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Preface

The concept that fundamental physical constants can change over time dates back
to the late 1930s and has been a very fertile idea in several branches of theoret-
ical physics so far. More recently it also evolved into a branch of observational
astronomy. At present the detection of the smallest variations of coupling constants
throughout the universal space-time is seen as an effective way to reveal the pres-
ence of light scalar fields foreseen in many cosmological and elementary particle
theories.

The JENAM symposium entitled From Varying Couplings to Fundamental
Physics, convened in Lisbon on the 6th and 7th September 2010, was the second
JENAM symposium on this topic. Both symposia were held in Portugal. The first
took place in Porto in 2002, and was one of the first in this field of research. To
our knowledge the very first one was the discussion meeting on The constants of
physics held on 25 and 26 May 1983 at the Royal Society and organized by William
Hunter McCrea, Martin Rees, and Steven Weinberg.

Most of the presentations in those early days were theoretical, though in the 2002
JENAM first indications for ˛ variation were presented by J.K. Webb and collabo-
rators. At JENAM 2010 the majority of the talks were observational, reflecting the
evolution of the field which also developed an active experimental character.

Actually, the JENAM 2010 symposium occurred at a particularly exciting time,
only a few weeks after the first announcement on arXiv of the claim for a cosmo-
logical spatial dipole in the value of the fine-structure constant ˛. This prompted a
press release and the symposium was the first forum for the formal presentation of
these results. If confirmed, these observations will have dramatic implications for
cosmology and fundamental physics. They were very lively debated at the meet-
ing. In contrast, a number of astrophysical and atomic clocks measurements yield
null results for variations of alpha and other constants. With an entirely different
approach, evidence for a tiny variation of the electron-to-proton mass ratio in the
Galaxy at the level of few parts per billion was also claimed. This could be the
smoking gun of the presence of a chameleon scalar field.

The next few years bear the promise of being particularly exciting. While sev-
eral groups will certainly use new and improved data to challenge the above
claims, a quest for redundancy will also be undertaken, looking for new astro-
physical techniques that may allow independent measurements. The prospects for
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vi Preface

future European facilities for this research area are particularly bright with several
new spectrographs at ESO and other major observatories being built which will
allow significant advances in the observational sensitivity leading eventually to a
systematic mapping of the behaviour of the couplings throughout the cosmic history.

In our view the meeting was extremely successful, with plenty of opportunities
for cross-disciplinary conversation. We wish to thank all participants for their pre-
sentations of unique quality and for sharing with us their most recent results. The
more than one hundred registered participants from 32 countries revealed the great
interest among the community, which goes far beyond the specialists of the sector.

We are pleased to acknowledge financial support from JENAM itself, the Euro-
pean Astronomical Society, Centro de Astrofísica da Universitade do Porto and
Fundação para a Ciencia e a Tecnologia. We wish to warmly thank the Scientific
Organizing Committee for their advice in preparing the scientific program and the
JENAM local organizing committee for the assistance and for making the meeting
very enjoyable.

Porto and Trieste Carlos Martins
November 2010 Paolo Molaro
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Astrophysical Probes of Fundamental Physics

C.J.A.P. Martins

Abstract The dramatic confrontation between new observations and theories of
the early and recent universe makes cosmology one of the most rapidly advancing
fields in the physical sciences. The universe is a unique laboratory in which to probe
fundamental physics, the rationale being to start from fundamental physics inspired
models and explore their consequences in sufficient quantitative detail to be able to
identify key astrophysical and cosmological tests of the underlying theory (or devel-
oping new tests when appropriate). An unprecedented number of such tests will be
possible in the coming years, by exploiting the ever improving observational data.
In this spirit I will highlight some open issues in cosmology and particle physics
and provide some motivation for this symposium.

1 Scalar Fields

The deepest enigma of modern physics is whether or not there are fundamental
scalar fields in nature. For over four decades the standard model of particle physics
has been relying on one such field (the Higgs field) to give mass to all the other par-
ticles and make the theory gauge-invariant, but this hasn’t yet been found. Finding
it is the main science driver behind the LHC.

Despite the considerable success of the standard model of particle physics, there
are at least three firmly established facts that it can’t explain: neutrino masses, dark
matter and the size of the baryon asymmetry of the universe. It’s our confidence in
the standard model that leads us to the expectation that there must be new physics
beyond it. More importantly, all those three have obvious astrophysical and cosmo-
logical implications, so progress in fundamental particle physics will increasingly
rely on progress in cosmology.

C.J.A.P. Martins
Centro de Astrofísica, Universidade do Porto, Rua das Estrelas, 4150-762 Porto, Portugal
and DAMTP/CTC, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, U.K.
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Astrophysics and Space Science Proceedings, DOI 10.1007/978-3-642-19397-2_1,
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2 C.J.A.P. Martins

In this context, it is remarkable that Einstein gravity has no scalar fields. Indeed
this is exceptional, because almost any consistent gravitational theory one can think
of will have one or more scalar fields. The fact that there is none is, to some extent,
what defines Einstein gravity. Nevertheless recent developments suggest that scalar
fields can be equally important in astrophysics and cosmology.

Scalar fields play a key role in most paradigms of modern cosmology. One reason
for their popularity is that they can take a VEV while preserving Lorentz invariance,
while vector fields or fermions would break Lorentz Invariance and lead to con-
flicts with Special Relativity. Among other things, scalar fields have been invoked to
account for the exponential expansion of the early universe (inflation), cosmological
phase transitions and their relics (cosmic defects), dynamical dark energy powering
current acceleration phase, and the variation of nature’s fundamental couplings.

Even more important than each of these paradigms is the fact that they usually
don’t occur alone. For example, in most realistic inflation models the inflationary
epoch ends with a phase transition at which defects are produced. Another example,
to which we shall return later, is that dynamical scalar fields coupling to the rest of
the model (which they will do, in any realistic scenario [4]) will necessarily have
significant variations of fundamental constants. These links will be crucial for future
consistency tests.

2 Varying Constants

Nature is characterized by a set of physical laws and fundamental dimensionless
couplings, which historically we have assumed to be spacetime-invariant. For the
former this is a cornerstone of the scientific method, but for latter it is a simplifying
assumption without further justification. Since it’s these couplings that ultimately
determine the properties of atoms, cells, planets and the universe as a whole, it’s
remarkable how little we know about them, and indeed that there is such a broad
range of opinions on the subject [5, 7].

At one side of the divide there is the Russian school which tends to see constants
as defining asymptotic states (for example the speed of light is the limit velocity of
massive particle in flat space-time, and so forth). At the opposite end of the spec-
trum is the Eddington school, which sees them as simple conversion factors. You are
subscribing to the Eddington school when you ‘set constants to unity’ in your cal-
culations. However, this can’t be pushed arbitrarily far. One is free to choose units
in which c D „ D G D 1, but one can’t choose units in which c D „ D e D 1,
because in the latter case the fine-structure constant will also be unity, and in the
real world it isn’t.

From the point of view of current physics, three constants seem fundamental: one
only needs to define units of length, time and energy to carry out any experiment
one chooses. However, nobody knows what will happen in a more fundamental
theory. Will we still have three, one or none at all? (To some extent one can argue
that in string theory there are only two fundamental constants). Moreover, it is also
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unknown whether they will be fixed by consistency conditions, or remain arbitrary
(with their evolution being driven by some dynamical attractor mechanism).

Although for model-building it makes sense to discuss variations of dimensional
quantities, experimentally the situation is clear: one can only measure unambigu-
ously dimensionless combinations of constants, and any such measurements are
necessarily local. This is important if one wants to compare measurements at dif-
ferent cosmological epochs (searching for time variations) or even at different
environments (searching for spatial variations). Face-value comparisons of measure-
ments at different redshifts are too naive, and often manifestly incorrect. Most such
comparisons are model-dependent, since a cosmological model must be assumed.
In particular, assuming a constant rate of change (of the fine-structure constant say)
is useless: no sensible particle physics model will ever have such dependence over
any significant redshift range.

Thus speaking of variations of dimensional constants has no physical signifi-
cance: one can concoct any variation by defining appropriate units of length, time
and energy. Nevertheless, one is free to choose an arbitrary dimensionful unit as a
standard and compare it with other quantities. A relevant example is the following.
If one assumes particle masses to be constant, then constraints on the gravitational
constantG are in fact constraining the (dimensionless) product ofG and the nucleon
mass squared. A better route is to compare the QCD interaction with the gravita-
tional one: this can be done by assuming a fixed energy scale for QCD and allowing
a varying G, or vice-versa. With these caveats, probes of a rolling G provide key
information on the gravitational sector. Paradoxically, G was the first constant to
be measured but is now the least well known, a consequence of the weakness of
gravity.

If fundamental couplings are spacetime-varying, all the physics we know is
incomplete and requires crucial revisions. Varying non-gravitational constants imply
a violation of the Einstein Equivalence Principle, a fifth force of nature, and so on.
Such a detection would therefore be revolutionary, but even improved null results are
very important, and can provide constraints on anything from back-of-the-envelope
toy models to string theory itself.

A simple way to illustrate the above point is as follows. If one imagines a cosmo-
logically evolving scalar field that leads to varying fundamental couplings, then the
natural timescale for their evolution would be the Hubble time. However, current
local bounds from atomic clocks [13] are already six orders of magnitude stronger.
Any such field must therefore be evolving much more slowly that one would naively
expect, and this rules out many otherwise viable models.

3 Exciting Times

Searches for spacetime variations of fundamental constants mostly focus on the
fine-structure constant ˛ and the proton-to-electron mass ratio �, as the rest of these
proceedings illustrate. These are the only two dimensionless parameters needed for
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the description of the gross structure of atoms and molecules. Additionally, the
gravitational constant G is interesting: although it has dimensions, one can con-
struct dimensionless quantities involving it that probe the nature of the gravitational
interaction (cf. Garcia-Berro’s contribution in these proceedings).

It must be emphasized that in any sensible model where one of the couplings
vary all the others should do as well, at some level. Different models predict very
different relations for these variations; for example, in Grand-Unified Theories the
variations of ˛ and � are related via

d ln�

dt
D R

d ln˛

dt
; (1)

where R is a constant free parameter. Not even its size is determined a priori,
although the naive expectation (based on high-energy GUT scenarios) is that the
modulus of R should be of order 30-50. (Having R of order unity would require
fine-tuning.) Hence, simultaneous astrophysical measurements of ˛ and �, such as
those in the radio band, provide an optimal way of probing GUTs and fundamental
physics. Assuming the validity of the current claimed detections, measurements of
˛ and � with 10�6 accuracy can constrain R to 10% (or better, depending on its
value).

Local (laboratory) bounds on the current rates of change can be obtained by look-
ing at the frequency drift of two or more atomic clocks—see the contributions by
Bize and Peik. These are currently consistent with no variation, and as has already
been pointed out they note that these already restrict any variation to be many orders
of magnitude weaker than the natural expectation for a cosmological process.

In coming years experiments such as �SCOPE, ACES, and possibly GG and
STEP will carry out these measurements, as well as stringent Equivalence Principle
tests, in microgravity conditions. These will improve on current sensitivities by sev-
eral orders of magnitude, and if the current claims of astrophysical detections are
correct they should find direct evidence for Equivalence Principle violations.

A nominally strong bound on ˛ can be obtained from the Oklo natural nuclear
reactor. However, this is obtained assuming that ˛ is the only quantity that can
change, which is a particularly poor assumption since it is known that the under-
lying chain or reactions is most sensitive to the coupling for the strong force (cf.
Flambaum’s contribution). The importance of this Oklo bound has therefore been
grossly exaggerated.

Astrophysical measurements rely on precision spectroscopy, most often using
absorption lines. Emission lines can also be used in principle, but with current
means they are less sensitive—cf. the contribution by Gutierrez. Note however that
although it’s often claimed that another disadvantage of emission line measurements
is that they can only be done at low redshift, this has been shown not to be the
case [3].

For both ˛ and � there are few-sigma claims of detected variations [9, 12] at
redshfits z � 3, but in both cases other studies find no variations. Recent months
have seen the emergence of interesting new results, including evidence for a spatial
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dipole and further spatial variations within the Galaxy, and this symposium pro-
vided a timely opportunity for those involved to present and discuss them—cf. the
contributions by Levshakov, Petitjean, Thompson, Webb, Wendt and Ubachs.

Bounds on ˛ can be obtained at much higher redshift, in particular using the Cos-
mic Microwave Background [8]. WMAP data, when combined with other datasets,
has recently led to constraining any such variation to be below the percent level—cf.
Galli’s contribution. There is no evidence for variation at this redshift. The bound is
much weaker than the above (due to degeneracies with other cosmological param-
eters) but clean and model-independent. At even higher redshifts BBN can also be
used (and also yields percent-level bounds), although with the caveat that in these
case the bounds are necessarily model-dependent. The CMB data is also becom-
ing good enough to constrain joint variations of ˛ and other couplings. Such joint
constraints will become increasingly important.

4 Redundancy and Further Tests

This field is perceived by outsiders as one plagued with controversy and haunted
by concerns about systematics. Although this view is certainly unfair, it is true that
improvements are needed—but it most also be emphasized that those active in the
field are the first to admit this. Part of the problem stems from the fact that almost
all the data that has been used so far was gathered for other purposes, and does not
have the necessary quality to fully exploit the capabilities of modern spectrographs.
Measurement of fundamental constants requires observing procedures beyond what
is done in standard observations [16]. One needs customized data acquisition and
wavelength calibration procedures beyond those supplied by standard pipelines, and
ultimately one should calibrate with laser frequency combs. Fortunately, we are
moving fast in this direction.

A new generation of high-resolution, ultra-stable spectrographs will be needed
to resolve the issue. In the short term Maestro at the MMT and PEPSI at LBT will
being significant improvements. Later on the prospects are even better with two
ESO spectrographs, ESPRESSO for VLT (which has recently been approved by
the ESO Council) and CODEX for the E-ELT. Both of these have searches for these
variations as one of the key science drivers, and will improve on currently achievable
sensitivities by one and two orders of magnitude, respectively.(Further details can be
found in Molaro’s contribution.) In the meantime, and ongoing VLT/UVES Large
Programme will bring significant improvements.

With the anticipated gains if both statistical and systematic uncertainties, further
tests will also become possible. For example, the ratio of the proton and electron
masses � is measured through molecular vibrational and rotational lines. If one
usesH2 then one is indeed measuring�, but molecular Hydrogen is not easy to find,
and therefore other molecules are also used, and in this case one needs to be more
careful. Strictly speaking one is then probing an average nucleon mass containing
both protons and neutrons. One can still writemnuc=me � Fmp=me (with F being
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a number of order a few), but only if there are no composition-dependent forces,
or in other words if the scalar field has the same coupling to protons and neutrons.
However, from a theoretical point of view this is highly unlikely. Nevertheless, this
provides us with a golden opportunity to search for these couplings. All that needs to
be done is to repeat the measurements with molecules containing different numbers
of neutrons: H2 has none, HD has one, and so forth. It should also be added that
one can sometimes find these various molecules in the same system, so this need
not be costly in terms of telescope time.

Moreover, given the extraordinary relevance of possible detections, it is espe-
cially important to have these confirmed by alternative and completely independent
methods. Over the past decade or so a whole range of experimental and obser-
vational techniques have been used to search for temporal and spatial varying
couplings throughout the cosmic history. Atomic clocks, geophysics (Oklo and
meteorites), spectroscopy, the CMB and BBN have already been mentioned—
they are the best known and more often used ones. But further astrophysical
probes are also emerging, and they can play a key role in the coming years: examples
are clusters (through the Sunyaev-Zel’dovich effect), helioseismology and strong
gravity systems (white dwarfs and neutron stars).

Last but not least, complementary tests will be crucial to establish the robust-
ness and consistency of the results. These are tests which do not measure varying
constants directly but search for other non-standard effects that must be present if
constants do vary. Equivalence Principle tests are the best known example. A second
one that may well be crucial in the coming years are tests of the temperature-redshift
relation. For example, in many models where photons are destroyed one can write

T .z/ D T0.1C z/1�ˇ ; (2)

where ˇ D 0 in the standard model, and the current best constraint is ˇ < 0:08 [11].
Measuring the CMB temperature at non-zero redshift is not trivial, but the sys-

tems where it can be done are also interesting for varying constants. At low redshifts
T .z/ can be measured at SZ clusters [2], which can also be used to measure ˛,
and at intermediate redshifts it can be measured spectroscopically using molecu-
lar rotational transitions [15], which can also be used to measure �. The prospect
of simultaneous measurements of T .z/, � and possibly also ˛ in the same system,
with ESPRESSO or CODEX, is a particularly exciting one.

5 Dynamical Dark Energy

Observations suggest that the universe dominated by component whose gravitational
behavior is similar to that of a cosmological constant. The required cosmological
constant value is so small that a dynamical scalar field is arguably more likely. The
fact that it must be slow-rolling in recent times (which is mandatory for p < 0)
and dominating the energy budget are sufficient to ensure [4] that couplings of this
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field lead to observable long-range forces and time dependence of the constants of
nature. It should be kept in mind that in any sensible theory scalars will couple to
the rest of the world in any manner not prevented by symmetry principles.

Standard methods (SNe, Lensing, etc) are know to be of limited use as dark
energy probes [6]. One reason for this is that what one observes and what one
wants to measure are related by second derivatives. A clear detection of varying
dark energy equation of state w.z/ is key to a convincing result. Since w0 � �1 and
since the field is slow-rolling when dynamically important, a convincing detection
of w.z/ is quite unlikely even with EUCLID or WFIRST.

Since a scalar field yielding dark energy also yields varying couplings, they can
be used to reconstruct w.z/ [10]. The procedure is analogous to reconstructing the
1D potential for the classical motion of a particle, given its trajectory. The simplest
paradigm relating the two is

�˛

˛
D ��.ı�/ ; (3)

where �2 D 8�G. This reconstruction method only involves first derivatives of
the data, and it will complement and extend traditional methods. A comparison of
this and the standard method will yield a measurement of the scalar field coupling
�, which can be compared to that coming from Equivalence Principle tests. In the
E-ELT era, synergies will also exist with the Sandage-Loeb test [14].

Advantages of this method include the fact that it allows direct probes of Grand
Unification and fundamental physics, and that it directly distinguishes a cosmolog-
ical constant from a dynamical field (with no false positives). However, the key
advantage is its huge redshift lever arm, probing the otherwise inaccessible redshift
range where the field dynamics is expected to be fastest (that is, deep in the matter
era). It is of course also much cheaper than putting a satellite in space: it is a ground-
based method, and taking at face value the currently existing data one can show [1]
that 100 good nights on a 10m-class telescope (such as the VLT, Keck or the LBT)
could conceivably yield a five-sigma detection of dynamical dark energy.

6 Conclusions

Varying constants are a powerful, versatile and low-cost way to probe fundamental
physics and dark energy. There is ample experimental evidence showing that funda-
mental couplings run with energy, and many particle physics and cosmology models
suggest that they also roll with time. There is therefore every incentive to search for
these, and there’s no better place than in the early universe. Current measurements
restrict any such relative variations to be below the 10�5 level, which is already a
very significant constraint.

The coming years will bring big gains in sensitivity and also dedicated experi-
ments, but doing things right is tough: we need customized observation procedures,
laser frequency comb calibration, purpose-built data reduction pipelines, and fur-
ther astrophysical probes to complement the existing ones. One must also keep in



8 C.J.A.P. Martins

mind the dark energy lesson: when measurements from type Ia supernovae first sug-
gested an accelerating universe these were largely dismissed until such evidence also
emerged through independent methods (CMB, lensing, large-scale structure and so
on). It is this quest for redundancy that this field must now pursue, and laboratory
measurements (with atomic clocks), Equivalence Principle and temperature-redshift
tests will be crucial in the next decade.

In addition to its direct impact, these studies have a unique role to play in shed-
ding light on the enigma of dark energy. The early universe is an ideal fundamental
physics laboratory, allowing us to carry out tests that one will never be able to do
in terrestrial laboratories. Recent technological developments now provide us with
tools to accurately search for varying constants and explore its impacts elsewhere,
and this opportunity must be taken. The fact that something as fundamental (and
abstract) as string theory may one day be confirmed using something as mundane
as spectroscopy is an opportunity that neither astrophysicists nor particle physicists
can afford to miss.
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Atomic Transition Frequencies, Isotope Shifts,
and Sensitivity to Variation of the Fine
Structure Constant for Studies of Quasar
Absorption Spectra

J.C. Berengut, V.A. Dzuba, V.V. Flambaum, J.A. King, M.G. Kozlov,
M.T. Murphy, and J.K. Webb

Abstract Theories unifying gravity with other interactions suggest spatial and tem-
poral variation of fundamental “constants” in the Universe. A change in the fine
structure constant, ˛ D e2=„c, could be detected via shifts in the frequencies of
atomic transitions in quasar absorption systems. Recent studies using 140 absorption
systems from the Keck telescope and 153 from the Very Large Telescope, suggest
that ˛ varies spatially [61]. That is, in one direction on the sky ˛ seems to have been
smaller at the time of absorption, while in the opposite direction it seems to have
been larger.

To continue this study we need accurate laboratory measurements of atomic tran-
sition frequencies. The aim of this paper is to provide a compilation of transitions of
importance to the search for ˛ variation. They are E1 transitions to the ground state
in several different atoms and ions, with wavelengths ranging from around 900–
6000 Å, and require an accuracy of better than 10�4 Å. We discuss isotope shift
measurements that are needed in order to resolve systematic effects in the study.
The coefficients of sensitivity to ˛-variation (q) are also presented.

1 Introduction

Current theories that seek to unify gravity with the other fundamental interactions
suggest that spatial and temporal variation of fundamental constants is a possibility,
or even a necessity, in an expanding Universe (see, for example the review of [57]).
Several studies have tried to probe the values of constants at earlier stages in the
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evolution of the Universe, using tools such as big-bang nucleosynthesis, the Oklo
natural nuclear reactor, quasar absorption spectra, and atomic clocks (see, e.g. [21]).

Comparison of atomic transition frequencies on Earth and in quasar (QSO)
absorption spectra can be used to measure variation of the fine-structure con-
stant ˛ D e2=„c over the last 10 billion years or so. Early studies used the
“alkali-doublet” method [53], taking advantage of the simple ˛-dependence of the
separation of a fine-structure multiplet.

More recently we developed the “many-multiplet” method [17, 18] which
improves sensitivity to variation in ˛ by more than an order of magnitude com-
pared to the alkali-doublet method. Enhancement comes from the use of transitions
which are more sensitive to ˛ than the fine-structure splitting is, for example the
s-wave orbital has maximum relativistic corrections to energy but no spin-orbit
splitting. In addition the ˛-dependence varies strongly between different atoms and
transitions (for example s–p and s–d transitions can have different signs) and this
helps to control instrumental and astrophysical systematics. The number of spectral
lines available for study is quite large; this gives a statistical advantage.

The first analyses using the many-multiplet method and quasar absorption spectra
obtained at the Keck telescope revealed hints that the fine structure constant was
smaller in the early universe [37, 39, 40, 42, 58–60]. A very extensive search for
possible systematic errors has shown that known systematic effects cannot explain
the result [38].

Our method and calculations have been used by other groups to analyse a differ-
ent data set from the Very Large Telescope (VLT) in Chile ([55]), and their results
indicate no variation of ˛ (see also [12]). It was noted later that there were sharp
fluctuations in chi-squared vs. �˛=˛ graphs of [12, 55] that indicate failings in
the chi-squared minimisation routine [43], and it was shown that the errors were
underestimated by a large factor [43, 44, 56].

A large scale analysis, combining the Keck data with a new sample of 153 mea-
surements from the VLT, indicates a spatial variation in ˛ at the 4.1� level [61].
This gradient has a declination of around �60ı, which explains why the Keck data,
restricted mainly to the northern sky since the telescope is in Hawaii at a latitude
of 20ı N, originally suggested a time-varying ˛ that was smaller in the past. The
VLT is in Chile, at latitude 25ı S, giving the new combined study much more com-
plete sky coverage. The new results are entirely consistent with previous ones. Other
results from other groups using single ions in single absorption systems [31–33,51]
are also consistent with the dipole result [9]. We note that individual sight-lines are
inherently less useful than large samples, no matter what the signal-to-noise ratio
of the single sight-line spectra, because some systematic errors that are present for
single sight-lines often randomize over a large sample [38].

2 Laboratory Spectroscopy

To continue this work, several new transitions are being considered. In Table 1
we present a list of lines commonly observed in high-resolution QSO spectra. All
of the lines marked ‘A’ (extremely important), ‘B’ (very important), or ‘C’ (less
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important) lack the high-accuracy laboratory measurements necessary for studies of
˛ variation. All transitions are from the ground state of the ion, with the exception
of the CII lines marked with an asterisk which are transitions from the metastable
2s22p 2P o

3=2
level. Predominantly the wavelengths and oscillator strengths are taken

from the compilations of [35, 36]. The wavelengths have errors of about 0.005 Å,
although it is possible that some errors are closer to 0.05 Å. Note that the oscillator
strengths presented are not as accurate as the wavelengths: these measurements are
much more difficult. As a general rule, the lines are more important for ˛ variation
if they lie above 1215.67 Å (the Lyman-˛ line of hydrogen) due to the “Lyman-˛
forest” seen in QSO spectra.

Table 1 High-priority lines observed in QSO spectra. The need for precise wavelength measure-
ment (or re-measurement) is indicated by an A (extremely important), B (very important) or C
(less important) in the ‘Status’ column; existing precise measurements are referenced in the last
column. In the ‘I.S.’ column the status of isotope structure measurement is indicated: a X means it
has been measured, and ‘A’ means that it is unknown and urgently needed. All transitions are from
the ground state of the ion, with the exception of the CII lines marked with an asterisk which are
transitions from the metastable 2s22p 2P o

3=2 level

Atom/ Wavelength Frequency Oscillator q value Status Refs.
Ion 	 (Å) !0 (cm�1) Strength (cm�1) !0 I.S.

C I 945.188 105799.1 0.272600 130 .60/ C X [30]
1139.793 87735.30 0.013960 0 .100/ C
1155.809 86519.47 0.017250 0 .100/ C
1157.186 86416.55 0.549500 0 .100/ C
1157.910 86362.52 0.021780 0 .100/ C
1188.833 84116.09 0.016760 0 .100/ C
1193.031 83820.13 0.044470 0 .100/ C
1193.996 83752.41 0.009407 0 .100/ C
1260.736 79318.78 0.039370 30 .10/ B
1276.483 78340.28 0.004502 17 .10/ B
1277.245 78293.49 0.096650 �13 .10/ B
1280.135 78116.74 0.024320 �21 .10/ B
1328.833 75253.97 0.058040 117 .10/ B
1560.309 64089.85 0.080410 137 .10/ B
1656.928 60352.63 0.140500 �24 .10/ B

C II 1036.337 96493.74 0.123000 168 .10/ B
1037.018� 96430.32 0.123000 105 .10/ B
1334.532 74932.62 0.127800 178 .10/ B

1335.662� 74869.20 0.012770 115 .10/ B
1335.707� 74866.68 0.114900 118 .10/ B

C III 977.020 102352.0 0.762000 165 .10/ C
C IV 1548.204 64590.99 0.190800 222 .2/ B [23]

1550.781 64483.65 0.095220 115 .2/ B [23]
O I 1025.762 97488.53 0.020300 0 .20/ C [27]

1026.476 97420.72 0.002460 0 .20/ C
1039.230 96225.05 0.009197 0 .20/ C
1302.168 76794.98 0.048870 0 .20/ B

(Continued)



12 J.C. Berengut et al.

Table 1 (Continued)
Atom/ Wavelength Frequency Oscillator q value Status Refs.
Ion 	 (Å) !0 (cm�1) Strength (cm�1) !0 I.S.

Na I 3303.320 30272.58 0.013400 57 .2/ C
3303.930 30266.99 0.006700 51 .2/ C
5891.583 16973.37 0.655000 62 .2/ C X [26, 28, 46]
5897.558 16956.17 0.327000 45 .2/ C X [22, 28]

Mg I 2026.477 49346.73 0.112000 87 .7/ B X [1, 25]
2852.963 35051.27 0.181000 90 .10/ B X [1, 11, 24, 47, 52]

Mg II 1239.925 80650.04 0.000267 192 .2/ C
2796.354 35760.85 0.612300 212 .2/ B X [1, 3, 13, 47]
2803.532 35669.30 0.305400 121 .2/ B X [1, 3, 47]

Al II 1670.789 59851.97 1.880000 270 .30/ B X [23]
Al III 1854.718 53916.54 0.539000 458 .6/ B X [23]

1862.791 53682.88 0.268000 224 .8/ B X [23]
Si II 1190.416 84004.26 0.250200 C

1193.290 83801.95 0.499100 C
1260.422 79338.50 1.007000 B
1304.370 76665.35 0.094000 B
1526.707 65500.45 0.117094 50 .30/ B A [23]
1808.013 55309.34 0.002010 520 .30/ B A [23]

Si IV 1393.760 71748.64 0.528000 823 .40/ B A [23]
1402.773 71287.54 0.262000 361 .15/ B A [23]

S II 1250.583 79962.61 0.005350 B
1253.808 79756.83 0.010700 B
1259.518 79395.39 0.015900 B

Ca II 3934.777 25414.40 0.688000 446 .6/ B X [62]
3969.591 25191.51 0.341000 222 .2/ B X [62]

Ti II 1910.600 52339.58 0.202000 �1564 .150/ A A
1910.938 52330.32 0.098000 �1783 .300/ A A
3067.245 32602.55 0.041500 791 .50/ B A [1]
3073.877 32532.21 0.104000 677 .50/ B A [1]
3230.131 30958.50 0.057300 673 .50/ B A [1]
3242.929 30836.32 0.183000 541 .50/ B A [1]
3384.740 29544.37 0.282000 396 .50/ B A [1]

Cr II 2056.256 48632.06 0.105000 �1110 .150/ B A [1, 48]
2062.236 48491.05 0.078000 �1280 .150/ B A [1, 48]
2066.164 48398.87 0.051500 �1360 .150/ B A [1, 48]

Mn II 1197.184 83529.35 0.156600 �2556 .450/ C
1199.391 83375.65 0.105900 �2825 .450/ C
1201.118 83255.77 0.088090 �3033 .450/ C
2576.877 38806.66 0.288000 1276 .150/ B A [1, 10]
2594.499 38543.08 0.223000 1030 .150/ B A [1, 10]
2606.462 38366.18 0.158000 869 .150/ B A [1, 10]

Fe II 1063.176 94057.80 0.060000 C
1063.971 93987.52 0.003718 C
1096.877 91167.92 0.032400 C
1121.975 89128.55 0.020200 C
1125.448 88853.51 0.016000 C

(Continued)
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Table 1 (Continued)
Atom/ Wavelength Frequency Oscillator q value Status Refs.
Ion 	 (Å) !0 (cm�1) Strength (cm�1) !0 I.S.

1143.226 87471.77 0.017700 C
1144.939 87340.98 0.106000 C
1260.533 79331.52 0.025000 B
1608.450 62171.63 0.058000 �1165 .300/ A A [49]
1611.200 62065.53 0.001360 1330 .300/ A A [49]
2249.877 44446.88 0.001821 A A
2260.780 44232.51 0.002440 A A [1]
2344.212 42658.24 0.114000 1375 .300/ B A [1, 45]
2367.589 42237.06 0.000212 1904 B
2374.460 42114.83 0.031300 1625 .100/ B A [1, 45]
2382.764 41968.06 0.320000 1505 .100/ B A [1, 45]
2586.649 38660.05 0.069180 1515 .100/ B A [1, 45]
2600.172 38458.99 0.238780 1370 .100/ B A [1, 45]

Ni II 1317.217 75917.64 0.146000 A
1370.132 72985.67 0.076900 A
1393.324 71770.82 0.022220 A
1454.842 68735.99 0.032300 A
1467.259 68154.29 0.009900 C
1467.756 68131.22 0.006300 C
1502.148 66571.34 0.006000 C
1703.412 58705.71 0.012240 A [48]
1709.604 58493.07 0.032400 �20 .250/ A A [48]
1741.553 57420.01 0.042700 �1400 .250/ A A [48]
1751.915 57080.37 0.027700 �700 .250/ A A [48]

Zn II 2026.137 49355.00 0.489000 2470 .25/ C X [1, 34, 48]
2062.660 48481.08 0.256000 1560 .25/ B A [1, 48]

Ge II 1237.059 80836.880 0.870000 2236 .70/ A
1602.486 62403.028 0.130000 �664 .70/ B

Isotope shift measurements for these transitions are also needed in order to
resolve a possible source of systematic error in the variation of ˛ studies: the isotope
abundance ratios in the gas clouds sampled in the quasar absorption spectra may not
match those on Earth [38,41]. Spurious observation of ˛-variation due to differences
in isotope abundance of any one element has been ruled out (see, e.g. [40]), however
an improbable “conspiracy” of changes in several elements could mimic an effect.
On the other hand, it is difficult to see how such changes could lead to spurious
observation of a spatial variation since the underlying mechanisms of chemical evo-
lution would have to vary spatially. Nevertheless, the many-multiplet method uses
different transitions of different atoms at different redshifts, so ignoring the isotopic
structure of transitions may destroy the consistency between sub-samples occupying
different redshift ranges.

Accurate measurements of the isotope shift are required to quantify these sys-
tematic effects. Additionally, if the isotope shifts are known then it is possible to
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simultaneously determine both any possible ˛-variation and the isotope abundances
in the early universe directly [29]. This can be used to constrain models of chemical
evolution of the Universe and test models of nuclear processes in stars [2, 20]. We
have performed very complicated calculations of some isotope shifts [4, 6–8], how-
ever calculations in group 3d atoms and ions are difficult, and our accuracy may
be low. Therefore measurements for at least some lines are needed to benchmark
calculations in this regime. In Table 1 we indicate lines for which isotope shifts are
known by a X in the ‘I.S.’ column. Lines that were used in previous studies (and
hence have precise wavelength measurements), but for which the isotopic structure
has not been measured are marked with an ‘A’ in this column.

A similar systematic effect to that caused by isotope abundances can occur due to
differential saturation of the hyperfine components. This can occur because of devi-
ations from local thermal equilibrium (see, e.g. [40]). While we do not discuss this
issue in this paper, we note that in some cases, such as Al III and Mn II, hyperfine
structure can be as important as isotopic structure.

3 Sensitivity Coefficients

We previously calculated the relativistic energy shifts, or q-values, for many of
the lines seen in quasar spectra [5–7, 15, 16, 19, 50, 54]. The difference between the
transition frequencies in QSO spectra (!) and in the laboratory (!0) depends on the
relative values of ˛. The dependence of the frequencies on small changes in ˛ is
given by the formula

! D !0 C qx ; (1)

x D .˛=˛0/
2 � 1 � 2

˛ � ˛0
˛0

:

The q values are calculated using atomic physics codes. The atomic energy lev-
els are calculated to a first approximation using relativistic Hartree-Fock (Dirac-
Hartree-Fock). Higher order effects are taken into account using a combination of
configuration interaction (for many-valence-electron systems) and many-body per-
turbation theory; this is known as the “CICMBPT” method [14]. The value of ˛ is
varied in the computer codes and the energy levels are recalculated, and hence the
transition frequencies. The q values are extracted as

q D d!

dx

ˇ
ˇ
ˇ
ˇ
xD0

We also account for complications due to level pseudo-crossing as described
by [19]. In Table 1 we present our current best q-values for easy reference. Note that
for Fe II lines, we present the arithmetic average of the independent calculations [19]
and [50]. Uncertainties here are representative rather than statistical.
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String Theory, Dark Energy and Varying
Couplings

Marco Zagermann

Abstract I review the difficulties of some recent attempts to find stabilized string
theory vacua with positive cosmological constant at tree level. Whereas models with
energy momentum tensors satisfying the null energy condition (NEC) and confor-
mally Ricci-flat internal spaces are easily shown to admit at most short transient
periods of accelerated expansion, the situation is more complex in the presence of
NEC-violating sources such as orientifold planes and more general curved com-
pact spaces. We also comment on some recent discussions in the context of varying
fundamental couplings in some of these string compactifications.

1 Introduction

String theory is a general proposal for a unified quantum theory of all particles
and interactions, including gravity. In its perturbative formulation, the apparently
pointlike “fundamental” particles found in Nature are re-interpreted as different
oscillatory modes of one and the same type of objects: tiny one-dimensional fila-
ments called strings. The quantization of extended relativistic objects such as strings
requires a number of consistency conditions to hold, some of the most intriguing
being the necessity for extra spatial dimensions or, at a somewhat different level,
the natural occurrence of supersymmetry in string theory.

In order to explain that the extra dimensions of string theory (six in each of
the five perturbative superstring theories) have gone unnoticed so far, one usually
assumes that the extra dimensions are curled up to form a small compact manifold,
smaller, at least, than the spatial resolution of today’s measurement devices.

Just as in conventional Kaluza-Klein theories, compactified extra dimensions are
accompanied by a plethora of scalar fields in the resulting effective four-dimensional
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(4D) field theory. These scalar fields descend from the internal (i.e. the 6D) com-
ponents of the original 10D fields in the string spectrum, including, in particu-
lar, the dilaton ˚ (a scalar field already in 10D), the 10D metric tensor, gMN
(M;N; : : : D 0; : : : ; 9), and various types of antisymmetric tensor fields (p-form
potentials) CM1;:::Mp

. Most of these effective 4D scalar fields correspond to higher
Kaluza-Klein modes or very massive string excitations and consequently have to be
integrated out of the effective 4D Lagrangian and do not appear as dynamical fields
at low energies. In compactifications that preserve at least some of the original 10D
supersymmetry, however, several of the above scalar fields remain as massless (or
very light) scalar fields in the 4D low energy spectrum. They are called the moduli of
a string compactification, and their vacuum expectation values (vevs) parameterize
deformations of the compactification background that cost no (or very little) energy,
hence their vanishing (or very low) mass.

