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1 Introduction

1.1 Purpose

The X-Shooter pipeline is a subsystem of the VLT Data Flow System (DFS). Its target user is ESO Quality
Control and Data Products Department (QCDPD) in the generation of master calibration data, the reduction
of scientific exposures, and data quality control. It should also serve as a quick look tool for Paranal Science
Operations (PSO). Additionally, the X-Shooter pipeline recipes are made public to the user community to allow
a more personalised processing of the data from the instrument. This document serves as a manual for X-Shooter
data reduction with the X-Shooter pipeline.

This manual is a complete description of the data reduction recipes implemented by the the CPL based X-
Shooter pipeline, reflecting the status of the X-Shooter pipeline as of October 14 2025 (version 3.8.15).

1.2 Acknowledgements

The X-shooter pipeline 2.0 was developed at ESO by Andrea Modigliani and Daniel Bramich. It is based on
the original Data Reduction Library (DRL) delivered with the instrument and written by P. Goldoni, F. Royer,
R. Haigron, L. Guglielmi, P. Francois, M. Horrobin and H. Flores. Release 2.0 upgrades the slit mode data
reduction and version 2.2 improves response computation.

This work would not have been possible without the contribution of a number of colleagues. Joel Vernet fol-
lowed the DRL development and contributed to the review process. Paul Bristow contributed the physical model
for the instrument calibration. Sabine Moehler worked on the flux calibration standards, response curve compu-
tation and OCA rules. Cesar Enrique Garcia Dabo and Wolfram Freudling contributed to the Reflex workflow.

We thank several beta testers and users who provided useful feedback. In particular, we would like to mention
Ana Monreal Ibero, Lise Christensen, Frederik Schoenebeck, Pasquier Noterdaecme, Stephane Blondin and
Guido Cupani.

1.3 Scope

This document describes the CPL based X-Shooter pipeline used at ESO-Garching and ESO-Paranal for the
purpose of data assessment and data quality control. Updated versions of the present document may be found
on [15]. For general information about the current instrument pipelines status we remind the user of [7]. Quality
control information are at [6]. Additional information on CFITSIO, the Common Pipeline Library (CPL) and
EsoRex can be found respectively at [18], [11], [13]. The Reflex and Gasgano front-ends are described in
[10] and [14]. A description of the instrument is in [8], [9]. Additional information on the DFS and VLT data
interfaces are in [4], [12], [5]. More information on the spectral format recovery procedure and on the physical
model are in [1], [3], [2]. A short description of the pipeline is in [16].

The examples on running individual pipeline recipes in this manual use the EsoRex command and manu-
ally created list of input files. Several interfaces to automatically organise the data, create the list of input
files and execute the pipeline recipes in the proper sequence are available, see the ESO Pipeline web page
https://www.eso.org/pipelines for details.


https://www.eso.org/pipelines
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Please note that the use of Gasgano as a GUI for processing data is deprecated. Its use is no longer recommended
and the related section in this manual, as well as support for Gasgano as a data processing GUI application in
general will be dropped entirely in a future release.

1.4 Reference documents
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2 Overview

In collaboration with instrument consortia, the Pipeline Systems Department (PSD) of the Software Develop-
ment Division is implementing data reduction pipelines for the most commonly used VLT/VLTI instrument
modes. These data reduction pipelines have the following three main purposes:

Data quality control: pipelines are used to produce the quantitative information necessary to monitor instru-
ment performance.

Master calibration product creation: pipelines are used to produce master calibration products (e.g., com-
bined bias frames, super-flats, wavelength dispersion solutions).

Science product creation: using pipeline-generated master calibration products, science products are produced
for the supported instrument modes (e.g., combined ISAAC jitter stacks; bias-corrected, flat-fielded FORS
images, wavelength-calibrated X-Shooter spectra). The accuracy of the science products is limited by the
quality of the available master calibration products and by the algorithmic implementation of the pipelines
themselves. In particular, adopted automatic reduction strategies may not be suitable or optimal for
all scientific goals.

Instrument pipelines consist of a set of data processing modules that can be called from the command line, from
the automatic data management tools available on Paranal, from Reflex, or from Gasgano.

ESO offers three front-end applications for launching pipeline recipes; namely Reflex [10], Gasgano [14] and
EsoRex. The last two are included in the pipeline distribution (see Appendix C, page 183). These applications
can also be downloaded separately from www.eso.org/reflex, www.eso.org/gasgano,
www.eso.org/cpl/esorex.html respectively.

The X-Shooter instrument and the different types of X-Shooter raw frames and auxilliary data are described in
Sections 4, 7, and 8.

A brief introduction to the usage of the available reduction recipes using Reflex, Gasgano or EsoRex is presented
in Section 5. In Section 6 we advice the user about known data reduction problems.

An overview of the data reduction, the input data, and the recipes involved in the calibration cascade is provided
in Section 9.

More details on the inputs, products, quality control measured quantities, and controlling parameters of each
recipe is given in Section 10.

There are now recipes (Sections 10.20, 10.21 and 10.22) that can perform the removal of telluric absorption
from spectroscopic observations. These may be applied to 1D spectra produced by the data reduction recipes
(IFU mode is not currently supported).

More detailed descriptions of the data reduction algorithms used by the individual pipeline recipes can be found
in Section 11.

In Appendix C the installation of the X-Shooter pipeline recipes is described.

Throughout this manual we refer to the UV-Blue arm, the Visual-Red arm, and the Near-IR arm, of X-shooter
as UVB, VIS and NIR, respectively.
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3 What’s new in pipeline release 3.8.15

This pipeline release implements —with respect to release 3.5.3— the following improvements:

* Added MOLECFIT recipes xsh_molecfit_model, xsh_molecfit_calctrans and xsh_molecfit_correct.
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4 X-Shooter Instrument Description

X-shooter is a single target spectrograph for the Cassegrain focus of one of the VLT UTs (See Figure 4.1).
The instrument covers in a single exposure the spectral range from the UV to the K’ band. It is designed to
maximize the sensitivity in this spectral range through the splitting of light into three arms with optimized
optics, coatings, dispersive elements and detectors. It operates at intermediate resolutions (R=3000-17000,
depending on wavelength and slit width) with fixed echelle spectral format (with prism cross-dispersers) in the
three arms. The layout and the small number of moving functions (and therefore instrument modes) make the
instrument simple and easy to operate and permit a fast response. The possibility to observe in a single shot
faint sources at the sky limit with an unknown flux distribution has inspired the name of the instrument. More
details are in [8].

Figure 4.1: A schematic view of X-shooter and its subsystems.

4.1 Instrument Description

The instrument concept is illustrated in the schematic view below (Figure 4.3).

The calibration lamps are located in the upper section of the instrument. Mechanical slides can insert above or
at the focal plane calibration lamp mirrors, a small integral field unit reformatting a 1.8" x 4" area into a slit
of 0.6" x 12" or mirrors feeding an acquisition and guiding camera. After the telescope focal plane, the light
beam is split into three spectral ranges (the UV-Blue arm - referred to as UVB, the Visual-Red arm - referred
to as VIS, and the Near-IR arm - referred to as NIR) by two dichroics and focused by auxiliary optics on three
separate slits.
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The maximum slit length is 12 arcsec for all arms. The transfer optics in the UV-Blue and Visual-Red arms
include atmospheric dispersion correctors. All three arms include piezo mirrors for flexure compensation. The
three spectrograph arms each include fixed echelle grating and prisms cross-dispersers, providing full spectral
coverage in a single exposure with a spectral resolution between 3000 and 17000 depending on the slit width

Wavelength range
UV-Blue arm
Resolution:
Detector:
Visual-red arm
Resolution:
Detector:
Near-IR arm
Resolution:
Detector:

Slit length

Beam separation
Atmospheric dispersion compensation
Integral field unit

300-2500 nm split over 3 arms
Range: 300-550 nm in 11 orders
4500 (1" slit)

4k x 2k E2V CCD

Range: 550-1000 nm in 14 orders
7000 (1" slit)

4k x 2k MIT/LL CCD

Range: 1000-2500 nm in 16 orders
4500 (1" slit)

2k x 1k Hawaii 2RG

12"

Two high efficiency dichroics

In the UV-Blue and Visual-red arms
1.8" x 4" reformatted into 0.6" x 12"

and the spectral arm. In Figure 4.2 we show ThAr calibration frames for each arm.
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Figure 4.2: ThAr calibration frame for each arm of X-
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Figure 4.3: A schematic view of X-shooter and its subsystems.
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5 Quick start

This section describes how to make immediate usage of the X-Shooter pipeline recipes. Please note the conven-
tion in this manual for referring to the three X-shooter arms as simply UVB, VIS and NIR.

5.1 X-Shooter pipeline recipes

The current X-Shooter pipeline is based on a set of 20 stand-alone recipes involved in the data reduction cascade,
and two other plugins.

xsh_lingain
xsh_mbias
xsh_mdark
xsh_predict
xsh_orderpos
xsh_mflat

Computes a detector’s gain/linearity-map

Creates a master bias frame

Creates a master dark frame

Computes a first guess dispersion solution and order trace
Creates the orders centre traces table file

Creates the master flat and the order edge traces table frames

xsh_2dmap Creates a wavelength and spatial resampling solution, including

a clean arc line list

xsh_flexcomp Computes instrument flexures

xsh_wavecal Computes arc lines tilt and instrument resolution
xsh_respon_slit_stare Computes the response function in SLIT stare mode
xsh_respon_slit_offset: Computes the response function in SLIT and offset mode
xsh_respon_slit_nod Computes the response function in SLIT and nod mode
xsh_scired_slit_stare Reduces a science exposure in SLIT configuration and stare mode
xsh_scired_slit_offset: Reduces a science exposure in SLIT configuration and offset mode
xsh_scired_slit_nod Reduces a science exposure in SLIT configuration and NOD mode
xsh_scired_ifu_stare Reduces a science IFU stare exposure and builds a 3D cube
xsh_scired_ifu_offset Reduces a science IFU on-off exposure and builds a 3D cube

the spatial geometry of the IFU pattern on the Sky
Reduce science exposure in IFU configuration and stare mode
with atmospheric dispersion correction
Reduce science exposure in IFU configuration and offset mode
with atmospheric dispersion correction

xsh_geom_ifu Produces
xsh_scired_ifu_stare_drl

xsh_scired_ifu_offset_drl

Generates physical model products
Optimizes a model configuration to match
data taken after a major format change
Runs molecfit_model on the input spectrum
Determines the telluric absorption correction using the output
of xsh_molecfit_model
Applies the telluric absorption correction to the input spectrum
using the output of xsh_molecfit_calctrans

xsh_util_physmod
xsh_cfg_recover

xsh_molecfit_model
xsh_molecfit_calctrans

xsh_molecfit_correct

5.2 An introduction to Reflex, Gasgano and EsoRex

Before being able to call pipeline recipes to process a set of data, the data must be correctly classified, and
associated with the appropriate calibrations. The Data Classification consists of tasks such as: "What kind
of data am 17", e.g., BIAS, "To which group do I belong?", e.g., to a particular Observation Block or template.
Data Association is the process of selecting appropriate calibration data for the reduction of a set of raw science
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frames. Typically, a set of frames can be associated if they share a number of properties, such as instrument
and detector configuration. Since all the required information is stored in the FITS headers, data association is
based on a set of header keywords (called "association keywords") and the process is specific to each type of
calibration. The process of data classification and association is known as data organisation.

An instrument pipeline consists of a set of data processing modules that can be called from different host
applications, namely:

* Reflex is a graphical tool that helps the user to execute data reduction workflows which contain several
recipes. This dramatically decreases the time the user needs to run a whole reduction chain, from cal-
ibration and raw data down to the final products. Reflex takes care of grouping the different data sets,
associating the calibration frames and managing the interdependencies between recipes in the calibration
cascade. Reflex is the recommended software tool for reducing your data.

* Gasgano is an alternative data management tool that simplifies the data organization process. In addition,
Gasgano allows the user to execute directly the pipeline recipes on a set of selected files.

* EsoRex is a command line tool used to run the pipeline recipes. EsoRex commands can be easily scripted.

* The Paranal observatory implements automatic data management tools that trigger the execution of pipeline
recipes. This aspect is not covered in this manual.

5.3 Example of data reduction using the Reflex-based X-shooter workflow

For the user who is keen on starting reductions without being distracted by detailed documentation, we describe
the steps to be performed to reduce the science data provided in the X-shooter demo data set supplied with
the Reflex 2.10 release. By following these steps, the user should have enough information to attempt a
reduction of his/her own data without any further reading:

[€] unname: dl st
File Edt View Workflow Tools Window Help

[@a®adile=s msninne
Components | pata | Outline Workflow

Search Components

Figure 5.1: The empty Reflex canvas.

1. Start the Re f 1ex application:
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LX) N
Flo Edt View Worklow Tools Window Holp

‘ QARQPIO@P =m0 e
X-shooter Workflow for Physical Mode Data Reduction (v. 3.8.15)

[ Workflow Instructons ] [ Setup Directories J [ Global Parameters

( ‘Global Data Reduction Parameters.

Step 3: Step 4:

Step 2: 2D map resampling, Response computation,
Creation of Master Calibration Files Spectral Power computation, Science reduction
flexure correction

Step 5:
Output
Organisation

Step 1
Data Organisation
and Selection

- —a

Figure 5.2: X-shooter workflow general layout.

reflex &

The empty Re f1ex canvas as shown in Figure 5.1 will appear.

2. Now open the X-shooter workflow by clickingon File -> Open File, selecting the file
xshoo-3.8.15/xshooter.xml in the file browser. You will be presented with the workflow canvas
shown in Figure 5.2. Note that the workflow will appear as a canvas in a new window.

3. To aid in the visual tracking of the reduction cascade, it is advisable to use component (or actor) highlight-
ing. Click on Tools -> Animate at Runtime, enter the number of milliseconds representing the
animation interval (1 ms is recommended), and click .

4. Under “Setup Directories” in the workflow canvas there are seven parameters that specify important direc-
tories (green dots). Setting the value of ROOT_DATA_DIR is the only necessary modification if you want
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Figure 5.3: The “Select Datasets” pop-up window. On purpose the demo includes an incomplete (grey) DataSet.

to process data other than the demo data', since the value of this parameter specifies the working direc-
tory within which the other directories are organised. Double-click on the parameter ROOT_DATA_DIR
and a pop-up window will appear allowing you to modify the directory string, which you may either edit
directly, or use the button to select the directory from a file browser. When you have finished,

click to save your changes.

5. Click the ||E[ button to start the workflow

6. The workflow will highlight the Data Organiser actor which recursively scans the raw data directory
(specified by the parameter RAWDATA_DIR under “Setup Directories” in the workflow canvas) and con-
structs the DataSets. Note that the calibration and reference data must be present either in RAWDATA_DIR
orin CALIB_DATA_DIR, otherwise DataSets may be incomplete and cannot be processed.

7. The Data Set Chooser actor will be highlighted next and will display a “Select Datasets” window
(see Figure 5.3) that lists the DataSets along with the values of a selection of useful header keywords,
namely the object name, X-shooter arm, observing mode (SLOT/IFU), observing technique
(STARE/NODDING/OFFSET), detector read mode (for UVB/VIS detectors only), slit widths
(INS.OPTI.<num>.NAME for num=3/4/5 corresponding to UVB/VIS/NIR, respectively), exposure
time, DIT (defined for NIR data only), and OB number. The first column consists of a set of tick boxes
which allow the user to select the DataSets to be processed, and by default all DataSets are selected.

You will find that one DataSet is grey and has no tick box. This is an incomplete DataSet provided to
demonstrate how such DataSets look in the “Select Datasets” window. Moving the mouse over this grey
DataSet will give you the information which kind of files are missing.

8. Click the button and watch the progress of the workflow by following the red highlighting
of the actors. A window will show which DataSet is currently being processed.

9. When the workflow has finished executing the pipeline recipe xsh_respon_slit_offset in the
Instrument Response actor for the first DataSet, an interactive window will appear which shows
a plot of the extracted and merged standard star spectrum in the top panel (and the response curve, if
the standard star is found in the catalogue). Using the buttons at the top of this window, one may pan
and zoom in on the spectrum in order to inspect absorption/emissions lines and other interesting spectral

'Tf you used the install script install_reflex, then the value of the parameter ROOT_DATA_DIR will already be set correctly
to the directory where the demo data was downloaded.
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Figure 5.4: The interactive pop-up window for the Science Reduction actor and X-shooter pipeline
recipe xsh_scired_slit_stare. The extracted and merged spectrum for the VIS DataSet is displayed in
the top panel.

10.

11.

12.

features. Below the extracted spectra the 2-dimensional rectified data are displayed - sky-corrected and
sky (the latter only for STARE and OFFSET data).

When the workflow has finished executing the final pipeline recipe xsh_scired_slit_stare/
nod/ offset inthe Spectrum Reduction actor for the first DataSet, an interactive window will
appear (see Figure 5.4) which shows a plot of the extracted and merged spectrum in the top panel (and the
flux-calibrated version, if a suitable instrument response curve exists, in the panel below. In the canvas
appears no flux calibrated spectrum, as no suitable standard exist). Below the extracted spectra the 2-
dimensional rectified data are displayed - sky-corrected and sky (the latter only for STARE and OFFSET
data).

Click on the ’ Continue wkf ‘ button and the workflow will write out the important products of the
reduction cascade to the end products directory (specified by the parameter END_PRODUCTS_DIR under
“Setup Directories” in the workflow canvas), which includes the extracted and merged spectrum.

The workflow will automatically move on to the next DataSet repeating the reduction cascade and dis-
playing the interactive windows with the response curves and extracted and merged spectra, respectively.
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For each DataSet the procedure is the same; simply inspect the response curve and the science spectrum

and then continue until all data sets are processed.

5.3.1 Using Gasgano

Another convenient tool useful for familiarizing oneself with the X-Shooter pipeline recipes and their usage is
the graphical user interface Gasgano. It provides a complete graphical user interface for data browsing, classi-
fication and association, and offers several other utilities such as easy access to pipeline recipes, documentation

and the preferred data display tools.

Gasgano can be started from the system prompt in the following way:

gasgano S$SHOME/gasgano/config/XSHOO.prefs &

where we have explicitly passed as first optional argument the X-Shooter preferences file which defines proper
defaults for X-Shooter data reduction. The user may prefer to set a UNIX alias accordingly. The Gasgano

main window will appear.

|%| () GASGANO Version: 2.4.2-betal shoot / Linux

File Selected files Tools Help

o)
®
£

‘.
& & A
File. CLASSIFICATION

[Defautt grouping \vH collapse ‘

Find entry: |

| SEQUARM _|IMN5.OPTI2.ID|DET. WINL... [DET.WINL.E..| DPRTYPE | DPR.TECH | DPR.CATG| EXPTIME |TPLEXPMO| TPLMNEXP | OBS.TAR...| DPR.TYPE|

1 Displaying 8 files Unfiltered.
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In Figure 5.5, a view of a set of X-Shooter data is shown as an example.

Figure 5.5: The Gasgano main window.

Gasgano can be configured to

point to the directories where the data to be handled are located using the navigation panels accessible via the
Add/Remove Files entry of the File menu (shown on the upper left of the figure).

The data are hierarchically organised as preferred by the user. Next to each file name, the classification field and
the values of the following FITS keywords are shown (we omit the prefix HIERARCH.ESO):
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Figure 5.6: Selecting files to be processed by the X-Shooter pipeline xsh_2dmap recipe

INS.OPTI3.NAME
INS.OPTI4.NAME
INS.OPTIS.NAME
OBS.TARG.NAME

Keyword name Purpose

CLASSIFICATION Data classification

DPR.TYPE Data processing type

DATE Observing date

SEQ.ARM Selected arm

DET.READ.CLOCK | Detector read out clock (speed and binning setting in UVB/VIS)
EXPTIME Exposure time

DET.DIT Detector DIT (NIR)

DET.NDIT Detector repetitions of DIT (NIR)

INS.OPTI2.ID SLIT/IFU

SLIT setup (widthx length) for UVB
SLIT setup (widthx length) for VIS
SLIT setup (widthx length) for NIR
Observation Block target name

The CLASSIFICATION field provides either the value of the PRO.CATG header keyword, for pipeline products;
or a user defined file classification, if provided, defined in the classification rule file (which can be accessed by
Gasgano from the Tools —> Classification rules... tab); or the default value “UNDEFINED”. File classification
rules are selection rules which assign to a FITS file a classification based on the value of a few FITS header
keywords, usually the DPR.TYPE, DPR.TECH, DPR.CATG values, which respectively define the file data type,
acquisition technique and category. Additional relevant keywords are OBS.TARG.NAME, EXPTIME, DATE,
SEQ.ARM, INS.OPTI2.ID, INS.OPTIi.NAME (i=3-5), DET.READ.CLOCK, DET.DIT, DET.NDIT.

Additional useful keywords are:

Keyword name

Purpose

ORIGFILE

Frame original file (describes frame type)
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INS.LAMP1.ST
INS.LAMP2.ST
INS.LAMP3.ST
INS.LAMP4.ST
INS.LAMPS5.ST
INS.LAMP6.ST

Lamp status (ThAr - Spectral UVB/VIS)

Lamp status (ArKeNeXe - penray - Spectral NIR)
Lamp status (UVB_LOW_D?2 - Flat Field UVB low)
Lamp status (UVB_High - Flat Field UVB/High)

Lamp status (FF VIS - Flat Field VIS)
Lamp status (FF NIR - Flat Field NIR)

More information about a single frame can be obtained by left-clicking on its name: the corresponding FITS file
header will be displayed on the bottom panel, where specific keywords can be filtered and searched. Images and
tables may be easily displayed using the viewers specified in the appropriate Preferences fields. Such a field
allows also to set the file filter, which should point to the SHOME/gasgano/config/xshoo.oca file. This rule file
provides classification rules to select X-Shooter data corresponding to a given standard data reduction setting.

Frames can be selected from the main window for being processed by the appropriate recipe: in Figure 5.6, a
multi-pinhole frame, previously produced master bias and master flat frames, together with a line guess table,
an order table, and a theoretical map table are all selected and sent to the xsh_2dmap recipe. This will open
a Gasgano recipe execution window (see Figure 5.7), having all the specified files listed in its Input Frames

panel.
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Help about the recipe is available from the Help menu. Before launching the recipe, its configuration may be
modified on the Parameters panel (on top). The window contents might be saved for later use by selecting the
Save Current Settings entry from the File menu, as shown in Figure 5.7.

|&| () xsh_wavecal v10300
File Help

Current | Queued [ Executing

©
®
®

rParameters
Matne Walue Default Range (=1 g)
xsh xsh_wavecal keep-temp no no - Add to pool
ush. xsh_ wavecal debug-level none none i
wsh xsh_waveral test none none = @
wsh. xsh_wawecal time-stamp ™ [~ - -
xsh, xsh_wawecal pre-overscan-corr 0 4] | Bt oy
xsh. xsh_wavecal followarclines-search-wi. .. 6 61,4056 -
rinput Frames
Include Filenarme Classification

v DISP_TAB WIS 1x1_075 fits DISP_TAR VIS Locate Displa =

¥l MASTER_FLAT _SLIT_WIS_1x2 _400k_075.. [MASTER_FLAT _SLI Locate Display

v] ORDER_TAB EDCES SLIT VIs_1x1_100... [ORDER_TAB EDC. Locate Display =

v SHOOT _SLT_ARC_VIS_0F5 _0001.fis ARC_SLIT YIS Locate Displa

v WAWE TAR_2D_WIS_1x1_0OFE5 fits WAVE_TAB_2D_VIS Locate Displa

v] SPECTRAL_FORMAT TAB_¥IS_com3.0.fits |SPECTRAL_FORMA Locate Displa: |
Product Naming
Product Root Directory: [fhome/shoot/tmp ‘ ‘ Browse | Naming Scheme: Numeric | ¥ ‘ G

| Execute Selected |
® [onane I e

e e

rOutput Frames

Filename Classification
TILT _TAB_SLIT_WIS_0000.fits TILT _TAB_SLIT WIS Locate Display
ARC_SLIT WIS _0000.1its ARC SLIT VIS Locate Display
SHIFT _TAB_SLIT_WIS_ 0000 fits SHIFT _TAB_SLIT_VIS Locate Display

rLog Messages

[IMFO | JavaCPL:  'FOLLOW_LIMETILT _SLIT W15 .fits'

[WaRMING] JawvalPL: Recipe "ssh_wawecal' produced 8 warning s (excluding this one)

Prociuct frames:
fhomeshoottmp,TILT_TAB_SUIT_VIS_0000 fits
fhame/shootfimpfARC_SUT WIS_0000 fits
fhormefshoot ftrmp SHIFT _TAB_SLIT _WIS_0000 fits

Completion status: SUCCESS

1] 1

Figure 5.7: The Gasgano recipe execution window.

At this point the recipe can be launched by pressing the Execute button. Messages from the running recipe
will appear on the Log Messages panel at the bottom, and in case of successful completion, the products will
be listed in the Output Frames panel, where they can be easily viewed and located back in the Gasgano main
window. Please refer to the Gasgano User’s Manual [14] for a more complete description of the Gasgano
interface.

5.3.2 Using EsoRex

EsoRex is a command line utility for running pipeline recipes. It may be embedded by users into data reduction
scripts for the automation of processing tasks. A disadvantage of EsoRex is that it does not offer all the facilities
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available with Reflex, and the user must classify and associate the data using the information contained in the
FITS header keywords (see Section 7, page 43). The user is also responsible for defining the input set-of-frames
and the appropriate configuration parameters for each recipe run:

The set-of-frames: Each pipeline recipe is run on a set of input FITS data files. When using EsoRex the file
names must be listed together with their DO category 2 in an ASCII file called the set-of-frames (SOF),
that is required when launching a recipe. 3 DO categories for the supported X-Shooter input raw frames
are indicated in section 7.12.

Here is an example SOF, valid for the xsh_wavecal recipe (in polynomial mode):

/path_raw/SHOOT_SLT_ARC_VIS_063_0004.fits ARC_SLIT_VIS
/path_ref/SPECTRAL_FORMAT_TAB_VIS.fits SPECTRAL_FORMAT_TAB_VIS
/path_ref/ARC_LINE_LIST_VIS.fits ARC_LINE_LIST_VIS
/path_cdb/MASTER_BIAS_VIS.fits MASTER_BIAS_VIS (optional)
/path_cdb/ORDER_TAB_EDGES_SLIT_VIS.fits ORDER_TAB_EDGES_SLIT_VIS
/path_cdb/WAVE_TAB_2D_VIS.fits WAVE_TAB_2D_VIS
/path_cdb/DISP_TAB_2D_VIS.fits DISP_TAB_2D_VIS
/path_cdb/THEO_TAB_SING_VIS.fits THEO_TAB_SING_VIS

It contains for each input frame the full path file name and its DO category. Here /path_raw, /path_ref,
/path_cdb, /path_pro indicate the full path to directories with raw, reference, master calibrations
and other pipeline products. The pipeline recipe will access the listed files when required by the reduction
algorithm.

