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Astrocook: a thousand recipes to cook a spectrum

Guido Cupania, Giorgio Calderonea, Stefano Cristiania, Paolo Di Marcantonioa, Valentina
D’Odoricoa, and Giuliano Ta↵onia

aINAF–Osservatorio Astronomico di Trieste, Via G. B. Tiepolo 11, I-34143 Trieste, Italy

ABSTRACT

Astrocook is a new Python package to analyze the spectra of quasi-stellar objects (QSOs) from the near-UV band
to the near-infrared band. The project stems from the lessons learned in developing the data analysis software
for the VLT ESPRESSO spectrograph. The idea is to leverage numerical libraries like SciPy, NumPy, and Lmfit
and astronomical libraries like Astropy to produce a collection of high-level recipes capable of interpreting the
features observed in QSO spectra (such as the emission continuum and the absorption systems) in an automated
and validated way. The package provides great flexibility in designing the operational workflow, as well as a set
of interactive tools to apply the recipes in a seamless way. The aim is to achieve the combination of accuracy,
stability, and repeatability of the procedure that is required by several compelling science cases in the era of
”precision cosmology” (e.g. the measurement of a possible variability in the value of fundamental constants, and
the direct measurement of the accelerated expansion of the Universe).

Keywords: Astrocook, QSO spectroscopy, Data Analysis, Python package, Automatic workflow

1. INTRODUCTION

Astronomical spectroscopy is steadily evolving into a precision science. Present-day instrument are addressed
to meet outstanding requirements in term of stability and repeatability of the observations, combining high
resolution (R > 50, 000) with extreme wavelength calibration accuracy (�� = 2 ⇥ 10�6 nm at � = 550 nm).
The technological challenge is motivated by the exciting opportunities expected from the full exploitation of the
visible spectra of quasi-stellar objects (QSOs) at a redshift between 2 and 6, both in the field of observational
cosmology and fundamental physics.

The year 2018 saw the commissioning of the Echelle SPectrograph for Rocky Exoplanets and Stable Spectral
Observation or ESPRESSO1 at the ESO Very Large Telescope (VLT). With its extreme thermo-mechanical
stability (down to the mK and µPa scale), ESPRESSO is meant to pave the way to the future generation of
spectrograph, like the Hi-Res spectrograph2,3 for the ESO Extremely Large Telescope (ELT), currently under-
going Phase A study. The science cases that such instruments are meant to address includes two very ambitious,
possibly paradigm-changing experiments, namely:

• the measurement of a possible time variation in the value of dimensionless constants like the fine structure
constant (↵) and of the proton-to-electron mass ratio (µ);4

• the Sandage test,5 i.e. a purely-geometric measurement of the accelerated expansion of the Universe from
a drift in the redshift of distant objects.

Both experiments involve an accurate interpretation of the features observed in the spectra of background sources,
like QSOs. In the case of the Sandage test, the process of data acquisition and treatment must be prolonged
under controlled conditions throughout a time span of 20 years, with some 4000 h of observation over a suitable
catalog of targets. This poses unprecedented constraints not only on the design of the instrument hardware, but
also on the software tools to handle its data output.
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It is no wonder that ESPRESSO was initially conceived as a “science machine” with a data treatment package
explicitly included among its deliverable subsystems. This package includes both a Data Reduction Software or
DRS and a Data Analysis Software or DAS.6–9 The combination of DRS and DAS is a first occurrence for an
ESO instrument and is meant to provide the users not only with calibrated data products, but also with scientific
measurements within minutes from the execution of the observations. The same approach will be followed for
Hi-Res. A limited set of science objectives, combined with the unparalleled demands they entail, naturally
favors the development of a dedicated analysis tool. On the other hand, there no reason not to extend the new
algorithms designed to extract scientific information from a particular instrument to a more general framework.
This is where the Astrocook project comes into play.

Astrocook10 is a Python11 package to analyze QSO spectra. The name was originated by the tagline “a
thousand recipes to cook a spectrum”, which is meant to emphasize the versatility of the tool. Astrocook
relies on SciPy, NumPy,12 and Lmfit13 for numerical computation and on Astropy14 for astronomy-related data
handling. A working copy of the package can be downloaded for beta-testing from its GitHub webpage (https:
//github.com/DAS-OATs/astrocook). Astrocook stems from the lessons learned in developing the ESPRESSO
DAS, and is meant to extend its functionalities to virtually any available QSO spectrum. It provides both a
collection of methods meant to be scripted by the users and a graphical user interface with more sophisticated
analysis “recipes”. The aim of the project is twofold:

• presently, to allow for a combined analysis of data from ESPRESSO and from other instruments;

• in perspective, to validate and extend the algorithm developed for the DAS (also on simulated data), thus
laying the foundation for the ELT Hi-Res data analysis tool.

