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ABSTRACT

The Echelle SPectrograph for Rocky Exoplanets and Stable Spectral Observations (ESPRESSO) is an ultra-
stable spectrograph for the coudé-combined focus of the VLT. With its unprecedented capabilities (resolution up
to ~ 200,000, wavelength range from 380 to 780 nm; centimeter-per-second precision in wavelength calibration),
ESPRESSO is a prime example of the now spreading science machine concept: a fully-integrated system carefully
designed to perform direct scientific measurements on the data, in a matter of minutes from the execution of
the observations. This approach is motivated by the very specific science cases of the instrument (search for
terrestrial exoplanets with the radial velocity method; measure of the variation of fundamental constants using
the spectral signatures of the inter-galactic medium) and is achieved by a dedicated tool for spectral analysis,
the data analysis software or DAS, targeted to both stellar and quasar spectra. In this paper, we describe
characteristics and performances of the DAS, with particular emphasis on the novel algorithms for stellar and
quasar analysis (continuum fitting and interpretation of the absorption features).

Keywords: data analysis, high-resolution spectroscopy, ESPRESSO, ESO VLT, instrument pipeline, science
machine

1. INTRODUCTION: ESPRESSO IN A NUTSHELL

Several science cases in optical spectroscopy are pushing the limits of the existing instruments, depending on
extreme sensitivity, high resolution and exceptional thermo-mechanical stability. One of the instruments designed
to satisfy these requirements is the Echelle SPectrograph for Rocky Exoplanets and Stable Spectral Observations
(ESPRESSO),! designed for the ESO VLT of Cerro Paranal, Chile. ESPRESSO is targeted to a set of very specific
science cases:

e The detection of extrasolar planets from observed fluctuations in the radial velocity of stars;

e The measure of a possible variation in the value of dimensionless physical constants, namely the the fine
structure constant « and the proton-to-electron mass ratio y;

e The study of the chemical composition of stars in local galaxies;
e The study of the metal-poor stars in our own Galaxy;
e The asteroseismic study of stellar oscillation, correlated with stellar variability;

e The investigation of the physical and chemical properties of the intergalactic medium (IGM) and their
connection with galaxy evolution.
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Table 1. ESPRESSO technical specification for the different observational modes (singleHR: 1 UT, high resolution; mul-
tiMR: 4 UTs, medium resolution; singletUHR: 1 UT, ultra-high resolution).1

Parameter singleHR multiMR singleUHR
Wavelength range (nm) 380-780 380-780 380-780
Resolving power 134,000 59,000 225,000
Aperture on sky (arcsec) 1.0 4x1.0 0.5

Average spectral sampling (pixels) | 4.5 5.5 (binned x2) 2.5

Spatial sampling (pixels) 9.0 (4.5) 5.5 (binned x4) 5.0

Total efficiency 0.11 0.11 0.05
Instrumental wavelength precision | <10 ecm s™' ~1 ms™! <10 cm s~1

All these science cases rely on the acquisition of high-resolution spectra of stars or quasars, the latter used
as background sources to pierce the IGM through a wide range of redshifts. The first two science cases, in
particular, require an unprecedented precision and accuracy in wavelength calibration to improve on the results
obtained with the existing instruments. Concerning the search for extrasolar planets, the current detection limit
set by the HARPS? and HARPS-N? spectrographs stands at the order of 1ms~! and falls short of one order
of magnitude of the 10ecms™! limit required to detect Earth-like planets in the habitable zone. Similarly, the
upper limit in both a and p variation is of the order of some parts per million* ® and can be further reduced
only by reaching a <1 m s~! precision in wavelength calibration. This improvement is also pivotal to the next
generation of spectrographs for extremely large telescopes, like E-ELT HIRES,” which are going to address even
more delicate science cases (such as the direct measurement of the Universe accelerated expansion, the so-called

Sandage test®Y) and will require a wavelength precision of the order of 2cms™1.

ESPRESSO is a fiber-fed echelle spectrograph to be installed in the combined coudé laboratory of the VLT,
placed underground on Cerro Paranal. It will receive light from the four Unit Telescopes (UT) through optical
coudé trains, interfaced to four dedicated front-end units, and will be able to operate at different resolutions
with either a single UT or up to four UTs at once. Its optical design adopts several solutions to combine high
resolution and high sensitivity, including fiber scrambling, anamorphic pupil slicing, and a two-arm layout with
separate blue and red detectors. The optical bench is lodged within a vacuum vessel to stabilize pressure with
a precision of 1nPa during the night; three nested thermal enclosures will keep temperature fluctuations within
1mK during the same time scale. A laser frequency comb (LFC), consisting in a pattern of narrow, equally
spaced emission lines generated by a mode locked laser, will provide a simultaneous reference for wavelength
calibration through a dedicated fiber. Other technical specifications for the instrument are given in Tab. 1. The
development has now reached the integration phase; the first light is foreseen for the first half of 2017.