Note that the X-Shooter pipeline recipes do not verify the correctness of the classification tags specified
by the user in the SOF. In the above example, the recipe xsh_wavecal will treat the frame
/path_raw/SHOOT_SLT_ARC_VIS_063_0004.fits asanARC_SLIT_VIS, the frame
/path_cdb/ORDER_TAB_EDGES_SLIT_VIS.fits as an ORDER_TAB_EDGES_SLIT_VIS,
etc., even when they do not contain this type of data. The recipe will also assume that all frames are
associated correctly, i.e., that they all come from the same arm, dichroic and bin setting.

The reason of this lack of control is that the X-Shooter recipes are just the DRS component of the complete
pipeline running on Paranal, where the task of data classification and association is carried out by separate
applications. Moreover, using Reflex as an interface to the pipeline recipes will always ensure a correct
classification of all the data frames, assigning the appropriate DO category to each one of them (see
Section 5.3). Also this lack of control allows the user to reduce e.g. an arc lamp frame pretending it is a
science frame.

A recipe handling an incorrect SOF may stop or display unclear error messages at best. In the worst cases,
the recipe would apparently run without any problem, producing results that may look reasonable, but are
actually flawed.

EsoRex syntax: The basic syntax for using EsoRex is the following:

esorex [esorex_options] recipe_name [recipe_options] set_of frames

’The indicated DO category is a label assigned to any data type after it has been classified, which is then used to identify the frames
listed in the set-of-frames
3The set-of-frames corresponds to the Input Frames panel of the Gasgano recipe execution window (see Figure 5.7, page 31).
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To get more information on how to customise EsoRex (see also [13]) run the command:
esorex - -help
To generate a configuration file esorex.rc in the directory SHOME/.esorex run the command:
esorex - -create-config
A list of all available recipes, each with a one-line description, can be obtained using the command:
esorex - -recipes
EsoRex searches for recipes in the directory specified by the option
esorex - -recipe-dir=installation_directory
All recipe parameters (aliases) and their default values can be displayed by the command
esorex - -params recipe_name
To obtain a brief description of each parameter for a specific pipeline recipe, execute the command:
esorex - -help recipe_name
To obtain more details about a given recipe, issue the following command:
esorex - -man-page recipe_name
Recipe configuration: To each pipeline recipe may be assigned an EsoRex configuration file, containing the
default values of the parameters related to that recipe.* The configuration files are normally generated in
the directory SHOME/ . esorex, and have the same name as the recipe to which they are related, with the

filename extension .rc. For instance, the recipe xsh_wavecal has its EsoRex generated configuration
file named xsh_wavecal.rc, and is generated with the command:

esorex - -create-config xsh_wavecal

The definition of one parameter of a recipe may look like this:

# ——wavemap-deg-y
# Y degree of polynomial wavelength map.
xsh.xsh_wavecal.wavemap-deg-y=3

In this example, the parameter xsh.xsh_wavecal.wavemap-deg-y is set to the value 3. In the
configuration file generated by EsoRex, one or more comment lines are added containing information
about the possible values of the parameter, and an alias that could be used as a command line option.

A recipe configuration file different from the default one may be specified on the command line:
esorex - -recipe-config=my_alternative_recipe_config
Recipe parameters are defined in Section 10 and their role is described in Section 11.

More than one configuration file may be maintained for the same recipe but, in order to be used, a con-
figuration file not located under $HOME/ .esorex, or having a name different from the recipe name,
should be explicitly specified when launching a recipe.

*The EsoRex recipe configuration file corresponds to the Parameters panel of the Gasgano recipe execution window (see Figure
5.7, page 31).
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Recipe execution: A recipe can be run by giving its name to EsoRex, together with the name of a set-of-frames.
For instance, the following command line would be used to run the recipe xsh_wavecal for processing
the files specified in the set-of-frames xsh_wavecal.sof:

esorex xsh_wavecal xsh_wavecal.sof

The recipe parameters may be modified either by editing directly the configuration file that is used, or by
specifying new parameter values on the command line using the command line options defined for this
purpose. Such command line options should be inserted after the recipe name and before the SOF name,
and they will supersede the system defaults and/or the configuration file settings. For instance, to set the
xsh_wavecal recipe wavemap-deg-y parameter to 4, the following should be entered:

esorex xsh_wavecal - -wavemap-deg-y=4 xsh_wavecal.sof

Every recipe provides a parameter debug-level which — when enabled — causes intermediate results to be
saved to the local directory. This allows more detailed inspection of the recipe execution:

esorex xsh_wavecal - -debug-level=medium xsh_wavecal.sof

For more information on EsoRex, see www.eso.org/cpl/esorex.html.

5.4 Reduction chains using EsoRex

In the following sections, we elaborate the default reduction chains using the pipeline recipes with default
parameters. If the user sets the parameter keep-temp to ’yes’, then other products are generated, either internal
products or additional ones used for debugging purposes. To keep the documentation at a reasonable size, we
have decided in this release not to describe them.

There are two main data reduction modes:

* physical model, where solutions are obtained by optimizing the instrument physical model parameters
contained in a table (XSH_MOD_CFG_TAB_ARM) to the data.

* poly, where solutions are obtained via polynomial fits to the data, starting from reference tables that can
be generated with the recipe xsh_util_physmod, starting from a model configuration file corresponding to
the current data set and a reference line table.

We recommend using the data reduction chain corresponding to the physical model which is the reduction mode
supported by Reflex. Furthermore poly mode is not supported by Operations at ESO and therefore it is not well
tested.

To obtain proper quality the user has to repeat the full data reduction chain on a coherent data set using proper
reference and calibration frames (proper instrument setting, closest in time to the observation) and, to reduce
data taken after 1st October 2009, use the model configuration files named as xsh_arm_def_aug10.fits (arm=uvb,
vis, nir) provided in the kit release and deployed during installation in the directory <install_dir>/calib/xshoo-
3.8.15/ifu/cal/ , where install_dir is the user chosen directory during kit installation.
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5.4.1 Reduction chain for “physical’’ mode for calib slit data

esorex xsh_lingain xsh_lingain.sof

esorex xsh_mbias xsh_mbias.sof

esorex xsh_mdark xsh_mdark.sof

esorex xsh_predict xsh_predict.sof

esorex xsh_orderpos xsh_orderpos.sof

esorex xsh_mflat xsh_mflat.sof

esorex xsh_2dmap xsh_2dmap.sof

esorex xsh_flexcomp xsh_flexcomp.sof

esorex xsh_wavecal xsh_wavecal.sof

esorex xsh_respon_slit_stare xsh_respon_slit_stare.sof
esorex xsh_respon_slit_offset xsh_respon_slit_offset.sof
esorex xsh_scired_slit_stare xsh_scired_slit_stare.sof
esorex xsh_scired_slit_offset xsh_scired_slit_offset.sof
esorex xsh_scired_slit_nod xsh_scired_slit_nod.sof

5.4.2 Reduction chain for “poly’’ mode for calib slit data

esorex xsh_lingain xsh_lingain.sof

esorex xsh_util_physmod xsh_util_physmod.sof
esorex xsh_mbias xsh_mbias.sof

esorex xsh_mdark xsh_mdark.sof

esorex xsh_predict xsh_predict.sof

esorex xsh_orderpos xsh_orderpos.sof

esorex xsh_mflat xsh_mflat.sof

esorex xsh_2dmap xsh_2dmap.sof

esorex xsh_flexcomp xsh_flexcomp.sof

esorex xsh_wavecal xsh_wavecal.sof

esorex xsh_respon_slit_stare xsh_respon_slit_stare.sof
esorex xsh_respon_slit_offset xsh_respon_slit_offset.sof
esorex xsh_scired_slit_stare xsh_scired_slit_stare.sof
esorex xsh_scired_slit_offset xsh_scired_slit_offset.sof
esorex xsh_scired_slit_nod xsh_scired_slit_nod.sof

5.4.3 Reduction chain for “physical” mode for calib IFU data (operational)

esorex xsh_lingain xsh_lingain.sof
esorex xsh_mbias xsh_mbias.sof
esorex xsh_mdark xsh_mdark.sof
esorex xsh_predict xsh_predict.sof
esorex xsh_orderpos xsh_orderpos.sof
esorex xsh_mflat xsh_mflat.sof

esorex xsh_2dmap xsh_2dmap.sof
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esorex xsh_flexcomp xsh_flexcomp.sof

esorex xsh_wavecal xsh_wavecal.sof

esorex xsh_scired_ifu_stare xsh_scired_ifu_stare.sof
esorex xsh_scired_ifu_offset xsh_scired_ifu_offset.sof

5.4.4 Reduction chain for “poly’’ mode for calib IFU data (operational)

esorex xsh_lingain xsh_lingain.sof

esorex xsh_util_physmod xsh_util_physmod.sof
esorex xsh_mbias xsh_mbias.sof

esorex xsh_mdark xsh_mdark.sof

esorex xsh_predict xsh_predict.sof

esorex xsh_orderpos xsh_orderpos.sof

esorex xsh_mflat xsh_mflat.sof

esorex xsh_2dmap xsh_2dmap.sof

esorex xsh_flexcomp xsh_flexcomp.sof

esorex xsh_wavecal xsh_wavecal.sof

esorex xsh_scired_ifu_stare xsh_scired_ifu_stare.sof
esorex xsh_scired_ifu_offset xsh_scired_ifu_offset.sof

5.4.5 Reduction chain for “physical” mode for calib IFU data (with atmospheric dispersion correction)

esorex xsh_lingain xsh_lingain.sof

esorex xsh_mbias xsh_mbias.sof

esorex xsh_mdark xsh_mdark.sof

esorex xsh_predict xsh_predict.sof

esorex xsh_orderpos xsh_orderpos.sof

esorex xsh_mflat xsh_mflat.sof

esorex xsh_2dmap xsh_2dmap.sof

esorex xsh_flexcomp xsh_flexcomp.sof

esorex xsh_wavecal xsh_wavecal.sof

esorex xsh_geom_ifu xsh_geom_ifu.sof

esorex xsh_scired_ifu_stare_drl xsh_scired_ifu_stare_drl.sof
esorex xsh_scired_ifu_offset_drl xsh_scired_ifu_offset_drl.sof

5.4.6 Reduction chain for “poly”’ mode for calib IFU data (with atmospheric dispersion correction)

esorex xsh_lingain xsh_lingain.sof

esorex xsh_util_physmod xsh_util_physmod.sof
esorex xsh_mbias xsh_mbias.sof

esorex xsh_mdark xsh_mdark.sof

esorex xsh_predict xsh_predict.sof

esorex xsh_orderpos xsh_orderpos.sof
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esorex xsh_mflat xsh_mflat.sof

esorex xsh_2dmap xsh_2dmap.sof
esorex xsh_flexcomp xsh_flexcomp.sof
esorex xsh_wavecal xsh_wavecal.sof
esorex xsh_geom_ifu xsh_geom_ifu.sof

esorex xsh_scired_ifu_stare_drl xsh_scired_ifu_stare_drl.sof
esorex xsh_scired_ifu_offset_drl xsh_scired_ifu_offset_drl.sof

5.4.7 Reduction chain for correcting telluric absorption using MOLECFIT recipes

esorex xsh_molecfit_model xsh_molecfit_model.sof

esorex xsh_molecfit_calctrans xsh_molecfit_calctrans.sof

esorex xsh_molecfit_correct xsh_molecfit_correct.sof
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6 Known problems

The following is a list of currently-known problems with the X-Shooter pipeline recipes, and workarounds, if
available. In the list we indicate the recipe, the problem, and the proposed solution. Re f 1ex specific problems
are indicated in the corresponding tutorial. In case the user finds further problems, we kindly ask to contact us
via https://support.eso.org with a full recipe log, the exact EsoRex command given (including parameter values),
the set of frames and all the input data (via ftp or on a given accessible URL).

We suggest that the user employs Re f 1ex for the data reduction.

This release includes supports for IFU data reduction (operational, without atmospheric dispersion correction).
Tests on standard star observations in stare mode show that we currently reach a relative slitlet alignment accu-
racy of the order of half a detector pixel. This release includes also support for an alternative (interactive) EsoRex
based IFU data reduction, via recipes xsh_geom_ifu, xsh_scired_ifu_stare_drl, xsh_scired_ifu_offset_drl, that
allows to correct for effects of atmosphere dispersion and reach higher accuracy.

The last order of the NIR arm -longer wavelengths of the K -band- is partly vignetted in the instrument. The
vignetting increases in the direction orthogonal to the dispersion and reaches a maximum value of 10% closer
to the border of the detector. The effect can be verified tracing sky emission lines or the flat field.

 xsh_lingain:

— Possible problem: There are no linearity data in period P84 (01/10/2009 - 31/03/2010).

— Proposed solution: The user may use either more recent data or the reference bad pixel maps dis-
tributed with the kit release.

— Note that this recipe finds pixels which respond differently to flux changes than the majority of
pixels, and although not necessarily bad pixels, they could require further investigation. If used,
then flagged pixels may be used as input of other recipes and will be handled as described by the
parameter decode-bp.

» xsh_mflat: From time to time the recipe xsh_mflat may fail with the following error (shown in the terminal
where reflex has been started):

[ INFO ] xsh_mflat: "PREOVER_COR_XSH00.2013-10-18T13:23:36.780.fits’

[ INFO ] xsh_mflat: "FLAT_PRE_O.fits’

[ INFO ] xsh_mflat: "PREOVER_COR_XSH00.2013-10-18T13:25:25.788.fits’

[ INFO ] xsh_mflat: '"FLAT_PRE_1.fits’

[ INFO ] xsh_mflat: "PREOVER_COR_XSH00.2013-10-18T13:27:13.487.fits’

[ INFO ] xsh_mflat: "FLAT_PRE_2.fits’

[ INFO ] xsh_mflat: "PREOVER_COR_XSH00.2013-10-18T13:29:01.586.fits’

[ INFO ] xsh_mflat: "FLAT_PRE_3.fits’

[ INFO ] xsh_mflat: "PREOVER_COR_XSH00.2013-10-18T13:30:49.594.fits’

[ INFO ] xsh_mflat: '"FLAT_PRE_4.fits’

[ INFO ] xsh_mflat: "FLAT_SUB_O_ON_VIS.fits’

[ INFO ] xsh_mflat: "FLAT_SUB_1_ON_VIS.fits’

[ INFO ] xsh_mflat: "FLAT_SUB_2_ON_VIS.fits’

[ INFO ] xsh_mflat: "FLAT_SUB_3_ON_VIS.fits’

[ INFO ] xsh_mflat: "FLAT_SUB_4_ON_VIS.fits’

[WARNING] xsh_mflat: Recipe ’xsh_mflat’ produced 1 warning (excluding this one)
[ ERROR ] xsh_mflat: An error occurred, dumping error trace:

[ ERROR ] xsh_mflat:

[ ERROR ] xsh_mflat: Data not found

[ ERROR ] xsh_mflat: in [6]cpl_image_get_median_window () at cpl_image_stats.c:267
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[ ERROR ] xsh_mflat:

[ ERROR ] xsh_mflat: Data not found

[ ERROR ] xsh_mflat: in [5]xsh_flat_create_normalized_master2() at xsh_create_master.c:2135

[ ERROR ] xsh_mflat:

[ ERROR ] xsh_mflat: Error computing master flat with normalization

[ ERROR ] xsh_mflat: in [4]xsh_create_master_flat2() at xsh_create_master.c:2329

[ ERROR ] xsh_mflat:

[ ERROR ] xsh_mflat: Data not found

[ ERROR ] xsh_mflat: in [3]xsh_mflat_combine_flats() at xsh_mflat.c:365

[ ERROR ] xsh_mflat:

[ ERROR ] xsh_mflat: Data not found

[ ERROR ] xsh_mflat: in [2]xsh_combine_flats_and_detect_edges () at xsh_mflat.c:408

[ ERROR ] xsh_mflat:

[ ERROR ] xsh_mflat: Data not found

[ ERROR ] xsh_mflat: in [1]xsh_mflat () at xsh_mflat.c:692

[ ERROR ] xsh_mflat:

[ ERROR ] esorex: Execution of recipe ’xsh_mflat’ failed, status = 1

This problem is due to too many A/D converter saturated pixels found in the master flat, in some of the
orders where the pipeline computes statistics for quality control. To overcome the problem the user may
change the value of the parameter decode-bp from its default, 2140143615, to 2140139519 (obtained by
subtracting the code 4096, corresponding to A/D converter saturation, from 2140143615).

e xsh_2dmap:

— Possible problem:

The recipe may fail reporting that not enough lines have been detected. The expected number of
lines (QC.NLINE.FOUND.CLEAN) is of the order of 2550, 3950, 1300 for UVB, VIS and NIR
respectively.

Proposed solution:

The user should check to have accurate input calibration frames (mainly ARC_LINE_LIST_ARM,
THEO_TAB_MULT_ARM (in poly mode), ORDER_TAB_EDGES_SLIT_ARM,
WAVE_TAB_GUESS_ARM), but also to have a large enough value of detectarclines-search-win-
hsize and a small enough value of the parameter detectarclines-min-sn.

Feature: Output residual tables have X/Ythanneal columns filled by NULL in case of poly mode data
reduction and columns X/Ypoly filled by NULL in case of physical model mode data reduction.

Clarification: This because this table is initialized with all possible columns but the X/Ythanneal
ones are filled only in physical model mode while X/Ypoly are filled only in poly mode.

e xsh_flexcomp:

— Possible problem: The recipe fails reporting that the input frame is improper.

— Proposed solution: The recipe make sure the input frame is proper, that means INS.OPTIi. NAME

(i=3,4,5 for UVB, VIS, NIR) must have value “PIN_0.5".

* xsh_respon_slit_* recipes

— Possible problem: the recipe may not generate flux calibrated spectra.

— Possible explanation: The observed standard star is not listed in the reference catalogue.
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— Possible explanation: The user does not input the proper atmospheric exctinction table. From release

1.3 on the pipeline adopts an updated table that contains atmospheric exctinction values in a column
named “EXTINCTION”. The column name of the corresponding table used in previous releases
was named “LA_SILLA”.

 xsh_respon_slit_nod and xsh_scired_slit_nod recipes

* Possible problem: Bad quality of extracted, merged 1D spectrum (when extract-method set to 'NOD”).
In case of xsh_respon_slit_nod also the RESPONSE_MERGE1D_SLIT_ARM would have bad quality.

* Possible solution: Set extract-method to "LOCALIZATION’ and use proper values for localize-slit-
position, localize-slit-hheight parameters based on how the extracted, merged 2D spectrum looks like,
so as to have the observed object at the center of the extraction slit and to include all positives.

e xsh_scired_slit_stare.

Possible problem: sky subtraction residuals present in the sky subtracted frame, particularly in NIR,
due to residual tilt of the sky model with respect to observed 2D frame.

Proposed solution: Check carefully the accuracy of xsh_2dmap products. Run the data reduction
chain in physical model mode (that provides a more robust 2D geometry solution than the poly
mode), and make sure the residuals after model optimization are small, eventually executing the
xsh_2dmap recipe with more iterations.

Proposed solution: Eventually set the parameter sky-method to median.
Proposed solution: apply flexure corrections, computed by xsh_flexcomp.
Possible problem: Reduce frames with two object traces in the slit.

Proposed solution: Reduce each object trace separately by setting appropriate values for the pa-
rameters sky-position1, sky-hheight1, sky-position2, sky-hheight2. Those allow to define specific
parts of the slit where the sky is to be fitted during single frame sky subtraction. By default, they
are set to zero, and the sky is defined as the part outside the localization of the object (and outside
the masked edges). If several objects are present along the slit or for whatever reasons, the user may
want to tune these positions. Positions of the centres and half-heights of the regions are expressed
in arcseconds.

Possible problem: Artifacts in sky-subtracted image (particularly in NIR).

Proposed solution: This is a known problem of the "MEDIAN’ sky subtraction method. Use instead
’BSPLINE2’. This will increase computation time significantly.

Possible problem: Performance (speed and quality).

Proposed solution: The user should use a proper value for the sampling wavelength parameter
rectify-bin-lambda (See Table at page 112).

Possible problem: optimal extraction in physical model mode may occasionally fail.

Proposed solution: The user should choose proper window where to perform object localization. If
extraction problem persist contact us via https://support.eso.org or use standard extraction.

Possible problem: Artefacts appearing at each 2D (and 1D) extracted order edges, and then affecting
quality of merged extracted 2D (and 1D) spectra.
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— Proposed solution: Use the reference format-check frames. Verify that the values of WLMIN/

WLMAX are proper: they should be equal to the last wavelength imaged on the illuminated part of
the order, divided by 1.007. This can be controlled also by projecting region files obtained by the
test script test_xsh_data_wave_tab_2d onto the 2D sky subtracted science image. Alternatively, in
physical model mode, the user may also provide in input a reference table with sky lines, tagged as
SKY_LINE_LIST_ARM, and then project onto the 2D sky subtracted science image the predicted
positions.

Possible problem: Small jumps in order merging.

Proposed solution: This is due to slit edges effects introduced by the flat-field. We recommend the
user to use extract-method 'LOCALIZATION’, localize-method "MANUAL’ with proper values
of localize-slit-position and localize-slit-hheight (low S/N objects) or ’AUTO’ (high S/N objects).

Possible problem: Over-estimated error.

Proposed solution: This is due to slit edges effects introduced by the flat-field. We recommend the
user to use extract-method 'LOCALIZATION’, localize-method "MANUAL’ with proper values
of localize-slit-position and localize-slit-hheight (low S/N objects) or ’AUTO’ (high S/N objects).

Possible problem: The recipe may fail if extraction-method is set to LOCALIZATION and localise-
method is set to eithe GAUSSIAN or MAXIMUM.

Proposed solution: This problem, that usually does not occur in xsh_respon_slit_stare that has in
input STD star data, is probably due to the sometimes low S/N ratio of science data, that make diffi-
cult the detection of the object trace either via Gaussian cross-order profile or Maximum dettection
method. The user may tray to change parameters localize-slit-position and localize-slit-hheight or
alternatively set extraction-method to MANUAL.

e xsh_scired_ifu_stare:

— Possible problem: Recipe failing reporting errors on incompatible input AFC corrected and science

frames.

— Proposed solution: The use of proper input AFC corrected model configuration table frame (opti-

mized by xsh_2dmap), in physical model mode, or AFC corrected wavelength solution
(WAVE_TAB_AFC_ARM), in poly mode is critical to obtain good accuracy in IFU cube recon-
struction. The recipe checks that the physical model table, or the wavelength solution have been
AFC corrected with the proper AFC frame (INS.OPTILi.NAME='Pin_0.5’, i=3,4,5; OBS.ID and
OBS.TARG.NAME of the AFC frame corrected input are the same as the ones of the science frame),
else stops with proper error message.

The user should provide proper input frames.

Possible problem: Occasionally accuracy of cube reconstruction in binned data may be worse than
0.5 bins.

Possible solution: We recommend the user to check the cube accuracy first with a standard star (usu-
ally available in case of IFU observations) and then to use in input the table [IFU_CFG_TAB_ARM
and optimize the corresponding parameters to obtain best accuracy in the cube reconstruction of the
reference standard star and then use the optimized table to reduce the science object.

» xsh_scired_ifu_offset: This recipe may have the same problems as the xsh_scired_ifu_stare and we rec-
ommend corresponding solutions.
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Possible problem: The produced data cube is not well aligned

Possible solution: Increase the parameter —localize-ifu-chunk-hsize to obtain a higher signal to

noise

Possible solution: For the lateral slitlets, increase the parameters —localizeifu-slitlow(up)-edges-

mask in order to mask the slit edges which may be noisy.

Possible solution: Increase (or possibly decrease) the number of iterations of the shift computation

with the parameter —correctifu-niter

e xsh_scired_ifu_stare_drl:

Possible problem: Upon examination of the traces, the produced data cube has a significant mis-

alignment

Possible solution: Run again xsh_geom_ifu with new parameters check the quality of the ’self-
aligned’ cube and run xsh_scired_ifu_stare_drl with the newly produced tables.

Possible problem: Upon examination of the traces, the produced data cube has a residual misalign-

ment between slitlets of less than one pixel.

Possible solution: Set the parameters shift-offsettab-low(up) to suitable values.

» xsh_scired_ifu_offset_drl: This recipe may have the same problems as the xsh_scired_ifu_stare_drl and
we recommend corresponding solutions.

* Whelan et al. 2015 (paper submitted to A&A) showed that spectro-astrometry can be problematic with
X-Shooter data. They found artefacts in the raw data that were due to a strong distortion of the PSF.
Spatial aliasing caused additional false signatures (most pronounced for high S/N and very good seeing)
when the data were rebinned during wavelength calibration.
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7 Instrument Data Description
To reduce a science frame, the following calibration frames are needed:

* Pinhole arc-lamp format-check frames (unbinned).

* Bias(es) (for UVB/VIS only).

» Dark(s) (optional for UVB/VIS).

* Pinhole continuum-lamp order definition (unbinned).

e Flat field(s) (SLIT and IFU modes).

* Multi-pinhole arc-lamp frames (unbinned).

 Standard star observations (optional for flux calibration).

e Telluric standard star observations (optional for telluric absorption correction).

* Flexure compensation frames (required for IFU, otherwise optional for a more accurate wavelength cali-

bration).

It is also necessary to have a set of static calibration data to hand (see next Section).

7.1 Format-check arc-lamp frames

Single pinhole format-check arc-lamp frames are taken with a ThAr lamp to allow the pipeline to obtain a guess
initial wavelength solution. These frames need to be taken in sequence with the order definition and multi-
pinhole arc-lamp frames to ensure that they are all aligned. The data reduction expects only unbinned frames of
this kind.

7.2 Bias frames

Bias frames are taken to monitor the readout noise and fixed pattern of the CCD. For XSHOOTER UVB/VIS,
it is not necessary to subtract a master bias from the raw frames because there is no detectable fixed pattern
noise. For these arms, the bias level is best obtained from the overscan region. For NIR, the bias level (and fixed
pattern) correction is performed as part of the subtraction of the OFF observation from the ON observation.

7.3 Dark frames

For UVB/VIS, dark frames are taken occasionally in order to monitor the dark current, which is negligible. For
NIR, the dark current is more significant. However dark frames in NIR are generally unnecessary because in this
arm, an OFF observation is always subtracted from an ON observation, except in the case of stare observations.
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7.4 Order definition frames

An order definition frame is a calibration exposure obtained with a pinhole illuminated by a continuum lamp.
It is a very high signal-to-noise ratio echelle frame that precisely traces the order location. The data reduction
expects only unbinned frames of this kind.
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Figure 7.1: (a) a raw bias frame; (b) a raw format-check arc-lamp frame; (c) a raw order definition frame; (d)
a raw flat frame; (e) a raw multi-pinhole arc-lamp frame; (VIS)

7.5 Flat Field frames

Flat frames are long slit (or IFU) exposures taken with a continuum lamp. They give information on the response
of the detector, allowing to measure variations in efficiency at small (pixel-to-pixel), intermediate (fringing, in
the far red) and large (the blaze function) scale. For UVB, to cover the whole wavelength range with good signal
to noise, two sets of flat frames are taken, one with a halogen (QTH) lamp and the other with a deuterium ’D
lamp. In NIR between the J and H bands and between the H and K bands there is are absorption lines due to the
light having to travel through 1m of atmosphere between the calibration lamp and the detector. In NIR the user
may also have data obtained with the JH filer that suppress the signal in the K band (orders 11 and 12).

