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Euclid: constraining dark energy coupled to electromagnetism
using astrophysical and laboratory data*
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ABSTRACT

In physically realistic scalar-field based dynamical dark energy models (including, e.g., quintessence) one naturally expects the
© scalar field to couple to the rest of the model’s degrees of freedom. In particular, a coupling to the electromagnetic sector leads to

a time

(redshift) dependence of the fine-structure constant and a violation of the Weak Equivalence Principle. Here we extend the

previous Euclid forecast constraints on dark energy models to this enlarged (but physically more realistic) parameter space, and
forecast how well Fuclid, together with high-resolution spectroscopic data and local experiments, can constrain these models. Our
analysis combines simulated Euclid data products with astrophysical measurements of the fine-structure constant, «, and local
experimental constraints, and includes both parametric and non-parametric methods. For the astrophysical measurements of «
we consider both the currently available data and a simulated dataset representative of Extremely Large Telescope measurements
and expected to be available in the 2030s. Our parametric analysis shows that in the latter case the inclusion of astrophysical
and local data improves the Fuclid dark energy figure of merit by between 8% and 26%, depending on the correct fiducial model,
with the improvements being larger in the null case where the fiducial coupling to the electromagnetic sector is vanishing. These
improvements would be smaller with the current astrophysical data. Moreover, we illustrate how a genetic algorithms based
reconstruction provides a null test for the presence of the coupling. Our results highlight the importance of complementing surveys
like Euclid with external data products, in order to accurately test the wider parameter spaces of physically motivated paradigms.

Key words. Cosmology: observations — (Cosmology:) cosmological parameters — Space vehicles: instruments — Surveys — Methods:

statistical — Methods: data analysis

1. Introduction

The search for the physical mechanism underlying the ob-
served low-redshift acceleration of the Universe is a pressing
objective of contemporary cosmology. A first task in this en-
deavour is to map the behaviour of the energy density (or its
equation of state parameter) of the dark energy component
as a function of redshift — with the simplest case of a cosmo-
logical constant corresponding to a constant energy density.
Towards this end, simple parametrizations are often used,
commensurate with the limited constraining power of cur-
rently available data, e.g. for the dark energy equation of

* This paper is published on behalf of the Euclid Consortium.
** e-mail: matteo.martinelliQuam.es

state parameter one has a tight constraint on its present
value and a reasonable constraint on its rate of change.
Still, these parametrizations should be seen as convenient
proxies for more physically realistic models, possibly con-
taining a larger number of model parameters. While such
wider parameters spaces are not significantly constrained
by current data, they can in principle be constrained by
future surveys.

Euclid is a medium-class mission of the European
Space Agency due for launch in 2022. Using a visible im-
ager (Cropper et al.[2018)) and a near-infrared spectropho-
tometric instrument (Costille et al.||[2018)), it will perform a
photometric and spectroscopic galaxy survey over 15,000
squared degrees of extra-galactic sky, plus a deeper survey
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over 40 squared degrees (Laureijs et al|2011)). The main
goal of Fuclid is to provide measurements of the geometry
of the Universe and the growth of structures up to redshift
z ~ 2, and beyond. Fuclid will provide three primary cos-
mological probes: weak gravitational lensing, the cluster-
ing of galaxies using measurements from the photometric
galaxy survey, and the clustering of galaxies of the spectro-
scopic survey. The latter will enable precise measurements
of the baryon acoustic oscillations and redshift-space distor-
tions. Given the high complementarity of these large-scale
structures probes we expect very precise constraints from
FEuclid observations, not only on the concordance cosmo-
logical constant and cold dark matter (ACDM) model, but
also on theoretical extensions of it (see e.g. [Euclid Collabo-
ration: Blanchard et al[[2020} Tutusaus et al.|[2020)).

In [Euclid Collaboration: Blanchard et al.| (2020)) (here-
after EC20), the constraining power of FEuclid on dark
energy models has been estimated using the common
CPL parameterization (Chevallier & Polarskil[2001} [Linder
2003|) as a phenomenological proxy for generic dynamical
dark energy models. However, in physically realistic scalar-
field based dynamical dark energy models (including, e.g.,
quintessence) one naturally expects the scalar field to cou-
ple to other sectors of the theory, unless unknown symme-
tries suppress such a coupling. Here we focus on the possible
coupling of a dark energy scalar field to the electromagnetic
sector, which would lead to a time (redshift) dependence of
the fine-structure constant, a, a violation of the Einstein
Equivalence Principle (Carroll [1998; |Dvali & Zaldarriaga
2002} |Chiba & Kohril 2002), and also a violation of the
distance duality relation. Forecast constraints on the lat-
ter from Fuclid and contemporary surveys are discussed in
Martinelli et al.| (2020]).

There are two immediate consequences of this fact. The
first is that one should deal with a wider parameter space:
the coupling of the scalar field to the electromagnetic sector
is a further relevant parameter, all the more so because, as
will be seen in what follows, it is degenerate with the pa-
rameters describing the dark energy evolution. The second
consequence is that Fuclid, at least with its primary probes,
is not able to constrain such a coupling, as its observables
are not sensitive to the variation of the fine structure con-
stant, and therefore one needs to add astrophysical and
local constraints on « and the Einstein Equivalence Prin-
ciple to the analysis, in order to test this kind of scenario.
A recent review of the synergies between these astrophys-
ical and local tests and cosmological observations is given
in Martins| (2017)).

Therefore our analysis in this work, which builds upon
previous works by |Calabrese et al.| (2014)), Martins et al.
(2016) and [EC20, has two main goals:

— Forecast how well Fuclid (in combination with external
data, specifically high-resolution spectroscopic data and
local experimental results) can constrain these models.

— Quantify the change in forecast constraints on CPL pa-
rameters when the assumption of a vanishing coupling
between the dark energy driving scalar field and elec-
tromagnetism is removed.

The plan of the rest of the paper is as follows. In
we review theoretical models relating dynamical dark en-
ergy and a varying fine-structure constant. In we
describe the currently available data and the forecast fu-
ture data used in this work, including both Fuclid mea-
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surements and astrophysical and local data. In and

ect. 5| we describe the analysis methods used in this study:
a standard likelihood analysis for the CPL parametrization
and a model-independent reconstruction using Genetic Al-
gorithms. We present the results obtained with a likelihood
analysis in and the results derived with the Genetic
Algorithms in We present our discussion and con-
clusions in

2. Dynamical dark energy and varying alpha

Dynamical scalar fields in an effective four-dimensional field
theory are naturally expected to couple to the rest of the
theory, unless a still unknown symmetry is postulated to
suppress these couplings. In particular, these couplings un-
avoidably exist in string theory (Taylor & Veneziano||[1988;
Casas et al.[1991} 1992), and their cosmological role is espe-
cially interesting in models where such a dilaton-type scalar
field is also responsible for the acceleration of the universe
(Carroll| [1998; [Dvali & Zaldarriagal [2002; |Chiba & Kohri
2002 Damour et al.[2002). In what follows we will assume
this coupling does exist for the dynamical degree of freedom
responsible for the dark energy. Specifically we will be in-
terested in the coupling between a canonical scalar field, de-
noted ¢, and the electromagnetic sector, which stems from
a gauge kinetic function Br(¢)

(1)

Since the local behaviour of electromagnetism is ex-
tremely well known and any variations of « are constrained
to be very small (as further discussed below) one can safely
assume this function to be linear,

Bp(¢) =1 (k¢ — o), (2)

(where we have defined k?> = 87(G) since, as has been
pointed out in |Dvali & Zaldarriaga (2002), the absence of
such a term would require the presence of a ¢ — —¢ symme-
try. Such a symmetry must be broken throughout most of
the cosmological evolution, because ¢ is a time-dependent
field, changing (possibly very slowly) as the universe ex-
pands. In other words, the absence of such a term would
require fine-tuning. With this definition ( is a dimensionless
coupling, which will be crucial in our subsequent discus-
sion. As is physically clear, the relevant parameter in the
cosmological evolution is the field displacement relative to
its present-day value (in particular ¢ could be freely set to
7€ero).