In this paper we detail how the data produced by ESPRESSO will be handled after their reduction by a
dedicated software tool for data analysis. We describe both the architecture of the software (Sec. 2) and the
algorithms which have been implemented to manage the requirements posed by the instrument science (Sec. 3).
These algorithms either builds on existing techniques or introducing brand-new methods, as in the case of

continuum fitting for quasar spectra, and their relevance extends beyond the immediate scope of the instrument
(Sec. 4).

2. INTEGRATED DATA FLOW SYSTEM

The need for a dedicated tool for data treatment was underlined since the first stages of the ESPRESSO design
phase. This tool was meant to complement the standard tool for data reduction and to enforce a new paradigm,
named the science machine approach: the idea that an instrument should be fed by the end user with setup
parameters based on the scientific results to be achieved, and should produce usable, science-grade date with
minimal external supervision. Ideally, the end user will be able not only to reduce the data, but also to measure
relevant quantities (e.g. radial velocities, line equivalent widths and Voigt parameters, etc.) within minutes from
the execution of the observations. This novel approach is favored by the specific science cases of ESPRESSO,
and is likely to become more widespread as astronomical spectroscopy evolves into a precision science.
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raw calibration calibrated data, science-grade data,

DRS =—>» quality control = =—— D AS =3 quality control

instr. parameters parameters parameters

and science data,

Figure 1. Scheme of the ESPRESSO data processing flow, from the raw products of the observations to the science-grade
products.

2.1 Data Analysis within the ESO environment

The ESPRESSO Data Analysis Software (DAS) is a collection of ANSI-C plugins (recipes) mostly implemented
with the ESO Common Pipeline Library (CPL).!° Each recipe performs a distinct and complete operation
on the reduced data; they all can be run as stand-alone modules or in cascade (pipeline) using one of the
interfaces provided by ESO (EsoRex, a command-line interface; Gasgano, a graphical user interface with browser
capabilities; and Reflex, a workflow-management GUI: see also Sec. 2.2). The recipe are complemented by a
collection of Python scripts to display the results of the operations. The DAS will be distributed under the GNU
General Public License after the instrument commissioning.

The DAS is seamlessly integrated within the ESO Data Flow Systems (DFS), which handles in a continuous
loop the flow of data across the ESO instruments, the ESO archive, and the end users. Conceptually, the ESO
data flow includes four steps:

1. The preparation and submission of observation proposals, which are evaluated and approved by the Ob-
serving Programmes Committee;

2. The preparation of the observing blocks through a dedicated interactive software;

3. The execution of the observing blocks through the observation preparation software, and the subsequent
population of the archive with raw calibration and science data;

4. The processing of raw data (reduction and analysis), which actively contributes to monitor the instrument
health status and the quality of the observation output, and generates science-grade data products also
suitable to be stored in the archive.

While the data reduction is routinely performed by instrument pipelines, validated and maintained by ESO
(e.g. for the UV and optical echelle spectroscopy, the UVES pipeline'™**? and the X-shooter pipeline'?), until
ESPRESSO the data analysis was delegated to general-purpose software suites (e.g. ESO-MIDAS,'* whose
support has been discontinued since 2012). The ESPRESSO DAS is the first dedicated data analysis software for
an ESO instrument, meant to work in close interaction with the ESPRESSO Data Reduction Software (DRS)
according to the scheme in Fig. 1.1°18 Both tools will be available at the VLT control room in Paranal, Chile (the
DRS will be automatically triggered by the injection of new observational raw data into the archive, while the
DAS will be at the visitor astronomers’ disposal for offline processing); they will be also provided as downloadable
self-installing kit for the Fedora Linux and Mac OS X environments.

2.2 Structure and operation of the ESPRESSO DAS

The complete set of DAS recipes is shown in Fig. 2. Recipes are divided into two main branches, depending on
them being aimed to stellar or quasar spectra; some general-use recipes are shared between the two branches.
Recipes can be arranged in several ways to handle the different requirements of stellar and quasar analysis; for
the typical use case, four pipelines have been outlined, as shown in Fig. 2.

Data analysis is generally an iterative process, in which results are refined on several cycles through the same
procedures. A typical example is the analysis of the absorption lines in a quasar spectrum, which involves a
number of tightly-interlocked operations and cannot be easily schematized as a linear procedure (see Sec. 3.4).
To comply with such peculiarity, the DAS is designed to be highly modular and customizable. In particular:
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Figure 2. Conceptual plan of the DAS. Recipes are depicted as shaded blocks (green: stellar branch recipes; red: quasar
branch recipes; gray: shared recipes), with captions describing the operation performed by each recipe. The four pipelines
implemented as Reflex workflows are depicted with arrows (three for the stellar branch, one for the quasar branch).

e At the recipe level, each relevant sub-operation is delegated to an independent ANSI-C function, to make
tasks equally accessible by different recipes;

e At the pipeline level, the arrangement is designed to be fluid: in all applicable cases, recipes are meant to
be interchangeable and to take input not only from the upstream recipes, but from the downstream ones
as well.