Additionally the user may want to analyse flat fields taken with the linearity template. These can be used
to detect non-linear pixels. The flats come as pairs of illuminated frames (in NIR for each on frame also a
corresponding off frame is acquired) taken with increasing exposure time to scan the full detector linearity
range up to the non-linear regime.
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Figure 7.2: (f) araw multi-pinhole arc-lamp frame; (g) a raw flat frame (IFU); (h) a raw multi-pinhole arc-lamp
frame (IFU); (i) a raw science frame (IFU); (VIS).

7.6 Multi-pinhole arc-lamp frames
These frames are used to determine the full wavelength-spatial solution for the 2D frames. The frames are

obtained by illuminating 9 pinholes with an arc-lamp. The data reduction expects only unbinned frames of this
kind.

7.7 Slit arc-lamp frames

These frames are slit exposures taken with an arc-lamp and are used to compute the instrument spectral power.

7.8 IFU arc-lamp frames
IFU wavelength calibration frames are IFU exposures taken with a ThAr arc lamp. They are used to compute the

instrument spectral power, and the wavelength shift(s) between the IFU slices positions and the one estimated
by the multi-pinhole arc-lamp frame.

7.9 Flux standard star frames

Flux standard star calibrations are observations of stars for which the emitted spectra are known and which
allows to determine the following:
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* The response curve (i.e. the conversion between the non-calibrated and flux calibrated science spectrum).

* The overall efficiency of telescope+instrument+detector (corrected for atmospheric extinction). This
function can be evaluated for trending.

7.10 Telluric standard star frames

The night sky spectrum from the Earth’s atmosphere contains several absorption lines, namely the telluric lines.
In order to have correct flux estimation the user needs to estimate this absorption by observing a so-called telluric
standard star, i.e. standard stars with no absorption in the wavelength ranges where telluric absorption lines are.

7.11 Attached flexure compensation frames

Attached flexure compensation (AFC) frames are obtained by illuminating a pinhole with an arc-lamp at the
current telescope pointing and they allow to compute the small shift between the daily multi-pinhole calibrations
and the science observation spectral format due to changes of temperature, pressure and instrument flexure
associated with the telescope pointing. Usually several AFC frames are taken. The frame that the user should
use is the first one, taken with the spectrograph 0.5” pinhole (INS.OPTI2.NAME="SLOT", INS.OPTIi.NAME=
Pin_0.5, i=3, 4, 5) and the same value of OBS.ID and OBS. TARG.NAME as the ones of the science frame to
which it applies.

7.12 Supported raw frames

In this section we describe all possible types of raw frames for the different observing modes. More information
on these data may be found at this URL. The different frame types can be identified by the values of the DPR
keywords of their FITS headers (see [11]). These keywords are generated by the X-Shooter templates (for a
description of the X-Shooter templates see [8]). A given frame type can be processed by one or a few different
dedicated pipeline recipes. The individual pipeline recipes are described in section 11. In most cases, reference
(static calibration) data are needed to reduce a given frame. These reference data have to match the input frame
in a number of instrument parameters (e.g. to apply a flat field correction to a science frame only a flat field frame
taken in the same arm setting, same slit width, binning, gain, read-out mode will be used for the correction).
These parameters are listed under relevant instrument parameters.

The different kinds of raw data involved in the data reduction chain are> ¢ 7 §:
[ Frame kind [ recipe [ ORIGFILE [ TAG [ DPR.IYPE [ DPR.TECH [ DPR.CATG |
Linearity on xsh_lingain 9 SHOOT_GEN_FLAT_UVB LINEARITY_UVB_ON FLAT,LINEARITY,DETCHAR IMAGE CALIB
Linearity off xsh_lingain SHOOT_GEN_BIAS_UVB LINEARITY_UVB_OFF BIAS,LINEARITY,.DETCHAR IMAGE CALIB

STill 30 April 2010 X-shooter file and ORIGFILE prefix is SHOOT, then XSHOO.

The user can identify the kind of raw data by the DPR.TYPE, DPR.TECH, DPR.CATG values. The pipeline instead uses the frame
TAG value.

"Flux standard stars are usually observed in on-off mode or nodding mode.

81n case of IFU data reduction the user may decide to use the usual recipes or the new one (xsh_geom_ifu, xsh_scired_ifu_stare,
xsh_scired_ifu_offset)

°In the case of UVB or VIS data, the user should provide as input all linearity frames from the corresponding template (usually 32)
and bias frames (usually 5). On the other hand, in the UVB and VIS, the number of non-linear pixels is negligible.
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Linearity on xsh_lingain SHOOT_GEN_FLAT_VIS LINEARITY_VIS_ON FLAT,LINEARITY,DETCHAR IMAGE CALIB
Linearity off xsh_lingain SHOOT_GEN_BIAS_VIS LINEARITY_VIS_OFF BIAS,LINEARITY,DETCHAR IMAGE CALIB
Linearity on xsh_lingain SHOOT_GEN_FLAT_NIR LINEARITY_NIR_ON FLAT,LINEARITY,DETCHAR ECHELLE CALIB
Linearity off xsh_lingain SHOOT_GEN_FLAT_NIR LINEARITY_NIR_OFF FLAT,LINEARITY,DETCHAR IMAGE CALIB
Bias xsh_mbias SHOOT_GEN_BIAS_UVB BIAS_UVB BIAS IMAGE CALIB
Bias xsh_mbias SHOOT_GEN_BIAS_VIS BIAS_VIS BIAS IMAGE CALIB
Dark xsh_mdark SHOOT_GEN_DARK_UVB DARK_UVB DARK IMAGE CALIB
Dark xsh_mdark SHOOT_GEN_DARK_VIS DARK_VIS DARK IMAGE CALIB
Dark xsh_mdark SHOOT_GEN_DARK_NIR DARK_NIR DARK IMAGE CALIB
Format-check xsh_cfg_recover SHOOT_SLT_FCK_UVB FMTCHK_UVB LAMP,FMTCHK ECHELLE,PINHOLE CALIB
Format-check xsh_cfg_recover SHOOT_SLT_FCK_VIS FMTCHK_VIS LAMP,FMTCHK ECHELLE,PINHOLE CALIB
Format-check on xsh_cfg_recover SHOOT_SLT_FCK_NIR_ON FMTCHK_NIR LAMP,FMTCHK ECHELLE,PINHOLE CALIB
Format-check off xsh_cfg_recover SHOOT_SLT_FCK_NIR_OFF FMTCHK_NIR LAMP,FMTCHK IMAGE CALIB
Format-check xsh_predict SHOOT_SLT_FCK_UVB FMTCHK_UVB LAMP,FMTCHK ECHELLE,PINHOLE CALIB
Format-check xsh_predict SHOOT_SLT_FCK_VIS FMTCHK_VIS LAMP,FMTCHK ECHELLE,PINHOLE CALIB
Format-check on xsh_predict SHOOT_SLT_FCK_NIR FMTCHK_NIR_ON LAMP,FMTCHK ECHELLE,PINHOLE CALIB
Format-check off xsh_predict SHOOT_SLT_FCK_NIR FMTCHK_NIR_OFF LAMP,FMTCHK IMAGE CALIB
Pinhole Flat xsh_orderpos SHOOT_SLT_ODEF_UVB ORDERDEF_D2_UVB LAMPDORDERDEF ECHELLE,PINHOLE CALIB
Pinhole Flat xsh_orderpos SHOOT_SLT_ODEF_UVB ORDERDEF_QTH_UVB LAMP,QORDERDEF ECHELLE,PINHOLE CALIB
Pinhole Flat xsh_orderpos SHOOT_SLT_ODEF_VIS ORDERDEF_VIS LAMP,ORDERDEF ECHELLE,PINHOLE CALIB
Pinhole Flat on xsh_orderpos SHOOT_SLT_ODEF_NIR ORDERDEF_NIR_ON LAMP,ORDERDEF ECHELLE,PINHOLE CALIB
Pinhole Flat off xsh_orderpos SHOOT_SLT_ODEF_NIR ORDERDEF_NIR_OFF LAMP,ORDERDEF IMAGE CALIB
Slit Flat xsh_mflat SHOOT_SLT_FLAT_UVB FLAT_D2_SLIT_UVB LAMP,DFLAT ECHELLE,SLIT CALIB
Slit Flat xsh_mflat SHOOT_SLT_FLAT_UVB FLAT_QTH_SLIT_UVB LAMP,QFLAT ECHELLE,SLIT CALIB
Slit Flat xsh_mflat SHOOT_SLT_FLAT_VIS FLAT_SLIT_VIS LAMPFLAT ECHELLE,SLIT CALIB
Slit Flat on xsh_mflat SHOOT_SLT_FLAT_NIR FLAT_SLIT_NIR_ON LAMP,FLAT ECHELLE,SLIT CALIB
Slit Flat off xsh_mflat SHOOT_SLT_FLAT_NIR FLAT_SLIT_NIR_OFF LAMP,FLAT IMAGE CALIB
IFU Flat xsh_mflat SHOOT_IFU_FLAT_UVB FLAT_D2_IFU_UVB LAMP,DFLAT ECHELLE,IFU CALIB
IFU Flat xsh_mflat SHOOT_IFU_FLAT_UVB FLAT_QTH_IFU_UVB LAMP,QFLAT ECHELLE,IFU CALIB
IFU Flat xsh_mflat SHOOT_IFU_FLAT_VIS FLAT_IFU_VIS LAMPFLAT ECHELLE,IFU CALIB
IFU Flat on xsh_mflat SHOOT_IFU_FLAT_NIR FLAT_IFU_NIR_ON LAMPFLAT ECHELLE,IFU CALIB
IFU Flat off xsh_mflat SHOOT_IFU_FLAT_NIR FLAT_IFU_NIR_OFF LAMP,FLAT IMAGE CALIB
Multipinhole arc xsh_2dmap SHOOT_SLT_WAVE_UVB WAVE_UVB LAMP,WAVE ECHELLE,PINHOLE CALIB
Multipinhole arc xsh_2dmap SHOOT_SLT_WAVE_VIS WAVE_VIS LAMP,WAVE ECHELLE,PINHOLE CALIB
Multipinhole arc on xsh_2dmap SHOOT_SLT_WAVE_NIR WAVE_NIR_ON LAMP,WAVE ECHELLE,PINHOLE CALIB
Multipinhole arc off xsh_2dmap SHOOT_SLT_WAVE_NIR ‘WAVE_NIR_OFF LAMP,WAVE IMAGE CALIB
I Frame kind ] recipe ] ORIGFILE ] TAG ] DPR.TYPE DPR.TECH ] DPR.CATG ‘
Slit arc xsh_wavecal SHOOT_SLT_ARC_UVB ARC_SLIT_UVB LAMP,WAVE ECHELLE,SLIT CALIB
Slit arc xsh_wavecal SHOOT_SLT_ARC_VIS ARC_SLIT_VIS LAMP,WAVE ECHELLE,SLIT CALIB
Slit arc on xsh_wavecal SHOOT_SLT_ARC_NIR ARC_SLIT_NIR_ON LAMP,WAVE ECHELLE,SLIT CALIB
Slit arc off xsh_wavecal SHOOT_SLT_ARC_NIR ARC_SLIT_NIR_OFF LAMP,WAVE IMAGE CALIB
IFU arcs xsh_wavecal SHOOT_IFU_ARC_UVB ARC_IFU_UVB LAMP,WAVE ECHELLE,IFU CALIB
IFU arcs xsh_wavecal SHOOT_IFU_ARC_VIS ARC_IFU_VIS LAMP,WAVE ECHELLE,IFU CALIB
IFU arcs on xsh_wavecal SHOOT_IFU_ARC_NIR ARC_IFU_NIR_ON LAMP,WAVE ECHELLE,IFU CALIB
IFU arcs off xsh_wavecal SHOOT_IFU_ARC_NIR ARC_IFU_NIR_OFF LAMP,WAVE IMAGE CALIB
AFC arcs xsh_flexcomp SHOOT_IFU_AFC_UVB AFC_ATT_UVB LAMP,AFC ECHELLE CALIB
AFC arcs xsh_flexcomp SHOOT_IFU_AFC_VIS AFC_ATT_VIS LAMP,AFC ECHELLE CALIB
AFC arcs xsh_flexcomp SHOOT_IFU_AFC_NIR AFC_ATT_NIR LAMP,AFC ECHELLE CALIB
Flux std star (slit) xsh_respon_slit_stare SHOOT_SLT_STD_UVB STD_FLUX_STARE_UVB STD ECHELLE,SLIT,STARE CALIB
Flux std star (slit) xsh_respon_slit_stare SHOOT_SLT_STD_VIS STD_FLUX_STARE_VIS STD ECHELLE,SLIT,STARE CALIB
Flux std star (slit) xsh_respon_slit_stare SHOOT_SLT_STD_NIR STD_FLUX_STARE_NIR STD ECHELLE,SLIT,STARE CALIB
Tell std star xsh_scired_slit_stare SHOOT_SLT_STD_UVB STD_TELL_STARE_UVB STD ECHELLE,SLIT,STARE CALIB
Tell std star xsh_scired_slit_stare SHOOT_SLT_STD_VIS STD_TELL_STARE_VIS STD ECHELLE,SLIT,STARE CALIB
Tell std star xsh_scired_slit_stare SHOOT_SLT_STD_NIR STD_TELL_STARE_NIR STD ECHELLE,SLIT,STARE CALIB
Tell std star (on-off mode) xsh_scired_slit_offset SHOOT_SLT_STD_UVB STD_TELL_OFFSET_UVB STD ECHELLE,SLIT,OFFSET CALIB
Sky frame slit (on-off mode) xsh_scired_slit_offset SHOOT_SLT_SKY_UVB SKY_SLIT_UVB SKY ECHELLE,SLIT,OFFSET CALIB
Tell std star (on-off mode) ired_slit_offset SHOOT_SLT_STD_VIS STD_TELL_OFFSET_VIS STD ECHELLE,SLIT,OFFSET CALIB
Sky frame slit (on-off mode) ired_slit_offset SHOOT_SLT_SKY_VIS SKY_SLIT_VIS SKY ECHELLE,SLIT,OFFSET CALIB
Tell std star (on-off mode) xsh_scired_slit_offset SHOOT_SLT_STD_NIR STD_TELL_OFFSET_NIR STD ECHELLE,SLIT,OFFSET CALIB
Sky frame slit (on-off mode) xsh_scired_slit_offset SHOOT_SLT_SKY_NIR SKY_SLIT_NIR SKY ECHELLE,SLIT,OFFSET CALIB
Tell std star xsh_scired_slit_nod SHOOT_SLT_STD_UVB STD_TELL_NOD_UVB STD ECHELLE,SLITNODDING CALIB
Tell std star xsh_scired_slit_nod SHOOT_SLT_STD_VIS STD_TELL_NOD_VIS STD ECHELLE,SLIT/NODDING CALIB
Tell std star xsh_scired_slit_nod SHOOT_SLT_STD_NIR STD_TELL_NOD_NIR STD ECHELLE,SLITNODDING CALIB
Tell std star ifu stare xsh_scired_ifu_stare SHOOT_IFU_STD_UVB OBJECT_IFU_STARE_UVB OBJECT ECHELLE,IFU,STARE CALIB
Tell std star ifu stare xsh_scired_ifu_stare SHOOT_IFU_STD_VIS OBJECT_IFU_STARE_VIS OBJECT ECHELLE,IFU,STARE CALIB
Tell std star ifu stare xsh_scired_ifu_stare SHOOT_IFU_STD_NIR OBJECT_IFU_STARE_NIR OBJECT ECHELLE,IFU,STARE CALIB
Tell std star ifu offset xsh_scired_ifu_offset SHOOT_IFU_OBJ_UVB OBJECT_IFU_OFFSET_UVB OBJECT ECHELLE,IFU,OFFSET CALIB
Sky ifu offset xsh_scired_ifu_offset SHOOT_IFU_SKY_UVB SKY_IFU_UVB OBJECT ECHELLE,IFU,OFFSET CALIB
Tell std star ifu offset xsh_scired_ifu_offset SHOOT_IFU_OBJ_VIS OBJECT_IFU_OFFSET_VIS OBJECT ECHELLE,IFU,OFFSET CALIB
Sky ifu offset xsh_scired_ifu_offset SHOOT_IFU_SKY_VIS SKY_IFU_VIS OBJECT ECHELLE,IFU,OFFSET CALIB
Tell std star ifu offset xsh_scired_ifu_offset SHOOT_IFU_OBJ_NIR OBJECT_IFU_OFFSET_NIR OBJECT ECHELLE,IFU,OFFSET CALIB
Sky ifu offset xsh_scired_ifu_offset SHOOT_IFU_SKY_NIR SKY_IFU_NIR OBJECT ECHELLE,IFU,OFFSET CALIB
Flux std star (on-off mode) xsh_respon_slit_offset SHOOT_SLT_STD_UVB STD_FLUX_STARE_UVB STD ECHELLE,SLIT,OFFSET CALIB
Sky frame slit (on-off mode) xsh_respon_slit_offset SHOOT_SLT_SKY_UVB SKY_SLIT_UVB SKY ECHELLE,SLIT,OFFSET CALIB
Flux std star (on-off mode) xsh_respon_slit_offset SHOOT_SLT_STD_VIS STD_FLUX_STARE_VIS STD ECHELLE,SLIT,OFFSET CALIB
Sky frame slit (on-off mode) xsh_respon_slit_offset SHOOT_SLT_SKY_VIS SKY_SLIT_VIS SKY ECHELLE,SLIT,OFFSET CALIB
Flux std star (on-off mode) xsh_respon_slit_offset SHOOT_SLT_STD_NIR STD_FLUX_STARE_NIR STD ECHELLE,SLIT,OFFSET CALIB
Sky frame slit (on-off mode) xsh_respon_slit_offset SHOOT_SLT_SKY_NIR SKY_SLIT_NIR SKY ECHELLE,SLIT,OFFSET CALIB
Flux std star xsh_respon_slit_nod SHOOT_SLT_STD_UVB STD_FLUX_NOD_UVB STD ECHELLE,SLIT,NODDING CALIB
Flux std star xsh_respon_slit_nod SHOOT_SLT_STD_VIS STD_FLUX_NOD_VIS STD ECHELLE,SLIT/NODDING CALIB
Flux std star xsh_respon_slit_nod SHOOT_SLT_STD_NIR STD_FLUX_NOD_NIR STD ECHELLE,SLIT,OFFSET CALIB
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l Frame kind l recipe l ORIGFILE l TAG l DPR.TYPE l DPR.TECH l DPR.CATG ‘

Science slit stare cired_slit_stare SHOOT_SLT_OBJ_UVB OBJECT_SLIT_STARE_UVB OBJECT ECHELLE,SLIT,STARE SCIENCE
Science slit stare xsh_scired_slit_stare SHOOT_SLT_OBJ_VIS OBJECT_SLIT_STARE_VIS OBJECT ECHELLE,SLIT,STARE SCIENCE
Science slit stare xsh_scired_slit_stare SHOOT_SLT_OBJ_NIR OBJECT_SLIT_STARE_NIR OBJECT ECHELLE,SLIT,STARE SCIENCE
Science ifu stare xsh_scired_ifu_stare SHOOT_IFU_OBJ_UVB OBJECT_IFU_STARE_UVB OBJECT ECHELLE,IFU,STARE SCIENCE
Science ifu stare xsh_scired_ifu_stare SHOOT_IFU_OBJ_VIS OBJECT_IFU_STARE_VIS OBJECT ECHELLE,IFU,STARE SCIENCE
Science ifu stare xsh_scired_ifu_stare SHOOT_IFU_OBJ_NIR OBJECT_IFU_STARE_NIR OBJECT ECHELLE,IFU,STARE SCIENCE
Science slit nod xsh_scired_slit_nod SHOOT_SLT_OBJ_UVB OBJECT_SLIT_NOD_UVB OBJECT ECHELLE,SLIT,NODDING SCIENCE
Science slit nod xsh_scired_slit_nod SHOOT_SLT_OBJ_VIS OBJECT_SLIT_NOD_VIS OBJECT ECHELLE,SLIT,NODDING SCIENCE
Science slit nod xsh_scired_slit_nod SHOOT_SLT_OBJ_NIR OBJECT_SLIT_NOD_NIR OBJECT ECHELLE,SLIT,NODDING SCIENCE
Science slit offset xsh_scired_slit_offset SHOOT_SLT_OBJ_UVB OBJECT_SLIT_OFFSET_UVB OBJECT ECHELLE,SLIT,OFFSET SCIENCE
Science slit offset xsh_scired_slit_offset SHOOT_SLT_SKY_UVB SKY_SLIT_UVB OBJECT ECHELLE,SLIT,OFFSET SCIENCE
Science slit offset xsh_scired_slit_offset SHOOT_SLT_OBJ_VIS OBJECT_SLIT_OFFSET_VIS OBJECT ECHELLE,SLIT,OFFSET SCIENCE
Science slit offset xsh_scired_slit_offset SHOOT_SLT_SKY_VIS SKY_SLIT_VIS OBJECT ECHELLE,SLIT,OFFSET SCIENCE
Science slit offset xsh_scired_slit_offset SHOOT_SLT_OBJ_NIR OBJECT_SLIT_OFFSET_NIR OBJECT ECHELLE,SLIT,OFFSET SCIENCE
Science slit offset xsh_scired_slit_offset SHOOT_SLT_SKY_NIR SKY_SLIT_NIR OBJECT ECHELLE,SLIT,OFFSET SCIENCE
Science ifu offset xsh_scired_ifu_offset SHOOT_IFU_OBJ_UVB OBJECT_IFU_OFFSET_UVB OBJECT ECHELLE,IFU,OFFSET SCIENCE
Science ifu offset xsh_scired_ifu_offset SHOOT_IFU_SKY_UVB SKY_IFU_UVB OBJECT ECHELLE,IFU,OFFSET SCIENCE
Science ifu offset xsh_scired_ifu_offset SHOOT_IFU_OBJ_VIS OBJECT_IFU_OFFSET_VIS OBJECT ECHELLE,IFU,OFFSET SCIENCE
Science ifu offset xsh_scired_ifu_offset SHOOT_IFU_SKY_VIS SKY_IFU_VIS OBJECT ECHELLE,IFU,OFFSET SCIENCE
Science ifu offset xsh_scired_ifu_offset SHOOT_IFU_OBJ_NIR OBJECT_IFU_OFFSET_NIR OBJECT ECHELLE,IFU,OFFSET SCIENCE
Science ifu offset xsh_scired_ifu_offset SHOOT_IFU_SKY_NIR SKY_IFU_NIR OBJECT ECHELLE,IFU,OFFSET SCIENCE
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8 Static Calibration Data

In the following section static calibration data required for X-Shooter data reduction are listed. For each of them
we indicate the corresponding value of the HIERARCH ESO PRO CATG, in short PRO.CATG, FITS keyword.
We use “ARM” notation as a placeholder for “UVB”, “VIS” or “NIR”. This has to be used to identify the frames
listed in the Set of Frames (see Section 5.3.2, page 32).

8.1 X-Shooter Reference Spectral Format Table

To limit the data reduction to a convenient (almost complete) sub region of full spectral coverage the user needs
to provide for each arm this reference input table (PRO.CATG=SPECTRAL_FORMAT_TAB_ARM). This table
has several columns to control the order tracing and extraction. We recommend the use of the spectral format
table called SPECTRAL_FORMAT_TAB_ARM fits provided in the kit release.

The user should reduce NIR-JH flat, arc slit, standard star and object data using a NIR-JH custom made spectral
format table that misses orders 11 and 12.

Column Purpose

ORDER Absolute order number

LAMP Flat field lamp ID (used to distinguish QTH from 2D flats in UVB)

WLMIN Minimum wavelength of the corresponding order (used in order extraction) [nm]
WLMAX Maximum wavelength of the corresponding order (used in order extraction) [nm]
DISP_MIN Dispersion coordinate at WLMIN [pix]

DISP_MAX Dispersion coordinate at WLMAX [pix]

LFSR Lower free spectral range wavelength limit [nm]

UFSR Upper free spectral range wavelength limit [nm]

WLMINFUL Wavelength at edge of detector (low wavelength end) [nm]
WLMAXFUL | Wavelength at edge of detector (high wavelength end) [nm]

XMIN Pixel X coordinate at min wavelength order edge (NIR only) [pix]
YMIN Pixel Y coordinate at min wavelength order edge (NIR only) [pix]
XMAX Pixel X coordinate at max wavelength order edge (NIR only) [pix]
YMAX Pixel Y coordinate at max wavelength order edge (NIR only) [pix]

8.2 Line reference table

This table contains a list of emission lines from an arc lamp. The listed wavelengths refer to air values. The
table has a PRO.CATG of ARC_LINE_LIST_ARM and the columns in the table are described below:

Column Description
WAVELENGTH | Wavelength of the line (nm)
NAME Name of line (if any)
FLUX Expected central flux (e™)
COMMENT Any comment

8.3 X-Shooter model configuration table

This table provides the reference parameter values for the X-Shooter model configuration. The kit provides
proper model configuration tables to be used with the data. In case of significant spectral format changes, this
may need to be updated using the spectral format recovery procedure described in [3].
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8.4 Short list of arc lines for xsh_cfg_recover

To allow the user to recover possible spectral format shifts, we provide a table with the X and Y positions of a
short list of arc lines. The user should determine the positions of the lines on the shifted format-check frame.
This is one of the inputs to xsh_cfg_recover (PRO.CATG = XSH_MEASCOORD_ARM).

8.5 Line reference table for flexure compensation corrections

This table contains only the arc lines used to compute the flexure compensation corrections (PRO.CATG =
ARC_LINE_LIST_AFC_ARM). For UVB and VIS there is only one reference wavelength for which the shift
can be reliably measured (due to the ADC distorting other wavelengths). These lines are Hg 404.6 nm for UVB
and Ne 633 nm for VIS. For NIR any line list can be used since the NIR arm has no ADC along the optical path.

8.6 Standard stars flux table

This table contains photometrically aligned model spectra spectra for a given list of standard stars in units of
erg-cm~2- s~ A~1. Its TAG should be FLUX_STD_CATALOG_ARM. Current pipeline release provides a
catalog with seven flux standards: GD71, Feige 110, GD153, LTT3218, LTT7987, EG21, EG274.

8.7 Atmospheric extinction table

This table provides the extinction coefficient as a function of the wavelength expressed in nm. The curve com-
piled by Patat et al. (A&A, 527, A91, 2011) has been replaced by a typical LBLRTM model spectrum for
Paranal, which covers the range 300 nm—-1099.4 nm. We interpolated across the regions of strong telluric ab-
sorption in the VIS range (585.5nm-599.2 nm, 626.1 nm—634.9 nm, 643.8 nm—660.0 nm, 682.1 nm—709.4 nm,
712.7nm-743.4nm, 756.2nm-773.1 nm, 780.1 nm—861.3 nm, 879.8 nm—1033.8 nm, >1050nm). Since the
model is not an actual fit to the data we added 0.03 mag (well below the measurement uncertainties) to the
extinction values to get them better aligned to the FORS2 data points reported by Patat et al. (2011). Its
PRO.CATG is ATMOS_EXT_ARM. In NIR, the pipeline assumes no atmospheric extinction.