With these assumptions one can explicitly relate the
evolution of a to that of dark energy, as in|Calabrese et al.
(2011)), whose derivation we summarize. The evolution of «
can be written as
Aa  a—ag

f2a = Bl (¢) — 1= Ch(p— o).

(0% (67}

1
Lor = _ZBF(@FWF“” .

(3)

Defining the fraction of the dark energy density as
Pe(2)

Ps(2) + pm(2)

where in the last step we have neglected the contribution
from radiation (since we will be interested in low redshifts,
z < 5, where it is indeed negligible), the evolution of the

py(2)

Qy(z) = ()

(4)
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putative scalar field can be expressed in terms of the dark
energy properties Q4 and wy as (Nunes & Lidsey|2004))

(k¢')>

b = T30,

(5)
with the prime denoting the derivative with respect to the

logarithm of the scale factor. We finally obtain

T =¢ [ VB we T

. 6
1+ 2 (6)
The above relation assumes a canonical scalar field, but the
argument can be repeated for phantom fields, as discussed
in |Vielzeuf & Martins (2014)), leading to

z d /
:_g/o V32 1+ a5

Physically, the change of sign stems from the fact that one
expects phantom fields to roll up the potential rather than
down. Naturally, the two definitions match across the phan-
tom divide (w = —1), and together they are fully applicable
to the CPL parameterization (Chevallier & Polarski|[2001;
Linder||2003])). In this case the dark energy equation of state
has the form

2 (7)

«

- a7 8
wepL(z) = wo +w 112 (8)

while the fraction of energy density provided by the scalar
field is easily found to be
1- Qm

Qo) = T g T on 5 2) St gz O

where we assumed a flat Universe, with a vanishing curva-
ture parameter 2x = 0. When going beyond background
probes, the CPL parameterization is commonly combined
with the Parametrized Post-Friedmann (PPF) framework
for DE perturbations (Hu & Sawicki [2007; [Hu/[2008; [Fang
et al.|2008)). The dependence of|Eq. (6)|and|[Eq. (7){on wg(z)
also makes it clear that we should expect (as discussed in
Calabrese et al.|2014) degeneracies between the coupling ¢
and the CPL dark energy parameters, wy and w,, while the
correlation with the matter density should be much weaker.
On the other hand, note that the « variation is independent
of the Hubble constant.

A varying « violates the Einstein equivalence principle
since it clearly violates local position invariance. The real-
ization that varying fundamental couplings also induce vio-
lations of the universality of free fall goes back at least to the
work of Dicke (Dicke|1964) — we refer the reader toDamour
& Donoghue| (2010) for a recent thorough discussion. The
key point in our present context is that a light scalar field,
such as the one we are considering here, inevitably cou-
ples to nucleons due to the a dependence of their masses,
and therefore it mediates an isotope-dependent long-range
force. This can be simply quantified through the dimen-
sionless Eotvos parameter 7, which describes the level of
violation of the Weak Equivalence Principle (WEP). One
can show that for the class of models we are considering
here, the E6tvos parameter and the dimensionless coupling
¢ are simply related by (Dvali & Zaldarriaga/|2002; (Chiba,
& Kohri|[2002; |Damour & Donoghue|/2010)

n~107%¢%; (10)

therefore local experimental constraints on the former can
be used to constrain the latter.

We note that there is in principle an additional source
term driving the evolution of the scalar field, due to a F? B},
term. By comparison to the standard (kinetic and poten-
tial energy) terms, the contribution of this term is subdom-
inant, both because its average is zero for a radiation fluid
and because the corresponding term for the baryonic den-
sity is constrained for the reasons discussed in the previous
paragraph. For these reasons, in what follows we neglect
this term, which would lead to spatial/environmental de-
pendencies. We nevertheless note that this term can play a
role in cosmological scenarios where the dominant standard
term is suppressed, such as the models studied in [Olive &
Pospelov] (2008); [Silva et al.| (2014); Pinho et al.| (2017).

Finally, another important observable is the current
drift rate of the value of a, which can easily be found to be

&
() = F(Hoy/3Q0[1 + wol
/g

with the minus and plus signs corresponding respectively to
the canonical and phantom cases. Naturally, the drift rate
depends on the present value of the dark energy equation
of state (and vanishes for wg = —1), but it is indepen-
dent of w,. This observable provides a second way to con-
strain these models using local experiments, since the drift
rate can be constrained using laboratory experiments which
compare atomic clocks based on transitions with different
sensitivities to a.

D= (11)

3. Available and future data

The purpose of this work is to constrain canonical scalar-
field based dynamical dark energy models which allow for
the possible variation of the fine structure constant, as de-
tailed in using both currently available data and the
ones expected from future surveys. In particular, we will use
data from observations of quasi-stellar object (QSO) spec-
tral lines from archival datasets and dedicated measure-
ments, complemented by laboratory constraints, detailed
in as well as forecast data for the future measure-
ments of Aa/a from the Extremely Large Telescope (ELT)
as discussed in [Leite et al.| (2016); the assumptions made
to generate mock datasets for this experiment are shown in
Sect. 3.2

However, as pointed out in |Calabrese et al.| (2014]) and
as can also be seen in and [(7)] the coupling param-
eter that drives the variation of « is significantly degenerate
with other standard cosmological parameters, namely €,
wp and w,. The constraining power of Fuclid on these pa-
rameters is therefore crucial if one wants to constrain this
kind of models.

3.1. Currently available data for o variation

Our astrophysical data consists of high-resolution spec-
troscopy tests of the stability of «. These measurements
are done in low-density absorption clouds along the line of
sight of bright quasars, typically with wavelength resolution
R = A/AX ~ 50000 (although the exact value is different
for different measurements). We use a total of 319 mea-
surements, of which 293 come from the analysis of archival
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data by [Webb et al|(2011) and the remaining 26 are more
recent dedicated measurements (Martins||2017; Murphy &
Cooksey|2017; |[Welsh et al.|2020; Milakovi¢ et al.|2021). The
latter subset is therefore smaller than the former, but it con-
tains more stringent measurements, so overall the archival
and dedicated subsets have comparable constraining power
(Martins & Vila Minanaf2019). Overall, this dataset in-
cludes measurements up to redshift z ~ 4.18.