While the internal structure of recipes is fixed by algorithmic constraints, the pipeline structure (though opti-
mized for the ESPRESSO science cases discussed in Sec. 1) is susceptible of adjustment by the end users, to
accommodate specific needs.

The preferred interface to the DAS recipes is the ESO Reflex environment,'® developed within the Kepler
workflow engine. The four pipelines depicted in Fig. 2 are all equipped with a dedicated Reflex workflow; a
snapshot of the main canvas for the quasar branch pipeline is shown in Fig. 3. The interaction with the pipelines is
fully managed by the Reflex GUI: recipes are executed in sequence and their products are consistently propagated
across each other. The overall process is controlled by the play/pause/stop buttons on its toolbar. A typical
analysis session goes as follows:

e Input data are retrieved from the hard drive and automatically organized into data sets (typically, one
for each scientific target, including all the reduced spectra and the required reference data). The user can
inspect the data sets and select them for analysis.
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e Data sets are processed separately. Information is passed across the recipes as lists of files, which specify
the location of the required data and their nature (e.g. spectrum, list of absorption line, etc.), and lists of
parameters, which specify the recipe setup. Each recipe takes a list of files in input and gives a list of files
in output. Recipe parameters may be initialized to particular values directly on the Reflex canvas or from
the recipe configuration window.

e When convenient, the products of a given recipe are displayed in a pop-up window. Such windows are
generated by Python scripts and are fully interactive, allowing for data inspection and parameter adjust-
ment. When the window appears, processing is paused: the user may decide to re-execute the recipe with
a different parameter setup, or to continue the execution along the pipeline.

e When science-grade data have been produced (typically at the end of the pipeline, but also after interme-
diate steps) they are stored in the hard drive. The user may inspect them and check their consistency.

An example of Reflex pop-up window is shown also in Fig. 3. In this specific case, the user can zoom into the
plot (e.g. to check the details of the processed spectrum), select points on the plot area with mouse clicks (e.g.
to pinpoint absorption lines), and manually adjust the parameters in the text boxes. Other pop-up windows are
able to display editable tables of absorption lines with guess or best-fitting Voigt parameters. Python events on
pop-up windows, such as mouse clicks and table cell editing, are converted into recipe setup parameters, and
may trigger the re-execution of the recipes.

In addition to science-grade data products, Reflex saves all the required ancillary data (including lists of files
and parameter, configuration files and log files) in a dynamically updated directory tree. With proper scripting,
this information may be used to mimic Reflex operations via a command-line interface, using EsoRex and a
Python interpreter. It is thus possible to operate the DAS pipelines at different depth levels, without sacrificing
control for the sake of automation.

3. NOVEL SOLUTIONS FOR SPECTRAL ANALYSIS

The general idea behind the DAS is to unify within well-tested algorithms the operations that the end users
normally perform by eye or with custom-made, minimally-validated software routines. This is done in two ways:

1. By consolidating existing software, such as the ARES code?! 2?2 to compute the equivalent width of lines
(Sec. 3.2.1), and validating it to work on ESPRESSO data;

2. By developing new code building on long-time experience with manual analysis: it is the case of the
newly-formalized technique to determine the continuum emission in quasar spectra (Sec. 3.4.1).

We give in this section a detailed description of the most relevant algorithms for both the stellar branch and the
quasar branch pipelines.

3.1 Conservative approach to spectral coaddition

We outlined the problem of coadding multiple spectra of the same scientific target in a previous SPIE Proceedings
article.' Coaddition is typically performed by the end user on the rebinned spectra issued from data reduction,
whose spectral orders have already been merged and optimally extracted into a 1D array with a fixed wavelength
grid. Exposures of the same target taken at different epochs are generally rebinned into different wavelength
grids. Even assuming that the spectral format of the instrument is perfectly stable, the wavelengths associated
to each pixel of the detector change with time due to the motion of the Earth with respect to the barycentric
coordinate frame of the Solar System. For this reason, different exposures cannot be coadded pixel by pixel
but require a further rebinning to be combined into a single spectrum. The problem with rebinning is that it
introduces a spurious correlation in the noise values across adjacent bins, with the effect of underestimating the
error on the flux measurement. This seriously undermines the possibility to use error-weighted statistical tools,
like the x? test, to estimate the goodness of fit on spectral features (see Sec. 3.4).23 It can be shown that also
when the wavelength grids of the different exposures are coincident, a second rebinning after the one already
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Figure 3.