8.8 Table with wavelengths to fit response

The X-shooter pipeline uses stellar model spectra as reference spectra to determine the response from flux
standard star observations. In some cases the line profiles in these reference spectra deviate on a 1-2% level from
the actually observed ones. Thus the ratio of reference to observed spectrum may show residuals at the places
of strong lines. In order to avoid such residuals and regions of strong telluric absorption the pipeline uses pre-
defined points along the spectrum to fit the response (RESP_FIT_POINTS_CAT_ARM). They were optimized
on NODDING flux standard star data (observed regularly since May 2011), so for OFFSET flux standard star
data some changes may be necessary. The user should keep in mind that the response is interpolated between the
tabulated points. Larger regions without fit points (e.g. the wavelength ranges 1300 nm — 1500 nm and 1700 nm
— 1980 nm in the NIR arm) are purely interpolated, which may or may not give a good approximation to the true
response.
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8.9 Table with telluric model spectra

The X-shooter pipeline from release 2.2 offers the possibility to apply atmospheric telluric lines in the VIS
and NIR wavelength ranges. This is possible by providing in input of the response recipe a FITS table that
is part of the kit delivery and has PRO.CATG set to TELL_MOD_CAT_ARM!? (ARM=VIS or NIR). Usually
corresponding response computation, when this table is provided in input of the response recipes, is more
accurate (despite recipe execution time increases significantly).

8.10 Sky Lines reference table

To control sky subtraction quality in the recipes xsh_scired_slit_stare and xsh_scired_ifu_stare the user may
provide an input reference line list with sky lines. This should be tagged as SKY_LINE_LIST_ARM and it has
the same format as the arc lamp line reference table.

8.11 Reference bad pixel map

The kit release provides reference bad pixel maps for each arm which map the locations of known bad pixels
(e.g. bad columns). The TAG is BP_MAP_RP_ARM. The pixel code associated with the reference bad pixel
map is 128 (see 11.2).

subsection
Reference IFU_CFG_TAB_ARM Table to control IFU reconstructed cube quality

The IFU_CFG_TAB_ARM table contains the polynomial coefficients used to reconstruct the IFU geometry and
is used by the recipes xsh_scired_ifu_offset and xsh_scired_ifu_stare

As described in section 11.36 the accuracy of the IFU cube reconstruction depends on the value of a few
coefficients that affect the wavelength dependency of the spatial coordinates in the satellite IFU slices with
respect to the central one (see equations 13, 14). We recommend users to always check the accuracy of the cube
reconstruction by looking at overall accuracy of the IFU object traces in the product TRACES_OBRJ_IFU_ARM
for a (bright) standard star observation that is usually provided together with the object observation in IFU
mode. If the accuracy of trace overlap is worse than (.5 spatial pixels, the user should try to overwrite the hard
coded values of the coefficients of equations 13, 14 with appropriate values in the table IFU_CFG_TAB_ARM
(provided in the pipeline kit distribution). The new values for the science reduction can be obtained from an
optimization of the IFU cube reconstruction for the standard star observation.

8.12 Sky map (NIR arm)

In NIR arm several sky lines are bright and sharp enough that they may be flagged as cosmics. To prevent this
to happen the user may input a static bad pixel map. This may affect sky subtraction quality in stare mode using
BSPLINE method. For each slit width setting a sky map has been obtained combining sky observations, via

19The default telluric catalog for the NIR may provide insufficient correction for data taken during nights with high precipitable water
vapour (PWV) content. A catalog extending to higher PWV values is available at www.eso.org/pipelines
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stacking, to increase the SNR ratio, detecting the strong sky lines with an algorithm that identifies pixels with
strong gradients, and later applying a dilation filter.

8.13 SKY_SUB_BKPTS_ARM table

A user can control the number of sampling points used in stare mode with the BSPLINE method via a reference
table with PRO.CATG = SKY_SUB_BKPTS_ARM. This table specifies for each order a factor that is applied
to the value of the parameters sky-bspline-nbkpts-first and sky-bspline-nbkpts-second when modeling the
corresponding sky spectrum.
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9 Data Reduction

9.1 Data reduction overview

In order to fully reduce a set of X-Shooter data, including calibration and science frames, the following data
reduction problems need to be solved:

9.2

If a proper model configuration file is not available, then the instrument model configuration parameter
values that accurately describe the X-Shooter spectral format need to be determined.

If reducing data in poly mode, then tables with predicted pinhole locations need to be built.
The instrument spectral format needs to be determined.

The detector bias and dark current levels should be measured and subtracted.

The echelle orders need to be traced in a robust manner.

The detector pixel-to-pixel sensitivity variations, and the blaze function, need to be measured and cor-
rected for.

A 2D transformation to rectify the X-Shooter spectral format should be derived and used to wavelength-
calibrate the spectra.

The wavelength shift between the solution obtained on the multi-pinhole frame and the slit/ifu-arc frames
needs to be corrected for.

The telescope+instrument+detector system efficiency and response should be determined.
Instrument flexures, particularly relevant for IFU cube reconstruction quality, should be determined.

The science data acquired either in stare, offset or nodding modes, with a slit or an IFU, should be
corrected and calibrated for all of the above effects, including also cosmic ray removal and sky subtraction,
2D and 1D extraction, order merging, and, in the case of IFU data, reconstruction of a 3D data cube.

Required input data

To be able to reduce science data one needs to use raw, product data and recipes in a given sequence which
provides all the necessary input to each pipeline recipe. We call this sequence data reduction cascade. The
X-Shooter pipeline involves the raw input data listed in Section 7, the recipe output data listed in Section 10,
and the static calibration data listed in Section 8.

9.3

Reduction cascade

The X-Shooter data reduction follows the sequence shown in the Re f1ex workflow (see Figure 9.1). See also
Section 5.4 for a written description of the cascade.
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Figure 9.1: The X-Shooter calibration cascade (physical mode).
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10 Pipeline Recipe Interfaces

In this Section we provide tables for each recipe which list the required input data and the output products,
along with their classification tags. Each image product has three extensions. The 1st extension contains the
pixel values, the 2nd extension contains the pixel uncertainties, and the 3rd extension contains the bad pixel
map. The column “type” indicates what kind of data the user has:

e raw, raw frames.

« ref, reference frames needed by some data reduction recipe.

cdb, pipeline products involved in the data reduction chain.

pro, additional pipeline products.

The column “n” of the input table indicates the number of required input frames using the following convention:

1 for a single frame,
* + for one or more input frames,

¢ | for recommended input frames,

? for input frames which are optional.

The column “PRO.CATG” in the output table lists the header keyword used to classify each product and to
associate the correct calibration frame to each raw frame. Optional products are flagged with a “*” sign in the
ID column.

In the following we use general names for files, products and frame TAG values, where the string “ARM” may
be replaced by “UVB”, “VIS”, or “NIR”.

Each recipe have the following common parameters.

parameter default | help

keep-temp no If ’no’, temporary files are deleted.

debug-level | none Additional xshooter debug level. One of 'none’, "low’, *'medium’, *high’.
time-stamp | FALSE | Add timestamp to product file name.

The parameter decode-bp have for all recipes, except xsh_respon_slit_nodand xsh_scired_slit_nod
the following setting:

parameter | default help
decode-bp | 2140143615 | Integer representation of the bits to be considered bad when decoding the bad pixel mask values.

For the recipes xsh_respon_slit_nodand xsh_scired_slit_nod,decode-bp has value 1737490431.

The parameter decode-bp is a sum of bit-codes, each equal to a power of 2 (2"*,n = 0, ..., 31). The meaning of
the bit-codes are described in Table 11.2. If the user wants to consider pixels with certain flags set as bad pixels,
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then the relevant bit-codes must be contained in the value of decode-bp. For example, the decode-bp value of
41096=8+128+8192+32768 means that pixels which are flagged with any of the codes 8, 128, 8192 or 32768
will be considered as bad pixels. Setting decode-bp=0 means that no pixels will be considered bad, and setting
decode-bp=2147483647=(23'-1) means that a pixel is bad if at least one flag is set.

The default value of decode-bp is set to 2140143615=(23' -1)-1048576-2097152-4194304. In other words, all
pixel flags are considered bad except for those pixels flagged as having an “extrapolated flux”, zero or negative

values in the raw data, or are interpolated during the standard extraction of the one-dimensional spectrum (see
Table 11.2).

For the recipes xsh_respon_slit_nod and xsh_scired_slit_nod, decode-bp has value
1737490431=2140143615-268435456-134217728, as it is assumed that the pixel codes for scaled nod data and
incomplete nod data are good (incomplete not data are corrected by pixel scaling during extraction in the spatial
region used for extraction).

While preparing release 2.9.0 we noted that in NIR (where most of the flagged pixels are either pixels where
the signal was extrapolated or negative, whose corresponding quality is considered good) in several cases at
the flagged pixels the CPL resampling encounter problems, that are flagged with the code 524288 (“MISSING
DATA”). In conclusion after resampling good NIR pixels may be be flagged as bad. If the user would like to
recover such data, he/she may change the value of decode-bp to 2139619327 (2140143615-524288).

Every input raw data is preliminarly checked making sure that intensities are appropriate: above overscan value
and below saturation. Pixel intensities below the overscan value are flagged as negative (22!). Pixel values
above the saturation threshold are flagged as ADC saturation (2'?) in case of UVB, VIS data and NIR data with
DIT*NDIT < 1.2 s, and as saturated data (2%°) in case of NIR data with DIT*NDIT >= 1.2 s. The saturation
threshold is 65000 ADU for UVB, VIS and in NIR 45000 ADU if DIT*NDIT < 1.2 s else 42000 ADU). Each
recipe writes the QC parameters QC.NPIXSAT, the number of saturated pixels, and QC.FPIXSAT, the fraction
of saturated pixels, accordingly.

A full description of each recipe parameter may be obtained by running the command

esorex - -params <recipe_name>, or esorex - -help <recipe_name> or esorex - -man-page <recipe_name>,
or by looking at the Recipe Input Parameters section of the dedicated Gasgano window. Also, the role of the
most relevant parameters is described in Section 11.

Quality control measurements are listed and briefly described. These are stored in the corresponding pipeline
products. More information on instrument quality control can be found at www.eso.org/gc.

In the case of pipeline products of science recipes we use a common prefix (“PREF_") for each of the prod-
uct filenames and PRO.CATGs. This is set via the following schema. “PREF’="OBJECT”_"MODE”, where
OBJECT is set to “FLUX"” in the case of flux standard observations, “TELL” in the case of telluric standard
observations, “OBJ” in the case of other science observations, and MODE is set to "SLIT", or "IFU" as appro-
priate.

In order to keep to a minimum the number of recipe parameters and still be able to support in a robust manner
data reduction of three different arms each having different features, we have adopted the following solution.
The recipes have parameter defaults that allow robust data reduction. In a few cases, some critical parameters
need to have different default values for different arms. If the user has not set these critical parameters, then the
recipe automatically sets appropriate arm-dependent values. Such parameters and their values are indicated for
each recipe in the corresponding parameters section. To help the user to identify them on command line, if they
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have a numerical value, then they are defaulted to -1, and if they have a string value, then they are defaulted to
“auto’. If the user wants to perform the data reduction with a different parameter value, then the recipe employs
the user choice. We recommend that the user first runs the data reduction using the parameter defaults. Then,
when he/she has acquired more familiarity with the data reduction, eventually try to change parameters, starting
with the critical ones, and using the quality control checks to decide on the value that is optimal for the user’s
data. In the case of numerical value parameters, if the user sets a value outside the indicated min/max values,
then the recipes automatically set the parameter defaults.

10.1 General Recommendations

* The user should use the same spectral format table (SPECTRAL_FORMAT_TAB_ARM) through all data
reduction steps. This may be a product of xsh_util_physmod, or a reference table. We provide a reference
table as part of the com4 calibration data, and the corresponding instrument model configuration file, and
we recommend that the user employs the reference table provided in the pipeline kit.

* To reduce IFU data, the user must improve relevant pipeline products (model configuration in physical
model mode, 2D mapping in poly mode) to correct for flexure.

10.2 xsh_util_physmod

This recipe is used to generate theoretical maps containing the instrument spectral format layout corresponding
to a given model configuration and list of reference arc lines, to be later on used in poly mode data reduction.

10.2.1 Input

UVB,VIS,NIR

type | TAG n | bin | RO
ref XSH_MOD_CFG_TAB_ARM | 1 | - -
ref ARC_LINE_LIST_ARM 1] - -

The input files are described in Sections 8.2 and 8.3.

10.2.2 Output

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 | THEO_TAB_MULT_ARM cdb | Pinhole positions for poly mode
1 THEO_TAB_IFU_ARM cdb | Pinhole positions for poly mode
2 | THEO_TAB_SING_ARM cdb | Pinhole positions for poly mode
3% | SPECTRAL_FORMAT_TAB_ARM | pro | Spectral format table

4*% | WAVE_MAP_ ARM pro | Wave map
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| 5% | SLIT_MAP_ARM | pro | Slit map

The THEO_TAB_SING_ARM is used to process frames with a single trace corresponding to the central pinhole
(format-check, orderdef) and slit-arcs. The THEO_TAB_MULT_ARM is used to process frames with all multi-
pinhole traces. The THEO_TAB_TFU_ARM is used to process IFU arc frames.

The SPECTRAL_FORMAT_TAB_ARM is an additional product. We recommend the user to use the reference
one provided in the kit. The last two products are generated if wavemap is set to TRUE. These are used later in
rectification and wavelength calibration steps in the science data reduction recipes. The WAVE_MAP_ARM is a
FITS image in which each pixel contains the value of the wavelength that would arrive at the centre of that pixel
(for the centre of the slit). The SLIT_MAP_ARM is a FITS image in which each pixel contains the value of the
slit position that would arrive at the centre of that pixel.

10.2.2.1 Theoretical table (THE) This table is provided by the X-shooter physical model and gives the
expected position on the detector (X,Y") for positions in the space (A, n,s) corresponding to arc lines from
single or multi-pinhole exposures.

Column Description Type Unit
Wavelength | Central wavelength of the line float nm
Order Absolute order number integer | none
slit_index Number of the pinhole (0-8) integer | none
slit_position | Position on the slit float "
detector_x Corresponding X position on the detector | double | pix
detector_y Corresponding Y position on the detector | double | pix

10.2.3 Quality control

No quality control parameters are computed.

10.2.4 Parameters

alias default | min | max | units
binx 1 1 2 pix
biny 1 1 2 pix
spectral-format-tab | FALSE

wavemap FALSE

10.2.5 Recommendations and issues

A user performing data reduction in poly mode may verify that the accuracy of the reference physical model
configuration file is good enough that the corresponding THE tables (THEO_TAB_SING_ARM,
THEO_TAB_MULT_ARM) can be used in the data reduction chain. In poly mode, we recommend to perform
this step before starting to execute the xsh_predict and xsh_2dmap recipes. The commands to be executed are
(FITS file names correspond to PRO.CATG value and ends in ’ fits’):

$TDIR/test_xsh_the_map THEO_TAB_SING_VIS fits



Doc: VLT-MAN-ESO-14650-4840

ESO X-Shooter Pipeline User Manual Issue: Issue 3.8.15
Date: Date

Page: 59 of 185

ds9 FMTCHK_ON_VIS fits -region THEMAP.reg
$TDIR/test_xsh_the_map THEO_TAB_MULT_VIS fits
ds9 -region WAVE_VIS fits THEMAP.reg

10.3 xsh_lingain

This recipe is used to find pixels that respond to different flux levels in a different way to the majority of pixels
and therefore are candidates for being bad pixels. The recipe produces a pixel mask flagging these pixels with
the value 32768. This reduction step is useful for information purposes but is not strictly necessary, with the
UVB/VIS detectors possessing very few such pixels.

10.3.1 Input

Flat frames must be provided as pairs with the same integration time (or DIT). The number of raw frames should
be a multiple of four (usually 40) for NIR and of two (usually 32) for UVB/VIS frames. For UVB/VIS, the off-
frames can be any number greater than zero, usually five, and for NIR the off-frames must be the same as the
number of on-frames.

UVB,VIS
type | TAG n bin RO
raw LINEARITY_ARM ON 8.n any -
raw | LINEARITY_ARM_OFF | 1.n | match | match
ref | BP_MAP_RP_ARM ? match | -

NIR

type | TAG n bin

raw LINEARITY_NIR_ON 8.n | 1x1

raw LINEARITY NIR_OFF | 8&.n | 1x1

ref BP_MAP_RP_ NIR ? match

Note that linearity frames have been acquired regularly only after January 1st 2010. They may be retrieved from
the ESO archive via the X-shooter specific form by selecting the templates:
XSHOOTER_gen_tec_UVBCCDLin, XSHOOTER_gen_tec_VISCCDLin, and
XSHOOTER_gen_tec_NIRDetLin. Note also that all templates before Period 85 (April 1st 2010) have
name SHOOT_xxx in place of XSHOOTER_xxx. For this recipe the file tag above specified refers to EsoRex
data reduction. We recommend the user to perform X-shooter data reduction using reflex. If the user prefers
to reduce lingain data with gasgano, and uses the XSHOOT.prefs preference file delivered with the kit, the lin-
earity frames will be classified as DETMON_LAMP_ON, DETMON_LAMP_OFF. This classification is valid
only executing the recipes detmon_opt_lg or detmon_opt_ir, delivered with the detmon pipeline kit. This means
the user should also install the detmon kit, available at the same URL as this pipeline. Alternatively the user
may replace DETMON_LAMP_ON by LINEARITY_ARM_ON and DETMON_LAMP_OFF by LINEAR-
ITY_ARM_OFF (ARM=UVB, VIS, NIR) and run the xsh_lingain recipe of the X-shooter pipeline. If the user
reduces linearity data via reflex the workflow itself takes care to classify the data properly.
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10.3.2 Output
UVB,VIS,NIR
ID | PRO.CATG type | Note
0 DET_LIN_INFO_ARM qc Table with linearity results
1 | GAIN_INFO_ARM qc Table with detector gain results
2 | COEFFS_CUBE_ARM pro | Data cube with polynomial fit coefficients
3 RAW_BP_MAP_NL_ARM | pro | Map with non-linear pixel locations in RAW format.
Pixel values represent the degree of the
polynomial term with the outlier coefficient.
4 BP_MAP NI_ARM pro | Map with non-linear pixel locations in PRE format

For each distinct DIT/EXPTIME value, the linearity table (DETLIN_INFO_ARM) logs:

Name Description

DIT Detector integration time [s]

MED Median intensity of [(on1 — of f1) + (on2 — of f2)]/2 [ADU/s]
MEAN Mean intensity of [(on1 — of f1) + (on2 — of f2)]/2 [ADU/s]
MED_DIT Ratio MED / DIT [ADU/s]

MEAN_DIT Ratio MEAN / DIT [ADUY/s]

ADL Column DIT multiplied by mean value of column MED_DIT [ADU]
ESO DET WINI1 DIT1 | Actual exposure time (UVB/VIS only) [s]

For each distinct DIT value, the gain table (GAIN_INFO_ARM) logs:

Name Description

DIT Detector integration time [s]

MEAN_ONI1 Mean intensity of on1 [ADU]

MEAN_ON?2 Mean intensity of ong [ADU]

MEAN_OFF1 Mean intensity of of f1 [ADU]

MEAN_OFF2 Mean intensity of of fo [ADU]

SIG_ON_DIF Standard deviation 0y, 4; ¢ in 01 — onz[ADU]
SIG_OFF_DIF | Standard deviation o4 4 in of f1 — of f2 [ADU]

GAIN (<on1 >+ <onz>—<offt >—<offe >)/(Jgnd2‘f _Ugfdif)
AUTOCORR Auto-correlation coefficient

GAIN_CORR GAIN / AUTOCORR * DIT / NDIT

ADU (Koni >+ <ony>—<offi >—<offa>)/2
X_FIT Independent (X) variable used in the fit

X_FIT_CORR | Independent (X) variable used in the fit (auto-correlation active)
Y_FIT Dependent (Y) variable used in the fit

The cube of polynomial coefficients is created only if the parameter pix2pix is set to TRUE (default behaviour
for this recipe). It contains (order + 1) planes, where each pixel in the ith plane contains the value of the fitted
polynomial coefficient of degree i for that position. The difference and auto-correlation images are only created
if intermediate is set to TRUE (default behaviour for this recipe is FALSE). They represent intermediate steps
of the auto-correlation coefficient computation.

10.3.3 Quality control

The recipe computes the following QC parameters:
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QC.CONAD, the Analog to Digital conversion factor [e”/ADU].

QC.GAIN, the detector gain [ADU/e™].

QC.GAIN.ERR, the error associated to the gain computation [ADU/e™].

QC.RON, the read out noise [e™].

QC.METHOD, a parameter that indicates the method applied to determine the previous quantities (Photon
Transfer Curve method or median).

QC.COUNTS.MIN, the minimum median value used in the linearity test (in a user defined region) [ADU].
QC.COUNTS.MAX, the maximum median value used in the linearity test (in a user defined region) [ADU].
QC.LIN.EFF, the effective non-linearity correction.

QC.LIN.EFF.FLUX, the flux level at which effective non-linearity correction is computed.

QC.LIN.COE-F;i, the value of the linearity coefficient i.

QC.LIN.COEFi.ERR, the error value of the linearity coefficient i.

QC.FPN, the detector fixed pattern noise.

QC.ERREFIT, an estimate of the error of the fit (sum of squares of distances of data points from model values).
QC.NUM.BPM, the number of bad pixels detected according to polynomial information.

10.3.4 Parameters

alias default min | max | units
method PTC

order 3

kappa 3.0

niter 5

1Ix -1 pix
1y -1 pix
urx -1 pix
ury -1 pix
ref_level 10000 ADU
intermediate FALSE

autocorr FALSE

collapse TRUE

rescale TRUE

pix2pix TRUE

bpmbin FALSE

m 26 pix
filter -1 ADU
n 26 pix
tolerance 0.1 pix
pafgen FALSE

pafname xsh_lingain

exts 0

fpn_method HISTOGRAM

fpn_smooth 13 pix
saturation_limit 65535.0 ADU
coeffs_cube_split | FALSE

1Ix1 -1 pix
13%1 1 pix
urx1 1 pix
uryl 1 pix
11x2 -1 pix
1ly2 -1 pix
urx2 -1 pix
ury2 1 pix
11x3 1 pix
Iy3 1 pix
urx3 1 pix
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ury3
11x4
1ly4
urx4
ury4
11x5
1ly5
urx5s
uryS

[ S T T T T B B |
e e e e e e

pix
pix
pix
pix
pix
pix
pix
pix
pix

If the user does not set different values the recipe automatically sets the following arm dependent values
for the corresponding parameters:

On this recipe there is no check on min/max allowed parameter values.

parameter | default actual used value

uvb vis nir
pix2pix TRUE FALSE | FALSE | TRUE
bpmbin FALSE | FALSE | FALSE | TRUE
kappa 3.0 5.0 9.0 9.0

The most important parameters are

kappa and niter controlling the kappa-sigma clipping of non-linear pixels. The user may also set an appropriate
value for the parameter saturation_limit to ignore frames with a median intensity level above this threshold.
To reduce NIR arm the parameter autocorr should be set to TRUE.

10.3.5 Recommendations and issues

See Section 6.

For information on the algorithms implemented in this recipe, please see the detmon documentation [17].

10.4 xsh_mbias

This recipe creates a master bias frame and is not executed for NIR.

10.4.1 Input

10.4.2 Output

UVB,VIS

type | TAG n | bin RO
raw | BIAS ARM + | any -
cdb BP_MAP_NI_ARM | ? | match | -
ref BP_MAP RP_ARM | ? | match | -

UVB,VIS
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ID | PRO.CATG type | Note

0 MASTER_BIAS ARM | cdb | Master bias

10.4.3 Quality control

This recipe computes the following quality control parameters:

QC.NPIXSAT, Number of detector saturated pixels.

QC.FPIXSAT, Fraction of detector saturated pixels.

QC.MBIASAVG, the average value of the master BIAS (excluding bad pixels) [ADU].
QC.MBIASMED, the median value of the master BIAS [ADU].

QC.MBIASRMS, the RMS of the master BIAS frame (excluding bad pixels) [ADU].
QC.STRUCTXij, the Slope in BIAS frame in the X direction on region i (i=1,2). The frame is collapsed in the
Y direction (excluding bad pixels) and fitted by a linear expression.

QC.STRUCTYi, the BIAS Y structure (see 11.9).

QC.RONi, the Read Out Noise in the user defined region i [ADU].

QC.RONi.ERR Error on QC.RONi [ADU].

QC.RON.MASTER, the Read Out Noise measured on the master frame [ADU].
QC.FPN.MASTER, the Fixed Pattern Noise measured on the master frame.

QC.FPN.STD, the standard deviation of the Fixed Pattern Noise.

QC.FPN.STDMAD, the median absolute deviation based standard deviation

of the Fixed Pattern Noise.

QC.STDRATi, QC.FPN.STD / QC.FPN.STDMAD for each frame (i=1,...,5).
QC.STD.MAX, Maximum of QC.STDRAT:.

EXTNAME, The five extensions are now named BIAS_PN 1, BIAS PN _2, ..., BIAS_PN 5.
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10.4.4 Parameters
alias default | min | max | units
stack-method | median
klow 5 0 100
khigh 5 0 100
Note that the default parameters are robust.
Additional recipe input parameters, used only for QC, are:
alias default | min | max units
refl_llx -1 1 sizex pix
refl_lly -1 1 sizey pix
refl_urx -1 1 sizex pix
refl_ury -1 1 sizey pix
ref2_llx -1 1 sizex pix
ref2_lly -1 1 sizey pix
ref2_urx -1 1 sizex pix
ref2_ury -1 1 sizey pix
ron_lIx -1 1 sizex pix
ron_lly -1 1 sizey pix
ron_urx -1 1 sizex pix
ron_ury -1 1 sizey pix
ron_hsize 4 0 min(sizex,sizey) | pix
ron_nsamples 100 1 min(sizex,sizey)
fpn_llx -1 1 sizex pix
fpn_lly -1 1 sizey pix
fpn_urx -1 1 sizex pix
fpn_ury -1 1 sizey pix
fpn_hsize 2 0 min(sizex,sizey) | pix
fpn_nsamples 100 1 min(sizex,sizey)
struct_refx -1 0 pix
struct_refy -1 0 pix
random_sizex 10 1 min(sizex,sizey) | pix
random_nsamples 100 1 min(sizex,sizey)
pd_noise_compute | FALSE bool
pd_noise_dc_x 1 1 4096 pix
pd_noise_dc_y 1 1 4096 pix

10.4.5 Recommendations and issues

None.