Additionally, the current drift rate of « is constrained by
local comparison experiments between atomic clocks, with
the most stringent bound being the one by |[Lange et al.
(2021))

Dbmzz<a> = (1.0£1.1) x 107 B yr!. (12)
/0

Last but not least, we also use the recent MICRO-
SCOPE bound on the E6tvos parameter of [Touboul et al.
(2019)

n=(-01%+13)x107, (13)

which, as previously discussed, constrains the model’s cou-
pling to the electromagnetic sector.

In the rest of the paper, we refer to the combination
of all these data as current a data, and we will show the
constraints produced by such a combination. However, we
note that the 293 archival data an the 26 dedicated ones
are in slight tension with each other (Martins|2017; Martins
& Vila Minanal[2019)). Despite assuming here that they can
be safely combined, we discuss this issue in more detail in
Append A

In our analysis, we do not include geophysical con-
straints on the variation of o, coming from the Oklo natural
nuclear reactor (Fujii et al.|[2002; Davis & Hamdan 2015)
and meteoric data (Olive et al.|2004)). This is motivated by
the model dependence of such data, as they only provide
stringent constraints on « if one assumes that only the fine-
structure constant can vary while the strong sector of the
theory is unchanged, which is a simplistic assumption for
constraints that stem from nuclear-physics processes (Mar-
tins 2017)). Thus, they are less reliable than the spectro-
scopic and atomic clock data.

3.2. ELT forecast

Here we assume a future dataset to be put together by the
high-resolution ultra-stable spectrograph currently known
as HIRES (Marconi et al.|2020), that will operate the 39.3
meter Extremely Large Telescope. For simplicity we assume
a set of 50 o measurements, uniformly spaced in the redshift
range 0.7 < z < 3.2, each with an uncertainty of 0.03 parts
per million, which is commensurate with the assumptions
in [Leite et al| (2016) and the Top-Level Requirements for
the instrument (Liske et al.[2014).

With these specifications in hand, we generate the fidu-
cial redshift dependence of Aa/« using and
with two different fiducial cosmologies, dubbed ACDM and
Cwow, CDM, shown in [Table 1} These two fiducial cosmolo-
gies correspond to a standard case in which no « variation
is present (ACDM) and to one where instead we assume the
coupling parameter ¢ is non vanishing, but still compatible
with the laboratory constraints discussed in and
a dark energy component that does not behave as a cosmo-
logical constant. In this second case (Cwow,CDM) the value
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Table 1. Fiducial values for the two cosmologies considered
here and used to obtain the mock datasets for ELT measure-
ments. Here h is the reduced Hubble parameter, corresponding
to Ho/(100 kms™'Mpc™1).

Parameter symbol ACDM  (wow,CDM

Om 0.32 0.32

h 0.67 0.67
wo —1. —0.94
Wq 0 0.1

¢ 0 —5x 1078

of « varies in redshift and we aim at finding signatures of
such variation.

Once the fiducial behaviour for Aa/a is obtained as
discussed earlier, we then create the corresponding mock
dataset drawing the data points at each redshift from a
Gaussian distribution centred at the fiducial model and
with o the expected observational error of HIRES. We as-
sume such errors to be uncorrelated, which observationally
is a safe assumption since each measurement comes from a
high-resolution (R ~ 100000) signal-to-noise limited spec-
trum of a point source along a different line of sight.

3.3. Euclid forecast methodology and Fisher matrices

As previously discussed, observations from Large Scale
Structures probe are not very sensitive to variations of «
and therefore they cannot significantly constrain the cou-
pling ¢. They are however crucial to break the degenera-
cies between the coupling and the cosmological parameters,
and can be therefore combined with the datasets discussed
above. In this work we consider specifically Euclid as our
probe of LSS. It is worth mentioning that, strictly speak-
ing, LSS probes can provide some relevant constraints on
variations of . In|Albareti et al. (2015)), for example, con-
straints on Aa/« were provided using the O111 doublet from
BOSS DR12 quasar spectra. Following similar approaches,
we could extract information on the variation of a from
the future Fuclid data. Furthermore, a type-la supernovae
survey using Fuclid data (Astier et al.[2014) could provide
some information on the variation of «, as illustrated in
Calabrese et al.| (2014). However, we prefer to focus here on
the main Fuclid probes and their constraints on the cos-
mological parameters.

In this work, in order to forecast the constraints from the
future Fuclid data, we follow the methodology presented in
EC20. We consider a Fisher matrix formalism and make
use of the TotallySAFH code (Yahia-Cherif et al.| 2020
Tutusaus et al[/2020) validated therein for the main Fu-
clid probes: spectroscopic galaxy clustering (GCsp), photo-
metric galaxy clustering (GCph), weak lensing (WL), and
the cross-correlation (XC) terms between the photometric
probes. As was done in [EC20], we neglect any correlation
between the spectroscopic and photometric probes.

Starting with the spectroscopic probe, we build a Fisher
matrix for the observed anisotropic power spectrum of H-«
emitters (see Eq. 87 in[EC20)), accounting for a phenomeno-
logical model for non-linearities, the Alcock-Paczynski ef-
fect, redshift-space distortions, and the Fingers-of-God ef-
fect. As in [EC20], we consider two scenarios for these fore-
casts. In the optimistic case, we consider all scales up to

! https://github.com/syahiacherif/TotallySAF_Alpha
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a maximum of k. = O.3OhMpc71, and we fix the nui-

sance parameters associated to non-linearities. In the pes-
simistic scenario we limit our analysis to scales k < kpax =
0.25 hMpc ™! and marginalize over the non-linear nuisance
parameters.

With respect to the photometric probes, we build a
Fisher matrix for the tomographically binned projected an-
gular power spectra. The same formalism is used for WL,
GCph, and their XC terms, with the only difference being
the kernels used in the projection from the power spectrum
of matter perturbations to the spherical-harmonic space ob-
servable. As in [EC20, we use the Limber, flat-sky and spa-
tially flat approximations (Kitching et al.|2017; |[Kilbinger
et al|2017; Taylor et al.[2018). We also neglect redshift-
space distortions, magnification, and other relativistic ef-
fects (Deshpande et al.[2020), but marginalize over the
galaxy bias and intrinsic alignment nuisance parameters.
We refer to [EC20| for all the details on the modelling. As in
the spectroscopic case, we consider two different scenarios
in our forecasts. In the optimistic setting, we consider all
multipoles between £,,;, = 10 and £, = 3000 for GCph
and the XC terms and £, = 5000 for WL. We then com-
bine with the spectroscopic constraints assuming they are
independent. In the pessimistic scenario, we limit the mul-
tipoles to fnax = 750 for GCph and the XC terms and
lmax = 1500 for WL. In this case, when combining with the
spectroscopic probe, we introduce a redshift cut of z < 0.9
for GCph and the XC terms, in order to remove any pos-
sible correlation with the spectroscopic sample starting at
z=10.9.

In accordance with[Sect. 2]and [EC20] we consider in this
work a cosmological model with a dark energy equation of
state parametrized with the CPL parametrization and with
Qk = 0. In contrast with|[EC20| here we do not consider just
a single ACDM fiducial (since under the assumptions of the
present work there would be no « variation in that case),
and obtain the Fisher matrices in both assumed cosmolo-
gies of In addition to these assumed parameters,
the analysis of [EC20| also requires to specify the fiducial
values of other cosmological parameters, namely the baryon
energy density (£, = 0.05), the primordial spectral index
(ns = 0.96) and the current amplitude of density perturba-
tions (os = 0.816). These additional parameters take the
same fiducial values in both the ACDM and (wyw,CDM
cosmologies.