Moduli fields are usually not charged under the gauge interactions of the Stan-
dard Model and interact with ordinary matter only via interactions of gravitational
strength (i.e. by gravity itself or via Planck mass suppressed contact interactions).
Despite this very weak interaction with visible matter, the presence of light scalar
fields can have important phenomenological consequences. For instance, if the vevs
of the moduli are not dynamically fixed by a suitable potential, they may be (space-)
time dependent, and as most couplings and mass parameters of the 4D effective
action depend on the moduli vevs, this may induce (space-)time-dependent “funda-
mental constants” – the topic of this conference. On the other hand, light moduli
fields as such may also cause a number of phenomenological problems. Depending
on the mass scale of the moduli, these can e.g. be in conflict with constraints from
fifth force experiments, Big Bang Nucleosynthesis (BBN) or overclosure bounds.
A simple way to safely avoid all these types of problems would be to ensure that
the moduli are sufficiently heavy, say of order 30 : : : 100 TeV or higher. This seems
to be not so easy to achieve with mere supersymmetry breaking effects, as these
would naturally induce moduli masses of order the gravitino mass (for an interest-
ing exception and a recent discussion, see e.g., [6] and references therein), which,
in many supersymmetry breaking scenarios would be below the above-mentioned
energy regime.

A very efficient technical tool for giving many moduli a sufficiently large mass in
string compactifications is the use of background fluxes for the field strengths of the
above-mentioned p-form fields CM1;:::;Mp

(see e.g. [5, 18, 23, 29] for reviews). The
moduli masses this induces are usually not connected to the gravitino mass and can
easily be made sufficiently large to avoid all the above moduli problems. Another
advantage of using background fluxes in the internal space for moduli stabiliza-
tion is that their effects on the moduli potential is comparatively easy to compute,
as its evaluation amounts to a rather straightforward dimensional reduction of the
classical 10D supergravity action. In many of the most popular scenarios (see e.g.
[3, 34]), however, the fluxes are not sufficient for the stabilization of all moduli,
and additional quantum corrections, often non-perturbative, have to be invoked.
These quantum corrections are, unfortunately, much harder to evaluate explicitly.
It is an interesting question whether one can achieve successful moduli stabilization



String Theory, Dark Energy and Varying Couplings 19

without quantum corrections (for an interesting set of models in this direction, see
e.g. [21], where complete moduli stabilization with purely classical ingredients was
discussed, as well as the works [7, 28, 43]).

An additional complication for the construction of semi-realistic string compacti-
fications with stabilized moduli comes from the requirement that the vacuum energy
in the minimum should be positive so as to mimic an effective positive cosmological
constant. Using just tree-level contributions to the scalar potential (i.e. the classical
10D supergravity equations of motion supplemented by the lowest order effective
actions of brane-like sources), it turns out to be surprisingly difficult to construct a
stabilized vacuum with positive vacuum energy (i.e., a (meta-)stable de Sitter (dS)
vacuum). The models of [21] for instance stabilize the moduli in an anti-de Sitter
vacuum, i.e. with a negative vacuum energy. That classical de Sitter vacua are hard
to build follows from a number of no-go theorems [19,26,36,40] that, under certain
assumptions, exclude such a possibility. Among these assumptions is a positivity
requirement for the energy momentum tensor, e.g. in the form of the null energy
condition (NEC), which states that TMNnNnM � 0 for all lightlike vectors nM

(see e.g. [40]). What these no-go theorems do allow, is a transient period of accel-
erated expansion [40,42] of an e-fold or so. In [41], it was suggested that models of
this type may be falsifiable on the basis of the time variation of Newton’s constant
and the dark energy equation of state they would induce.

In the rest of this contribution, I will review some recent attempts to circumvent
the above-mentioned no-go theorems against classical de Sitter vacua, including the
problems these attempts face and comment on the proposal of [41].

2 Orientifold Planes and Negative Internal Curvature

While the assumption of the null energy condition is satisfied for ordinary types
of matter, the type II string theories do contain natural NEC-violating objects.
These objects are the orientifold p-planes (Op-planes) of type II string theory; they
describe extended non-dynamical defects that arise as fixed point sets of discrete
identifications involving the orientation reversal of a string and a geometric reflec-
tion symmetry. Their world volume is .p C 1/-dimensional, and, most importantly,
they can be shown to have a negative energy density violating the NEC.

What is surprising is that even though the inclusion of orientifold planes violates
the assumptions of the simplest no-go theorems mentioned above, there exist even
stronger no-go theorems that forbid the construction of dS vacua also in the presence
of orientifold planes provided the curvature of the 6D internal manifold is not neg-
ative [32]. In essence the no-go theorem of [32] determines the 4D scalar potential
as a function of two universal moduli, the dilaton and the volume modulus parame-
terizing the overall size of the compact space. The dependences of the potential on
these two moduli is such that one can give a lower bound on the 
-parameter (see
below), whenever the field configuration is at positive potential energy:


 � gij @iV @jV

2V 2
� 27

13
; whenever V.�/ > 0 (1)
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where @iV � @V

@�i and gij is the inverse of the metric on the field space of the mod-

uli that appears in their kinetic term, Lkin D 1
2
gij .�/@��

i@��j . In other words,
the potential is always very steep in at least one modulus direction whenever the
potential is positive. However, the potential does allow for AdS vacua, the models
of [21] providing many examples.

This no-go theorem might be evaded, if, in addition to the fluxes and O-planes,
one also allows for a negative (integrated) curvature of the 6D internal space,
R.6/ < 0. The reason is that the integral over the internal curvature enters the 4D
effective theory as a contribution, Vcurv, to the effective moduli potential, but with a
minus sign,

Vcurv / �
Z

M .6/

q

g.6/R.6/: (2)

Hence, a negative integrated curvature acts as a new positive contribution to the
scalar potential that could perhaps “uplift” the known AdS vacua to dS vacua.
Attempts in this direction include [10, 11, 13–17, 22, 25, 30, 38, 39, 44].

2.1 Difficulties of This Approach

Trying to use internal spaces of negative curvature as sources for uplift potentials
meets with at least two challenges.

The first one is a priori more of a computational issue and relates to the fact that
much less is known on compactifications on spaces with negative curvature than
for instance for compactifications on Ricci-flat spaces. A major problem here is the
identification of the light scalar fields one should keep in the action, which is very
well understood for compactifications on the (Ricci-flat) Calabi-Yau manifolds.

The second problem is that a negative curvature space is inconsistent with the
Einstein equation unless there is a source of negative energy density1 at every point
where the curvature is supposed to be negative, as was pointed out in [24]. For fluxes
this is not satisfied, but orientifold planes do have this property, so one might won-
der whether the use of orientifold planes together with negative curvature spaces
may actually be consistent. The problem with this naive expectation is that the neg-
ative energy density of an Op-plane is localised on its .p C 1/-dimensional world
volume. So an internal space that has constant negative curvature everywhere seems
inconsistent with the Einstein equations. In [24], however, it was also pointed out
that a warp factor2 (which is in any case introduced by localized sources such as
Op-planes) may help to relax this problem. Moreover, for the purposes of obtaining

1 More precisely, certain trace combinations of the energy momentum tensor have to be negative,
see [24] for details.
2 A compactification metric of the form ds210 D e2Ads24 C ds26 with A being a function of the
internal 6D coordinates, is called a warped compactification with warp factor e2A.
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an uplifting potential, the curvature does not have to be negative everywhere; it is
sufficient that the properly integrated internal curvature is negative.

3 de Sitter Vacua with “Smeared” O-Planes

Finding explicit solutions to the 10D equations of motion in the presence of localised
sources such as Op-planes (or Dp-branes for that matter) are notoriously difficult to
find, because of the backreaction of these sources on the geometry. The BPS-type
Minkowski solutions [27] provide a notable exception. For this reason one often
discusses compactifications in the approximation that the effects of the localized
sources are only taken into account in their integrated form. At the level of the 10D
equations of motion this corresponds to effectively “smearing” the sources in the
directions transverse to their worldvolume. Putting aside for the moment the worry
that completely delocalizing a localized object may not be a very good approxi-
mation, one could try to find de Sitter vacua with smeared orientifold planes on
negative curvature spaces. In fact, it is the smeared negative energy of the O-planes
that might now support the negative curvature of the internal space in the first place.
It then remains to find negative curvature spaces simple enough to allow for a suffi-
cient understanding of its 4D effective field theory. Interestingly, there are manifolds
of constant negative curvature where the dimensional reduction is under reasonable
control [1, 8, 9, 31, 33, 43]. These are 6D coset or group manifolds that allow for an
SU.3/ or SU.2/ structure so as to preserve some supersymmetry.

In a systematic study for most of these models it was found that, even though
the no-go theorems of [32] no longer apply, more refined no-go theorems can be
formulated [10, 11, 25] that rule out almost all cases based on a similar argument
regarding the 
-parameter, albeit with slightly relaxed lower bounds than 27=13 and
by using different moduli directions for these estimates. Among the coset and group
spaces based on semisimple and Abelian groups [35], only one candidate is not cov-
ered by these refined no-go theorems, namely the manifold SU.2/�SU.2/. On this
manifold, a de Sitter extremum of the potential can indeed be identified numeri-
cally both in type IIA and type IIB string theory contexts [10, 11]. Unfortunately,
this extremum turns out to be only a saddle point [10, 11], i.e. there is a strongly
tachyonic direction making this solution perturbatively unstable and also useless for
slow roll inflation (the slow-roll parameter � is of order one). Similar features were
found for twisted tori in [25], but one may still hope that an enlargement of the set
of manifolds one considers could give rise to more successful models.

4 Smeared Versus Localized O-Planes

While the searches for dS vacua in the smeared limit have at least been partially
successful, it is still unclear to what extent these are really good approxima-
tions to solutions with fully localized orientifold planes or other localized sources.
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Furthermore, upon localization, the problems with the negative curvature raised in
[24] reappear. We therefore studied the relation between solutions with smeared
and localized sources (O-planes and/or D-branes) in more detail in the recent work
[4]. One can show that for BPS-like (but not necessarily supersymmetric) solutions
such as [27] and their T-dual analogues in other spacetime dimensions, the smearing
procedure changes the solution only in a very mild and controlled way that, in partic-
ular, does not change the position of the moduli fixed by the fluxes. The underlying
reason is that even though the individual (de)localization effects on various fields
of the solution are large, the BPS-property relates them to one another such that
their influence on e.g. the moduli vevs or the total vacuum energy precisely can-
cels out (see [4, 20]). What we could also show is that, at least for these BPS-type
solutions, spaces with negative internal curvature in the smeared limit still give a
negative integrated internal curvature in the sense that the curvature contribution to
the 4D scalar potential remains positive upon localization of the O-planes. This is
possible due to large warp factors that the localization entails and relaxes some of
the problems found in [24], at least in the BPS Minkowski vacua studied in [4].

The situation appears to be quite different for non-BPS solutions though. Here
a cancellation of the (de)localization effects does in general not take place and
solutions that have been derived in the smeared limit may experience stronger defor-
mations or even cease to exist upon localization [4]. As de Sitter vacua are in general
not expected to be BPS-like, this casts some doubts on the validity of de Sitter
solutions that were obtained in the limit of smeared sources such as orientifold
planes. Further implications of these findings also for solutions involving quantum
contributions or for solutions close to a BPS-solution are currently under study.3

5 Conclusions

As we have tried to convey, it is quite difficult (if not impossible?) to construct
(meta-)stable de Sitter vacua in purely classical string compactifications. Even if
one uses smeared orientifold planes and negatively curved internal spaces, most
of the well understood models can be ruled out on the basis of refined no-go the-
orems, whereas the few surviving models have not yet resulted in vacua without
tachyonic directions. Turning this around, what these models do seem to give quite
naturally are transient periods of accelerated cosmic expansion of at most a few
e-folds. Models of similar type, albeit without NEC-violating sources and with con-
formally Ricci-flat internal spaces, have recently been studied in the context of a
possible time variation of Newton’s constant, G, and the parameter, w, of the dark
energy equation of state in [41]. There it was proposed that combinations of near
future measurements of w and PG=G might be useable to severely constrain or even

3 J. Blaback, U. H. Danielsson, D. Junghans, T. Van Riet, T. Wrase and M. Zagermann, work in
progress.
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rule out classical string compactifications without NEC-violating sources and with
conformally Ricci-flat internal spaces due to the merely transient periods of accel-
erated expansion these models may provide. Whether these simple models are not
already ruled out by other constraints is another question, but what we have seen
here is that the situation with NEC-violating sources and a departure from con-
formal Ricci-flatness looks more complex, and it is not yet entirely clear whether
stabilized de Sitter vacua are possible here or not. One may hope that at least some
of the problems that are encountered in the attempts to construct such models may
also teach one something nontrivial about de Sitter vacua in compactifications in
which string or quantum corrections play an important role.
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The Variation of G in a Negatively Curved
Space-Time
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Abstract Scalar-tensor (ST) gravity theories provide an appropriate theoretical
framework for the variation of Newton’s fundamental constant, conveyed by the
dynamics of a scalar-field non-minimally coupled to the space-time geometry. The
experimental scrutiny of scalar-tensor gravity theories has led to a detailed analysis
of their post-newtonian features, and is encapsulated into the so-called parametrised
post-newtonian formalism (PPN). Of course this approach can only be applied
whenever there is a newtonian limit, and the latter is related to the GR solution
that is generalized by a given ST solution under consideration. This procedure thus
assumes two hypothesis: On the one hand, that there should be a weak field limit
of the GR solution; On the other hand that the latter corresponds to the limit case
of given ST solution. In the present work we consider a ST solution with negative
spatial curvature. It generalizes a general relativistic solution known as being of a
degenerate class (A) for its unusual properties. In particular, the GR solution does
not exhibit the usual weak field limit in the region where the gravitational field is
static. The absence of a weak field limit for the hyperbolic GR solution means that
such limit is also absent for comparison with the ST solution, and thus one cannot
barely apply the PPN formalism. We therefore analyse the properties of the hyper-
bolic ST solution, and discuss the question o defining a generalised newtonian limit
both for the GR solution and for the purpose of contrasting it with the ST solution.
This contributes a basic framework to build up a parametrised pseudo-newtonian
formalism adequate to test ST negatively curved space-times.

1 Introduction

The possibility that physics might differ in diverse epochs and/or places in the
universe is a question of paramount importance to understand what are the limits
of our present physical laws [4, 11, 18, 31]. This issue is at present very much at
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the forefront of the debate in gravitational physics and cosmology1 as a result of
the observations of a possible variation of the fine structure constant ˛em at high
redshifts (z > 0:5) by Webb et al [30]. These observations remind us that our
physics is based on peculiar coupling constants that might also be evolutionary on
the cosmological scale.

Variations of fundamental constants are a common feature in the generaliza-
tions of Einstein’s theory of general relativity (GR) [31]. Extensions of GR have
not only been claimed to be unavoidable when approaching the Planck scale of
energies, since gravitation is expected to be unified with all the other fundamental
interactions, but they have also been advocated as an explanation for the late time
acceleration of the universe recently unveiled by cosmological observations [6, 15,
24, 26].

Scalar-tensor (ST) gravity theories, in particular, provide an appropriate theo-
retical framework for the variation of Newton’s gravitational constant, which is
induced by the dynamics of a scalar-field non-minimally coupled to the space-
time geometry. The experimental scrutiny of scalar-tensor gravity theories requires
a detailed analysis of their post-newtonian features, and is encapsulated into the so-
called parametrised post-newtonian formalism (PPN) [7,11,18,31]. This procedure
assumes two hypothesis: On the one hand, that there should be a weak field limit of
the GR solution; On the other hand that the latter corresponds to the limit case of a
given ST solution.

In the present work we investigate the impact of a hyperbolic geometry on the
possible variation of Newton’s constant G. This question has been somewhat over-
looked in the past, and, as we will show in the present work, raises a fundamental
question regarding the physical interpretation of the results. To address this issue
we derive a new scalar-tensor solution with an hyperbolic threading of the spatial
hypersurfaces [16]. Our solution extends a general relativistic solution known as
being of a degenerate class A2 for its unusual properties [13, 28]. The latter GR
solution is characterised by a threading of the spatial hypersurfaces by means of
pseudo-spheres instead of spheres. It does not exhibit the usual weak field limit in
the region where the gravitational field is static, because the gravitational field has
a repulsive character. This absence of a weak field limit for the hyperbolic GR solu-
tion means that such limit is also absent for comparison with the ST solution, and
thus one cannot barely apply the PPN formalism. To address the latter question,
we believe that one should look at the perturbations of the general relativistic limit
rather than of the absent newtonian weak field. At least this enables us to assess the
effects of the variation of G.

2 Scalar-Tensor Gravity Theories

In the Jordan-Fierz frame, scalar-tensor gravity theories can be derived from the
action

1 For various perspectives on this issue see the other contributions in this volume.
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S D
Z p�g

��

˚R � !˚

˚
.r.˚//2

�

C 16˘GN Lm

�

(1)

where R is the usual Ricci curvature scalar of a spacetime endowed with the metric
gab , ˚ is a scalar field, !.˚/ is a dimensionless coupling function, U.˚/ is a cos-
mological potential for ˚ , and Lm represents the Lagrangian for the matter fields2

(note that in this work we shall use units that set c D 1). Since ˚ is a dynamical
field, the trademark of these theories is the variation ofG D ˚�1 and the archetypal
theory is Brans-Dicke theory in which !.˚/ is a constant [9].

In this frame the energy-momentum tensor of the matter T abD2=pjgj ıSm=ıgab
is conserved, i.e., raT ab D 0. This means that the matter test particles follow the
geodesics of the spacetime metrics, and the scalar field feels the presence of matter
and influences the spacetime curvature, and hence the metric. Therefore the noto-
rious feature of this class of theories is the latter non-minimal coupling between
the scalar field and the spacetime geometry, in a similar way to that of the dilaton
of string theory. Due to this coupling, the gravitational physics is governed by this
interaction and the derivation of exact solutions is considerably more difficult than
in GR [5].

This transpires perhaps in a more transparent way if we recast the theory in
the so-called Einstein frame by means of an appropriate conformal transforma-
tion. Following Damour and Nordvedt’s notation [12], we rescale the original
metric according to (gab ! Qgab D A�2.'/ gab , where A�2.'/ D .˚=˚�/ with
˚� D G�1 being a constant that we take to be the inverse of Newton’s gravitational

constant, and d ln˚
d' D

q
16�
˚

�

˛.'/). The action becomes

L' D QR � Qgab';a';b C 2U.'/C 16� QLm.�m; A
2.'/ Qgab/: (2)

Still as in Damour and Nordvedt [12] we introduce

A .'/ D lnA.'/; ˛.'/ D @A .'/

@'
; K .'/ D @˛.'/

@'
: (3)

Setting U D 0, the field equations read

QRab D 2@a' @b' C 8�GN

�

QTab � 1

2
QT Qgab

�

(4)

ra ra' D �4� GN QT : (5)

This frame has the advantage of decoupling the helicities of the linearised grav-
itational waves arising as metric perturbations from the massless excitations of the
scalar field '. Moreover, we can associate with the redefined scalar field the role of

2 Alternatively we may cast the action as L' D F.'/R� 1
2
gab';a'

;b C 2U.'/C 16�Lm where
the non-minimally coupled scalar field has a canonical kinetic energy term.
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a matter source acting on the right-hand side of the field equations by introducing
an adequate, effective energy-momentum tensor. The net result can be interpreted
as field equations in the presence of two interacting sources: the redefined scalar
field and the original matter fields. This mutual coupling between the two compo-
nents is dependent on !.�/, and is thus, in general, time varying [21–23]. The only
exception occurs when ! is constant, which corresponds to the BD case. Different
scalar-tensor theories correspond to different couplings.

There are not many scalar-tensor solutions of negatively curved universes in the
literature, and thus it is of considerable interest to derive and discuss a solution
which to the best of our knowledge is new, albeit a vacuum one [25]. In what follows
we address this question by first reviewing the general relativistic solution.

3 The General-Relativistic Vacuum Solution
with Pseudo-Spherical Symmetry

We consider the metric given by

ds2 D �e�.r/ dt2 C e�.r/ dr2 C r2 .du2 C sinh2 u dv2/; (6)

where the usual 2�d spheres are replaced by pseudo-spheres, d�2 D du2 C
sinh2 u dv2, hence by surfaces of negative, constant curvature. These are still sur-
faces of revolution around an axis, and v represents the corresponding rotation angle.
For the vacuum case we get

e�.r/ D e��.r/ D
�
2�

r
� 1

�

; (7)

where � is a constant [8, 28]. This vacuum solution is referred as degenerate solu-
tions of class A [28], and being an axisymmetric solution it is a particular case of
Weyl’s class of solutions [8],

We immediately see that the static solution holds for r < 2� and that there is a
coordinate singularity at r D 2� (note that jgj neither vanishes nor becomes 1 at
r D 2�) [2, 16]. This is the complementary domain of the exterior Schwarzschild
solution. In our opinion this metric can be seen as an anti-Schwarzschild in the
same way the de Sitter model with negative curvature is an anti-de Sitter model. In
the region r > 2�, likewise what happens in the latter solution, the gt t and grr
metric coefficients swap signs and the metric becomes cosmological.

Using pseudo-spherical coordinates

fx D r sinh u cos v; y D r sinh u sin v; z D r cosh u; w D b.r/g; (8)

the spatial part of the metric (6) can be related to the hyperboloid
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w2 C x2 C y2 � z2 D
�
b2

r2
� 1

�

r2; (9)

embedded in a 4-dimensional flat space. We then have

dw2 C dx2 C dy2 � dz2 D �

.b0.r//2 � 1
	

dr2 C r2
�

du2 C sinh2 u dv2
	

; (10)

where the prime stands for differentiation with respect to r , and

b.r/ D �2p2�p2� � r : (11)

It is possible to write the line element as

ds2 D � tan2
h

ln .Nr/�1
i

d
2 C
�
2�

Nr
�2

cos4
h

ln .Nr/�1
i

�
� 
d Nr2 C Nr2 .du2 C sinh2 u d�2/

�

; (12)

which is the analogue of the isotropic form of the Schwarzschild solution. In the
neighbourhood of u D 0, i.e., for u 	 1, we can cast the metric of the 2-dimensional
hyperbolic solid angle as

d�2 ' du2 C u2dv2 (13)

so that it may be confused with the tangent space to the spherically symmetric S2

surfaces in the neighborhood of the poles. The apparent arbitrariness of the locus
u D 0, is overcome simply by transforming it to another location by means of a
hyperbolic rotation, as it is done in case of the spherically symmetric case where the
poles are defined up to a spherical rotation (SO(3) group). So, the spatial surfaces
are conformally flat. However, we cannot recover the usual Newtonian weak-field
limit for large r , because of the change of signature that takes place at r D 2�.

In what concerns light rays, fixing u and v we have

dt

dr
D ˙ r

2� � r (14)

and we see that this ratio vanishes at r D 0, becomes equal to one at r D �

and diverges at r D 2�. This tells us that, similarly to the Schwarzschild solu-
tion, the light cones close themselves when they approach the r D 2� event
horizon, but otherwise behave exactly in the opposite way to what happens in the
Schwarzschild exterior solution. Indeed the Schwarzschild’s outgoing light rays now
become ingoing, and conversely.

Analysing the “radial” motion of test particles, we have the following equation

Pr2 C
�
2�

r
� 1

� �

1C h2

r2 sinh2 u�

�

D 
2; (15)
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where 
 and h are constants of motion defined by 
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Pt D constt and

h2 D r2 sinh2 u� Pv D constv, for fixed u D u�, and represent the energy and angular
momentum per unit mass, respectively.

We may define the potential

2V.r/ D
�
2�

r
� 1

� �

1C h2

r2 sinh2 u�

�

; (16)

which we plot in Figure 1. This potential is manifestly repulsive, crosses the r-axis
at r D 2�, and asymptotes to the negative value V1 D �1 as r ! 1. It has a
minimum at r˙ D .h2 � p

h4 � 12�2h2/=.2�/, provided the angular momentum
per unit mass h takes a high enough value. However this minimum, when it exists,
falls outside the r D 2� divide. So we realise that a test particle is subject to a
repulsive potential and its radial coordinate is ever increasing, inevitably crossing
the event horizon at r D 2�. (A more complete discussion of the geodesics can be
found in [2]). In [8] it is hinted that the non-existence of a clear newtonian limit
is related to the existence of mass sources at 1, but no definite conclusions were
drawn.

4 The Scalar-Tensor Solution

In order to derive the scalar-tensor generalization of the metric (6), we apply a
theorem by Buchdahl [10] establishing the reciprocity between any static solution
of Einstein’s vacuum field equations and a one-parameter family of solutions of
Einstein’s equations with a (massless) scalar field. The Einstein frame description
of the scalar-tensor gravity theories fits into the conditions of the Buchdahl theorem.
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Indeed in this frame, after the conformal transformation of the original metric, we
have GR plus a massless scalar field which is now coupled to the matter fields.
Therefore, in the absence of matter we can use Buchdahl’s theorem and we are able
to derive the scalar-tensor generalisation of the negatively curved metric we have
been considering. Given the metric (6), we derive the corresponding scalar-tensor
solution

ds2 D �
�
2�

r
� 1

�B

dt2 C
�
2�

r
� 1

��B
dr2 (17)

C
�
2�

r
� 1

�1�B
r2 .du2 C sinh2 u dv2/;

'.r/ D
r

C 2.2! C 3/

16�
'0 ln

�
2�

r
� 1

�

; (18)

where

C 2 D 1 � B2
2! C 3

� 1 
 B 
 1: (19)

This clearly reduces to our anti-Schwarzschild metric (6) in the GR limit when
B D 1, and hence C D 0 implying that G D ˚�1 is constant (we assume .2! C
3/ > 0 throughout). On the other hand this also shows that the solution has two
branches corresponding to C D ˙f.1 � B2/=.2! C 3/g1=2.

Notice that as pointed out by Agnese and La Camera [1], the r D 2� limit is no
longer just a coordinate singularity, but rather a true singularity as it can be seen from
the analysis of the curvature invariants. In the spherically symmetric case, Agnese
and La Camera show that the singularity at r D 2� has the topology of a point, and
hence the event horizon of the black hole shrinks to a point. In the Einstein frame
this happens because the energy density of the scalar field diverges [29]. In the case
under consideration the r D 2� condition now corresponds to the areal radius of

the pseudo-spheres,R D
�
2�
r

� 1

.1�B/=2

r becoming zero.

Reverting ' D R p

˚0.2! C 3/=.16�/ d ln.˚=˚0/, and the conformal transfor-
mation, gab D .2�=r � 1/�C Qgab , we can recast this solution in the original frame
in which the scalar-field is coupled to the geometry and the content is vacuum, i.e.
the Jordan frame. We derive

˚.r/ D ˚0

�
2�

r
� 1

�C

; (20)

ds2 D �
�
2�

r
� 1

�B�C
dt2 C

�
2�

r
� 1

��B�C
dr2

C
�
2�

r
� 1

�1�B�C
r2 .du2 C sinh2 u dv2/: (21)
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This shows that the gravitational constant G D ˚�1 decays from an infinite value
at r D 0 to a vanishing value at r D 2� when C > 0, and conversely, grows
from zero at r D 0 to become infinite at r D 2�, when C > 0. As we did for
the general relativistic case we study the geodesic behaviour of test particles in the
scalar-tensor spacetime. The quantities 
 and h defined as the energy per unit mass
and the angular momentum per unit mass, respectively, now become


 D
�
2�

r
� 1

�B�C
Pt ; h D

�
2�

r
� 1

�1�B�C
�

r2 sinh2 u� Pv	 ; (22)

and are once again first integrals of the motion of test particles. Therefore for the
“radial” motion of test particles, we have the following equation

�
2�

r
� 1

��2C
Pr2C

�
2�

r
� 1

�B�C
0

B
@1C h2

�
2�
r

� 1

.1�B�C/

r2 sinh2 u�

1

C
A D 
2:

(23)
This is analogous to the equation of motion of a particle with variable mass under

the potential 2V.r/ D
�
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r

� 1

B�C

 

1C h2
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.1�B�C /

r2 sinh2 u
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. The latter

crucially depend on the signs of the exponents of the terms �.r/ D
�
2�
r

� 1



: If

we recast Eq. (23) as

Pr2 C �BCC
�

1C h2

�.1�B�C/ r2 sinh2 u�

�

� 
2 �2C D 0; (24)

we now have the motion of a test particle with vanishing effective energy under the
self-interaction potential

2Veff .r/ D �BCC .r/
�

1C h2�
r2
�BCC�1

�

� 
2 �2C ; (25)

where h� D h sinh u�. In Figures 2 and 3 we plot some possible cases, which help
us draw some important conclusions. On the one hand, high values of ! imply more
repulsive potentials, since the higher ! the closer we are to GR. Notice that high
values of ! mean small C , i.e., smaller variation of G. It is though remarkable that
for larger departures from GR (left plot of 2) V.r/ may exhibit a minimum in the
range 0 < r < 2�, leading to closed orbits, something which was not possible in
the GR solution. On the other hand comparing the left plots of Figures 2 and 3, we
realise that the increase in angular momentum renders the potential more repulsive,
shifting the minimum beyond r D 2�.

Overall, what is most remarkable in what regards the vacuum ST solution derived
here is that we are in the presence of a strong gravitational field. The absence of a
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newtonian asymptotic limit at the GR level is the signature of this situation, and
prevents us from performing the usual PPN multipolar expansion that permits to
identify the departures from GR. Thus, if one wishes to ascertain how our ST solu-
tion departs from GR, we need to look at the perturbation of the GR solution itself
(rather than that of the almost Minkowski weak field solution). The way to accom-
plish this is to generalise the formalism developed in a number of remarkable works
for the Schwarzschild solution (see [17] and references therein). We have to trade
the spherical symmetry of the latter by the pseudo-spherical symmetry of our solu-
tion. At present we are pursuing this task and we will report our results elsewhere.
From the observational viewpoint what will be needed to test the admissibility of the
negatively curved solutions under consideration (both the GR and the ST solutions)
is to resort to test of strong fields requiring the detection of gravitational waves (for
a discussion see [27])).

5 Discussion

We have considered a static solution with a pseudo-spherical foliation of space.
We reviewed its exotic features, and derived the extended scalar-tensor solution.
The fundamental feature of these solutions is the absence of a newtonian weak field
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limit. Indeed it is known that not all of the GR solutions allow a newtonian limit, and
this is the situation here. However, assuming that the solutions of the Einstein field
equations represent gravitational fields, albeit far from our common physical set-
tings, it is possible to ascertain the implications of varying G in the strong fields by
comparing the ST to their GR counterparts. From the viewpoint of observations this
relies on the future detection of gravitational waves. We conclude with a quotation
from John Barrow [3] which seems appropriate here

The miracle of general relativity is that a purely mathematical assembly of second-rank
tensors should have anything to do with Newtonian gravity in any limit.
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Beyond Bekenstein’s Theory

L. Kraiselburd, M. Miller Bertolami, P. Sisterna, and H. Vucetich

Abstract There are several very different motivations for studying the variation
of fundamental constants. They may provide a connection between cosmology and
particle physics due to the coincidence of large dimensionless numbers arising from
the combination of different physical constants. Bekenstein’s variable charge model
is very attractive because it is based on very general assumptions: covariance, gauge
invariance, causality and time-reversal invariance of electromagnetism. The gener-
ality of its assumptions guarantee the applicability of the scheme to other gauge
interactions such as the strong forces. Besides, it introduces a useful simplifying
assumption; namely, that the gravitational sector is unaffected by the scalar field
introduced to vary the coupling constant. That is why it is interesting to explore first
this simplified model, before a similar exploration of more general theories.

1 Introduction

Since the proposal due to Gamow [11], the possible time variation of the fine struc-
ture constant has been analyzed by many authors. There are many publications
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on observational upper bounds on its time variation as well as several theoretical
frameworks (see [19,26] and references there in). It’s very motivating to think about
the possibility that alpha has had a different value to the current, although this is a
subject of great debate and more research must be done about it [21].

Bekenstein’s theory [1], resting on a number of minimal hypothesis based on
highly accepted physical principles, is in a sense representative of many low energy
theories inspired on grand unification schemes. In this work we will derive equations
that govern the energy exchange between matter, the scalar field and the electromag-
netic field. Although we do not analyze the precise mechanism of energy release,
we assume that the work done by the scalar field is radiated away in an efficient
way, as is the case in the rotochemical heating of neutron stars due to the spin down
of the star [7, 23].

In section 2 we make a brief review of Beckenstein’s theoretical model. In sec-
tion 3 we derive a generalized version of Poynting theorem for the electromagnetic
field and we find how the energy flow of matter is modified by the scalar field.
In section 4 we describe the magnetic energy of matter using “sum rules tech-
niques”. In section 5, we study the thermal history of the Earth in the presence
of the scalar field. Finally in section 6 we present our conclusions.1

2 Bekenstein’s Theory

Here we review Bekenstein’s theory and its prediction for the cosmological time
variation of ˛. Although we will consider galactic as well as terrestrial phenomena,
we nevertheless can confidently assume that they track the cosmological evolution
of ˛ [25].

Bekenstein [1] modifies Maxwell’s theory by introducing a field 
 that dynami-
cally describes the variation of ˛. The hypothesis are [1, 19]

1. The theory must reduce to Maxwell’s when ˛ D Cte.
2. The changes in ˛ are dynamical (i.e. generated by a dynamical field) 
.
3. The dynamics of the electromagnetic field as well as 
’s can be obtained from a

variational principle.
4. The theory must be local gauge invariant.
5. The theory must preserve causality.
6. The action must be time reversal invariant.
7. Planck’s scale `P is the smallest length available in the theory.
8. Einstein’s equations describe gravitation.

String theories and the like in which there are other fundamental length scales,
force us to set aside condition 7. These hypothesis uniquely lead to the following
action:

S D Sem C S� C Sm C SG (1)

1 This contribution is a summary of our article “Energy production in varying ˛ theories”, which
will be published in Astronomy and Astrophysics.
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where

Sem D � 1

16�

Z

F ��F��
p�gd 4x; (2)

S� D � „c
2`B

Z

;�
;�


2
p�gd 4x; (3)

Sm and SG are the matter and gravitational field actions respectively, and the metric
here is .�1; 1; 1; 1/.

Bekenstein modifies the connection between the vector potential and the electro-
magnetic field that comes from Maxwell’s.

F�� D 1







.
A�/;� � .
A�/;�
�

(4)

and the (second kind) local gauge invariance implies


A0
� D 
A� C �;� (5)

r� D @� � e0
A� (6)

as the gauge transformation and covariant derivative of the theory respectively. The
last equation defines the local value of the elementary electric charge (coupling
constant)

e.r; t/ D e0
.r; t/ (7)

that is


 D
�
˛

˛0

� 1
2

(8)

In what follows we will neglect the small spatial variations of ˛ and focus on the
cosmological variation, as we will be interested on any secular energy injection of
the scalar field on a planet such as the Earth. In our approximation it is also enough
to work in flat space-time.

The field equations for the electromagnetic field and for 
 are

�
1



F ��

�

;�

D 4�j� (9a)

� ln 
 D `2B
„c
�



@�

@

� 
j�A� C 1

4�

�

A�F
��
	

;�

�

D `2B
„c
�



@�

@

� F ��F��

8�

� (9b)
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where j� D P
.e0=c�/u�.�g/�1=2ı3Œxi � xi .
/� and � is the energy density of

matter [1]. � is the covariant flat d’Alambertian

�� D �;�;� D ����;�;�: (10)

A note regarding the matter lagrangian is in order: in [1, 2] Bekenstein represents
matter as an ensemble of classical particles. However, wherever quantum phenom-
ena become important, as in white dwarfs or condensed matter physics, this is not
a realistic description. It is neither a good picture at large energy scales (or small
length scales) because fermions have a “natural length scale”, the particle Compton
wave length 	C D „=mc, that makes quite unrealistic any classical model at higher
energies. In particular several conclusions of reference [2] have to be reconsidered.

In reference [1] it is shown that the cosmological equation of motion for 
 is

d

dt

�

a3
P




�

D �a3 `
2
B

„c
�



@�

@

� 1

4�

�

E2 � B2
	
�

: (11)

In the non relativistic regime E2 � B2 and � / 
2, hence

d

dt

�

a3
P




�

D �a3�c `
2
B

„c �mc
2 (12)

where �m is the total rest mass density of electromagnetically interacting matter and
�c is a parameter describing its “electromagnetic content”, which is essentially the
ratio of the energy-momentum trace and the total mass. A first estimation is

�c � 1:2 � 10�3: (13)

Following the standard cosmological model, we assume dark matter to be electro-
magnetically neutral.

Given that �m / a�3 we can integrate Eq. (12) and use the usual cosmological
notation obtaining

P




D �3�c
8�

�
`B

`P

�2

H 2
0˝B

�
a0

a.t/

�3

.t � tc/: (14)

Primordial nucleosynthesis standard model tell us that the integration constant
tc must be very small in order not to spoil the agreement between theory and
observation. Using WMAP values we obtain the following prediction for . P̨=˛/0

� P̨
H0˛

�

0

D 1:3 � 10�5
�
`B

`P

�2

: (15)

Any measurement with a precision such as �. P̨=H0˛/ � 10�5 is difficult to achieve,
so the comparison between theory and experiment is a difficult task.
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The same arguments can be applied to many theories with varying ˛, such as
Kaluza-Klein [19] or string inspired theories as Damour-Polyakov’s [4, 5].