10.5 xsh_mdark

This recipe creates a master dark frame. Creation of a master dark frame is necessary for NIR, but not for
UVB/VIS, since the dark current for the UVB/VIS detectors is negligible. In NIR, the master dark frame is only
necessary for single-science-frame reductions.

10.5.1 Input
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10.5.2 Output

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 MASTER_DARK_ARM | cdb | Master dark

1 DARK_ON_ARM qc First dark frame in PRE format
1 DARK_QC_ARM qc Last dark frame in PRE format

10.5.3 Quality control

The recipe computes the following quality control parameters:
QC.NPIXSAT, the number of saturated pixels.
QC.FPIXSAT, the fraction of saturated pixels.

QC.CRRATE, the number of detected cosmic ray hits per surface unit (cm2) and per second.

QC.NCRH, the number of detected cosmic ray hits.

QC.NCRH.AVG, the average number of cosmic ray hits per frame.
QC.BP-MAP.PICKUP.NOISEPIX, the number of pickup noise pixels.
QC.NHPIX, the number of noisy pixels.

QC.MDARKAVG, the average value of the master dark (excluding bad pixels) [ADU].
QC.MDARKMED, the median value of the master dark (excluding bad pixels) [ADU].

QC.MDARKRMS, the RMS of the master dark frame (excluding bad pixels) [ADU].
QC.NORMFPN, the fixed pattern noise value normalized to 1s exposure.
QC.NORMFPN.ERR, the fixed pattern noise error normalized to 1s exposure.
QC.FPN, the fixed pattern noise value.

QC.FPN.ERR, the fixed pattern noise error.

QC.MDARK.CONTAM, detector contamination in a region.

10.5.4 Parameters
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UVB,VIS
type | TAG n | bin RO
raw | DARK_ARM + | any -
cdb | MASTER_BIAS_ARM | ? | match | match
cdb | BP_MAP_NI_ARM ? | match | -
ref BP_MAP_RP_ARM ? | match | -
NIR
type | TAG n | bin
raw | DARK_NIR 3] 1x1
cdb | BP_MAP_NIL_NIR | ? | match
ref BP_MAP_RP_NIR | ? | match
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alias default | min | max | units

pre-overscan-corr | 1 0 6

stack-method median

klow 5 0 100

khigh 5 0 100

Note that the default parameters are robust.

Additional recipe input parameters, used only for QC, are:

alias default | min | max units
bp-output FALSE

crh-clip-kappa -1.0 0 20

crh-clip-niter 3 0 100

crh-clip-frac 0.7 0 1

noise-clip-kappa 9.0 0 20

noise-clip-niter 5 1 100

noise-clip-frac 0.7 0 1

noise-clip-diff 0.0 0 1

noise-lower-rejection 10.0 0 100
noise-higher-rejection | 10.0 0 100

refl_llx -1 1 sizex pix
refl_lly -1 1 sizey pix
refl_urx -1 1 sizex pix
refl_ury -1 1 sizey pix
ron_llx -1 1 sizex pix
ron_lly -1 1 sizey pix
ron_urx -1 1 sizex pix
ron_ury -1 1 sizey pix
ron_hsize 4 0 min(sizex,sizey) | pix
ron_nsamples 100 1 min(sizex,sizey)
fpn_llx -1 1 sizex pix
fpn_lly -1 1 sizey pix
fpn_urx -1 1 sizex pix
fpn_ury -1 1 sizey pix
fpn_hsize 2 0 min(sizex,sizey) | pix
fpn_nsamples 100 1 min(sizex,sizey)

10.5.5 Recommendations and issues

* This recipe can only process darks that have the same exposure time.

e In UVB/VIS, the master dark is normalised to an exposure time of 1 s. In NIR, the master dark has the
same exposure time as the input darks.

* In NIR, the dark frames are not bias subtracted because there is an unknown bias level present. Therefore
the master dark frame for NIR is only suitable for reducing target frames with the same DIT.

10.6 xsh_predict

This recipe generates guess line and order tables that predict the positions of arc-lines and order-edges on a
format-check frame using a physical model of X-shooter that takes into account information on the atmospheric
pressure, temperature and the instrument setting provided by the FITS header of the raw format-check frame.
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10.6.1 Input
Physical model mode (recommended):
UVB,VIS
type | TAG n | bin RO
raw | FMTCHK_ARM 1| 1x1 -
ref SPECTRAL_FORMAT_TAB_ARM | 1 | - -
ref ARC_LINE LIST_ ARM 1] - -
ref | XSH_MOD_CFG_TAB_ARM 1] - -
cdb | MASTER_BIAS ARM ? | match | match
cdb | MASTER_DARK_ARM ? | match | match
cdb | BP_MAP NIL_ARM ? | match | -
ref BP_MAP_RP_ARM ? | match | -
NIR
type | TAG n | bin
raw FMTCHK_NIR_ON 1 1x1
raw FMTCHK_NIR_OFF 1] 1x1
ref SPECTRAL_FORMAT TAB NIR |1 | -
ref ARC_LINE_LIST_NIR 1] -
ref | XSH_MOD_CFG_TAB_NIR 1] -
cdb BP_MAP_NI_NIR ? | match
ref BP_MAP_RP_NIR ? | match
Poly mode:
UVB,VIS
type | TAG n | bin RO
raw FMTCHK_ARM 1 1x1 -
ref SPECTRAL_FORMAT_TAB_ARM 1 - -
ref ARC_LINE_LIST_ARM 1 - -
cdb THEO_TAB_SING_ARM 1 - -
cdb MASTER_BIAS_ARM ? | match | match
cdb MASTER_DARK_ARM ? match | match
cdb BP_MAP_NL_ARM ? match -
ref BP_MAP_RP_ARM ? | match | -
NIR
type | TAG n | bin
raw FMTCHK_NIR_ON 1 1x1
raw FMTCHK_NIR_OFF 1 1x1
ref SPECTRAL_FORMAT_TAB_NIR 1 -
ref ARC_LINE_LIST_NIR 1 -
cdb THEO_TAB_SING_NIR 1 -
cdb BP_MAP_NL_NIR ? match
ref BP_MAP_RP_NIR ? | match




Doc: VLT-MAN-ESO-14650-4840
ESO X-Shooter Pipeline User Manual Issue: Issue 3.8.15
Date: Date
Page: 68 of 185

10.6.2 Output

Physical model mode:

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 | ORDER_TAB_GUESS_ARM cdb | Guess order table

1 FMTCHK_RESID_TAB_LINES_ARM | cdb | Line residuals table

2 | FMTCHK_ON_ARM qc Bias subtracted format-check frame

3 XSH_MOD_CFG_OPT_FMT_ARM cdb | Optimized physical model configuration table

The product table ORDER_TAB_GUESS_ARM contains in its first extension polynomial coefficients of the
order solution along Y at the slit centre, its upper and lower edges, the upper and lower IFU slices edges
positions along the slit, and the Y polynomial degree, the start and end Y trace position: CENCOEF0, EDGUP-
COEF0, EDGLOCOEFF0, SLICUPCOEFO, SLICLOCEF0, CENCOEF1, EDGUPCOEF1, EDGLOCOEFF]I,
SLICUPCOEF1, SLICLOCEF1, CENCOEF2, EDGUPCOEF2, EDGLOCOEFF2, SLICUPCOEF2, SLICLO-
CEF2, DEGY, STARTY, ENDY. The second extension logs for each traced order its fitted polynomial-model
trace position.

The product table FMTCHK_RESID_TAB_LINES_ARM contains the following columns:

Wavelength Arc-line wavelength [nm]

Order Absolute order number

Slit_position  Trace position relative to the slit’s centre [arcsec]

Slit_index The index value of the slit (pinhole number)

Xthpre X coordinate of the line position predicted by the model [pix]

Ythpre Y coordinate of the line position predicted by the model [pix]

XGauss X position of the line measured by Gaussian fitting [pix]

YGauss Y position of the line measured by Gaussian fitting [pix]

SigmaXGauss Fitted x-sigma of the Gaussian fit [pix]

SigmaYGauss Fitted y-sigma of the Gaussian fit [pix]

FwhmXGauss Fitted x-FWHM of the Gaussian fit [pix]

FwhmYGauss Fitted y-FWHM of the Gaussian fit [pix]

NormGauss Fitted line flux [ADU]

SN The ratio of the central pixel value to its uncertainty

Xpoly X position of the line given by the polynomial solution [pix; poly-mode]

Ypoly Y position of the line given by the polynomial solution [pix; poly-mode]

Xthanneal X position of the line given by the physical model after annealing [pix]

Ythanneal Y position of the line given by the physical model after annealing [pix]

ResidXPoly Difference between the measured (Gaussian fitting) and model X positions [pix; poly-mode]
ResidYPoly Difference between the measured (Gaussian fitting) and model Y positions [pix; poly-mode]
ResidXmodel Difference between the measured (Gaussian fitting) and updated physical model X positions [pix]
ResidYmodel Difference between the measured (Gaussian fitting) and updated physical model Y positions [pix]
Flag A flag indicating the line status (0 means everything is ok)

The product table XSH_MOD_CFG_OPT_FMT_ARM is an optimised physical model configuration file which
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enables the prediction of the line locations in single-pinhole exposures to within 0.2 pix using the physical
model. The configuration can be further optimised using 9-pinhole data (refining physical parameters that act
away from the slit centre) by supplying this table as input to xsh_2dmap (see Section 10.9).

Poly mode:
UVB,VIS,NIR
ID | PRO.CATG type | Note
0 WAVE_TAB_GUESS_ARM cdb Guess wave table
1 ORDER_TAB_GUESS_ARM cdb Guess order table
2 FMTCHK_RESID_TAB_LINES_ARM | qc Line residuals table
3 FMTCHK_ON_ARM qc Bias subtracted format-check frame

The product table WAVE_TAB_GUESS_ARM contains polynomial coefficients for the wavelength solution
along X and Y and the values of the polynomial order: DEGSLIT, DEGORDER, DEGLAMBDA.

10.6.3 Quality control

The recipe computes the following quality control parameters:

QC.NLINE.CAT, the number of arc lines in the input catalogue (arc line list).

QC.NLINE.FOUND, the number of lines from the arc line list that are detected in the format-check frame. Note
that this value can be greater than QC.NLINE.CAT because the line at the end of one order may also appear in
the echelle image at the start of the next order.

QC.NLINE.CAT.CLEAN, the number of arc lines in the subset of QC.NLINE.CAT after line detection (Gaus-
sian fit or centroid method) and clipping of S/N threshold outliers.

QC.NLINE.FOUND.CLEAN, the number of arc lines in the subset of QC.NLINE.FOUND after clipping of
S/N threshold outliers.

If executed in physical model mode: QC.MODEL.RESX_MIN, QC.MODEL.RESX_MAX,
QC.MODEL.RESY_MIN, and QC.MODEL.RESY_MAX, are the minimum/maximum X/Y residuals [pix] be-
tween the detected and the optimised model-predictions of the line positions.

If executed in poly mode: QC.POLY.RESX_MIN, QC.POLY.RESX_MAX, QC.POLY.RESY_MIN and
QC.POLY.RESY_MAX, are the minimum/maximum X/Y residuals [pix] between the detected and polynomial
model-predictions positions of the line positions.

QC.FMTCHK.POLY.DIFFXAVG, QC.FMTCHK.POLY.DIFFXMED, QC.FMTCHK.POLY.DIFFXSTD,
QC.FMTCHK.POLY.DIFFYAVG, QC.FMTCHK.POLY.DIFFYMED and QC.FMTCHK.POLY.DIFFYSTD, are
the mean/median/standard deviation of the residuals [pix] between the detected and polynomial model-predictions
positions of the line positions.

The recipe also computes for each order the minimum, maximum, mean and median values (QC.LINE.DIFSPECi,
SPEC=AVG,MIN,MAX,MED) of the difference in Y coordinate between adjacent detected lines. Of those val-
ues also the overall minimum, maximum, and the corresponding order where they occur are logged
(QC.LINE.DIFSPEC, SPEC=AVG,MIN,MAX,MED, QC.LINE.DIFSPEC.ORD, SPEC=MIN,MAX).

In the output residual table (FMTCHK_RESID_TAB_LINES_ARM)
the X,Y coordinates for arclines at the following wavelengths
for UVB, VIS and NIR arms, respectively
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QC.X.LL, QC.Y.LL: 303.350, 561.206, 1013.975.
QC.X.LR, QC.Y.LR: 550.999, 933.476, 2445.936.
QC.X.UL, QC.Y.UL: 325.750, 567.383, 992.319.
QC.X.UR, QC.Y.UR: 586.03, 1033.274, 2310.045.
Also written are:

QC.INTAVG.NORMTHAR = QC.INTAVG.THAR / EXPTIME

QC.INTAVG.NORMAR = QC.INTAVG.AR / EXPTIME
QC.INTAVG.NORMNE = QC.INTAVG.NE / EXPTIME
QC.INTAVG.NORMXE = QC.INTAVG.XE / EXPTIME




Doc: VLT-MAN-ESO-14650-4840
ESO X-Shooter Pipeline User Manual Issue: Issue 3.8.15
Date: Date
Page: 71 of 185
10.6.4 Parameters
alias default min | max units | physical mode | poly mode
pre-overscan-corr 1 0 6 Y Y
detectarclines-fit-win-hsize 6 0 60 pix Y Y
detectarclines-search-win-hsize 3 0 60 pix Y Y
detectarclines-running-median-hsize | 0 0 60 pix Y Y
detectarclines-wavesol-deg-lambda 5 0 10 N Y
detectarclines-wavesol-deg-order 5 0 10 N Y
detectarclines-ordertab-deg-y 2 0 10 Y Y
detectarclines-min-sn 5.0 0 200 Y Y
detectarclines-find-lines-center gaussian Y Y
detectarclines-clip-sigma 2.0 0 20 N Y
detectarclines-clip-niter 10 0 200 N Y
detectarclines-clip-frac 0.7 0 1 N Y
model-maxit 1000 0 10000 Y N
model-anneal-factor 1.0 0 1 Y N
model-scenario 3 0 8 Y N

The most important parameters are detectarclines-fit-win-hsize and detectarclines-search-win-hsize that con-
trol the line detection. Specifically, these parameters have to be small enough not to include a doublet but large
enough to be able to detect/fit the line.

10.6.5 Recommendations and issues

* To assess the accuracy of the physical model fit, the user can plot the line residuals (ResidXmodel, Resid Y-
model) versus wavelength in the output residual table (FMTCHK_RESID_TAB_LINES_ARM). Note
that the XSHOOTER workflow in Reflex has an interactive window that automatically displays this infor-
mation (and more; see Fig. 10.1).

» Bad pixel information is not used by this recipe and therefore changing decode-bp has no effect.

10.7 xsh_orderpos

This recipe is used to accurately trace the order centres.

10.7.1 Input

UVB

type | TAG n | bin RO
raw | ORDERDEF_D2_UVB 1] 1x1 -

raw | ORDERDEF_QTH_UVB ?7 | 1x1 -

ref | SPECTRAL_FORMAT_TAB_UVB | 1 | - -

cdb | ORDER_TAB_GUESS_UVB 1| 1x1 any
cdb | MASTER_BIAS_UVB ? | match | match
cdb | MASTER_DARK_UVB ? | match | match
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cdb | BP_MAP_NI_UVB ? | match | -
ref BP_MAP_ RP_UVB ? | match | -

Note that ORDERDEF_QTH_UVB frame will only be used if ORDERDEF_D2_UVB frame is not supplied.

VIS

type | TAG n | bin RO
raw | ORDERDEF_VIS 1| 1x1 -

ref SPECTRAL_FORMAT_ TAB VIS |1 | - -

cdb | ORDER_TAB_GUESS_VIS 11 1x1 any
cdb | MASTER_BIAS VIS ? | match | match
cdb | MASTER_DARK_VIS ? | match | match
cdb BP_MAP_NL_VIS ? | match | -

ref BP_MAP_RP_VIS ? | match | -
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Figure 10.1: Image of the xsh_predict interactive window in Reflex.
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NIR
type | TAG n | bin
raw | ORDERDEF_NIR_ON 1| 1x1
raw | ORDERDEF_NIR_OFF 1] Ix1
ref SPECTRAL_FORMAT_TAB_NIR | 1 | -
cdb | ORDER_TAB_GUESS_NIR 1| 1x1
cdb | BP_MAP_NL_NIR ? | match
ref BP_MAP_RP_NIR ? | match
10.7.2 Output
UVB,VIS,NIR
ID | PRO.CATG type | Note
0 | ORDER_TAB_CENTR_ARM cdb | Table tracing order centres
1 ORDERPOS_RESID_TAB_ARM | qc Order tracing residuals table
2 | ORDERDEF_ON_ARM qc Bias subtracted order frame

The product table ORDER_TAB_CENTR_ARM contains the following columns which define the detected
order traces:

ORDER Relative order number

ABSORDER Absolute order number

CENCOEFi Polynomial coefficients in Y for the order centroid postion (0 < ¢ < DEGY)
EDGUPCOEFi Polynomial coefficients in Y for the upper order edge position (0 < ¢ < DEGY)
EDGLOCOEFi Polynomial coefficients in Y for the lower order edge position (0 < ¢ < DEGY)
SLICUPCOEFi Polynomial coefficients in Y for the upper slice limit position (0 < ¢ < DEGY)
SLICLOCOEFi Polynomial coefficients in Y for the lower slice limit position (0 < 2 < DEGY)

DEGY Degree of polynomial in Y’
STARTY Y pixel coordinate for the start of the order trace (pix)
ENDY Y pixel coordinate for the end of the order trace (pix)

All the columns are present in the table, whatever the stage of the reduction. The undetermined coefficients are
set to zero. The X position of the centroid for a given order is calculated via:

n—1
X = Z Y? x CENCOEF; (1)
=0

The product table ORDERPOS_RESID_TAB_ARM fits contains the residuals of the fit to the order trace with
the following columns:

ORDER Absolute order number
X Measured X trace coordinate (pix)
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Figure 10.2: Image of the xsh_orderpos interactive window in Reflex.

Y Y trace coordinate (pix)
RESX Residual X trace coordinate (pix)
POLX Predicted X trace coordinate (pix)

10.7.3 Quality control

The recipe calculates the following quality control parameters:

QC.ORD.ORDERPOS.RESIDMIN, the minimum residual in the order X positions [pix].
QC.ORD.ORDERPOS.RESIDMAX, the maximum residual in the order X positions [pix].
QC.ORD.ORDERPOS.RESIDAVG, the mean residual in the order X positions [pix].
QC.ORD.ORDERPOS.RESIDRMS, the RMS of the residuals in the order X positions [pix].
QC.ORD.ORDERPOS.RESELMIN, the minimum residual in the order X positions after 2o-clipping [pix].
QC.ORD.ORDERPOS.RESELMAX, the maximum residual in the order X positions after 2o-clipping [pix].
QC.ORD.ORDERPOS.RESELAVG, the mean residual in the order X positions after 2o-clipping [pix].
QC.ORD.ORDERPOS.RESELRMS, the RMS of the residuals in the order X positions after 2o-clipping [pix].
QC.ORD.ORDERPOS.NDET, the number of detected orders.

QC.ORD.ORDERPOS.NPRED, the number of orders predicted by the physical model.

QC.NPIXSAT, the number of saturated pixels.

QC.FPIXSAT, the fraction of saturated pixels.

QC.FLUXi.MIN/MAX, the minimum/maximum counts along the order trace [ADU].
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10.7.4 Parameters

alias default | min | max | units
pre-overscan-corr 1 0 6
detectcontinuum-search-win-hsize 5 1 100 | pix
detectcontinuum-running-win-hsize | 0 0 100 | pix
detectcontinuum-fit-win-hsize 5 1 100 | pix
detectcontinuum-center-thresh-fac 0.0 0 1
detectcontinuum-ordertab-step-y 1 1 20 pix
detectcontinuum-ordertab-deg-y 5 0 10
detectcontinuum-clip-res-max 0.5 0 1 pix
detectcontinuum-clip-sigma 5.0 0 20
detectcontinuum-clip-niter 5 0 100
detectcontinuum-clip-frac 04 0 1

10.7.5 Recommendations and issues

» To assess the accuracy of the order tracing, the user can plot the order trace X residuals versus X and Y
in the output residual table (ORDERPOS_RESID_TAB_ARM). Note that the XSHOOTER workflow in
Reflex has an interactive window that automatically displays this information (and more; see Fig. 10.2).

10.8 xsh_mflat

This recipe creates a master flat frame, identifies hot and dead pixels, and traces the flat order edges.

10.8.1 Input

SLIT mode:
UVB
type | TAG bin RO
raw | FLAT_D2_SLIT_UVB any -
raw | FLAT QTH SLIT UVB any -
ref SPECTRAL_FORMAT_TAB_UVB
cdb ORDER_TAB_CENTR_UVB 1x1 any

match | match
match | match
match | match
match | match

cdb | MASTER_BIAS_UVB
cdb | MASTER_DARK_UVB
cdb | BP_MAP_NL_UVB
ref BP_MAP_RP_UVB

B I I B T ol =)
1
1

VIS

type | TAG n | bin RO
raw | FLAT_SLIT VIS + | any -

ref SPECTRAL_FORMAT_TAB VIS |1 | - -

cdb ORDER_TAB_CENTR_VIS 1| 1x1 any
cdb | MASTER_BIAS_VIS ? | match | match
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cdb | MASTER_DARK_VIS ? | match | match
cdb | BP_MAP_ NI_VIS ? | match | -
ref BP_MAP_RP_VIS ? | match | -
NIR
type | TAG n | bin
raw | FLAT_SLIT_NIR_ON + | 1x1
raw | FLAT_SLIT_NIR_OFF + | 1x1
ref SPECTRAL_FORMAT_TAB_NIR | 1 | -
cdb | ORDER_TAB_CENTR_NIR 1] 1x1
cdb | BP_MAP_NI_NIR 7| 1x1
ref BP_MAP_RP_NIR ?7 | 1x1

In case of NIR data obtained with the JH filter the user must use an alternative spectral format table provided in
the kit release tagged as SPECTRAL_FORMAT_TAB_JH_NIR.

IFU mode:
UVB
type | TAG n | bin RO
raw | FLAT D2 TIFU_ UVB + | any -
raw FLAT _QTH_IFU_UVB + | any -
ref SPECTRAL_FORMAT_TAB UVB | 1 | - -
cdb ORDER_TAB_CENTR_UVB 1 1x1 any
cdb | MASTER_BIAS_UVB ? | match | match
cdb | MASTER_DARK_UVB ? | match | match
cdb | BP_MAP_NI_UVB ? | match | match
ref BP_MAP_RP_UVB ? | match | match
VIS
type | TAG n | bin RO
raw | FLAT IFU_ARM + | any -
ref SPECTRAL_FORMAT_TAB _ARM |1 | - -
cdb | ORDER_TAB_CENTR_ARM 1| 1x1 any
cdb | MASTER_BIAS_ARM ? | match | match
cdb | MASTER_DARK_ARM ? | match | match
cdb BP_MAP_NL_ARM ? | match | -
ref BP_MAP_RP_ARM ? | match | -

NIR
type | TAG ‘ n ‘ bin
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raw | FLAT_IFU_NIR_ON + | Ix1

raw FLAT_IFU_NIR_OFF + | Ix1

ref SPECTRAL_FORMAT_TAB_NIR |1 | -

cdb ORDER_TAB_CENTR_NIR 1] Ix1

cdb | BP_MAP NI _NIR ? | match

ref BP_MAP_RP_NIR ? | match

10.8.2 Output

SLIT mode:
UVB
ID | PRO.CATG type | Note
0 ORDER_TAB_EDGES_QTH_SLIT_UVB | qc Table tracing QTH master flat edges
1 MASTER_FLAT_QTH_SLIT_UVB qc Bias, dark, inter-order background subtracted,
and normalised QTH master flat frame
2 MFLAT_QTH_BACK_SLIT_UVB qc QTH inter-order background frame
3 | MFELAT_QTH_GRID_BACK_SLIT_UVB | qc QTH table with background grid sampling points
4 ORDER_TAB_EDGES_D2_ SLIT_UVB qc Table tracing D2 master flat edges
5 | MASTER_FLAT_D2_SLIT_UVB qc Bias, dark, inter-order background subtracted,
and normalised D2 master flat frame
6 MFLAT_D2_BACK_SLIT UVB qc D2 inter-order background frame
7 MFLAT D2 GRID_BACK SLIT UVB qc D2 table with background grid sampling points
8 ORDER_TAB_EDGES_SLIT_UVB cdb | Table tracing combined master flat edges
9 MASTER_FLAT SLIT_UVB cdb | Bias, dark, inter-order background subtracted,
and normalised combined master flat frame
10 | MFLAT_BACK_SLIT_UVB qc Merged inter-order background frame
VIS,NIR
ID | PRO.CATG type | Note
0 ORDER_TAB_EDGES_SLIT_ARM | cdb | Table tracing master flat edges
1 MASTER_FLAT SLIT_ARM cdb | Bias, dark, inter-order background subtracted,
and normalised master flat frame
2 | MFLAT_BACK_SLIT_ARM qc Inter-order background frame
3 | MFLAT_GRID_BACK_SLIT_ARM | qc Table with background grid sampling points
IFU mode:
UVB
ID | PRO.CATG type | Note
0 | ORDER_TAB_EDGES_QTH_IFU_UVB | qc Table tracing QTH master flat edges
1 MASTER_FLAT QTH IFU_UVB qc Bias, dark, inter-order background subtracted,
and normalised QTH master flat frame
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2 | MFLAT_BACK_QTH_IFU_UVB qc QTH inter-order background frame
3 ORDER_TAB_EDGES_D2_ IFU UVB qc Table tracing D2 master flat edges
4 MASTER_FLAT_D2_IFU_UVB qc Bias, dark, inter-order background subtracted,
and normalised D2 master flat frame
5 MFLAT_BACK_D2_IFU_UVB qc D2 inter-order background frame
6 | MFLAT_GRID_BACK_IFU_UVB qc Table with background grid sampling points
7 ORDER_TAB_EDGES_IFU_UVB cdb | Table tracing combined master flat edges
8 | MASTER_FLAT_IFU_UVB cdb | Bias, dark, inter-order background subtracted,
and normalised combined master flat frame
9 | MFLAT_BACK_IFU_UVB qc Merged inter-order background frame
VIS,NIR
ID | PRO.CATG type | Note
0 ORDER_TAB_EDGES_IFU_ARM | cdb | Table tracing master flat edges
1 | MASTER_FLAT_IFU_ARM cdb | Bias, dark, inter-order background subtracted,
and normalised master flat frame
2 MFLAT_BACK_IFU_ARM qc Inter-order background frame
3 | MFLAT_GRID_BACK_IFU_ARM | qc Table with background grid sampling points

The product table ORDER_TAB_EDGES_SLIT_ARM (or the equivalent product for IFU) contains three exten-

sions. The first extension contains the same columns as those contained in the table ORDER_TAB_CENTR_ARM

produced by xsh_orderpos. The second extension contains the following columns:

ORDER Relative order number
ABSORDER  Absolute order number
CENTER_X Predicted X coordinate of the order centre (pix)

CENTER_Y Corresponding Y coordinate of the order centre (pix)
EDG_LO_X Predicted X coordinate of the lower order edge position (pix)
EDG_UP_X  Predicted X coordinate of the upper order edge position (pix)
SLIC_LO_X Predicted X coordinate of the lower slice limit position (pix)
SLIC_UP_X Predicted X coordinate of the upper slice limit position (pix)

The third extension should be ignored.

