption redshift zabs = 2.34 in the line of sight towards quasar
Q1232+082. The absorption features related to molecular hydrogen, as well as to
deuterated molecular hydrogen, are modelled with a comprehensive fitting method.
The work presented in this chapter is based on archival data retrieved from the ESO
data base. The magnitude of the systematics effects affecting the constraint on a
varying µ is estimated and an attempt to correct for the predominant systematic er-
ror source, i.e. the long-range wavelength distortions, is made. This yields a value of
∆µ/µ= (19±9stat ±5syst)×10−6.

In Chapter 3, the molecular hydrogen absorption in the system at zabs = 2.69 in
the line of sight towards quasar J1237+0647 is investigated in order to constrain a
temporal variation of µ. This system exhibits a more complicated absorption pro-
file, featuring three main absorption features per each molecular hydrogen transi-
tion, each composed of multiple, unresolved velocity components. The so-called
supercalibration technique [72] is used to partially correct the quasar spectrum of
J1237+0647 for the long-range wavelength distortions, while the other main contrib-
utors to the systematic uncertainty are analyzed and their contributions estimated.
More than a hundred molecular absorption features are fitted simultaneously with a
comprehensive fitting technique, yielding a value of ∆µ/µ= (−5.4±6.3stat ±4.0syst)×
10−6.

Chapter 4 reports a follow-up investigation on the same system presented in
the previous chapter. The carbon monoxide absorption in the absorption system
towards J1237+0647 provides a unique opportunity to derive an independent con-
straint on ∆µ/µ using a different molecule under the same physical conditions that
hold for H2. The analysis of thirteen carbon monoxide absorption bands delivers a
value of ∆µ/µ= (0.7±1.6stat ±0.5syst)×10−5, which represents the first constraint on
the possible µ variation from this molecule.

In Chapter 5, the carbon monoxide absorption at zabs = 2.52 towards quasar
J0000+0048 is investigated by applying the same method developed in Chapter 4.
Nine vibrational carbon monoxide bands are detected and modeled, delivering a
value of ∆µ/µ= (1.8±2.2stat ±0.4syst)×10−5.

In Chapter 6, the possibleµ variation as result of the chameleon scenario is inves-

11



1

1. INTRODUCTION AND SUMMARY

tigated via methanol emission in a Galactic molecular cloud. Six methanol lines were
detected in the dense (n ∼ 105 cm−3) giant molecular cloud L1498. The comparison
of their observed frequencies with the rest frame values delivered a constraint on µ
variation of |∆µ/µ| < 2×10−8 at a 1σ confidence level.
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