This article provides an introduction to the features of Astrocook as of May 2018. It first discusses the main
algorithms for QSO spectral analysis implemented in the code (Sect. 2) and then describes the core structure of
the package (Sect. 3) and its graphical user interface (Sect. 4). An outline of the future development of Astrocook
is given in Sect. 5.

2. ALGORITHMS FOR QSO SPECTRAL ANALYSIS

The analysis of QSO spectra is an inherently complex problem. Most of the information needed by the science
cases outlined in Sect. 1 is obtained by modeling the absorption features which are produced by the inter-galactic
medium (IGM) lying along the line of sight towards the QSO. These features are produced by di↵erent ionic
transitions and may be associated with each other into systems, tracing the multi-phase IGM at di↵erent redshifts.
The di↵erent phases may have di↵erent spatial structure, density, and dynamics, as can be inferred from a Voigt-
profile fitting of the absorption lines they produce (see Sect. 3.3). Absorption systems may be blended with each
other across the sight line, or give rise to notable pattern such as the “forest” of lines produced when neutral
hydrogen atoms are excited from their ground state by the absorption of UV photons (Lyman forest).

A correct interpretation of the absorption features requires a prior modeling of the emission continuum of
the QSO, which in turn can be ideally reconstructed only by removing all the absorption features. To break the
circle, one needs to model the absorption systems with respect to a guess continuum and to adjust the continuum
itself using the best-fitting parameters through several iterations, until convergence is achieved. This approach is
implemented in the ESPRESSO DAS by splitting the procedure into basic operations and allowing for a repeated
execution of the following one-way pipeline:8

Line detection Continuum estimation System identification System fitting

In addition, the code embeds one further iteration scheme for the continuum estimation in the Lyman forest,
using the estimated column density distribution of the absorption lines to progressively adjust the e↵ective
optical depth of the neutral hydrogen, used to guess the unabsorbed continuum level. The underlying principle
was to construct an automatic tool that mimicked as much as possible what human observers would perform “by
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hand”. Other manual operations—e.g. using a detected metal-line doublet as a starting point to identify other
lines, or adding components to a line-profile model to compensate for residuals between model and data—were
reproduced in the code to be sequentially performed along a whole spectrum or across a catalogue of spectra.
While successful when applied within its scope, the DAS approach shows some notable drawbacks:

• the granularity of the operations cannot be adjusted at will, and is generally too coarse to accommodate
additional procedures into the code;

• all algorithms (for line detection, continuum estimation, system identification) are provided as closed box
and allow for limited customization;

• the adopted graphical user interface (ESO Reflex15) is not meant to operate outside the one-way pipeline
model.

More specifically, the DAS code is written to be embedded within the VLT data flow system, taking advantage
of the ESO Common Pipeline Library (CPL);16 this limits its portability outside the ESO environment. The
Astrocook concept is meant to address all these drawbacks at once.

3. THE ASTROCOOK CORE

The Astrocook core classes are designed around a very general definition of analysis: extracting information from
a spectrum. At present, the information to be extracted is identified with the output of the ESPRESSO DAS
(list of lines, continuum models, fitted absorption systems), but it is meant to be easily extended to di↵erent
purposes.

The main class is Spec1D, which defines the structure of a spectrum; other relevant classes are Line and
System, defining lists of lines and lists of absorption systems, respectively, and Cont, defining the QSO continuum
model. A conceptual map of the relationship between classes can be outlined as follows:

Spec1D Line

System

Cont

The idea is that a list of line is necessarily derived from a spectrum, and that it can be used to define a list of
absorption systems and to determine a model for the continuum; in turn, the defined systems can help refine both
the list of detected lines and the continuum model. Objects of the di↵erent classes are constructed by keeping
track of their provenance; e.g. a line list line always possesses an attribute line. spec containing the spectrum
from which it has been extracted, and similarly a system list syst always possesses the associate attributes
syst. spec, syst. line, and syst. cont. Every time an analysis procedure refines the interpretation of a
given object, the information is propagated to the associated objects; e.g. when the system syst is fitted, any
change in the continuum required by the fit is passed on to syst. cont.

3.1 The spectrum class

A Spec1D spectrum is an Astropy Table with obligatory X and Y columns, wavelength and flux density respectively.
The columns are deliberately nondescript to serve equally well both wavelength spectra and frequency spectra;
X can be any quantity dimensionally consistent with a wavelength or a frequency, and similarly Y can be a flux
density expressed in any reasonable unit. The other columns of the table store the uncertainties DX and DY and
the spectral resolution RESOL = ��/�.

