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ESPRESSO Probes the Fine-structure Constant
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The Echelle SPectrograph for Rocky
Exoplanet and Stable Spectroscopic
Observations (ESPRESSO) is the new
high-resolution spectrograph of ESO’s
Very Large Telescope. It was designed
for ultra-high radial-velocity precision
and extreme spectral fidelity with the
aim of performing exoplanet research
and fundamental astrophysical experi-
ments with unprecedented precision and
accuracy. The first precise ESPRESSO
constraint on cosmological variations
in the fine-structure constant has been
obtained recently by using the laser
frequency comb to provide a highly

Figure 1. Comparison of the ThAr/FP and LFC calibra-
tions. Colours indicate different fibres and slices for
the Red and Blue CCDs (from Schmidt et al., 2021).
Light and dark blue are slices a and b of Fibre A
respectively, and light and dark green are slices a and
b of Fibre B respectively, for the blue CCD. The two
shades of orange are slices a and b of Fibre A, while
the two shades of violet are slices a and b of Fibre B
for the red CCD. For validation the sampling is reduced
to 100 km s7'. Traces when the blaze function drops
below 25% of the peak throughput are excluded.

accurate wavelength scale. The target
was the famous quasar HE 0515-4414,
one of the brightest in the southern sky,
with an intervening galaxy at z=1.15
which imprints metal absorption lines
onto the spectrum. The lack of velocity
shifts between these lines is consistent
with the absence of cosmological varia-
tion in the fine-structure constant at the
level of about 1 part per million.

Introduction

In the Standard Model of particle physics
the strengths of fundamental physical
interactions are described through
dimensionless couplings. Historically,
these have been assumed to be con-
stant. However, they are known to
change with energy, and in many exten-
sions of the Standard Model they will also
change in time and possibly in space
(Martins, 2017). The fine-structure con-
stant, a = €°/hc, is a dimensionless fun-
damental constant that can be probed
directly with spectroscopic techniques
because the frequencies of spectral lines
depend on « in different ways. In labora-
tories, comparing atomic clocks based
on different transitions over timescales of
a few years has provided extraordinarily
precise limits on local time variations in a
of just 1 x 107'8 per year (Lange et al.,
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Figure 2. Alternate positional deviations up to

+/—10 m s7" in the location of individual FP lines from
the standard wavelength solution (from Schmidt et
al., 2021). This is also seen in the LFC exposures.
The effect is stable in time and it may also affect the
science spectra. Thus, every individual line measure-
ment is affected by 5-8 m s~" correlated noise.

2021). While it may be tempting to extrap-
olate such constraints linearly to cosmo-
logical time, it should be emphasised that
how the fundamental constants may vary,
and on what this may depend, is entirely
unknown. Instead, the variability or con-
stancy of a must be explicitly tested over
the full range of time (and distance)
scales available to experiments.

The most effective way to probe cosmo-
logical variations in a is the many-multiplet
(MM) method which measures the wave-
length shifts of many different transitions
from several atomic species produced in
intervening quasar absorption systems
(Dzuba, Flambaum & Webb, 1999a,b;
Webb et al., 1999). Transitions from dif-
ferent multiplets often have very different
dependencies on a. So measuring the
velocity shifts between these transitions in
a quasar absorption system provides a
direct probe of Aa/a. — the relative differ-
ence between a in the absorber (o) and
its current laboratory value on Earth (oy,,):

Ao/on = (Ol = Q) / O = —(AV/C) (1/2Q)

where Av is the velocity shift caused by a
small variation in a (Dzuba et al., 2002).
Here, Q is the sensitivity coefficient, namely
the expected sensitivity of the transition’s
laboratory frequency to variations in o.
These Q coefficients have been calculated
using several different many-body quantum
mechanical techniques (see, for example,
Dzuba, Flambaum & Webb, 1999a,b;
Murphy & Berengut, 2014). For typical val-
ues of Q (-0.03 to 0.05), a variation of one
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part per million (ppm) in o would produce
a velocity shift Av ~ 20 m s™' between dif-
ferent transitions from different multiplets
and atoms or ions.

