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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 o 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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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 Astrofisica da Universitade do Porto and
Fundac@o 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
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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 ¢ = # = G = 1, but one can’t choose units in whichc = # = e = 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
constant G are in fact constraining the (dimensionless) product of G 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 u, 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 p are related via

dln/L_Rdlnot
dt —  dt

ey

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 p, 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
a and g with 1078 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 wSCOPE, 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 p 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 p is measured through molecular vibrational and rotational lines. If one
uses H, then one is indeed measuring p, 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 write m,,c/me ~ Fmp/m, (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: H, 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() = To(1 +2)"7F, 2)

where 8 = 0 in the standard model, and the current best constraintis 8 < 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 p. The prospect
of simultaneous measurements of 7'(z), i 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 wg ~ —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

Aa
— =«(89). 3)
o

where k2 = 87 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 107> 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
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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, ¢ = e?2 /hic, 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 o 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 A, and require an accuracy of better than 10~* A. We discuss isotope shift
measurements that are needed in order to resolve systematic effects in the study.
The coefficients of sensitivity to c-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 « = e?/hc 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. Aa/a 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¢0 level [61].
This gradient has a declination of around —60°, which explains why the Keck data,
restricted mainly to the northern sky since the telescope is in Hawaii at a latitude
of 20° N, originally suggested a time-varying o that was smaller in the past. The
VLT is in Chile, at latitude 25° 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
o 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

2522p2 Py 2 level. Predominantly the wavelengths and oscillator strengths are taken

from the compilations of [35, 36]. The wavelengths have errors of about 0.005 A,
although it is possible that some errors are closer to 0.05 A. 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 A (the Lyman-« line of hydrogen) due to the “Lyman-o
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 v/ 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 25°2p * P§), level

Atom/ Wavelength Frequency Oscillator q value Status Refs.
Ton A (A) wp (em™!) Strength (em™!) wy LS.
CI 945.188 105799.1 0.272600 130 (60) C v [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
CII 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
CII 977.020 102352.0 0.762000 165 (10) C
CIv 1548.204 64590.99 0.190800 222(2) B [23]
1550.781 64483.65 0.095220 115 (2) B [23]
(0] 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)
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Atom/ Wavelength  Frequency  Oscillator q value Status Refs.
Ton 1 (A) wo (cm™')  Strength (em™!) wy LS.
Nal 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 Vv [26,28,46]

5897.558 16956.17  0.327000 45 (2) C Vv [22,28]
Mgl 2026.477 49346.73  0.112000 87 (7) B Vv [1,25]

2852.963 35051.27  0.181000 90 (10) B Vv [1,11,24,47,52]
Mgl 1239.925 80650.04  0.000267 192 (2) C

2796.354 35760.85  0.612300 212 (2) B Vv [1,3,13,47]

2803.532 35669.30  0.305400 121 (2) B Vv [1,3,47]
AlTI 1670.789 59851.97  1.880000 270 (30) B Vv 23]
AlIII 1854.718 53916.54  0.539000 458 (6) B Vv [23]

1862.791 53682.88  0.268000 224 (8) B Vv [23]
Sill 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]
Silv 1393.760 71748.64  0.528000 823 (40) B A [23]

1402.773 71287.54  0.262000 361 (15) B A [23]
s 1250.583 79962.61  0.005350 B

1253.808 79756.83  0.010700 B

1259.518 79395.39  0.015900 B
Call 3934.777 25414.40  0.688000 446 (6) B Vv [62]

3969.591 25191.51  0.341000 222 (2) B Vv [62]
Till 1910.600 52339.58  0.202000 —1564 (1500 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 3253221 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]
Crll 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]
MnIl 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 (1500 B A [1,10]

2594.499 38543.08  0.223000 1030 (1500 B A [L,10]

2606.462 38366.18  0.158000 869 (1500 B A [1,10]
Fell 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)



Atomic Transition Frequencies, Isotope Shifts, and Sensitivity to Variation 13

Table 1 (Continued)

Atom/  Wavelength  Frequency  Oscillator q value Status Refs.
Ton 1 (A) wo (cm™!)  Strength (em™h) wy LS.

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]

2344212 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]
Nill 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]
Znll 2026.137 49355.00 0.489000 2470 (25) C v [1,34,48]

2062.660 48481.08 0.256000 1560 (25) B A [1,48]
Gell 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 a-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 v 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 AIIIl and MnII, hyperfine
structure can be as important as isotopic structure.