A Spec1D object is typically constructed from a FITS table, provided it possesses two columns that can be
interpreted as X and Y. A spectrum can be also constructed from user-provided arrays X and Y. The class includes
methods to perform the following operations:
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• converting the X column into di↵erent units of wavelength and frequency;

• converting wavelengths from air to vacuum;

• converting wavelengths from the Earth’s reference frame to the heliocentric or barycentric frame;

• extracting a sub-spectrum with an X range of choice;

• convolving the flux density with a 1-d filter;

• finding the local extrema (maxima and minima) of the flux density;

• de-reddening the spectrum using the Astropy Specutils extinction package.17

3.2 The line list class and the continuum class

A Line list is an Astropy Table containing information about a set of emission or absorption line, one per row.
Obligatory columns are X and Y—same as for spectra—with their uncertanties DX and DY, and a range XMIN-XMAX
defining the region of spectrum a↵ected by the line.

A list of candidate absorption lines is extracted from the spectrum by looking for the most prominent local
maxima (for emission) and minima (for absorption). Maxima and minima are determined after convolving the
spectrum with a smoothing kernel (see Sect. 3.1, and their prominence is computed as a multiple of the local
flux density variance (typically at 5�); as remarked in Sect. 2, the definition of lines is heavily dependent on the
scale considered, and di↵erent line lists are produced with a di↵erent choice of the smoothing parameters. For
each candidate line, the neighboring extrema are used to define the range XMIN-XMAX (the closest minima for an
emission line; the closest maxima for an absorption line). A more sophisticated definition of XMIN-XMAX based
on the line equivalent width is under implementation. A Line object can be also constructed from a FITS table
or from user-provided arrays.

The main operations available through the methods of this class are:

• finding the spectral lines in a spectrum with the algorithm described above;

• converting wavelength into redshifts and vice-versa, assuming the lines are produced by given ionic transi-
tions;

• removing absorption lines from a spectrum, either masking the a↵ected regions or using a fitting profile to
recover the unabsorbed emission level.

The latter method of the Line class can be used to construct a model of the continuum emission; this is
actually done by one of the methods of the Cont class. A Cont spectrum is indeed a model of the QSO emission
continuum; its structure is the same as a Spec1D spectrum, but containing only columns X, Y, and DY. A guess
continuum is estimated by smoothing the distribution of the flux density local maxima after line removal and a
kappa-sigma clipping of the outliers. Such continuum is meant to be refined during line fitting (see Sect. 3.3);
a more sophisticated technique developed for the Lyman forest is currently being ported from the ESPRESSO
DAS (see Sect. 2). Other

3.3 The system list class

A System list is an Astropy Table containing information about systems of associated absorption lines. These
systems are produced by the large-scale structure of the IGM and are detected by looking for coincidences in
redshift between lines produced by di↵erent transitions (of both hydrogen and metal ions). Astrocook defines
absorption systems in a narrow sense, as sets of lines with the same redshifts, e.g. multiplets like the Civ
��1548-1550 and the Mgii ��2796-2803 doublets, or the Lyman series. Non-exact associations, like e.g. between
a Lyman-↵ line and a Civ ��1548-1550 doublet are listed as separate entries in the System Table. The individual
components of a complex systems are also treated as separate systems, but they are considered together when
they are fitted with a composite line profile.
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The optical depth of absorption ⌧� systems is modeled as a function of the redshift z, the column density
N , and the Doppler broadening b (both thermal and turbulent) of the absorbing medium. The profile of each
component is obtained as

I�(z,N, b) = I�,0e
�⌧� = I�,0


�N

p
⇡e2

mec

f�rf

b
V�

�
, (1)

where I�,0 is the flux density of the emission continuum, f and �rf are the oscillator strength and the rest-frame
wavelength of the component, and V� is the Voigt function:
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a
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with � the transition damping constant of the component. In a composite model, the optical depth terms are
computed individually and the overall profile is computed as I�(z,N, b) = I�,0e�

P
i ⌧�;i .