For completeness, and in order to compare with the re-
sults of this work, we provide in the baseline Fu-
clid forecasts obtained in [EC20| for the relevant parame-
ters in our analysis. We also note that the current con-
straints on the dark energy equation of state parameters are
wo = —0.95740.080 and w, = —0.2915-32 using the combi-
nation of Planck 2018 temperature, polarization, and lens-
ing measurements, together with type-lIa supernovae and
baryon acoustic oscillations observations (Planck Collabo-
ration: Aghanim et al.[2020]).

4. Likelihood analysis for the CPL parametrization

Following the prescription for a possible « variation de-
scribed in we want to combine current and forecast
a measurements with the information that will be brought
by FEuclid, thus investigating how this survey will improve
our constraints on this possible deviation from the standard
cosmological paradigm.

Table 2. Baseline Fuclid forecast uncertainties for the relevant
parameters in this work, Qm,, h, wo, and w,, obtained in [EC20|

Parameter symbol  Pessimistic ~ Optimistic
o(Qm) 0.0038 0.0018
o(h) 0.0037 0.0010
o(wp) 0.040 0.025
o(wy) 0.17 0.092

While in we discussed how Fuclid constraints
can be predicted using the Fisher matrix approach, the
strong non-Gaussian nature of the joint cosmology and
fundamental physics parameter space in varying a mod-
els (Calabrese et al.[2014) makes this approach unfeasible
for both the current and future measurements that we are
interested in.

Therefore, we rely here on an MCMC approach, us-

ing the publicly available sampler Cobaya (Torrado &
Lewis| [2020), which exploits a Metropolis-Hastings (MH)
algorithm (Lewis & Bridle| 2002; Lewis| [2013]). We sam-
ple the matter density parameter €),,, the Hubble con-
stant Hy, the two parameters of the CPL parameteriza-
tion wy and w,, and the coupling parameter ¢ that con-
nects the dynamical dark energy scalar field to the elec-
tromagnetic sector (see . The posterior distribution
P(0) that we reconstruct with this method at each point
0 = (Qm, Ho, wo, wq, ¢) of the parameter space contains in-
formation coming from both o measurements and the Eu-
clid survey,
P(a) X La(Q)LEuclid(G) ) (14)
where L, and L g4 are the likelihoods of the a and Fuclid
datasets respectively, and we assumed that the two probes
are uncorrelated.

The Fuclid likelihood is constructed using the Fisher

matrix F described in and it simply exploits the
Gaussian assumption done to obtain these:

—In Lpyelia X %(9 — 0a) "F(0 — Oga), (15)
where F is the Fisher matrix F marginalized over all pa-
rameters that are not contained in our sampled parameter
space, while 0gq is the fiducial cosmology under examina-
tion, which can be one of the two shown in

On the other hand, the « likelihood contains two differ-
ent contributions, again assumed to be uncorrelated, with

—1In ,Ca xX — (ln EQSO + In ‘Cclocks) 5 (16)
with the first contribution given by observations of quasar
absorption systems and the second, coming from atomic
clocks measurements, giving a constraint on the possible
coupling ¢ at present time. These two likelihoods are taken
to be

1 1 [Aa Aa 2
—1 z — | == I el ) 1
naso o g 3 | 0= | @] om
and
1 (Dliy — Dlops)?
—1In Lclocks X 7M s (18)

2
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where the th subscript indicates the theoretical predictions,
given by and for Aa/a and for D,
while the quantities labelled with the obs subscript and
the corresponding errors are the measurements described
in [Sect. 3l

We therefore sample the parameter space described
above and reconstruct the posterior of using flat
priors on all parameters except for the coupling (, for
which a Gaussian prior centred in ( = 0 and with vari-
ance 1.3 x 1074 is used. Such prior information is derived
from the MICROSCOPE experiment discussed in [Sect. 3.1]
which directly constrains the E6tvés parameter n, which is
related to the coupling ¢ via

In addition, we obtain as derived parameters also the
value of Aa/a in a set of equally spaced redshifts z;. Ob-
taining the marginalized mean values of these derived pa-
rameters and their 68% confidence limit, we will reconstruct
the trend of the variation of o with redshift in

5. Genetic Algorithm analysis

In our analysis we also use a non-parametric machine learn-
ing class of stochastic optimization methods, known as Ge-
netic Algorithms (GA). These emulate natural selection,
by using the data as proxies for the evolutionary pressure
that drives the selection of the best-fitting functions in each
generation. They are characterized by the notion of gram-
matical evolution, as described by the genetic operations
of mutation and crossover. Specifically, a set of functions
will evolve over time under the pressure of the data and
the influence of the stochastic operators of crossover, i.e.
the combination of different functions to form more com-
plicated forms (offspring) that may fit the data better, and
mutation, namely a random change in an individual func-
tion.

The GA have been used extensively to test for exten-
sions of the standard model (Akrami et al||2010), devi-
ations from the cosmological constant model, both at the
background and the perturbations level (Nesseris & Garcia-
Bellido| 2012} |Arjona & Nesseris||2020; |Arjona & Nesseris
2020)), to reconstruct a plethora of cosmological data, such
as type la supernovae or CMB (Bogdanos & Nesseris|[2009;
Arjonal 2020) or to reconstruct various null tests such as
the so called Om statistic or the curvature test (Nesseris
& Shafieloo|2010; [Nesseris & Garcia-Bellido|2013a); |Sapone
et al.|2014]).

In our analysis we fit the fine-structure data with the
GA, however we solely focus on the coupling (. From
it is clear that ¢ should be a constant within the context
of the non-minimal coupling to the Maxwell field and the
linear approximation of the gauge kinetic function Br(¢),
so we use the GA to test whether this assumption is actu-
ally supported by the data. In other words, we will treat
the constant ¢ case as a null test and use the GA to test for
deviations from that behaviour. This approach has the ad-
vantage that the coupling ( is directly related to measurable
quantities, especially in the case of the local experiments,
see for example

In detail, the analysis of the data with the GA pro-
ceeds as follows. First, we assume that the probability that
a given function in the population will produce offspring,
or equivalently its “reproductive success”, is proportional to
its fitness. We quantify this fitness via a x? statistic, which
is obtained following the same likelihood computation used
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in Second, an initial random group of functions
is chosen, each representing an initial guess for the cou-
pling, though they are allowed to be redshift dependent,
ie. ¢ =((2).

We note that as the o data extends to high redshifts,
we base our GA grammar not in terms of the redshift z,
but instead in terms of 1 —a = %, something which is
commonly used in other model independent methods as
well, see for example Cattoen & Visser| (2007)); |Lazkoz et al.
(2013)); (Guimaraes & Limal (2011). This allows us to avoid
any spurious reconstructions due to lack of convergence at
high redshifts.