The Reflex GUI. Top image: canvas for the quasar branch pipeline. On the left side, the main operational
parameter are listed (for data retrieval and recipe setup). The pipeline is shown on the right side: each green-highlighted
box corresponds to a recipe and contains the Reflex actors which execute it and display its products. Bottom image:
Reflex pop-up window for recipe espda_fit_gsocont. The panels on the left side show (counter-clockwise from top) the
estimated continuum emission, the continuum-normalized spectrum (with fitted absorption lines), the residual distribution
of the line/continuum fitting procedure (see Sec. 3.4) and the distribution of column densities from Voigt-profile line fitting

(compared with the theoretical distribution from Ref. 20). Adjustable recipe parameters appear in the right side.
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performed by the data reduction generally alters the distribution of errors in the final spectrum (we reserve to
discuss this issue in a future article).

Two different approaches are adopted by the DAS to cope with this problem:

e The coadded spectrum is computed using the non-rebinned spectra issued from data reduction, in the form
of 2D matrices containing each spectral order as a separate 1D array*. Pixels in the 2D matrices correspond
one-to-one to pixels in the detector and retain their individual wavelengths, computed for each exposure
from the simultaneous LFC reference. A fixed wavelength grid is adopted for the final spectrum, and
the contributions from all exposures are binned into this grid without a prior rebinning of the individual
spectra, to minimize the correlation across bins. The final spectrum is formatted as a VOTABLE with
WAVE, FLUX, and ERR_FLUX columns.

e In addition to the coadded spectrum, a combined spectrum is also created, by collecting all the pixels of the
2D matrices. This spectrum is also formatted as a VOTABLE with WAVE, FLUX, and ERR_FLUX columns,
with an additional PIXSIZE column to retain the wavelength extension of the original pixels. Since this
table is produced without any rebinning, it can be safely used as a reference to test the goodness of fit in
the subsequent analysis. Within this second approach, the information content of the multiple exposures
accounts for an effective oversampling of the spectrum: since the individual 2D matrices are defined on
independent wavelength grids, their combination results in a much finer grid for the final spectrum, which
is also beneficial to the fitting of spectral lines’.

Both approaches are implemented in the DAS recipe espda_coadd_spec. The algorithm to produce the
coadded spectrum is modeled on the “drizzling” technique used to combine HST images.?? The flux in each
bin of the final spectrum is obtained from a weighted average of the contributions of all pixels from the original
exposures that (at least partially) overlap the wavelength range of the bin (Fig. 4). For each contribution, the
weights are proportional to the overlap and inversely proportional to the square of the errors . The recipe also
monitors the signal-to-noise ratio (SNR) and the error statistics of the coadded spectrum, comparing the to the
RMS of the contributions, and raises a flag when a significant discrepancy occurs. Optional kappa-sigma clipping
of the contributions and rescaling of the flux values are available to amend any remaining defect in the reduced
spectra.

3.2 Quick computation of stellar parameters

The ESPRESSO DAS will provide a fast and reliable estimation of stellar parameters for solar-type stars. To
achieve this DAS contains two dedicated recipes in a specific workflow. One of the recipes (espda_compu_eqwidth)
compute the line strengths for metal absorption lines using the equivalent width (EW) method. The second recipe
(espda_compu_starpar) uses well proven line-ratio calibrations to estimate precise effective temperatures and
use a similar iron line calibrations to obtain the iron abundance which is typically used as a proxy for the stellar
metallicity.

3.2.1 EW determination

The recipe espda_compu_eqwidth is a compilation of many of the functions used in the ARES code,?!:2? which
were rewritten using the CPL libraries and following ESO guidelines for its implementation. Essentially, the
recipe tries to replicate and automatize the normal approach to absorption line strengths measure based on
interactive routines. The main steps are:

1. Determination of the local continuum;

2. Identification of the position and depths of the absorption lines in the local spectrum;

*Thanks to ESPRESSO’s convenient optical layout and fiber scrambling, the image of the entrance slit on the detector
is not tilted along orders, and it retains no spatial information. As a consequence, the individual orders can be optimally
extracted by summing photon counts along pixel columns.

fA similar effective oversampling is routinely adopted to model the sky emission lines in the near-infrared bands.?*
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Figure 4. Scheme of the “drizzling”-like algorithm to produce the coadded spectrum. Three non-rebinned spectra issued
from data reduction (blue dashed square) are rebinned into a fixed-wavelength grid spectrum (red dashed square). Each
bin of the coadded spectrum (in yellow) takes contributions from many different pixels of the original spectra (yellow-
shaded region). In the particular case of the cyan pixel, the ratio between the blue arrow and the red arrow defines the
overlap used to weight the contribution.