The Astrocook approach to the modeling and fitting of the absorption systems is similar to what implemented
by other software packages (like Midas FITLYMAN,18 VPFIT,19 and the more recent VoigtFit20), with the added
benefit of a graphical user interface (see Sect. 4). The columns of the System table contain the information to
construct a model of the system, namely the SERIES of components (e.g. [CIV 1548, CIV 1550]), the Voigt
parameters Z, N, B, BTUR with their uncertainties DZ, DN, DB, DBTUR, a flag VARY to indicate which parameters
are free to vary and which are fixed, and a set of expressions EXPR to link the parameters with each other (all
components of a multiplets are fitted with the same values of the Voigt parameters). The System object is always
associated with a Line object, listing the wavelengths X and the flux densities Y of the lines of each system. Such
Line object is either the original list of lines detected on the spectrum (if the System object was created from
a list of lines) or a synthetic line list created extracted from the system list itself (if the System object was
constructed from a FITS table or from user-provided data).

The class provides methods to perform, among others, the following operations:

• finding systems in a list of lines, by finding coincidences between redshift values that can be computed
from the lines wavelength, considering a given transition;

• grouping systems and individual lines that must be considered together when fitting a given system (these
are all lines whose XMIN-XMAX range intersects the range of the lines in the system);

• extracting the spectral regions to be considered when fitting a given system;

• modeling a system with a composite Voigt profile;

• computing the best-fitting parameter for a given model, using the Lmfit Levenberg-Marquardt minimizer.

The methods, combined with the LMFIT interface, allow for a great degree of control of the parameters, including
the normalization of the emission continuum I�,0, in the fitting of individual systems. The insertion or deletion
of systems, needed to improve the fit chi-squared-wise, is done either manually, through a graphical user interface
(see sect. 4), or automatically by dedicated methods.

4. THE GRAPHICAL USER INTERFACE

One of the drawbacks of the past (e.g. ESO MIDAS, IRAF, etc.) and present-day data analysis tool is the
steep learning curve required to produce powerful scripts within the chosen environment. With Astrocook, the
widespread knowledge of the Python language mitigates this weakness; nevertheless, the subtlety of some analysis
operations, like the design of a suitable composite model to be fitted to a complex absorption system, are better
addressed by graphical means.

Astrocook is provided by a full-fledged graphical user interface (GUI) to perform the operations that can
be performed through scripting. Though in its infancy, the GUI is meant to provide the primary access to the
Astrocook package, especially as it grows to include a wider range of procedures. In addition, the GUI makes
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Figure 1. The Astrocook GUI main canvas, with a portion of a QSO spectrum displayed together with the associated
line list and absorption system list. The recipe menu is also shown.

available a set of more complex operations—“recipes”—obtained by combining methods of the Astrocook core
classes and accessible also as methods of the App class. The GUI recipes are meant to provide access to common
functionalities in a seamless way.

In this section, the Astrocook GUI is described in reference to some specific use cases.

4.1 Basic operations

An example of the Astrocook in use is shown in Fig. 1. The main canvas is split into four regions:

• the Spectra panel at the top, listing all the spectra loaded for analysis together with some basic information
(target name, emission redshift, number of detected lines and absorption systems when applicable);

• the Lines panel at the center left, listing all the detected lines for the currently selected spectrum;

• the Systems panel at the center right, listing all the identified absorption systems for the currently selected
spectrum;

• the Plot panel at the bottom, displaying the spectrum at the current state of analysis (e.g. with crosses
highlighting the position of the lines and with the estimated continuum superimposed, when applicable).

A new analysis session is started by loading a spectrum from a FITS file through the File menu. Several spectra
can be loaded at once and alternatively selected from the Spectra panel. The Plot panel is updated at runtime
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whenever a new spectrum is selected. As the analysis progresses, the Lines and Systems are also updated in
sync. Both table can be edited by the users at their own discretion. When a line or a system is selected on the
table, its position is interactively highlighted on the plot. The user can clear and refresh the plot and interact
with it using the Matplotlib21 toolbar at the bottom left corner.

Analysis sessions can be saved at any time through the File menu as a tar gzip archive (with extension
.acs). The archive includes the Spec1D, Line, Cont, and Syst objects created during the session, providing a
snapshot of the ongoing analysis to be retrieved at a later time. Di↵erent snapshots can be loaded concurrently
in the Spectra panel and carried on independently.

The Recipes menu currently allows to launch the following operations:

• extracting a spectral region from a spectrum, either based on the QSO emission redshift (e.g. Lyman forest,
Cii forest, etc.) or on a user-provided wavelength range;

• finding lines in a spectrum (see Sect. 3.1 and 3.2);

• determining a guess continuum by removing the absorption lines (see Sect. 3.2);

• identifying absorption systems in a list of lines (see Sect. 3.3);

• fit the selected systems with composite Voigt profiles (see Sect. 3.3).