The product table MFLAT_GRID_BACK_SLIT_ARM (or the equivalent product for IFU) has the following

columns:

X X grid position (pix)

Y Y grid position (pix)

INT Interorder background flux (ADU)

ERR Uncertainty on interorder background flux (ADU)

INTAit Fitted interorder background flux (ADU)
Residual INT - INTfit (ADU)
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10.8.3 Quality control

The recipe calculates the following quality control parameters:

QC.NPIXSAT, the number of saturated pixels.

QC.FPIXSAT, the fraction of saturated pixels.

QC.FLUXi.MIN/MAX, the minimum/maximum counts along the order [ADU].
QC.SLIT.WIDTH, the slit width in arcsec from INS.OPTI[345].NAME.

QC.NUM.SAT, the maximum number of pixels with more than 60000 ADU (UVB, VIS) or
42000 ADU (NIR) in a raw frame.

QC.SLICE.RMS, the rms of the medians from each of three slice specific windows from

the MASTER FLAT in red orders (SIR, S2R, S3R), with the order windows (lIx, 1y, urx, ury)
defined as follows:

UVB:

S1R=1454,1500,1467,1600

S2R=1479,1500,1491,1600

S3R=1503,1500,1516,1600

VIS:

S1R=1652,2050,1664,2100

S2R=1674,2050,1684,2100

S3R=1697,2050,1711,2100

NIR:

S1R=620,1133,630,1175

S2R=636,1133,646,1175

S3R=653,1133,663,1175

QC.SLICE2.RMS, the rms of the medians from each of three slice specific windows from
the MASTER FLAT in blue orders (S1B, S2B, S3B), with the order windows (lIx, 1ly, urx, ury)
defined as follows:

UVB:

S1B=515,2330,530,2380

S2B=541,2330,555,2380

S3B=566,2330,579,2380

VIS:

S1B=426,2650,444,2757

S2B=452,2650,470,2757

S3B=477,2650,496,2757

NIR:

S1B=125,1080,133,1111

S2B=141,1080,150,1111

S3B=158,1080,167,1111

QC.SLICE.S.DIFF, the red order relative outer slice difference ((SIR-S3R)/(S1R+S3R))*2.0.
QC.SLICE2.S.DIFF, the blue order relative outer slice difference ((S1B-S3B)/(S1B+S3B))*2.0.
QC.FLUX.ORDER.RATIO, the value of (S2R-S2B)/S2R.

QC.FLAT.SLIT.RMS, the rms of the image values of the slit function. The slit function defined by
several windows of £10 pixels in the y-direction that is median collapsed in the z-direction.
QC.FLAT.SLIT.B, the slope of a linear least square fit to the slit function.
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QC.FLAT.SLIT.DB, the error in the slope of a linear least square fit to the slit function.

QC.SPEC.RMS.R, the fringe check being the standard deviation over the following red order windows:

UVB:

12r=1479,1500,1491,1600

VIS:

r2r=1674,2050,1684,2100

NIR:

r2r=636,1133,646,1175

QC.SPEC.RMS.B, the fringe check being the standard deviation over the following blue order windows:

UVB:

12b=541,2330,555,2380

VIS:

12b=452,2650,470,2757

NIR:

12b=141,1080,150,1111

QC.FLUX.NORMI, QC.FLUX.MAX / EXPTIME for QTH lamp flats (UVB only).

QC.FLUX.NORM2, QC.FLUX.MAX / EXPTIME for D2 lamp flats (UVB only).

In the following keywords, the raw frames denote D2 flats (UVB), all flats (VIS)

and on flats (NIR).

QC.RAW.MAX.AVG, the maximum of the raw frame maxima.

QC.RAW.MAX.STD, the standard deviation of the raw frame maxima divided by the mean of the raw frame
maxima.

QC.MED.STD, the standard deviation of the raw frame median values divided by the mean of the raw frame
median values.

QC.MEAN.STD, the standard deviation of the raw frame mean values divided by the mean of the raw frame
mean values.

In the following QC.RAW2.MAX keywords, the raw frames denote QTH flats (UVB only).
QC.RAW.MAX2.AVG, the maximum of the raw frame maxima.

QC.RAW.MAX2.STD, the standard deviation of the raw frame maxima divided by the mean of the raw frame
maxima.
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10.8.4 Parameters

alias default | min max units
pre-overscan-corr 1 0 6

stack-method median

klow 5 0 100

khigh 5 0 100
detectorder-edges-search-win-hsize | 50 sizex/norders/4 | sizex/norders | pix
detectorder-edges-flux-thresh 0.4 0 1

detectorder-min-sn -1.0 0 150
detectorder-min-order-size-x -1 1 sizex/norders | pix
detectorder-chunk-half-size 1 1 sizey pix
detectorder-slitlet-low-factor 1.0 0 1
detectorder-slitlet-up-factor 1.0 0 1
detectorder-fixed-slice TRUE

detectorder-slice-trace-method auto

detectorder-qc-mode FALSE

detectorder-d2-min-sn 60 0 150
background-edges-margin 1 0 15 pix
background-poly-deg-x 9 0 15
background-poly-deg-y 9 0 15
background-poly-kappa 10.0 0 100

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

parameter default actual used value

UVB QTH VIS NIR
detectorder-min-sn -1.0 20 (SLIT/IFU) | 40 (SLIT) or 20 (IFU) | 60 (SLIT) or 4 (IFU)
detectorder-min-order-size-x | -1.0 60 60 40

For IFU the value of the parameter detectorder-slice-trace-method is always set to “sobel”.

10.8.5 Recommendations and issues

* A polynomial model is used for the inter-order background, and it is not constrained outside of the illu-
minated orders. Therefore, when inspecting the master flat frame, do not worry about the poor inter-order
background subtraction at the edges of the flat frame where the polynomial model diverges rapidly.

* For UVB, the master flats created for the QTH and D2 lamps are simply stitched together to create the
final master flat frame MASTER_FLAT_SLIT_UVB. This last operation involves a flux re-scaling. The
median flux of absolute order 21 for the master D2 and of order 7 for the master QTH frames are computed
in a square box of half size 5 pixels centred in the middle Y position of the orders. Then the ratio of the
image fluxes is then applied to the D2 flat to align it in intensity to the one of the QTH flat.

* For UVB and VIS, the first flat frame in each calibration block has a different spatial form of the interorder
exposure than the remaining flat frames at the few per cent level due to the warming-up of the flat field
lamps. A waiting time will be implemented in the calibration templates at some point in the near future to
allow the lamp to stabilise. However, until this is implemented, the user should experiment with excluding
the first flat frame in each calibration block to see if these leads to improved flat fielding, since the flat
field combination algorithm in xsh_mflat is not appropriate for combining flat frames with different
spatial forms.
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10.9 xsh_2dmap

This recipe determines the two-dimensional wavelength solution needed to resample the orders.

10.9.1 Input

Physical model mode (recommended):

Poly mode:

UVB,VIS
type | TAG n | bin RO
raw | WAVE_ARM 1| 1x1 -
ref SPECTRAL_FORMAT_TAB_ARM 1] - -
ref ARC_LINE_LIST_ARM 1| - -
cdb ORDER_TAB_EDGES_SLIT_ARM | 1 | - -
cdb | MASTER_BIAS ARM ? | match | match
cdb | MASTER_DARK_ARM ? | match | match
cdb | XSH_MOD_CFG_OPT_FMT_ARM | 1 | Ix1 -
cdb | BP_MAP_NI_ARM ? | match | -
ref | BP_MAP_RP_ARM ? | match | -
NIR
type | TAG n | bin
raw WAVE_NIR_ON 1] 1x1
raw | WAVE_NIR_OFF 1] Ix1
ref SPECTRAL_FORMAT_TAB_NIR 11 -
ref | ARC_LINE_LIST NIR 1] -
cdb ORDER_TAB_EDGES_SLIT NIR |1 | -
cdb | XSH_MOD_CFG_OPT_FMT_NIR 1] 1x1
cdb BP_MAP_NL_NIR ? | match
ref BP_MAP_RP_NIR ? | match
UVB,VIS
type | TAG n | bin RO
raw WAVE_ARM 1 1x1 -
ref SPECTRAL_FORMAT_TAB_ARM 1 - -
ref ARC_LINE_LIST_ARM 1 - -
cdb WAVE_TAB_GUESS_ARM 1 1x1 -
cdb MASTER_BIAS_ARM ? | match | match
cdb MASTER_DARK_ARM ? match | match
cdb ORDER_TAB_EDGES_SLIT_ARM 1 - -
cdb THEO_TAB_MULT_ARM 1 - -
cdb BP_MAP_NL_ARM ? match -
ref BP_MAP_RP_ARM ? | match | -
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NIR
type | TAG bin

1x1
1x1

raw | WAVE_NIR_ON

raw | WAVE_NIR_OFF

ref SPECTRAL_FORMAT_TAB_NIR
ref ARC_LINE_LIST_NIR

cdb | WAVE_TAB_GUESS_NIR

cdb | ORDER_TAB_EDGES_SLIT_NIR
cdb | THEO_TAB_MULT_NIR

1x1

[ SN 5

cdb BP_MAP_NL_NIR match
ref BP_MAP_RP_NIR match
Note that in IFU mode the input is the same as in SLIT mode.
10.9.2 Output
Physical model mode:
UVB,VIS,NIR
ID | PRO.CATG type | Note
0 WAVE_RESID_TAB_LINES_ARM | qc Line residuals table
1 | WAVE_MAP_ARM qc | Wavelength map: I(z,y) = A(z,y)
2 | SLIT_MAP_ARM qc Slit position map
3 | DISP_TAB_ARM qc Dispersion table
4 | WAVE_ON_ARM qc Bias and dark subtracted pinhole frame
5 XSH_MOD_CFG_OPT_2D_ARM cdb | Optimised cfg model

The product table WAVE_RESID_TAB_LINES_ARM contains the same columns as the product
FMTCHK_RESID_TAB_LINES_ARM produced by the recipe xsh_predict.

The product table DISP_TAB_ARM contains the polynomial coefficients for the fitted dispersion relation A =
>ijcij X Ti(X) x T;(Y) and the slit solution s = 3, d;; x T;(X) x T;(Y) (where T; is the Chebyshev
polynomial of the 1st kind of degree ¢, and X, Y, A and s are all normalised coordinates to the range [-1,1]).
Note that we do this using a polynomial fit even though we are using a physical model because we require the
inverse of the physical model transformation which converts A to (X, Y"). The columns are:

AXIS Wavelength (“LAMBDA”) or slit (“SLIT”)
ORDER Absolute order number

DEGX  Degree of polynomial in X

DEGY  Degree of polynomial in Y

ClJ Coefficient 5 of the polynomial

The image WAVE_MAP_ARM contains the fitted wavelength [nm] corresponding to the centre of each pixel.
Similarly, the image SLIT_MAP_ARM contains the position along the slit [arcsec] relative to the slit’s centre
corresponding to the centre of each pixel.

The product table XSH_MOD_CFG_OPT_FMT_ARM is an optimised physical model configuration file which
enables the prediction of the line locations in nine-pinhole exposures to within 0.2 pix using the physical
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model. The configuration can be further optimised for a science exposure by supplying this table as input
to xsh_flexcomp (see Section 10.11).

Poly mode:
UVB,VIS,NIR
ID | PRO.CATG type | Note
0 WAVE_TAB_2D_ARM cdb Rectification 2D poly coeff
1 WAVE_RESID_TAB_LINES_ARM | (C Line residuals table
2 WAVE_MAP_ARM qc Wavelength map: I(z,y) = Az, y)
3 SLIT_MAP_ARM qc Slit position map
4 DISP_TAB_ARM cdb Flux conservation dispersion table
5 WAVE_ON_ARM qc Bias and dark subtracted pinhole frame

The product table WAVE_TAB_2D_ARM contains the polynomial coefficients for the polynomial mode X =
> ijn Cigk X Ti(s) x Tj(n) x Tiy(A) and Y = 37, diji, X Ti(s) x Tj(n) x Ty(A) (where T; is the Chebyshev
polynomial of the 1st kind of degree ¢, and X, Y, s, n and X are all normalised coordinates to the range [-1,1]).
The columns are:

AXIS “X” or “Y”

DEGSLIT Degree of polynomial in s
DEGORDER Degree of polynomial in n
DEGLAMBDA Degree of polynomial in A

CIJK Coefficient ijk of the polynomial

10.9.3 Quality control

The recipe computes the following quality control parameters:

QC.NLINE.CAT, QC.NLINE.FOUND, QC.NLINE.CAT.CLEAN, QC.NLINE.FOUND.CLEAN, same as for
xsh_predict.

QC.LINE.DIESPECi, SPEC=AVG,MIN,MAX ,MED, statistics of the line position Y differences of adjacent
detected lines [pix] for order .

QC.LINE.DIFSPEC, SPEC=AVG,MIN,MAX ,MED, overall statistics of QC.LINE.DIFSPECi.
QC.LINE.DIFSPEC.ORD, the order corresponding to QC.LINE.DIFSPEC.

10.9.4 Parameters

alias default min | max units | physical mode | poly mode
pre-overscan-corr 1 0 6 Y Y
detectarclines-fit-win-hsize 6 0 60 pix Y Y
detectarclines-search-win-hsize 3 0 60 pix Y Y
detectarclines-running-median-hsize | 0 0 60 pix Y Y
detectarclines-wavesol-deg-lambda 5 0 10 N Y
detectarclines-wavesol-deg-order 4 0 10 N Y
detectarclines-wavesol-deg-slit 1 0 10 N Y
detectarclines-min-sn 5.0 0 200 Y Y
detectarclines-find-lines-center gaussian Y Y
detectarclines-clip-sigma 2.0 0 20 N Y
detectarclines-clip-niter 0 0 200 N Y
detectarclines-clip-frac 0.7 0 1 N Y
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The most important parameters are detectarclines-fit-win-hsize and detectarclines-search-win-hsize that con-
trol the line detection. Specifically, these parameters have to be small enough not to include a doublet but large
enough to be able to detect/fit the line.

10.9.5 Recommendations and issues

 To assess the accuracy of the physical model fit, the user can plot the line residuals (ResidXmodel, Resid Y-
model) versus wavelength in the output residual table (WAVE_RESID_TAB_LINES_ARM). Note that the
XSHOOTER workflow in Reflex has an interactive window that automatically displays this information
(and more; see Fig. 10.3).

* Bad pixel information is not used by this recipe and therefore changing decode-bp has no effect.

10.10 xsh_wavecal

This recipe is used measure the instrument resolving power.

10.10.1 Input

Physical model mode (recommended), SLIT:

UVB,VIS
type | TAG n | bin RO
raw | ARC_SLIT_ARM 1 | any -
ref SPECTRAL_FORMAT_TAB_ARM 1] - -
ref ARC_LINE_LIST_ARM 1] - -
cdb ORDER_TAB_EDGES_SLIT_ARM | 1 | match | match
cdb | MASTER_BIAS_ARM ? | match | match
cdb | MASTER_DARK_ARM ? | match | match
cdb XSH_MOD_CFG_OPT_2D_ARM 1] - -
cdb BP_MAP_NIL_ARM ? | match | -
ref BP_MAP_RP_ARM ? | match | -

NIR

type | TAG n | bin

raw | ARC_SLIT_NIR_ON 1 | any

raw ARC_SLIT_NIR_OFF 1 any
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ref | SPECTRAL_FORMAT_TAB_NIR
ref | ARC_LINE_LIST_NIR

cdb | ORDER_TAB_EDGES_SLIT_NIR
cdb | XSH_MOD_CFG_OPT_2D_NIR
cdb | BP_MAP_NL_NIR

ref | BP_MAP_RP_NIR

N I I e e
o
—+
o
=

In the case of NIR data obtained with the JH filter the user must use an alternative input spectral format table
provided in the kit release tagged as SPECTRAL_FORMAT_TAB_JH_NIR.

Poly mode, SLIT:

UVB,VIS

type | TAG

raw | ARC_SLIT_ARM

ref SPECTRAL_FORMAT_TAB_ARM
ref ARC_LINE_LIST_ARM

cdb WAVE_TAB_2D_ARM

cdb DISP_TAB_ARM

cdb ORDER_TAB_EDGES_SLIT_ARM
cdb MASTER_BIAS_ARM

cdb MASTER_DARK_ARM

cdb THEO_TAB_SING_ARM

bin RO
any -

1x1 -
1x1 -
match | match
match | match
match | match

[ J S NN )

cdb BP_MAP_NL_ARM match -
ref BP_MAP_RP_ARM match | -
NIR
type | TAG n | bin
raw ARC_SLIT_NIR_ON 1 any
raw ARC_SLIT_NIR_OFF 1 any
ref SPECTRAL_FORMAT_TAB_NIR 1 -
ref ARC_LINE_LIST_NIR 1 -
cdb WAVE_TAB_2D_NIR 1 1x1
cdb DISP_TAB_NIR 1 1x1
cdb ORDER_TAB_EDGES_SLIT_NIR 1 match
cdb THEO_TAB_SING_NIR 1 -
cdb BP_MAP_NI_NIR 20 -
ref BP_MAP_RP_NIR ? -

In the case of NIR data obtained with the JH filter the user must use an alternative input spectral format table
provided in the kit release tagget as SPECTRAL_FORMAT_TAB_JH_NIR.

Physical model mode (recommended), IFU:

UVB,VIS
type | TAG bin RO
raw | ARC_IFU_ARM any -

ref | SPECTRAL_FORMAT_TAB_ARM
ref | ARC_LINE_LIST_ARM

cdb | ORDER_TAB_EDGES_IFU_ARM
cdb | MASTER _BIAS_ ARM

cdb | MASTER_DARK_ARM

match | match
match | match
match | match

B N e ] B =]
1
1
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cdb
cdb
ref

XSH_MOD_CFG_OPT_2D_ARM
BP_MAP_NL_UVB
BP_MAP_RP_UVB

NIR

type

TAG

raw
raw
ref
ref
cdb
cdb
cdb
ref

ARC_
ARC_
SPECTRAL_FORMAT_TAB_NIR

IFU_NIR_ON
IFU_NIR_OFF

ARC_LINE_LIST_NIR

ORDER_TAB_EDGES_TIFU_NIR
XSH_MOD_CFG_OPT_2D_NIR

BP_MAP_NI,_NIR
BP_MAP_RP_NIR
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Poly mode, IFU:

10.10.2 Output

SLIT:

UVB,VIS

type

TAG

bin

raw
ref

ref

cdb
cdb
cdb
cdb
cdb
cdb
cdb
ref

ARC_IFU_ARM
SPECTRAL_FORMAT_TAB_ARM
ARC_LINE_LIST_ARM
WAVE_TAB_2D_ARM
DISP_TAB_ARM
ORDER_TAB_EDGES_IFU_ARM
MASTER_BIAS_ARM
MASTER_DARK_ARM
THEO_TAB_IFU_ARM
BP_MAP_NL_ARM
BP_MAP_RP_ARM

O D D D = = = e = | S

1x1

1x1
1x1
matc
matc
matc

matc
matc

h
h
h

h
h

NIR

type

TAG

bin

raw
raw
ref

ref

cdb
cdb
cdb
cdb
cdb
ref

ARC_IFU_NIR_ON
ARC_IFU_NIR_OFF
SPECTRAL_FORMAT_TAB_NIR
ARC_LINE_LIST_NIR
WAVE_TAB_2D_NIR
DISP_TAB_NIR
ORDER_TAB_EDGES_IFU_NIR
THEO_TAB_IFU_NIR
BP_MAP_NIL_NIR
BP_MAP_RP_NIR

O D e e e e = | S

1x1
1x1

1x1
1x1
match

UVB,VIS,NIR

ID | PRO.CATG

\ type \ Note
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0 TILT TAB_SLIT ARM qc Tilt and spectral resolution table

1 | RESID_TAB_GOOD_LINES_ARM | qc Line residuals table

2 ARC_ON_ARM qc Bias and dark subtracted arc frame

3 | SHIFT_TAB_SLIT_ARM qc Wavelength shift table with respect to 2dmap

Note that in polynomial mode, RESID_TAB_GOOD_LINES_ARM is not produced.
IFU:

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 TILT_TAB_DOWN_IFU_ARM | qc Tilt and spectral resolution table down slice

1 TILT_TAB_CEN_IFU_ARM | qc Tilt and spectral resolution table central slice
2 TILT_TAB_UP_IFU_ARM qc Tilt and spectral resolution table up slice

3 | ARC_ON_ARM qc Bias and dark subtracted arc IFU frame

4 | SHIFT_TAB_IFU_ARM qc Wavelength shift table with respect to 2dmap

The product table TILT_TAB_SLIT_ARM contains the line tilt values:

ORDER Absolute order number
WAVELENGTH Wavelength [nm]

NAME Empty string

CENPOSX Line centre X position [pix]
CENPOSY Line centre Y position [pix]
TILT Line tilt

CHISQ X2

SPECRES Spectral resolution

Note, there is no further optimisation of the physical model configuration file by this recipe.

10.10.3 Quality control

The recipe generates the following quality control parameters:

QC.RESOLRMS, the measured RMS of resolving power of lines selected.
QC.MODEL.WAVECAL.DIFFYAVG, the average value of the differences between Y positions in the theoreti-
cal map (THE) and fitted Y positions (from the clean arc line list) [pix].
QC.MODEL.WAVECAL.DIFFYMED, the median value of the differences between Y positions in the theoret-
ical map (THE) and fitted Y positions (from the clean arc line list) [pix].
QC.MODEL.WAVECAL.DIFFYSTD, the standard Deviation value of the differences between Y positions in
the theoretical map (THE) and fitted Y positions (from the clean arc line list) [pix].

QC.NLININT, the average intensity of selected lines (at center).

QC.NLININT.NORM, QC.NLININT / EXPTIME.

QC.FWHMAVG, the mean of the FWHM measured along Y direction on selected lines [pix].
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Figure 10.3: Image of the xsh_2dmap interactive window in Reflex.
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QC.FWHMRMS, the standard deviation of FWHM measured along Y direction on selected lines [pix].
QC.WAVECAL.CATLINE, the number of lines present in the catalogue.

QC.WAVECAL.FOUNDLINE, the number of lines found on the frame.

QC.WAVECAL.MATCHLINE, the number of matching lines.

QC.RESOLMED, the measured median resolving power of lines selected.

QC.RESOLRMS, the rms of the measured resolving power of lines selected.

QC.SLIT.WIDTH, the slit width in arcsec from INS.OPTI[345].NAME.

The recipe computes for each order also the number of saturated pixels (QC.NPIXSAT) and its fraction to the
total (QC.FPIXSAT).
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10.10.4 Parameters

alias default | min | max | units

pre-overscan-corr 1 0 6

followarclines-search-window-half-size | 6 1 60 pix

followarclines-order-edges-mask 3 0 10 pix

followarclines-min-sn -1.0 0 200

tilt-clip-kappa 2.5 0 100

tilt-clip-niter 5 0 100

tilt-clip-frac 0.7 0 1

specres-clip-kappa 2.5 0 100

specres-clip-niter 5 0 100

specres-clip-frac 0.7 0 1

If the user does not set different values, then followarclines-min-sn is set to 15 for SLIT and 6 for IFU, for all

arms.

The critical parameter is min-sn.

10.10.5 Recommendations and issues

We recommend that the user to verifies that the instrument spectral resolution is as expected. Figure 10.4 shows
results for the three arms obtained in physical model mode. In case of 1x1 bin setting current pipeline still under
evaluates the spectral resolution in UVB and VIS. Please refer to instrument user manual for correct values.
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Figure 10.4: Instrument spectral resolution for the three X-shooter arms. UVB and VIS cases refer to
1x2 binning and respectively 1.0x11 and 0.9x11 slit setting, NIR to 0.6x11 slit setting. The user may com-
pare the computed results with what reported by ESO QC-Garching database selecting XSHOOTER,
xshooter_wavecal

10.11 xsh_flexcomp

This recipe is used to compute the instrument flexures.
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10.11.1 Input

Physical model mode (recommended):

UVB,VIS,NIR
type | TAG bin RO
raw | AFC_ATT_ARM any -

ref | SPECTRAL_FORMAT_TAB_ARM
ref | ARC_LINE_LIST_ AFC_ARM
cdb | MASTER BIAS_ ARM

cdb | MASTER_DARK_ARM

cdb | ORDER_TAB_EDGES_MODE_ARM
ref | XSH_MOD_CFG_OPT_2D_ARM
cdb | BP_MAP_NIL_ARM

ref | BP_MAP_RP_ARM

match | match
match | match

match | -
match | -

S A e P R Y =]

MODE can be IFU or SLIT. The MASTER_BIAS_ARM input is only for UVB/VIS.
Poly mode:

UVB,VIS,NIR

type | TAG

raw | AFC_ATT_ARM

ref SPECTRAL_FORMAT_TAB_ARM
ref ARC_LINE_LIST_AFC_ARM
cdb MASTER_BIAS_ARM

cdb MASTER_DARK_ARM

cdb ORDER_TAB_EDGES_MODE_ARM
cdb WAVE_TAB_2D_ARM

bin RO
any -

match | match
match | match

e e e =]

1x1

MODE can be IFU or SLIT. The MASTER_BIAS_ARM input is only for UVB/VIS.

10.11.2 Output

Physical model mode (recommended):

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 XSH_MOD_CFG_OPT_AFC_ARM | cdb | Flexure corrected model configuration
1 ORDER_TAB_AFC_MODE_ARM cdb | Flexure corrected IFU traces

2 | DISP_TAB_AFC_ARM cdb | Flexure corrected dispersion table

In the physical model mode the recipe updates the values of the model configuration parameters chipx and chipy
that give the location of the centre of the detector pixel array.

Poly mode:

UVB,VIS,NIR
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ID | PRO.CATG type | Note

0 WAVE_TAB_AFC_ARM cdb Flexure corrected wavelength solution

1 ORDER_TAB_AFC_MODE_ARM | cdb Flexure corrected IFU traces

2 DISP_TAB_AFC_ARM cdb Flexure corrected dispersion table

10.11.3 Quality control

In the physical model mode, the user should check the recipe logs to make sure that the mean residuals reported
by this recipe are below ~0.05 and 0.1 pix in z and y respectively. If xsh_flexcomp is not run, then the shifts
due to instrument flexure can be greater than one pixel. This can cause problems for IFU data reductions and
for sky line subtraction in slit stare mode.

This recipe computes the following quality control parameters:

QC.CHIP.X, the chipx offset copied from the model table.

QC.CHIPY, the chipy offset copied from the model table.