3 Sensitivity Coefficients

We previously calculated the relativistic energy shifts, or g-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 (wo) depends on the
relative values of «. The dependence of the frequencies on small changes in « is
given by the formula

w=w+4gx, (D

x = (a/ag)* — 1~ 20(—0[0 .
Qo

The g 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 “CI4+MBPT” method [14]. The value of & is
varied in the computer codes and the energy levels are recalculated, and hence the
transition frequencies. The g values are extracted as

dw
1= dx x=0
We also account for complications due to level pseudo-crossing as described
by [19]. In Table 1 we present our current best g-values for easy reference. Note that
for Fe Il 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, gy n
(M,N,... =0,...,9), and various types of antisymmetric tensor fields (p-form
potentials) Cpy, .. .m,. 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 Cpy, ..., M, (seee.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
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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 Ty yn¥uM > 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 + 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 e-parameter (see
below), whenever the field configuration is at positive potential energy:

Vo;Va; v _ 27
glej > 'ER whenever V(¢) > 0 (H

m
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where 9,V = % and g/ is the inverse of the metric on the field space of the mod-
uli that appears in their kinetic term, %, = % 2i7()0,,9 0" ¢/ . 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® < 0. The reason is that the integral over the internal curvature enters the 4D
effective theory as a contribution, Vv, to the effective moduli potential, but with a

minus sign,
Veurv o€ — / Vg ©R®. )
M©

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 density' 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 + 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 factor’ (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

! More precisely, certain trace combinations of the energy momentum tensor have to be negative,
see [24] for details.

% A compactification metric of the form dsj, = e**ds; + ds; with A being a function of the

internal 6D coordinates, is called a warped compactification with warp factor 4.
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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 e-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) x 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 7 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.’

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 G /G might be useable to severely constrain or even

3J. 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

J.P. Mimoso and F.S.N. Lobo

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 cosmology' as a result of
the observations of a possible variation of the fine structure constant «,,, 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

! For various perspectives on this issue see the other contributions in this volume.
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S =/ J—g { [@R— ?(V(@))z] + 161Gy fm} (1)

where R is the usual Ricci curvature scalar of a spacetime endowed with the metric
gab, D is a scalar field, w(®) is a dimensionless coupling function, U(QP) is a cos-
mological potential for @, and %, represents the Lagrangian for the matter fields”
(note that in this work we shall use units that set ¢ = 1). Since @ is a dynamical
field, the trademark of these theories is the variation of G = @~! and the archetypal
theory is Brans-Dicke theory in which (@) is a constant [9].

In this frame the energy-momentum tensor of the matter 742 =2/ \/E 8Sm/88ab
is conserved, i.e., V, T4b = (. 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 (gap — 8ap = A 2(@) gap» Where A72(¢) = (@ /Py) with
@, = G~! being a constant that we take to be the inverse of Newton’s gravitational

constant, and % =,/ % a(¢)). The action becomes

Ly =R~ 500" +2U(¢) + 1670 Ly (¥, A2 (@) Zab)- )

Still as in Damour and Nordvedt [12] we introduce

94 (¢) da(¢)
A(p)=InAlp),  alp) =" =29
dp dp
Setting U = 0, the field equations read
. . 1~
Rap = 2049 dpp + 8GN (Tab - ET gub) )
ViVup=—4nGyT. 6))

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 actionas L, = F(p)R — % 8¢ 0P +2U(p) + 161, where
the non-minimally coupled scalar field has a canonical kinetic energy term.



28 J.P. Mimoso and E.S.N. Lobo

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 w(¢), and is thus, in general, time varying [21-23]. The only
exception occurs when w 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
ds® = —e" dr? + 2 42 4 12 (du® + sinh® u dv?), (6)

where the usual 2—d spheres are replaced by pseudo-spheres, do? = du? +
sinh? 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

M) = ™A = (Z—M - 1) , @)
r

where (1 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 < 2y and that there is a
coordinate singularity at r = 2u (note that |g| neither vanishes nor becomes oo at
r = 2u) [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 > 2u, likewise what happens in the latter solution, the g;; and g,
metric coefficients swap signs and the metric becomes cosmological.

Using pseudo-spherical coordinates

{x = rsinhucosv, y = rsinhusinv, z = rcoshu, w = b(r)}, (8)

the spatial part of the metric (6) can be related to the hyperboloid
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bZ
w2+x2+y2—z2=(r—2—1) r?, ©)
embedded in a 4-dimensional flat space. We then have
dw? + dx? +dy? —dz® = ((0'(r))* — 1) dr? + r? (du?® + sinh®> udv?),  (10)

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

b(r) = F2/2u2u —r. 1)

It is possible to write the line element as

2\ 2
ds? = — tan® [ln (f)qcl] dr? + (Tﬂ) cos* [ln (f)qcl] X
r
X [df2 + 72 (du? + sinh? ud¢2)] , (12)

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

do? ~ du? + w*dv? (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 = 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 = 2.
In what concerns light rays, fixing u and v we have

dr r
— == (14)
dr 2u—r

and we see that this ratio vanishes at r = 0, becomes equal to one at r =
and diverges at r = 2u. This tells us that, similarly to the Schwarzschild solu-
tion, the light cones close themselves when they approach the r = 2u 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

2u h? )

-2 2

e+l — -1 1+ ——=5—] =¢€", 15
(r )( 72 sinh? s (13)
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==

Fig. 1 Plot of the anti-Schwarzschild potential V (r/2u)

where € and & are constants of motion defined by € = (27” — ) { = const, and

h? = r2 sinh? u, v = const,, for fixed u = uy, and represent the energy and angular
momentum per unit mass, respectively.
We may define the potential