3 Energy Transfer in Bekenstein’s Formalism

We will study how energy is injected and then released in varying˛ theories, in order
to look for observable consequences in the emissions of astrophysical as well as
geophysical systems. According to Bekenstein and using c D 1, the electromagnetic
contribution has the same form as in Maxwell’s theory

T em
�� D 1

4�

h

F��F�
� � g��

4
F��F

��
i

(16)

the difference lying in the connections between the vector potential and the field
Eq. (4).

On the other hand, the energy-momentum tensor of the scalar field 
 is:

T ��� D „
`2B

�

;�
;�


2
� 1

2
g��


;˛
;˛


2

�

: (17)

In what follows we use the redefined field as  D ln 
. As we will consider
local phenomena, we can work in a locally inertial coordinate system. We denote
the “field part of the energy-momentum tensor” as the scalar plus electromagnetic
energy momentum tensor:

T
��

f D T ��em C T ��� (18)

In terms of  and replacing g�� with ��� , we obtain that the divergence of Tf is

T
��

f ;� D 1

4�

�

F �˛;�F
�
˛ C F �˛F �˛;� � 1

2
���F ˛ˇF˛ˇ;�

�

C „
`2B

�

 ;�;� 
;� C  ;� ;� ;� � ��� ;˛;� ;˛

	

:

(19)

Putting the equations of motion (9) inside Eq. (19) and simplifying the result
using the homogeneous Maxwell equation, we obtain the following expression

T
��

f ;� D �e j ˛F �˛ C  ;�

�

���
@�

@ 
C T ��em � 1

16�
���F˛ˇF

˛ˇ

�

: (20)

Let us add to both sides of the equation the divergence of the energy momentum
tensor of matter T ��m ;� in order to find the energy transfer (according to hypothesis 8
we assume that Einstein’s equations hold unmodified for the gravitational field and
hence the total energy momentum tensor is conserved) T ��f ;� CT

��
m ;� D 0. So, this

equation explicitly shows the energy transfer from the field  to matter
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T ��m ;� D e j ˛F �˛ �  ;�

�

���
@�

@ 
C T ��em � 1

16�
���F˛ˇF

˛ˇ

�

(21)

which is the source of any observable effect. From

 ;� D 
;�



D 1

2

˛;�

˛
(22)

we find the “machian” contribution to energy transfer

T ��m ;�
.machian/ D 1

2

˛;�

˛

�

���
@�

@ 
C T ��em � 1

16�
���F˛ˇF

˛ˇ

�

(23)

We use Bekenstein’s notation, that is, the time-space components of e F �� are
identified with E while space-space components are identified with B, and for us
S D E�B

4�
. Then, the component 0 of Eq. (21) reads

T 0�m ;� D j:E � e�2 B2 P 
4�

� e�2 r :S C P @�
@ 

(24)

Implicit in our previous analysis and algebra stands the generalized Poynting
theorem. In its standard version it involves only electromagnetic terms, while in
our case it will also involve the interaction between the electromagnetic and scalar
fields.

Tem
0	
;	 D @uem

@t
C r:e�2 .

E � B
4�

/ D �E � j C e�2 E2

4�
P C e�2 S:r (25)

where Tem00;0 D .@uem/=@t ; the electromagnetic energy is uem D e�2 .E2 C
B2/=.8�/ and Tem0i ;i D r:e�2 .E�B

4�
/ D r:e�2 S; being S the Poynting vector.

We note that this result is independent of the details of the gravitational and matter
lagrangians, besides their interacting terms with the electromagnetic field. In partic-
ular it holds independently of the details of the interaction of matter with the scalar
field. We recall that the usual interpretation of the first term in the right hand side of
Eq. (25) is the work done by the electromagnetic field on matter. In the same fashion
we may interpret the second and last term as the work done by the electromagnetic
field on the scalar field. An analog phenomenon could be given by the work done
by an increasing Newton constant G on a planet augmenting the pressure and thus
compressing it [15].

Let us estimate the electrostatic contribution to the matter energy. In a non rela-
tivistic system such as a light atom or nuclei, the electromagnetic energy is given by
the electrostatic field which satisfies the equation

r � Ee�2 D 4��0em (26)
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where �0em is the reference charge density. In the limit when ˛ varies only cosmo-
logically the solution is

E D e2 E0 (27)

where E0 is the electrostatic reference field defined for e D 1. The electromagnetic
energy density results

uem D e�2 .B2 C E2/
8�

D e2 u0em (28)

and the temporal variation

Puem D 2 P uem C e2 Pu0em D P̨
˛

uem C e2 Pu0em: (29)

If there were no scalar injection of energy and Pu0em � 0, the Poynting theorem
Eq. (25) together with the expression for the energy variation Eq. (29) would lead
to

j � E D � B2

4�
P e�2 : (30)

As we will consider phenomena where the motion of matter is negligible, taking
the first index as 0 is equivalent to project along the fluid four-velocity. Also the
total time derivative d=dt D @=@t C v:r will be equal to the partial time derivative
@=@t . In the general case when there is viscosity and heat transfer, the right-hand
side can be written, in the non relativistic limit, as

T 0�m ;� D @

@t
.
1

2
�v2 C u/C r:Œ�v.

1

2
v2 C w/ � v:� 0 C J� (31)

where w is the specific enthalpy, u is the internal energy density, J is the heat flux,
which can generally be written as ��rT , being T the temperature and � the thermal
conductivity. Finally, .v:� 0/k stands for vi� 0

ik
, with � 0 being the viscous stress tensor

[18]. As we said above, we neglect the velocity of the fluid, so we obtain

T 0�m ;� D @u

@t
C rJ (32)

A note of caution regarding the internal energy is in order. We understand, as usual,
“internal energy” as the energy that can be exchanged by the system in the processes
considered (heat exchange, radiative transfer, etc.), which will differ from what we
understand by “rest mass”, which is the “non convertible energy”. If the scalar field
can change the effective electric charge, then it can alter the electromagnetic contri-
bution to the rest mass, and consequently, this contribution will be no longer “rest
mass”, but “internal energy”.
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The time variation of the internal energy u will have two contributions: one cor-
responding to the cooling process @u

@t
jcooling and another one related to the interaction

with the scalar field @��

@t
. This last term accounts for the dependence of the bulk of

matter on the scalar field, which is mainly given by the electromagnetic contribution
to the nuclear mass. Then equation (24) will finally read

@u

@t
jcooling C @��

@t
C rJ D � B2

4�
P e�2 � e�2 B2 P 

4�
� e�2 r :S � P @�

@ 
: (33)

Since the scalar field is space independent, and given that the electromagnetic
energy of matter is mainly accounted by the nuclear content, we assume that the
following condition @�

@ 
� @��

@ 
� 0 is fulfilled. Consequently, we obtain

rJ D �e
�2 B2 P 
2�

� @u

@t
jcooling: (34)

We define

�a D 2
e�2 B2 P 
Ma4�

� 2
P̨
˛

B2

8�Ma

(35)

as two times the energy production per mass unit of any material substance a (using
the approximation, e�2 ! 1 when  << 1).

Now follows our main physical assumption: the cooling term is not modified by
the scalar field. The reasons for this assumption are two: 1) as we just showed, the
electrostatic energy “injected” by the scalar field stays within the matter bulk (the
cancellation of terms as seen in Eq. (34)) and 2) the thermal evolution should not
change given the high thermal conductivity of the Earth and white dwarfs consid-
ered in this work. Thus we expect the magnetic energy excess to be radiated away,
increasing the heat flux J as shown in Eq. (34).

4 The Electromagnetic Energy of Matter

As we have mentioned in the previous section, the only “input” we have is that which
comes from the magnetic field. Stationary electric currents which are generated by
charged particles and their static magnetic moments, and quantum fluctuations of the
number density are the responsible of the generation of magnetic fields in quantum
mechanics. Such contributions have been studied and calculated by [13, 28] from a
minimal nuclear shell model using the following analysis (for more details see [16]).

The total magnetic energy of the nucleus can be written as,

Em ' 1

2c2

X

˛

Z

dxdx0 h0j j.x0/ j˛i � h˛j j.x/ j0i
jx � x0j ; (36)
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where ˛ runs over a complete set of eigenstates of the nuclear hamiltonian H . We
neglect the momentum dependence of the nuclear potential and assume a constant
density within the nucleus. Making some calculations we finally obtain,

Em D
Z

d 3x
B2

8�
' 1

2c2

Z

d 3xd 3x0 j.x/ � j.x0/
j x � x0 j ' 3

20�

NE
R.A/„c

Z

�dE; (37)

where R.A/ is the nuclear radius, A number of nucleons. These quantities have the
following approximate representation

R.A/ D 1:2A
1
3 fm;

Z

�dE ' 1:6AMeV fm2: (38)

Then, the fractional contribution of the magnetic energy to rest mass energy is

�.A/ ' EmA

mAc2
� 8:60 � 10�6A�1=3 (39)

5 The Earth Heat Flux

The contribution of P̨=˛ to the heat flux can be calculated using the global heat
balance for the Earth [17], assuming that the machian contribution HC is the only
extra energy production,

MECp
dTm

dt
D �Qtot CHC CHG (40)

where ME is the Earth’s mass; Cp � 1200 J=Kg � K is the average heat capacity
of the planet and Tm is the mantle potential temperature. HG represents the heat
generated by radioactive isotopes. The total heat lossQtot can be written as the sum
of two terms, one that comes from the loss of heat in the oceans Qoc , and the other
by continental heat loss Qcont . Using the results obtained by Labrosse and Jaupart
[17], we rewrite the total heat loss as Qtot � MCp	GTm where 	G � 0:1Gyr�1

is the timescale constant for the secular Earth’s cooling. Assuming that the most
abundant elements of the Earth are oxygen, silica and iron N� � 2:75 � 10�6 and
using H0 � 2:5 � 10�18 s�1, the “extra” energy contribution can be written as,

HC D N�c2H0 P̨
˛H0

(41)

From (14), we can describe the extra contribution as a function of time, writing
a.t/
a0

as a power series [27],

a.t/

a0
� 1CH0dt � q0

2
.H0dt/

2 C j0

6
.H0dt/

3 C � � � (42)
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and then making a Taylor series expansion up to third order of HC . Replacing this
machian contribution in Eq. (40) and solving it, we find an expression for the cosmo-
logical perturbation of the mantle’s temperature �Tm in terms of the time interval
�t and P̨

˛H0
.

�Tm.t/ D2:43 � 105 K=Gyr
P̨

H0˛
.�t/3 � 3:78 � 106 K=Gyr

P̨
H0˛

.�t/2

C 3:05 � 107 K=Gyr
P̨

H0˛
�t

(43)

According to [17], the total amount of cooling experienced by the Earth after an
initial magma ocean phase cannot exceed 200K. So, in the last 2:5Gyr, �Tm <

200K. With these restrictions we obtain a bound for the time variation of ˛,

ˇ
ˇ
ˇ
ˇ

P̨
H0˛

ˇ
ˇ
ˇ
ˇ
0

< 1:93 � 10�6 (44)

Using this result into Eq.(15) we find that,

�
`B

`P

�2

< 0:15
`B

`P
< 0:39 (45)

A different bound can be obtained observing that the total radiated power of the
Earth Qtot can be explained by radioactive decay within twenty per cent [17]. The
most recent data was estimated from an adjustment made with 38347 measurements.
The methodology was to use a half-space cooling approximation for hydrothermal
circulation in young oceanic crust; and for the rest of the Earth surface, the average
heat flow of various geological domains was estimated as defined by global digital
maps of geology, and then made a global estimate by multiplying the total global
area of the geological domain [6].

The result shows that Qtot � 47TW (see [6] fore more details). Therefore,

jQmachj D jMECP	GTm.t/j < 0:2Qtot (46)

Then, in an interval of 2:5Gyr we find

ˇ
ˇ
ˇ
ˇ

P̨
H0˛

ˇ
ˇ
ˇ
ˇ
0

< 3:98 � 10�6 (47)

and
�
`B

`P

�2

< 0:31
`B

`P
< 0:55 (48)
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6 Conclusions

The energy exchange with ordinary matter in alternative theories with new fields
such as Beckenstein’s theory is a delicate subject. Using the field equations and
general hypothesis of the theory we derived the energy transfer between matter and
fields. Hypothesis 8 is key, as states that the matter energy momentum tensor is the
quantity that has to be added to the field sector in order to make the total tensor
divergence free. We also assumed that dark matter is electrically neutral, neglected
the motion of matter in the bodies considered, and found that the dynamical feature
of the electric charge makes the atomic electromagnetic energy part of the internal
energy of the system. Eq. (34) shows that there is an extra contribution to the heat
current besides the cooling of matter, which is given by the time variation of the
scalar field and by the magnetic content of matter. We also justified our assump-
tion that the matter cooling rate is not modified by the scalar field. Finally using a
minimal nuclear shell model we estimated the magnetic energy content of matter,
thus permitting us to quantify the anomalous heat flux in terms of the fundamental
parameters of the theory and the chemical composition of the body.

Our best bound was obtained analyzing the geothermal aspects of the Earth,
as those are naturally the best understood and measured of our solar system, and
the surface heat flux is very low. Our bounds (1:52 � 10�16 yr�1 and 3:14 �
10�16 yr�1) are comparable with that obtained in laboratory combining measure-
ments of the frequencies of Sr [1], HgC [9], YbC [22] and H [8] relative to Caesium
(.3:3 ˙ 3:0/ � 10�16 yr�1) [20]; only one order of magnitude weaker than Oklo’s
(.2:50˙0:83/�10�17 yr�1) (the theory independent most stringent bound on ˛ time
variation up to date [10]) and another found from measurements of the ratio of Al+
and Hg+ optical clock frequencies over a period of a year (.5:3˙7:9/�10�17 yr�1)
[20, 24]. The constraints we found depend on the cooling model of the Earth, but
there is a general agreement on the mechanisms behind it [14]. The data set is redun-
dant putting solid constraints on the theory. This analysis may be applied to other
theories with extra fields that introduce extra “internal energies” to matter. We will
report further work on future publications.
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The Cooling of White Dwarfs and a Varying
Gravitational Constant

E. García–Berro, L.G. Althaus, S. Torres, P. Lorén–Aguilar,
A.H. Córsico, and J. Isern

Abstract Within the theoretical framework of some modern unification theories the
constants of nature are functions of cosmological time. Since white dwarfs are long-
lived, compact objects, they offer the possibility of testing a possible variation of the
gravitational constant and, thus, to place constraints to these theories. We present
full white dwarf evolutionary calculations in the case in which the gravitational con-
stant G decreases with time. White dwarf evolution is computed in a self-consistent
way, including the most up-to-date physical inputs. The evolutionary sequences also
consider accurate outer boundary conditions provided by non-gray model atmo-
spheres and a detailed core chemical composition that results from the calculation
of the full evolution of progenitor stars. We find that the mechanical structure and the
energy balance of the white dwarf are strongly modified by the presence of a vary-
ing G. In particular, for a rate of change of G larger than PG=GD � 1� 10�12 yr�1,
the evolution of cool white dwarfs is markedly affected. The impact of a varying G
is more notorious in the case of more massive white dwarfs.
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1 Introduction

In several modern grand-unification theories, the constants of nature are supposed
to be functions of low-mass dynamical scalar fields — see, for instance, Ref. [25]
and references therein. If these theories are correct, we expect them to experience
slow changes over cosmological timescales — see the review papers [35] and [16]
for general descriptions of the theoretical approaches which can be used to formally
describe the variation of fundamental constants and for recent revisions of the most
stringent upper limits to their rate of change. This contradicts the fact that for most
applications we assume that these constants are independent of time (and of space
location). In fact, the statement about the constancy of the fundamental “constants”
of nature is just a hypothesis, though quite an important one, which deserves to be
explored. The issue of variation of the physical constants was first addressed by
Dirac [12], who formulated it within the framework of his Large Number Hypoth-
esis. In his pioneering work, he basically considered variations of the fine structure
constant, ˛, which characterizes the strength of the electromagnetic interaction, and
of G, which provides the strength of the gravitational interaction. Given that, as
mentioned, the hypothetical variations of the fundamental constants are expected to
occur over very large timescales, bounds obtained from astronomical observations
are of the maximum interest to test the validity of these theories.

In recent years, several constraints have been placed on the variation of the fine
structure constant [16,35]. This is a controversial issue, since there have been recent
claims that for a range of redshifts (0:5 < z < 3:5) the results are consistent with
a time-varying fine structure constant [29, 37, 38], whereas other authors have chal-
lenged these results [8,9,23,30,34], or, at least, have cast doubts on such a possible
detection of a time-varying ˛ [24]. In sharp contrast with the vivid debate about
whether (or not) there is evidence for a varying fine structure constant, relatively
few works have been devoted to study a hypothetical variation of the gravita-
tional constant. The reason probably lies on the intrinsic difficulty of measuring the
value of this constant [28]. Actually, the gravitational constant is the fundamental
constant for which we have the less accurate determination, and the several mea-
sures of G differ considerably. Therefore, it is not surprising that many methods
aimed to bound any hypothetical variation of G have been devised. At present, the
most tight constrains are those obtained using Lunar Laser Ranging and Big Bang
nucleosynthesis. The Lunar Laser Ranging experiments provide an upper bound
PG=G D .0:2˙ 0:7/ � 10�12 yr�1 [20], whereas Big Bang nucleosynthesis bounds

are of the same order of magnitude �0:3� 10�12 yr�1 <� PG=G <� 0:4� 10�12 yr�1
[3, 10]. Nevertheless, the difficulty of measuring G and the fact that its variation, if
any, might had not been uniform in time recommend the use of alternative methods.

2 The Role of G in the Evolution of White Dwarfs

White dwarf stars provide an independent way of testing the possibility of any hypo-
thetical variation of the gravitational constant. There are several reasons for this.
First, white dwarfs are extremely long-lived stars. Thus, the effects of a varying
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gravitational constant can become prominent, even for very small secular rates of
change. Second, white dwarfs are the end-point of stellar evolution for the vast
majority of stars. Hence, the present Galactic populations contain substantial num-
bers of white dwarfs. Third, white dwarfs are rather compact objects. The pressure
of degenerate electrons supports their mechanical structure, and this structure is very
sensitive to the precise value of G. Finally, the evolution of white dwarfs is rela-
tively well understood, and can be fairly described as a simple gravothermal process.
Hence, for sufficiently low temperatures their luminosity is derived entirely from a
close balance between the thermal and the gravitational energies. Consequently, a
secularly varying G largely affects the gravothermal balance of white dwarfs and,
thus, their luminosities.

One of the possible methods to constrain a variation of G using the structure and
evolution of white dwarfs takes advantage of the dependence of the secular rate of
change of the period of pulsation of variable white dwarfs on its cooling rate [5, 6].
In the case of a constantG the secular rate of change of the period not only depends
on the cooling rate but also on the rate of change of the radius of the white dwarf
[2, 39]:

P̆
˘

� �a
PT
T

C b
PR
R

(1)

In the case of a varying G, there is an additional term related to PG=G that is par-
tially counterbalanced by the second term in Eq. (1). This was shown in Ref. [5],
who applied the method to the well studied variable white dwarf G117-B15A and
obtained a rather loose bound, �2:5 � 10�10 yr�1 
 PG=G 
 0.

Another method to constrain a possible variation of G using white dwarfs is to
use their luminosity function, that is the number of white dwarfs per unit bolometric
magnitude and unit volume. This stems from the fact that the number counts of white
dwarfs in each magnitude bin depends sensitively on the characteristic cooling time
of white dwarfs in the corresponding luminosity interval. Furthermore, for a given
age of the Galaxy, the white dwarf luminosity function presents a marked cut-off,
which is an indicator of the age of the Galaxy. The position of this cut-off depends
primarily on the white dwarf cooling times. Thus, since a varying G modifies the
white dwarf evolutionary times its position depends sensitively on the adopted rate
of change of G. The first studies in which dwarf number counts were considered
to constrain a possible variation of the gravitational constant resulted to be non-
conclusive [36]. This was due to both the lack of good observational data and of
reliable cooling models. Later, a simplified treatment of cooling was used [15] to
check which could be the effects of a slowly varying G in the white dwarf cooling
ages and number counts. In this study it was assumed that PG=G was small enough
to ensure that white dwarfs have time to adjust its mechanical structure to the actual
value of G in a timescale much shorter than that of the cooling timescale. Under
such assumption, the white dwarf luminosity can be written as:

LC L� D �dB
dt

C
PG
G
˝: (2)
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where B is the binding energy of the white dwarf, B D U C ˝ , U is the total
internal energy, ˝ is the total gravitational energy and L� is the neutrino luminos-
ity. The evolution of the luminosity was then obtained from a series of static models,
not from fully evolutionary calculations, assuming a relationship between the lumi-
nosity and the core temperature obtained from fits to evolutionary calculations with
constant G. Furthermore, it was assumed that the evolution of a 0:6Mˇ was repre-
sentative of that of white dwarfs with very different masses. Despite this simplified
treatment using the white dwarf luminosity function available at that time they were
able to obtain an upper limit PG=G 
 �.1:0˙ 1:0/� 10�11 yr�1. This method was
criticized in [6] who claimed that Eq. (2) could be further worked out, but their crit-
icism does not apply to the results of [15] because the cancellation of the different
terms was carefully taken into account in that work.

What neither the works of [15] nor [6] took into account is the fact that the
relationship between the core temperature and the luminosity of white dwarfs also
depends on the gravitational constant. For instance, adopting the simplified Mestel
cooling law [27] it turns out that L / G. This means that a full stellar evolutionary
code is needed if an accurate treatment of white dwarf cooling whenG changes with
time is to be done. To our knowledge, the only calculations of cooling white dwarfs
with a time-varying G employing an up-to-date stellar evolutionary code are those
of [4] but their analysis turned out to be flawed by a numerical artifact, and detailed
calculations remain to be done. Moreover, none of the above mentioned works took
into account that if G varies its value in the past differs from its present value,
and all the calculations were done using the present value of G, thus neglecting a
potentially important effect.

Yet there is another possible way to use white dwarfs to constrain any hypo-
thetical variation of G. As it is well known, white dwarfs have a maximum mass,
Chandrasekhar’s mass. This limiting mass depends on the precise value of the grav-
itational constant. To be specific, it turns out that MCh / G�3=2. On the other hand
Type Ia supernovae are supposed to be the result of the complete incineration of
white dwarfs with masses close to Chandrasekhar’s mass. This is the fundamen-
tal reason why Type Ia supernovae are supposed to be one of the best examples
of standard (or, at least, calibrable) candles. As a matter of fact, it turns out that,
although the nature of their progenitors and the detailed mechanism of explosion
are still the subject of a strong debate, their observational light curves are relatively
well understood and characterized and, consequently, their individual intrinsic dif-
ferences can be easily accounted for. Thus, a change in the Chandrasekhar mass
affects the intrinsic brightness of thermonuclear supernovae, and thus their distance
determination. Consequently, using the Hubble diagram of high-redshift supernovae
consistent upper limits on the rate of variation of G can be posed [18].

Given all the previous discussion it is quite evident that the evolution and struc-
ture of white dwarfs is sensitive to the past value of G and to its rate of variation.
However, all previous studies have clear shortcomings, and have not considered the
evolution of cooling white dwarfs when a varyingG is adopted with enough degree
of detail to set reliable upper bounds to the variation of G. Thus fully evolutionary
calculations with a large degree of realism are highly desirable. In this work we aim
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at closing this gap. We focus exclusively on the role of a varying G in the cooling
of white dwarfs, and for the moment being, we neglect other effects that may have a
considerable impact in the cooling times, such a possible different chemical compo-
sition of the white dwarf cores, or the initial-to-final mass relationship. This effects
will be explored in a future and will be presented elsewhere.

3 Updated Cooling Sequences with a Varying G

In the interest of simplicity, for the evolutionary calculations presented here we have
assumed that PG=G remains constant with time. Such calculations have been done
using the LPCODE [1] stellar evolutionary code — see [31] for recent applications
of this stellar evolutionary code, and for a detailed description of the physical inputs
included in our cooling sequences. For the purpose of the present work it is sufficient
to say that our cooling sequences include the most modern and appropriate physical
inputs. However, let us mention that among such inputs we include the most modern
prescriptions for neutrino emission rates [19,22], conductive [7] and radiative opaci-
ties [21], element diffusion [1], carbon-oxygen phase separation upon crystallization
[14], 22Ne gravitational sedimentation [1,13,17], non-gray model atmospheres [32]
and a reliable equation of state [26, 33].

Given that our aim is to compute self-consistently the cooling of white dwarfs in
the presence of a varyingG, we write the local luminosity equation as

@Lr

@m
D �
� � @u

@t
C P

%2
@%

@t
: (3)

and we allow G to vary. This is a fair approach and has been adopted in previous
studies of this kind [11]. Using the equation of hydrostatic equilibrium the density
of each of the layers of the white dwarf now varies not only because the white dwarf
cools, but also because G varies. In passing we note that the models of Ref. [15]
were a sequence of static models in which although both contributions were taken
into account, this was not done in a self-consistent way, since for these static models
the present value of G was adopted, which is not the case of the present work.
Naturally, this influences the cooling of white dwarfs. In this work, we assume that
G decreases with time. Thus, since energy will be absorbed to expand the star in
response to a decreasing G, we expect to find that white dwarfs cool faster [15].

4 Evolutionary Results

We have computed the full evolution of white dwarf model sequences of masses
0.525, 0.609 and 1:0Mˇ, for three values of the rate of change of G, namely
PG=G D �5�10�11 yr�1, PG=G D �1�10�11 yr�1, and PG=G D �1�10�12 yr�1.



52 E. García–Berro et al.

Table 1 White dwarf evolutionary sequences computed in this work. We list the white dwarf stel-
lar mass (in solar units) and, for each value of the rate of change of the gravitational constant, PG=G
(in units of yr�1), the initial value of G at the beginning of the white dwarf cooling phase, Gi=G0,
being G0 the actual value of G. The numbers in brackets give the stellar luminosity. log.L=L

ˇ

/,
at which G D G0 occurs

MWD=Mˇ

Gi=G0

PG=G D �5� 10�11 PG=G D �1� 10�11 PG=G D �1� 10�12

0.525 1.40 (�4:40) 1.10 (�4:37) 1.010 (�4:33)
0.525 1.30 (�4:20) 1.05 (�4:05) 1.005 (�4:00)
0.525 1.20 (�4:05) 1.02 (�3:66)
0.525 1.10 (�3:77)

0.609 1.50 (�4:83) 1.20 (< �5) 1.100 (< �5)
0.609 1.40 (�4:40) 1.10 (�4:30) 1.050 (< �5)
0.609 1.30 (�4:19) 1.05 (�4:02) 1.020 (< �5)
0.609 1.20 (�4:02) 1.02 (�3:60)
0.609 1.10 (�3:68)

1.000 1.24 (�4:64) 1.10 (�4:55) 1.020 (< �5)
1.000 1.20 (�4:12) 1.05 (�3:68) 1.010 (�4:30)
1.000 1.10 (�3:23) 1.02 (�3:10) 1.005 (�3:56)

Since the white dwarf evolution in the case of a varyingG is strongly dependent on
the initial value of G, we have computed for each value of PG=G several evolution-
ary sequences with different values ofGi=G0, whereGi stands for the value ofG at
the beginning of the cooling track at high effective temperature, andG0 corresponds
to the present value of G. All in all, we have computed 30 white dwarf evolutionary
sequences. These sequences are listed in Table 1, which gives for each sequence
the white dwarf stellar mass and the values of Gi=G0 for each of the values of the
rate of change of G adopted here. In addition, in this table we also list the surface
luminosity (in solar units) for whichG D G0. Note that the election of the values of
Gi has been made in such a way that the present value of the gravitational constant
occurs at advanced stages of white dwarf evolution, mainly when the surface lumi-
nosity ranges from log.L=Lˇ/ D �3 to �5, the luminosities of the most typical
white dwarfs.

The evolution of the central density and temperature for our 0:609Mˇ white
dwarf model sequences for the case of a rate of change ofG of PG=G D �5�10�11
yr�1 and for different initial values of G at the start of the cooling track is shown in
Fig. 1. The standard case in which G D G0 is adopted during the evolution is also
depicted. This figure clearly emphasizes the marked dependence of the white dwarf
structure on the actual value ofG, an expected feature in view of the compact nature
of these stars. Note in particular that the central density of our model white dwarf
becomes considerably smaller as the gravitational constant decreases. Considering
that the energy of cool white dwarfs is essentially of gravothermal origin, this has
important implications for the evolution of old white dwarfs, since even a small
change in G will alter the energy balance of the star, and thus its luminosity and the
corresponding cooling times.
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Fig. 1 Central temperature versus central density for the 0:609M
ˇ

white dwarf model sequences
assuming PG=G D �5 � 10�11 yr�1 and for different initial values of the gravitational constant
G at the start of the cooling phase. The standard case of a constant value of G during the entire
evolution is also shown for the sake of comparison

The impact of the initial value of G and of its rate of change on the cooling
times can be assessed inspecting Fig. 2. This figure shows the temporal evolution
of the surface luminosity for different 0:609Mˇ white dwarf cooling sequences.
The curve labeled as Gi D G0 displays the standard evolution in which the grav-
itational constant is set to the present value of G during the entire evolution. The
curve labeled as “Gi D 1:4G0 (constant)” shows the evolution for the situation in
which a constant value of G is adopted, but for the (unrealistic, but illustrative)
case in which G D 1:4G0. In this case, the change in the slope of the cool-
ing curve at log.L=Lˇ/ � �2:7 and the subsequent decrease in the cooling rate
reflects in large part the onset of core crystallization (which occurs earlier than in
the standard case) and the associated energy release. This cooling curve should be
compared with the cooling sequence labeled asG D 1:4G0 which displays the cool-
ing sequence for the same sequence but now assuming that G decreases at the rate
PG=G D �5 � 10�11 yr�1. It is clear from this figure that when G is allowed to

vary the energy balance of the star results strongly modified. Indeed, note that the
cooling rate is strongly accelerated. This fact reflects the energetic demand required
for the star to expand against gravity in response to a decreasing G. As a result, by
the time the gravitational constant has reached the present value — which for this
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Fig. 2 Surface luminosity versus age for different 0:609M
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white dwarf sequences. The line
labeled as Gi D 1:4G0 corresponds to the case of a constant value of G, which we have chosen
to be 1:4G0, during the entire white dwarf evolution. The line labeled as Gi D G0 displays the
evolution for the standard case. Finally the curve labeled as Gi D 1:4G0 shows the evolution
assuming PG=G D �5 � 10�11 yr�1 and an initial value of G at the start of the cooling phase of
Gi D 1:4G0

sequence occurs at log.L=Lˇ/ � �4:4 — the cooling process has been strongly
accelerated.

From the previous discussion it is rather evident that the white dwarf cooling rate
depends sensitively both on the adopted initial value of G and on the rate of change
of G. To disentangle both effects we have computed a set of cooling sequences for
which the present value of G occurs for log.L=Lˇ/ � �4:0, which is the most
typical luminosity of field white dwarfs. This set of cooling sequences is shown in
Fig. 3 for an otherwise typical white dwarf of mass � 0:609Mˇ. We have adopted
several secular rates of change of the gravitational constant, namely PG=G D �1 �
10�12 yr�1, �1 � 10�11 yr�1, and �5 � 10�11 yr�1. It is worth noting that there
is a marked dependence of the white dwarf evolutionary timescales on the assumed
rate of change of G. In passing we note that this dependence is more notorious in
the case of more massive white dwarfs, because their structure is more compact, but
we do not show here the results for the sake of conciseness. However, it is evident
from Fig. 3 that for the case in which PG=G D �1 � 10�12 yr�1 the evolutionary
cooling times are almost indistinguishable from those of the standard case, in which
a constant G is adopted (shown in this figure as a dashed line). This value of PG=G
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/ � �4:0. The dashed line corresponds to the standard case of a
constant G

provides a lower limit for the rate of change of G above which we expect that the
evolution of white dwarfs will be influenced in a noticeable way by a secularly
varyingG.

5 Conclusions

The variation of the fundamental constants of nature is a controversial topic that
deserves further study. In recent years several studies have been devoted to investi-
gate the variation of the fine structure constant, ˛, but very few investigations have
been carried out to set upper bounds on a hypothetical variation of the gravitational
constant, G. There are several reasons for this, but perhaps the most important one
is that the relative error on the determination of the value of G is the largest one
when all the fundamental constants of nature are considered. Additionally, the most
stringent upper limits on the rate of variation of G come from the Earth-Moon
system, or from cosmological determinations, namely Big Bang nucleosynthesis
and the cosmic microwave background, whereas very few constraints at a Galactic
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scale have been derived so far. White dwarfs provide us with an unique opportu-
nity to confirm or discard a variation of G at such scales. The reason is that white
dwarfs are strong-gravity and slowly-evolving objects, with very long evolutionary
timescales, and moreover the physics governing their evolution is relatively well
understood. In a step forward to do this, in this work we have computed a new set
of white dwarf evolutionary sequences in which we allow G to vary. In the interests
of simplicity, we have assumed that PG=G remains constant with time. Specifically,
we have followed the evolution of white dwarf model sequences of masses 0.525,
0.609 and 1:0Mˇ considering three values for the rate of change of G, namely
PG=G D �5�10�11 yr�1, PG=G D �1�10�11 yr�1, and PG=G D �1�10�12 yr�1,

and different initial values of G. These sequences have been computed taking into
account the core chemical composition predicted by the evolution of progenitor stars
with different stellar masses as well as the state-of-the art input physics relevant for
white dwarf stars. We find that the mechanical structure of cool white dwarfs is
strongly modified when a slowly varyingG is adopted. Specifically, we have found
that a varying G alters the hydrostatic balance, and hence the balance between
the gravitational energy and total internal energy (electronic, ionic and Coulomb
energies). Naturally, this influences the cooling of the white dwarfs. Since we have
assumed that the rate of change of G is negative, the cooling process is accelerated
in all cases, since energy is absorbed to expand the star. Moreover, we have found
that these effects are more noticeable for massive white dwarfs, owing to their larger
gravities. Finally, we find that for and otherwise typical white dwarf of � 0:6Mˇ
when the rate of change of G larger than PG=G D �1 � 10�12 yr�1 the evolution
at sufficiently low luminosities is markedly affected. Last but not least, we men-
tion that the calculations to study other effects that may have a considerable impact
in the cooling times, such a possible different chemical composition of the white
dwarf cores, or the effect of a varyingG in the initial-to-final mass relationship, are
currently under way, and will be presented elsewhere.
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Testing the Variation of Fundamental Constants
with the CMB

Silvia Galli, C.J.A.P. Martins, Alessandro Melchiorri, and Eloisa Menegoni

Abstract The high precision of current and future CMB data may allow the detec-
tion of numerous physical processes that might change the standard model of
recombination, leaving recognizable imprints on the angular power spectra. We
review some of the results obtained in constraining the variation of fundamental
constants, in particular the effects of the gravitational constant G and of the fine
structure constant ˛.

1 Introduction

The recent measurements of the Cosmic Microwave Background (CMB) flux pro-
vided by experiments such as the Wilkinson Microwave Anisotropy Probe (WMAP)
mission (see [12, 16, 17], the ACBAR collaboration (see [29]) and many others
have confirmed several aspects of the cosmological standard model and improved
the constraints on several key parameters. These spectacular results, apart from the
experimental improvements, have been possible due to the high precision of the
CMB theoretical predictions that have now reached an accuracy close to 0:1% over
a wide range of scales. A key ingredient in the CMB precision cosmology is the
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accurate computation of the recombination process. Since the seminal papers by
Peebles and Zel’dovich (see [27, 40]) detailing the recombination process, further
refinements to the standard scheme were developed [32] allowing predictions at the
accuracy level found in data from the WMAP satellite and predicted for the Planck
satellite [13, 34, 37].

While the attained accuracy on the recombination process is impressive, it should
be noticed that these computations rely on the assumption of standard physics.
Non-standard mechanisms such as (just to name a few) high redshift stars or active
galactic nuclei, topological defects and dark matter decays or annihilation could pro-
duce extra sources of radiation or determine a variation of fundamental constants,
therefore yielding a modification of the recombination process. With the WMAP
results and the future Planck data, it therefore becomes conceivable that deviations
from standard recombination may be detected.

Here we want to focus on how much current and future CMB data can constrain
the variation of fundamental constants. The interest in this work relies in the fact
that this analysis tests the value of the couplings at time and lenght scales that are
comparable to the age/size of the universe, providing complementary constraints to
the ones obtainable with laboratory experiments. In Sec. 2 we present the results
obtained in constraining the Gravitational Constant, while in Sec. 3 we report the
constraints for the fine structure constant. In Sec. 4, we consider the possibility that
the Gravitational constant and the fine structure constant could vary together due to
an underlying common mechanism.

Most of the work presented here is taken from [8, 9, 21, 23, 24]. We refer the
reader to those papers for further details.

2 Newton’s Gravitational Constant

The hypothesis that fundamental constants of physics could vary in space and time
was probably first proposed by Dirac [7]. Since then, many authors have explored
this possibility (see [38] for a detailed review), improving the accuracy on the
value of these constants. Many different methods have been used to test the con-
stancy of these quantities at different scales and epochs. Nevertheless, it is still
difficult to determine some of them with very high precision. In particular, the
gravitational constant G remains one of the most elusive constants in physics. The
past two decades did not succeed in substantially improving our knowledge of its
value from the precision of 0:05% reached in 1942 (see [11]). On the contrary, the
variation between different measurements forced the CODATA committee1, which
determines the internationally accepted standard values, to temporarily increase the
uncertainty from 0:013% for the value quoted in 1987 to the one order of magnitude
larger uncertainty of 0:15% for the 1998 “official” value ([25]).