Then, in the case of the current data, Aa/« can be re-
lated directly to ¢ and compared to the data using[Eqgs. (6)]
and for which we need to estimate the integral in the
right hand side which can be done with the information pro-
vided by Fuclid. Note that this integral is by default zero
when the fiducial model is exactly the cosmological constant
ACDM model, which means that the best-fit ¢ will remain
indeterminate, so in our analysis we only use the Fuclid
Cwow, CDM fiducial model, as given in in[Table 1] We then
use 300 realizations and we calculate both the mean and
variance of the integral, with the latter then included, via
error propagation, in the error estimate of all reconstructed
quantities. For the atomic clocks and the MICROSCOPE
bound we use|Eq. (10)}|Eq. (11)|and the Fuclid (wow,CDM
fiducial in a similar fashion.

After this is done, we can compare the predictions of
the GA with the data and the fitness of every test func-
tion in the population can be calculated via a standard 2
statistic. Subsequently, the crossover and mutation opera-
tors are applied to a subset, usually the ~ 30% best-fitting
functions in every generation. These are chosen with the
tournament selection — see |Bogdanos & Nesseris| (2009) for
more details. We repeat this process thousands of times in
order to ensure convergence and we also test our fits with
several different random seeds, so as not to bias the results.

As soon as the GA has converged, the given best-fit
function is an analytic and smooth function of the redshift
z that describes the possible evolution of the coupling ((z).

The errors on this best-fit are estimated using an analyt-
ical approach developed by |Nesseris & Garcia-Bellido) (2012,
2013a)), in which the errors are estimated by a path integral
over the whole functional space. This approach has been ex-
haustively tested by |[Nesseris & Garcia-Bellido| (2012) and
has been found to be in very good agreement with Monte
Carlo based error estimates.

The fact that in this approach we allow for a redshift
dependence of the coupling ¢ allows us to examine whether
our assumptions, which rely on a constant coupling, are
still valid or they break down. This is done with the goal
of obtaining a null test for the constancy of ¢ and the lin-
ear expansion of the gauge kinetic function in In-
deed, should a variation of a be supported by the data, but
generated by a mechanism that violates our assumptions,
and would not be able to model its redshift
trend, and our reconstruction would yield a non-constant
coupling ((z). Any statistically significant deviations from
a constant value at any redshift will imply that our original
hypothesis of a constant coupling may be violated. This is
analogous (though not identical) to the reconstruction of a
parameter quantifying possible distance duality violations,
discussed in Martinelli et al. (2020). Effectively, our ap-
proach will allow us to determine whether or not the data
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is consistent with a null value of the coupling, and how well
this is constrained at various redshifts. This is also akin
to constraining the behaviour of the coupling in different
redshift bins.

In this work, the specific numerical implementation of
the GA is based on the publicly available code Genetic
Algorithm{l For more details and how they apply to the
analysis of Fuclid data, see also Martinelli et al.| (2020]).

6. Likelihood approach results

In this Section, we show the results of the analysis pre-
sented in We recall that our goal is to illustrate
how the use of external data allows Fuclid to constrain dy-
namical dark energy models including an electromagnetic
sector coupling. Specifically, the external data will constrain
the coupling ¢, to which Fuclid itself is insensitive. We first
discuss the result of combining Fuclid with currently avail-
able Aa/a and other current data, and focus on the anal-
ogous results when Fuclid data is combined with next gen-
eration high-resolution spectroscopy data, specifically that
expected from the ELT. Finally, we show the results of a
Bayesian evidence analysis that quantifies the possible sig-
nificance of a detection of a varying fine-structure constant.

6.1. Euclid and current o« measurements

shows in purple the model parameter constraints
obtained using currently available o measurements, com-
prising the combination of Webb archival data and the
dedicated o measurements, atomic clocks constraints and
the MICROSCOPE bound. The top panel shows the con-
straints on the free CPL and coupling parameters, while
the bottom one highlights the reconstruction of the red-
shift trend of Aa/a.. We show the results without and with
Euclid data, for a ACDM fiducial, and for the Euclid data
we show in yellow the pessimistic case and in cyan the op-
timistic one.

In it is possible to notice how the constraint
on the coupling ¢ becomes less strin§ent when Fuclid is
included, changing from ( = (0.11'318) x 1078 to ¢ =
(—0.1+£8.2) x 1078 in the pessimistic case, and ¢ =
(0.448.9) x 1078 when the Fuclid optimistic configura-
tion is used. The reason for such loosening of the bound is
due to the ability of Fuclid to tightly constrain the CPL pa-
rameters around the ACDM limit (wg, w,) = (—1,0); due
to the degeneracy with ¢ — see [Eq. (6)| and [Eq. (7)| - this
makes the o data less sensitive to the coupling parameter,
as now a wider range of values is able to fit the data. Such a
result is compatible with what was found in[Calabrese et al.
(2014), where other datasets able to tightly constrain the
CPL parameters were considered. In the bottom panel of
it can be seen however how the weaker constrain on
¢ does not lead to a larger spread of the allowed Aa/« re-
constructions, which are instead tightly constrained around
the no-variation limit by the inclusion of Fuclid informa-
tion, exactly because of the tight constraints on the CPL
parameters.

The situation changes when the Fuclid results obtained
for the Cwow,CDM fiducial cosmology are used. In it
is possible to notice how in this case the Fuclid bound cen-
tred on a non-ACDM value of the CPL parameters breaks

2 https://github.com/snesseris/Genetic-Algorithms
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Fig. 1. Top panel: constraints on the CPL and coupling param-
eters using currently available data for @ measurements alone
(purple contours) and in combination with Euclid forecast con-
straints with a ACDM fiducial (yellow contours for the pes-
simistic case and cyan contours for the optimistic case). Bottom
panel: reconstruction of the mean trend in redshift of Aa/a and
of the allowed 68% confidence level area, obtained interpolating
the marginalized means and errors of the derived parameters de-
scribed in The purple dashed line and purple area refer
to a measurements alone, the yellow solid line and yellow area
include Fuclid in the pessimistic case, while the dotted green
line and green contours combine the optimistic case.

the degeneracy between these and (. Here the loosening of
the constraint on the coupling parameter is reduced, with
the bound changing from ( = (O.Ifgjg) x 1078 to ¢ =
(—=3.6+£5.9) x 10~® (pessimistic) and ¢ = (—3.8 £4.9) x
108 (optimistic), and the constraint on the redshift trend
of Aa/a is tightened around a non-vanishing variation of
the fine-structure constant. The different behaviour of the
bounds on ¢ when Fuclid is included in the analysis is due
here to the fact that the LSS information constrain the wy
and w, parameters away from the ACDM limit; this implies
that the degeneracy shown in the previous case is broken,
and the « data do not have a larger range of allowed cou-
pling value.

While one can see that the inclusion of Fuclid data
will help o measurements constrain the variation of this
fundamental parameter (since it provides information on
the cosmological parameters), the synergy between these
two datasets goes both ways: given the assumption done in
that the scalar field responsible for dark energy is
the one that couples with the electromagnetic sector, the o
measurements also improve Fuclid constraints on the CPL
parameters, since Fuclid on its own is not sensitive to (.