3. Non-linear least-square fitting of the identified lines with Gaussian profiles;

4. Determination of the EW and error estimation based on the numerical fit.

The recipe works on a spectral chunk of a given wavelength range, centered on each individual line to be
measured. The first step for each line is to perform a local continuum determination by iteratively fitting a 274
order polynomial function to the local spectrum. At each iteration, points below the fit are removed in order to
keep the best points for the continuum. A rejection parameter, strongly dependent on the SNR of the spectrum,
controls the selection of points; by default, all values below 1 — 1/SNR are removed.

The algorithm for the automatic identification of absorption lines is an important step for the correct com-
putation of the EW. As in ARES, this process is based on the use of derivatives of the local spectrum, since an
absorption line will generally correspond to local minima in the local spectrum. However, there are cases when
absorption lines are severely blended and the correct identification cannot be done just looking at the minima.
For this reason, the algorithm also uses the second and third derivative of the local spectrum, which will cor-
respond to inflection points. These points are successfully used to identify the lines even in cases of extremely
blended features (see Fig. 3 of Ref. 21). As the noise strongly propagates through the numerical derivatives,
it should be properly smoothed out. The noise smoothing length generally depends both on the SNR of the
spectrum (the lower the SNR, the higher the value should be) and on the spectral resolution (or pixel scale).
Since the ESPRESSO resolution is fixed by its observational mode, we only consider the dependence with SNR.

Gaussian-profile fitting is performed automatically on multiple lines, using the gs1 multifit package from the
GNU Scientific Library (GSL).?S The actual measurement of EW is done from the best-fit Gaussian parameters.
It should be noted that the recipe was developed to compute the EW of weak lines, and it is optimized to work
in combination with the espda_compu_starpar (see Sec. 3.2.2).

3.2.2 Effective Temperature and [Fe/H] for solar-type stars

The ESPRESSO DAS will allow the user to estimate effective temperature and iron abundance on the fly once an
ESPRESSO spectrum is observed and reduced. These estimations computed by the recipe espda_compu_starpar
are based on well proven calibrations which work very well for a restricted, but still significantly wide, parameter
space.
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The algorithm for the effective temperature estimation relies on the use of a line-ratio technique.?” Although
the typical technique relies on line-depth ratio, in this case the recipe uses line EW ratio which in principle
retains more information about the strength of an individual line. The calibration used in this recipe was
initially derived in Ref. 28 which made use of a unique calibration sample composed of 451 stars with high
quality spectra observed with HARPS. The quality of this calibration does not only rely on the quality of the
spectra but also importantly on the homogeneously derived spectroscopic parameters.?’ These together allowed
to calibrate 432 line-ratios with individual precisions better than 120 K with the best ratios having precision of
~50 K.

The determination of the iron abundance, which is typically used as a proxy for the stellar metallicity, is also
derived by this recipe following a similar aproach. Here the recipe also relies on a calibration, performed in this
case on specific, well-selected iron absorption lines. The calibration process and the selection of these lines are
described in detail in Ref. 29; essentially, they are a compilation of Fe 1 lines: Fe 11 lines were neglected as they
are strongly dependent on the stellar surface gravity for solar type stars. The calibration was performed only for
lines weaker than 75mA to avoid dependence with the microturbulence which becomes important for relatively
stronger lines. In this way, the remaining Fe I lines have only large-order dependencies on the iron abundance
and the effective temperature. The latter is independently derived by the line-ratio technique described before.
As for the line-ratio calibrations this metallicity calibration was derived using the same very high quality sample
which allowed a calibration of 151 Fe I lines; several tests on independent samples shows very consistent results.?’

Since the recipe relies on these calibrations, the user should be aware of the strict parameter space of validity
for which the calibration were obtained. In this case the original calibrations are suitable to estimate parameters
for dwarf FKG stars with effective temperatures ranging from 4500 K to 6500 K and with [Fe/H] ranging from
—0.8 dex to 0.4 dex. If the user tries to apply the procedure to other types of star, the output will be provided
without any real validation. However, the errors for these cases are expected to be significantly larger than the
ones that we obtain for stars within the parameter space validity and therefore can be used as a reference to
check the validity of the estimations. Although the current original calibrations are valid for dwarf stars, new
calibrations are being prepared to include also evolved stars. These new calibrations will have a wider parameter
space and will be valid for FGK-dwarfs and GK-giant stars in the following ranges: 4500 K < Teg < 6500 K ,
2.5 <logg < 4.9, —0.8 < [Fe/H] < 0.5.