QC.ABSROT, the rotation, an average of ADA.ABSROT.START and ADA.ABSROT.END.
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10.11.4 Parameters
alias default min | max units | physical mode | poly mode
pre-overscan-corr 1 0 6 Y Y
detectarclines-fit-win-hsize 6 0 60 pix Y Y
detectarclines-search-win-hsize 3 0 60 pix Y Y
detectarclines-running-median-hsize | 0 0 60 pix Y Y
detectarclines-wavesol-deg-lambda 5 0 10 N Y
detectarclines-wavesol-deg-order 5 0 10 N Y
detectarclines-min-sn 5.0 0 100 Y Y
detectarclines-find-lines-center gaussian Y Y
detectarclines-clip-sigma 2.0 0 20 N Y
detectarclines-clip-niter 10 0 200 N Y
detectarclines-clip-frac 0.7 0 1 N Y
dispersol-deg-x 4 0 10 Y Y
dispersol-deg-y 5 0 10 Y Y
model-maxit 1000 0 10000 Y N
model-anneal-factor 1.0 0 1 Y N
model-scenario 3 0 8 Y N

10.11.5 Recommendations and issues

None.

10.12 xsh_respon_slit_stare

This recipe computes the instrument response and the telescope + instrument + detector efficiency.

10.12.1 Input

Physical model mode (recommended):

UVB,VIS,NIR

type | TAG n | slit RO
raw STD_FLUX_SLIT_STARE_ARM 1 any -

ref SPECTRAL_FORMAT_TAB_ARM 1 - -

cdb | XSH_MOD_CFG_OPT_2D/AFC_ARM 1 | match | match
cdb | MASTER_BIAS ARM ? | match | match
cdb | MASTER_DARK_ARM 7! | match | match
cdb | MASTER_FLAT SLIT ARM 1 | match | match
cdb ORDER_TAB_EDGES/AFC_SLIT_ARM 1 match | match
cdb DISP_TAB_ARM/DISP_TAB_AFC_ARM | 1 match | match
cdb BP_MAP_NL_ARM ? match | -

ref BP_MAP_RP_ARM ? | match | -

ref FLUX_STD_CATALOG_ARM 1 - -

ref | ATMOS_EXT_ ARM 1 |- -

ref SKY_SUB_BKPTS_ARM ? - -

ref | RESP_FIT _POINTS_CAT_ ARM 1 |- -
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ref TELL_MOD_CAT_ARM 2N - -
ref SKY_LINE_LIST_ARM N - -
ref SKY_MAP_ARM 2N - -

For NIR there is no input master bias but a master dark with the same DIT as the input science frame is re-
quired. In case of NIR data obtained with the JH filter the user must use an alternative spectral format table
provided in the kit release tagged as SPECTRAL_FORMAT_TAB_JH_NIR. The SKY_MAP_ARM is recom-
mended only in NIR for BSPLINE1 or BSPLINE2 methods. The SKY_LINE_LIST_ARM is required only
for BSPLINE1 or BSPLINE2 methods and for QC. The SKY_MAP_ARM input is relevant (and provided by
the kit release) only in NIR. However, by default, SKY_MAP_NIR input frames will not be associated with
this recipe by default, because they might worsen the sky subtraction. They may still be added manually to
the sof as SKY_MAP_NIR_<slit>.fits SKY_MAP_NIR when using esorex on the command line. To
have the SKY_MAP_NIR included in the reflex workflow the user has to change the OCA rules used by the
DataOrganizer by removing the // from the lines below:
//minRet = 1; maxRet = 1;
//select file as SKY MAP NIR from calibFiles
where PRO.CATG=="SKY_MAP_NIR" and inputFile.INS.OPTI5.NAME==INS.OPTI5.NAME
and (inputFile.INSTRUME=="SHOOT" or inputFile.INSTRUME=="XSHOOTER") ;
These entries appear six times for slits with K-band blocking (x11_JH) and without (x11) and for three cases
(flux standard stars processed with xsh_respon_slit_stare, telluric standard stars and actual science
data, both processed with xsh_scired_slit_stare).

Poly mode:
UVB,VIS,NIR
type | TAG slit RO
raw STD_FLUX_SLIT_STARE_ARM any -

ref SPECTRAL_FORMAT_TAB_ARM
cdb MASTER_BIAS_ARM

cdb MASTER_DARK_ARM

cdb MASTER_FLAT_SLIT_ARM

cdb ORDER_TAB_EDGES_SLIT_ARM
cdb WAVE_TAB_2D_ARM

cdb DISP_TAB_ARM

o= =B

match | match
match | match
match | match
match | match
1x1
1x1

-~

1
1
1
1
cdb BP_MAP_NIL_ARM ? match
ref BP_MAP_RP_ARM ? match
ref FLUX_STD_CATALOG_ARM 1
ref ATMOS_EXT_ARM 1
ref SKY_SUB_BKPTS_ARM ?
ref RESP_FIT_POINTS_CAT_ARM 1
ref TELL_MOD_CAT_ARM 2!
ref SKY_LINE_LIST_ARM Nn -
ref SKY_MAP_ARM ?! | match

The SKY_MAP_ARM input is relevant (and provided by the kit release) only in NIR. However, by default,
SKY_MAP_NIR input frames will not be associated with this recipe by default, because they might worsen the
sky subtraction. They may still be added manually to the sof as described above for the physical model mode.

The SKY_LINE_LIST_ARM is required only for BSPLINE1 or BSPLINE2 methods and for QC.

10.12.2 Output
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UVB,VIS,NIR

ID | PRO.CATG type | Note

0 RESPONSE_SLIT_ORDERID_ARM | cdb | Order by order instrument response table

1 RESPONSE_SLIT_MERGEID_ARM | cdb | Merged instrument response table

2 | <PREF>_ORDER2D_ARM pro | Order by order 2D spectrum

3 | <PREF>_ORDER1D_ARM pro | Order by order 1D spectrum

4 | <PREF>_MERGE2D_ARM pro | Merged 2D spectrum

5 | <PREF>_MERGE1D_ARM pro | Merged 1D spectrum

6 SKY SLIT _MERGE2D_ARM pro | Merged 2D sky spectrum

7 | SKY_SLIT_MERGE1D_ARM pro | Merged 1D sky spectrum

8 <PREF>_ FLUX_ORDER2D_ARM pro | Order by order flux calibrated 2D spectrum

9 | <PREF>_FLUX_ORDER1D_ARM pro | Order by order flux calibrated 1D spectrum

10 | <PREF>_FLUX_MERGE2D_ARM pro | Merged flux calibrated 2D spectrum

11 | <PREF>_FLUX_MERGE1D_ARM pro | Merged flux calibrated 1D spectrum

12 | EFFICIENCY_ARM cdb | Telescope+instrument+detector efficiency

13 | <PREF>_ WAVE_ MAP ARM pro | Wave map frame

14 | <PREF>_SLIT MAP_ARM pro | Slit map frame

10.12.3 Quality control

This recipe generates the instrument response (RESPONSE_SLIT_ORDERID_ARM,
RESPONSE_SLIT_MERGE1D_ARM) and the instrument efficiency (EFFICIENCY_ARM) tables that are
monitored by quality control.

This recipe computes the following quality control parameters:

QC.START1, the spectral range information: 450.0 (UVB), 672.0 (VIS), 1514.0 (NIR).
QC.ENDI, the spectral range information: 470.0 (UVB), 680.0 (VIS), 1548.0 (NIR).
QC.START?2, the spectral range information: 510.0 (UVB), 745.0 (VIS), 2214.0 (NIR).
QC.END?2, the spectral range information: 530.0 (UVB), 756.0 (VIS), 2243.0 (NIR).
QC.START3, the spectral range information: 0.0 (UVB), 992.0 (VIS), 0.0 (NIR).
QC.END3, the spectral range information: 0.0 (UVB), 999.0 (VIS), 0.0 (NIR).
QC.OBS.TARG.NAME, the OBS.TARG.NAME with spaces replaced by ’-’.
QC.NUM.SAT, the maximum number of pixels with more than 60000 ADU (UVB, VIS) or
42000 ADU (NIR) in a raw frame.

QC.SLIT.WIDTH, the slit width in arcsec from INS.OPTI[345].NAME.
QC.CHROMATIC.EFF, QC.EFEMED.ORD.9 / QC.EFEMED.ORD.1.

QC.TPL.ID, the value of TPL.ID with underscores replaced by ’-’.

QC.IWV.AVG, the average of TEL. AMBILIWV.START and TEL.AMBILIWV.END.

If either is absent, the other value is used instead of the average.

QC.AIRM.AVG, the average of TEL.AMBI.AIRM.START and TEL.AMBIL.AIRM.END.
If either is absent, the other value is used instead of the average.

QC.FWHM.AVG, the average of TEL.AMBL.FWHM.START and TEL. AMBIL.FWHM.END.
If either is absent, the other value is used instead of the average.

In the following QC.RESP keywords we divide the current response by the reference
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response as specified in the input by the tag RRESPONSE_MERGE1D_SLIT. A linear
least squares fit is then made to the result. QC.RESP.SPEC.A, the flux ratio of the fit.

QC.RESP.SPEC.B, the gradient of the fit.
QC.RESP.SPEC.A, the error in the flux ratio of the fit.
QC.RESP.SPEC.B, the error in the gradient of the fit.

In the following QC.CURVE keywords we fit two gaussians across the y-direction
at two extreme ends of the input spectrum. We then directly calculate

the properties of the line connecting these two points.
QC.CURVE.(, the mean spectrum position in the y-direction.
QC.CURVE.1, the gradient of the spectrum position.
QC.CURVE.X, the center x pixel.
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10.12.4 Parameters

alias default min | max units
pre-overscan-corr 1 0 6

background-edges-margin 1 0 15 pix
background-poly-deg-x 9 0 15

background-poly-deg-y 9 0 15
background-poly-deg-kappa | 10.0 0 100
removecrhsingle-sigmalim 20.0 0 200

removecrhsingle-flim 2.0 0 20

removecrhsingle-niter 4 0 1000

rectify-kernel tanh

rectify-radius 2.0 2 100 pix
rectify-bin-lambda -1.0 -1.0 | 210 nm
rectify-bin-slit -1.0 -1.0 | 6 arcsec
localize-method MANUAL

localize-chunk-nb 10 1 1000

localize-thresh 0.1 0 1

localize-deg-lambda 0 0 10

localize-slit-position 0.0 -7 7 arcsec
localize-slit-hheight 2.0 0 7 arcsec
localize-kappa 3.0 0 20

localize-niter 3 0 100

localize-use-skymask FALSE

sky-subtract TRUE

sky-bspline-nbkpts-first 3000 1 20000/(0.75 *biny)
sky-bspline-nbkpts-second 3000 1 20000/(0.75 *biny)
sky-bspline-order 7 0 12

sky-bspline-niter 20 0 100

sky-bspline-kappa 5.0 0 10

sky-method MEDIAN

bspline-sampling FINE

sky-median-hsize 20 0 2000

sky-slit-edges-mask 0.5 0 7 arcsec
sky-position] 0.0 arcsec
sky-hheight1 0.0 0 7 arcsec
sky-position2 0.0 arcsec
sky-hheight2 0.0 0 7 arcsec
stdextract-interp-hsize 30 0 1000 pix
do-optextract FALSE

optextract-oversample 5 0 100

optextract-box-half-size 10 0 100 pix
optextract-chunk-size 50 0 100 pix
optextract-step-lambda 0.02 0 210 nm
optextract-clip-kappa 3.0 0 200

optextract-clip-frac 0.4 0 1

optextract-clip-niter 2 0 200

optextract-niter 1 0 200

optextract-method GAUSSIAN

correct-tellurics TRUE

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

parameter default actual used value

UVB | VIS | NIR
rectify-bin-lambda | -1.0 0.02 0.02 | 0.06
rectify-bin-slit -1.0 0.16 0.16 | 0.21

We recommend on this recipe to use sky-method MEDIAN.
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10.12.5 Recommendations and issues

* See the recipes xsh_scired_slit_stare and xsh_respon_slit_nod.

10.13 xsh_respon_slit_offset

This recipe computes the instrument response and the telescope + instrument + detector efficiency.

10.13.1 Input

Physical model mode (recommended):

UVB,VIS,NIR

type | TAG bin RO
raw STD_FLUX_SLIT_OFFSET_ARM .N | any -

raw | SKY_SLIT_ARM .N | match | match

ref | SPECTRAL_FORMAT_TAB_ARM
cdb | XSH_MOD_CFG_OPT_2D_ARM
cdb | ORDER_TAB_EDGES_SLIT_ARM
cdb | MASTER_FLAT_SLIT_ARM

1x1 -
match | match
match | match

BRI e T S S B R S e Y T e T =]

cdb | DISP_TAB_ARM 1x1 -
cdb | BP_MAP_NI_ARM match | -
ref BP_MAP_RP_ARM match | -
ref | FLUX_STD_CATALOG_ARM - -
ref | ATMOS_EXT_ARM - -
ref | RESP_FIT_POINTS_CAT_ARM - -
ref | TELL_MOD_CAT_ARM ! - -
ref SKY_ MAP_ARM ! match | -

In case of NIR data obtained with the JH filter the user must use an alternative spectral format table provided
in the kit release tagged as SPECTRAL_FORMAT_TAB_JH_NIR. The SKY_MAP_ARM input is relevant (and
provided by the kit release) only in NIR.

Poly mode:
UVB,VIS,NIR
type | TAG bin RO
raw | STD_FLUX_SLIT_OFFSET_ARM any

zz

raw SKY_SLIT_ARM match | match
ref SPECTRAL_FORMAT_TAB_ARM
cdb ORDER_TAB_EDGES_SLIT_ARM
cdb MASTER_FLAT_SLIT_ARM

cdb DISP_TAB_ARM

cdb WAVE_TAB_2D_ARM

cdb BP_MAP_NL_ARM

ref BP_MAP_RP_ARM

ref FLUX_STD_CATALOG_ARM

ref ATMOS_EXT_ARM

match | match
match | match
1x1
1x1
match
match

om0 D b b e b e e | S
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1
N
N

ref
ref
ref

RESP_FIT_POINTS_CAT_ARM
TELL_MOD_CAT_ARM
SKY_MAP_ARM

match

The SKY_MAP_ ARM input is relevant (and provided by the kit release) only in NIR.

10.13.2 Output

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 RESPONSE_ORDER1D_SLIT_ARM | cdb | Order by order instrument response table

1 RESPONSE_MERGE1D_SLIT_ARM | cdb | Merged instrument response table

2 | <PREF>_ORDER2D_ARM pro | Order by order 2D spectrum

3 <PREF>_ORDER1D_ARM pro | Order by order 1D spectrum

4 | <PREF>_MERGE2D_ARM pro | Merged 2D spectrum

5 <PREF>_MERGE1D_ARM pro | Merged 1D spectrum

6 | <PREF>_FLUX_ORDER2D_ARM pro | Order by order flux calibrated 2D spectrum
7 <PREF> FLUX_ ORDER1D_ARM pro | Order by order flux calibrated 1D spectrum
8 | <PREF>_FLUX_MERGE2D_ARM pro | Merged flux calibrated 2D spectrum

9 <PREF> FLUX_ MERGE1D_ ARM pro | Merged flux calibrated 1D spectrum

10 | <PREF>_SKY_ ARM pro | Sky frame

11 | SKY_SLIT_ORDER2D_ARM pro | Order by order 2D sky spectrum

12 | SKY_SLIT_MERGE2D_ARM pro | Merged 2D sky spectrum

13 | SKY_SLIT_MERGE1D_ARM pro | Merged 1D sky spectrum

14 | EFFICIENCY_SLIT_ARM cdb | Telescope+instrument+detector efficiency
15 | <PREF>_WAVE_MAP_ARM pro | Wave map frame

16 | <PREF>_SLIT_MAP_ARM pro | Slit map frame

10.13.3 Quality control

This recipes generate the instrument response (RESPONSE_SLIT_ORDERID_ARM,
RESPONSE_SLIT_MERGE1D_ARM) and the instrument efficiency (EFFICIENCY_ARM) tables that are
monitored from quality control.

This recipe computes the following quality control parameters:

QC.START1, the spectral range information: 450.0 (UVB), 672.0 (VIS), 1514.0 (NIR).
QC.ENDI, the spectral range information: 470.0 (UVB), 680.0 (VIS), 1548.0 (NIR).
QC.START?2, the spectral range information: 510.0 (UVB), 745.0 (VIS), 2214.0 (NIR).
QC.END?2, the spectral range information: 530.0 (UVB), 756.0 (VIS), 2243.0 (NIR).
QC.STARTS3, the spectral range information: 0.0 (UVB), 992.0 (VIS), 0.0 (NIR).
QC.END3, the spectral range information: 0.0 (UVB), 999.0 (VIS), 0.0 (NIR).
QC.OBS.TARG.NAME, the OBS.TARG.NAME with spaces replaced by ’-’.
QC.NUM.SAT, the maximum number of pixels with more than 60000 ADU (UVB, VIS) or
42000 ADU (NIR) in a raw frame.
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QC.SLIT.WIDTH, the slit width in arcsec from INS.OPTI[345].NAME.
QC.CHROMATIC.EFF, QC.EFEMED.ORD.9 / QC.EFEMED.ORD.1.

QC.TPL.ID, the value of TPL.ID with underscores replaced by ’-’.

QC.IWV.AVG, the average of TEL.AMBILIWV.START and TEL. AMBILIWV.END.

If either is absent, the other value is used instead of the average.

QC.AIRM.AVG, the average of TEL.AMBI.AIRM.START and TEL.AMBI.AIRM.END.
If either is absent, the other value is used instead of the average.

QC.FWHM.AVG, the average of TEL.AMBL.FWHM.START and TEL.AMBIL.FWHM.END.

If either is absent, the other value is used instead of the average.

In the following QC.RESP keywords we divide the current response by the reference
response as specified in the input by the tag RRESPONSE_MERGE1D_SLIT. A linear
least squares fit is then made to the result. QC.RESP.SPEC.A, the flux ratio of the fit.
QC.RESP.SPEC.B, the gradient of the fit.

QC.RESP.SPEC.A, the error in the flux ratio of the fit.

QC.RESP.SPEC.B, the error in the gradient of the fit.

In the following QC.CURVE keywords we fit two gaussians across the y-direction

at two extreme ends of the input spectrum. We then directly calculate

the properties of the line connecting these two points.

QC.CURVE.0, the mean spectrum position in the y-direction.

QC.CURVE.1, the gradient of the spectrum position.

QC.CURVE.X, the center x pixel.
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10.13.4 Parameters

alias default min | max units
pre-overscan-corr 1 0 6
removecrhsingle-sigmalim | 20.0 0 200
removecrhsingle-flim 2.0 0 20
removecrhsingle-niter 4 0 1000
rectify-kernel tanh

rectify-radius 2.0 2 100 pix
rectify-bin-lambda -1.0 -1.0 | 210 nm
rectify-bin-slit -1.0 -1.0 | 6 arcsec
localize-method MANUAL

localize-chunk-nb 10 1 1000
localize-thresh 0.1 0 1
localize-deg-lambda 0 0 10
localize-slit-position 0.0 -7 7 arcsec
localize-slit-hheight 2.0 0 7 arcsec
localize-kappa 3.0 0 20
localize-niter 3 0 100
localize-use-skymask FALSE

stdextract-interp-hsize 30 0 1000 | pix
combinenod-method MEAN

gen-sky TRUE

correct-tellurics TRUE

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

parameter default actual used value

UVB | VIS | NIR
rectify-bin-lambda | -1.0 0.02 0.02 | 0.06
rectify-bin-slit -1.0 0.16 0.16 | 0.21

10.13.5 Recommendations and issues

* See the recipes xsh_scired_slit_offset and xsh_respon_slit_nod.

* OFFSET data often do not provide a good sky correction for the NIR arm. In such cases the user can
try instead to process the STD,FLUX frame only with xsh_respon_slit_stare, where the sky is fit on the
frame itself.

10.14 xsh_respon_slit_nod

This recipe computes the instrument response and the telescope + instrument + detector efficiency.

10.14.1 Input

Physical model mode (recommended):

| UVB,VIS,NIR
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type | TAG n bin RO

raw STD_FLUX_ SLIT NOD_ARM 1..N any -

ref | SPECTRAL_FORMAT_TAB ARM | 1 - -

cdb XSH_MOD_CFG_OPT_2D_ARM 1 1x1 -

cdb ORDER_TAB_EDGES_SLIT_ ARM | 1 match | match

cdb | MASTER_FLAT SLIT ARM 1 match | match

cdb DISP_TAB_ARM 1 1x1 -

cdb BP_MAP_NL_ARM ? match | -

ref BP_MAP_RP_ARM ? match | -

ref FLUX_STD_CATALOG_ARM 1 - -

ref ATMOS_EXT_ARM 1 - -

ref | RESP_FIT POINTS_CAT ARM |1 - -

ref TELL_MOD_CAT_ARM 2! - -

ref SKY_MAP_ARM 2! match | -

In case of NIR data obtained with the JH filter the user must use an alternative spectral format table provided
in the kit release tagged as SPECTRAL_FORMAT_TAB_JH_NIR. The SKY_MAP_ARM input is relevant (and
provided by the kit release) only in NIR.

Poly mode:

UVB,VIS,NIR

type | TAG

raw | STD_FLUX_SLIT_NOD_ARM

ref SPECTRAL_FORMAT_TAB_ARM
cdb ORDER_TAB_EDGES_SLIT_ARM
cdb MASTER_FLAT_SLIT_ARM

cdb DISP_TAB_ARM

cdb WAVE_TAB_2D_ARM

bin RO
any -

Z

match | match
match | match
1x1
1x1

[ S C R SN U U Y

cdb BP_MAP_NL_ARM match
ref BP_MAP_RP_ARM match
ref FLUX_STD_CATALOG_ARM -

ref ATMOS_EXT_ARM

ref RESP_FIT_POINTS_CAT_ARM

ref TELL_MOD_CAT_ARM ! -

ref SKY_MAP_ARM i match

The SKY_MAP_ ARM input is relevant (and provided by the kit release) only in NIR.

10.14.2 OQOutput

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 RESPONSE_ORDER1D_SLIT_ARM | cdb | Order by order instrument response table
1 RESPONSE_MERGE1D_SLIT_ARM | cdb | Merged instrument response table

2 | <PREF>_ORDER2D_ARM pro | Order by order 2D spectrum

3 | <PREF>_ORDER1D_ARM pro | Order by order 1D spectrum

4 | <PREF>_MERGE2D_ARM pro | Merged 2D spectrum
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5 | <PREF>_MERGE1D_ARM pro | Merged 1D spectrum

6 <PREF> WAVE_MAP_ ARM pro | Wave map frame

7 <PREF>_SLIT_MAP_ARM pro | Slit map frame

8 <PREF>_ FLUX_ORDER2D_ARM pro | Order by order flux calibrated 2D spectrum

9 | <PREF>_FLUX_ORDER1D_ARM pro | Order by order flux calibrated 1D spectrum

10 | <PREF>_FLUX_MERGE2D_ARM pro | Merged flux calibrated 2D spectrum

11 | <PREF>_FLUX_MERGE1D_ARM pro | Merged flux calibrated 1D spectrum

12 | EFFICIENCY_ARM cdb | Telescope+instrument+detector efficiency

10.14.3 Quality control

This recipes generate the instrument response (RESPONSE_SLIT_ORDERID_ARM,
RESPONSE_SLIT_MERGE1D_ARM) and the instrument efficiency (EFFICIENCY_ARM) tables that are
monitored from quality control.

This recipe computes the following quality control parameters:

QC.START]I, the spectral range information: 450.0 (UVB), 672.0 (VIS), 1514.0 (NIR).
QC.ENDI, the spectral range information: 470.0 (UVB), 680.0 (VIS), 1548.0 (NIR).
QC.START?2, the spectral range information: 510.0 (UVB), 745.0 (VIS), 2214.0 (NIR).
QC.END?2, the spectral range information: 530.0 (UVB), 756.0 (VIS), 2243.0 (NIR).
QC.STARTS3, the spectral range information: 0.0 (UVB), 992.0 (VIS), 0.0 (NIR).
QC.END3, the spectral range information: 0.0 (UVB), 999.0 (VIS), 0.0 (NIR).
QC.OBS.TARG.NAME, the OBS.TARG.NAME with spaces replaced by ’-’.
QC.NUM.SAT, the maximum number of pixels with more than 60000 ADU (UVB, VIS) or
42000 ADU (NIR) in a raw frame.

QC.SLIT.WIDTH, the slit width in arcsec from INS.OPTI[345].NAME.
QC.CHROMATIC.EFF, QC.EFE.MED.ORD.9 / QC.EFEMED.ORD.1.

QC.TPL.ID, the value of TPL.ID with underscores replaced by ’-’.

QC.IWV.AVG, the average of TEL.AMBLIWV.START and TEL.AMBILIWV.END.

If either is absent, the other value is used instead of the average.

QC.AIRM.AVG, the average of TEL.AMBI.AIRM.START and TEL.AMBILAIRM.END.
If either is absent, the other value is used instead of the average.

QC.FWHM.AVG, the average of TEL.AMBLFWHM.START and TEL.AMBL.FWHM.END.
If either is absent, the other value is used instead of the average.

In the following QC.RESP keywords we divide the current response by the reference
response as specified in the input by the tag RRESPONSE_MERGE1D_SLIT. A linear
least squares fit is then made to the result. QC.RESP.SPEC.A, the flux ratio of the fit.
QC.RESP.SPEC.B, the gradient of the fit.

QC.RESP.SPEC.A, the error in the flux ratio of the fit.

QC.RESP.SPEC.B, the error in the gradient of the fit.

In the following QC.CURVE keywords we fit two gaussians across the y-direction

at two extreme ends of the input spectrum. We then directly calculate

the properties of the line connecting these two points.

QC.CURVE.(, the mean spectrum position in the y-direction.

QC.CURVE.1, the gradient of the spectrum position.
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QC.CURVE.X, the center x pixel.



Doc: VLT-MAN-ESO-14650-4840
ESO X-Shooter Pipeline User Manual Issue: Issue 3.8.15
Date: Date
Page: 107 of 185

10.14.4 Parameters

alias default min | max units
pre-overscan-corr 1 0 6
stack-method median

klow 5.0 0 100

khigh 5.0 0 100
removecrhsingle-sigmalim 20.0 0 200
removecrhsingle-flim 2.0 0 20
removecrhsingle-niter 4 0 1000
rectify-kernel tanh

rectify-radius 2.0 2 100 pix
rectify-bin-lambda -1.0 -1.0 | 210 nm
rectify-bin-slit -1.0 -1.0 | 6 arcsec
rectify-fast TRUE

localize-method MANUAL

localize-chunk-nb 10 1 1000
localize-thresh 0.1 0 1
localize-deg-lambda 0 0 10
localize-slit-position 0.0 -7 7 arcsec
localize-slit-hheight 2.0 0 7 arcsec
localize-kappa 3.0 0 20
localize-niter 3 0 100
localize-use-skymask FALSE

localize-nod-throw 0.0

extract-method NOD

stdextract-interp-hsize 30 0 1000
combinenod-throwlist throwlist.asc

combinenod-method MEAN

max-slit 5.7 arcsec
min-slit -5.3 arcsec
correct-tellurics TRUE

correct-sky-by-median TRUE

scale-combine-nod-method | 1 0 1

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

parameter default actual used value

UVB | VIS | NIR
rectify-bin-lambda | -1.0 0.02 0.02 | 0.06
rectify-bin-slit -1.0 0.16 0.16 | 0.21

10.14.5 Recommendations and issues

* See the recipe xsh_scired_slit_nod.