Article number, page 7 of 14


https://github.com/snesseris/Genetic-Algorithms

A&A proofs: manuscript no. main

Il current a data
current a data + Euclid wow,CDM pessimistic
current a data + Euclid wow,CDM optimistic

2x1077 E i
1 1
107 ! !
1 1
1 1
w 0'4--
] 1
1 1
—1x10~7 i i
1 1
-2x107 E |
—i5 -1.0 -05 —05 0.0 05
Wo Wa
le—-8
1_
01 <
RN
T
E—l' - .T.TT———-____
S e e
L
_2-
_3-
0 1 2 3 4 5

z

Fig. 2. Same as but when the fiducial used to obtain the
FEuclid results is (wow,CDM. Notice that here we use currently
available direct measurements of «, which are not impacted by
our choice of fiducial cosmology. Thus, the modified ¢ fiducial
value does not affect these results, as the Fuclid probes consid-
ered are not sensitive to this parameter.

While this improvement is not extreme, it can be noticed
in our results (see [Table 3)), where the errors on wy and
w, are slightly improved with respect to the [EC20| bounds
shown in [Sect. 3.3] The additional constraining power leads
to an increase of the Figure of Merit (FoM), which we define
as (EC20)
FoM = y/det (Cippw, )" (19)
with Cyg,w, the covariance matrix, obtained from our
MCMC results, marginalized over all parameters except for
the CPL ones. In the ACDM fiducial, the combination of
Euclid and a data improves the FoM by 18% (13%) with
respect to the Fuclid pessimistic (optimistic) value alone.
When instead the fiducial for wg and w, is shifted from the
cosmological constant limit, such improvement becomes 3%
in both the pessimistic and optimistic cases. Such a result
comes from our assumption that the DE field is the one
responsible for the variation of «; this relation makes the
astrophysical data sensitive to the DE parameters wy and
wg, while no contributions to the FoM would be added if
the « variation is not related to DE (or if one assumes a
fixed vanishing coupling ().

6.2. Euclid and the ELT

After quantifying the impact of current constraints on «
on Fuclid, we now focus on the synergy between Fuclid
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Table 3. Mean values and 68% c.l. bounds obtained using cur-
rent a measurements and their combination with Fuclid fore-
casts. Notice that in this case, as current a data are used, the
modified ¢ fiducial value of (wow,CDM does not affect the re-
sults, given that the fiducial cosmology is used only for Euclid
data, which are not sensitive to this parameter.

ACDM fiducial

current o + Fuclid pess + Fuclid opt
Om — 0.3200 £ 0.0035  0.3199 & 0.0018
wy  —0.994+0.48 —1.000+0.036 —1.001 +0.023
Wa — 0.00 +0.15 0.002 + 0.087
Hy <752 67.00 & 0.36 67.00 4 0.10
¢10® 0.1755 —0.1+8.2 0.4+8.9
Cwow, CDM fiducial
current o + Fuclid pess + Fuclid opt
O — 0.3194 £ 0.0038  0.3197 + 0.0019
wo  —0.994+048  —0.948700%1  —0.944 +0.024
Wa — 0.1370 15 0.112 +0.085
Hy <752 66.98 4 0.37 67.00 4 0.10
¢10® 0.1732 —3.6+5.9 ~3.8+4.9

and the next generation high-resolution spectrograph for
the ELT.

In we show the results for the ACDM fiducial,
with ELT constraints in purple, and those with the inclusion
of pessimistic and optimistic Fuclid data in yellow and cyan
respectively. As for the current data case, we find that the
inclusion of Fuclid leads to a loosening of the constraints on
the coupling parameter, see but with a tightening
of the reconstruction of Aa/« around the ACDM limit due
to the information on wy and w, brought by Euclid.

The results shown in [Fig. 4] correspond to the
Cwow,CDM fiducial of Values chosen for this
fiducial make the precise data of ELT incompatible with
a vanishing Aa/a and this leads to a multimodal poste-
rior distribution for the (, wy and w, parameters. Looking
at [Egs. (6)| and the symmetry of these peaks with re-
spect to the ({,wp,w,) = (0,—1,0) point in the parameter
space appears evident, as simultaneously changing the sign
of ¢ and 1+ w(z) leads to the same low-redshift evolution
of Aa/a. Because of this, when Fuclid information is in-
cluded, we find a breaking of the symmetry between the
coupling and CPL parameters, with Euclid tightening the
constraints on wg and w, around the fiducial.

Also in this case, as for current « data, the inclusion of
the information on Aca/a impacts the (wg,w,) FoM with
respect to what is obtained with Fuclid alone. In the ACDM
fiducial, the FoM improves by 26% in both the pessimistic
and optimistic cases, while for the (wyw,CDM fiducial the
improvement in the FoM becomes 8%.

6.3. Bayesian evidence

The results discussed in this Section make use of
Metropolis-Hastings (MH) algorithm to sample the param-
eter space. This algorithm might fail in reconstructing the
posterior shape when this is multimodal. Given the be-
haviour of some of our posterior distributions we compare
the results obtained through MH with those from a nested
sampling approach, using the public polychord code (Han-
dley et al|2015alb)) available in Cobaya, finding compatible
results.
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I Forecast a data
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Fig. 3. Same as but here the purple contours and lines
refer to the forecast ELT data, while the yellow and cyan refer to
the combination of this simulated dataset with pessimistic and
optimistic Fuclid results. The fiducial used here for both ELT
and Euclid is the ACDM one shown in [Table 11

Table 4. Mean values and 68% c.l. bounds obtained using fore-
cast « data and their combination with Fuclid forecasts.

ACDM fiducial

forecast o + Buclid pess + Fuclid opt
Qm — 0.3201 +£0.0037  0.3200 £ 0.0018
wo  —1.07+£0.48 —0.9998 £0.038 —1.000 £+ 0.023
Wq — 0.00 £ 0.15 0.000 £ 0.085
H, — 67.00 £ 0.33 67.000 £+ 0.093
¢108 0.1+19 —0.1£4.38 —0.1+£5.9
Cwow, CDM fiducial
forecast « + Buclid pess + Buclid opt
Qm — 0.3195 4+ 0.0034  0.3198 £ 0.0019
wo ~ —0.837971 —0.94610032  —0.944 £0.023
W — 0.13+0.12 0.113 £ 0.080
H, < 76.1 66.96 £+ 0.36 66.993 £+ 0.099
C108  —0.5743 —5.7+1 57415

Given our use of nested sampling, we obtain as a
byproduct of our analysis pipeline an estimate of the
Bayesian evidence for each of the cases considered. This
allows us to perform a model selection analysis for the dif-
ferent fiducial and experimental settings being considered
in this work. We take as reference the ACDM model, thus
analyzing all the different data combinations fixing ¢ = 0,
wo = —1, and w, = 0. Once the evidence Z,¢ is computed
for this model, we compare it with the evidence Z obtained
when these parameters are free to vary. In all the cases
considered, we assume the same priors on the cosmological

I Forecast a data
Forecast a data + Euclid wow,CDM pessimistic
Forecast a data + Euclid wow,CDM optimistic
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Fig. 4. Same as but the fiducial cosmology used in this
case is the Cwow, CDM of thus a case that deviates from
ACDM, with ¢ = —5 x 10" %, wp = —0.94, w, = 0.1.

parameters, and therefore their effect on the evidence cal-
culation should cancel out. For the coupling (, in the case in
which this is free to vary, we always use the MICROSCOPE
prior discussed in

In[Table 5| we show the difference of the logarithms of the
evidence (K = log Z — log Z,ct); here a positive value indi-
cates a preference for the extended model, while a negative
value supports the ACDM model. The results shown high-
light how, assuming a ACDM fiducial, the model compari-
son favours the reference model (negative values) while for
Cwow,CDM the extended model is supported. Thanks to
the constraining power of Fuclid, all the cases (pessimistic
and optimistic) and for both current and forecast « data
provide “decisive” evidence for one or the other model ac-
cording to the Jeffrey’s scale (Jeffreys||1939). However, it
has been noted in Nesseris & Garcia-Bellido| (2013b)) that
the values of the Jeffrey’s scale should be interpreted with
caution, especially in cases of nested models, as they may
lead to biased conclusions.

