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Abstract:



ESPRESSO is a high-resolution-ultra-stable spectrograph for the Very Large Telescope (VLT), whose commissioning will start in 2017. One of its key science goals is to test the stability of nature’s fundamental couplings with unprecedented accuracy and control of possible systematics. A total of 27 nights of the ESPRESSO Consortium’s guaranteed time observations (GTO) will be spent on testing the stability of the fine-structure constant and other fundamental couplings. A set of 14 priority optimal targets have been selected for the GTO period. In this work, we discuss the criteria underlying this selection, describe the selected targets, and present some forecasts of the impact of these measurements on fundamental physics and cosmology, focusing on dark energy constraints and using future supernova type Ia surveys as a comparison point. This report is a summary of the results reported in Phys. Rev. D 2016, 94, 123512, to which we refer the reader for further details.
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1. ESPRESSO


ESPRESSO is the next generation spectrograph, combining the efficiency of a modern Echelle spectrograph with extreme radial velocity and spectroscopic precision, and including improved stability thanks to a vacuum vessel and wavelength calibration performed by a Laser Frequency Comb [1]. ESPRESSO will be installed in the Combined Coudé Laboratory of the Very Large Telescope (VLT) in 2017, and linked to the four Unit Telescopes (UT) through optical Coudé trains, allowing operations either with a single UT or with up to four UTs for about a 1.5 magnitude gain. One of the key science drivers of ESPRESSO is to perform improved tests of the stability of nature’s fundamental couplings, and in particular to confirm or rule out the recent indications of dipole-like variations of the fine-structure constant, [image: there is no content], from the work of [2].



Quasar (QSO) absorption spectra can be used to test the variation of dimensionless fundamental parameters such as fine structure constant, [image: there is no content], and the proton-to-electron mass ratio, [image: there is no content], as well as to test the redshift dependence of the temperature of the cosmic microwave background, [image: there is no content]. Absorption lines produced by the intervening clouds along the line of sight of the QSO give access to physical information on the atoms/molecules present in the cloud, and this means that they give access to physics at different cosmological times and places. Specific for [image: there is no content], we can use different metal absorption lines with different sensitivity coefficients q to a given variation of this constant. In order to break possible redshift degeneracies, one requires at least one transition with negative sensitivity (blue shifters) and one with positive sensitivity (red shifters).



Ten percent of the consortium’s Guaranteed time of observation (GTO) with the instrument will be dedicated to these high-resolution spectroscopic measurements, which corresponds to 27 nights if used in 1 UT mode. In order to lead to improved constrains on the stability of [image: there is no content], an ideal target should present simple and strong but not saturated absorption features for the transitions with high sensitivities to such variations.



A limitation of ESPRESSO is its wavelength coverage range, which is narrower than the ones of its predecessors (HARPS, UVES and Keck-HIRES). The effect of the shorter wavelength coverage of ESPRESSO versus the larger one from UVES is illustrated in Figure 1. The figure shows the redshift range in which the most common transitions used to perform [image: there is no content] measurements are accessible to both spectrographs. Each transition is colored by the corresponding sensitivity, q, to the [image: there is no content] variation.


Figure 1. Redshift coverage of ESPRESSO and UVES of common transitions used for measuring [image: there is no content]. Thinner lines represent the coverage of UVES, while the thicker part is representative of ESPRESSO’s. The color code is indicative of the q sensitivity parameter; each transition is colored according to its shift to the blue or red on the spectra and by how much. The dashed transitions correspond to anchors, i.e., transitions that do not shift much.



[image: Universe 03 00030 g001]







2. Target List Selection


To select the list of best possible targets for the GTO of ESPRESSO, we start by considering all existing measurements from UVES and Keck spectrographs [3,4,5,6,7,8,9,10,11], taking into account the effects of the shorter wavelength coverage of the spectrograph. We chose the targets that:

	
can be observed from the VLT site (declination [image: there is no content]);



	
present transitions that allow a high sensitivity ( [image: there is no content]);



	
have a reported uncertainty of [image: there is no content] ppm.








The last criterion comes from the fact that simple spectra should have already produced measurements with statistically lower uncertainties. Further details of the target selection can be found in [12,13].



This analysis leads to the selection of the 14 targets which are presented in Table 1. We note that the order in which they are presented should not be seen as any ranking among them: they are simply ordered according to their Right Ascension. A more detailed prioritization will require the generation of simulated ESPRESSO-like spectra of these targets and is currently ongoing.



Table 1. The best currently available measurements of [image: there is no content], among the targets accessible to ESPRESSO. Column 1 gives the quasar name; the redshifts of the absorption system are given in Column 2; Column ;3 gives the Magnitude of the quasar (QSO) source. Columns 4 and 5 give the value of the measurement and the correspondent uncertainty. Column 6 gives the ranges of sensitivity coefficients associated with the transitions of the absorption systems. Column 7 gives the number of transitions in each absorption system. The last Column gives the references for each measurement. Measurements flagged with a * identify targets for which some of the transitions used in the current measurement are outside the wavelength range of ESPRESSO.







