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Abstract. We discuss how existing astrophysical measurements of various combinations
of the fine-structure constant «, the proton-to-electron mass ratio ¢ and the proton gyromag-
netic ratio g, towards the radio source PKS1413+135 can be used to individually constrain
each of these fundamental couplings. While the accuracy of the available measurements is
not yet sufficient to test the spatial dipole scenario discussed in this workshop (and else-
where in this volume), our analysis serves as a proof of concept as new observational facil-
ities will soon allow significantly more robust tests. Importantly, these measurements can
also be used to obtain constraints on certain classes of unification scenarios, and we com-
pare the constraints obtained for PKS1413+135 with those previously obtained from local
atomic clock measurements (and discussed in the previous contribution).
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1. Introduction

Nature is characterised by a set of physi-
cal laws and fundamental dimensionless cou-
plings, which have always been assumed to be
space time-invariant. For the former this is a
cornerstone of the scientific method: it is hard
to imagine how one could do science at all if
it were not the case. For latter, however, this
is not the case: our current working defini-
tion of a fundamental constant is simply any
parameter whose value cannot be calculated
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within a given theory, which must therefore
be found experimentally. Very little is known
about these couplings, their role in physical
theories or even to what extent they are really
fundamental.

Fundamental couplings are known to run
with energy, and in many extensions of the
standard model they will also roll in time and
ramble in space. As a consequence, calcula-
tions valid for our tangible space-time might
not be correct for different times or places.
A detection of varying fundamental couplings
will be revolutionary: it will automatically
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prove that the Einstein Equivalence Principle
is violated (and therefore that gravity can not
be purely geometry), and that there is a fifth
force of nature. If so different regions of the
universe will effectively have different physi-
cal phenomenology.

Any Grand Unified Theory predicts a spe-
cific relation between variations of @ and
4, and this relation will be highly model-
dependent. However, this is a blessing rather
than a curse, as it implies that simultaneous
measurements of both can provide us with key
consistency tests of the underlying physical
mechanisms.

The present work if focused on three
measurements of different combinations of
the fine-structure constant a, the proton-to-
electron mass ratio u and the proton gyro-
magnetic ratio g, towards the radio source
PKS1413+135 at redshift z ~ 0.247 (Murphy
et al.I2001} Darling|2004; |[Kanekar et al.|2010).
Together, these allow us to individually con-
strain each of these couplings. Although these
constraints are relatively weak, forthcoming
observational facilities will significantly im-
prove existing measurements. Thus, our analy-
sis is also a proof of concept, since improved
measurements will allow for much stronger
tests.

In addition to their intrinsic test as preci-
sion consistency tests of the standard cosmo-
logical model, these tests of the stability of
fundamental constants can also be used to ob-
tain constraints on certain classes of unifica-
tion scenarios. This has been previously done
for local (redshift z = 0) using comparisons
of atomic clocks (Ferreira et al.| 2012)), as re-
ported in M. Julido’s contribution to these pro-
ceedings. In this sense the present work is an
extension of this formalism to the early uni-
verse. Further details can be found in [Ferreira
et al.l (2013).

2. Quasar absorption spectra

The spectrum of the radio source
PKS1413+135 includes a number of in-
teresting molecular absorption as well as
emission lines. From comparisons of different
lines one can obtain measurements of several
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Fig. 1. Two-dimensional likelihood for the relative
variations of @, £ and g, between z =~ 0.247 and z =
0. Solid, dashed and dotted lines correspond to one-,
two- and three-sigma contours (68.3%, 95.4% and
99.97% likelihood, respectively). Reprinted, with
permission, from [Ferreira et al.| (2013).

combinations of the fundamental couplings
«, u and g,. Specifically, we will consider
the best available measurements from each of
three different (and independent) techniques,
which are summarised in Table [I] One should
note that the first two are null results while the
last measurement is a detection at more than
two standard deviations. In all cases we define
relative variations as

AQ _ Q(z=0247)- 0z =0)
0o 0z=0

ey

From the three measurements we can ob-
tain individual bounds on the variation of
each of the couplings. Fig. [T] shows the two-
dimensional likelihood contours in two of the
three relevant planes (the third plane is omit-
ted due to the obvious degeneracies between
the three parameters). The corresponding one-
dimensional relative likelihoods are shown in
Fig.[2
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Table 1. Current combined measurements (with their one-sigma uncertainties) at z ~ 0.247 towards the

radio source PKS1413+135.

