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Abstract. The observational possibilities enabled by an ultra-stable CODEX-like spectro-
graph at the E-ELT will open new doors in the characterisation of the nature of Dark Energy.
Indeed, it will provide measurements of a so far unexplored redshift-range (2 < z < 5) and
will carry out simultaneously cosmological tests such as the Sandage-Loeb test and pre-
cision tests of the standard model. Here we will illustrate how, with these abilities, such
spectrographs—alone or in synergy with other facilities—will manage to constrain cosmo-
logical scenarios and test classes of models that would otherwise be difficult to distinguish
from the standard ACDM paradigm.
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1. Introduction

The recent observation of the universe’s cos-
mic acceleration demonstrates that the stan-
dard model of cosmology (ACDM) is incom-
plete or incorrect. Indeed, 70% of the present
universe density remains uncharacterised be-
cause unobserved—the so-called Dark Energy.
Therefore, it seems natural to wonder if there is
anew kind of physics behind this Dark Energy.

On the other hand, recent observations sug-
gested variations of the fine-structure constant
@ = ¢ (Webb etall 2011). But this mea-
surements are not precise enough to be ac-
cepted. With future facilities such as HIRES
an Ultrastable high-resolution spectrograph for
the E-ELT, or ESPRESSO for the VLT, one
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will significantly improve the precision on the
variation of fundamental constants (reaching
T aa ~ few x 1078 for HIRES).

Even more exciting than testing the stabil-
ity of fundamental constants, this future E-ELT
spectrograph will also perform a first direct
measurement of the accelerating expansion of
the universe by observing the drift of quasar
absorptions lines through the Lyman-a forest.
Finally, it will make measurements of the CMB
temperature at redshifts z > 0, a key consis-
tency test. The accuracy expected in this tem-
perature variations are:

ATEspresso ~ 0.35K (1)
and,
ATHIRES ~0.07K (2)
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2. Varying fundamental constant and
dark energy

If the fundamental constants of nature vary,
one can treat the problem in two distinct ways:

1. Dark energy and varying constants are due
to the same additional degree of freedom.

2. The variation of « is due to some other field
with negligible contribution to the universe
energy density.

The second case will be explored through a
specific class of model later in these proceed-
ings. For the moment, let’s assume the the pre-
sumed scalar field giving dark energy couples
to the electromagnetism and induces a varia-
tion of fundamental constants. Then one can
derive the equation of state as a function of the
variation of fundamental constants.
Two sub-cases can now be considered:

21.w>-1

The dark energy equation of state of this kind
of models can be expressed as:

L _Po_ 2 — 2V(®)
T po D2+ 2V(D)

and it can be reconstructed as (Nunes & Lidsey
2004)

3)

“)

where «¥* = 871G, Qg is the dark energy den-
sity parameter and the primes denote deriva-
tives with respect to N = In(a) (a being the
scale factor).

Finally, it can be related to « as:

’

, [0

®)

kla

¢ being the strength of the coupling.

2.2. Phantom case : w < —1

In this case one can write the phantom field en-

ergy density and its pressure as (Singh| 2003))
@2

po = =7+ V(D) (6)
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H2
Po = - - V(@) )

Hence we have
P@+p¢:—d)2:>P@:—(i)2_p® (8)

As in a case of w + 1 < 0, one can rewrite the
equation of state as:

-2 - o?
P L ©)
Po Po
Then knowing that by definition
3H*Q
po =5 (10)
and that,
L, (dD\  (dD)\ (aN)’
CI)2: ) (&2 @ Z(I)/ZHZ, 11
(a) = () (&) =0

the equation of state for the phantom case can
be written as:
K d?

w+1l=- =

(kD')?
3H2Qp :

3Qq

12)

Substituting then equation (3)), one obtains:

wite (& (13)
C302Q

3. Sandage-Loeb test

The Sandage-Loeb test (Sandage| [1962; |A.

Loeb! [1998)), provides a way to distinguish cos-
mological models by comparing their expan-
sion rate. Indeed, the evolution of the Hubble
expansion causes the redshifts of distant ob-
jects to change slowly with time. Starting from
the definition of the redshift, one can derive
a relation between the redshift-drift and the
Friedmann equation of the considered model.