	
Name

	
[image: there is no content]

	
M

	
[image: there is no content][image: there is no content]

	
[image: there is no content][image: there is no content]

	
Max([image: there is no content])

	
# Trans.

	
Ref.






	
J0350-3811

	
3.02

	
17.3

	
−27.9

	
34.2

	
1350

	
2

	
[4]




	
J0407-4410

	
2.59

	
17.3

	
5.7

	
3.4 *

	
2984

	
13

	
[3]




	
J0431-4855

	
1.35

	
16.5

	
−4.0

	
2.3 *

	
2990

	
17

	
[3]




	
J0530-2503

	
2.14

	
18.8

	
6.7

	
3.5 *

	
2990

	
7

	
[3]




	
J1103-2645

	
1.84

	
15.9

	
5.6

	
2.6

	
2890

	
4

	
[9]




	
J1159+0112

	
1.94

	
17.5

	
5.1

	
4.4 *

	
2990

	
12

	
[3]




	
J1334+1649

	
1.77

	
16.7

	
8.4

	
4.4

	
2990

	
15

	
[3]




	
HE1347-2457

	
1.43

	
16.3

	
−21.3

	
3.6

	
2790

	
3

	
[9]




	
J2209-1944

	
1.92

	
17.0

	
8.5

	
3.8

	
3879

	
16

	
[3]




	
HE2217-2818

	
1.69

	
16.0

	
1.3

	
2.4

	
2890

	
6

	
[10]




	
Q2230+0232

	
1.86

	
18.0

	
−9.9

	
4.9

	
3879

	
14

	
[4]




	
J2335-0908

	
2.15

	
18.0

	
5.2

	
4.3 *

	
3879

	
16

	
[3]




	
J2335-0908

	
2.28

	
18.0

	
7.5

	
3.7 *

	
2610

	
7

	
[3]




	
Q2343+1232

	
2.43

	
17.5

	
−12.2

	
3.8 *

	
3879

	
11

	
[4]










Strictly speaking, the first listed measurement does not fulfil all the criteria, but it is the only system accessible to ESPRESSO where the proton-to-electron mass ratio and the temperature–redshift relation can also be measured. This fact makes it a theoretically interesting target for testing theories where a relation between these three parameters is predicted [14,15].




3. Dark Energy Constraints


In addition to their intrinsic importance for fundamental physics, these tests can also have a significant impact on cosmology, shedding light on the enigma of dark energy [16]. They complement traditional observables (such as Type Ia supernovas) used to map the dark energy equation of state, in particular, because they significantly extend the redshift range that can be probed by the traditional methods [17,18].



Using previously developed tools of [19], we perform detailed forecasts of the impact of ESPRESSO measurements of [image: there is no content] for these 14 targets. We note that these forecasts can be reliably made, once one has an accurate list of the redshift distribution of the targets, because they mostly depend on the sensitivity of the measurement rather than its central value.



Our Principal Component Analysis (PCA) based formalism to obtain the forecasts is described in [17], to which we refer the reader for further details. We consider models for which the variation of [image: there is no content] is linearly proportional to the displacement of a scalar field, and further assume that this field is a quintessence type field, i.e., responsible for the current acceleration of the Universe.



We take the coupling between the scalar field and electromagnetism to be:


[image: there is no content]



(1)




where the gauge kinetic function is [image: there is no content], [image: there is no content] and [image: there is no content] is a dimensionless parameter to be marginalized over. This can be seen as the first term of a Taylor expansion, and should be a good approximation if the field is slowly varying at low redshift—given that it is assumed to be a quintessence-type field and that observationally only small relative variations of [image: there is no content] are allowed [20,21,22]. Then, the evolution of [image: there is no content] is given by


Δαα≡α-α0α0=ζκ(ϕ-ϕ0).



(2)







For a flat Friedmann–Lemaïtre–Robertson–Walker Universe with a canonical scalar field, we can write its speed as [image: there is no content], from which it follows that for a given dependence of the equation of state parameter [image: there is no content] with redshift, the scalar field evolves as


[image: there is no content]



(3)




where we have chosen the positive root of the solution since we expect the scalar field to be rolling down the potential.



From this, one can calculate the Fisher matrix to infer the precision on the measurement of w using standard techniques [17], obtaining from a set of observables and its uncertainties, the eigenvalues [image: there is no content] of the diagonalized Fisher matrix (ordered from the best determined modes to the worst ones) and the variance of the new parameters, [image: there is no content]. To reconstruct the fiducial equation, only the best determined modes are used, chosen according to statistical and physical criteria detailed in [17].



We will consider three fiducial models for the equation of state parameter:

	
[image: there is no content];



	
[image: there is no content]tanh[image: there is no content];



	
[image: there is no content]exp [image: there is no content].