Each recipe is managed by a dedicated dialog window to tune the parameters of the algorithm. After the recipes
are run, the information in the main canvas is updated: in particular,

• spectral regions extracted from a spectrum are displayed as separate entries in the Spectra panel and
denoted by their active range in the dedicated columns;

• the line table is rewritten from scratch every time the recipe Find Lines is executed (a recovery option is
available to undo this potentially disruptive operation);

• the system table is incrementally updated every time the recipe Find Systems is executed, to allow for a
greater flexibility in the system identification and fitting procedure.

The number of lines and systems in the Spectra panel is also updated to reflect the current analysis state.

4.2 Interactive fitting of a complex and blended systems

The dialog window of recipe Fit Selected System is more complex than the others, as shown in Fig. 2. Here
the top panel displays the group of lines belonging to a Mgii ��2796-2803 system (as a database-style join from
the entries of tables Lines and Systems), while the bottom panel displays the spectral regions to be considered
when fitting the system itself (with wavelengths converted into redshifts). Through the dialog window the user
can refine the model by editing the Voigt parameters in the table; any change is interactively reflected in the
plot for immediate visual confirmation. Also the constraints on the parameter provided in the columns VARY and
EXPR (which are automatically set to link the components of a system to each other; see Sec. 3.3) can be edited
at will. The best-fit parameters can be then computed by launching the recipe clicking on the Run button.

The Fit Selected System dialog window handles more complex cases, like composite (Fig. 3) and blended
systems (Fig. 4). In such cases, the table is split into two sub-panels, separating the selected system (top)
from the others (bottom), which may be associated either to the same ionic transition (and thus be treated
as members of a single complex systems together with the selected ones) or to a di↵erent one (and thus be
treated as unrelated blended systems). Blended systems are automatically detected and considered together
when modeling and fitting the line profiles; in this case, there is no di↵erence in running the procedure on any
one of the blended system (e.e. the system in Fig. 4 would have been fitted in the exact same way selecting one
of the two Mgii systems instead of the Civ one as a starting point). Clicking on the Add System and Add Line

buttons the user can add terms to the composite profile, tweak the parameters to improve the model, and run
the recipe to compute the best-fitting values.
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Figure 2. The Fit Selected System dialog window, displaying a Mgii ��2796-2803 system modeled with a Voigt profile:
the model is a very rough guess; the best-fit parameters can be computed by clicking on Run. The blue line is the observed
flux density (dashed outside the fitting region), the purple line shows the position of the guess continuum, while the
orange line shows the current model for the line profiles. Residuals (dotted red line) are compared with the error band
on the flux density (solid red lines). [For colors, please refer to the digital copy].

Figure 3. The Fit Selected System dialog window, displaying a Civ ��1548-1550 system fitted with a 4-component
composite Voigt profile. Same legend as Fig. 2.
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Figure 4. The Fit Selected System dialog window, displaying a blended Civ ��1548-1550 – Mgii ��2796-2803 system,
with its best-fit Voigt profile. Same legend as Fig. 2.

Adding systems or blended lines to improve the composite model chi-squared-wise is a procedure can be
automatized via scripting, using the methods of the System class. The pattern of residuals can be used in this
case to guess the parameters of the systems to be added. Such procedure is currently being implemented as a
recipe accessible through the Astrocook GUI.

5. FUTURE PERSPECTIVE

The porting of the functionalities of the ESPRESSO DAS to Astrocook is still ongoing. A list of the soon-to-be
implemented features includes:

• additional methods to guess and refine the estimation of the continuum (power-law fitting, modeling of the
optical depth in the Lyman forest,8 etc.);

• ranking of the candidate absorption systems by likelihood (with an algorithm similar to the one described
in 22);

• identification of systems at the limit of detectability (by comparing a theoretical model with the observed
flux density and looking for minima in the chi-squared values obtained along the spectrum).

The last technique has proved to be e↵ective to increase the completeness of the system detection at low column
densities. It entails the generation of mock spectra to assess the detection completeness, a feature which is also
going to be integrated within the Astrocook package through a dedicated class.

The development will be generally aimed to increase the automation without losing control over the opera-
tions, which require to be specifically tailored to individual science cases. Two main tools are being conceived:

• a validation widget, which will allow the user to freeze the recipe parameters after a successful manual run,
and apply the execution to a catalogue of spectra in background;

• a procedure-design widget, to organize recipes into complex run and submit them to validation.
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Further ideas to enhance the Astrocook GUI are expected to come from the user community at large. Several
additional GUI recipes are being considered for implementation; other will stem directly from the actual use
experience, consolidating the goal of making Astrocook a tool to “cook a spectrum in a thousand ways”.
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