3.3 Continuum fitting in stellar spectra and comparison with synthetic spectra

Normalizing echelle spectra after rebinning and merging is a challenging task due to the low flux counts at the
edges of each spectral order. In order to overcome this difficulty the DAS will be equipped with an algorithm
(included in the recipe espda_fit_starcont) to normalize the continuum of stellar echelle spectra order by order.
The recipe selects a spectral order from the combined spectrum (see Sec. 3.1) and fits the stellar continuum with
a N-order polynomial, using robust linear regression as implemented in the gsl multifit package from the
GSL.26 The fitting procedure is done in several iterations after rejecting those points above and below a high
and low threshold (a few times the standard deviation of the non-rejected flux points). This recipe provides two
output products:

e A combined spectrum including the continuum fit, the final selection of points of the fitting procedure and
flux errors of the fitting stellar continuum fluxes;

e A rebinned spectrum, obtained from the combined one with the procedure described in Sec. 3.1.

Fig. 5 shows an example of the fitting of order spectra of stars of different spectral types.

The technique to derive chemical composition of stars is based on the comparison of the equivalent width of
individual absorption lines measured in the observed spectrum with synthetic measurements using the curve-of-
growth method (an introduction to this method can be found in Ref. 30). Alternatively, the comparison of the
whole spectral region with spectral synthesis is another approach but involves a calculation that includes all the
spectral lines in the region of interest. The comparison with single synthetic spectra could provide an estimate
of the metallicity of an observed star. The DAS pipeline includes a routine aiming to only compare the observed
spectrum with one single interpolated synthetic spectrum. In order to perform the comparison, we first interpolate
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the synthetic spectrum from a grid of synthetic spectra, using a given set of stellar and broadening parameters.
The grid of synthetic spectra is computed with Kurucz model atmospheres.?! This interpolation procedure is
performed by recipe espda_synth_spec, using a selected set of stellar parameters. This spectrum is convolved
with three broadening profiles for stellar rotation, macroturbulent velocity and instrumental broadening, and
then rebinned to the wavelength array of the observed normalized merged spectrum. The output product of this
recipe is the rebinned synthetic spectrum. The observed spectrum needs to be corrected for radial velocity with
another recipe, espda_rv_synth, which performs a cross-correlation of the observed spectrum with the synthetic
spectrum. The radial velocity is determined with a gaussian fit to the cross-correlation function (CCF). Both the
CCF and the observed stellar spectrum corrected for radial velocity are given as output products of this recipe.
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Figure 5. Example of the result of the recipe espda_fit_starcont using HARPS spectra of K7V (top panel), G6V (middle
panel) and F7V (bottom panel) stars. We show the continuum fitting of order 44 (spectral region of Mglb triplet) of ten
individual spectra of these stars coadded using the recipe espda_coadd_spec. Green points show the selected continuum
points after several iterations, and red line is a fit of order 1.

3.4 Iterative continuum and absorption line fitting in quasar spectra

The interpretation of the absorption features imprinted on a quasar spectrum by the IGM along the line of sight
is an intrinsically challenging task, which involves at least three distinct operations:

e determining the unabsorbed quasar emission spectrum, the so-called continuum;
e detecting and identifying the absorption lines by finding the ionic transitions that produced them;

e fitting a Voigt profile to the identified lines, from which the physical properties of the IGM can be inferred.

Each operation ideally requires previous knowledge obtained by the other two: the continuum is best determined
by iteratively fitting and removing all the absorption lines; the lines can be safely identified only when their
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parameters have been constrained by continuum and Voigt-profile fitting; and the Voigt-profile fitting itself
requires information about the line wavelengths and the continuum level to be performed. An iterative approach
is needed to handle the problem consistently.

It is common practice to firstly determine the continuum emission of the quasar by masking or extrapolating
across absorption lines, and subsequently model the lines on the continuum-normalized spectra. The effectiveness
of the procedures strongly depends on the possibility to isolate absorption lines and to safely assess as continuum
the emission component between them. This is not always the case: in fact, a significant portion of the visible
spectrum of medium- to high-redshift quasar is dominated by the Lyman-« forest, a complex pattern of frequently
blended, occasionally saturated absorption lines arising from absorption by the neutral hydrogen in the IGM,
bluewards of the Lyman-« emission line of the quasar itself. Continuum determination in the Lyman-« forest
has always been tentative, and is routinely performed by eye (selecting regions arguably free from absorption and
fitting a smoothing functions across them) or making assumptions on the expected quasar emission (e.g. through
a principal component analysis over a catalogue of previously computed continua3?). Iterative techniques based
on simultaneous line-and-continuum fitting have been in fact developed, but only to work on limited regions of
the Lyman-« forest (e.g. around damped Lyman-a systems>3).