21 h? )
2V(iry=[——1 1+ ——1, 16
") ( r ) ( r2 sinh? us (16)
which we plot in Figure 1. This potential is manifestly repulsive, crosses the r-axis
at r = 2u, and asymptotes to the negative value Voo = —1 asr — oo. It has a

minimum at r+ = (h? F /h* — 12u2h?)/(21), provided the angular momentum
per unit mass % takes a high enough value. However this minimum, when it exists,
falls outside the r = 2u 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 = 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 oo, 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
2 B 2 —B
ds? = — (—“ - 1) dr? + (—“ - 1) dr? (17)
r r
20 1-B
+ (— — 1) r2 (du® + sinh® u dv?),
,
C2Q2w +3 2
o) = | 20D g (2 1) (18)
167 r
where 5
1-B
C2=2 — —1<B<I. (19)
w

This clearly reduces to our anti-Schwarzschild metric (6) in the GR limit when
B =1, and hence C = 0 implying that G = ®~! is constant (we assume (2w +
3) > 0 throughout). On the other hand this also shows that the solution has two
branches corresponding to C = £{(1 — B2)/ (2w + 3)}!/2.

Notice that as pointed out by Agnese and La Camera [1], the r = 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 = 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 = 2u conditi(/)n now corresponds to the areal radius of
)(I—B) 2

24

! r becoming zero.

the pseudo-spheres, R = (

Reverting ¢ = [ V@ (2w + 3)/(167) dIn(P/Py), and the conformal transfor-
mation, g, = (2i1/r — 1)~C &,4, 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

2 C
o(r) = @, (—“ - 1) : (20)
r
2 B-C ) —B-C
ds? = — (—“ - 1) de? + (—“ - 1) dr?
r r

ZH 1-B-C
+ (— - 1) r? (du? + sinh? u dv?). (21)
p
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This shows that the gravitational constant G = &~! decays from an infinite value
at r = 0 to a vanishing value at r = 2u when C > 0, and conversely, grows
from zero at r = 0 to become infinite at r = 2u, 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 & defined as the energy per unit mass
and the angular momentum per unit mass, respectively, now become

2 B—-C . 2 1-B—-C
¢ = (—“ — 1) i h= (—“ - 1) (2 sinh?u, ¥) . (22)

r r

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 —-2C 2 B—-C hz
(—“ — 1) f2+(—“ - 1) 1+ o = e
r r 2 1)

( - r2 sinh? us
(23)

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

B-C
the potential 2V (r) = (27” — ) (1 + h2 ) The latter

(27“—1)(1_3_6‘) r2 sinh2 Use
crucially depend on the signs of the exponents of the terms £(r) = (27” - 1) CIf
we recast Eq. (23) as
h2
£(1=B=C) p25inh? y,

SR S (1 + ) —e2£2C =0, (24)

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

2
2Veff(”) _ g_-B-i-C (r) (1 + il_; EB+C_1) _ 62 EZC, (25)

where A, = hsinhu,. 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 w 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 < 2u, 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 = 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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Fig.3 Leftplot: w =0, B = 1/2 = C,e = 2, but hy, = 2, while right plot: = 10*, B = 1/2,
C =1/200,e =2,hy =1

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.’

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 o [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 o« = Cte.

2. The changes in « are dynamical (i.e. generated by a dynamical field) €.

. The dynamics of the electromagnetic field as well as €’s can be obtained from a
variational principle.

. The theory must be local gauge invariant.

. The theory must preserve causality.

. The action must be time reversal invariant.

Planck’s scale £ p is the smallest length available in the theory.

. Einstein’s equations describe gravitation.

W

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:Sem+Se+Sm+SG (D

! 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
1
Semz_m FMvFuv\/_gd4X, )
hc ete
Se=—— | —£ /=gd*x, 3
€ ZEB 62 g X ( )

Sm and Sg are the matter and gravitational field actions respectively, and the metric
hereis (—1,1,1,1).

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

1
F,= E [(EAv),M - (EALL),U] 4)
and the (second kind) local gauge invariance implies

€Al = €Ay + xp %)
V, =0, —egedy (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) = epe(r,t) @)

1
~(z)
oo

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

that is

1
(—F‘“’) = 4mjt (%)
€ )

E% do ) 1
Olne = -~ [eg —ejl AL+ e (AMF‘“’),{|

(9b)
_ % ( 9o _ F™F,
¢ de

" he 8
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where j* = Y (eo/cy)ut(—g)~/283[x! — x'(r)] and o is the energy density of
matter [1]. O is the covariant flat d’ Alambertian

O¢ = ¢ " o =n""b . (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 Ac = #A/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 [ ,6\ BT 1 ., -,
E(a E)——a % GE—E(E —B) . (11)

In the non relativistic regime E? > B2 and o €2, hence

d 36. 3 KB 2
a =—a’l. = pm 12
dt ( 6) hc ¢ (12)

where py, is the total rest mass density of electromagnetically interacting matter and
. 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

{e ~1.2x1073, (13)