Oas AQup/Qas Reference
a'zg,, (-2.0+4.4)x 10  [Murphy et al.| (2001)
a5yl (5.1 £12.6) x 1076 Darling| (2004)

P
aleAssgplul.ss (-11.8 +4.6) x 10°°

Kanekar et al.|(2010)

Fig.2. One-dimensional relative likelihoods
(marginalised over the other quantities) for the rela-
tive variations of @, 1 and g, between z = 0.247 and
z = 0. Reprinted, with permission, from [Ferreira et
al.| (2013).

At the one-sigma (68.3%) confidence level
we find

A

;“ = (=5.1 £4.3)107 )

A

7“ = (4.1+3.9)107 3)

A

% = (9.9+8.6)107° )
P

and at the two-sigma level all are consistent
with a null result. These constraints are still
relatively weak, and in particular do not yet
provide an independent test of the dipole re-
sults (Webb et al.| 2011). However, improve-
ments of one order of magnitude in each of the
combined measurements should turn this into
a stringent test.

3. Unification theories and variation
of fundamental couplings

As in M. Julido’s contribution to these proceed-
ings, we wish to describe phenomenologically
a class of models with simultaneous variations
of several fundamental couplings, in particu-
lar the fine-structure constant @ = &> /hc, the
proton-to-electron mass ratio 4 = m,/m, and
the proton gyromagnetic ratio g,. The simplest
way to do this is to relate the various changes
to those of a particular dimensionless coupling,
typically a. Then if @ = (1 + d,) and

Ax
X

we have X = Xy(1 + kxd,), and so forth.

The relations between the couplings will be
model-dependent. We follow a previous analy-
sis (Coc et al.l[2007; [Luo et al.] 2011), con-
sidering a class of grand unification models in
which the weak scale is determined by dimen-
sional transmutation and further assuming that
relative variation of all the Yukawa couplings
is the same. Finally we assume that the vari-
ation of the couplings is driven by a dilaton-
type scalar field (Campbell et al.| [1995). For
our purposes it’s natural to assume that parti-
cle masses and the QCD scale vary, while the
Planck mass is fixed. We then have
Am, 1

A
=-(1+852
m, 2 a

Aa
=Kkx—
a

&)

(6)

since the mass of elementary particles is sim-
ply the product of the Higgs VEV and the cor-
responding Yukawa coupling and

Am,

m

@)

A
— [0.8R +0.2(1 + $)]=2Z.
» a
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The latter equation is the more model-
dependent one, as it requires modelling of
the proton. At a phenomenological level, the
choice § = —1, R = 0 can also describe the
limiting case where « varies but the masses
dont. With these assumptions one obtains that
the variations of i and « are related through

A A
2 0.8R-0.3(1 + $) =,
u a

®)
where R and S can be taken as free phe-
nomenological (model-dependent) parameters.
Their absolute value can be anything from or-
der unity to several hundreds, although physi-
cally one usually expects them to be positive.
For the purposes of our analysis they are taken
as free parameters to be solely constrained by
data.

Further useful relations can be obtained
for the proton g-factor (Flambaum| 2003}
Flambaum et al.| 2004} 12006)),

A
282 _ [0.10R = 0.04(1 + $)]

Aa
8p @’

)

Together, these allow us to transform any
measurement of a combination of constants
into a constraint on the (@ R, S) parameter
space. Moreover, since R and S are presumed
to be universal parameters, once constraints at
several redshifts are expressed in this plane the

comparison between them becomes unambigu-
ous.