1 See http://www.codata.org/
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Measurements of the Cosmic Microwave Background temperature and polariza-
tion anisotropy have been suggested as a possible tool for determining the value of
the gravitational constant G (see [39]).

In [8] we constrained the value of G using WMAP5 [12] and ACBAR [29] data
and simulated data for the PLANCK satellite and for a hypothetical cosmic variance
limited experiment.

We first determined the constraints on a constant value of G using current
CMB data. We parameterized the deviations from the conventional value of the
gravitational constant G0 by introducing a dimensionless parameter 	G such that
G D G0	

2
G following [39]. The effect of different values of 	G on the angular

power spectra is shown in Fig. 1.
We then allowed 	G to vary in a modified version of the CAMB code ([19]) in the

publicly available Markov Chain Monte Carlo package cosmomc ([18]), sampling
the following set of parameters: the baryon and cold dark matter densities !b and
!c, the Hubble constant H0, the scalar spectral index ns , the overall normalization
of the spectrum As at k D 0:05 Mpc�1, the optical depth to reionization, 
 , the
amplitude of the Sunyaev-Zel’dovich power spectrum and the gravitational constant
	G D p

.G=G0/. Furthermore, we considered purely adiabatic initial conditions
and we imposed spatial flatness.

Results for different sets of data are shown in table 1.
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Fig. 1 Temperature, Polarization and cross Temperature-Polarization power spectra in function of
variations in 	G . Taken from [8]
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Table 1 Constraints on 	G from current WMAP and ACBAR data and future constraints achiev-
able from the Planck satellite mission and from a cosmic variance limited experiment (CVL). Taken
from [8]

Experiment Constraints on 	G at 68%cl

WMAP 1:01˙ 0:16

WMAP+POL 0:97˙ 0:13

WMAP+ACBAR 1:03˙ 0:11

PLANCK 1:01˙ 0:015

CVL 1:002˙ 0:004

CMB data can constrain a constant value ofG with an accuracy of � 10% level at
68% c.l., therefore not being competitive with the accuracy quoted by the CODATA
committee of 0:01% at 68% c.l. Only a cosmic variance limited experiment will
be able to achieve a slightly more comparable precision, reaching an accuracy of
� 0:4%.

3 Fine Structure Constant

A time varying fine structure constant can leave an imprint on CMB anisotropies
by changing the time of recombination and the size of the acoustic horizon at
photon-electron decoupling, and the steadily improving CMB datasets have been
extensively used to constrain it. Parameterizing a variation in the fine structure con-
stant as �˛ D .˛ � ˛0/=˛0, where ˛0 D 1=137:03599907 is the standard, local,
value and ˛ is the value during the recombination process, the authors of [22] used
the first year WMAP data, finding the constraint �0:06 < �˛ < 0:01 at 95% c.l.
(see also [7]). This constraint was subsequently updated to �0:039 < �˛ < 0:01

(see [36]) by combining the third year WMAP data with the Hubble Space Telescope
key project constraint on the Hubble Constant. More recently, using the five-year
observations from the WMAP satellite, the authors of [26] found the constraint
�0:05 < �˛ < 0:042. It is well known (see e.g. [36]) that a variation in the fine-
structure constant is mostly degenerate with a variation in the Hubble constant
H0 D 100 hKm=s=Mpc. Combining CMB data with independent measurements
of H0 can indeed improve the constraint on ˛. Fig. 2 shows the effect of different
values of ˛ on the CMB power spectra.

In [23] we investigated the new constraints on ˛ obtained by using substantial
improvements reported both in measurements of CMB anisotropies and in the deter-
mination of the Hubble constant. The results from the ACBAR ([29]), QUAD ([3])
and BICEP ([4]) experiments, together with the WMAP data from the five-year sur-
vey, sample the CMB temperature angular spectrum with great accuracy down to
arcminute angular scales and also provide clear evidence for acoustic oscillations in
the polarization channel. We also included the older datasets from BOOMERanG
([15]) and CBI ([30]). Moreover, we included the improved constraint on the Hubble
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Fig. 2 Temperature, Polarization and cross Temperature-Polarization power spectra in function of
variations of ˛=˛0

Table 2 Limits on ˛=˛0 from WMAP data only (first row), from a larger set of CMB experiments
(second row), and from CMB plus the HST prior on the Hubble constant, h D 0:748˙0:036 (third
row). We report errors at 68% and 95% confidence level

Experiment ˛=˛0 68% c.l. 95% c.l.

WMAP-5 0:998 ˙0:021 C0:040
�0:041

All CMB 0:987 ˙0:012 ˙0:023
All CMBCHST 1:001 ˙0:007 ˙0:014

constant of h D 0:747 ˙ 0:036 at 68% c.l., from the recent analysis of [31]. We
analysed these data by means of the COSMOMC code.

We sampled the same set of cosmological parameters described in Sec. 2, with
the fine structure constant in place of the gravitational constant.

In Table 2 we report the constraints on the ˛=˛0 parameter obtained from the
COSMOMC analysis, using different combinations of datasets.

Clearly the new CMB data at arcminute angular scales provide a substantial
improvement in the determination of ˛. The uncertainty on ˛ is indeed halved when
the data coming from the QUAD, BICEP and ACBAR experiments are included in
the analysis. The increase in the precision is mainly due to the effects from mod-
ified recombination on the CMB anisotropy damping tail that is more accurately
measured by the QUAD and ACBAR experiments.

In [24] we also showed that these constraints are relaxed by more than 50% when
dark energy models different from a cosmological constant are considered.
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4 Coupled Variation of the Couplings

The constraints presented in the previous sections assumed that only a single cou-
pling, either G or ˛, is varied at the time, together with the 6 ƒCDM parameters
and the amplitude of the Sunyaev-Zel’dovich power spectrum. Nevertheless, in any
sensible theory where a coupling is rolling, one generically expects the others to
do so as well, though possibly at fairly different rates. Since the rolling is expected
to be due to the same underlying mechanism (the most natural of which will be a
dynamical, fundamental scalar field), the rates of change of the various couplings
will in fact be related in any given theory.

In [21] we used the CMB to constrain possible variations of ˛ and Newton’s
constantG together, assuming them to be related by a phenomenological parameter
whose value will be different in various fundamental physics scenarios.

Specifically, we considered that the variations of ˛ and G are related by

�˛

˛
D Q

�G

G
(1)

with Q a free parameter that can be positive or negative, but not much larger than
unity in absolute value (we conservatively assumed that �10 < Q < 10). As an
illustration of the range of values allowed in some representative models, Kaluza-
Klein-type theories typically have 1 < Q 
 3, Einstein-Yang-Mills hasQ D 1, and
Randall-Sundrum type models have very small positive Qs (say Q � 0:01). These
examples are discussed in more detail in [10,20]—note that all of them haveQ > 0.
However, one can equally easily find models withQ < 0: for example string theory
dilaton-type models have Q � �1 [6], while the BSBM-Brans-Dicke model has
Q D �1 exactly [2].

We sampled the following ten-dimensional set of cosmological parameters,
adopting flat priors on each of them: the baryon and cold dark matter densities !b

and !c, the Hubble constant H0, the scalar spectral index ns , the overall normal-
ization of the spectrum As at k D 0:05 Mpc�1, the optical depth to reionization,

 and, finally, the variations in the fine structure constant ˛=˛0 and in the Newton’s
constant 	G . Furthermore, we considered purely adiabatic initial conditions and we
impose spatial flatness.

Our basic data set is the five–year WMAP data [12, 16] (temperature and polar-
ization), ACBAR ([29]), QUAD ([3]) and BICEP ([4]), as well as the older datasets
from BOOMERanG ([15]) and CBI ([30]). For all these experiments we marginal-
ized over a possible contamination from Sunyaev-Zel’dovich component, rescaling
the WMAP template at the corresponding experimental frequencies.

We also combined the CMB data with the recent UNION catalog of super-
novae type Ia luminosity distances and with the improved constraint on the Hubble
constant of h D 0:747˙ 0:036 at 68% c.l., from the analysis of [31].

We also computed the constraints on 	G and ˛ using standard BBN theoretical
predictions as provided by the numerical code described in [28], which includes
a full updating of all rates entering the nuclear chain based on the most recent
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Table 3 Limits on ˛=˛0 and 	G from CMB data only (first row), from CMB+SN-Ia (second row),
from CMB plus the HST prior on the Hubble constant, h D 0:748˙ 0:036 (third row), from CMB
plus BBN (fourth row) and for simulated mock data for the Planck experiment. We report errors at
68% confidence level

Experiment ˛=˛0 68% c.l. 	G 68% c.l.

All CMB 0:999 ˙0:017 1:04 ˙0:12
All CMBCSN-Ia 0:989 ˙0:012 1:04 ˙0:11
All CMBCHST 1:003 ˙0:008 1:13 ˙0:09
ALL CMBCBBN 0:985 ˙0:009 1:01 ˙0:01
Planck only 1:000 ˙0:015 1:02 ˙0:09
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Fig. 3 68% and 95% c.l. constraints on the ˛=˛0 vs 	G for different datasets. The contours regions
come from CMB data (blue), CMB data and SN-Ia (red), and CMBCHST (green)

experimental results on nuclear cross sections. The BBN predictions were com-
pared with the experimental determinations of the 4He mass fraction Yp and D/H
abundance ratio, Yp D 0:250˙ 0:003 and D/H D .2:87C0:22

�0:21 /� 10�5, as discussed
in [35]. In Table 3 we report the constraints on the ˛=˛0 and the 	G parameters
obtained from the COSMOMC analysis, using different combinations of datasets,
and in Figure 3 we show the 68% and 95% c.l. constraints on the ˛=˛0 vs 	G for
the different datasets.

Comparing these with the results presented in the previous sections for the two
individual parameters, we see only a mild change in the best fit and confidence
intervals for ˛, while the changes are somewhat larger for G. Furthermore, the con-
straints partially improve when a prior is imposed on the value of H0, as both the
parameters are degenerate with the Hubble constant.

It is also interesting to notice that, due to the degeneracy between the two parame-
ters, a future detection for a variation in ˛ could be on the contrary due to a variation
in G. It is therefore important to pursue a combined search for variations in the two
constants since their effect on the CMB anisotropy are very similar. Nevertheless,
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due to this degeneracy the bounds obtained will be only marginally improved by
Planck compared to current CMB data. On the contrary, stronger improvements can
be obtained by combining the CMB data with a BBN analysis, if one assumes that
˛ and G do not vary from BBN to recombination.

From the perspective of mode-building it is interesting to consider the behavior
of the Q parameter, which in terms of our analysis pipeline is defined as ˛

˛0
� 1 D

Q.	2G � 1/:

Obviously, since the current data doesn’t show any evidence for variations in G
or ˛ it is not possible to rule out any of the models discussed before, even though
linearly fitting the apparent correlation between ˛ and 	G the data seem to prefer
positive values of Q. In other words, if there are any variations at or around the
percent level, then the variations of the two parameters must have the same sign.
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The Value of the Fine Structure Constant Over
Cosmological Times

Carlos M. Gutiérrez and Martín López-Corredoira

Abstract The optical spectra of objects classified as QSOs in the SDSS DR6 are
analyzed with the aim of determining the value of the fine structure constant in
the past and then check for possible changes in the constant over cosmological
timescales. The analysis is done by measuring the position of the fine structure
lines of the [OIII] doublet (		4959 and 		5008) in QSO nebular emission. From
the sample of QSOs at redshifts z < 0:8 a sub sample was selected on the basis
of the amplitude and width of the [OIII] lines. Two different method were used
to determine the position of the lines of the [OIII] doublet, both giving simi-
lar results. Using a clean sample containing 1568 of such spectra, a value of
�˛=˛ D .C2:4 ˙ 2:5/ � 10�5 (in the range of redshifts z � 0 � 0:8) was deter-
mined. The use of a larger number of spectra allows a factor � 5 improvement on
previous constraints based on the same method. On the whole, we find no evidence
of changes in ˛ on such cosmological timescales. The mean variation compatible
with our results is 1= < t > �˛=˛ D .C0:7˙ 0:7/ � 10�14 yr�1.

1 Introduction

In some theories that try to unify all the fundamental interactions, the constants of
nature are functions of a low mass dynamical scalar field, which slowly changes
over cosmological timescales [15]. Astrophysics offers a possible test to constrain
the parameters of such theories by directly measuring the values of such con-
stants through the comparison of properties of objects at different evolutionary
epochs of the Universe [8, 9]. In particular, several methods have been developed
to measure the value of the fine structure constant (˛) based on the analysis of
cosmic microwave background data [14], Big Bang nucleosynthesis [7], and the
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fine splitting of several atomic lines in QSO spectra (see below). A review on the
techniques and observational constraints can be found in [5].

Here, we mention only those methods based on fine structure splitting. The split-
ting ratio (	2 � 	1/=.	2 C 	1/ at two different epochs gives the relative difference
in ˛ between these two epochs. It is shown [15] that

�˛

˛
.z/ D 1

2

�
Œ.	2 � 	1/=.	2 C 	1/�z

Œ.	2 � 	1/=.	2 C 	1/�0
� 1

�

where 	2 and 	1 are the wavelengths of the pairs of the doublet, and the subscripts
z and 0 refer to the values at redshift z and local respectively.

The method has been employed to measure the relative separation of absorption
lines in the spectra of QSOs, including the alkali doublet [2], and the many multiplet
method (MML, [16]). The best constraints obtained using the alkali doublet method
are those by Chand et al. [4] (ı˛=˛ D .0:15˙ 0:44/ � 10�5 over the range 1:59 

z 
 2:32). The MML is the only method that has resulted in claims for the detection
of variation of ˛ [13, 16] �˛=˛ D .�0:574 ˙ 0:102/ � 10�5 in the range 0:2 

z 
 3:7, although these results are controversial. Another group [10] has developed
a slight modification of the MML method in which only one atomic ion (Fe II)
is used, avoiding many of the assumptions and uncertainties inherent to the MML
method. Their latest analysis [11, 12] determined�˛=˛ D .�0:12˙ 1:79/ � 10�6
at z D 1:15 and �˛=˛ D .5:4˙ 2:5/ � 10�6 at z D 1:84.

Here, we use the [OIII] nebular emission lines in QSOs to constrain past vari-
ations in ˛. The method was proposed by Bahcall and Salpeter [1], and was later
applied by Bahcall et al.[3] and Grupe et al. [6]. Because the analysis is based on a
pair of lines only, the constraints on �˛=˛ are not as strong as those obtained with
the other methods mentioned above, but has the advantage that it is more transpar-
ent and less subject to systematics. The method is based on the same element and
level of ionization, and both lines originate in the same upper energy level, so the
analysis is quite independent of the physical conditions of the gas where the [OIII]
lines originate. It therefore represents a good alternative for determining the value
of ˛ on a firm basis. Bahcall et al. [3] analyzed the QSOs of the Early Data Release
of SDSS and built a clean sample of 42 QSOs in the range 0:16 
 z 
 0:80, from
which they derived �˛=˛ D .C0:7 ˙ 1:4/ � 10�4. Here, we use the QSOs in the
latest release of the SDSS to improve such constraints significantly.

2 Sample Selection and Methodology

The SDSS-DR6 Catalog Archive Server1 contains 77 082 objects classified as QSOs.
By SQL queries we downloaded the extracted 1d spectra of all of them. These
spectra have a resolution �2000 and the range covered is �3400–9200 Å, which

1 http://www.sdss.org/dr6/access/index.html#CAS
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includes the [OIII] doublet up to redshift �0:85; this restriction in redshift auto-
matically limits the sample to 28,860 spectra. The wavelength calibration was
checked by measuring the position of the atmospheric OI line. From 1656 sky
spectra we determined a mean position of 5578:885 Å and a standard deviation of
0.287 Å which agrees quite well with the theoretical value (5578.887 Å) and with
expectations from the spectral resolution of the spectra. The selection of the final
sample was done on the basis of the strength, shape and width of the [OIII] lines,
reliability of the continuum estimation, and possible contribution due to the relative
proximity of the Hˇ line. The estimation of the spectral position of the [OIII] lines
was done following two methods which are described below.

Method 1: To estimate the centroids of the lines, we first determined the FWHM
of each line and averaged the flux of the pixels within the spectral range covered by
that FWHM. We estimate the relative strength of the [OIII] lines with respect to the
noise in the adjacent continuum. Such noise was estimated by measuring the con-
tinuum rms of each spectrum in the wavelength range 5040–5100 Å (rest frame).
We select those objects that have strong (SNR > 20 in the peak) [OIII] lines. These
restrictions provide us with a sub sample (which we refer to hereafter as the “raw
sample”) of 3739 objects. The contribution of the Hˇ line could in principle produce
a blueshift in the estimation of the centroids of the lines, particularly affecting the
4959 Å line. We checked that this contribution could be properly quantified by com-
puting the level of the flux (after subtraction of the continuum) in a spectral region
slightly bluer than the position of the [OIII] (		4959) Å line. After many trials we
chose the 4925–4935 Å (rest frame) wavelength range to estimate possible resid-
uals of Hˇ and remove from the sample those objects with fluxes in that interval
above 0.05 the peak value of the [OIII] (		4959) Å line. We also eliminated spectra
with very wide or double peaked [OIII] lines. Figure 1 shows the different spectral
regions used to calculate fluxes and centroids, and to assess potential Hˇ residual
contamination and the continuum level. We do not impose any further restrictions
based on the shape (the presence of asymmetries) of the [OIII] lines. After all these
cuts, 1978 spectra remained to constitute our “clean 1” sample. Using this sample
we obtain mean �˛=˛ D .�0:9˙ 2:6/ � 10�5. The results are very robust against

Fig. 1 Diagram showing the regions used to compute the centroids and relative fluxes, and the
regions used to assess the Hˇ residual contamination and the noise in the continuum
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Fig. 2 The spectral region around the [OIII] doublet for some of the objects included in the clean
sample (see the main text). The spectra have been normalized with respect to the peak of the main
[OIII] line

the precise constraints; for instance selecting only those spectra with SNR > 30 in
the peak of the [OIII] lines, we obtain mean �˛=˛ D .1:9˙ 2:6/ � 10�5. Figure 2
shows examples of the region centered around the [OIII] doublet of some spectra
randomly chosen from this sample. The figure shows that for a given spectrum both
lines are well above the noise level, and have similar shapes. A few of them show
the presence of asymmetries probably related to the kinematics of the cloud or the
presence of multiple clouds. The distributions of centroids of each member of the
doublet show similar rms (0.78 Å); this indicates the absence of significant distor-
tions in the estimation of the position of the 4959 Å line due to the relative proximity
of the Hˇ line. The distribution of the wavelength separation between the centroids
of both lines has a rms of 0.11 Å; this indicates that the main factor broadening
the distribution of the centroids of the [OIII] lines are absolute spectral shifts which
mostly reflect the kinematics (
150 km s�1) of the narrow line clouds where the
[OIII] originates.

Method 2: The emission lines of OIII (4959 and 5008), and Hˇ (narrow and
broad components) were simultaneously modeled by a single Gaussian each. The
wavelength position of each line of the [OIII] doublet was directly estimated as
the central position of the corresponding Gaussian. In principle this seems a very
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simple description of the line profiles, and in many cases produces a poor fit to
the data. However, in practice the method takes advantage of the expected similar
shape for both lines of the doublet, and removes most of the contribution of Hˇ
in the spectral region of the [OIII] doublet. After removing the most extreme cases
of poor fits, the results are quite consistent and robust. Selecting those spectra in
which each of the [OIII] lines are described by Gaussian with peak amplitudes> 20
the level of the continuum noise, and � within the range 1.4-3.0 Å (rest frame of
the [OIII] 5008 line) there were 1568 spectra (‘clean sample 2’) from which we
obtained�˛=˛ D .C2:4˙ 2:5/ � 10�5.

3 Results and Discussion

The results obtained by both methods are compatible and quite similar. Both
estimations are also compatible with the local value.

To analyze the value of �˛=˛ as a function of redshift (or look-back time) we
compute the mean values in redshift interval. This is shown in Fig. 3 and Table 1.
The bins in redshift have been built in order to include approximately the same
number (175) of spectra each. Although none of the bins shows a statistical sig-
nificant departure from zero, the largest deviation is at the 2.7� level in the bin

Fig. 3 �˛=˛ vs. redshift. Each bin contains the contribution of �175 spectra
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Table 1 �˛=˛ at different redshifts

Redshift �˛=˛ (10�5/ 1-� errors

0.003 � 0.076 C0.6 5.2
0.076 � 0.110 �10.3 5.7
0.110 � 0.152 C21.5 8.0
0.152 � 0.199 C6.1 7.4
0.199 � 0.240 C7.0 6.5
0.240 � 0.300 �0.3 8.6
0.300 � 0.378 �0.8 8.4
0.378 � 0.490 C6.6 7.5
0.490 � 0.747 C1.4 8.2

which corresponds to the range in redshift 0.110-0.152. That bin includes those
cases in which one of the [OIII] lines lies near the spectral position of the atmo-
spheric OI line. To check for the possible influence of some residual of the OI line
in the estimation of the centroids of [OIII] in that range of redshift, we built a new
sample excluding those spectra having redshifts in which any of the [OIII] lines
is closer than 15 Å to the spectral position of the atmospheric OI line. This new
constraint removes 59 spectra. The overall results on �˛=˛ do not change much
(�˛=˛ D .C0:6˙2:4/�10�5) using this new clean sample, but the significance of
the departure from zero in the corresponding bin in redshift (0.107-0.161) is largely
reduced (�˛=˛ D .C7:0˙ 5:8/ � 10�5).

The range in redshift spanned by our sample corresponds to a maximum look-
back time of 6.6 Gyr, and a mean of 3.0 Gyr. Following Bahcall et al., the mean rate
of possible changes is 1= < t > �˛=˛ D .C0:7˙0:7/�10�14 yr�1. A linear fit of
�˛=˛ with respect to look-back time gives a slope of .0:2˙ 1:6/� 10�14 yr�1. All
these numbers as a whole do not show any significant evidence of change in �˛=˛
with redshift.

The analysis by Bahcall et al. [3] based on the Early Data Release of SDSS,
comprised a sub sample of the sample analyzed in this paper, so it is worth making
a comparison of both studies. There are 38(10) shared objects between the sample
of these authors and our raw(clean) sample. The distribution of�˛=˛ obtained from
objects in common between our raw sample and the Bahcall et al. sample is similar,
while the rms of �˛=˛ from our clean sample is 0:5 � 10�3, slightly better than
the sample of Bahcall et al. (0:7 � 10�3). So, although the method and criteria
for selecting the samples are quite different from each other, both studies agree
quite well. The much higher number of spectra used in this study (1568 in our
clean sample) with respect to the 42 objects in the Bahcall et al. sample would
allow us in principle to reduce the uncertainty by a factor

p

1568=42 D 6:1. The
result presented by Bahcall et al. is .0:7 ˙ 1:4/ � 10�4 , and therefore our result
(�˛=˛ D .C2:4 ˙ 2:5/ � 10�5) improves the sensitivity by a factor �5, which
agrees with statistical expectations.
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Current State of mp=me D � Measurements
Versus Cosmic Time

Rodger I. Thompson

Abstract This article reviews the current state of measurement of � D MP =Me

the ratio of the proton to electron mass in the early universe. Unlike the contribution
in this volume by Webb et al. on the value of the fine structure constant ˛ there
is no current evidence for a different value of � in the early universe at the one
part in 105 level Astronomical observations provide a determination of this ratio in
the early universe through observations of molecular absorption and emission lines
in distant objects. Observations of molecular hydrogen in distant damped Lyman
Alpha clouds provide a measurement of � at a time when the universe was only
20% of its present age. The limit of ��=� 
 10�5 produces a significant obser-
vational constraint on quintessence theories for the evolution of the universe and
Super Symmetric theories of elementary particles. It is expected that future work
will improve this limit even further. It would be very difficult to reconcile a constant
value of � with a varying value of ˛.

1 Introduction

In this article the measurements of � D MP =Me, the ratio of the proton to elec-
tron mass, in the early universe are discussed. As such, the extensive laboratory
work on the values of the fundamental constants at the present time will not be
reviewed. All of the measurements described here involve molecular spectra. It
was pointed out 35 years ago [16] that molecular spectra are sensitive to the value
of � and could provide a measurement of that fundamental constant in the early
universe.
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2 How � Affects Molecular Spectra

As first described in [16] the spectra of molecules are sensitive to the value of �. In
basic terms the rotational energy is directly proportional to � through the moment
of inertia and the vibrational energy is proportional to the square root of � as in a
classical harmonic oscillator. An interesting alternative derivation of the dependence
is given in [15]. The dependence of the rotational and vibrational energies on the
value of � means that emission and absorption lines of molecules between different
rotational and vibrational states will have different shifts that can not be mimiced by
a redshift. [16] suggested that the absorption lines of molecular hydrogen observed
in high redshift Damped Lyman Alpha (DLA) clouds would provide a measure of �
in the early universe. At that time, however, there were not large enough telescopes,
sensitive enough spectrometers, and accurately enough measured line wavelengths
to carry out the measurement. Currently all three requirements are present and a
vigorous observation and analysis program is being carried out, primarily on the
Lyman and Werner Bands of H2.

Unfortunately the electronic energy levels of molecules are little affected by
the value of � therefore the shifts in energy of the rotational and vibrational lev-
els is diluted by the much larger electronic energy levels that are observed in the
Lyman and Werner bands that are redshifted from the ultraviolet into the optical
bands. A much more sensitive measurement can be made on pure rotational tran-
sitions that for most molecules lie in the radio region. Even more sensitive are the
inversion transitions of molecules like ammonia where the nitrogen nucleus passes
through the plane of the three hydrogen atoms. There have been several programs to
observe both the rotational and inversion spectra of molecules at radio frequencies
as described later in this review. To date they have been limited to redshifts below 1
and have other difficulties as explained in the review of those observations.

3 Nature of the Lyman and Werner Bands

The transitions that are normally observed in molecular hydrogen for the mea-
surement of � are the Lyman and Werner band electronic transitions. Their rest
wavelengths are in the 900 to 1000 angstrom region so they are only observable
from the ground at redshifts above 2. The transitions are observed in absorption
in the spectra of quasars with intervening DLAs containing molecular hydrogen.
The absorptions are from the ground electronic and vibrational state from the first
few low lying rotational states, usually from rotational quantum numbers J D 0-4.
A schematic (not to scale) depiction of the energy level diagram for the Lyman and
Werner bands is given in Fig. 1. Note that the selection rules for these transitions
are that �J D � 1,0,1 for the rotational levels and that �v can be any integer for
the vibrational levels. All observed absorption lines from DLA systems are from the
ground electronic and vibrational states with rotational energies usually of J D 0
through 4.
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Fig. 1 The energy level diagram for the Lyman and Werner band of H2. Note the overlap between
low vibrational level Werner lines and high vibrational level Lyman lines

4 Sensitivity Constants

[19] were the first to formally introduce the sensitivity factor Ki for each line i which
is defined as

Ki D d ln	i
d ln�

D �

	i

d	i

d�
D ��

�i

d�i

d�
(1)

With this definition the observed wavelength 	i is related to the rest wavelength 	0
by

	i=	0 D .1C z/.1CKi��=�/ (2)

Since the signal to noise of the observed spectra are generally not high enough
to fit the expected pattern of �� induced redshifts,traditionally data analysis has
been carried out by linear fitting of the reduced redshift � of each line versus the
sensitivity factor Ki for the lines. The reduced redshift � is defined by

� D zi � zQ
1C zQ

D ��=�Ki (3)
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Fig. 2 The reduced redshift versus sensitivity factor plot for Q0347-383. The symbols are
color coded according to the rotational level of the lower electronic state. J D 0(black),
J D 1(red), J D 2(green), J D 3(blue). The solid line is the weighted fit and the dotted line is
the unweighted fit to the individual J levels. The thick dash 3 dot line is the weighted fit and the
thick dash dot line the unweighted fit to all J levels combined. The transitions are labeled with the
last number being the order. The orders are the observed orders with the true order number being
126 minus the printed number

where zi is the measured redshift of the individual lines and zQ is the intrinsic red-
shift of the DLA system containing the H2 lines. Figure 2 gives an example of such
a plot taken from [17]. Note that the fitted slope in this type of plot is ��=�. Also
notice that the reduced redshift axis is multiplied by 106.

5 Advantages and Disadvantages of H2 Observation
to Determine �

As might be expected there is a mix of advantages and disadvantages in using H2
observations to determine the value of �.

5.1 H2 Advantages

A distinct advantage of using H2 absorption lines to measure � is that there are
many different lines that have the same ground state. This reduces the possibility that
different kinematics in areas of different excitation temperature can mimic changes
in �. In practice, however, lines from all of the ground rotational states are generally
grouped into one data set to increase the signal to noise of the fitting. Since the
sensitivity constants are not strongly dependent on the ground rotational state this
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should not produce a systematic affect. If � is different than the present value the
signal should be present in lines from all of the ground states and not present if there
is no change in �.

A second advantage of using H2 is that the wavelengths of the transitions are
known to high accuracy [10, 18]. Most of the lines have wavelengths determined
to a few parts in 108 or better. This allows an accurate determination of the delta
wavelength values of the observed lines from their rest wavelengths. Significant
improvement over the present accuracy of measurement will, however, require even
more accurate wavelength measurements.

A final advantage of H2 is that the presence of two electronic transition systems,
the Lyman and Werner bands, mixes together lines with high and low sensitivity
constants. The superposition of the systems reduces the effect of wavelength errors.
In principle it should be possible to use the low sensitivity constant lines as wave-
length calibrators for the high sensitivity lines. Unfortunately the low number of
observed lines has not allowed that exercise. At higher resolution, where the number
of instrumental blends is reduced, this may be a viable method.

5.2 H2 Disadvantages

A key disadvantage of H2 is that very few DLAs contain sufficient H2 densities to
produce observable spectra. At this time only about a dozen systems have been
examined. If a low resolution signature of DLAs likely to contain H2 could be
developed then the vast treasury of SDSS quasar spectra could be searched and
candidates followed up a high spectral resolution. To date no reliable signature has
been identified.

Unfortunately the Lyman and Werner H2 bands lie in the Lyman alpha forest of
atomic absorption lines. This means that most of the H2 absorption lines are over-
laid or blended with Lyman forest lines. Selection of lines suitable for analysis is a
difficult and often subjective task. Different authors using the same data set usually
make different selections of line for analysis which makes quantitative comparison
of results difficult.

Finally since the observed transitions are electronic the large electronic ener-
gies dilute the changes in energy of the rotational and vibrational levels. Typical
sensitivity constants are on the order of 10�2 as opposed to on the order of 1 for
pure rotational transitions. This means that wavelength accuracies must exceed the
desired accuracy in ��=� by a factor of 100. As mentioned above, this may be the
ultimate limitation on the accuracy of the method.

6 Results to Date

There have been a relatively limited number of sources used to determine values
for � in the early universe. In some cases the same spectra have been analyzed
by different groups using different data reduction and analysis techniques, which
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Table 1 Listing of known � measurements at high redshift

Object Zabs ��=� Reference

Q0528�250 2.811 	 2� 10�4 Foltz et al. (1988)
Q0528�250 2.811 	 7� 10�4 Cowie & Songaila (1995)
Q0528�250 2.811 	 2� 10�4 Potekhin et al. (1998)
Q0528�250 2.811 1:4˙ 3:9 � 10�6 King et al. (2008)
Q1232C082 2.339 1:44˙ 1:14 � 10�4 Ivanchika et al. (2002)
Q1232C082 2.339 1:32˙ 0:74 � 10�4 Ivanchika et al. (2002)
Q0347�382 3.0249 5:8˙ 3:4 � 10�5 Ivanchika et al. (2002)
Q0347�382 3.0249 1:22˙ 0:73 � 10�4 Ivanchika et al. (2002)
Q0347�382 3.0249 5:02˙ 1:82 � 10�5 Ivanchik et al. (2003)
Q0347�382 3.0249 1:47˙ 0:83 � 10�5 Ivanchik et al. (2005)
Q0347�382 3.0249 �0:5˙ 3:6 � 10�5 Ubachs & Reinhold (2004)
Q0347�382 3.0249 2:06˙ 0:79� 10�5 Reinhold et al. (2006)
Q0347�382 3.0249 2:06˙ 0:79� 10�5 Ubachs et al. (2006)
Q0347�382 3.0249 0:82˙ 0:74 � 10�5 King et al. (2008)
Q0347�382 3.0249 2:1˙ 1:4� 10�5 Went & Reimers (2008)
Q0347�382 3.0249 �2:8˙ 1:6� 10�5 Thompson et al. (2009)
Q0405�443 2.5947 2:78˙ 0:88� 10�5 Ubachs et al. (2007)
Q0405�443 2.5947 2:78˙ 0:88� 10�5 Reinhold et al. (2006)
Q0405�443 2.5947 2:11˙ 1:39� 10�5 Ivanchik et al. (2005)
Q0405�443 2.5947 1:01˙ 0:62 � 10�5 King et al. (2008)
Q0405�443 2.5947 0:055˙ 1:0 � 10�5 Thompson et al. (2009)
J2123�0050 2.059 0:56˙ 0:62 � 10�5 Malec et al. (2010)
a Ivanchik et al. (2002) used two different H2 wavelength lists, hence the double
listing for each source.

produced differing results. The single claim for a change in � came from [14] based
on spectra of Q0347-383 and Q0405-443 taken with UVES on the VLT. Subsequent
analysis of the same data by [5], [21] and [17], however, found a null result. Ref.
[17] attributed the positive claim by [14] as due to errors in the UVES pipeline
wavelength calibration. These errors were removed in subsequent versions of the
pipeline production process. The sources and results of the various�measurements
known to the author are compiled in 6. Note that most authors have combined
the results from more than one source to produce limits on the change in � that
are somewhat smaller than the limits on individual sources. A consensus limit on
the change in � would appear to be ��=� 
 10�5 although [5] claim a limit
of ��=� D .2:6 ˙ 3/ � 10�6 which is strongly influenced by their result for
Q0528-250.

7 Systematic Errors

Precision measurements such as those required to evaluate the value of � are very
susceptible to systematic errors therefore an understanding of the sources of sys-
tematic error is extremely important in the study of fundamental constants. In the
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following section we review some of the possible systematic errors that could affect
� measurements.

7.1 Wavelength Calibration

A distinct advantage of using H2 for � measurements is that each line has a unique
sensitivity constant and therefore a unique shift which can not be mimiced by
an error in redshift. In practice, however, the data quality is not good enough to
match the particular pattern of shifts. We therefore try to compute a slope in the
reduced redshift versus sensitivity factor plot. The sensitivity factors increase with
increasing vibrational quantum number of the upper state. The lower state is always
in the ground vibrational state. As the upper level vibrational quantum number
increases the energy of the upper state increases and the wavelength of the tran-
sition decreases. This produces a correlation between wavelength and sensitivity
factor with the sensitivity factor increasing as the wavelength decreases. A system-
atic error in the wavelength scale will then mimic a change in �. This is probably
the source of the previously claimed positive detection of a change in �.

7.1.1 Lyman and Werner Line Mix

The possibility of a linear wavelength error mimicing a change in � is partially
mitigated by the mixing of Lyman and Werner lines in the spectra. The higher elec-
tronic energy of the upper state of the Werner series produces shorter wavelength
transitions with low vibrational quantum number and hence lower sensitivity factors
at the same wavelengths as the high sensitivity lines of the Lyman series as shown
in Figure 2. Mixtures of high sensitivity and low sensitivity lines can occur over
short wavelength intervals where systematic wavelength calibration errors have a
much smaller effect. A particular wavelength interval for Q0347-383 is shown in
Figure 3.

In [17] the Werner lines were compared to their nearest Lyman lines in terms of
wavelength and the histogram of the differences in redshift �z was plotted. Both
Q0347-383 and Q0405-443 have roughly an equal number of lines of positive and
negative �z values as shown in figure 4. This is the result of a new analysis that
improves on the figure from [17] where all of the Q0347-383 values were negative.

7.2 Errors in Rest Wavelengths of H2

Although the accuracy of the H2 rest wavelengths from [18] exceeds our current
accuracy of astronomical measurements, improvement by a factor of 10 to 1 part
in 106 may require more accurate wavelength measurements. Typical sensitivity
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Fig. 3 A region of the spectrum of Q0347-383 that has a mixture of low sensitivity Werner (W)
and high sensitivity Lyman lines (L). The number after the W or L designator is the vibrational
quantum number of the upper state. Note that W2R3, L12R3, W2Q3 and L12P3 all have identical
ground states

Fig. 4 Histogram of the delta redshift between each of the Werner band lines and their adjacent
Lyman band lines for Q0347-383. A positive value means that the Lyman line had a higher redshift
than the Werner line. Note that this is the delta redshift not the delta reduced redshift defined in
Equation 3

constants have values on the order of 0:02 and the typical wavelength errors are
about a few time 10�8. Since the accuracy of measurements of ��=� scale as the
wavelength error divided by the sensitivity factor, this leads to errors on the order of
10�6, which leaves no room in the error budget for other sources of error.
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7.3 Errors in the Sensitivity Factor

Errors in ��=� scale directly as errors in the sensitivity factors. If there is a sys-
tematic error in the sensitivity factors they will lead to the same order of error in
��=�. A possibility is a systematic error in the sensitivity factor with increasing
vibrational quantum number. This could lead to a false positive in the measurement.
Since sensitivity factors are calculated from our knowledge of molecular physics
a systematic error in the approximations used in the calculation could produce a
systematic sensitivity factor error.