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

magnetically neutral.
Given that p,, « a~

notation obtaining

3 we can integrate Eq. (12) and use the usual cosmological

. 2 3
¢ 3% (‘33) HE2) [“_"} (t — 1o). (14)

€ 87 E a(t)

Primordial nucleosynthesis standard model tell us that the integration constant
t. must be very small in order not to spoil the agreement between theory and
observation. Using WMAP values we obtain the following prediction for (¢/a)¢

. E 2
(L) =13x107° (—B) . (15)
Any measurement with a precision such as o (¢ / Hoor) ~ 1072 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 o, 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 ¢ = 1, the electromagnetic
contribution has the same form as in Maxwell’s theory

gi” Fio F“’] (16)

em 1 A
Tp,v = E I:FIMFV —

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:
h (ete’ 1 e,
™ = — | —— — =g —]. 17
€ 623 ( 62 2 g 62 ) ( )

In what follows we use the redefined field as ¥ = Ine. 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 = T 4 T (18)

In terms of ¥ and replacing g"¥ with n**¥, we obtain that the divergence of Tt is

1 1
T, = o [FW,VF”Q 4 FROFY,  — EWFW Faﬁ,v}
(19)

h
tZ (W et = e ).
B

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

, 00

Iy

Let us add to both sides of the equation the divergence of the energy momentum
tensor of matter 7;5” ,v 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) 7/ |+ Tn" , = 0. So, this
equation explicitly shows the energy transfer from the field ¥ to matter

. 1
Tf‘“,v =—eVjOFl e+, (n" + TE — — MV Fop F“ﬁ) ) (20)

167
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, 00 1
+ TR — — "V Fop F“ﬂ) 1)

T = e F e wv(n i 167

which is the source of any observable effect. From

Y= == (22)

we find the “machian” contribution to energy transfer

i 1o do 1
Ty (machian) L uv 7Y THY _ w g Fotﬁ 23
m v 2o T gy Tlem ~ g Tos (23)

We use Bekenstein’s notation, that is, the time-space components of eV F1Y are
identified with E while space-space components are identified with B, and for us
S = %. Then, the component 0 of Eq. (21) reads

B2y
Ty, =jE—e? —4f eVYS + w— (24)

oy

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.

9 ExB “2VE? .
Tom® , = tem v 20(= 22y~ _E.j+ v+ e VS Vy (25)
’ ot 47 47
where T, %0 = (Buem)/at the electromagnetic energy is e, = e 2V (E? +
B?)/(87) and Tep® ; = V.e72V (EXB) = V.¢72V§; being S the Poyntlng vector.

We note that this result is 1ndependent 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

V.Ee 2V = 4np0 (26)
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where p2,, is the reference charge density. In the limit when « varies only cosmo-
logically the solution is

E = ¢*YE, 27

where Ej is the electrostatic reference field defined for e¥ = 1. The electromagnetic
energy density results

B? + E?
_ e—zw( ) — o2V,0

Uem 87 em (28)
and the temporal variation
. : . o .
lem = 2Wlem + ez‘/’ugm = auem + ez‘/’ugm. 29)

If there were no scalar injection of energy and #2,, ~ 0, the Poynting theorem
Eq. (25) together with the expression for the energy variation Eq. (29) would lead
to

B2 .
j-E= —El/fe—”’. (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/dt + v.V will be equal to the partial time derivative
d/0dt. In the general case when there is viscosity and heat transfer, the right-hand
side can be written, in the non relativistic limit, as

a1 1
I, =5 G +u) + VIov(5v? +w) = v.o' +J] G

where w is the specific enthalpy, u is the internal energy density, J is the heat flux,
which can generally be written as —k VT, being T the temperature and « the thermal
conductivity. Finally, (v.0”)x stands for v; 07, , with o’ being the viscous stress tensor
[18]. As we said above, we neglect the velocity of the fluid, so we obtain

Tn?”’v = % + V] (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 % |cooting and another one related to the interaction
with the scalar field %" 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

du doy, B* . e B2y
~_ lcoolin, . V]=—— [ I
3t|01g+ ot VI 4nwe 47

. do
—2v
e VYVyS—y—. (33
vS—-y v (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 g—:; - % ~ 0 is fulfilled. Consequently, we obtain

e 2YB2y  du
Vl=———"——— — cooling 34
J ' 3l| ling ( )

We define .
ze_szzt/f N 20'5 B?

Mydnr  ~ “a87M,
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).