H
1+z5—ﬁ

Az = Aty X Hy X
V4 0 0 HO

(14)

Where z, is the source redshift, #y the time of
observation, and H(z) and Hy the Hubble pa-
rameter at redshift z and today.
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One observes spectroscopic velocities,
which are related to the redshift drift via

Az,

TS (13)

Av=c
One can then insert the Friedmann equation of
the considered class of model to infer the corre-
sponding cosmological parameters; for exam-
ple, the general Friedmann equation for a vary-
ing equation of state of dark energy can be ex-
pressed as:

HY Q, 9, Qu ‘

H) ~@ T@t et sy (16)
where the €; represents respectively the den-
sity parameters of matter, radiation, curvature
and dark energy today.

4. CMB temperature test

Another test to be carry out by HIRES and
other facilities is measuring the CMB temper-
ature at redshift z > 0. In the standard model,
the CMB temperature evolves adiabatically as

T =Tyl +2) (17)

Ty being the CMB temperature today. This
relation can be violated if photons couple to
scalar or pseudo-scalar degrees of freedom.
One can then define a correction to the stan-

dard case y(z) such that:
T = To(1 + 2)y(2) (18)

¥(z) = 1 corresponding to the standard case.
A simple parametrisation for this deviation

from the standard case can be expressed as
T =Ty(l+2)'? (19)

Current constraints on § are relatively weak,
but will be significantly improved by the E-
ELT (Avgoustidis et al.| 2012).

5. Cosmological case studies
5.1. Early Dark Energy

This model proposed in (Doran & Robbers
2000) suggests that the dark energy remains
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a significant fraction of the universes energy
density at all times.

The relations parametrising dark energy for
this class of model are:

Q) - Q,(1—a )

Qde(a) = Q?{ + QO a3W0
e

+Q.(1 = a3") (20)

‘m

_ 1 dandg(a) Aeg
3(1 = Qg(a)) din(a) 3(a+ae)

@n

w(a) =

where Q. represents the amount of early
dark energy, Qge the amount of dark energy to-
day, a the scale factor, a,, the scale factor at
matter-radiation equality and w, the equation
of state of dark energy today.

The equation of state and the Sandage-
Loeb signal of this class of model has been
plotted in Fig. [l for different amounts of Early
Dark energy.

As one can see on the figure, even though
the equation of state varies significantly with
the amount of early dark energy chosen,
HIRES won’t be able (through the Sandage-
Loeb test alone) to discriminate this class of
model from ACDM. The next step is then
to verify if it will be able to constrain it
through the variation of fundamental constants.
Assuming an amount of early dark energy of
Q, = 0.05, and using Egs. @H3) one can pre-
dict the relative variation of the fine-structure
constant at z = 4, as shown in Fig. Dl

Given the expected accuracy of HIRES
mentioned earlier, one will be able to detect
such variations; this highlight the importance
of having a spectrograph capable of doing both
measurements.

5.2. BSBM

In the Bekenstein-Sandvik-Barrow-Magueijo
model (Sandvik et al.| 2002)) the dark energy
is due to a cosmological constant, while the
variation of @ is due to some other field with
negligible contribution to the universe energy
density and can be parametrised as

Aa

== = —deln(1 +2) (22)
a

where € gives the magnitude of the variation.
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Fig. 1. Equation of state (top) and SL signal
(bottom) for different values of the parameter
Q,, and for a SL observation time of Ar = 20
years, with the vertical bars being the HIRES
measurement accuracy expected.

If one wrongly assumes that the dark en-
ergy is due to the a-field, one reconstructs the

equation of state (Nunes & Lidsey| 2004):

1

, .
WN) = (2 = 3)|3 = Ao s

(23)
wo Qo0

with A = 39({)’0(1 + Wo) = 4%

The corresponding Sandage-Loeb signal
for different values of the parameter A is shown
in Fig.[3

For this case,as one can see on the figure,
the Sandage-Loeb test will be efficient only for
large values of A, but small 4 meaning large
coupling one expect to discriminate this range
of A with future laboratory tests. As a result,

this wrong assumption can always be identi-
fied.
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Fig. 2. The relative variation of the fine-structure
constant, AF“, at redshift z = 4, as a function of { and

wyo , with Q, = 0.05. The shaded region is the local

atomic bound £ 1/3Qqo(1 + wp) < 107

101
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Fig. 3. The SL test for reconstructed BSBM mod-
els with 4 = 1 (bottom band) and A = 0.3, compared
to the standard ACDM case (top band). The bands

correspond to the range of Qg = 0.73 + 0.01.