7.4 Instrumental Errors

In most spectrometers used to measure ��=� the light path of light from the
observed object is not the same as the light path of the calibration lamp light.
Differences in angle between the principal rays of the object and calibration light
can introduce systematic wavelength differences even if the rest wavelengths of the
calibration lines are accurately known. Similarly temporal instability on the time
scale of the difference in time between object and calibration source observation
can introduce errors.

8 Radio Measurements

Radio measurements of molecular radio rotational and inversion transitions have
two important advantages over optical measurements of electronic transitions. The
first is that the sensitivity factors for radio transitions are of the order of unity for
rotational transitions and can be as high as 4 to 5 for inversion transitions. Inversion
transitions are when one nucleus passes through the plane of the other nuclei. An
example is when the nitrogen nucleus in ammonia passes through the plane defined
by the three hydrogen nuclei. The sensitivity factor for this transition is 4.46. The
second advantage is that the frequency measurement of the lines can be made to very
high accuracy with ��=� 
 10�7. Unfortunately there are also disadvantages with
radio molecular spectroscopy. In general there are usually not multiple transitions
from the same ground state to provide a comparison or reference value so that a shift
in � can be separated from the redshift. Commonly transitions of other molecules
are used as the reference. This introduces the possibility that different kinematics
between the two molecular species could mimic a change in �. A second disadvan-
tage is that to date all of the observations of radio transitions to measure � have
been at redshifts significantly less than 1. This provides a smaller time baseline and
may invoke another problem. In some theories of dark energy than invoke a rolling
scaler field coupled to the value of � the values of the fundamental constants only
roll in the matter dominated era [1] and become locked in to their present day value



86 R.I. Thompson

in the dark energy era of expansion. All of the radio � measurements to date are in
the dark energy dominated era.

8.1 Radio Results

[3] and [12] have observed the inversion spectrum of ammonia in B0218+357 with
limits on ��=� of .0:6˙ 1:9/ � 10�6 and < 1:8 � 10�6 respectively at a redshift
of 0.68466. In the first case CO molecular transitions provided the reference wave-
lengths and HCN and HCOC served as the reference transitions in the second case.
There is no guarantee that the kinematics of these molecules are identical. How-
ever, the lack of a detected shift makes the result significantly more credible than
the detection of a shift would have been.

A more controversial claim is that the value of � varies spatially in our own
galaxy [9, 11]. This claim is made based on the observation of the inversion transi-
tions of ammonia along various sight lines in our galaxy. The reference transitions
in this case are transitions in HC3N and N2HC. The ��=� values found in this
study are .4� 14/� 10�8 which correspond to velocities on the order of 10 to a few
10s of km/sec. It is interesting to compare this reference with the recent claim [20]
of a spatial variation of the fine structure constant ˛ at high redshift.

9 The Future

Just as recent advances in telescopes and spectrometers have ushered in the age
of serious measurements of the fundamental constants in the early universe it is
expected that the next generation of telescopes and spectrometers will make similar
advances. On the immediate horizon is the Potsdam Echell Polarimetric Spectro-
scopic Instrument (PEPSI) on the Large Binocular Telescope (LBT) at a resolution
of 300,000. Also on the horizon is the CODEX spectrometer scheduled for the
Extremely Large Telescope (ELT). Both of these instruments will significantly
increase both the spectral resolution and the signal to noise of H2 spectra at high
redshift. To take advantage of this increased power we must also support laboratory
measurements of molecular spectra in both the Ultra Violet, for redshifted optical
observations, and radio transition frequencies for observations with radio telescopes.
Recent breakthroughs of observations of radio molecular emission spectra at high
redshift holds hope of observing radio absorption spectra in cold Damped Lyman
Alpha systems at high redshift.

The constraints, and claimed shifts, on the values of the fundamental constants
is having an impact on the parameter space available to theories of dark energy and
alternatives, such as Super Symmetry, to the standard model of particle physics. It
is important for these disciplines to work hand in hand for future progress in this
exciting field. of elementary particles.
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Robust Limit on a Varying Proton-to-Electron
Mass Ratio from a Single H2 System

M. Wendt and P. Molaro

Abstract The variation of the dimensionless fundamental physical constant � D
mp=me can be checked through observation of Lyman and Werner lines of molecu-
lar hydrogen in the spectra of distant QSOs. Only few systems have been used for the
purpose providing different results between the different authors. Our intention is to
resolve the current controversy on variation of� and devise explanations for the dif-
ferent findings. An analysis based on independent data sets of QSO 0347-383 is put
forward and new approaches for some of the steps involved in the data analysis are
introduced. Drawing on two independent observations of a single absorption system
in QSO 0347-383 our detailed analysis yields��=� D .15˙ .9stat C 6sys//� 10�6
at zabs D 3:025. Current analyses tend to underestimate the impact of systematic
errors. This work presents alternative approaches to handle systematics and intro-
duces methods required for precision analysis of QSO spectra available in the near
future.

1 Introduction

The Standard Model of particle physics (SMPP) is very successful and its predic-
tions are tested to high precision in laboratories around the world. SMPP needs
several dimensionless fundamental constants, such as coupling constants and mass
ratios, whose values cannot be predicted and must be established through exper-
iment [5]. Our confidence in their constancy stems from laboratory experiments
over human time-scales but variations might have occurred over the 14 billion-year
history of the Universe while remaining undetectably small today. Indeed, in theo-
retical models seeking to unify the four forces of nature, the coupling constants vary
naturally on cosmological scales.
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The proton-to-electron mass ratio, � D mp=me has been the subject of numer-
ous studies. The mass ratio is sensitive primarily to the quantum chromodynamic
scale. The �QCD scale should vary considerably faster than that of quantum elec-
trodynamics �QED. As a consequence, the secular change in the proton-to-electron
mass ratio, if any, should be larger than that of the fine structure constant. This
makes � a very interesting target to search for possible cosmological variations of
the fundamental constants.

The present value of the proton-to-electron mass ratio is � = 1836.15267261(85)
[12]. Laboratory experiments by comparing the rates between clocks based on
hyperfine transitions in atoms with a different dependence on � restrict the time-
dependence of � at the level of . P�=�/t0 D .1:6˙ 1:7/ � 10�15 yr�1 [1].

A probe of the variation of � is obtained by comparing rotational versus vibra-
tional modes of molecules as first suggested by Thompson [19]. The method is
based on the fact that the wavelengths of vibro-rotational lines of molecules depend
on the reduced mass, M, of the molecule. The energy difference between two con-
secutive levels of the rotational spectrum of a diatomic molecule scales with the
reduced mass M, whereas the energy difference between two adjacent levels of the
vibrational spectrum is proportional to .M/1=2:

� D ce C cv

�1=2
C cr

�
; (1)

with ce , cv and cr as constant factors for the electronic, vibrational and rotational
contribution, respectively. Consequently, by studying the Lyman and Werner transi-
tions of molecular hydrogen we may obtain information about a change in �. The
observed wavelength 	obs of any given line in an absorption system at the redshift
z differs from the local rest-frame wavelength 	0 of the same line in the laboratory
according to the relation

	obs;i D 	0;i .1C z/.1CKi
��

�
/; (2)

where Ki is the sensitivity coefficient of the i th component computed theoretically
for the Lyman and Werner bands of the H2 molecule. Using this expression, the
cosmological redshift of a line can be distinguished from the shift due to a variation
of �.

This method was used to obtain upper bounds on the secular variation of the
electron-to-proton mass ratio from observations of distant absorption systems in the
spectra of quasars at several redshifts. The quasar absorption system towards QSO
0347-383 was first studied by us using high-resolution spectra obtained with the
very large telescope/ultraviolet-visual echelle spectrograph (VLT1/UVES2) com-
missioning data we derived a first stringent bound at .�1:8 ˙ 3:8/ � 10�5 [9].

1 Very Large Telescope at the European Southern Observatory (ESO).
2 UV-Visual Echelle Spectrograph.
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Subsequent measures of the quasar absorption systems of QSO 0347-382 and QSO
1232C082 provided hints for a variation .2:4˙ 0:6/ � 10�5, i.e. at 3.5 � [7, 18, 21].
The new analysis used additional high-resolution spectra and updated laboratory
data of the energy levels and of the rest frame wavelengths of the H2 molecule.

However, more recently [8, 20, 22] re-evaluated data of the same system and
report a result in agreement with no variation. The more stringent limits on ��=�
have been found at ��=� D .2:6 ˙ 3:0stat/ � 10�6 from the combination of three
H2 systems [8] and a fourth one have provided��=� D .C5:6˙5:5stat ˙2:7sys/�
10�6 [13].

This work is motivated on one side by the use of a new data set available in the
ESO data archive and previously overlooked and by numerous findings of different
groups that partially are in disagreement witch each other. A large part of these
discrepancies reflect the different methods of handling systematic errors. Evidently
systematics are not yet under control or fully understood. We try to emphasize the
importance to take these errors, in particular calibration issues, into account and put
forward some measures adapted to the problem.

In the following we will concentrate on the single H2 system observed towards
QSO 0347-383 to trace the proton-to-electron mass ration � at high redshift (zabs D
3:025). We intend to reach a robust estimation of the achievable accuracy with
current data by comparing independent observation runs.

2 Data

2.1 Observations

QSO 0347-383 is a bright quasar (V � 17.3) with zem 3.23, which shows a Damped
Lyman ˛ system at zabs D 3.0245. The hydrogen column density is of N(H I) D
5 � 1020 cm�2 with a rich absorption-line spectrum [9]. The zabs D 3:025 DLA
exhibits a multicomponent velocity structure. There are at least two gas components:
a warm gas seen in lines of neutral atoms, H and low ions, and a hot gas where the
resonance doublets of C IV and Si IV are formed. In correspondence of the cool
component molecular hydrogen was first detected by [10] who identified 88 H2
lines.

All works on QSO 0347-383 are based on the same UVES VLT observations3 in
January 2002 (see [7]). The data used therein were retrieved from the VLT archive
along with the MIDAS based UVES pipeline reduction procedures. The slit width
was 0.800. The grating angle for the QSO 0347-383 observations had a central
wavelength of 4300 Å. The images are 2�2 binned. The 9 spectra were recorded
during 3 nights with an exposure time of 4500 seconds each. Additional obser-
vational parameters are described in [7]. The above mentioned data was recently

3 Program ID 68.A-0106.
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Table 1 Journal of the observations
Date Time 	 Exp(sec) Seeing (arcsec) airmass S/N (mean)

2002-01-13 03:42:54 390 4800 1.7 1.5 20
2002-01-14 02:13:24 390 4800 1.0 1.2 28
2002-01-15 00:43:32 437 4800 0.96 1.0 67
2002-01-18 03:25:04 437 4800 1.63 1.4 49
2002-01-24 02:20:14 437 4800 1.07 1.7 29
2002-02-02 01:33:58 390 4800 0.5 1.2 37

carefully reduced again [20]. This work, however, is only in part based on this
original reduced data.

Here we take into account additional observational data of QSO 0347-383
acquired in 2002 at the same telescope but not previously analyzed.4

The UVES observations comprised of 6 � 80 minutes-exposures of QSO 0347-
383 on several nights, thus adding another 28.800 seconds of exposure time. The
journal of these observations as well as additional information is reported in Table 1.
Three UVES spectra were taken with the DIC1 and setting 390C580 nm and
three spectra with DIC2 and setting 437C860, thus providing blue spectral ranges
between 320-450 and 373-500 nm respectively. We note that QSO 0347-383 has
no flux below 370 nm due to the Lyman discontinuity of the zabs D 3:023 absorp-
tion system. The slit width was set to 100 for all observations providing a Resolving
Power of � 40 000. The different slit widths and hence different resolutions of the
observation runs pose no problem since all data are analyzed separately during the
fit. The seeing was varying in the range between 0.500 to 1.400 as measured by DIMM
but generally is better than this at the telescope. The CCD pixels were binned by
2�2 providing an effective 0.027-0.030 Å pixel, or 2.25 km s�1 at 400 nm along
dispersion direction.

2.2 Reduction

The standard UVES pipeline has been followed for the data reduction. This includes
sky subtraction and optimal extraction of the spectrum. Typical residuals of the
wavelength calibrations were of �0:5 mÅ or �40 m s�1 at 400 nm. The spectra
were reduced to barycentric coordinates and air wavelengths have been transformed
to vacuum by means of the dispersion formula [3]. Proper calibration and data
reduction will be the key to detailed analysis of potential variation of fundamental
constants. The influence of calibration issues on the data quality is hard to measure
and the magnitude of the resulting systematic error is under discussion. The mea-
surements rely on detecting a pattern of small relative wavelength shifts between
different transitions spread throughout the spectrum. Normally, quasar spectra are

4 Program ID 68.B-0115(A).
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calibrated by comparison with spectra of a hollow cathode thorium lamp rich in
unresolved spectral lines. However several factors are affecting the quality of the
wavelength scale. The paths for ThAr light and quasar light through the spectro-
graph are not identical thus introducing small distortions between ThAr and quasar
wavelength scales. In particular differences in the slit illuminations are not traced by
the calibration lamp. Since source centering into the slit is varying from one expo-
sure to another this induce an offset in the zero point of the scales of different frames
which could be up to few hundred of m s�1. In section 3.1 we provide an estimate
of these offsets which result of a mean offset of 168 m s�1 as well as a procedure to
avoid this problem. Laboratory wavelengths are know with limited precision which
is varying from line to line from about 15 m s�1 of the better known lines to more
than 100 m s�1 for the more poorly known lines [16, 20]. However, this is the error
which is reflected in the size of the residuals of the wavelength calibration. Iodine
cell based calibration cannot be applied directly in the case of QSO 0347-383 since
at a redshift of z � 3 all observed lines lie outside the range of Iodine lines which
cover about 5 000-6 000 Å. Additionally, at the given level of continuum contamina-
tion due to Lyman-˛ forest at such redshifts a super-imposed spectrum of the iodine
cell is not desirable.

Effects of this kind have been investigated at the Keck/HIRES spectrograph by
comparing the ThAr wavelength scale with one established from I2-cell observa-
tions of a bright quasar [6]. They found both absolute and relative wavelength offsets
in the Keck data reduction pipeline which can be as large as 500 - 1 000 m s�1 for
the observed wavelength range. Such errors would correspond to�	 � 10�20mÅ
and exceed by one order of magnitude presently quoted errors [20]. Examination of
the UVES spectrograph at the VLT carried out via solar spectra reflected on aster-
oids with known radial velocity showed no such dramatic offsets being less than
�100 m s�1 [14] but systematic errors at the level of few hundred m s�1 have been
revealed also in the UVES data by comparison of relative shifts of lines with compa-
rable response to changes of fundamental constants [2]. These examples well show
that current��=�-analysis based on quasar absorption spectra at the level of a few
ppm enters the regime of calibration induced systematic errors. While awaiting a
new generation of laser-comb-frequency calibration, today’s efforts to investigate
potential variation of fundamental physical constants require factual consideration
of the strong systematics.

We note also that the additional observations considered here were taken for other
purposes and the ThAr lamps are taken during daytime, which means several hours
before the science exposures and likely under different thermal and pressure condi-
tions. However, in the present work we bypass the possibility of different zero points
of the different images via the seldom case of independent observations. Instead of
co-adding all the spectra we compute first the global velocity shifts between the
spectra with the procedure described in the following section and we also utilize the
whole uncertainties coming from the wavelength accuracies as part of the analysis
procedure.



94 M. Wendt and P. Molaro

3 Preprocessing

3.1 Relative Shifts of the 15 Spectra

Prior to further data processing the reduced spectra are reviewed in detail. The
first data set (henceforward referred to as set A) consists of nine separate spectra
observed between 7th and 9th of January in 2002. The second set of 6 spectra (B)
was obtained between January 13th and February 2nd in 2002.

Due to slit illumination effects and grating motions the individual spectra are
subject to small shifts – commonly on sub-pixel level – in wavelength. These shifts
will be particularly crucial in the process of co-addition of several exposures. To
estimate these shifts all spectra were interpolated by a polynomial using Neville’s
algorithm to conserve the local flux (see Fig. 1). The resulting pixel step on aver-
age is 1=20 of the original data. Each spectrum was compared to the others. For
every data point in a spectrum the pixel with the closest wavelength was taken from
a second spectrum. Their deviation in flux was divided by the quadratic mean of
their given errors in flux. This procedure was carried out for all pixels inside certain
selected wavelength intervals resulting in a mean deviation of two spectra. The sec-
ond spectrum is then shifted against the first one in steps of �1:5 mÅ. The run of
the discrepancy of two spectra is of parabolic nature with a minimum at the relative
shift with the best agreement. Fig. 2 shows the resulting curve with a parabolic fit.
In this exemplary case the second spectrum shows a shift of 6.2 mÅ in relation to
the reference spectrum. The clean parabolic shape verifies the approach. The off-
sets between the exposures are relevant with a peak to peak excursion up to almost
800 m s�1. The average deviation is 2.3 mÅ or 170 m s�1 at 400 nm. For further

4192.00 4192.20 4192.40 4192.60

flu
x 

a.
u.

wavelength [Å]

Fig. 1 Example region of the QSO 0347-383 spectrum showing the recorded flux (red) and its
interpolation via a polynomial using Neville’s algorithm to conserve the flux
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Fig. 2 Exemplary plot of the sub-pixel cross-correlation. The resulting shift is ascertained via
parabolic fit. In this case the two spectra are in best agreement with a relative shift of 6.2 ˙
0.5 mÅ

analysis in this paper all the 15 spectra are shifted to their common mean, which
is taken as an arbitrary reference position. To avoid areas heavily influenced by
cosmic events or areas close to overlapping orders only certain wavelength inter-
vals were taken into account, namely the regions 3877-3886 Å, 3986-4027 Å,
4145-4175 Å and 4216-4240 Å.

3.2 Selection of Lines and Line Fitting

The selection of suitable H2 features for the final analysis is rather subjective. As
a matter of course all research groups cross-checked their choice of lines for unre-
solved blends or saturation effects. The decision whether a line was excluded due to
continuum contamination or not, however, relied mainly on the expert knowledge of
the researcher and was only partially reconfirmed by the ascertained uncertainty of
the final fitting procedure. This work puts forward a more generic approach adapted
to the fact that we have two distinct observations of the same object.

In this paper each H2 signature is fitted with a single component. The surround-
ing flux is fit by a polynomial and the continuum is rectified accordingly. This
approach is tested and verified in [22], however lines near saturated or steeply
descending areas should be avoided. A selection of 52 (in comparison with 68 lines
for that system in [8]) lines is fitted separately for each dataset of 9 (A) and 6 (B)
exposures, respectively. In this selection merely blends readily identifiable or emerg-
ing from equivalent width analysis are excluded. Each rotational level is fitted with
conjoined line parameters except for redshift naturally. A common column density
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N and broadening parameter b corresponds to each of the observed rotational levels
(in this case J D 1; 2; 3).

The data are not co-added but analyzed simultaneously via the fitting procedure
introduced in [17]. In principle each set of parameters (line centroid, broadening
parameter, column density, coefficients of the continuum polynomial) drawn from a
large parameter space is tested in all individual spectra and judged by a weighted �2.
The standard deviations of line positioning are provided by the diagonal elements of
the scaled covariance matrix, a procedure described in detail in the above mentioned
paper by Quast et al. and verified, i.e., in [22]. For each of the 52 lines there are
two resulting fitted redshifts or observed wavelengths, respectively, with their error
estimates. To avoid false confidence, the single lines are not judged by their error
estimate but by their difference in wavelength between the two data sets in relation
to the combined error estimate. Fig. 5 shows this dependency. The absolute offset
�	effective to each other is expressed in relation to their combined error given by
the fit:

�	�˙1;2
D �	effective
q

�2
�1

C �2
�2

: (3)

Fig. 5 reveals notable discrepancies between the two datasets, the disagreement
is partially exceeding the 5-� level5. Since the fitting routine is known to provide
proper error estimates [17, 22], the dominating source of error in the determination
of line positions is due to systematic errors. This result indicates calibration issues
of some significance at this level of precision. The comparison of two independent
observation runs reveals a source of error that cannot be estimated by the statistical
quality of the fit alone. For further analysis only lines that differ by less than 3 �
are taken into account. This criterion is met by 36 lines.

It is noteworthy that line selections of this absorption system by other groups
diverge from each other by a large amount. King et al. processed a total of 68 lines
[8]. By reconstructing the continuum flux with additionally fitted lines of atomic
hydrogen they felt confident not to care about the relative position of the H2 features
next to the Lyman-˛ forrest. Fitting H2 features as single lines, however, is affected
by the surrounding flux and its nature as simulations have shown [22]. Thompson
et al. [20] selected 36 lines for analysis of which differs from our semi-automatical
choice of lines by almost 40%.

Hence, the different findings arise through in large parts independent analysis.
Different approaches, line selections and in the end applied methods contribute to a
more solid constraint on variation of fundamental constants. This variety is manda-
tory to understand contradicting findings, not only in case of the proton-to-electron
mass ratio. Figure 3 plots the results of this paper, Ubachs et al. [21] and Thompson
et al. [20], who published the individual fit parameters. The redshifts derived are
of 3.0248969 (56), 3.0248988(29) and 3.0248987(61) for this paper, Ubachs et al.

5 Lines fitted with seemingly high precision and thus a low error reach higher offsets than lines
with a larger estimated error at the same discrepancy in 	obs. Clearly the lower error estimates
merely reflects the statistical quality of the fit, not the true value of the specific line position.
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Fig. 3 2 Final results in redshift vs. sensitivity coefficient Ki for this paper (circles), Ubachs et al.
[21] (squares) and Thompson et al. [20] (triangles)
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Fig. 4 Line positioning errors in km s�1 for this paper (solid), Ubachs et al. [21] (red) and
Thompson et al. [20] (blue), binned to 50 m s�1

(2007) and Thompson (2009) respectively, which is not surprising being based at
least partially on the same data. All three analysis are based on the same source
for sensitivity coefficients. The distribution of positioning errors for the mentioned
works is illustrated in Figure 4. The three sets of measure show a significant scatter
around the mean quite in excess of the error in line position which is suggestive of
the presence of systematic errors.

The chosen �	 criterium for line selection permits evaluation of the self-
consistency of a line positioning via fit for the involved data. While the availability
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Fig. 5 Selection of 52 apparently reasonable lines to be fitted separately for each dataset of 9 and
6 exposures, respectively. Their absolute offset �	effective to each other is expressed in relation to
their combined error given by the fit (see Eq. 1). The red lines border the 3� domain

of two independent observations on short time scale is rather special, it illustrates
one applicable modality to avoid relying on the fitting apparatus alone.

4 Results

For the final analysis the selected 36 lines are fitted in all 15 shifted, error-
scaled spectra simultaneously. The result of an unweighted linear fit corresponds to
��=� D .15˙ 16/� 10�6 over the look-back time of �11:5 Gyr for zabs D 3:025.
Fig. 6 shows the resulting plot.

The approach to apply an unweighted fit is a consequence of the unknown nature
of the prominent systematics. The graphed scatter in redshift can not be explained
by the given positioning errors alone. The likeliness of the data with the attributed
error being linearly correlated is practically zero. The fit to the data is not self-
consistent. For this work the calibration errors and the influence of unresolved
blends are assumed to be dominant in comparison to individual fitting uncertain-
ties per feature. For the following analysis the same error is adopted for each line.
With an uncertainty in redshift of 1 � 10�6 we obtain: ��=� D .15˙ 6/ � 10�6.
However the goodness-of-fit is below 1 ppm and is not self consistent. The good-
ness of fit of a statistical model describes how well it fits a set of observations. A
linear model with the given parameters does not represent the observed data sam-
ple very well. The apparent discrepancies between model and data including their
errorbars shown in Figure 6 are extremely unlikely (below one part per million) to
be chance fluctuations. Judging by that and Fig. 6, a reasonable error in observed
redshift should at least be in the order of 4 � 5 � 10�6. The weighted fit gives:
��=� D .15˙ 14/� 10�6.
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Fig. 6 The unweighted fit for QSO 0347-383 corresponds to ��=� D .15 ˙ 16/ � 10�6. The
error bars correspond merely to the fitting uncertainty in the order of 180 m s�1 on average. Note,
that at such a high scatter zKiD0 differs from Nz by less than 1 �z

This approach is motivated by the goodness-of-fit test:
Q.�2j�/ is the probability that the observed chi-square will exceed the value �2 by
chance even for a correct model, � is the number of degrees of freedom. Given in
relation to the incomplete gamma function:

Q.�2j�/ D �

�
�

2
;
�2

2

�

: (4)

Assuming a gaussian error distribution, Q gives a quantitative measure or the
goodness-of-fit of the model. If Q is very small for some particular data set, then
the apparent discrepancies are unlikely to be chance fluctuations that would be
expected for a gaussian error distribution. Much more probably either the model
is wrong or the size of the measurement errors is larger than stated. However, the
chi-square probability Q does not directly measure the credibility of the assump-
tion that the measurement errors are normally distributed. In general, models with
Q < 0:001 can be considered unacceptable. In this case the model is given and
hence the low probability is due to underestimated errors in the data. Solely for
given errors of �300m s�1, corresponding to �4�10�6 in redshift for QSO 0347-
383 the goodness-of-fit parameter Q exceeds 0:001. The scale of the error appears
to be �300 m s�1to achieve a self-consistent fit to the data.

For the data on QSO 0347-383 this corresponds to an error in the observed wave-
length of roughly 4mÅ, which is notably larger than the estimated errors for the
individual line fits which ranges from 0:5mÅ to 6:5mÅ with an average of 2:5mÅ
(�180 m s�1). The systematic error contributes an uncertainty of about 2 mÅ on
average. The immediate calibration errors are in the order of 50 m s�1 for set B and
presumably slightly larger for set A.

The final result can be subdivided as: ��=� D �

15˙ .9stat C 6sys/
	 � 10�6.

The comparably high scatter in Figure 6 can partially be attributed to the
approach to fit single H2 components with a polynomial fit to the continuum. In
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special cases, contaminated flux bordering a H2 signature can introduce additional
uncertainty in positioning therefore checks for self-consistency and systematics are
of utmost importance.

The determination of the different errors involved is on a par with the actual
result.

We believe that this result represents the limit of accuracy that can be reached
with the given data set and the applied methods for analysis. The presented method
yields a null result. The recent work by Thompson et al. [20] stated ��=� D
.�28˙ 16/ � 10�6 for a weighted fit based on the same system in QSO 0347-383.
The therein stated error reflects the statistical uncertainty alone.

Note, that the given systematics of 2:7ppm for Keck/HIRES data given in [13]
are in first approximation estimated by the observed �500 m s�1 peak-to-peak intra-
order value reduced according to the number of molecular transitions observed,
i.e. �500m s�1/

p
93 � 52m s�1.

This work proposes to take alternative approaches into account when operat-
ing that close to the limits of several involved systems. The presented method was
applied to the known QSO 0347-383 data for two main reasons:


 As an example to put forward alternative strategies.

 A stand-alone determination of ��=� based on QSO 0347-383 to back up

current null-results and consequential constraints.

4.1 Uncertainties in the Sensitivity Coefficients

At the current level of precision, the influence of uncertainties in the sensitivity coef-
ficientsKi is minimal. It will be of increasing importance though when wavelength
calibration can be improved by pedantic demands on future observations. Eventu-
ally Laser Frequency Comb calibration will allow for practically arbitrary precision
and uncertainties in the calculations of sensitivities will play a role. Commonly the
weighted fits neglects the error in Ki .

Effective analysis in the future involves consideration of the error budget of the
sensitivity coefficients. The �2 merit function for the generic case of a straight-line
fit with errors in both coordinates is given by:

�2.a; b/ D
N�1X

iD0

.yi � a � bxi /
2

�2yi C b2�2xi
(5)

and can be solved numerically with valid approximations (Lybanon [11]).
At the current level even an error inKi of about 10% merely has an impact on the

error estimate in the order of a few 10�6, as resulted from simulations. The factual
errors are expected to be in the order of merely a few percent (see [21]), yet they
might contribute to the precision of future analysis.

Alternatively the uncertainties in Ki can be translated into an uncertainty in
redshift via the previously fitted slope:
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�zi total D �zi
C b � �Ki

with b D .1C zabs/
��

�
: (6)

The results of this ansatz are similar to the fit with errors in both coordinates and in
general this is simpler to implement.

Another possibility is to apply a gaussian error to each sensitivity coefficient
and redo the normal fit multiple times with alternating variations in Ki . Again, the
influence on the error-estimate is in the order of 1 ppm. The different approaches to
the fit allow to estimate its overall robustness as well.

4.2 Individual Line Pairs

��=� can also be obtained by using merely two lines that show different sensitiv-
ity towards changes in the proton-to-electron mass ratio. Another criterion is their
separation in the wavelength frame to avoid pairs of lines from different ends of
the spectrum and hence in particular error-prone. Several tests showed that a sep-
aration of �	 
 110Å and a range of sensitivity coefficients K1 � K2 � 0:02

produces stable results that do not change any further with more stringent criteria.
Pairs that cross two neighboring orders (�50Å) show no striking deviations either.
Fig. 7 graphs the different values for ��=� derived from 52 line pairs that match
the aforementioned criteria. Note, that a single observed line contributes to multiple
pairs. The gain in statistical significance by this sorting is limited as pointed out by
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Fig. 7 ��=� derived from individual line pairs (52) which are separated by less than 110 Å and
show a difference in sensitivity of more then 0:02. The errorbars reflect the combined positioning
error of the two contributing lines. The weighted fit corresponds to ��=� D .6 ˙ 12/ � 10�6.
The filled squares graph 11 line pairs, selected to give the largest difference in sensitivity (� 0:02)
towards variation in �
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Molaro et al. [15]. Their average value yields ��=� D 6˙ 12 � 10�6. The scatter
is then related to uncertainties in the wavelength determination which is mostly due
to calibration errors. The standard error is 8 � 10�6.

The approach to use each observed line only once in the analysis is plotted in
Fig. 7 as filled squares. The pairs to derive��=� from were constructed by group-
ing the line with the highest sensitivity value together with the line corresponding
to the lowest value for Ki and so on with the remaining lines. The distance in
wavelength space between the two lines was no criterium and it ranges from 20 Å
to 590 Å. Without reutilization of lines, 11 pairs with a coverage in sensitivity of
�Ki � 0:02 were found.

Evidently the usage of lines with comparably large distances in the spectrum has
no influence on the results.

Acknowledgements We are thankful for the support from the Collaborative Research Centre
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M.G. Kozlov.

References

1. S. Blatt et al., Phys. Rev. Lett.100 (2008) 14.
2. M. Centurión, P. Molaro, P. and S. Levshakov, arXiv 0910.4842.
3. B. Edlén, Metrologia 2 (1966) 71.
4. V.V. Flambaum and M.G. Kozlov, Phys. Rev. Lett.98 (2007) 24.
5. H. Fritzsch, arXiv:0902.2989
6. K. Griest et al., ApJ708 (2010) 158.
7. A. Ivanchik et al., ApJ440 (2005) 45.
8. J.A. King, J.K. Webb, M.T. Murphy and R.F. Carswell, Phys. Rev. Lett.101 (2008) 251304.
9. S.A. Levshakov, M. Dessauges-Zavadsky, S. D’Odorico and P. Molaro, MNRAS333 (2002)

373.
10. SS.A. Levshakov, M. Dessauges-Zavadsky, S. D’Odorico and P. Molaro, ApJ565 (2002) 696.
11. M. Lybanon, AJP 52 (1984) 22.
12. P.J. Mohr and B.N. Taylor, Rev. Mod. Phys. 72 (2000) 351.
13. A.L. Malec et al., arXiv: 1001.4080
14. P. Molaro et al., A&A481 (2008) 559.
15. P. Molaro, D. Reimers, I.I. Agafonova and S.A. Levshakov, EPJ 163 (2008) 173.
16. M.T. Murphy et al., MNRAS384 (2008) 1053.
17. R. Quast, R. Baade and D. Reimers, A&A431 (2005) 1167.
18. E. Reinhold et al. 2006, Phys. Rev. Lett. 96 (2006) 151101.
19. R.I. Thompson, Astrophys. Lett.16 (1975) 3.
20. R.I. Thompson et al., ApJ703 (2009) 1648.
21. W. Ubachs, R. Buning, K.S.E. Eikema and E. Reinhold, J. Molec. Spec. 241 (2007) 155.
22. M. Wendt and D. Reimers, EPJ 163 (2008) 197.



Searching for Chameleon-Like Scalar Fields

S.A. Levshakov, P. Molaro, M.G. Kozlov, A.V. Lapinov, Ch. Henkel,
D. Reimers, T. Sakai, and I.I. Agafonova

Abstract Using the 32-m Medicina, 45-m Nobeyama, and 100-m Effelsberg tele-
scopes we found a statistically significant velocity offset�V � 27˙ 3 m s�1 .1�/
between the inversion transition in NH3(1,1) and low-J rotational transitions in
N2HC(1-0) and HC3N(2-1) arising in cold and dense molecular cores in the Milky
Way. Systematic shifts of the line centers caused by turbulent motions and velocity
gradients, possible non-thermal hyperfine structure populations, pressure and optical
depth effects are shown to be lower than or about 1 m s�1 and thus can be neglected
in the total error budget. The reproducibility of �V at the same facility (Effelsberg
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telescope) on a year-to-year basis is found to be very good. Since the frequencies
of the inversion and rotational transitions have different sensitivities to variations in
� � me=mp, the revealed non-zero�V may imply that � changes when measured
at high (terrestrial) and low (interstellar) matter densities as predicted by chameleon-
like scalar field models – candidates to the dark energy carrier. Thus we are testing
whether scalar field models have chameleon-type interactions with ordinary matter.
The measured velocity offset corresponds to the ratio��=� � .�space ��lab/=�lab

of .26˙ 3/ � 10�9 (1�).

1 Introduction

This contribution sums up our results of differential measurements of the electron-
to-proton mass ratio, � D me=mp, carried out at the 32-m Medicina, 45-m
Nobeyama, and 100-m Effelsberg telescopes [24–26, 29]. With high spectral res-
olution (FWHM �30-40 m s�1), we observed narrow emission lines (FWHM
< 200 m s�1) of N-bearing molecules arising in cold and dense molecular cores
of starless molecular clouds located in the Milky Way. The cores are characterized
by low kinetic temperatures Tkin � 10 K, gas densities n � 104 � 105 cm�3, mag-
netic fields B < 10 �G, and ionization degrees xe � 10�9 [8]. The objective of
this study is to probe the value of ��=� � .�space � �lab/=�lab which is predicted
to be variable when measured at high (laboratory) and low (space) matter density
environments [33].

A hypothetical variability of � is thought to be due to the scalar fields – candi-
dates to the dark energy carrier, – which are ultra-light in cosmic vacuum but possess
an effectively large mass locally when they are coupled to ordinary matter by the
so-called chameleon mechanism [16]. Several possibilities to detect chameleons
were discussed in [2,7]. First laboratory experiments constraining these models have
been recently carried out at Fermilab [42] and in the Lawrence Livermore National
Laboratory [38].

A subclass of chameleon models considers the couplings of a scalar field to
matter much stronger than gravitational and predicts that fundamental physical
quantities such as elementary particle masses may depend on the local matter den-
sity, �, [33]. This means that a nonzero value of ��=� is to be expected for all
interstellar clouds irrespective of their position and local matter density because the
difference �� between the terrestrial environment in laboratory measurements and
dense interstellar molecular clouds is extremely large, �˚=�cloud > 10

10.
In the standard model (SM) of particle physics the dimensionless mass ratio � D

me=mp defines the ratio of the electroweak scale to the strong scale since the mass
of the electron me is proportional to the Higgs vacuum expectation value and the
mass of the protonmp is proportional to the quantum chromodynamics scale �QCD

[5]. The SM is extremely successful in explaining laboratory physics, but it has
serious problems in astrophysics where it completely fails to explain dark matter
and dark energy. There are many extensions of the SM including supersymmetry
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and different multidimensional theories which introduce new particles as possible
candidates for the dark matter and additional scalar fields to describe the nature of
dark energy.

A concept of dark energy with negative pressure appeared in physics long before
the discovery of the accelerating universe through observations of nearby and dis-
tant Type Ia Supernovae [36, 37]. Early examples of dark energy in the form of a
scalar field with a self-interaction potential can be found in reviews [3] and [35]. If
masses of the elementary particles are affected by scalar fields, one can probe the
dimensionless constant� at different physical conditions by means of high precision
spectral observations. Namely, since the inversion and rotational molecular transi-
tions have different sensitivities to variations in � [9], a nonzero ��=� causes an
offset between the radial velocities (�V � Vrot � Vinv) of co-spatially distributed
molecules, which, in turn, provide a measure of ��=�. When the inversion line
belongs to NH3we will herein call this procedure the ammonia method.

2 The Ammonia Method

NH3 is a molecule whose inversion frequencies are very sensitive to changes of
� because of the quantum mechanical tunneling of the N atom through the plane
of the H atoms. The inversion vibrational mode of NH3 is described by a double-
well potential, the first two vibrational levels lying below the barrier. The quantum
mechanical tunneling splits these two levels into inversion doublets providing a
transition frequency that falls into the microwave range [14].