§a = (35)

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,

B o ¥ [ s QD - elie0 ) 56

[ — x|
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where o 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,

3 313 /J(x) J(x/) 3 E /
m_/d 87 22/d YY) T 20m RGahe | 74 G7)

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

R(A) = 1.243 fm, / 0dE ~ 1.6A MeV fm>. (38)
Then, the fractional contribution of the magnetic energy to rest mass energy is

£(A) ~ e ~ 8.60 x 1076471/3 (39)

5 The Earth Heat Flux

The contribution of &/« 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,

dTm

MeCoar

= —Qtor + Hc + Hg (40)

where Mg is the Earth’s mass; C, ~ 1200J/Kg — K is the average heat capacity
of the planet and T}, is the mantle potential temperature. Hg represents the heat
generated by radioactive isotopes. The total heat loss Q;,; can be written as the sum
of two terms, one that comes from the loss of heat in the oceans Q,., and the other
by continental heat loss Q.on;. Using the results obtained by Labrosse and Jaupart
[17], we rewrite the total heat loss as Qo &~ M CpAg T, Where Ag ~ 0.1 Gyr™!
is the timescale constant for the secular Earth’s cooling. Assuming that the most
abundant elements of the Earth are oxygen, silica and iron ¢ ~ 2.75 x 107° and
using Ho ~ 2.5 x 10718571 the “extra” energy contribution can be written as,

He = §c2HOw7 41)
0

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

as a power series [27],
a(t)

~ 1+ Hodt — 2 (Hod1)? + 22 (Hodt)? + - -- 42)
aop 2 6
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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 ATy, in terms of the time interval

At and (XL[{()
5 a 3 6 a 2
AT, (1) =2.43 x 10° K/ay—— (A1) — 3.78 x 106 K/Gyr——(At)
H()Ol H (43)
+3.05 x 107 K/Gyr—r— At
H()Ol

According to [17], the total amount of cooling experienced by the Earth after an
initial magma ocean phase cannot exceed 200 K. So, in the last 2.5 Gyr, AT, <
200 K. With these restrictions we obtain a bound for the time variation of «,

‘_ < 1.93x 10°5 (@4)
0

1124

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

EB 2 EB
— ] <0.15 — < 0.39 (45)
lp Lp

A different bound can be obtained observing that the total radiated power of the
Earth Q. 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 Q;,; &~ 47 TW (see [6] fore more details). Therefore,

|Qmach| = |MECPAGTm(t)| < 0-2Qtot (46)

Then, in an interval of 2.5 Gyr we find

<3.98x107° (47)
0

a
H()Ol
and

EB 2 EB
— ] <0.31 — < 0.55 (48)
lp Lp
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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 x 107'¢yr~! and 3.14 x
10716 yr~!) are comparable with that obtained in laboratory combining measure-
ments of the frequencies of Sr [1], Hg+ [9], Yb+ [22] and H [8] relative to Caesium
((3.3 + 3.0) x 10716 yr~1) [20]; only one order of magnitude weaker than Oklo’s
((2.5040.83)x 10~'7 yr~!) (the theory independent most stringent bound on o 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) x 10717 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. Garcia-Berro, L.G. Althaus, S. Torres, P. Lorén-Aguilar,
A.H. Corsico, 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 G/G = —1 x 10712 yr!,
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, o, 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 o [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
G/G = (0.2 £0.7) x 10712 yr~! [20], whereas Big Bang nucleosynthesis bounds
are of the same order of magnitude —0.3 x 10712 yr! < G/G < 0.4x 10712 yr!
[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 constant G 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]:

n__ TR 1

I (1)
In the case of a varying G, there is an additional term related to G /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 x 10710 yr_1 < G/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 G /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:

dB G
L+Lv=—z+59. )
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where B is the binding energy of the white dwarf, B = U + £2, U is the total
internal energy, §2 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 0.6 M 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 G/G < —(1.0 + 1.0) x 10~'! yr=!. 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 o< G. This means that a full stellar evolutionary
code is needed if an accurate treatment of white dwarf cooling when G 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 Mcy, o 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 varying G 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 G /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], ?2Ne 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 varying G, we write the local luminosity equation as

L, du P do

m - T T2 )
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
()_.525, 0.609 and 1.0 Mo,.for three values of the rate (_)f change of G, namely
G/G =-5x107"yr 1, G/G = —-1x107" yr L and G/G = —1x 10712 yr7 1,
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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, G /G
(in units of yr—!), the initial value of G at the beginning of the white dwarf cooling phase, G; /Gy,
being G the actual value of G. The numbers in brackets give the stellar luminosity. log(L/Lg),
at which G = G, occurs

Mwp /Mo Gi/ Gy

G/G=—-5x10""" G/G=—1x10"1"1 G/G=—1x10""2
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 varying G is strongly dependent on
the initial value of G, we have computed for each value of G / G several evolution-
ary sequences with different values of G; / Gy, where G; stands for the value of G at
the beginning of the cooling track at high effective temperature, and G¢ 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 G; /Gy 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 which G = Gy. Note that the election of the values of
G; 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/Lg) = —3 to —5, the luminosities of the most typical
white dwarfs.