The ESPRESSO DAS extends the iterative approach to the entire spectrum. Continuum fitting, line iden-
tification, and line fitting are still treated as individual operations (performed by recipes espda_fit_gsocont,
espda_iden_line, and espda_fit_line, respectively: see Fig. 2), but they significantly overlap and can be ex-
ecuted in whichever order, reinforcing each other. In its basic form (implemented in the DAS quasar branch
pipeline), the procedure starts from the continuum determination, which is obtained through a first, minimal-
guess fitting of the absorption lines, and develops through the line identification and a refined line fitting, which
corrects the initial guess and provides information to refine the continuum as well. Each steps converges to
its solution by iterative means, and the three steps together can be globally iterated by executing the pipeline
multiple times using previous products as input.

3.4.1 Continuum fitting

The continuum fitting algorithm splits the spectrum into a large number of chunks and determines the unabsorbed
emission level in every one of them as a single value for the entire chunk?; the final continuum is then determined
by computing a cubic B-spline across these points. In each chunk, the continuum level is recovered by iteratively
fitting all the detected absorption lines. The generic iteration i goes as follows:

1. A guess continuum value is extracted from the statistics of the flux spectrum within the chunk (typi-
cally, taking the median of the flux). Additional assumptions about the global continuum shape (e.g. a
combination of power laws®*) can be used in the first iteration.

2. Absorption lines are fitted with Voigt profiles after normalizing the flux to the guess continuum. Only the
strongest ¢ lines are fitted, until ¢ equals the number of lines detected in the chunk.

3. After fitting the lines, the unabsorbed flux spectrum is approximately reconstructed dividing the observed
flux spectrum by the results of the line fit. The result is used in the next iteration to update the guess
continuum estimation.

The algorithm is said to have converged when all lines have been fitted and the resulting unabsorbed flux
spectrum is consistent, y2-wise, with the B-spline fitted final continuum. Within the Lyman-a forest, it is
not always possible to explain absorption in terms of detected lines, and ad hoc assumptions are required. A
significant bias in the continuum placement during the iterations may in fact lead to an uncontrolled drift away
from convergence, resulting either in underestimation (when the amount of absorption compromises the reliability
of the flux median as a proxy for the continuum) or overestimation (when a defective line fitting produces large
positive residuals in the estimated unabsorbed spectrum). An effective solution to this problem is to enhance
the flux spectrum by a redshift-dependent optical depth term, which models the residual Lyman-« absorption
not accounted for by the lines that have already been fitted. This effective optical depth is due to both resolved

#This is generally a good assumption if the span of the chunk is of the order of 10% km s™'.
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and unresolved lines and is re-estimated at each iteration from the column density distribution of the fitted lines,
decreasing to zero as more lines are fitted. An example of the results is visible on the Reflex window shown in
Fig. 3.

3.4.2 Line identification

The line identification algorithm is an extension of the technique described in Ref. 35 to detect absorption
systems, i.e. groups associated lines arising in different hydrogen and metal-line absorbers at the same redshift.
It can be outlined as follows:

1. A list of detected lines, with observed wavelengths );, is compared with a first list of known transition, with
laboratory wavelengths A;. The redshift values z;; = A\;/At — 1 are computed for all possible line-transition
associations.

2. The sorted list of zj;; is scanned with a running window to find possible internal coincidences. When a
coincidence is found, a candidate absorption systems is said to be detected at a redshift z., defined as the
average of the coinciding values zj;.

3. Candidate systems are checked against a set of consistency rules, mostly based on the expected ratio
between line strength (as determined during the continuum-fitting procedure). Lines that miss the check
are discarded; whole systems can be discarded as well if too many lines miss the check.

4. When a system has been confirmed, the original list of lines is compared with an expanded list of known
transitions, with laboratory wavelengths Aj. The new redshift values z;, = A;/At’ — 1 are checked to find
additional coincidences with z, within a narrower window. If found, the consistency rule are applied a
second time to the expanded systems.

The line associations issued by such algorithm are suitable to be more accurately fitted with Voigt profiles as
legitimate absorption systems.

3.4.3 Line fitting

The line fitting algorithm adopts a Levenberg-Marquardt approach to determine the best-fit Voigt parameters
of a line or a group of lines. It operates from guess values of the line parameters (typically, the redshift z,
the column density NNV, the Doppler broadening b, and the turbulence broadening b1, of each line), which are
transformed into proper independent variables for the Voigt function and optimized by minimizing the x? between
the observed line profile and the theoretical one. When called from recipe espda_fit_gsocont, the algorithm
operates on a relatively crude choice of guess parameters, based on minimal assumptions on the line nature (z
is computed under the hypothesis that the lines are Lyman-a, C 1v A1550, or Mg 11 A2803, depending on the
region of the spectrum; N is approximated from the line peak flux; the broadening is fixed as b = 20kms™!,
burb, = 0kms™1). On the contrary, when called from recipe espda fit_line, guess parameters are set taking
into account the line identification performed by recipe espda_iden_syst, as well as the specific choices of the
user (which are set through a dedicated pop-up window in Reflex). In this latter case lines are fit as absorption
systems (rather than by unspecified groups) and constraints may be applied between line parameters during the
fitting procedure, to effectively reproduce the physical state of the absorbers.