Looking now at the CMB temperature-
redshift relation for this class of model, as it

has been done in (Avgoustidis et al.| 2013)), one

gets the following:

T(z) = To(1 + 2)[1 — kIn(1 + z)] (24)
One can then predict what would be the differ-
ence in temperature between the standard case
of Eq. (T7) and the BSBM for different values
of the coupling k. This difference is illustrated
in Fig. [l

The figure shows well that it won’t be pos-
sible to detect a variation of T'(z) at the order
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AT(z) BSBM models

Fig. 4. Variation of the temperature (relative to the
standard model) as function of z in a BSBM class
of models, for different values of k and using 7y =
2.725 + 0.002. Also depicted are the limits of de-
tection of this difference with HIRES, ESPRESSO
and Planck clusters. The span of each bar is meant
to represent the redshift range of each set of mea-
surements.

that the variation have been detected without
having a large number of sources which are not
known today.

6. Complementary with other
facilities

It’s also pertinent to verify whether or not one
can break degeneracies in the parameter space
by combining HIRES results with other facil-
ities. This has been done in
in the context of Planck.

Fig. 5l illustrates how degeneracies can be
broken by combining Sandage-Loeb and CMB
results when estimating cosmological param-
eters. The crucial role of the redshift drift is
not its intrinsic sensitivity, but the fact that it is
sensitive to parameters that are not easily mea-
sured by other probes.

Another study illustrates the improvements
on the constraints on varying fundamental con-
stants by combining probes of several facilities
[2013). In this work we as-
sumed a CPL parametrisation for the equation
of state of dark energy

w(a) = wo +wy(1 —a) 25)
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Fig.5. 2-D constraints on wy and Q,, using CMB
(blue), SL (red) and combining the two probes
(green).

Considering then that the field coupling to
radiation is the one responsible for dark en-
ergy, one obtains the following CMB temper-
ature evolution equation

Ya) =1+ 3k% f X300 twath) =3wa(1=9) ) (26)
Q0 J

By integrating this equation numerically,
one finds (as in the BSBM case) the tempera-
ture difference between the standard model and
this class of models and given the accuracy ex-
pected for future facilities mentioned before,
one found that one will get enough precision to
put stronger bounds on these classes of models
2013,

Forecasts of future constraints were ob-
tained for simulated datasets for Euclid, SNAP,
TMT and E-ELT, for a CPL parametrisation
allowing for photon number non-conservation.
Supernovas for Euclid and SNAP won’t exceed
a redshift of z ~ 1.7, however with JWST sup-
port the TMT expects to find about 250 super-
novas in the redshift range 1 < z < 3, while
for the E-ELT one expects 50 supernovas in the
range 1 < z < 5. Using this one forecast the
constraints that one can reach on wy, w, and
the coupling k, the results are shown in Table

The results show in a first time that Euclid
on its own will be able to constrain dark en-
ergy even when allowing for the photon num-
ber non-conservation. One can also notice that
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Table 1. 1 -0 (2—0) uncertainty in the relevant model parameters, marginalising over the others.
Weak and Strong correspond to different priors for current data.

Dataset owy ow, 0Q,, ok
Current (weak) 0.25 1.3 0.06 1.2 x 107°(107)
Current (strong) 0.22 0.65 0.06 1.2 % 1076(107%)
Euclid (BAO)+ SNAP 0.15 (0.35) 0.4 (1.6) 0.03 1076(1.1 x 1079)
Euclid only (BAO+SN) 0.15 (0.35) 0.6 (1.6) 0.03 -
Euclid (BAO+SN)+SNAP 0.14 (0.35) 0.8 (1.5) 0.025 8x1077(9x 107
Euclid (BAO)+SNAP+E-ELT  0.13(0.30)  0.755(1.45) 0.023 8x1077(9 x 1079)
Euclid (BAO)+SNAP+TMT 0.13 (0.25) 0.4 (1.3) 0.024 6x1077(8x 107
high-z supernovas improve noticeably the con- References

straints.

7. Conclusions

We illustrated the abilities of HIRES to probe
the nature of Dark Energy in the otherwise un-
explored redshift range 2 < z < 5.The results
also show that being able to simultaneously
carry out the SL test and precision tests of the
standard model gives HIRES a unique advan-
tage over other spectrographs.

We also highlighted how Sandage-Loeb
observations alongside CMB data can break
degeneracies between different parameters.
Euclid will be able on its own to pro-
vide constraints on Dark Energy parameters
while allowing for photon ’non-conservation’.
Stronger constraints can be provided by com-
bining the probes especially with high-z SN
from the E-ELT.
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