The evolution of the central density and temperature for our 0.609 M white
dwarf model sequences for the case of a rate of change of G of G/G = —5x 10711
yr~! 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 = Gy is adopted during the evolution is also
depicted. This figure clearly emphasizes the marked dependence of the white dwarf
structure on the actual value of G, 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 0.609 M white dwarf model sequences
assuming G/G = —5 x 10~!! yr~! 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 0.609 Mo white dwarf cooling sequences.
The curve labeled as G; = Gy 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 “G; = 1.4G¢ (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 = 1.4Gy. In this case, the change in the slope of the cool-
ing curve at log(L/Lg) &~ —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 as G = 1.4G¢ which displays the cool-
ing sequence for the same sequence but now assuming that G decreases at the rate
G/G = =5 x 107" yr='. 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 0.609 M white dwarf sequences. The line
labeled as G; = 1.4G corresponds to the case of a constant value of G, which we have chosen
to be 1.4Gy, during the entire white dwarf evolution. The line labeled as G; = Gy displays the
evolution for the standard case. Finally the curve labeled as G; = 1.4G shows the evolution
assuming G/G = —5 x 107! yr~! and an initial value of G at the start of the cooling phase of
G; = 1.4G,

sequence occurs at log(L/Lo) &~ —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/Lg) ~ —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 ~ 0.609 M. We have adopted
several secular rates of change of the gravitational constant, namely G/G = —1 x
10712 yr=1, —1 x 10711 yr~!, and —5 x 107! yr~!. 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 G/G = —1 x 10712 yr! 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 G /G
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Fig. 3 Surface luminosity versus age for several 0.609 M white dwarf model sequences, adopt-
ing different values of G /G (solid lines). From top to bottom, curves correspond to G /G =
—1x 1072 yr= 1, —1 x 107" yr~!, and —5 x 107! yr™!. The present value of the gravitational
constant occurs when log(L/L@) ~ —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
varying G.

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



56 E. Garcia—Berro et al.

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 G /G remains constant with time. Specifically,
we have followed the evolution of white dwarf model sequences of masses 0.525,
0.609 and 1.0 M considering three values for the rate of change of G, namely
G/G=-5x100"yr ', G/G =—1x10"" yr 1 and G/G = —1x 10712 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 varying G 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 ~ 0.6 Mg
when the rate of change of G larger than G /G = —1 x 10712 yr~! 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 varying G 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 o.

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 committee', 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]).

I See http://www.codata.org/



Testing the Variation of Fundamental Constants with the CMB 61

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 WMAPS [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 Gy by introducing a dimensionless parameter Ag such that
G = GOAZG following [39]. The effect of different values of Ag on the angular
power spectra is shown in Fig. 1.

We then allowed A 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 @}, and
., the Hubble constant Hy, the scalar spectral index ng, the overall normalization
of the spectrum Ay at k = 0.05 Mpc™!, the optical depth to reionization, 7, the
amplitude of the Sunyaev-Zel’dovich power spectrum and the gravitational constant
Ac = +/(G/Gyp). 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 Ag. Taken from [8]
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Table 1 Constraints on Ag 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 A 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 of G with an accuracy of ~ 10% level at
68% c.1., 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 Ay = (o — o) /g, where ag = 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 < A, < 0.01 at 95% c.L
(see also [7]). This constraint was subsequently updated to —0.039 < A, < 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 < Ay < 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
Hy = 100hKm/s/Mpc. Combining CMB data with independent measurements
of Hy 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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Table 2 Limits on o/ 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, 7 = 0.748 £0.036 (third
row). We report errors at 68% and 95% confidence level

Experiment afoy 68%cl. 95% c.l
WMAP-5 0.998 40.021  T00H0
All CMB 0987 40012 40.023

AllCMB+HST 1.001 +0.007 =0.014

constant of 7 = 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 «/c¢ 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 ACDM 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
constant G 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 o and G are related by

Ao AG

. 0 G ey
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 has Q = 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 have Q > 0.
However, one can equally easily find models with Q < 0: for example string theory
dilaton-type models have Q ~ —1 [6], while the BSBM-Brans-Dicke model has
0 = —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 wy,
and w,, the Hubble constant Hj, the scalar spectral index ng, the overall normal-
ization of the spectrum Ay at k = 0.05 Mpc™!, the optical depth to reionization,
7 and, finally, the variations in the fine structure constant «/ag and in the Newton’s
constant A . 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 la luminosity distances and with the improved constraint on the Hubble
constant of 1 = 0.747 4+ 0.036 at 68% c.l., from the analysis of [31].

We also computed the constraints on Ag 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 o/« and Ag from CMB data only (first row), from CMB+SN-Ia (second row),
from CMB plus the HST prior on the Hubble constant, # = 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 afay  68%cl.  Ag  68%c.l.

All CMB 0.999 +£0.017 1.04 =£0.12

AIICMB+SN-Ta  0.989 +0.012 1.04 =+0.11

All CMB-+HST 1.003  +0.008 1.13 +0.09

ALLCMB+BBN 0.985 +0.009 1.01 +0.01

Planck only 1.000 +0.015 1.02  +£0.09

1.1

1.051

o/atg
N

0.95}

0.9 . .
0.5 1 1.5
A

Fig.3 68% and 95% c.l. constraints on the « /oy vs A¢ for different datasets. The contours regions
come from CMB data (blue), CMB data and SN-Ia (red), and CMB+HST (green)

experimental results on nuclear cross sections. The BBN predictions were com-
pared with the experimental determinations of the “He mass fraction Y » and D/H
abundance ratio, ¥, = 0.250 & 0.003 and D/H = (2.871037) x 107>, as discussed
in [35]. In Table 3 we report the constraints on the o/ and the A 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 o/ vs Ag 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 Hy, as both the
parameters are degenerate with the Hubble constant.