The accuracy of the line fitting algorithm has been tested on simulated lines at different values of line
parameters N and b.!'” The flux density profile I(\) of the lines was simulated by interpolating the Voigt
function on different wavelength grids, designed to mimic the structure of both non-rebinned and rebinned
spectra (see Sec. 3.1 and Fig. 4). Noise was modeled on a pixel-by-pixel basis as a normally-distributed random
variable added to the flux density, with variance 02(I) = (I + B)texp + RON, where B models the background
noise, RON models the instrument read-out noise, and ¢.yp, is an artificial exposure time term needed to achieve
the desired SNR = (I/0?(I)). For each combination of the line parameters, 10,000 independent realizations of
the same line were produced and fitted; the main results are summarized as follows:
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Figure 6. Value of x? computed on 10,000 realizations of a simulated Lyman-« absorption line (log N = 13.5, b = 20), with
SNR = 30. The left and right panels show the results for a rebinned and a non-rebinned line profile, respectively. Though
close to a theoretical x2 distribution (bold line), the reduced x? computed for the rebinned profile (bold histogram)
peak at a higher value; the two medians also show a statistically significant discrepancy (blue and red vertical bars,
respectively). The same is not observed for the non-rebinned profile (same conventions), which has a different shape due
to the higher number of data points it contains. When the x? is computed with fixed line parameters, i.e. without fitting
them (narrow histogram) or with NV = 0, b = 0 (dashed histogram), the distribution is closer to a theoretical one (narrow
line), indicating that line parameter degeneracy also plays a role in perturbing the distribution. The difference between
the bold and narrow lines depend on the changing number of degrees of freedom when IV and b are either fixed or fitted;
this difference is totally negligible in the non-rebinned case.

e N and b are correctly reconstructed in the range of N where lines are not saturated (the so-called linear
regime, corresponding for a Lyman-« line to 12 < log N < 14.5). At higher N values, the two parameters
are degenerate and their best-fit values become strongly correlated: this as a known intrinsic effect of
Voigt-profile modeling.

e On average, the line fitting procedure is not remarkably affected by the SNR, as long as the lines are
distinguishable from noise. A decrease in the SNR induce a larger scatter in the distribution of the best-fit
line parameters, but no bias is observed if N is above a given threshold (for a Lyman-« line at SNR & 30,
the threshold is typically log N > 11).

e The x? test is a reliable goodness-of-fit estimator only if it is applied to non-rebinned data. When fitting
is performed on the rebinned line profile, the distribution of the reduced x2 values obtained for the line
realizations is generally different from an actual x2 distribution, and peaks at a higher value due to error
underestimation (Fig. 6 .).

The last result confirms what already discussed in Sec. 3.1. In the line fitting algorithm, the coadded spectrum
is used only in the iterative phase to save computational time in finding the best-fit line parameters; those
parameters are then validated on the combined spectrum instead, using all the non-rebinned data from the
original exposures. This approach is convenient also in case of parameter degeneracy: even when the number of
degrees of freedom is ill-defined, the value of reduced x? computed from the combined spectrum is much better
constrained by the large number of data points it contains. Tests with saturated and damped lines show that
the output distribution for a rebinned line profile further deviates from an actual x? when N increases out of
the linear regime; the same is not observed for the non-rebinned profile (Fig. 6).

4. PERSPECTIVES AND CONCLUSION

The ESPRESSO Data Analysis Software (DAS) encompasses a wide range of operations for both stellar and
quasar spectra, which complement the standard reduction procedure to enforce a new integrated approach to
the treatment of spectroscopical data. As of May 2016, seven major internal version of the software have
been released and positively reviewed by ESO. All basic operation have been coded and a large portion of the
interactive interface (including the workflow for the quasar branch pipeline) has been formatted. The algorithm
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are currently being tested on HARPS data (for the stellar part) and on VLT UVES and VLT X-shooter data
(for the quasar part) with the support of the ESPRESSO science team. Development will continue in the next
months to culminate at the instrument commissioning, after which the software will be publicly released.

The significance of the DAS algorithms described in this article obviously extends beyond its application
to the ESPRESSO data, and is aimed to be at the core of a new High-level Data Analysis Library, to be
possibly maintained by ESO alongside its High-level Data Reduction Library.?® The DAS also provides a model
for the next-generation data analysis tools, such the one envisioned for the E-ELT HIRES spectrograph.?” In
the emerging era of precision spectroscopy, this is the only approach to ensure a validated treatment of the
observational data, which is strongly called for by the increasingly ambitious science cases to be addressed.
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