The MM method has been widely used to
measure Aa/a at high redshifts, the larg-
est samples being obtained with archival
spectra from two high-resolution spectro-
graphs: the Ultraviolet and Visual Echelle
Spectrograph (UVES) at the Very Large
Telescope (VLT) and the High Resolution
Echelle Spectrometer (HIRES) at the Keck
Observatory (see, for example, Webb et
al., 2001; Murphy, Webb & Flambaum,
2003; Webb et al., 2011). Each sample
showed tentative detections of a variation
in o at about the 5 ppm level, but in
opposite senses. King et al. (2012) com-
bined the sample of 143 Keck/HIRES
absorption systems with a sample of 154
from VLT/UVES to produce a data set of
Aa/o. measurements in 293 distinct
absorption systems. The combined
results showed a statistical preference for
a dipolar spatial variation of a across the
sky at about the 10 ppm level with
greater than 4o statistical significance.
Note that a theoretical model which can
account for a spatial dipole with such a
low amplitude is more difficult to identify
than one in which o varies with time (see,
for example, Olive, Peloso & Uzan, 2011).
As should be expected for such a sur-
prising result, many authors have ques-
tioned the data, analysis, assumptions
and potential systematic errors underpin-
ning these measurements, and some
have presented alternative data sets and
analyses (for example, Chand et al.,
2004; Quast, Reimers & Levshakov,
2004; Levshakov et al., 2005, 2007;
Molaro et al., 2008). Constraints from
higher-quality spectra of individual
absorbers were also obtained, but none
of them directly supported or strongly

conflicted with the a dipole evidence
(Molaro et al., 2013; Bainbridge & Webb,
2017; Wilczynska et al., 2020).

It now appears likely that the initial evidence
for cosmological variations in a arose from
a problem common to all slit-based spec-
trographs. Distortions in the wavelength
scale of the quasar spectra were discov-
ered when observing solar spectra
reflected from asteroids with UVES, and
after comparing them with an accurately
calibrated solar spectrum from a Fourier-
transform spectrometer (Rahmani et al.,
2013). These distortions were found to

be ubiquitous in slit-based echelle spectro-
graphs (UVES, HIRES, and the High
Dispersion Spectrograph [HDS] at the Sub-
aru Telescope) and substantial enough to
explain the quasar absorption results
(Whitmore & Murphy, 2015; cf. Dumont &
Webb, 2017). Recent quasar observations
with UVES, HIRES and HDS, dedicated to
measuring a. and explicitly correcting for
these distortions, are inconsistent with the
earlier results and show no variations in a
(Evans et al., 2014; Murphy, Malec &
Prochaska, 2016; Murphy & Cooksey, 2017;
Kotus, Murphy & Carswell, 2017). On bal-
ance, there is currently no compelling evi-
dence for variations in o over cosmological
time or distance scales. Nevertheless,
even when accurate corrections for distor-
tions are possible, the uncertainty in the
wavelength calibration of slit-based spec-
trographs dominates the error budget.

ESPRESSO enters the game

The Echelle SPectrograph for Rocky
Exoplanet and Stable Spectroscopic
Observations (ESPRESSO; Pepe et al.,
2021) was specifically designed to sup-
press wavelength calibration errors in
quasar absorption measurements of a



Figure 3. Example of the nonrandom occurrence

of pixel values in a region of a LED frame around
7546 A. This is probably a manifestation of the
binary offset effect discovered by Boone et al. (2018)
in the CCDs of several major facilities.

(Molaro, Murphy & Levshakov, 2006;
Molaro, 2009). The spectrograph is
located in the incoherent Combined-
Coudé Laboratory underneath the four
Unit Telescopes (UTs) of the VLT, and can
be fed by any one UT or all four simulta-
neously. ESPRESSO is fed by optical
fibres, is sealed in a stable vacuum vessel
with temperature control at the millikelvin
level, and can be calibrated with an
‘astrocomb’ — a femtosecond-pulsed
laser frequency comb (LFC). The high fre-
quency-space density of uniformly sepa-
rated comb modes, whose individual
frequencies are known a priori with
extremely high accuracy, could enable
centimetre-per-second (photon-limited)
calibration precision (Murphy et al., 2007;
Milakovi¢ et al., 2020). The ESPRESSO
astrocomb covers the wavelength

range 4850-7000 A of ESPRESSO’s full
3781-7874 A range, and provides an
accuracy of approximately 1 m s~ for
velocity shifts between transitions in

the spectrum of the quasar HE 0515-
4414, This is well below the statistical pre-
cision of the quasar absorption measure-
ments themselves (about 30 m s7),

so ESPRESSO effectively removes wave-
length calibration from the error budget.
While only a few LFC calibration exposures
could be obtained for HE 0515-4414, they
were sufficient for these purposes.