Itis also interesting to notice that, due to the degeneracy between the two parame-
ters, a future detection for a variation in o 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
a 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 O‘Z‘—O -1 =

QA% —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 o and A the data seem to prefer
positive values of 0. 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 Martin Lépez-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 (AA4959 and AA5008) 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
Aa/a = (+2.4 £ 2.5) x 107> (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 o on such cosmological timescales. The mean variation compatible
with our resultsis 1/ < ¢t > Aa/a = (+0.7 £ 0.7) x 10714 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 (A, — A1)/(A2 + A1) at two different epochs gives the relative difference
in o between these two epochs. It is shown [15] that

[((A2 = A1) /(A2 + A1)]: _
[((A2 = A1) /(A2 + A1)]o

A 1
=3

where A, and A, are the wavelengths of the pairs of the doublet, and the subscripts
z and O 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] (§a/a = (0.15 £ 0.44) x 107> over the range 1.59 <
7 < 2.32). The MML is the only method that has resulted in claims for the detection
of variation of « [13,16] Aa/a = (—0.574 £ 0.102) x 107> 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 Aa/o = (—0.12 & 1.79) x 107°
atz = 1.15and Aa/o = (5.4 +2.5) x 1076 at 7 = 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 A/« 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 Aa/a = (+0.7 & 1.4) x 10~*. 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 Server' 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 A, which

Uhttp://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 A and a standard deviation of
0.287 A which agrees quite well with the theoretical value (5578.887 A) 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 HB 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 A (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 HB line could in principle produce
a blueshift in the estimation of the centroids of the lines, particularly affecting the
4959 A 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] (A114959) A line. After many trials we
chose the 4925-4935 A (rest frame) wavelength range to estimate possible resid-
uals of HB and remove from the sample those objects with fluxes in that interval
above 0.05 the peak value of the [OIII] (A14959) A 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 Hf 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 Aa/a = (—0.9 £ 2.6) x 107>, The results are very robust against
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Fig. 1 Diagram showing the regions used to compute the centroids and relative fluxes, and the
regions used to assess the HJ 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 Aa/a = (1.9 £ 2.6) x 107>, 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 A); this indicates the absence of significant distor-
tions in the estimation of the position of the 4959 A line due to the relative proximity
of the HP line. The distribution of the wavelength separation between the centroids
of both lines has a rms of 0.11 10\; 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™!) of the narrow line clouds where the
[OIII] originates.

Method 2: The emission lines of OIII (4959 and 5008), and HB (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



The Value of the Fine Structure Constant Over Cosmological Times 73

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 HS
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 A (rest frame of
the [OIII] 5008 line) there were 1568 spectra (‘clean sample 2’) from which we
obtained Ao/ = (4+2.4 £2.5) x 107°.

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 Ax/a 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

20 —

Aa/a(x1078)
o

—-20 —

0.2 0.4 0.6
Redshift

Fig.3 Aa/a vs. redshift. Each bin contains the contribution of ~175 spectra



74 C.M. Gutiérrez and M. Lépez-Corredoira

Table 1 Acw/« at different redshifts

Redshift Aa/a (107°)  1-0 errors
0.003 — 0.076 +0.6 5.2
0.076 — 0.110 —10.3 5.7
0.110 — 0.152 +21.5 8.0
0.152 —0.199 +6.1 7.4
0.199 — 0.240 +7.0 6.5
0.240 — 0.300 —0.3 8.6
0.300 — 0.378 —0.8 8.4
0.378 — 0.490 +6.6 7.5
0.490 — 0.747 +14 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 A to the spectral position of the atmospheric OI line. This new
constraint removes 59 spectra. The overall results on Ac/o do not change much
(Aa/a = (+0.642.4) x 107>) 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 (Aa/a = (+7.0 £ 5.8) x 107°).

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 changesis 1/ <t > Aa/a = (+0.7£0.7) x 1071 yr~!. A linear fit of
Aa/a with respect to look-back time gives a slope of (0.2 4 1.6) x 10714 yr=1. All
these numbers as a whole do not show any significant evidence of change in Ax/«
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 Ac/« obtained from
objects in common between our raw sample and the Bahcall et al. sample is similar,
while the rms of Aa/a from our clean sample is 0.5 x 1073, slightly better than
the sample of Bahcall et al. (0.7 x 1073). 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 /1568/42 = 6.1. The
result presented by Bahcall et al. is (0.7 & 1.4) x 10™* , and therefore our result
(Aaj/a = (+2.4 £ 2.5) x 107°) improves the sensitivity by a factor ~5, which
agrees with statistical expectations.
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Current State of m ,/m, = p Measurements
Versus Cosmic Time

Rodger 1. Thompson

Abstract This article reviews the current state of measurement of u = Mp/M,
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 o« there
is no current evidence for a different value of u in the early universe at the one
part in 10° 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 x at a time when the universe was only
20% of its present age. The limit of Ap/p < 107> 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 u with a varying value of «.