These have already been used in previous work [17,18,19], allowing simpler comparisons between results. At a phenomenological level, these describe the three qualitatively different scenarios: an equation of state that remains close to a cosmological constant throughout the probed redshift range, one that evolves towards a matter-like behaviour by the highest redshifts probed, and one that has non-trivial features over a limited redshift range, perhaps associated with a low-redshift phase transition. In what follows, we will refer to these cases as the constant, step and bump fiducial models, respectively.



For each fiducial model, we choose a prior for the coupling parameter [image: there is no content] such that it leads to a few parts-per-million variation of [image: there is no content] at redshift [image: there is no content], consistently with [2].



We applied this PCA Formalism to the dataset of 14 ESPRESSO [image: there is no content] targets discussed above, on its own and also in combination with representative future Sna Ia Surveys. For the [image: there is no content] measurements, we assumed two different scenarios for the ESPRESSO GTO target list: a Baseline scenario for which we assumed that each of the targets on the list can be measured by ESPRESSO with an uncertainty of [image: there is no content] ppm; an Ideal scenario for which, in this case, we assumed an uncertainty of [image: there is no content] ppm, representing more optimistic uncertainties.



As for the Type Ia supernovas, we consider the following datasets:

	
A low-redshift sample, henceforth denoted LOW, of 3000 supernovas uniformly distributed in the redshift range [image: there is no content], with an uncertainty on the magnitude of [image: there is no content]. These numbers are typical of a ‘SNAP-like’ future supernova survey and were also used in [23] and many other subsequent works;



	
An intermediate redshift sample, henceforth denoted MID, of 1700 supernovas uniformly distributed in the redshift range [image: there is no content] and the same [image: there is no content] as before. This is representative of recent proposals such as DESIRE [24].








To reconstruct the dark energy equation of state, we assumed 20 redshift bins between [image: there is no content], though note that the ESPRESSO GTO [image: there is no content] measurements only occupy the range [image: there is no content], and similarly, the type Ia supernova data only covers comparatively low redshifts. Increasing the redshift coverage is indeed one of the key advantages of these [image: there is no content] measurements, as discussed in [17]. Here, we present a visual representation of the reconstruction of the three fiducial models for the different combination of datasets. A more quantitative detailed study is presented in [12].



The reconstruction using only the 14 ESPRESSO GTO’s targets is presented in Figure 2. The presented reconstruction assumes the Ideal scenario uncertainties. In the case of Baseline, the reconstruction does not allow to find differences between the three models represented, but the ideal scenario starts to distinguish, in some of the bins, different behaviours and starts to allow the Dark Energy to be constrained. This confirms that a post-GTO program extending its dataset and improving its sensitivity can have a stronger impact in the field.


Figure 2. Comparing the reconstructed dark energy equations of state [image: there is no content] (the data points) for the constant fiducial model (blue line), for the step fiducial model (red line) and the bump fiducial model (green line), using the ESPRESSO GTO Target List assuming the Ideal scenario for the fine-structure constant measurements.



[image: Universe 03 00030 g002]






If we assume now the combination of both future Type Ia supernovas datasets, LOW and MID, and use them to reconstruct the same fiducial equation of state [image: there is no content], then we see presented in Figure 3 the higher redshift coverage that combined Type Ia supernovas and [image: there is no content] measurements can enable. This analysis confirms that supernova surveys are good probes to the present-day dark energy equation of state and its rate of change, but they are ineffective for constraining higher modes, corresponding to higher redshifts.


Figure 3. Comparing the reconstructed dark energy equations of state [image: there is no content] (the data points) for the constant fiducial model (blue lines), for the step fiducial model (red lines) and the bump fiducial model (green lines). The left panel represents the reconstruction using the LOW and MID Type Ia supernovas datasets, respectively, low-redshift and the intermediate redshift data. The reconstruction is limited in redshift and doesn’t allow to distinguish models. The right panel adds to these supernovas the 14 ESPRESSO GTO Targets assuming the Ideal scenario for the fine-structure constant measurements, allowing a deeper redshift coverage.



[image: Universe 03 00030 g003]







4. Conclusions


The ESPRESSO target selection for the ESPRESSO fundamental physics GTO has been put together. An important complementary task is to assess which, among ESPRESSO’s modes of operation, is optimal for each target. Such a study requires detailed simulations of ESPRESSO-like spectra, and is currently under way.



The classical way to study the redshift dependence of the dark energy equation of state is to use type Ia Supernovas, but they are, for now, limited in redshift. Spectroscopic measurements of [image: there is no content] allow us to map dark energy deep in the matter era where, if dark energy is due to a dynamical scalar field, such a dynamics is expected to be fastest (and may therefore be easier to detect). Despite ESPRESSO’s somewhat limited wavelength coverage as compared to its ESO predecessor UVES, it will enable us to characterize dark energy up to a redshift [image: there is no content].



The 14 measurements expected from the ESPRESSO fundamental physics GTO will not be able to reconstruct the equation of state and distinguish models in a convincing manner by themselves. However, they will provide important improvements when combined with Type Ia Supernova data. On the other hand, further improvements in sensitivity expected in the E-ELT era will make these measurements a competitive dark energy probe, even on their own.
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