In Figure 1 the comparison of ESPRES-
SO’s LFC and standard ThAr+Fabry-
Perot (FP) calibrations made by Schmidt
et al. (2021) is shown, revealing a wavy
structure. These distortions are most
likely due to the standard ThAr+FP
calibration used by the data reduction
software. In principle, these could affect
other measurements of Ao/a with
ESPRESSO if only ThAr+FP calibration
were used and no corrections were made
with solar twin or asteroid exposures. A
further effect has also been found in the
LFC and FP spectra, as shown in Fig-
ure 2. The wavelength calibration residu-
als of alternate, individual FP (or LFC)
lines are strongly anti-correlated in
ESPRESSO. The origin of this effect is
unclear. Nor is it clear whether this
affects the science exposures as well.
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Another discovery, which we report here
for the first time, concerns the flux,
namely the detection of the binary offset
effect (see Boone et al., 2018) on some of
the amplifiers of the ESPRESSO CCDs.
The example in Figure 3 shows the non-
random occurrence of pixel values. This
results in flux anomalies at the 1% level in
the spectral range covered by the
affected amplifiers. The underlying mech-
anism seems to be correlated with the
number of “1” bits in the binary rep-
resentation of the pixel value, just as
found by Boone et al. (2018) in the CCDs
of many instruments in major ground-
and space-based telescopes.

Observations and data analysis

HE 0515-4414 was identified as a very
bright (Gaia G = 14.9 mag) quasar at red-
shift z,,, = 1.71 by Reimers et al. (1998). It
was observed during the ESPRESSO
Consortium’s Guaranteed Time Observa-
tions (GTO) in two main runs: a visi-
tor-mode run on 4-7 November 2018,
and service-mode observations between
November 2019 and March 2020. The
total integration of 57 916 s (16 h)

was obtained over 17 exposures. The
high-resolution, single-UT mode with
2-pixel binning in the spatial direction (i.e.,
‘singleHR21’) was selected, providing a
nominal resolving power of R ~ 145 000
with a 1-arcsecond-diameter fibre. All
exposures were obtained with UT3-
Melipal, except for those in November

2019 which were observed with UT1-
Antu. Single exposures were reduced with
the standard ESPRESSO data reduction
software (v. 2.2.3) and combined with
UVES_POPLER (v. 1.05; Murphy et al.,
2019) to form a single spectrum (S/N

~ 105 per 0.4-km s~ pixel at 6000 A).

In Figure 4 the UVES and HARPS spectra
for three representative transitions are
compared with the new ESPRESSO spec-
trum. The high R and signal-to-noise

ratio revealed that the z,,. = 1.1508 absorp-
tion system was more complex than previ-
ous studies had found: strong constraints
on the relative optical depths of two differ-
ent Mg | lines confirmed the presence

of very narrow velocity components in

the strongest absorption feature (Doppler
b < 0.5 km s7"). A total of 129 velocity
components were required to fit the
approximately 720-km s™'-wide absorption
profile, which was split into three ‘regions’
for simplicity, with the strongest Mg |

and Fe Il transitions providing the main
constraints on Aa/a. in the reddest region.

In Figure 5 the strong lines in the reddest
regions are shown to illustrate the model
fitting. The entire analysis procedure was
developed using a blinded approach to
avoid human biases. Table 1 summarises
the fiducial fitting results with the 1o
statistical and systematic uncertainties for
each of the three regions. The weighted
mean result for the entire absorber is:

Aa/oo = 1.3 + 1.3, + 0.44 s ppm,
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with 1o statistical and systematic error
components. The result is consistent with
no change in the fine-structure constant
between the absorber at z,,, = 1.1508
and the current laboratory value.