We note that the extreme values of K shown in
are mainly due to the constraining power of Fuclid on wy
and w,. If the reference model is taken to be a wyw,CDM
model, thus with ( = 0, but with wy and w, free to vary,
the situation changes significantly. In the ACDM fiducial
case, the comparison between a model with varying o and
the wow,CDM model is always inconclusive, as expected
since both of them compare similarly with respect to the
favoured ACDM model. If we move to the (wow, CDM fidu-
cial instead, when using current « data, the comparison of
the two models is still inconclusive, thus highlighting how
the decisive preference with the previous reference was to-
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Table 5. Differences (K) in the logarithm of the Bayesian evi-
dence, between the extended model allowing for o variation and
the reference ACDM model. The cases considered here only show
the combination of Fuclid and o data

ACDM fiducial
ACDM reference wowy, CDM reference
pessimistic  optimistic | pessimistic optimistic
current « —5.8 —-7.0 0.01 —0.27
forecast « —6.4 —-7.4 —0.65 —0.92
Cwow,CDM fiducial
ACDM reference wow, CDM reference
pessimistic  optimistic | pessimistic optimistic
current « 9.5 48.8 —0.32 —0.50
forecast « 15.6 55.1 5.96 5.71

tally driven by Fuclid constraints on CPL parameters, and
that the sensitivity of current « data do not allow to dis-
tinguish the model under examination here from a simple
wowy,CDM. The case of forecast data combined with Fu-
clid instead still shows a decisive evidence in favour of the
varying o model, also with respect to the wow,CDM refer-
ence. This clearly shows how the improvement brought by
the combination of ELT and Fuclid is able to distinguish a
varying « model not only from the standard ACDM case,
but also from a cosmology where the dark energy scalar
field is not coupled to the electromagnetic sector.

7. Coupling null test results

In this Section we present the GA reconstruction of the
coupling ¢ as a null test of whether any possible redshift
dependence of a could be detected through the combina-
tion of Fuclid and current astrophysical data or future ELT
data. We use a machine learning approach based on the GA
to reconstruct (, as this effectively provides a null test for
the constancy of the gauge kinetic term and its linear ex-

pansion given by [Eq. (2)]

7.1. Euclid and current a data results

First, we directly reconstruct the coupling ( using the cur-
rently available o measurements, comprising the combina-
tion of Webb archival data and the dedicated o measure-
ments, atomic clocks constraints and the MICROSCOPE
bound, together with the Fuclid forecast constraints with
a Cwow,CDM fiducial. In the top panel of [Fig. 5| we show
the GA reconstruction of the coupling ¢ as a function of
redshift (red line) together with the 1o error shaded re-
gion.
The nominal GA reconstruction of ((z) is found to be

0011 + 2 (1.558 + 3.0412) |
0.256 + 2(1.011 + 2) ’

but as can be seen in the Figure, ¢ is fully consistent with
zero within the errors. At high redshifts the GA leads to a
value for the coupling of {ga(z ~ 4) ~ (—2.704 £ 8.293) x
107%. On the other hand, at z = 0 the GA gives the value
Caa(z = 0) = (—4.28541.510) x 10~8, which is in very good
agreement with the parametric case when the coupling is
assumed to be constant.

For completeness, in the bottom panel of we show
a reconstruction of the relative variation of the fine struc-
ture constant A« /a (red line), under the previously men-
tioned assumptions, in order to assess its redshift trend.

Caalz) = (20)
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Fig. 5. Top panel: GA Reconstruction of the coupling ¢ as a
function of redshift using the currently available o measure-
ments and Fuclid forecast constraints with a Cwow,CDM fidu-
cial. Bottom panel: Reconstruction of the relative variation of
the fine structure constant Aa/«. The Webb data is shown in
grey background points and the dedicated a measurements are
shown in black background points. In both panels the red line
corresponds to the GA reconstruction, while the shaded region
is the 1o error.

Here the Webb archival data is shown in grey background
points, while the dedicated a measurements are shown
in black background points. We confirm that the allowed
Aa/a is tightly constrained around zero, even at high red-
shifts.

7.2. Synergy between Euclid and ELT

Next, we consider the scenario of combining Fuclid data
with the forecast ELT data, in the case where the fiducial
model has a non-zero coupling. In the top panel of we
show the GA reconstruction of the coupling ¢ as a function
of redshift (red line) using the forecast ELT « measure-
ments, together with the Fuclid forecast constraints with a
Cwow,CDM fiducial. We use the same atomic clocks con-
straints and the MICROSCOPE as in the previous sub-
section. We find that the GA reconstruction is consistent
with the fiducial value (shown with the dot-dashed line)
within the 1o bound. In particular, at high redshifts (z > 1)
a deviation from zero is detected, in agreement with the
fiducial value used in our mocks, highlighting the impor-
tance of the extension of the redshift lever arm provided by
the ELT measurements of «.

In the bottom panel of we also show a GA re-
construction of the relative variation of the fine structure
constant Aa/a (red line). As a test of our approach and
given the much higher sensitivity of the ELT data, we also
bin the data either in one bin (green point) or in two bins
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In this work we have considered current astrophysical
tests of the stability of the fine-structure constant from
quasi-stellar object spectral lines (both from archival data
and from dedicated measurements), as well as current lab-
oratory constraints on the present-day drift rate of o from
atomic clock experiments and constraints on the E6tvos pa-
rameter from the MICROSCOPE satellite. However, at the
time Fuclid data will be available we expect to have even
more precise astrophysical measurements of «, so we have
also forecast the precision of the high-resolution ultra-stable
spectrograph HIRES at the Extremely Large Telescope. We
have used both a parametric approach, under a standard
likelihood analysis, and a non-parametric machine learning
class of stochastic optimization methods to forecast the con-
straints from the joint analysis of Fuclid and astrophysical
and local data.

Starting with the parametric approach, we have first
considered the synergy between Fuclid and current mea-
surements of the relative variation of the fine-structure con-
stant. Our baseline scenario has a ACDM fiducial, mean-
ing that the fiducial corresponds to a vanishing coupling
constant and a cosmological constant as dark energy. In
Sect. 6.1] we have seen that Euclid very significantly re-

z

Fig. 6. Top panel: GA reconstruction of the coupling ¢ as a
function of redshift (red line) using the forecast ELT « data
(grey background points), the atomic clocks constraints and the
MICROSCOPE bound (both at z = 0) and Euclid forecast con-
straints with a (wow,CDM fiducial. Bottom panel: Reconstruc-
tion of the relative variation of the fine structure constant Ao/«
(red line) along with binned values of the data in one (green
point) and two bins (blue points). In both cases the red line
corresponds to the GA reconstruction, while the shaded region
is the 1o error.