4. Constraints on unification

The bounds obtained in the previous section
can now be translated, using Egs. [§l and Blinto
constraints on the phenomenological unifica-
tion parameters R and S. The two functions of
R and S are constrained by the existent astro-
physical measurements to be

0.8R-0.3(1 +§) =-0.81£0.85, (10)
1)

and solving the previous equations leads to the
most likely values of R and S

0.10R—-0.04(1+S)=-196+1.79,

R ~ 27738, (12)
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Fig. 3. Combined contours of the two-dimensional
likelihood in the R — S plane for the astrophys-
ical measurements towards PKS1413+135. Solid,
dashed and dotted lines correspond to one-, two- and
three-sigma contours (68.3%, 95.4% and 99.97%
likelihood, respectively). Reprinted, with permis-
sion, from [Ferreira et al.| (2013).
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Fig. 4. Two-dimensional likelihood contours in the
R — S plane. The broader contours correspond to
constrains at z = 0, coming from atomic clocks
(Ferreira et al.| 2012). The smaller contours cor-
respond to the combination of the atomic clock
constraints with the ones of PKS1413+135. Solid,
dashed and dotted lines correspond to one-, two- and
three-sigma contours (68.3%, 95.4% and 99.97%
likelihood, respectively). Reprinted, with permis-
sion, from [Ferreira et al.| (Z013).

S = 742.5. (13)

Each of the above relations will determine
a degeneracy direction in this plane and the
combination of the two is then shown in Fig.
Bl

Finally, fig. @ shows the likelihood con-
tours for R and S in this case, as well as the



Monteiro et al.: Constraining fundamental physics with varying constants

result of the combination of the atomic clocks
and PKS1413+135. The latter results dominate
the analysis, and the result is a sub-region from
the band in the R-S plane defined by the atomic
clock data. From this analysis we can finally
obtain the best-fit values for R and §; at the
one-sigma confidence level we obtain

R =277 + 24, (14)

R =742 + 65. (15)

It has been argued (Coc et al.l[2007) that
typical values for these parameters are R ~ 30
and S =~ 160 (although these values certainly
include a degree of uncertainty). Current con-
straints from atomic clocks (Ferreira et al.
2012) are fully consistent with these values,
but our present analysis shows that this is not
the case for PKS1413+135.

5. Conclusions

We have used available measurements of com-
binations of dimensionless fundamental cou-
plings towards PKS1413+135 in order to ob-
tain individual constraints of the variations of
«, 1 and g,. The precision of the available
measurements is not yet sufficient to provide
a useful test of the spatial dipole scenario of
Webb et al.| (2011). However, if improvements
of one order of magnitude or more in each of
the combined measurements can be achieved
by the next generation of observational facili-
ties (which is a very realistic possibility), this
source will eventually provide a powerful test.
We have also used our results to derive
constraints on the class of unification scenar-
ios (Coc et alll2007), and compared them with
those previously obtained from local atomic
clock measurements. Our analysis shows that
both types of measurements prefer unification
models characterised by a particular combina-
tion of the phenomenological parameters R and
S, with the PKS1413+135 providing stronger
constraints on these parameters. It is notewor-
thy that the parameter values preferred by the
current data do not coincide with (arguably
naive) expectations on unification scenarios.
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We note that in this workshop N. Kanekar

presented a yet unpublished revised version
of the measurement of [Kanekar et al.l (2010)

(using data from WRST and Arecibo, as op-
posed to only WRST). This revised measure-
ment provides a weaker detection of a varia-
tion, and in that case our constraints discussed
above become correspondingly weaker. A re-
analysis will be discussed elsewhere.

In any case our results constitute a proof of
concept for these methods and motivate the in-
terest of further, more precise measurements of
fundamental couplings towards this and other
similar astrophysical sources. More generally,
they also highlight the point that the early uni-
verse is an ideal laboratory in which to carry
out precision consistency tests of our standard
cosmological paradigm and search for and con-
strain new physics. Future facilities such as
ALMA, the E-ELT, the SKA and others will
play a key role in this endeavour.
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