The sensitivity coefficient to �-variation of the NH3 .J;K/ D .1; 1/ inversion
transition at 24 GHz is Qinv D 4:46 [9]. This means that the inversion frequency
scales as

.�!=!/inv � . Q! � !/=! D 4:46.��=�/; (1)

where ! and Q! are the frequencies corresponding to the laboratory value of � and
to an altered � in a low-density environment, respectively. In other words, the inver-
sion transition sensitivity to �-variation is 4.46 times higher than that of molecular
rotational transitions, whereQrot D 1 and thus,

.�!=!/rot D ��=�: (2)

In astronomical spectra, any frequency shift �! is related to the radial velocity
shift �Vr (Vr is the line-of-sight projection of the velocity vector)

�Vr=c � .Vr � V0/=c D .!lab � !obs/=!lab; (3)

where V0 is the reference radial velocity, c is the speed of light and !lab, !obs are
the laboratory and observed frequencies, respectively. Therefore, by comparing the
apparent radial velocity Vinv for the NH3 inversion transition with the apparent radial
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velocity Vrot for rotational lines originating in the same molecular cloud and moving
with radial velocity V0 with respect to the local standard of rest, one can find from
Eqs. (1 – 3)

��=� D 0:289.Vrot � Vinv/=c � 0:289�V=c: (4)

The velocity offset�V in Eq. (4) can be expressed as the sum of two components

�V D �V� C�Vn; (5)

where �V� is the shift due to �-variation and �Vn is a random component caused
by the inhomogeneous distribution of molecules, turbulent motions and velocity
gradients, possible non-thermal hyperfine structure populations, pressure and optical
depth effects, and instrumental imperfections (the so-called Doppler noise).

We will assume that the Doppler noise component has a zero mean, h�Vni D
0 km s�1, and a finite variance, Var.�Vn/ < 1. Then, the signal �V� can be
estimated statistically by averaging over a data sample

h�V i D h�V�i; (6)

and
Var.�V / D Var.�V�/C Var.�Vn/: (7)

Equation (3) shows that the measurability of the signal h�V�i depends critically on
the value of the Doppler noise, Var.�Vn/. The Doppler noise can be reduced by the
appropriate choice of molecular lines and molecular clouds.

To have similar Doppler velocity shifts the chosen molecular transitions should
share as far as possible the same volume elements. NH3 inversion transitions are
usually detected in dense molecular cores (n � 104 � 105 cm�3). Mapping of these
cores in different molecular lines shows that there is a good correlation between
the NH3, N2HC, and HC3N distributions [10, 15, 39, 41]. However, in some clouds
NH3 is not traced by HC3N. The most striking case is the dark cloud TMC-1, where
peaks of line emissions are offset by 7 arcmin [32]. Such a chemical differentiation
together with velocity gradients within molecular cores is the main source of the
unavoidable Doppler noise in Eq. (2). Additional scatter in the �Vn values may be
caused by the different optical depths of the hyperfine structure transitions and by
external electric and magnetic fields discussed below.

3 Selection of Targets

To minimize the Doppler noise component in Eq. (2), a preliminary selection of
molecular cores suitable for the most precise measurements of the velocity offsets
�V between rotational and inversion transitions is required. In general, molecular
cores are not ideal spheres and when observed at high angular resolutions they fre-
quently exhibit complex substructures. The line profiles may be asymmetric because
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of non-thermal bulk motions. Taking this into account, we formulate the following
selection criteria:

1. The line profiles are symmetric and well described by a single-component Gaus-
sian model. This selection increases the accuracy of the line center measurement.
Multiple line components may shift the barycenter and affect the velocity differ-
ence between molecular transitions because, e.g., the ratio NH3/HC3N may vary
from one component to another.

2. The line widths do not exceed greatly the Doppler width caused by the ther-
mal motion of material, i.e., the non-thermal components (infall, outflow, tidal
flow, turbulence) do not dominate the line broadening. This ensures that selected
molecular lines correspond to the same kinetic temperature and arise co-spatially.
For the molecules in question we require the ratio of the Doppler b-parameters
to be ˇ D b(NH3)=b(HC3N) or ˇ D b(NH3)=b(N2HC), be ˇ � 1.

3. The spectral lines are sufficiently narrow (b � 0:1�0:2 km s�1) for the hyperfine
structure (hfs) components to be resolved. This allows us to validate the measured
radial velocity by means of different hfs lines of the same molecular transition.

4. The spectral lines are not heavily saturated and their profiles are not affected by
optical depth effects. The total optical depth of the NH3 hf transitions is 
 
 10,
i.e., the optical depth of the strongest hf component is <� 1.

The kinetic temperature Tkin, and the nonthermal (turbulent) velocity dispersion,
�turb, can be estimated from the line broadening Doppler parameters b D p

2�v,
of, e.g., the NH3 (1,1) and HC3N (2–1) lines. Here �v is the line of sight velocity
dispersion of the molecular gas within a given cloud. If the two molecular transitions
trace the same material and have the same nonthermal velocity component, �v is the
quadrature sum of the thermal �th and turbulent �turb velocity dispersions. In this
case a lighter molecule with a mass ml should have a line width wider than with a
heavier molecule with mh > ml .

For thermally dominated line widths (ˇ > 1) and co-spatially distributed species
we obtain the following relations (e.g., [10]):

Tkin D mlmh.�
2
l � �2h /=k.mh �ml/; (8)

and
�2turb D .mh�

2
h �ml�

2
l /=.mh �ml/; (9)

where k is Boltzmann’s constant, and the thermal velocity dispersion �th is given by

�th;i D .kTkin=mi/
1=2: (10)

It should be noted that HC3N is usually distributed in a volume of the molecular core
larger than NH3 since N-bearing molecules trace the inner core, whereas C-bearing
molecules occupy the outer part [8]. Such a differentiation may cause a larger non-
thermal component in the velocity distribution of HC3N. If both molecules are
shielded from external incident radiation, and the gas temperature mainly comes
from heating by cosmic rays, then a formal application of Eqs. (5) and (9) to the
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apparent line widths provides a lower limit on Tkin and an upper limit on �turb. In
molecular cores where the only source of heating are the cosmic rays and the cooling
comes from the line radiation mainly from CO, a lower bound on the kinetic temper-
ature is about 8 K [11]. Thus, point 2 of the selection criteria requires Tkin � 8-10 K
if both lighter and heavier molecules are distributed co-spatially.

4 Preliminary Results

In our preliminary single-pointing observations [25] we studied 41 molecular cores
along 55 lines of sight. The NH3(1,1), HC3N(2-1), and N2HC(1-0) transitions were
observed with the 100-m Effelsberg, 32-m Medicina, and 45-m Nobeyama tele-
scopes. The analysis of the total sample revealed large systematic shifts and ‘heavy
tails’ of the �V probability distribution function resulting in a poor concordance
between three mean values: the weighted mean h�V iW D 27:4˙4:4m s�1 (weights
inversionally proportional to the variances), the robust redescending M -estimate
h�V iM D 14:1 ˙ 4:0 m s�1, and the median �Vmed D 17 m s�1. The scatter in
the �V values reflects effects related to the gas kinematics and the chemical segre-
gation of one molecule with respect to the other (approximately 50% of the targets
showed ˇ < 1).

If we now consider molecular lines that fulfill the selection criteria, the sample
size is n D 23, i.e. two times smaller than the total data set. Nevertheless, for
this reduced sample we obtained better concordance: h�V iW D 20:7˙ 3:0 m s�1,
h�V iM D 21:5˙ 2:8 m s�1, and�Vmed D 22 m s�1.

In this preliminary study we found 7 sources with thermally dominated motions
which provide h�V iW D 21:1 ˙ 1:3 m s�1, h�V iM D 21:2 ˙ 1:8 m s�1, and
�Vmed D 22 m s�1.

The most accurate result was obtained with the Effelsberg 100-m telescope:
�V D 27 ˙ 4stat ˙ 3sys m s�1 (the value is slightly corrected in [26]). The sys-
tematic error in this estimate is due to uncertainties of the rest frequencies of the
HC3N(2-1) hfs transitions since uncertainties of the NH3(1,1) hfs transitions are
less than 1 m s�1 [21]. When interpreted in terms of the electron-to-proton mass
ratio variation, this gives ��=� D .26˙ 4stat ˙ 3sys/ � 10�9.

Thus, for the first time we obtained an astronomical spectroscopic estimate of the
relative change in the fundamental physical constant � at the level of 10�9 which is
103 times more sensitive than the upper limits on ��=� obtained by the ammonia
method from extragalactic observations [9, 13, 28, 30].

5 Mapping of Cold Molecular Cores in NH3 and HC3N Lines

In this section we report on new observations in which we measure �V at dif-
ferent positions across individual clouds in order to test the reproducibility of the
velocity offsets in the presence of large-scale velocity gradients [26]. From the
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list of molecular cores observed with the Effelsberg 100-m telescope, we selected
several objects with symmetric profiles of the NH3(1,1) and HC3N(2–1) hfs transi-
tions. In these objects the line widths are thermally dominated, i.e., the parameter
ˇ D �v(NH3)=�v(HC3N) � 1. The chosen targets are the molecular cores L1498,
L1512, L1517B, and L1400K, which have already been extensively studied in many
molecular lines [1, 6, 22, 23, 40, 41].

The inversion line of ammonia NH3(1,1) at 23.694 GHz and the rotation line of
cyanoacetylene HC3N(2–1) at 18.196 GHz were measured with a K-band HEMT
(high electron mobility transistor) dual channel receiver, yielding spectra with an
angular resolution of HPBW � 4000 in two orthogonally oriented linear polariza-
tions. The measurements were carried out in frequency-switching mode using a
frequency throw of 5 MHz. The backend was an FFTS (Fast Fourier Transform
Spectrometer) operated with its minimum bandwidth of 20 MHz providing simul-
taneously 16 384 channels for each polarization. The resulting channel separations
are 15.4 m s�1 for NH3 and 20.1 m s�1 for HC3N. We note, however, that the true
velocity resolution is about two times lower, FWHM � 30 m s�1 and 40 m s�1,
respectively [17]. The sky frequencies were reset at the onset of each scan and the
Doppler tracking was used continuously to track Doppler shifts during the obser-
vations. Observations started by measuring the continuum emission of calibration
sources and continued by performing pointing measurements toward a source close
to the spectroscopic target. The calibration is estimated to be accurate to ˙15% and
the pointing accuracy to be higher than 1000.

After corrections for the rounded frequencies, the individual exposures were co-
added to increase the signal-to-noise ratio S/N. The spectra were folded to remove
the effects of the frequency switch, and base lines were determined for each spec-
trum. The resolved hfs components show no kinematic substructure and consist
of an apparently symmetric peak profile without broadened line wings or self-
absorption features. The line parameters, such as the total optical depth in the
transition 
 (i.e., the peak optical depth if all hyperfine components were placed
at the same velocity), the radial velocity Vlsr, the line broadening Doppler param-
eter b, and the amplitude A, were obtained through fitting of the one-component
Gaussian model to the observed spectra:

T .v/ D A � Œ1 � exp.�t.v//� ; (11)

with

t.v/ D 
 �
kX

iD1
ai exp


�.v � vi � Vlsr/
2=b2

�

; (12)

which transforms for optically thin transitions into

T .v/ D A0 �
kX

iD1
ai exp


�.v � vi � Vlsr/
2=b2

�

: (13)
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The sum in (12) and (13) runs over the k D 18 and k D 6 hfs components of the
NH3(1,1) and HC3N(2–1) transitions, respectively.

To test possible optical depth effects, we calculated two sets of the fitting param-
eters: (1) based on the analysis of only optically thin satellite lines with �F1 ¤ 0,
and (2) obtained from the fit to the entirety of the NH3(1,1) spectrum including
the main transitions with �F1 D 0, which have optical depths 
 � 1-2, as can
be inferred from the relative intensities of the hfs components. The resulting Vlsr
values for all targets were within the 1� uncertainty intervals.

To control another source of errors caused by instrumental imperfections, we
carried out repeated observations at 10 offset positions: two in L1498, L1517B, and
L1400K, respectively, and four in L1512. The �V dispersion resulting from these
repeated measurements is �.�V / D 2:0 m s�1. This dispersion is lower than the
calculated 1� errors of the individual �V values, which ensures that we are not
missing any significant instrumental errors at the level of a few m s�1.

We also checked the velocity offsets �V obtained in our observations with
the 100-m Effelsberg telescope in Feb 2009 and Jan 2010. The reproducibility of
the velocity offsets at the same facility on a year-to-year base is very good for
L1498, L1512 and L1517B (concordance within 1� uncertainty intervals), except
for L1400K where the central point is probably an outlier.

The comparison of the velocity dispersions determined from the NH3(1,1) and
HC3N(2–1) lines did not show any significant variations with position within each
molecular core. All data are consistent with thermally dominated line broadening.
In particular, the following weighted mean values were determined: ˇL1498 D 1:24˙
0:03, ˇL1512 D 1:32˙ 0:05, ˇL1517B D 1:11˙ 0:01, and ˇL1400K D 1:23˙ 0:04. The
weighted mean values of the velocity dispersions for NH3 range between �L1512 D
78 ˙ 1 m s�1 and �L1400K D 86 ˙ 1 m s�1, and for HC3N between �L1512 D 59˙
2 m s�1 and �L1517B D 74˙ 1 m s�1. This can be compared with the speed of sound
inside a thermally dominated region of a cold molecular core that is defined as
(e.g., [39])

vs D .kTkin=m0/
1=2 ; (14)

where m0 is the mean molecular mass. With m0 � 2:3 amu for molecular clouds,
one has vs � 60

p
Tkin m s�1, which shows that at the typical kinetic temperature of

10 K the nonthermal velocities are in general subsonic, and that the selected targets
do represent the quiescent material at different distances from the core centers.

The gas temperature in the molecular cores was estimated from the apparent line
widths using Eq. (5). For L1498 we obtained a lower limit on the kinetic temperature
Tkin D 7:1˙0:5 K (average over 8 points), which is slightly lower than Tkin D 10 K
measured by a different method from the relative populations of the .J;K/ D .2; 2/

and (1,1) levels of NH3 described by the rotational temperature T 21R [41]. For L1512
the temperature averaged over 11 points is Tkin D 9:6˙ 0:6 K, which is consistent
with the value of 10 K. The kinetic temperatures in the L1517B core in all measured
positions is well below 9.5 K – the value from [41], which means that the nonthermal
velocity dispersions of NH3 and HC3N differ significantly and that both species do
not trace the same material. The three scanned points in the L1400K core showed
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Tkin D 8:3˙ 3:2 K – close to the expected value of 10 K (measurements of the gas
temperature in this core were not performed in previous studies).

We found that, in general, the spatial fluctuations of Tkin do not exceed a few
kelvin implying uniform heating and absence of the localized heat sources. The
kinetic temperature tends to rise with the distance from the core center, which is in
line with the results from [41].

The radial velocity profiles along the different diagonal cuts toward the selected
targets are shown in Figs. 3 and 4 in [26]. The diagonal cut in L1498 exhibits coher-
ently changing velocities of Vlsr (HC3N) and Vlsr (NH3) except one point at the core
edge. The velocity gradient is small, jrVlsr j � 0:5 km s�1 pc�1. This picture coin-
cides with the previously obtained results based on observations of CO, CS, N2HC
and NH3 in this core and was interpreted as an inward flow [22,41]. Taken together,
all available observations classify L1498 as one of the most quiet molecular cores.
Thus, we can expect that the Doppler noise (irregular random shifts in the radial
velocities between different transitions) is minimal in this core.

In L1512, the Vlsr (NH3) and Vlsr (HC3N) distributions are almost parallel
(Fig. 1). The same kinematic picture was obtained for this core in [22] from
observations of CS and NH3 lines and interpreted as a simple rotation around the
center. The velocity gradients derived from both NH3 and HC3N lines are similar,
rVlsr � 1:5 km s�1 pc�1, and consistent with the gradient based on N2HC mea-
surements in [4]. This means that NH3, HC3N, and N2HC trace the same gas, so
the Doppler shifts �V between them should be insignificant.

In the core L1517B, which is known to be very compact [22], we only observed
the central 3000 � 3000 where the velocities of NH3 and HC3N along two perpen-
dicular cuts do not change much: rVlsr(NH3) � 0:3 km s�1 pc�1, rVlsr(HC3N) �
0:8 km s�1 pc�1, and in the perpendicular direction rVlsr(NH3) � rVlsr (HC3N) �
�0:8 km s�1 pc�1. However, a wider area observation (� 8000 � 8000) of this core

a b

Fig. 1 Example of the line-of-sight velocities of NH3 .J;K/ D .1; 1/ (squares) and HC3N J D
2 � 1 (triangles) at different radial distances along the main diagonal cut (panel a) and in the
perpendicular direction (panel b) of the molecular core L1512. Shown are 1� error bars. For more
detail, see [26]
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revealed an outward gas motion at the core periphery with a higher velocity gradi-
ent, rVlsr(N2HC) � 1:1 km s�1 pc�1 [41], which is consistent with earlier results
on NH3 observations [12]. This can lead to an additional shift in the radial velocity
of HC3N line since, in general, the C-bearing molecules also trace a lower density
gas component (n < 104 cm�3) in the envelope of the molecular core. A higher
nonthermal velocity dispersion of the HC3N line than for NH3 has already been
mentioned above in regard to the temperature measurements in this core.

In L1400K we only observed three positions. Both molecules trace the same
gradient of rVlsr � 1:9 km s�1 pc�1, which is in line with rVlsr (N2HC) D 1:8˙
0:1 km s�1 pc�1 derived in [4]. The mapping in different molecular lines in [41]
revealed that L1400K deviates significantly from spherical symmetry and exhibits
quite a complex kinematic structure. In particular, the distributions of N2HC and
NH3 do not coincide: N2HC has an additional component to the west of the center.
This explains why [6] reported a blue-ward skewness for this core, � D �0:42 ˙
0:10, in the N2HC (1–0) hfs profiles, whereas in our observations the NH3(1,1) hfs
transitions are fully symmetric: at the central position the skewness of the resolved
and single hfs component F1; F D 0; 1

2
! 1; 1 1

2
of NH3 is � D �0:1˙ 0:3.

Our current measurements show very similar velocity shifts h�V iM D 25:8˙
1:7m s�1 and 28:0˙1:8m s�1 (M -estimates) for, respectively, the cores L1498 and
L1512 where the Doppler noise reaches minimal levels. A higher shift h�V iM D
46:9˙ 3:3m s�1 is observed in the L1517B core – again in accord with its revealed
kinematic structure, which allows us to expect a higher radial velocity for the HC3N
line. On the other hand, a lower value h�V iM D 8:5 ˙ 3:4 m s�1 in L1400K may
come from the irregular kinematic structure of the core center, which could increase
the radial velocity of the NH3 line.

Thus, as reference velocity offset we chose the most robust M -estimate of the
mean value from the L1498 and L1512 cores: h�V iM D 26:9 ˙ 1:2stat m s�1.
Taking into account that the uncertainty of the HC3N(2–1) rest frequency is about
3 m s�1, whereas that of NH3(1,1) is less than 1 m s�1, we finally have h�V iM D
26:9˙1:2stat ˙3:0sys m s�1. When it is interpreted in terms of the electron-to-proton
mass ratio variation, as defined in Eq. (4), this velocity offset provides ��=� D
.26˙ 1stat ˙ 3sys/ � 10�9.

6 Discussion and Conclusions

In two molecular cores with the lowest Doppler noise L1498 and L1512, we regis-
ter very close values of the velocity offset �V � 27 m s�1 between the rotational
transition HC3N(2–1) and the inversion transition NH3(1,1). These values coincide
with the most accurate estimate obtained from the Effelsberg dataset on 12 molec-
ular clouds in the Milky Way [25]. Two other cores, L1517B and L1400K, exhibit
velocity shifts that are either higher (� 47 m s�1 in L1517B) or lower (�9 m s�1
in L1400K) than the mean value, but the positive (L1517B) and negative (L1400K)
deflections from the mean can be explained from the observed kinematics in these
cores.
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Of course, simultaneous observations of the NH3(1,1) inverse transition and rota-
tional transitions of some N-bearing molecules, such as N2HC(1-0) and N2DC(1-0)
would give a more accurate test. The main obstacle to this way is that the labo-
ratory frequencies of N2HC and N2DC are known with accuracies not better than
14 m s�1 [25]. Using the N2HC rest frequency from the Cologne Database for
Molecular Spectroscopy (CDMS) [31] and observing with the Nobeyama 45-m tele-
scope, we obtained a velocity shift between N2HC and NH3 of 23:0 ˙ 3:4 m s�1
in L1498, 24:5 ˙ 4:3 m s�1 in L1512, and 21:0 ˙ 5:1 m s�1 in L1517B [25]. We
note that similar shifts are indicated for the central parts of L1498 and L1517B in
Fig. 11 in [41], where these targets were observed with the 30-m IRAM telescope
also using an N2HC rest frequency which is very close to the CDMS value.

Obviously, for more definite conclusions, new laboratory measurements of the
rest frequencies and new observations involving other targets and other molecu-
lar transitions with different sensitivity coefficients Q are required. It has already
been suggested to measure �-doublet lines of the light diatomic molecules OH
and CH [18], microwave inversion-rotational transitions in the partly deuterated
ammonia NH2D and ND2H [19], low-laying rotational transitions in 13CO and
the fine-structure transitions in C I [27], and tunneling and rotation transitions in the
hydronium ion H3OC [20]. The fourth opportunity is of particular interest since
the rest-frame frequencies of H3OC transitions are very sensitive to the variation
of �, and their sensitivity coefficients have different signs. For example, the two
lowest frequency transitions JK D 1�

1 ! 2C
1 and JK D 3C

2 ! 2�
2 of para-H3OC

at, respectively, 307 and 364 GHz have �Q D Q307 � Q364 D 14:7, which is
4 times larger than �Q D 3:46 from the ammonia method. This means that the
offset �V � 27 m s�1, detected with the ammonia method, should correspond to
a relative velocity shift between these transitions, �V D V364 � V307, of about
100 m s�1 if ��=� � 26 � 10�9. We consider the hydronium method [20] as an
important independent test of the ��=� value in the Milky Way.

To conclude, we note that in cold molecular cores with low ionization degrees
(xe � 10�8 � 10�9) frequency shifts caused by external electric and magnetic
fields and by the cosmic black body radiation-induced Stark effect are less or about
1 m s�1 and cannot affect the revealed nonzero velocity offset between the rotational
and inversion transitions in the ammonia method. Detailed calculations of these
effects are given in [26].

Our current results tentatively support the hypothesis that the fundamental physi-
cal constant – the electron-to-proton mass ratio – may differ in low-density environ-
ments from its terrestrial value. This may be the consequence of the chameleon-like
scalar field. However, new laboratory measurements of the molecular rest frequen-
cies and new observations involving other molecular transitions and other targets
are required to reach more definite conclusions.
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In Search of the Ideal Systems to Constrain
the Variation of Fundamental Constants

Patrick Petitjean, Ragunathan Srianand, Pasquier Noterdaeme,
Cédric Ledoux, and Neeraj Gupta

Abstract It has been realised in the last few years that strong constraints on the
time-variations of dimensionless fundamental constants of physics can be derived
at any redshift from QSO absorption line systems. Variations of the fine structure
constant, ˛, the proton-to-electron mass ratio, �, or the combination, x D ˛2gp=�,
where gp is the proton gyromagnetic factor, have been constrained. However, except
for ˛, the number of lines of sight where these measurements can be performed
is limited. In particular the number of known molecular and 21 cm absorbers is
small. Our group has started several surveys to search for these systems. We present
here a summary of the results obtained till now. In the course of these surveys,
we discovered a z � 3 system towards J133724.69C315254.55 which is close to
“ideal” to constrain the variation of fundamental constants as several constants can
be constrained using the same system, namely � and x D ˛2Gp=�. In particular
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the constraint on x is particularly strong with �x=x D �.1:9 ˙ 1:5/ � 10�6. If
combined with the constraint on � derived recently, this yields a 3� upper limit on
the variation of ˛ at z � 3 of �˛=˛ < 2.2�10�6. We note that the quasar happens
to be located in the northern part of the sky. Therefore the variations along the so-
called “Australian dipole”, if any, seem to be restricted to a very specific direction
in the universe.

1 Introduction

Current laboratory constraints exclude any significant time variation of the dimen-
sionless constants of physics in the low-energy regime. However, it is not impossible
that these constants could have varied over cosmological time-scales. Savedoff [31]
first pointed out the possibility of using redshifted atomic lines from distant objects
to test the evolution of dimensionless physical constants. The idea is to compare the
wavelengths of the same transitions measured in the laboratory on earth and in the
remote universe. This basic principle has been first applied to QSO absorption lines
by Bahcall et al. [1].

The field has been given tremendous interest recently with the advent of 10 m
class telescopes. To make a long story short it is not yet certain that the variation
of ˛ claimed by Webb et al. [37] is confirmed or not because some people have
claimed (unreasonably in our opinion) that everybody is wrong [2, 3, 18, 29, 32]
except Murphy et al. [21]. In addition, the recent claims by Webb et al. [38] of the
detection of a dipole, e.g. a directional space variation of ˛ still waits confirmation.
Future will tell us the truth! On the other hand, other constants (in particular �) are
till now claimed not to vary at the limit of the experiments [8–12, 30, 36, 39, 40].

Since the amount of observing time required by the study of one absorption sys-
tem is quite large (typically 10 to 20 hours of 10 m class telescopes per quasar), the
systems have to be selected carefully. In particular for � and x, the small num-
ber of suitable systems may prevent the development of the field. We therefore
have embarked on several surveys to find these systems. We search for molecular
hydrogen at the VLT and 21 cm systems at GMRT.

2 How to Find Molecules

Molecular hydrogen is not conspicuous in Damped Lyman-˛ systems at high red-
shift contrary to what is seen in the Galaxy and, for a long time, only the DLA
towards Q 0528�2505 was known to contain H2 molecules [17]. H2-bearing DLAs
are nevertheless crucial to understand the physical properties of the interstellar
medium of high-z galaxies [4, 7, 23, 34].
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2.1 VLT/UVES Survey for Molecular Hydrogen

The first systematic search for molecular hydrogen in high-redshift (zabs > 1:8)
DLAs was carried out using the Ultraviolet and Visual Echelle Spectrograph
(UVES) at the Very Large Telescope (VLT, [14], see also [26]).

More recently we gathered a total sample of 77 DLAs/strong sub-DLAs, with
log N (H I) � 20 and zabs > 1:8, for which the wavelength range where correspond-
ing H2 Lyman and/or Werner-band absorption lines are expected to be redshifted is
covered by UVES observations of the quasars [19].

H2 is detected in thirteen of the systems with molecular fractions as low as
f ' 5 � 10�7 up to f ' 0:1, with f D 2N.H2/=.2N.H2/ C N.H I// in the
redshift range 1:8 < zabs 
 4:2 [15]. Upper limits are measured for the remaining
64 systems with detection limits of typically log N.H2/ � 14:3, corresponding to
log f < �5. We find that about 35% of the DLAs with metallicities relative to
solar [X/H� > �1:3 (i.e., 1/20th solar) with X D Zn, S or Si, have molecular frac-
tions log f > �4:5, while H2 is detected – regardless of the molecular fraction –
in � 50% of them. On the contrary, only about 4% of the [X/H� < �1:3 DLAs
have log f > �4:5. We show that the presence of H2 does not strongly depend
on the total neutral hydrogen column density, although the probability of finding
log f > �4:5 is higher for log N.H I/ � 20:8 than below this limit (19% and 7%
respectively). The overall H2 detection rate in logN.H I/ � 20DLAs is found to be
about 16% (10% considering only log f > �4:5 detections) after correcting for a
slight bias towards large N.H I/. There is a strong preference for H2-bearing DLAs
to have significant depletion factors, [X/Fe� > 0:4. In addition, all H2-bearing DLAs
have column densities of iron into dust larger than log N.Fe/dust � 14:7, and about
40% of the DLAs above this limit have detected H2 lines. This demonstrates the
importance of dust in governing the detectability of H2 in DLAs. There is no evolu-
tion with redshift of the fraction of H2-bearing DLAs nor of the molecular fraction
in systems with detected H2 over the redshift range 1:8 < zabs < 4:3.

2.2 A Few Characteristics of the H2 Bearing DLAs

An blind survey like the one described above is useful to derive information on the
overall population of DLA systems. When it comes to select systems where H2 can
be detected and thus to increase the detection efficiency, a few characteristics can be
used:

(i) There is no strong correlation between the presence of H2 and the H I column
density (Fig. 1) and molecules are seen at any log N (H I).

(ii) There is a definite tendency for molecules to be more frequent at high metal-
licity (Fig. 2; see also [25]).

(iii) Dust is an important ingredient for the formation of H2 and molecules are
predominantly found in dusty systems (Fig. 3; see also [16]).
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Fig. 1 Total neutral hydrogen column density (corrected) distributions of DLAs in the overall
UVES sample (solid line), the sub-sample of H2-bearing systems (grey), and that of the systems
with molecular fraction logf > �4:5 (dark grey). The distribution from the SDSS-DR5 DLA
sample (dotted line; Prochaska et al. [27], Noterdaeme et al. [20]) is represented with a different
scaling so that the area of both histograms are the same. H2 is found at any H I column density
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Fig. 2 The metallicity distribution of DLAs in the overall UVES sample (solid line) is compared
to that from the Keck sample (dotted; Prochaska et al. [28]), adequately scaled (right axis) so that
the area of both histograms are the same. The distributions are similar. Distributions from the sub-
sample of H2-bearing systems (grey), and that of the systems with molecular fraction logf > �4:5
(dark grey) are also shown. It is clear from the figure and the Kolmogorov-Smirnov test probability
(inset) that the distribution from H2-bearing systems are skewed towards high metallicities

2.3 Other Molecules

Using refined selection criteria it was possible to increase the efficiency of the selec-
tion of H2-bearing systems to about 30%. This gave us the possibility to discover
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Fig. 3 Distribution of depletion factors from the overall UVES sample (solid line), the sub-sample
of H2-bearing systems (grey), and that of the systems with molecular fraction logf > �4:5 (dark
grey) It is clear from these histograms that the distribution of depletion factors for H2-bearing
systems is different from that of the overall sample. This shows clearly that H2-bearing DLAs are
more dusty than the overall DLA population. The probability that the two samples are drawn from
the same parent population is indeed very small: PKS(SHI/SH2P) � 10�3 (inset)

the first CO absorber together with several HD absorbers [22,24,33]. This opens up
the exciting possibility to study astro-chemistry at high redshift.

3 Radio 21 cm Absorbers

We have also embarked on a large survey to search for 21 cm absorbers at interme-
diate and high redshifts. For this we first selected strong Mg II systems (Wr > 1 Å)
from the Sloan Digital Sky Survey in the redshift range suitable for a follow-up
with the Giant Meterwave Telescope (GMRT), 1.10 < zabs < 1.45. We then cross-
correlated the �3000 SDSS systems we found with the FIRST radio survey to select
the background sources having at least a S1:4GHz > 50mJy bright component coin-
cident with the optical QSO. There are only 73 sources fulfilling these criteria out
of which we observed 35 over �400 hours of GMRT observing time [6].

We detected 9 new 21 cm absorption systems [5, 6]. This is by far the largest
number of 21-cm detections from any single survey. Prior to our survey no interven-
ing 21-cm system was known in the above redshift range and only one system was
known in the redshift range 0:7 
 z 
 1:5 (see Fig. 4). Our GMRT survey thus pro-
vides systems in a narrow redshift range where variations of x can be constrained.
For this, high resolution and high signal-to-noise ratio observations of the absorbers
must be performed to detect the UV absorption lines that will provide the anchor
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Fig. 4 Redshift distribution of Mg II systems that were searched for 21-cm absorption. The filled
histogram is the GMRT sample of 35 Mg II systems presented in Gupta et al. [6] (33 of these
absorption systems have Wr(Mg II	2796) > 1Å). The solid line histogram is for the sample of
Lane [13]. The distribution for the Wr(Mg II	2796) � 1Å sub-set of these systems is given by the
dashed line histogram and the hatched histogram corresponds to 21-cm detections among them

to fix the exact redshift, the variations of x being subsequently constrained by the
position of the 21 cm absorption line.

Future capabilities (ASKAP, MeerKAT) will boost this field.

4 The Absorber at zabs D 3:1744 Towards
SDSS J133724.69C315254.55

We have reported recently the discovery of a system which is close to be “ideal”
to constrain the variation of fundamental constants as several constants can be
constrained using the same system, namely � and x D ˛2Gp=� (see Fig. 5).

Indeed, we detected 21-cm and molecular hydrogen absorptions in the same
damped Lyman-˛ system (with log N (H I) D 21.36˙0.10) at zabs D 3:1744

towards J133724.69C315254.55 (zem � 3.174, see [35]). We estimate the spin tem-
perature of the gas to be, TS D 597C118

�100 K, intermediate between the expected
values for cold and warm neutral media. This suggests that the H I absorption orig-
inates from a mixture of different phases. The total H2 molecular fraction is low,
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fH2 D 10�7, and H2 rotational level populations do not provide any constraint
on the kinetic temperature of the gas. The average metallicity of the ˛-elements is,
ŒS=H� D �1:45˙ 0:22 ([O/S]� C0:47 ˙ 0:33). Nitrogen is found underabundant
with respect to ˛-elements by �1.0 dex and iron is depleted by �0.5 dex probably
onto dust. Using photoionization models we derive the average density of the gas to
be �2.5 cm�3 and the gas to be located more than 240 kpc away from the QSO.

While the 21-cm absorption line is located well within the H2 velocity profile, its
centroid is shifted by � 2:9 ˙ 0:4 km/s with respect to the redshift measured from
the H2 lines. However, the position of the strongest metal absorption component
matches the position of the 21-cm absorption line within 0:4 km/s. From this, we
constrain the variation of the combination of fundamental constants x D ˛2Gp=�,
�x=x D �.1:9˙ 1:5/ � 10�6. We can place a constraint on � in the same system.
In this regard the system studied here is unique. However, as the H2 column density
is weak, only Werner band absorption lines are seen and, unfortunately, the range
of sensitivity coefficients is too narrow to provide a stringent constraint: ��=� 

4:0 � 10�4.

If we combine the constraint we obtain on x in this system with the constraint on
� obtained by King et al. [12] and Thompson et al. [36],��=� D 2:6˙3:0�10�6,
we obtain a 3� upper limit on the variation of ˛ at z � 3 of �˛=˛ < 2.2�10�6. We
note that the quasar happens to be located in the northern part of the sky. Therefore
the variations along the so-called “Australian dipole”, if any, seems to be restricted
to a specific direction in the universe.

5 Conclusion

Since the amount of observing time required to constrain fundamental constants in
one absorption system is quite large (typically 10 to 20 hours of 10 m class tele-
scopes per quasar), the targeted systems have to be selected carefully. In particular
for � and x, the small number of suitable systems may prevent the development of
the field. We therefore have embarked on several surveys to find these systems. We
search for molecular hydrogen at the VLT and 21 cm systems at GMRT.

Systems where H2 is to be expected can be selected based on the following
observations:

(i) There is no strong correlation between the presence of H2 and the H I column
density and molecules are seen at any log N (H I).

(ii) There is a definite tendency for molecules to be more frequent at high metal-
licity.

(iii) Dust is an important ingredient for the formation of H2 and molecules are
predominantly found in dusty systems.

We have detected 9 new 21-cm absorption systems [5,6]. This is by far the largest
number of 21-cm detections from any single survey. Prior to our survey no interven-
ing 21-cm system was known in the above redshift range and only one system was
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Fig. 5 Voigt profile fits to H2 Lyman and Werner band absorption lines in the DLA towards
SDSS J133724.69C315254.55. The vertical dotted and dashed lines mark the locations of the
21 cm and H2 absorption lines, respectively. The apparent velocity shift between the two lines is
�2.7 km s�1. The zero of the velocity scale is defined with respect to the redshift of the H2 lines,
zabs D 3.174441(5)

known in the redshift range 0:7 
 z 
 1:5 (see Fig. 4). Our GMRT survey thus pro-
vides systems in a narrow redshift range where variations of x can be constrained.
For this, high resolution and high signal-to-noise ratio observations of the absorbers
must be performed to detect the UV absorption lines that will provide the anchor
to fix the exact redshift, the variations of x being subsequently constrained by the
position of the 21-cm absorption line.

It would be highly interesting to find places where several constants can be con-
strained. We have reported recently the discovery of a system which is close to
be “ideal” to constrain the variation of fundamental constants as several constants
can be constrain in the same system, namely � and x D ˛2Gp=�. Indeed, we
detected 21-cm and molecular hydrogen absorptions in the damped Lyman-˛ system
at zabs D 3:1744 towards J 133724.69C315254.55.
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If we combine the constraint we obtain on x in this system with the constraint on
� obtained by King et al. [12] and Thompson et al. [36],��=� D 2:6˙3:0�10�6,
we obtain a 3� upper limit on the variation of ˛ at z � 3 of �˛=˛ < 2.2�10�6. We
note that the quasar happens to be located in the northern part of the sky. Therefore
the variations along the so-called “Australian dipole”, if any, seems to be restricted
to a very specific direction in the universe.

Future radio capabilities such as ASKAP and MeerKAT, but also ALMA, in
addition to the forthcoming VLT instrument CODEX, will boost this field, provid-
ing numerous places in the sky where to constrain the fundamental constants from
molecular and 21-cm absorption lines.
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Abstract Observations of H2 spectra in the line-of-sight of distant quasars may
reveal a variation of the proton-electron mass ratio � D mp=me at high redshift,
typically for z > 2. Currently four high-quality systems (Q0347-383, Q0405-443,
Q0528-250 and J2123-050) have been analyzed returning a constraint ��=� <

1 � 10�5. We present data and a �-variation analysis of another system, Q2348–
011 at redshift zabs D 2:42, delivering��=� D .�1:5˙ 1:6/ � 10�5. In addition
to observational data the status of the laboratory measurements is reviewed. The
future possibilities of deriving a competitive constraint on ��=� from the known
high-redshift H2 absorbers is investigated, resulting in the identification of a number
of potentially useful systems for detecting �-variation.
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1 Cosmological � Variation and the Laboratory Database

The proton-electron mass ratio � D mp=me is one of the constants suitable
for targeting a possible variation of a physical constant on a cosmological time
scale. Although � is a dimensionless constant, lending itself for an observational
approach, it is not a fundamental constant in a strict sense, like the fine-structure
constant ˛, because � involves all the binding physics of the quarks inside the pro-
ton. However, its close connection tome=�QCD makes it the parameter determining
the measure of the strong force with respect to the electroweak sector, and is there-
with of fundamental importance. Variation of � can be straightforwardly derived
from a comparison between spectral lines observed at vastly differing redshifts. Val-
ues of wavelengths at high redshift 	iz are compared to laboratory wavelengths 	i0
for as many as possible H2 lines [40] using sensitivity coefficients for each individ-
ual spectral line Ki D d ln	i=d ln�. These Ki are calculable to the 1% accuracy
level [43].