(blue points) splitting the ELT data at z = 2. We find that
the GA reconstruction of the relative variation of the fine
structure constant is in excellent agreement with both the
fiducial model, given by the dot-dashed line, and with the
binning of the data.

8. Discussion and outlook

When studying theoretical models beyond the concordance
ACDM framework, many realistic extensions introduce cou-
plings between the different degrees of freedom. In par-
ticular, the coupling of physically realistic dynamical dark
energy scalar fields to the electromagnetic sector will lead
to a time dependence of the fine-structure constant (Car-
rolll|[1998} [Dvali & Zaldarriagal/2002; (Chiba & Kohri||2002)),
which could be detected and interpreted as a smoking gun
for the existence of extra scalar fields. In this work we have
studied the role of the forthcoming Fuclid mission in con-
straining such theoretical models. Fuclid will provide us
with very precise cosmological information using the clus-
tering of galaxies and the weak lensing measurements from
the large-scale structure of the Universe. However, these
probes are not enough to constrain the full parameter space
of these models. We therefore need to add astrophysical
(and local) data, specifically to constrain the coupling be-
tween the dark energy scalar field and the electromagnetic
sector.

stricts the allowed values of the fine-structure constant as a
function of redshift compared to the constraints with astro-
physical and laboratory data alone. This is due to Fuclid’s
ability to constrain the dark energy equation of state pa-
rameters. However, for this same reason, and because of
the degeneracy between the coupling constant and wy and
w, when they are close to the cosmological constant cor-
responding values, the addition of Fuclid data loosens the
constraints on the coupling { compared to the constraints
from fine-structure constant data alone.

We have then performed the same analysis using the
Cwow,CDM fiducial for the Fuclid results, where the cou-
pling fiducial is non-null and the fiducial values of wy and
w, no longer correspond to a cosmological constant. In this
case the increase of constraining power on the evolution
of o when adding Fuclid data is still present. Concern-
ing the bounds on the coupling constant, the addition of
Fuclid data only marginally loosens the constraints, since
the fiducial is not exactly on ACDM and the degeneracy
between the coupling constant and the dark energy param-
eters is partially broken. It is also worth mentioning that
adding these astrophysical and local tests of the variation of
the fine-structure constant improves the constraints on the
dark energy equation of state parameters from Fuclid data
alone, with the FoM for dark energy parameters improv-
ing between 3% and 18%, as long as the model considered
connects the variation of a to the dark energy parameters,
thus making the a data sensitive to them.

Still with the parametric approach, we have considered
the synergy between Fuclid and the ELT. The results ob-
tained have been qualitatively the same, with Fuclid data
helping to constrain the evolution of the fine-structure con-
stant as a function of redshift while the astrophysical and lo-
cal data help constraining the dark energy equation of state.
However, given the fact that the ELT data is much more
precise than current measurements, the contribution of Eu-
clid on Aa/a is proportionally somewhat smaller, while
the contribution of ELT on wy and w, is slightly larger,
with the FoM now improving between 8% and 26%. Fur-
thermore, we also performed a model comparison analysis,
which highlighted how both current and forecast o data, in
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combination with Fuclid, can significantly distinguish be-
tween ACDM and a model with a coupled scalar field, while
only when considering ELT forecast can the latter be dis-
tinguished from a wow,CDM cosmology with a vanishing
¢ coupling.

We have also used a model-independent approach to
reconstruct the coupling between the dark energy scalar
field and the electromagnetic sector. This is effectively a
null test reconstruction of the behaviour of the coupling (.
Specifically, any deviation from a constant coupling would
either suggest unidentified systematics in the astrophysical
data or indicate that the assumptions made in [Sect. 2 break
down and our modelling is not accurate enough to explain
the observations; in the latter case this would imply that
the putative dynamical dark energy and varying o would
not be due to the same underlying physical mechanism —
which would in itself be a significant result. Our analysis
shows how the GA are able to reconstruct the coupling
function in agreement with the fiducial values assumed, and
are compatible with a constant coupling.

Overall, we have found that the synergies between the
main probes of Fuclid and astrophysical measurements of «
can tightly constrain models where the dark energy scalar
field is coupled to the electromagnetic sector. In addition
to this one must notice that other Euclid probes (such as
a possible SNIa survey) can also be directly sensitive to
a varying fine structure constant, and this would further
improve the contribution of Fuclid on tests of such coupled
models.

Appendix A: Current data compatibility

As pointed out in Martins| (2017)); Martins & Vila Minana|
, the currently available astrophysical tests of the sta-
bility of the fine structure constant are in slight tension with
each other; the weighted mean of Aa/a obtained through
the Webb archival data is in fact in tension of ~ 20 with the
one obtained through the recent dedicated measurements.
In order to be able to combine these datasets, as we did
throughout our paper, we must assess the significance of
such tension.

In the parametric approach, we can estimate the con-
cordance of the datasets by computing the Bayesian ratio

_ Z(Webb + recent)
~ Z(Webb)Z(recent) ’

K (A1)

where Z(Webb) is the evidence when using Webb data
alone, Z(recent) when only recent data are considered and
Z(Webb + recent) the case when the two are considered in
combination. Such a Bayesian ratio can be used for model
comparison between the case in which the two datasets
are used to fit the same set of cosmological parameter,
Z(Webb + recent), and the case in which these might differ
for the two datasets, Z(Webb)Z (recent).

We obtain these values using polychord to sample our
free parameters and, when considering only astrophysical
« measurements, we find that In K ~ 0.2, a value that is
not able to provide any conclusive evidence for either the
concordance or discordance of the data. When instead we
include the information brought by local measurements, we
obtain In K =~ 1.6, thus an improved significance toward
the concordance of the data. Such an increase in the value
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Fig. A.1. GA reconstruction of the relative variation of the fine
structure constant Ao/« as a function of redshift. The green line
corresponds to the dedicated measurements, the orange line to
the Webb archival data and the magenta line to the combination
of the two, while in all cases the shaded region is the 1o error.

of In K comes from the fact that the local measurements
dominate the constraints obtained through the parametric
approach, thus hiding any possible discordance of the two
sets of astrophysical data.

This does not apply in our null test reconstruction of
¢(2); here, the local measurements only contribute to the
very low redshift reconstruction, while astrophysical data
dominate at higher redshift. Because of this tension between
the Webb archival data and the recent dedicated measure-
ment, the reconstruction performed with the GA attempts
to be in agreement with both datasets, and this can poten-
tially increase the error on the reconstructed function. One
thus expects that removing one of the datasets, the error
on the reconstruction will decrease.

In particular, in we show the GA reconstruc-
tion of the relative variation of the fine structure constant
Aa/a as a function of redshift. The green line corresponds
to the dedicated measurements, the orange line to the Webb
archival data and the magenta line to the combination of
the two, while in all cases the shaded region is the 1o er-
ror. As expected, the reconstruction of the dedicated mea-
surements has a smaller error (green shaded region), but
when we combine them with the Webb archival data then
the combined error region not only does not decrease, but
instead increases due to the tension, as observed in the ma-
genta shaded region. Equivalently, we see that when we
remove the Webb data from the combination of the two,
counter-intuitively the error of the reconstruction decreases.
However, overall the reconstructions are still compatible
with each other and with zero.
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