Our total uncertainty, 1.4 ppm, is similar
to the ensemble precision of the previous
large samples of absorbers from HIRES
and UVES that indicated variations at
about the 5 ppm level (Webb et al., 2001;
Murphy, Webb & Flambaum, 2003;
Murphy et al., 2004; Webb et al., 2011;
King et al., 2012), which likely arose from
long-range distortions in the wavelength
scale (Rahmani et al., 2013; Whitmore &
Murphy, 2015). Even the more recent
results, which were corrected for these
effects, had residual wavelength calibra-
tion uncertainties of 0.5-3.5 ppm, larger
than our total systematic error budget
(Evans et al., 2014; Murphy & Cooksey,
2017). Kotu$, Murphy & Carswell (2017)
corrected the wavelength scale of their
UVES spectrum of HE 0515-4414 by
using the High Accuracy Radial velocity

Figure 5. Example of an ESPRESSO spectrum
(black histogram) for some strong transitions labelled
on the vertical axis of the z,,; = 1.1508 absorber
(from Murphy et al., 2022). The fiducial model is
shown with a red line, with individual components
indicated by tick-marks. The residuals between the
data and the model, normalised by the uncertainties,
are shown above each transition.
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Planet Searcher (HARPS) spectrum of the
same quasar. However, this still left about
a 0.6 ppm wavelength calibration uncer-
tainty which dominated their systematic
error budget. The recent measurement in
the same absorber by Milakovic et al.

(2021) used an LFC-calibrated HARPS
spectrum to measure Aa/a., thereby
avoiding wavelength calibration uncer-
tainties, just like our ESPRESSO meas-
urement. Of course, the lower S/N of the
HARPS spectrum (~ 58 per km s, cf.
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170 for our ESPRESSO spectrum) limited
the precision to 2.4 ppm. By contrast, our
measurement is effectively free from sys-
tematic wavelength calibration errors
thanks to the specific design features of
ESPRESSO to suppress them (for exam-
ple, the octagonal fibre feed, stable vac-
uum environment, and LFC calibration).
This means our total systematic uncer-
tainty is well below our photon-statistical
uncertainty — a remarkable change from
the pre-ESPRESSO eral Our main system-
atic uncertainties arise from ambiguities in
fitting the absorption profile, from effects
from redispersion of the spectra, and from
convergence of the fitting procedure.

Our new Aa/a. measurement is consistent
with the recent UVES and HARPS meas-
urements in the same absorber (see
above), and also the 26 other recent
measurements in other absorbers with
HIRES, UVES and HDS where the wave-
length distortions were corrected, or had
no significant impact. Combining these
28 independent measurements with low
calibration error with our new ESPRESSO
measurement provides a weighted mean

Ao/o=-0.5 £ 0.5 = 0.44,c ppm.

The above combined result is still domi-
nated by the single UVES measurement
in HE 0515-4414 by Kotus, Murphy &
Carswell (2017). However, the ESPRESSO
era has arrived, and it promises to pro-
vide a larger sample of well-calibrated,
high-quality quasar absorption spectra
for measuring Aa/a through the instru-
ment consortium’s GTO and open, com-
petitive observing time. One important
outstanding problem with improving qua-
sar absorption measurements of Aa/a. is
the lack of observational constraints on
how the isotopic abundances in the
absorbers differ from the terrestrial val-
ues. ESPRESSOQO’s higher resolving power
offers an opportunity to directly constrain
or measure the Mg isotopic abundances,
in particular absorption systems where
the velocity structure is rather simple.

Constraints on theoretical models

The new bound on a significantly improves
constraints on cosmological models with a
varying a. Broadly speaking, these can be
divided into two classes (Martins, 2017). In

Region Left Central Right Combined
Aa/ou 217 1.57 114 1.31
1o statistical uncertainty 3.31 5.59 1.45 1.29
Systematic uncertainty 1.35 2.37 0.45 0.43

Table 1. Results for the three different regions of the
absorber with 1o statistical uncertainties together
with the likely systematic errors from several

the first class, the electromagnetic sector is
coupled to a scalar field which simultane-
ously provides the dark energy responsible
for the acceleration of the Universe (Martins
et al.,, 2022; da Fonseca et al., 2022). In the
second class, dark energy and a varying o
stem from different physical mechanisms,
the simplest example being Bekenstein
models (Martins et al., 2022). In both cases,
the new constraints are consistent with a
null variation of the field, i.e., compatible
with ACDM, and we have improved previ-
ous constraints by more than a factor of
ten. Although this gain is dominated by
recent improvements in local atomic clock
tests, the astrophysical measurements do
help to break the degeneracies between
cosmology and fundamental physics
parameters, particularly in the first class of
models. Additional ESPRESSO bounds on
a will also enable improved constraints on
theoretical models with spatial or environ-
mental dependencies.
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