The laboratory wavelengths of the spectral lines in the Lyman and Werner bands
of H2 have been investigated at ever improved accuracy using tunable vacuum ultra-
violet (VUV) lasers since over a decade [11,13,17,35,37,44], also including spectra
of HD [12, 16]. In addition the novel Fourier-transform spectrometer in the VUV
range at the Soleil synchrotron was used to perform direct absorption spectra focus-
ing on HD to cover the entire range of Lyman and Werner bands for this deuterated
molecule [15]. The most accurate wavelength positions are obtained from a third
indirect spectroscopic method based on the highly accurate determination of level
energies for certain anchor levels [9], where the determination of Lyman and Werner
wavelengths results from an independent measurement of spacings between excited
states [38]. The full set of recommended wavelengths is reported in Bailly et al. [4].
Another compilation of these data, both for H2 and HD is given in the appendix
of Malec et al. [24], also including a listing of Ki sensitivity coefficients [15, 43],
oscillator strengths of the absorption lines [2], and of damping coefficients [1].

A quasar absorption spectrum can be treated in different ways to detect a pos-
sible ��=�. A straightforward method is to derive line positions by fitting H2
resonances, and thereupon compare the results with the laboratory wavelengths; by
deriving reduced redshifts �i D .zi � zA/=.1C zA/ with zi the redshift determined
for each line (zi D .	iz=	

0
z /� 1) and zA the redshift of the absorber, such a method

gives a graphical insight into a possible variation of � [37, 43]. In contrast to this
line-by-line fitting method a comprehensive fitting method has advantages. There,
an H2 spectrum is generated, based on the available molecular parameters (wave-
lengths [4, 24], oscillator strengths [2], and damping parameters [1]). The value for
��=� is then a single fitting parameter comparing the observed spectrum with a
model spectrum; this is accomplished via least squares fitting with the VPFIT soft-
ware [47]. Each line is convolved with the instrumental profile (pertaining to the
spectral resolving power R D 	=�	 of the spectrometer), a natural linewidth � ,
and a Doppler parameter b. The main advantage of the method is that a composite
velocity structure can be addressed. The column densities N.J / for each rotational
state can be tied between velocity components or left independent. Further details
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Fig. 1 Current result on cosmological �-variation based on the five available high-quality H2

absorption systems as a function of redshift: diamonds relate to Q0347–383, Q0405–443 and
Q0528–250 [19], triangle is the result from J2123–005 [24], while the black points relate to the
ammonia data [10, 25] for redshifts z < 1. The hexagonal point represents the result of the present
analysis of Q2348–011

and advantages of the comprehensive fitting method are discussed in Refs. [19, 24].
By this means the spectral information on overlapping lines and of saturated lines
can be included. In the example of the analysis of the Keck-HIRES spectrum of
the quasar J2123–005 it is shown how the velocity structure can be investigated in
much detail in terms of computed composite residuals which demonstrate a complex
velocity structure that should be accounted for [24]. These optimized comprehen-
sive fitting methods were also implemented in the analyses of the three systems
Q0347–383, Q0405–443 and Q0528–250 by King et al. [19].

The resulting constraints on ��=� for the four systems mentioned are shown
in Fig. 1. The figure also includes the result of the Q2348–011 analysis, details of
which will be presented in the next section. The tighter constraints stemming from
radio-astronomical observations of NH3 at redshifts z < 1 are shown as well [10,
25]. The data show the present status of a possible variation of the proton-electron
mass ratio to be ��=� < 1 � 10�5 at redshifts z D 2 � 3:5.

2 VLT-UVES Observation of Q2348–011

H2 absorption features associated with the Damped Lyman-˛ (DLA) system at z D
2:42 along the sightline of Q2348–011 (SDSS J235057.88–005209.8, zem ' 3:02)
were first reported by Petitjean et al. [32]. Since then this system has been the subject
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of several investigations but none of them focused on �-variation (e.g. Ledoux
et al. [20], Noterdaeme et al. [31]), but rather on the molecular column densities,
the metallicity and the physical conditions of the gas contained in this DLA-system.
For an investigation of �-variation new observations of well-calibrated spectra of
Q2348–011 were recorded, and will be presented here.

2.1 Data

The absorption spectrum of the quasar Q2348–011 was obtained with the Ultraviolet
and Visual Echelle Spectrograph (UVES) at the Very Large Telescope (VLT) of the
European Southern Observatory (ESO) in Paranal, Chile. Observations were carried
out in visitor mode on four consecutive nights (2007 August 18-21). Q2348–011 is
not a particularly bright object (Rmag D 18:31) so long exposures were needed.
An overall of 15 spectra were recorded with an exposure time between 3600 and
4800 seconds each; they make up for a combined total of 19.25 hours of observa-
tion. The slit widths were set to 0:008 � 1:000 and 0:007 � 0:008 in, respectively, blue
and red ranges. They were kept constant for all exposures irrespective of the notice-
ably varying seeing conditions, which were on average 1:002. These settings yield
a resolution of R � 51700 (in the blue-UV range where all H2 lines are observed)
and 55300 (in the red). This corresponds to a resolution element of 2.46 and 2.31
km s�1 in terms of velocity units, respectively. For optimum wavelength calibration
the 15 science exposures were each attached with a ThAr calibration frame, obtained
immediately after each science exposure. Special care was taken to use pre-selected
Th-Ar reference lines following optimization procedures [26]. The final spectrum
of Q2348–011 covers (vacuum-heliocentric) wavelengths 3572-9467 Å, with gaps
at 4520-4621 and 7505-7665 Å. Parts of the spectrum are displayed in Fig. 2.

2.2 Analysis

The wavelength range covered by the VLT-UVES spectrum provides 58 H2 transi-
tions for rotational levels J D 0 � 5. The H2 features fall in the wavelength range
between 3580 and 3860 Å for this absorber at z D 2:42. This part of the combined
spectrum has a signal-to-noise ratio (S/N) of 25. Note that no associated HD spectral
features have been detected at a significant level. All the transitions observed arise
from the Lyman band. Molecular hydrogen is present in 7 velocity features (the two
left-most are blended together but they count at least as two), so in principle this
spectrum would provide a sample of 58 � 7 absorption lines. However, besides the
DLA at z D 2:42 (neutral content logN.H I/ D 20:50˙0:10, [20]), which contains
molecular hydrogen, there is an additional DLA at z D 2:62, which has a larger col-
umn density of neutral hydrogen (logN.H I/ D 21:30˙ 0:08 [31]), but no signs of
molecular hydrogen. The strong Lyman-ˇ feature of the second DLA (z D 2:62) at
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Fig. 2 Lower panel: H2 velocity structure in the Q2348–011 DLA system at z D 2:42; upper
panel: Fe II velocity structure of the same absorber. The positions of 7 different velocity features
of H2 are indicated by the blue dashed lines, and the positions of 14 velocity components of Fe II
are indicated by the dashed lines. Note that the strongest velocity component in Fe II absorption
profile (at 0 km s�1) does not have an associated H2 component. The cleanest Fe II transition
(1608.45 Å) is blended with Si IV (1402.77 Å) of an additional absorber at z D 2:93. The ticks in
the Fe II panel indicate positions of the overlapping Si IV lines

3710 Å obscures 4 H2 transitions (24 velocity components) and damps some others
(see Fig. 3), while also the Lyman-� blends 4 H2 lines (28 velocity components).
This DLA gives rise to a cutoff in the absorption spectrum at 3580Å, which makes
this DLA an unfortunate coincidence along the sightline of Q2348–011. In addition
there exist strong H I absorbers, almost at the column densities of sub-DLA’s, at
z D 2:73 and z D 2:93 obscuring several H2 lines.

Another distinctive feature of this spectrum is self-blending of H2: since the
velocity structure of H2 consists of numerous components spread over � 300
km s�1, nearby lying lines exhibit mutual overlap of velocity components. For
example, velocity components 4-7 of H2 L0R1 lie in the same region as velocity
components 1-3 of H2 L1P5. This kind of overlapping can be disentangled using
the comprehensive fitting method, if a sufficient number of non-overlapping lines
is available. However, the non-overlapping lines are blended in addition with the
absorbers of the Lyman-˛ forest, and the overall amount of clear features is strongly
reduced.

Some of the molecular hydrogen features are contaminated by metal lines asso-
ciated with the two DLAs, namely, L2R0 with Si II (1020.69 Å) at z D 2:62, and
L3R1, L3P1, L1P2, L1R3, L0P2, L0R3 are blended with various Fe II lines asso-
ciated with the z D 2:42 DLA. Further, L1R5 and L1P4 may be blended with an
additional C IV system at z D 1:44 but this is difficult to reconstruct unambiguously.
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Fig. 3 H2 absorption model superimposed on a portion of the Q2348–011 spectrum. The strong
feature centered at 3710 Å is Lyman-ˇ of the DLA at z D 2:62

Generally, the sightline towards the quasar Q2348–011 is rich in interesting
absorbers: besides the two DLAs there are other strong metal absorbers at z D 2:97,
2:93, 2:72, 2:58 (C IV, Si IV, N V), and at z D 0:86, 0:77 (Mg II). The latter is
remarkable in having numerous components spread over 750 km s�1. Notewor-
thy coincidence is that the cleanest Fe II transition (1608.45 Å) associated with
z D 2:42 is blended with Si IV (1402.77 Å) of the absorber at z D 2:93 (see Fig. 2).
Also note that the most prominent velocity component in metal transitions does not
have an associated H2 component.

For the final fit deriving��=� 35 regions with 36 different molecular hydrogen
transitions have been selected. Each line is modeled as a Voigt profile. In the com-
prehensive fitting method the parameters (column density N , Doppler parameter b,
and position z) are connected for different lines. Each J -level for H2 has a differ-
ent ground state population, so all transitions from the same J -level have the same
value for N , b, and z. It is also assumed that a given velocity component has the
same z and b value in all J -levels; physically this can be interpreted that the molec-
ular hydrogen of all states resides in the same absorbing cloud. The value for��=�
is a single fitting parameter for all molecular hydrogen transitions. The absorption
model is optimized to fit data by using the VPFIT software.

As analyzed by Malec et al. in the example of the J2123–005 quasar system,
more than one velocity component can underlie a molecular absorption feature as
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distinguishable by inspection. Their presence can be confirmed or rejected relying
on goodness-of-fit and by inspecting composite residuals [24]. As the two left-
most features of H2 absorption are blended, more components could in principle be
present close to or between the two blended features. A fit with 7C1 velocity com-
ponents (VC) instead of 7, where the additional VC was included between the two
left-most VCs, has improved the �2v per degree-of-freedom by several hundredths,
but the additional velocity component was rejected as unnecessary in transitions
from J D 4 and J D 5 rotational levels. The 7C1 VC model is regarded as the
fiducial result, because it gives the best match with the observed spectrum, i.e. it is
statistically preferred as it returns the smallest �2v . A more detailed analysis will be
presented in an upcoming paper [3].

3 Results

The fiducial absorption model led to the following result: .��=�/7C1VC D
.�1:5 ˙ 1:6/ � 10�5. Table 1 provides molecular cloud properties with their
statistical uncertainties as derived from the final fitting attempt when��=� was set
as a free parameter.

The analysis of H2 absorption in the Q2348–011 spectrum yields a competi-
tive result on ��=�, but it is three times less tight compared to the constraints
from previous analyses (see Fig. 1). One of the major causes that led to the rela-
tively large uncertainty is the low S/N of the spectrum. The second cause is that
the spectrum is obscured by the neutral hydrogen features of the additional strong
DLA at z D 2:62: The H2 transitions falling at the shortest wavelengths covered
by the spectrum are especially useful in �-variation analysis, since they exhibit the
larger K-coefficients (transitions in the Lyman band with higher vibration excita-
tion). In the spectrum of Q2348–011 they are not detected due to the H I absorption
produced by the additional DLA. Although the total number of H2 transitions avail-
able in this spectrum is reduced, it is at least partially compensated by the presence
of numerous velocity components associated with each transition. Altogether, each
transition contributes a higher information content when it is imprinted in several
velocity components. The complex absorption structure was successfully modelled
by means of the comprehensive fitting method.

4 Potential High-Redshift H2 Absorbers for Future Detection
of �-Variation

Detection of cosmological �-variation, or putting strong constraints on the varia-
tion, should preferably be based on large numbers of high redshift H2 absorbing
systems. For comparison the recent study on a possible spatial dipole for the fine
structure constant ˛ relies on the analysis of almost 300 absorbing systems [48].
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However, for H2, up to now only five systems (Q0347–383, Q0405–443, Q0528–
250, J2123–050 and Q2348–011) of sufficient quality are found, and the results
obtained in comprehensive fitting procedures are summarized in Fig. 1. We note
that alternative line-by-line fitting procedures on the Q0347–383 and Q0405–443
systems have recently been reported [41, 49, 50]. Taking the weighted mean of the
H2 results of Fig. 1 yields��=� D .2:9˙ 2:6/� 10�6 for redshift ranges between
z D 2:0 � 3:1, which may be considered as the status by September 2010. The data
provide firm evidence that �-variation is below the 10�5 level for look-back times
in the range of 10-12 Gyrs.

A recent analysis of the J1337C315 spectrum by Srianand et al. [31] yielded
a constraint only at the 10�4 level. This is due to the combination of low bright-
ness of the quasar (Rmag D 18:08) and low H2 content at the absorbing cloud
(log10N.H2/ D 14:1). The present analysis of the Q2348–011 H2 absorption
system demonstrate, that even when the S/N of a spectrum is low, a competitive con-
straint on ��=� can still be delivered if other circumstances are favorable. In case
of Q2348–011 the low S/N is compensated by the presence of at least 7 sufficiently
strong velocity components. However, in this regard the Q2348–011 absorbing sys-
tem is rather an exception than a rule. In other known DLAs H2 absorption is usually
detected in no more than three visually distinguishable spectral features.

This raises the question how many of the thousands of quasar systems on the
sky (see Fig. 4 and [46]), of which there are some 1000 identified as DLAs could
produce a competitive result, i.e. at the level ı.��=�/ 
 5 � 10�6.

Based on our experience in analyzing spectra, we postulate that high quality H2
absorption systems should obey the following conditions:


 An apparent magnitude of Vmag < 18 of the quasar background source for
providing a SNR of about 50 after a reasonable amount of data collection
(15–20 h).


 A column density ofN (H2) preferably in the range between 1014 and 1018 cm�2
yielding sufficient but not too saturated H2 absorption.


 An H2 absorption system at redshift z > 2; only then a sufficient number of
lines will shift into the atmospherically transparent window and the throughput
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window of Keck-HIRES and VLT-UVES; preferably some Werner lines should
be observed for dealing with systematics [24].


 No occurrence of additional DLA’s and only a limited amount of metal absorp-
tion systems along the same line of sight; the Q2348-011 absorber is an example
of an unfavorable situation with an additional strong DLA and a few very strong
HI absorbers, as well as several metal bearing systems.


 In principle, a firm constraint on the velocity structure of the H2 absorber is only
possible with the comprehensive fitting method. The present example of Q2348–
011 demonstrates the applicability of this method in case of a complex structure
with 7 velocity components. For line-by-line fitting methods the H2 spectrum
should preferably exhibit a single absorber; that a, e.g. two-component model, is
statistically worse than a single component model should be demonstrated.

We have inspected the existing literature on high-redshift H2 absorbers in order to
identify possibly useful systems that may be targeted in future for �-variation. In
Table 2 all systems in which H2 has been detected so far are listed. Relevant details
for all systems, such as absorption and emission redshifts, their position on the sky,

Table 2 Listing of known high redshift H2 absorption systems with some relevant parameters.
Bessel R photographic magnitude taken from the SuperCOSMOS Sky Survey [8]. The five high-
quality systems analyzed so far are offset. The column densities N (H2), N (HD) and N (H I) are
given on a log10 scale in [cm�2]

Quasars zabs zem RA(J2000) Decl.(J2000) N (H2) N (HD) N (H I) Rmag Ref.

Q0347�383 3:02 3:21 03:49:43.64 �38:10:30.6 14:5 20:6 17:48 [19, 37]
Q0405�443 2:59 3:00 04:07:18.08 �44:10:13.9 18:2 20:9 17:34 [19, 37]
Q0528�250 2:81 2:81 05:30:07.95 �25:03:29.7 18:2 a 21:1 17:37 [19]
J2123�005 2:06 2:26 21:23:29.46 �00:50:52.9 17:6 13:8 19:2 15:83 [24]
Q2348�011b 2.42 3.02 23:50:57.87 �00:52:09.9 18.4 20.5 18.31 [20, 31]c

Q0013�004 1:97 2:09 00:16:02.40 �00:12:25.0 18:9 20:8 17:89 [34]
HE0027�184 2:42 2:55 00:30:23.62 �18:19:56.0 17:3 21:7 17:37 [27]
Q0551�366 1:96 2:32 05:52:46.18 �36:37:27.5 17:4 20:5 17:79 [23]
Q0642�506 2:66 3:09 06:43:26.99 �50:41:12.7 18:4 21:0 18:06 [28]
FJ0812C320 2:63 2:70 08:12:40.68 C32:08:08.6 19:9 15:4 21:4 17:88 [5, 42]
Q0841C129 2:37 2:48 08:44:24.24 C12:45:46.5 14:5 20:6 17:64 [33]
Q1232C082 2:34 2:57 12:34:37.58 C07:58:43.6 19:7 15:5 20:9 18:40 [14, 45]
J1237C064 2:69 2:78 12:37:14.60 C06:47:59.5 19:2d 14:5 20:0 18:21 [29]
Q1331C170e 1:78 1:78 13:33:35.81 C16:49:03.7 19:7 14:8 21:2 16:26 [5, 6]
Q1337C315 3:17 3:17 13:37:24.69 C31:52:54.6 14:1 21:4 18:08 [39]
Q1439C113 2:42 2:58 14:39:12.04 C11:17:40.5 19:4 14:9 20:1 18:07 [30]
Q1443C272 4:22 4:42 14:43:31.18 C27:24:36.4 18:3 21:0 18:81 [22]
Q1444C014 2:08 2:21 14:46:53.04 C01:13:56.0 18:3 20:1 18:10 [21]
Q2318�111 1:99 2:56 23:21:28.69 �10:51:22.5 15:5 20:7 17:67 [27]
Q2343C125 2:43 2:52 23:46:25.42 C12:47:43.9 13:7 20:4 20:18 [7, 32]
a A recent re-analysis has shown that this system contains HD [18].
b Multiple DLAs in this system.
c Studied in this work for �-variation.
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the obtained column densities for H2, HD and H I, and the magnitude are listed as
well. Inspection of these systems leads to a quality assessment of the known H2
absorber systems. Some of the systems can be discarded based on their low redshift
(Q0551� 366, Q2318� 111, Q0013� 004 and Q1331C 170), on their low H2 col-
umn density (Q2343C 125 and Q1337C 315), too low brightness, or combinations
thereof. It should be noted that this assessment is linked to the status of present day
technology. Future larger telescopes, or space-based telescopes equipped with high
resolution spectrometers (R > 50 000) may alter this view.

Based on the considerations given we have identified five quasar systems that
have the potential to achieve a constraint at the ı.��=�/ 
 5 � 10�6 level. These
systems have been investigated to some extent, but larger numbers of exposures
yielding better S/N, and ThAr attached calibration frames will be needed to reach
the desired accuracy. Of the five systems, four have been observed with VLT-UVES,
while one (FJ0812+320) has been studied with Keck-HIRES.


 Q0642�506 with redshift zabs D 2:66 provides a good number of H2 lines with
a high column density giving rise to saturation of only the strongest lines. The
occurrence of only a single velocity components renders the spectrum relatively
simple, also accessible for a line-by-line treatment. Spectra are shown in [28].


 HE0027�184 is of similar good quality. It has a favorable magnitude and a
molecular column density which allows for observation of a large number of
lines to be observed. Indeed in the archived spectra with data observed in 2004
many lines are found, possible even up to J D 6 [27].


 FJ0812C320 has a strong saturated H2 component, which makes it less ideal.
The system has been studied in particular for its abundant presence of the widest
variety of metal lines [36] and of HD [5,42]. The system is nevertheless of impor-
tance because it is the only system of reasonable quality at northern declination,
except for the special z D 4:22 system discussed below.


 J1237C064 at zabs D 2:69 shares some of the disadvantages of the previous sys-
tem, in particular the very high column density giving rise to saturation. However,
the velocity structure exhibits two weaker components, such that high-J lines can
be obtained in the strong components, and the low-J lines in the weak compo-
nents; HD is abundantly present and can be included in the analysis. This makes
J1237C064 a target with a high potential. Further details on the system in [29].


 Q1443C272 is a special case, and its unusually high redshift (zabs D 4:22)
alters some of the arguments. The system has a very low brightness, but that
is partly compensated because the H2 lines shift further into the visible, where
scattering is less and CCD’s are more sensitive. In addition the high redshift
shifts many more H2 lines into the observable range. However, for these high
redshift objects the Lyman-˛ forest becomes denser, which is a disadvantage. In
summary this system has a good potential, if sufficient observation time is made
available. Further details on the system in [22].
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5 Conclusion

We have reviewed the status of investigations into variation of the proton-electron
mass ratio from analyses of highly redshifted H2 absorption systems. As of now
five results have been obtained putting a tight constraint at the ��=� < 1 � 10�5
level. We present spectroscopic data on the fifth H2 absorption system, Q2348–
011, and have show how a complex velocity structure can be unraveled using the
comprehensive fitting method. An attempt is made to list in full all relevant quasar
systems where H2 has been observed so far, followed by an assessment as to which
systems could produce a competitive result on ��=�, provided that high-quality
well-calibrated observations are performed.
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Cosmological Birefringence: An Astrophysical
Test of Fundamental Physics

Sperello di Serego Alighieri

Abstract We review the methods used to test for the existence of cosmological
birefringence, i.e. a rotation of the plane of linear polarization for electromagnetic
radiation traveling over cosmological distances, which might arise in a number
of important contexts involving the violation of fundamental physical principles.
The main methods use: (1) the radio polarization of radio galaxies and quasars,
(2) the ultraviolet polarization of radio galaxies, and (3) the cosmic microwave back-
ground polarization. We discuss the main results obtained so far, the advantages and
disadvantages of each method, and future prospects.

1 Introduction

Cosmological birefringence (CB)1 deals with the possibility of a rotation of the
plane of linear polarization for electromagnetic radiation traveling over large dis-
tances in the universe. This possibility arises in a variety of important contexts,
like the presence of a cosmological pseudo-scalar condensate, Lorentz invariance
violation and CPT violation, neutrino number asymmetry, the Einstein Equivalence
Principle (EEP) violation. We refer the reader to [36,37] for comprehensive reviews
of these fundamental physical contexts and discuss here, in chronological order, the
astrophysical methods that have been used to test for the existence of CB.

In general, what is needed to test for CB is a distant source of linearly polarized
radiation, for which the orientation of the plane of polarization at the emission is
known, and can therefore be compared with the one observed on Earth to see if it

1Reference [37] has argued that one should rather use the term optical activity, since birefringence
refers to the two different directions of propagation that a given incident ray can take in a medium,
depending on the direction of polarization. Although we agree with his comment in principle, we
keep here the term that has been commonly adopted for the cosmological polarization rotation.
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has rotated during its journey. Since CB, if it exists, presumably increases with the
distance traveled by the radiation, tests should use the most distant sources.

2 Radio Polarization of Radio Galaxies and Quasars

Reference [6] was the first to suggest to use the polarization at radio wavelengths of
radio galaxies and quasars to test for CB2. It has used the fact that extended radio
sources, in particular the more strongly polarized ones, tend to have their plane of
integrated radio polarization, corrected for Faraday rotation, usually perpendicular
and occasionally parallel to the radio source axis [11], to put a limit of 6:0o at the
95% confidence to any rotation of the plane of polarization for the radiation coming
from these sources in the redshift interval 0:4 < z < 1:5.

Reanalyzing the same data, [38] claimed to have found a rotation of the plane of
polarization, independent of the Faraday one, and correlated with the angular posi-
tions and distances to the sources. Such rotation would be as much as 3.0 rad for
the most distant sources. However, several authors have independently and convinc-
ingly rejected this claim, both for problems with the statistical methods [7, 17, 31],
and by showing that the claimed rotation is not observed for the optical/UV polar-
ization of 2 radio galaxies (see the next section) and for the radio polarization of
several newly observed radio galaxies and quasars [44].

In fact, the analysis of [44] is important also because it introduces a significant
improvement to the radio polarization method for the CB test. The problem with
this method is to estimate the direction of the polarization at the emission. Since
the radio emission in radio galaxies and quasars is due to synchrotron radiation, the
alignment of its polarization with the radio axis implies an alignment of the mag-
netic field. Theory and MHD simulations foresee that the projected magnetic field
should be perpendicular to strong gradients in the total radio intensity [2, 40]. For
example, for a jet of relativistic electrons the magnetic field should be perpendic-
ular to the local jet direction at the edges of the jet and parallel to it where the jet
intensity changes [4]. However such alignments are much less clear for the inte-
grated polarization, because of bends in the jets and because intensity gradients can
have any direction in the radio lobes, which emit a large fraction of the polarized
radiation in many sources. In fact it is well known that the peaks at 90o and 0o in
the distribution of the angle between the direction of the radio polarization and that
of the radio axis are very broad and the alignments hold only statistically, but not
necessarily for individual sources (see e.g. fig. 1 of [6]) . More stringent tests can be
carried out using high resolution data and the local magnetic field’s alignment for
individual sources [44], although to our knowledge only once [29] this method has
been used to put quantitative limits on the polarization rotation. For example, using

2 Reference [3] had earlier claimed a substantial anisotropy in the angle between the direction of
the radio axis and the direction of linear radio polarization in a sample of high-luminosity classical
double radio sources, but used it to infer a rotation of the Universe, not to test for CB.
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the data on the 10 radio galaxies of [29], reference [8] obtains an average constraint
on any CB rotation of � D �0:6o ˙ 1:5o at the mean redshift hzi D 0:78. How-
ever the comment by [29] remained unpublished and does not explain convincingly
how the angle between the direction of the local intensity gradient and that of the
polarization is derived. For example for 3C9, the source with the best accuracy, [29]
refers to [28], who however do not give any measure of local gradients.

3 Ultraviolet Polarization of Radio Galaxies

Another test for CB uses the perpendicularity between the direction of the elongated
structure in the ultraviolet (UV)3 and the direction of linear UV polarization in dis-
tant powerful radio galaxies. The test was first performed by [10,15], who obtained
that any rotation of the plane of linear polarization for a radio galaxy at z D 2.63 is
smaller than 10o.

Although this UV test has sometimes been confused with the one described in
the previous section, probably because they both use radio galaxies polarization,
it is a completely different and independent test, which hinges on the well estab-
lished unification scheme for powerful radio-loud AGN [1]. This scheme foresees
that powerful radio sources do not emit isotropically, but their strong optical/UV
radiation is emitted in two opposite cones, because the bright nucleus is surrounded
by an obscuring torus: if our line of sight is within the cones, we see a quasar, other-
wise we see a radio galaxy. Therefore powerful radio galaxies have a quasar in their
nuclei, whose light can only be seen as light scattered by the interstellar medium of
the galaxy. Often, particularly in the UV, this scattered light dominates the extended
radiation from radio galaxies, which then appear elongated in the direction of the
cones and strongly polarized in the perpendicular direction [14]. The axis of the UV
elongation must be perpendicular to the direction of linear polarization, because of
the scattering mechanism which produces the polarization. Therefore this method
can be applied to any single case of distant radio galaxy, which is strongly polar-
ized in the UV, allowing CB tests in many different directions. Another advantage
of this method is that it does not require any correction for Faraday rotation, which
is considerable at radio wavelengths, but negligible in the UV.

The method can be applied also to the polarization measured locally at any posi-
tion in the elongated structures around radio galaxies, which has to be perpendicular
to the vector joining the observed position with the nucleus. Using the polarization
map in the V-band (� 3000 Å rest-frame) of 3C 265, a radio galaxy at z D 0:811

[42], reference [44] obtain that the mean deviation of the 53 polarization vectors
plotted in the map from the perpendicular to a line joining each to the nucleus is
�1:4o ˙ 1:1o. However usually distant radio galaxies are so faint that only the

3 When a distant radio galaxy (z > 0:7) is observed at optical wavelengths (	obs: � 5000 Å), these
correspond to the UV in the rest frame (	em: 	 3000 Å).



142 S. di Serego Alighieri

integrated polarization can be measured: strict perpendicularity is expected also in
this case, if the emission is dominated by the scattered radiation, as is the case in the
UV for the strongly polarized radio galaxies [43].

Recently the available data on all radio galaxies with redshift larger than 2
and with the measured degree of linear polarization larger than 5% in the UV (at
� 1300 Å) have been re-examined, and no rotation within a few degrees in the
polarization for any of these 8 radio galaxies has been found [16]. Also, assuming
that the CB rotation should be the same in every direction, an average constraint
on this rotation � D �0:8o ˙ 2:2o (1�) at the mean redshift hzi D 2:80 has been
obtained [16]. The same data [16] have been used by [23] to set a CB constraint in
case of a non-uniform polarization rotation, i.e. a rotation which is not the same in
every direction: in this case the variance of any rotation must be

˝

�2
˛ 
 .3:7o/2.

It has also been noticed [33] that the CB test using the UV polarization has advan-
tages over the other tests at radio or CMB wavelengths, if CB effects grow with
photon energy (the contrary of Faraday rotation), as in a formalism where Lorentz
invariance is violated but CPT is conserved [25, 26].

4 Cosmic Microwave Background Polarization

The most recent method to test for the existence of CB is the one that uses the
Cosmic Microwave Background (CMB) polarization, which is induced by the last
Thomson scattering of a decoupling photon at z � 1100, resulting in a correlation
between temperature gradients and polarization [30]. After the first detection of
CMB polarization anisotropies by DASI [27], there have been several CB tests using
the CMB polarization pattern. Only the most recent ones are summarized here. The
BOOMERanG collaboration, revisiting the limit set from their 2003 flight, find a
CB rotation � D �4:3o ˙ 4:1o (68% CL), assuming uniformity over the whole sky
[39]. The QUaD collaboration finds � D 0:64o ˙ 0:50o (stat.) ˙0:50o (syst.) (68%
CL) [5], while using two years of BICEP data one gets � D �2:6o ˙ 1:0o (stat.)
˙0:7o (syst.) (68% CL) [9,41,45]. Combining 7 years of WMAP data and assuming
uniformity, a limit to CB rotation � D �1:1o ˙ 1:3o (stat.) ˙1:5o (syst.) (68% CL)
has been set, or �5:0o < � < 2:8o (95% CL), adding in quadrature statistical and
systematic errors [24]. Therefore, although some have claimed to have detected a
rotation [45], the CMB polarization data appear well consistent with a null CB. In
principle the CMB polarization pattern can be used to test CB in specific directions.
However, because of the extremely small anisotropies in the CMB temperature and
polarization, these tests have so far used all-sky averages, assuming uniformity.

5 Other Methods

Observations of nearby polarized galactic objects could contribute to the CB test,
in particular for those cases where polarization measurements can be made with
high accuracy and at very high frequencies (useful if CB effects grow with photon
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energy). Pulsars and supernova remnants emit polarized radiation in a very broad
frequency range. For example, hard X-ray polarization observations of the Crab
Nebula [13] have been used to set a limit to CB rotation � D �1o ˙ 11o [32]. How-
ever this limit is not particularly stringent, both because of the low accuracy of the
X-ray polarization measurement, and because of the limited distance to the source.
Future more precise X-ray polarization experiments, such as POLARIX [12], could
much improve the situation.

For an issue related to CB, reference [20] provides evidence that the directions
of linear polarization at optical wavelengths for a sample of 355 quasars (0 
 z 

2:4) are non-uniformly distributed, being systematically different near the North and
South Galactic Poles, particularly in some redshift ranges. Such behaviour could not
be caused by CB, since a rotation of randomly distributed directions of polarization
could produce the observed alignments only with a very contrived distribution of
rotations as a function of distance and position in the sky. Moreover the claim by
[20] has not been confirmed by the radio polarization directions on a much larger
sample of 4290 flat-spectrum radio sources [22].

The rotation of the plane of linear polarization can be seen as different propaga-
tion speeds for right and left circularly-polarized photons (�c=c). The sharpness of
the pulses of pulsars in all Stokes parameters can be used to set limits correspond-
ing to�c=c 
 10�17. Similarly the very short duration of gamma ray bursts (GRB)
gives limits of the order of �c=c 
 10�21. However the lack of linear polarization
rotation discussed in the previous sections can be used to set much tighter limits
(�c=c 
 10�32, see ref. [19]).

In a complementary way to the astrophysical tests described in the previous sec-
tions, also laboratory experiments can be used to search for a rotation of the plane
of linear polarization. These are outside the scope of this review. For example the
PVLAS collaboration has found a polarization rotation in the presence of a trans-
verse magnetic field [46]. However this claim has later been refuted by the same
group, attributing the rotation to an instrumental artifact [47].

6 Comparison of the CB Test Methods

Table 1 summarizes the most important limits set on CB rotation with the various
methods examined in the previous sections. Only the best and most recent results
obtained with each method are listed. For uniformity, all the results for the CB
rotation are listed at the 68% CL (1�), except for the first one, which is at the 95%
CL, as given in the original reference [6]. In general all the results are consistent
with each other and with a null CB rotation. Even the CMB measurement by BICEP,
which apparently shows a non-zero rotation at the 2� level, cannot be taken as a firm
CB detection, since it has not been confirmed by other more accurate measurements.
Nevertheless we cannot but notice that most CB rotations have a negative value,
although the most accurate measurement by QUAD has a positive one.
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Table 1 Comparison of CB test methods

Method CB rotation Distance Direction Ref.

RG radio pol. j� j < 6o 0:4 < z < 1:5 all-sky (uniformity ass.) [6]
RG radio pol. � D �0:6o ˙ 1:5o hzi D 0:78 all-sky (uniformity ass.) [8, 29]
RG UV pol. � D �1:4o ˙ 1:1o z D 0.811 RA W 176:37o , [44]

Dec: 31.56o

RG UV pol. � D �0:8o ˙ 2:2o hzi D 2:80 all-sky (uniformity ass.) [16]
RG UV pol.

˝

�2
˛ 	 .3:7o/2 hzi D 2:80 all-sky (stoch. var.) [16, 23]

CMB pol.
BOOMERanG � D �4:3o ˙ 4:1o z � 1100 all-sky (uniformity ass.) [39]

CMB pol. QUAD � D 0:64o ˙ 0:71o z � 1100 all-sky (uniformity ass.) [5]
CMB pol. BICEP � D �2:6o ˙ 1:2o z � 1100 all-sky (uniformity ass.) [9, 41, 45]
CMB pol. WMAP7 � D �1:1o ˙ 2:0o z � 1100 all-sky (uniformity ass.) [24]

In practice all CB test methods have reached so far an accuracy of the order
of 1o and 3� upper limits to any rotation of a few degrees. It has been however
useful to use different methods since they are complementary in many ways. They
cover different wavelength ranges, and, although most CB effects are wavelength
independent, the methods at shorter wavelength have an advantage, if CB effects
grow with photon energy. They also reach different distances, and the CMB method
is unbeatable in this respect. However the relative difference in light travel time
between z D 3 and z D 1100 is only 16%. The radio polarization method, when
it uses the integrated polarization, has the disadvantage of not relying on a firm
prediction of the polarization orientation at the source, which the other methods
have. Also the radio method requires correction for Faraday rotation. All methods
can potentially test for a rotation which is not uniform in all directions, although
this possibility has not yet been exploited by the CMB method, which also cannot
see how an eventual rotation depends on distance.

In the future improvements can be expected for all methods, e.g. by better
targeted high resolution radio polarization measurements, by more accurate UV
polarization measurements with the coming generation of giant optical telescopes
[18, 21, 35], and by future CMB polarimeters such as PLANCK and POLAR-
BEAR [34].
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ESO Future Facilities to Probe Fundamental
Physical Constants

Paolo Molaro and Jochen Liske

Abstract Following HARPS, two ESO projects are aimed at the ambitious goal
of trying to reach the highest possible precision in measuring the radial velocity
of astronomical sources. ESPRESSO spectrograph, located at the incoherent com-
bined 4VLT focus, but able to work either with one or all VLT units, and CODEX
for E-ELT will mark ESO roadmap towards the cm s�1level of precision and possi-
bly to an unlimited temporal baseline. By providing photon noise limited measures
their promise is to improve the present limits in the variability of fundamental phys-
ical constants by one and two orders of magnitude, respectively, thus allowing for
instance to verify the claim discussed at this conference by John Webb of a possible
spatial dipole in the variation of the fine structure constant.