1 Introduction

In this article the measurements of 4 = Mp/M,, 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 u and could provide a measurement of that fundamental constant in the early
universe.
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2 How u 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 u through the moment
of inertia and the vibrational energy is proportional to the square root of y 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 1 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 H,.

Unfortunately the electronic energy levels of molecules are little affected by
the value of p 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 p 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 = 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 AJ= —1,0,1 for the rotational levels and that Av 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 = 0
through 4.
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Fig.1 The energy level diagram for the Lyman and Werner band of H,. 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 K; for each line i which

is defined as
_dlnd;  pdr  pdy;

"Tdnp T Aide T vidp
With this definition the observed wavelength A; is related to the rest wavelength A¢
by

ey

Aifro =1 +2)(1 + K;Ap/p) 2

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

i — 20
= =A K; 3
¢ 1+ 20 w/uK; 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 = O(black),
J = 1(red), J = 2(green), J = 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 z; is the measured redshift of the individual lines and z¢ is the intrinsic red-
shift of the DLA system containing the H, lines. Figure 2 gives an example of such
a plot taken from [17]. Note that the fitted slope in this type of plot is Au/u. Also
notice that the reduced redshift axis is multiplied by 10°.

5 Advantages and Disadvantages of H, Observation
to Determine u

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

5.1 H, Advantages

A distinct advantage of using H, absorption lines to measure p 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 p 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 H, 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 H 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 H, Disadvantages

A key disadvantage of Hj is that very few DLAs contain sufficient H, 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 H, 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 H, bands lie in the Lyman alpha forest of
atomic absorption lines. This means that most of the H, 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 1072 as opposed to on the order of 1 for
pure rotational transitions. This means that wavelength accuracies must exceed the
desired accuracy in Au/u 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 p 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 p measurements at high redshift

Object Zabs Ap/u Reference

Q0528—250 2.811 <2x107* Foltz et al. (1988)
Q0528—-250 2.811 <7x107* Cowie & Songaila (1995)
Q0528—-250 2.811 <2x107* Potekhin et al. (1998)
Q0528—250 2.811 1.4+3.9x107¢ King et al. (2008)

Q1232+082 2.339 1.44 +1.14 x 10™* Ivanchik et al. (2002)
Q1232+082 2.339 1.32£0.74 x 1074 Ivanchik® et al. (2002)

Q0347382 3.0249 58+3.4x%x107° Ivanchik et al. (2002)
Q0347382 3.0249 1.22+£0.73 x 10~* Ivanchik et al. (2002)
Q0347382 3.0249 502+ 1.82x107° Ivanchik et al. (2003)
Q0347382 3.0249 1.47 £0.83 x 1073 Ivanchik et al. (2005)
Q0347382 3.0249 —0.5+£3.6x107° Ubachs & Reinhold (2004)
Q0347382 3.0249 2.06 +0.79 x 107> Reinhold et al. (2006)
Q0347382 3.0249 2.06 +0.79 x 1073 Ubachs et al. (2006)
Q0347382 3.0249 0.82 +0.74 x 1073 King et al. (2008)
Q0347382 3.0249 2.1+1.4x107° Went & Reimers (2008)
Q0347382 3.0249 —28+1.6x1073 Thompson et al. (2009)
Q0405—443 2.5947 2.78 £ 0.88 x 1073 Ubachs et al. (2007)
Q0405—443 2.5947 2.78 +0.88 x 107 Reinhold et al. (2006)
Q0405—443 2.5947 2.11 £ 1.39x 1073 Ivanchik et al. (2005)
Q0405—443 2.5947 1.01 £ 0.62 x 1073 King et al. (2008)
Q0405—443 2.5947 0.055+ 1.0 x 107 Thompson et al. (2009)

J2123—-0050 2.059 0.56 +0.62 x 1073 Malec et al. (2010)
¢ Tvanchik et al. (2002) used two different H, 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 p that
are somewhat smaller than the limits on individual sources. A consensus limit on
the change in p would appear to be Au/pu < 107> although [5] claim a limit
of Au/p = (2.6 & 3) x 107® which is strongly influenced by their result for
Q0528-250.

7 Systematic Errors

Precision measurements such as those required to evaluate the value of u 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
/4 measurements.

7.1 Wavelength Calibration

A distinct advantage of using H, 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 w. This is probably
the source of the previously claimed positive detection of a change in u.

7.1.1 Lyman and Werner Line Mix

The possibility of a linear wavelength error mimicing a change in u 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 Az was plotted. Both
Q0347-383 and Q0405-443 have roughly an equal number of lines of positive and
negative Az 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 H,

Although the accuracy of the H, rest wavelengths from [18] exceeds our current
accuracy of astronomical measurements, improvement by a factor of 10 to 1 part
in 10® 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
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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 1078, Since the accuracy of measurements of A/ scale as the
wavelength error divided by the sensitivity factor, this leads to errors on the order of
107°, 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 A/ 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
Ap/ . A possibility is a systematic error in the sensitivity factor 