1 Introduction

The variation of fundamental physical constants such as the fine structure and the
proton-to-electron mass ratio is foreseen by several theories beyond the standard
model of physics. Their variation could be due to some coupling of matter with
scalar fields and implies a violation of the Equivalence Principle (Uzan, 2010).
A most effective way to 3 measure a variability of the fine structure constant ˛
or of the electron-to-proton ratio � is by means of absorption lines in quasar spectra
mainly in the optical range. However, variations are necessarily very tiny and would
produce very small line shifts in the spectral lines whose detection is challenging
presently available astronomical facilities.
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Changes of one part per million in ˛ or � induce shifts of sensitive lines of
about 20 m s�1, which are somewhat � 0.01 of the pixel sizes of high resolution
spectrographs such as UVES or HIRES (Murphy et al. 2003, Thompson et al. 2009).
It is well known that the positioning error of a simple gaussian line decreases with
signal-to-noise, and with increasing spectrograph resolving power until the intrinsic
line width is resolved. Landman et al. (1982) provided a convenient expression for
the photon error in determining the centre of a gaussian line:

�0 D 1

.2� ln 2/1=4
1

S=N

p

�pixelFWHM:

Following HARPS, two projects have set the ambitious goal of trying to reach
the highest possible precision in the radial velocity of astronomical sources.
ESPRESSO for the VLT and CODEX for E-ELT will mark the ESO roadmap
towards the cm s�1level of precision and possibly to an unlimited temporal baseline
as illustrated in Fig. 1.

In addition to photon noise there are errors of instrumental origin and other
coming from the wavelength calibration. In particular, the latter could have been
underestimated so far.

ThAr wavelength lines used in the present calibration system are known with a
precision of 15 to 150 m s�1 thus setting an ultimate precision. There have been
some claims that systematic errors can be of the order of 50–100 m s�1, thus
becoming the limiting factor dominant source of uncertainty for measures of 
˛

˛

with the ambition to reach the 1 ppm (parts-per-million) level accuracy (cfr Molaro
2010, these proceedings). Centurion et al. (2009) tested the presence of possible
local wavelength calibration errors from the comparison of Fe II lines with almost
identical sensitivity to fine structure constant changes. They found that deviations

Fig. 1 Expected planet population at separations of 1 AU to be detected by Doppler spec-
troscopy with HARPS (precision 1 m s�1), ESPRESSO/VLT (0.1 m s�1) and CODEX/E-ELT
(1 cm�1) spectrographs. The figures are based on the predictions of the planet formation models
for solar-mass stars by the Bern group. Note that stellar noise was considered to be reduced below
instrumental noise. Spectrographs like ESPRESSO and CODEX are required to detect Earth-like
planets in the habitable zone of solar-type stars (colored square area)
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reaching 200 m s�1 or higher are present, which would correspond to a ı˛=˛ of
the order of � 10�5. Griest et al. (2009) compared HIRES-Keck observations cal-
ibrated with ThAr with similar ones with a I2 self-calibration spectrum and found
significant and not reproducible deviations up to several hundreds m s�1 and simi-
lar, although somewhat smaller, deviations have been found in UVES by Whitman
et al. (2010) by the same technique.

2 Laser Comb

A novel concept for wavelength calibration makes use of frequency laser comb. An
IR laser produces a train of femtoseconds pulses synchronized with an atomic clock
laser providing a series of uniformly spaced, very narrow lines whose absolute posi-
tions are known a priori with a relative precision of � 10�12 (Murphy et al. 2007).
The technical implementation is a joint collaboration between ESO and MPQ and a
first prototype is expected around 2011. A first Laser Comb Wavelength calibration
test was performed on HARPS at La Silla, ESO Chile, in January 2009 and a second
one in June 2010.

The first test was limited onto one single order only (order N. 42) and showed
wavelength calibration residuals with a particular structure as shown in Fig. 2. Sud-
den jumps are present every 512 pixels, which are likely originated by the 512 pixel
mask used in the CCD manufacturing process (Wilken et al. 2010). Every 512 pixel,
slightly smaller pixels occur and the ThAr wavelength calibration adapts to these
defects by becoming locally unreliable with local departures up to 100 m s�1within

Fig. 2 Laser-Comb versus ThAr revealing large deviations in HARPS (rom Wilken et al. 2010)
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one order range. It has to be noted that this occurs in a spectrograph which is deliv-
ering an overall accuracy of 1 m s�1when using the whole spectrum. Considering
that CCDs are manufactured in similar ways it is quite possible that similar prob-
lems are affecting also UVES and HIRES accounting for what observed by Griest
et al. (2010) or Whitman et al. (2010). A deviation of 100 m s�1would correspond
to ı˛=˛� 7 � 10�6 for a Fe II-Mg II pair. These results suggest that wavelength
calibration issues are more serious than generally considered. In June 2010 a signif-
icant widening of the comb was achieved covering 23 orders from 470 to 580 nm
providing about 11000 useful lines and a global overall photon noise in the radial
velocity of 4 cm s�1. Since the laser frequency comb provides an absolute wave-
length calibration it will enable direct inter-instrument data comparisons, including
future instruments, thus opening up the time domain beyond the life-time of a sin-
gle instrument. The implementation of a locally reliable wavelength calibration tool
such as the Laser Comb will revolutionise this field of research.

2.1 Espresso

The Echelle SPectrograph for Rocky Exoplanets and Stable Spectroscopic Obser-
vations (ESPRESSO) is a project for a high-resolution, fiber-fed spectrograph of
high mechanical and thermal stability which can be operated with one or up to
4 UTs of the ESO VLT. With the formal endorsement by ESO Council in June
2010 the project, started in 2007, is now under a post phase A study. The consor-
tium is lead by Francesco Pepe, Observatoire of Geneve, in a collaboration with the
INAF-Observatories of Trieste and Milano, the Instituto de Astrofisica de Canarias,
the Universities of Porto and Lisbon and ESO. ESPRESSO will adopt several of
the properties of HARPS design which proved crucial in order to deliver accurate
radial velocities, namely the spectrograph will be fiber-fed, the location inside a
stable environment, enclosed inside a vacuum tank under temperature and pressure
controlled with no human access.

ESPRESSO will be located in the Combined-Coudé laboratory of the VLT (cfr
Fig. 3) and it will be the first instrument able to use a 16-m equivalent telescope,
even though such a possibility was originally conceived back in the 70’s. As such,
the 4-UT mode is expected to offer a gain of about 1.2-1.5 mag compared to UVES
and will make science which today is prevented by the readout-limited regime. In
the 1-UT mode, ESPRESSO can be fed by any of the four UTs which extend the
operational flexibility and optimize the use of VLT.

A Coudé train brings the light from the B Nasmyth platform of each VLT unit to
the combined Coudé room, where a front-end unit can combine the light from up to
4 VLT units (cfr Fig. 4). The distances from each telescope to the combined focus
are considerable, from 48 m of UT2 to the 69 m of UT1, and several options are
presently considered from full optical components or long fibres or even hybrid solu-
tions with transmission efficiencies of about 80% along most of the optical range.
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Fig. 3 Incoherent Coudé laboratory with the four beams arriving from the 4 VLT units.
ESPRESSO will be the first instrument able to use a 16-m equivalent telescope

Fig. 4 Front-end unit which combine the light from up to 4 VLT units

The instrument acquisition and guide system collect it into a fiber which then feeds
the spectrograph.

A possible spectrograph basic concept is a cross dispersed echelle with two arms,
blue and red respectively, which are optimized for image quality and optical effi-
ciency as shown in Fig. 5. At the entrance of the spectrograph an anamorphic pupil
slicing unit compresses the beam in the cross-dispersion direction but not in the
dispersion direction to provide high resolving power. The beam is then sliced and
superimposed onto the echelle grating to minimize its size. In this way a compact
design is obtained, and a 20 cm optical beam and a 20� 160 cm echelle provide the
resolving power of an un-sliced 40 cm beam spectrograph. The rectangular white
pupil is the re-imaged and compressed onto 2 large 90 � 90 mm CCDs. The design
allows a dual fiber system: while one fiber is on source, the second one can be used
either to record the sky or a calibration source to monitor spectrograph shifts.
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Fig. 5 ESPRESSO Optical two arm design, both optimized for image quality and optical
efficiency

One critical item is the light input system, which must scramble the signal to
ensure that the variability at the fiber input does not degrade the stability of the
spectrograph, still keeping an excellent transmission. A stabilization system in the
fiber head will compensate for seeing and tracking instabilities to ensure that a pho-
ton’s position on the CCD only depends on its wavelength but not on its position
on the entrance aperture. This component is rather critical, because at a resolution
of 150 000 a typical pointing accuracy of � 0:05 arcsec corresponds to an error of
100 m s�1 which requires a scrambling gain of � 5000 in order to reach 2 cm s�1
accuracy. In particular, octagonal fibers show better properties than conventional
round ones. In the 4-UT case there are 4 independent pupils and scrambling will
occur after combining the light from the sub-pupils.

A recent realization of precision measurements is that CCD are alive and breath:
HARPS shows radial velocity variations with changes of detector temperature due
to the expansion of the detector along the attachments of the mosaic of CCDs to their
support. CCD differential movements in the detector are of the order of 0.02 pixel/K
or 0.10 m s�1for 10 mK. These effects require a new temperature control of the CCD
and a new super stable cryostat which are under study.

Opto-mechanical stability is obtained through a controlled environment in vac-
uum, avoiding movable components and containing the instrument volume and the
size of optics. In UVES a thermal change of 0.1K or 0.1 mBar induces a radial
velocity shift of about 20 m s�1which depends on the settings, so that the required
stability is of the order of 10�3 K or mBar. Simulations of both pre-assembled and
assembled spectrograph are shown in Figs. 6 and 7.

With all these innovative solutions for the investigation of variability of fun-
damental constants ESPRESSO will be a limited photon noise instrument. The
expected efficiencies are shown in Fig. 8. In the 1-UT mode a SNR of 30 is obtained
with 1 exposure of 1 hour on a V D 16mag QSO. This will give a precision of about
30 m s�1or a sensitivity of ı˛=˛� 1 �10�6. In the 4 UT mode with a binning of 4x2
and Resolution of 60000 a SNR of 50 will be obtained for a V D 17:5 mag QSO
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Fig. 6 ESPRESSO size and dimensions when open in the pre-assembly phase

Fig. 7 ESPRESSO after assembling. The opto-mechanical stability is obtained through a con-
trolled vacuum environment, avoiding movable components and minimizing the volume and size
of the optics

Fig. 8 Estimated performances of ESPRESSO in the 1-UT mode and in the 4-UT mode with a
binning of 4x2. The 10 cm s�1limit is shown for reference
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providing almost the same precision of 30 m s�1and thus allowing he observation
of a significant sample of systems with the same precision.

3 Codex

CODEX, COsmic Dynamics EXperiment, is a concept for an extremely stable,
high-resolution optical spectrograph for the European Extremely Large Telescope
(E-ELT), a nasmyth telescope with a Coudé and a segmented primary mirror com-
posed of 984 segments of 1.4 m to produce a 42 m diameter (Pasquini et al. 2005).
The science case for CODEX encompasses a wide range of topics, including the
search for exo-planets down to earth-like masses, for primordial nucleosynthesis
and include the possible variation of fundamental constants. However, its prime sci-
ence driver is the exploration of the universal expansion history by detecting and
measuring the cosmological redshift drift using QSO absorption lines as foreseen
by Allan Sandage (1962).

In order to achieve its science goals CODEX will have to deliver an exceptional
radial velocity accuracy and stability, i.e. 2 cm s�1 over a timescale of � 20 yr. Thus
the spectrograph will certainly produce valuable results for searching changes of
fundamental constant values. CODEX will represent a major development of high-
resolution optical spectrographs compared to existing instruments such as UVES
and HARPS.

Although the basic design concepts are already in place, several of the sub-
systems needed to achieve these requirements do not currently exist. Some of them
will be implemented for the first time in ESPRESSO, which is a sort of CODEX
precursor instrument that will allow us to test and gain experience with the novel
aspects of these instruments. The spectrograph design contains several novel con-
cepts, and makes use of pupil splitting and anamorphism in order to keep the
dimensions of the optics and of the echelle grating reasonable. The diameter of
the largest camera lens is 35 cm and the echelle grating is only twice the UVES
size: 20 � 160 cm. The two arm design was chosen to optimize the efficiency
and to keep each detector ’s size limited; for the same purpose slanted VPHs are
used as cross-dispersers, and they produce an anamorphism of a factor 1.5 to 2.5
perpendicular to the main dispersion.

In the E-ELT Coudé focus the light is collected by a fairly complex fibre inter-
face, guiding and a tip-tilt correcting system, which accurately centers the object
into the 500 �m fibre core. There is only one 500 microns at F/3 fibre entering
the spectrograph and a second one dedicated to record the sky. This system is also
containing the ADC instrument and the interface to the calibration system. The
light in the fibre is scrambled, to allow the output signal to be independent of any
input variation. Then the light is brought by the fibres into the spectrograph vessel,
where no active functions are present. In the spectrograph, the pupil is made highly
anamorphic and is sliced in 6 parts, which pass through the echelle spectrograph
and collimating system to be divided into two separate paths (Blue and Red), each
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Fig. 9 CODEX spectrograph optical concept

imaged onto two separate cameras and to 9 cm � 9 cm monolithic detectors. Fig. 9
shows the optical concept. The pupil has an anamorphism by a factor 12, and it is
split in 6 parts, grouped in 2 slits. Each of the two slits is separated by a dichroic
into a red and a blue spectrum, after cross-dispersion obtained with a slanted VPH.
With anamorphosis by a factor 2 the image is collected by an F/2.2 camera. The
mechanical concept extrapolates from the HARPS experience: it obtains the high-
est mechanical and thermal stability to minimize the effects to be corrected for, and
a spectrograph in a mild vacuum. Our analysis claims for a thermal environment
which gets progressively more stable, to reach the 10 mK within the spectrograph,
and 1 mK in the CCD. No movable parts are allowed in the spectrograph vessel.
Special care is taken about the design of the detector head to keep it very stable,
both thermally and mechanically, for instance by using continuous flow of nitrogen
to cool the CCD. The optics is mounted on three optical benches, and special care
is taken to select the material and its process, which is always the same to avoid dif-
ferential thermal expansion. Fig. 10 shows a picture of the spectrograph vessel. The
dimensions of the whole spectrograph are less than 4(l) � 2(w) � 3(h) meters. This
design has some very attractive parts. In particular it is compact and of reasonable
costs, and is the preferred one at the moment.

4 Conclusions

The current measurements of ˛ and � are performed in the best cases at the limit
of few ı˛=˛� 10�6 with the limit coming by systematic errors in the measure. In
particular, uncertainties originated in the wavelength calibration process and the use
of slit spectrographs with their unavoidable slit off-centering leading to radial veloc-
ity shifts seem the most important ones. The new calibration technique based on the
Laser Comb when available will significantly improve the understanding of this sys-
tematic. Laser comb and specifically designed fiber-fed HARPS-like spectrographs
should thereby enable photon noise-limited measurements.
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Fig. 10 CODEX vacuum vessel. Dimensions are 4(l)x2(w)x3(h) m

The large collecting power of the combined VLT, at first, and of the E-ELT, later
on, will thus reduce the photon noise of these measurements allowing to break
present limits by one or two orders of magnitude, respectively, unless astronomi-
cal limits related to the astronomical sources do not arise before. CODEX at E-ELT
should enter in a new and so far unexplored regime, possibly disclosing other tiny
and puzzling effects imprinted in the fundamental constant values.

Acknowledgements I am grateful to both the ESPRESSO and CODEX collaborations for
the excellent work done and for allowing me to present some results before publication. The
ESPRESSO team is composed by Francesco A. Pepe (PI), Stefano Cristiani, Rafael Rebolo Lopez,
Nuno C. Santos, Antonio Amorim, Gerardo Avila, Willy Benz, Piercarlo Bonifacio, Alexandre
Cabral, Pedro Carvas, Roberto Cirami, João Coelho, Maurizio Comari, Igor Coretti, Vincenzo
De Caprio, Hans Dekker, Bernard Delabre, Paolo Di Marcantonio, Valentina D’Odorico, Michel
Fleury, Ramón Garcia López, José Miguel Herreros Linares, Ian Hughes, Olaf Iwert, Jorge Lima,
Jochen Liske, Jean-Louis Lizon, Gaspare Lo Curto, Christophe Lovis, Antonio Manescau, Carlos
Martins, Denis Mégevand, André Moitinho, Paolo Molaro, Mario Monteiro, Manuel Monteiro,
Christoph Mordasini, Luca Pasquini, Didier Queloz, José Luis Rasilla, Jose Manuel Rebordão,
Samuel Santana Tschudi, Paolo Santin, Danuta Sosnowska, Paolo Spanó, Fabio Tenegi, Stéphane
Udry, Eros Vanzella, Matteo Viel, Maria Rosa Zapatero Osorio, Filippo Zerbi.

The CODEX team is composed by Luca Pasquini (PI), Stefano Cristiani, Ramón Garcia-Lopez,
Martin Haehnelt, Michel Mayor, Gerardo Avila, George Becker, Piercarlo Bonifacio, Bob Car-
swell, Roberto Cirami, Maurizio Comari, Igor Coretti, Gaspare Lo Curto, Hans Dekker, Bernard
Delabre, Miroslava Dessauges, Paolo di Marcantonio, Valentina D’Odorico, Artemio Herrero,
Garik Israelian, Olaf Iwert, Jochen Liske, Christophe Lovis, Antonio Manescau, Denis Mégevand,
Paolo Molaro, Dominique Naef, Maria Rosa Zapatero Osorio, Francesco Pepe, Rafael Rebolo,
Marco Riva, Paolo Santin, Paolo Spanó, Fabio Tenegi, Stéphane Udry, Eros Vanzella, Matteo Viel,



ESO Future Facilities to Probe Fundamental Physical Constants 157

Filippo Maria Zerbi. It is a pleasure to acknowledge Sergei Levshakov for many helpful discussions
on the topic.

When we were writing these proceedings, we received the news that Allan Sandage passed
away. We would like to recall that during his whole life spent inspiring research, it was Allan who
set the idea of the direct measure of cosmic expansion. With CODEX we hope to realize in the
next decades what he envisaged almost half a century ago.

References

1. Centurión, M.; Molaro P., Levshakov, S. A. Memorie SAIt 80, 929 (2009)
2. Griest, K., Whitmore, J.B., Wolf, A. M., Prochaska, J. X., Howk, J. et al.. 2009,

arXiv:0904.4725
3. Murphy, M. T.; Webb, J. K.; Flambaum, V. V. 2003, MNRAS 345,609
4. Wilken, T., Lovis, C., Manescau, A., Steinmetz, T., Holzwarth, R., Paquini, L., Lo Curto, G.,

Hansch, T.W., Udem, Th. 2010, MNRAS 405, 16
5. Landman, D. A., Roussel-Dupre, R., & Tanigawa, G., Astrophys. J., 261, 732 (1982).
6. Murphy, M.T. Webb, J.K., Flambaum, V. V. astro-ph/0612407(2007)
7. Pasquini, L., et al. 2005, The Messenger 122
8. Sandage, A. 1962 Ap.J. 136, 319
9. Thompson, R. I., Bechtold, J., Black, J. H., Martins, C. J. A. P. New Astronomy, 14, 379 2009

10. Whitmore, J., B., Murphy, M., T., Griest, K., 2010 ApJ 723, 89
11. Uzan, J. P., 2010 arXiv:1009.5514



Starless Cores as Fundamental Physics Labs

Arturo Mignano, Paolo Molaro, Sergei Levshakov, Miriam Centurión,
Giuseppe Maccaferri, and Alexander Lapinov

Abstract We present high resolution observations in the starless dense molecular
core L1512 performed with the Medicina 32m radio telescope. The resolved hfs
components of HC3N and NH3 show no kinematic sub-structure and consist of an
apparently symmetric peak profile without broadened line wings or self-absorption
features suggesting that they sample the same material. The velocity dispersion is
101(˙1) m s�1for NH3 and 85(˙2) m s�1 for HC3N. The kinetic temperature of the
cloud is estimated at 9.2 (˙ 1.2) K and the turbulence is of 76 m s�1in a subsonic
regime. This places L1512 among the most quiescent dark cores and makes it an
ideal laboratory to study variations of the electron-to-proton mass ratio,� D me=mp

by means of observations of inversion lines of NH3 combined with rotational lines
of other molecular species.
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Fig. 1 The roundish silhouette of L1512 against the background Galactic starlight. Red circle
shows the half-power beam width at 23 GHz

1 Introduction

Hier ist wahrhaftig ein Loch im Himmel! exclaimed William Herschel when discov-
ering the Ophiuchus cloud as it is recorded in the observation notebook by Caroline,
who was taking notes of her brother’s observations in 1784.

Indeed some dense molecular cores are starless, and are not associated with any
young stellar object, and show outstanding simple physical properties. They are still
approaching the point of gravitational instability that leads to the formation of a low-
mass star and lie at the bottom of the hierarchy of physical complexity. The kinetic
temperature is Tkin � 10 K, the gas number density nH2

� 105 cm�3, the total
mass is of 0.5-5 Msun and sizes between 0.03-0.2 pc. In the central region (5000-
1000 AU) the cores have close-to-constant density of � 105 cm�3. In contrast with
their relatively simple physical structure, the dense cores show a complex chemical
composition. Several molecules such as NH3, CO, N2HC, N2DC, HC3N, etc. are
detected.

Observations of inversion lines of NH3 combined with rotational lines of other
molecular species offer the means to probe changes of the electron-to-proton mass
ratio, � D me=mp (Flambaum & Kozlov 2007). A quantum tunneling effect makes
the ammonia inversion spectrum very sensitive to the molecular mass and to the �
ratio. The masses of the elementary particles such as the electronme and the quarks
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mq are proportional to the Higgs VEV, and the mass of the composite particle proton
mp is mainly proportional to �QCD. Thus by measuring NH3 inversion frequencies
in dark clouds it is possible to probe the ratio of the electroweak-to-strong scale in
remarkably different physical conditions from Earth laboratories.

In a series of papers (Levshakov et al. 2008; Molaro et al. 2009; Levshakov et al.
2010a) we performed this experiment and, rather surprisingly, we found a possible
change of ��=� D 26 ˙ 1stat ˙ 3sys � 10�9. The signal could be interpreted as
evidence of the presence of a light scalar field coupling with matter. However, the
coupling is strong and requires a Chameleon mechanism to evade the conflict with
Earth laboratory bounds. In chameleon theories the range of scalar fields depends
onto the ambient density and the dense cores provide an accessible environment
with the largest difference of local densities from those on earth and terrestrial
laboratories. The local density in the dense cores is �space � 3 � 10�19 g cm�3.
Vacuum spectrographs in the laboratories usually operate with pressures of 1-10
mtorr and temperatures of Tkin � 10 � 40 K giving �lab � 3 � 10�9 g cm�3 (
H2 chamber Tkin D 10 K, P D 1 mtorr). Thus the ratio is of �lab=�space � 1010.
Moreover, the vacuum chambers are rather small with typical sizes of � 10 cm.
The chamber walls are made of heavy materials originating a gravitational field
quite differently from the dark clouds, since chameleon fields are sensitive to the
high density boundaries of the chamber and experimental apparatus (Khoury and
Weltman 2004).

Here we show extremely high resolution radio observations for a study of the
physical conditions of the dark core L1512 showing that it is one of the most
quiescent dark clouds.

2 Observations and Data Reduction

The L1512 dark cloud (shown in Fig. 1) lies in the Taurus-Auriga-Perseus molecu-
lar complex, approximately located 140 pc away. The ammonia peak position is at
˛1950 D 5h0m54s, ı1950 D 32ı290000 ( Meyers and Benson, 1983). The mean LSR
velocity of L1512 is 7.1 Km s�1. L1512 was selected because of the presence of
narrow and sufficiently strong molecular lines showing hyperfine transitions, thus
suggesting low kinetic temperatures.

We performed radio observations at the Medicina 32-m telescope in Febru-
ary 2010, by using the digital spectrometer ARCOS (ARcetri COrrelation
Spectrometer). We observed NH3(1-1) with a channel separation of 5 kHz, cor-
responding to 60 m s�1 at the ammonia inversion transition (23.694 GHz) and in
high resolution mode with channels of 1.25 kHz corresponding to 20 ms�1 for the
rotational HC3N (2–1) line (18.196 GHz). The Medicina 32-m angular resolution
is � 1:60 at 23 GHz and � 2:10 at 18 GHz.
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Fig. 2 Low resolution spectrum of NH3 showing the whole comb spectrum with 18 hyperfine
structure components partially resolved. The red continuous line is the model fitting

3 The Spectra

We used the CLASS reduction package1 for standard data reduction. After cor-
rections for the rounded frequencies, the individual exposures were co-added to
increase the signal-to-noise ratio, S/N. In Fig. 2 we present a low resolution
NH3(1,1) spectrum, while in Fig. 3 a high resolution HC3Nspectrum is shown.

The resolved hfs components show no kinematic sub-structure and consist of an
apparently symmetric peak profile without broadened line wings or self-absorption
features, as shown in Fig. 4.

4 Temperature and Turbulence

Starless cores should be coupled to the surrounding gas in the region, and hence
their motion should reflect the motion of the ambient material. In general, N-bearing
molecules trace the inner core, whereas C-bearing molecules occupy the outer part,

1 http://www.iram.fr/IRAMFR/GILDAS
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Fig. 3 High resolution spectrum of HC3N

Fig. 4 L1512, HC3N and NH3 line profiles overlaid. The two lines have been re-normalized in
intensity and shifted in radial velocity for display purposes
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thus HC3N is usually distributed in a larger volume of the molecular core as com-
pared with NH3. Such a chemical differentiation and velocity gradients within the
core may cause a larger non-thermal component in the velocity distribution of
HC3N. If dense cores move ballistically, the differences in the line-centre veloci-
ties between the cores and envelopes are expected to be significant (Walsh et al.
2004), but this is not observed in L1512.

The kinematic state of the core gas can be deduced from the spectral line width
from molecules present in the core. The gas temperature in a molecular cloud is
determined by the balance between heating and cooling. If the cloud is shielded
from the external incident radiation, the gas temperature is mainly due to the heat-
ing by cosmic rays and to the cooling of CO line radiation. In these conditions a
lower bound on the kinetic temperature is about 8 K (Goldsmith & Langer 1978,
Goldsmith 2001).

The thermal and the turbulent velocity dispersions can be estimated from the
observed line broadening parameters, b D p

2�v, of the NH3 (1,1) and HC3N (2–1)
lines. The line of sight velocity dispersion .b=

p
2/ of the molecular gas within the

cloud �v (� D FWHM=2
p
2 � ln2) is:

�v D
q

�2th C �2turb (1)

In L1512 the measured velocity dispersions are � D 101.˙1/ m s�1 for NH3 and
� D 85.˙2/ m s�1 for HC3N.

If the two molecular transitions are thermally broadened and trace the same mate-
rial, then the lighter molecule NH3 (1,1) has a wider line width when compared with
the heavier molecule HC3N. This is precisely what is measured here and is shown
in Fig. 4, where the lighter NH3 of L1512 shows a wider profile than the HC3N.
Thus the radio-observations of L1512 are consistent with thermally dominated line
broadening with the two species sampling the same gas.

For thermally dominated lines and co-spatially species the kinetic temperature of
the gas is:

Tkin D mlmh

k.mh �ml/
.�2l � �2h / ; (2)

The value of Tkin measured in the L1512 core is 9.2 (˙ 1.2) K. The �th is given by

�th;i D .kBTkin=mi/
1=2 : (3)

where kB is Boltzmann’s constant and the corresponding broadenings are 67
m s�1for NH3and 38 m s�1for HC3N. The turbulence is then given by:

�2turb D mh�
2
h

�ml�
2
l

mh �ml
; (4)

and has a value of 76 m s�1in L1512. Thus assuming that NH3 traces the inner
and denser gas while HC3N the external envelope, the core L1512 does not move



Starless Cores as Fundamental Physics Labs 165

ballistically in the sense that the difference between the two molecules (�26m s�1)
is smaller than the velocity width of the HC3N line. Small relative motions between
cores and envelopes indicate quiescence and suggest that dense cores do not gain
significant mass by sweeping up material as they move through the cloud.

The speed of sound inside a thermally dominated region of a cold molecular
core is

vs D .kTkin=m0/
1=2 ; (5)

With the mean molecular mass for molecular clouds of m0 � 2:3 amu, the sound
velocity vs � 60

p
Tkin D 182 m s�1. This shows that at the kinetic temperature of

9.2 K the non-thermal velocities are largely subsonic.
Thus, L1512 does indeed represent a very quiescent material at different dis-

tances from the core centers. This dense core is probably one of the best laboratories
for investigating changes of the electron-to-proton mass ratio, � D me=mp by
means of observations of inversion lines of NH3 combined with rotational lines
of other molecular species. As Thomas Hardy wrote in his 1882 Two on a Tower
novel, the dark nebulae are indeed deep wells for the human mind to let itself down
into.
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Spectrographs, Asteroids and Constants

Paolo Molaro, Miriam Centurión, Sergio Monai, and Sergei Levshakov

Abstract Astronomical search for a variation of fundamental constants deals with
accurate radial velocity measurements and needs reliable astronomical standards to
calibrate the spectrographs to assess possible systematics. We show that the sun-
light reflected by Asteroids provide a radial velocity standard of high precision.
Preliminary we needed to produce a solar Atlas with a higher precision factor of
one order of magnitude, i.e. down to about 10 m s�1at a specific wavelength. The
asteroid-based technique is used here to study radial velocity deviations in UVES
as claimed recently. Preliminary results suggest the presence of systematics at the
level of �80 m s�1, i.e. of �4 �10�6 in ı˛=˛.

1 Introduction

In the last years there has been increasing interest in better radial velocity mea-
surements of astronomical sources. The reasons are manyfold and range from the
intensive search for extra solar planets of lower and lower mass to astronomical
checks of changes in the coupling fundamental constants, to projects aimed at mea-
suring the change in the expansion velocity of the Universe Correspondingly in
a number of papers the limitations of spectrographs in delivering accurate radial
velocity has been deeply analyzed. By comparing spectra of the same QSO cal-
ibrated by adopting either the I2 cell or the ThAr calibration lamp, Griest et al.
(2009) and Whitmore et al. (2010) observed an offset up to 1 km s�1between dif-
ferent observations and a modulation of about 300 m s�1or about 200 m s�1within
a single spectral order in HIRES and UVES respectively. Centurión et al. (2009)
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by comparing QSO absorption transitions of FeII with similar sensitivities to a
change in ˛ concluded that systematic errors of the order of 100 m s�1are quite
common in UVES spectra. These deviations are much larger than typical errors in
the wavelength calibration as estimated from the mean wavelength-pixel residuals
of the polynomial best solution. Thus, residuals in the wavelength calibration likely
underestimate the wavelength calibration errors.

2 Asteroids as RV Calibrators

A practical way to move from relative to absolute radial velocities is to use stan-
dard radial velocity sources. However, best stellar standards provide radial velocities
with accuracy in the range of 100 � 300 m s�1due to the presence of convec-
tive motions, stellar activity and spots, stellar cycles and photospheric granulation.
Asteroids reflect sunlight without substantial modification of the solar spectrum and
their velocity component with respect to the observer can be predicted with very
high accuracy reaching the m s�1 level (Molaro et al. 2008). The reflected sunlight
is shifted by the heliocentric radial velocity of the asteroid with respect to the Sun at
the time t1 when the photons left the asteroid and were shifted by the component of
Earth rotation towards the asteroid at the time t2, when the photons reach the Earth.
The latter is the projection along the line-of-sight of the asteroid motion with respect
to the observer at the observatory site adjusted for aberration, and comprises both
the radial velocity of the asteroid and the component due to Earth rotation towards
the line of sight. These motions can be computed quite precisely and therefore aster-
oids provide a standard of unique precision for radial velocity. The reflected sunlight
can be used also for local wavelength calibration provided that:


 Solar line positions do not change with solar activity or solar cycle

 Solar line positions are known accurately

The first assumption is still to be verified while (quite surprisingly) we have only
a poor knowledge of the absolute position of solar atmospheric lines. In available
solar line atlases this is of �150 m s�1or lower. Thus, on the first place we used
HARPS observations of asteroids to construct a new solar atlas with precise solar
line positions.

3 A New Solar Atlas

Any photospheric line is built up of many contributions from a variety of tem-
porally variable inhomogeneities across the stellar surface. In particular the solar
lines should reveal a variation connected to solar activity, which effectively sup-
presses the granulation cells. These displacements in a peak to peak modulation are

 30 m s�1 over the 11 years solar activity period with the positions more redshifted
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in correspondence of the activity maximum. The highest quality solar spectra in the
optical domain are the solar flux and disc-center atlas obtained on the McMath Solar
Telescope at Kitt Peak National Observatory with the Fourier transform spectrom-
eter (FTS) by Kurucz et al. (1984) and Brault and Neckel (1987). These atlases
comprise a set of wavelength scans each made of several observations to produce an
integrated solar disk flux. The whole spectrum covers the spectral region from 296
and 1300 nm and achieve a signal-to-noise ratio of � 2500 with a resolving power of
R� 400,000. However, even neighboring scans were taken through different atmo-
spheric conditions with different amounts of water vapor and ozone. Allende Prieto
and Garcia Lopez (1998a,b) used these atlases to measure the central wavelength
for a considerable number of lines and produced the most precise atlas of solar lines
presently available. Allende Prieto and Garcia Lopez (1998a,b) line positions have a
precision of the order of �150 m s�1. We used HARPS observations of the asteroid
Ceres to improve the solar atlas.

3.1 Ceres

The observations were performed with the spectrograph HARPS at the European
Southern Observatorys 3.6-m telescope at La Silla, Chile, on July 16, 2006 and
downloaded from ESO HARPS public archive. Ceres has a spherical shape with
radius of 476.2 km. The rotational period is 9.075 h with a rotational velocity of
�91 m s�1, i.e. much lower then the solar one and therefore not causing extra broad-
ening to the atmospheric solar lines. On 16 July Ceres was 99% illuminated and had
an angular dimensions in the sky of 0.63 arcsec producing a constant reflectance of
sunlight. Variation of reflectance with wavelength or presence of regolith developed
by meteoroid impact on the asteroid do not affect the high resolution spectrum.

From the analysis of a 1800 s exposure solar spectrum reflected by Ceres we
constructed a new solar atlas of 491 lines in the range 540-691 nm and of 220 lines
in the 394-410 nm range. Lines were measured by means of the NGAUSS routine
in STSDAS. The new Atlas agree with the solar atlas of Allende Prieto and García
López (1998) (see Fig. 1 but the Internal precision of line position is of � 45 m s�1,
i.e. improved by a factor 3 as shown in Fig. 2. An even more precise ATLAS is
under construction based on new HARPS high signal-to-noise observations of the
sun taken at twilight (Molaro et al. 2011). These new atlas will provide solar line
position for more than 5000 lines with a precision of lines of � 10 m s�1locally
but depending on the HARPS precision. The atlas can be usefully used to calibrate
existing spectrographs at any wavelength in the covered range. For instance it can be
used to check the systematic deviations observed in HIRES spectra by Griest et al.
(2009) and in UVES spectra by Whitmore et al. (2010). By comparing spectra of
the same source calibrated by adopting either the I2 cell or the ThAr calibration
lamp, they observed offsets up to 1 km s�1between different observations and a
modulation of about 300 m s�1or about 200 m s�1within a single spectral order in
HIRES and UVES, respectively.
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Fig. 1 Velocity difference between the position lines provided here and those of the solar flux by
Allende Prieto and García López, (1998)

Fig. 2 Line positional error histogram for the lines measured here and the one of Allende Prieto
and Garcia Lopez, (1998) for the same lines. The continuous red line our errors, dotted blue line
the errors reported in Allende Prieto and García López, (1998)

4 Application: UVES

The available solar atlas can be used to calibrate other existing spectrographs such
UVES and at any wavelength. For this purpose UVES observations of the asteroid
Iris were taken on Sep 2009 with a resolving power R �D 85000. Fig. 3 shows
HARPS solar spectrum and UVES Iris spectrum. The figure shows how the solar
spectrum recorded by two different spectrographs is pretty much similar. The differ-
ences of the positions in the UVES spectrum and the absolute positions of the solar
atlas for 238 solar lines in the region between 500-530 nm (Orders 121 to 116). are
shown in Fig. 4. The schematic saw-teeth pattern detected by Whitmore et al. (2010)
is also sketched in the figure.
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Fig. 3 UVES spectrum of asteroid Iris of Sept 2009 (red line), corrected to the observer’s system
of reference, and HARPS solar spectrum (black line) used for the new solar atlas

Fig. 4 Radial velocity shifts of individual lines of the IRIS-UVES spectrum relatively to the solar
atlas of absolute line positions of Molaro et al. (2011)

Fig. 5 Order N. 121 of the Iris UVES spectrum. Lines with positive deviations with respect to the
solar atlas positions are marked in blue; negative deviations are in red

The observed dispersion is of 82 m s�1. Since the typical error in the measure-
ment of lines in the UVES Iris spectrum is of � 50 m s�1and wavelength calibration
residuals are of 25 m s�1, there is an excess in the observed dispersion which sug-
gests the presence of local deviations in the UVES spectrum. The saw-teeth pattern
detected by Whitmore et al. (2010) is not revealed by our test. However, devia-
tions look as going up and down with characteristic length of 5-10 Å as shown in
Fig. 5 suggesting a stretching of the relative scales of UVES and HARPS. It should
be noted that absorption lines complexes span for similar wavelength ranges. Thus
they likely persist when considering different components of the same absorber.
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