* The user may want to compare the flux calibrated 1D spectrum of the observed spectrum with the one
contained in the reference catalogue (FLUX_STD_CATALOG_ARM). Another check may be to cross
calibrate one flux STD star with another.

e The RESPONSE_SLIT_MERGE1D_ARM product contains in addition to the columns LAMBDA, RE-
SPONSE, to log at each sampling wavelength the corresponding fitted instrument response, also the
columns OBS, and REF, and REV_DIV_OBS. OBS contains the observed standard star spectrum
(MERGEI1D), corrected for exposure time, gain, atmospheric extinction and (for VIS and NIR data) tel-
luric absorption. REF contains the reference star spectrum from the reference catalogue, but aligned to
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the same radial velocity as the observed standard star spectrum. REF_DIV_OBS contains the ratio of REF

and OBS and can be compared directly to the fitted response. Editing the file RESP_FIT_POINTS_CAT_ARM

allows the user to change the wavelength points used to fit the response. For data with well corrected tel-
luric absorption more fitting points may be added to fit a larger part of the response.

* In some cases using SKY_MAP_NIR can deteriorate the quality of the pipeline products. If many spikes

are visible in the MERGE1D and/or MERGE2D data one should verify if the results improve if SKY_MAP_NIR

is not used.

10.15 xsh_scired_slit_stare

This recipe reduces the science frames observed in slit stare mode.

10.15.1 Input

Physical model mode (recommended):

Notes:

* DISP_TAB_ARM and ORDER_TAB_EDGES_SLIT_ARM have to be replaced by DISP_TAB_AFC_ARM
and ORDER_TAB_AFC_SLIT_ARM if flexure correction is applied.

UVB,VIS,NIR

type | TAG n bin RO
raw OBJECT_SLIT_STARE_ARM 1.. any any
ref SPECTRAL_FORMAT_TAB_ARM 1 - -

cdb | XSH_MOD_CFG_OPT_2D/AFC_ARM 1 1x1 -

cdb | MASTER_BIAS ARM ? match | match
cdb | MASTER_DARK_ARM 21 match | match
cdb | MASTER_FLAT SLIT ARM 1 match | match
cdb ORDER_TAB_EDGES/AFC_SLIT_ARM 1 match | match
cdb DISP_TAB_ARM/DISP_TAB AFC_ARM | ? 1x1 -

cdb RESPONSE_MERGE1D_SLIT_ARM ? - -

cdb | MRESPONSE_MERGE1D_SLIT ARM ? - -

cdb BP_MAP_NL_ARM ? match | -

ref BP_MAP_RP_ARM ? match | -

ref ATMOS_EXT_ARM ? - -

ref SKY_SUB_BKPTS_ARM ? - -

ref SKY_LINE_LIST_ARM N - -

ref SKY_MAP_ARM 21 match | -

* For the NIR arm, SKY_MAP_NIR input frames will not be associated with this recipe by default, because
they might worsen the sky subtraction. They may still be added manually to the sof as
SKY_MAP_NIR_<slit>.fits SKY_MAP_NIR




Doc: VLT-MAN-ESO-14650-4840
ESO X-Shooter Pipeline User Manual Issue: Issue 3.8.15
Date: Date
Page: 109 of 185

when using esorex on the command line. To have the SKY_MAP_NIR included in the reflex workflow the
user has to change the OCA rules used by the DataOrganizer by removing the // from the lines below:
//minRet = 1; maxRet = 1;

//select file as SKY MAP NIR from calibFiles

where PRO.CATG=="SKY_MAP_NIR"

and inputFile.INS.OPTI5.NAME==INS.OPTI5.NAME

and (inputFile.INSTRUME=="SHOOT" or inputFile.INSTRUME=="XSHOOTER") ;
These entries appear six times for slits with K-band blocking (x11_JH) and without (x11) and for three
cases (flux standard stars processed with xsh_respon_slit_stare, telluric standard stars and actual
science data, both processed with xsh_scired_slit_stare).

In case of NIR data obtained with the JH filter the user must use an alternative spectral format table provided
in the kit release tagged as SPECTRAL_FORMAT_TAB_JH_NIR. The SKY_LINE_LIST_ARM is required
only for BSPLINE1 or BSPLINE2 methods and for QC. If both MRESPONSE_MERGE1D_SLIT_ARM and
RESPONSE_MERGE1D_SLIT_ARM are provided in input the latter is used to flux calibrate the product spec-
trum.

If both XSH_MOD_CFG_OPT_2D_ARM and XSH_MOD_CFG_OPT_AFC_ARM are provided in input the latter
is used.

For NIR there is no input master bias but a master dark with the same DIT as the input science frame is required.

All OBJECT_SLIT_STARE_ARM science frames must have the same exposure time.
Poly mode:

UVB,VIS,NIR

type | TAG

raw OBJECT_SLIT_STARE_ARM

ref SPECTRAL_FORMAT_TAB_ARM

cdb WAVE_TAB_2D_ARM

cdb MASTER_BIAS_ARM

cdb MASTER_DARK_ARM

cdb MASTER_FLAT_SLIT_ARM

cdb ORDER_TAB_EDGES/AFC_SLIT_ARM
cdb DISP_TAB_ARM/DISP_TAB_AFC_ARM
cdb RESPONSE_MERGE1D_SLIT_ARM
cdb MRESPONSE_MERGE1D_SLIT_ARM

bin RO
N | any any

RCYNININ .
'
'

match | match
match | match
match | match
match | match
1x1 -

D

D D D D D D e
|
|

cdb BP_MAP_NL_ARM match -
ref BP_MAP_RP_ARM match -
ref ATMOS_EXT_ARM - -
ref SKY_SUB_BKPTS_ARM - -
ref SKY_LINE_LIST_ARM 21 - -
ref SKY_MAP_ARM 2! match | -

The SKY_MAP_ARM input is relevant (and provided by the kit release) only in NIR.

For the NIR arm, SKY_MAP_NIR input frames will not be associated with this recipe by default, because they
might worsen the sky subtraction. They may still be added manually to the sof as described above for the
physical model mode.

If both MRESPONSE_MERGE1D_SLIT_ARM and RESPONSE_MERGE1D_SLIT_ARM are provided in input
the latter is used to flux calibrate the product spectrum.

The SKY_LINE_LIST_ARM is required only for BSPLINEI or BSPLINE2 methods and for QC.
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10.15.2 Output

UVB,VIS,NIR
ID | PRO.CATG type | Note
0 | <PREF>_ORDER2D_ARM pro | Order by order 2D spectrum
1 <PREF>_ORDER1D_ARM pro | Order by order 1D spectrum
2 | <PREF>_MERGE2D_ARM pro | Merged 2D spectrum
3 | <PREF>_MERGE1D_ARM pro | Merged 1D spectrum
4 | SKY_SLIT_MERGE2D_ARM pro | Merged 2D sky spectrum
5 SKY SLIT _MERGE1D_ARM pro | Merged 1D sky spectrum
6 | <PREF>_SUB_BACK_SLIT_ARM | qc Science frame - corrected for bias level, master
dark, inter-order background
7 | <PREF>_WAVE_MAP_ARM qc Wavelength map
8 <PREF> SLIT_MAP_ ARM qc Slit position map
9 <PREF>_DIVFF_ARM qc Science frame - corrected for bias level, master
dark, inter-order background, sky subtracted, flat fielded
10 | <PREF>_SUB_SKY_ARM qc Science frame - corrected for bias level, master
dark, inter-order backgound, sky subtracted
11 | <PREF>_SKY ARM qc Sky frame derived from the flat-fielded science frame
12 | <PREF>_SKY_ORD1D_ARM qc Order by order 1D sky spectrum
13 | <PREF> BACK_SLIT_ ARM qc Inter-order background frame
14 | <PREF>_ON_ARM qc Science frame in PRE format
15 | <PREF>_FLUX_ORDER2D_ARM pro | Order by order flux calibrated 2D spectrum
16 | <PREF>_FLUX_ORDER1D_ARM | pro | Order by order flux calibrated 1D spectrum
17 | <PREF>_FLUX_MERGE2D_ARM | pro | Merged flux calibrated 2D spectrum
18 | <PREF>_FLUX_MERGE1D_ARM | pro | Merged flux calibrated 1D spectrum
19 | SKY_SLIT_MERGE2D_ARM qc Merged 2D sky spectrum
20 | SKY_TAB_MULT_ARM qc Predicted 9-pinhole positions of the sky lines
21 | <PREF>_SLIT_FLUX_IDP_ARM | pro | 1D spectrum in the Science Data Product (SDP) format

If the user sets do-optextract to TRUE (not recommended) additional products are created:

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 | <PREF>_ORDER_OXT1D_ARM_DRL | pro | Order by order 1D optimally extracted spectrum

1 <PREF>_MERGE_OXT1D_ARM pro | Merged 1D optimally extracted spectrum

2 | <PREF>_OXT_SUBEXTRACT_ARM | pro | Order by Order 2D image that has been extracted

3 | <PREF>_OXT_S2DDIV1D_ARM pro | Order by Order 2D image (2D1D) used to compute the weights
4 | <PREF>_OXT_MODEL_ARM pro | Order by Order 2D model spectrum

5 <PREF> OXT_WEIGHT_ ARM pro | Order by Order 2D weight spectrum

<PREF>_OXT_SUBEXTRACT_ARM can be useful to verify if the object is in the extraction window.
<PREF>_OXT_S2DDIV1D_ARM can be useful to check if the weights are determined properly.
<PREF>_OXT_WEIGHT_ARM can be useful to verify if cosmics have been detected.
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<PREF>_OXT_MODEL_ARM can be useful to verify if the optimal extraction properly modeled the object
distribution.

The flux calibrated spectrum products are only written out if a response curve is supplied to the recipe.

10.15.3 Quality Control

This recipe computes the following quality control parameters:

QC.START]1, the spectral range information: 450.0 (UVB), 672.0 (VIS), 1514.0 (NIR).
QC.ENDI, the spectral range information: 470.0 (UVB), 680.0 (VIS), 1548.0 (NIR).
QC.START?2, the spectral range information: 510.0 (UVB), 745.0 (VIS), 2214.0 (NIR).
QC.END?2, the spectral range information: 530.0 (UVB), 756.0 (VIS), 2243.0 (NIR).
QC.START3, the spectral range information: 0.0 (UVB), 992.0 (VIS), 0.0 (NIR).
QC.END3, the spectral range information: 0.0 (UVB), 999.0 (VIS), 0.0 (NIR).
QC.OBS.TARG.NAME, the OBS.TARG.NAME with spaces replaced by ’-’.
QC.NUM.SAT, the maximum number of pixels with more than 60000 ADU (UVB, VIS) or
42000 ADU (NIR) in a raw frame.

QC.SLIT.WIDTH, the slit width in arcsec from INS.OPTI[345].NAME.
QC.CHROMATIC.EFF, QC.EFEMED.ORD.9 / QC.EFEMED.ORD.1.

QC.TPL.ID, the value of TPL.ID with underscores replaced by ’-’.

QC.IWV.AVG, the average of TEL.AMBLIWV.START and TEL.AMBILIWV.END.

If either is absent, the other value is used instead of the average.

QC.AIRM.AVG, the average of TEL.AMBI.AIRM.START and TEL.AMBIL.AIRM.END.
If either is absent, the other value is used instead of the average.

QC.FWHM.AVG, the average of TEL. AMBLFWHM.START and TEL.AMBL.FWHM.END.
If either is absent, the other value is used instead of the average.

In the following QC.CURVE keywords we fit two gaussians across the y-direction

at two extreme ends of the input spectrum. We then directly calculate

the properties of the line connecting these two points.

QC.CURVE.0, the mean spectrum position in the y-direction.

QC.CURVE.1, the gradient of the spectrum position.

QC.CURVE.X, the center x pixel.

In addition to the above, IDP products will also have the following quality control parameters:
QC.MEAN.RED, the average value of the flux of the spectrum.

QC.RMS.RED, the standard deviation of the flux of the spectrum.

QC.MEAN.S2N, the average value of the flux of the spectrum divided by the error values of the spectrum.
QC.FLUX.SN, the average of QC.FLUX1.SN and QC.FLUX2.SN.
QC.FLUX.AVAILABLE, the product is flux-calibrated (True or False).
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10.15.4 Parameters

alias default min | max units
pre-overscan-corr 1 0 6

stack-method median

klow 5.0 0 100

khigh 5.0 0 100
background-edges-margin 1 0 15 pix
background-poly-deg-x 9 0 15

background-poly-deg-y 9 0 15
background-poly-deg-kappa | 10.0 0 100
removecrhsingle-sigmalim 5.0 0 200

removecrhsingle-flim 2.0 0 20

removecrhsingle-niter -1 -1 1000

rectify-kernel tanh

rectify-radius 2.0 2 100 pix
rectify-bin-lambda -1.0 -1.0 | 210 nm
rectify-bin-slit -1.0 -1.0 | 6 arcsec
localize-method MANUAL

localize-chunk-nb 10 1 1000

localize-thresh 0.1 0 1

localize-deg-lambda 0 0 10

localize-slit-position 0.0 -7 7 arcsec
localize-slit-hheight 2.0 0 7 arcsec
localize-kappa 3.0 0 20

localize-niter 3 0 100

localize-use-skymask FALSE

sky-subtract TRUE

sky-bspline-nbkpts-first 3000 1 20000/(0.75 *biny)
sky-bspline-nbkpts-second 3000 1 20000/(0.75 *biny)
sky-bspline-order 7 0 12

sky-bspline-niter 20 0 100

sky-bspline-kappa 5.0 0 10

sky-method MEDIAN

bspline-sampling FINE

sky-median-hsize 20 0 2000

sky-slit-edges-mask 0.5 0 7 arcsec
sky-position] 0.0 arcsec
sky-hheight1 0.0 0 7 arcsec
sky-position2 0.0 arcsec
sky-hheight2 0.0 0 7 arcsec
stdextract-interp-hsize 30 0 1000 pix
do-optextract FALSE

optextract-oversample 5 0 100

optextract-box-half-size 10 0 100 pix
optextract-chunk-size 50 0 100 pix
optextract-step-lambda 0.02 0 210 nm
optextract-clip-kappa 3.0 0 200

optextract-clip-frac 0.4 0 1

optextract-clip-niter 2 0 200

optextract-niter 1 0 200

optextract-method GAUSSIAN

generate-SDP-format FALSE

dummy-association-keys 0 0 231

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

parameter default actual used value
UVB | VIS | NIR

removecrhsingle-niter | -1 4 4 0

rectify-bin-lambda -1.0 0.02 0.02 | 0.06
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| rectify-bin-slit | .10 [ 016 | 0.16 | 0.21 |

In case of low SNR objects with dominant sky background the user may want to use the Kelson based sky sub-
traction. In this case the user should change sky-method to BSPLINE1 or BSPLINE2. The value BSPLINE is
also possible for backward compatibility and it is equivalent to BSPLINEI1. The difference between BSPLINE1
and BSPLINE2 methods is that the latter slices the user defined sky region in (at most) five chunks of equal size
along spatial direction. The Kelson based sky model is supported only with the localize-method MANUAL.
We recommend the user to choose well the values of localize-slit-position and localize-slit-hheight to set the
object extraction window well centered on the object and as narrow as possible. Using the Kelson method, we
also strongly recommend to use small values of sky-bspline-niter: 1 is usually enough and much less time
consuming than 2 or 3. Using Kelson based sky model the pipeline ensures the value of sky-bspline-niter is
less than 4. Moreover the value of sky-median-hsize should be kept small. One can use sky-median-hsize=20
for BSPLINE]1, but we recommend values in the range 3-5. Using method BSPLINE2 one should keep sky-
median-hsize in the range 3-5. Computation time for BSPLINE2 is higher than for BSPLINEI, but residuals
after sky model correction are better on the sky region.

10.15.5 Recommendations and issues

* The input science frames must all have the same exposure time and they are assumed to have been ob-
served such that the object is at the same position on the slit in all frames. If this is not the case, then
the recipe reduction cascade is not appropriate, and the science frames should be reduced by this recipe
individually.

* The cosmic ray detection implemented in the X-shooter pipeline often flags the edges of sky lines in the
NIR as cosmic ray hits (CRHs) and thus excludes them from the fit of the sky background. Therefore, the
recipe parameter removecrhsingle—-niter is by default set to O for NIR data, effectively disabling
CRH detection. For UVB and VIS data removecrhsingle—-niter is by default set to 4.

* To control the sampling of the output 1D and 2D spectra, set the parameters rectify-bin-lambda and
rectify-bin-slit appropriately.

* For UVB/VIS, sometimes improved sky subtraction may be obtained by increasing sky-median-hsize
(for the MEDIAN method).

* During extraction the local spatial profile (along the cross-order direction) of the spectrum is determined
by collapsing the 2-dimensional spectrum along the dispersion axis. The stdextract-interp-hsize pa-
rameter defines the half size of the region across which the spectrum is collapsed. This parameter affects
flagged pixels interpolation. In case of spectrum gaps we recommend the user to increase the default value
to an optimal value of (size_of_gap[nm]/(2¥*size_of_pixel [nm])+1), where size_of_pixel
is given by the value of rectify-bin-lambda (by default 0, corresponding to 0.02nm for UVB and VIS
data and to 0.06nm for NIR data, recorded in the CDELT1 FITS keyword of the products), in order to
interpolate over them.

* The output 1D spectrum has a third extension that stores quality flags. Please be aware that outliers in the
flux extension may well be bad or interpolated values that are appropriately flagged in the third extension.
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* In certain cases, with medium to high signal-to-noise ratio point-like sources, the user may obtain better
results changing the current default values adopted for the “localize” input parameters. For example if
in case localize-method is set to MANUAL a value of localize-slit-hheight different from the adopted
default may improve results, as well as a different value of localize-slit-position if the source is not well
centered in the slit. Possibly the user may also try to set localize-method to MAXIMUM.

10.15.5.1 Specific checks on optimal extraction products '!

Different files are created all along the process of the optimal extraction. Here we describe how these files
can be used to trace the quality of the data reduction.

e 1. The first step of the recipe is to perform the virtual resampling and do the extraction of each
order centred on the object. The output (order by order) is stored in the FITS file tagged as
<PREF>_OXT_SUBEXTRACT_ARM. This file can be displayed with standard tools like fv to check
that the extraction contains the Object. It may also happen that the object is located at the edge of
the extracted order. This may severely affect the following steps, in particular the computation of
the gaussian fits to the cross-order profile. A larger extraction window should be set by increasing
the value of the parameter —optextract-box-half-size (See Figure 10.5).

Figure 10.5: Examples of well (bottom) and bad (top) centring of the object.

2. Extraction

— Gaussian mode
Checking the flux in the object
The 2D product frame (<PREF>_OXT_SUBEXTRACT_ARM) is divided by the 1D extracted
product frame and then stored in the file <PREF>_0OXT_S2DDIV1D_ARM. This frame will be
used as a first noisy estimate of the weight. An inspection of this product frame may be helpful
to check that there is enough flux to perform gaussian fits to the cross-order profile. Each order
in the frame is divided in chunks (whose size is controlled by the parameter optextract-chunk-
size (default value set to 50 pixels). If the flux is low, a larger chunk size may improve the
gaussian fit (See Figure 10.6).
A gaussian fit is performed for each chunk and a 2D gaussian image <PREF>_0OXT_MODEL_ARM
is created. A distorsion of the shape of the model along the order and/or a strong variation of
the width of the model will indicate that the gaussian fitting is not correct. The impact will be
that the computation of the weights will not be correct and the resulting S/N of the extracted

"The checks described here applies not only for data acquired in STARE mode but also for data acquired NODDING and OFFSET
modes when reduced as STARE
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520by1D

Model

Figure 10.6: This figure shows on the left panel two examples of the 2D Gaussian model
(<PREF>_OXT_MODEL_ARM) corresponding to a bad fit (top) and a good one (bottom). A distortion of
the shape of the model along the order and/or a strong variation of the width of the model will indicate that the
Gaussian fitting is not correct.

The right panel shows the comparison between the cross order profile of the model (red) and the data (black,
obtained from the <PREF>_OXT_S2DDIV1D_ARM image) at a given position along the dispersion direction,
in case of a good fit. This last plot allow to check that the width of the model is correctly determined.

spectrum will be degraded. A possible solution is to increase the size of the chunk in order to
increase the S/N and allow a better fit of the data.
The quality of the gaussian fit can also be estimated by comparing plots of identical columns of
the model <PREF>_OXT_MODEL_ARM and the <PREF>_0OXT_S2DDIV1D_ARM files. This
operation can be also used to check that the gaussian approximation of the cross-order profile
is valid. If this is not the case, the generalized extraction method is to be preferred.

— Generalized mode.
In this mode, the 2D file <PREF>_OXT_SUBEXTRACT_ARM is approximated by polynomi-
als parallel to the dispersion direction. The image <PREF>_0OXT_MODEL_ARM contains the
model with these polynomials. A large variation of neighbouring polynomials reveals some
anomalies (bad fits) to the data. Generally, the source of the problem comes from the fact that
the fluxes are too low where the fitting points used to estimate the polynomials are strongly
affected by the noise present in the image <PREF>_OXT_S2DDIV1D_ARM. A gaussian mode
should be used preferably.
For spectra with low signal or strongly variable signal the chunk size may need to be increased
to improve the fit.
As it is done for the gaussian channel, a comparison of cuts in the files <PREF>_0OXT_MODEL_ARM
and <PREF>_OXT_S2DDIV1D_ARM along the cross-order will give indication on the quality
of the fit (See Figure 10.7).

— Cosmic ray hits removal
CRH are identified when a significant deviation (controlled by the parameter optextract-clip-
kappa) is found between the images <PREF>_0OXT_MODEL_ARM and
<PREF>_OXT_S2DDIV1D_ARM. The pixels are flagged and their weight is set to zero. The
pixels flagged by this process can be identified on the image <PREF>_OXT_WEIGHT_ARM.
An inspection of this file is therefore extremely useful. In case of low S/N ratio spectra, a
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Figure 10.7: The figure top shows a strong variation of adjacent fitting polynomial indicating a bad fit to the
data. The figure on the bottom shows an example of cross order profile with good fit to the data.

low value of the parameter optextract-clip-kappa may lead to consider good pixels as pixels
affected by CRH. In particular, a substantial number of pixels located at the peak of the profile
flagged as CRH is an indication that the parameter optextract-clip-kappa has been set to a
too low value (See Figure 10.8) The consequence may be a noticeable decrease of the resulting

S/N.

g

i ""‘W%w:'wm.-&.; ‘

Figure 10.8: In the figures weight_bad.jpg (top) and weight_bad_zoom.jpg (center), the presence of numer-
ous pixels set to zero in regions where there is flux indicates a too strong value for the kappa-sigma clipping

parameter. We also show an example of good CRH rejection (bottom).

10.16 xsh_scired_slit_offset

This recipe reduces the science and sky frames observed in slit offset mode.
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10.16.1 Input

Physical model mode (recommended):

UVB,VIS,NIR

type | TAG n bin RO
raw | OBJECT_SLIT OFFSET_ ARM 1..N | any -

raw | SKY_SLIT_ARM 1..N | match | match
ref | SPECTRAL_FORMAT_ TAB_ARM 1 - -

cdb XSH_MOD_CFG_OPT_2D/AFC_ARM 1 1x1 -

cdb | MASTER_FLAT_ SLIT_ARM 1 match | match
cdb ORDER_TAB_EDGES/AFC_SLIT_ARM 1 match | match
cdb | DISP_TAB_ARM/DISP_TAB_AFC_ARM | ? 1x1 -

cdb RESPONSE_MERGE1D_SLIT_ARM ? - -

cdb MRESPONSE_MERGE1D_SLIT_ARM ? - -

cdb BP_MAP_NL_ARM ? match | -

ref BP_MAP_RP_ARM ? match | -

ref ATMOS_EXT_ARM ? - -

ref SKY_MAP_ARM 21 match | -

Note: DISP_TAB_ARM and ORDER_TAB_EDGES_SLIT_ARM have to be replaced by DISP_TAB_AFC_ARM
and ORDER_TAB_AFC_SLIT_ARM if flexure correction is applied.

In case of NIR data obtained with the JH filter the user must use an alternative spectral format table provided
in the kit release tagged as SPECTRAL_FORMAT_TAB_JH_NIR. The SKY_MAP_ARM input is relevant (and
provided by the kit release) only in NIR.

If both MRESPONSE_MERGE1D_SLIT_ARM and RESPONSE_MERGE1D_SLIT_ARM are provided in input
the latter is used to flux calibrate the product spectrum.

If both XSH_MOD_CFG_OPT_2D_ARM and XSH_MOD_CFG_OPT_AFC_ARM are provided in input the latter
is used.

All OBJECT_SLIT_OFFSET_ARM and SKY_SLIT_ARM observations must have the same exposure time.
Poly mode:

UVB,VIS,NIR

type | TAG

raw OBJECT_SLIT_OFFSET_ARM

raw SKY_SLIT_ARM

ref SPECTRAL_FORMAT_TAB_ARM

cdb WAVE_TAB_2D_ARM

cdb MASTER_FLAT_SLIT_ARM

cdb ORDER_TAB_EDGES/AFC_SLIT_ARM
cdb DISP_TAB_ARM/DISP_TAB_AFC_ARM
cdb RESPONSE_MERGE1D_SLIT_ARM
cdb MRESPONSE_MERGE1D_SLIT_ARM
cdb BP_MAP_NIL_ARM

ref BP_MAP_RP_ARM

ref ATMOS_EXT_ARM

ref SKY_MAP_ARM

bin RO
any -
match | match

zz

1x1 -
match | match
match | match
1x1 -

match | -
match | -

P C JC Sy U G Y

match | -
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The SKY_MAP_ARM input is relevant (and provided by the kit release) only in NIR.

If both MRESPONSE_MERGE1D_SLIT_ARM and RESPONSE_MERGE1D_SLIT_ARM are provided in input
the latter is used to flux calibrate the product spectrum.

10.16.2 Output

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 | <PREF>_ORDER2D_ARM pro | Order by order 2D spectrum

1 <PREF>_ORDER1D_ARM pro | Order by order 1D spectrum

2 | <PREF>_MERGE2D_ARM pro | Merged 2D spectrum

3 | <PREF>_MERGE1D_ARM pro | Merged 1D spectrum

4 | <PREF>_SKY_ARM pro | Sky frame

5 SKY_SLIT_ORDER2D_ARM pro | Order by order 2D sky spectrum

6 | SKY_SLIT_MERGE2D_ARM pro | Merged 2D sky spectrum

7 | SKY_SLIT_MERGE1D_ARM pro | Merged 1D sky spectrum

8 | <PREF>_FLUX_ORDER2D_ARM | pro | Order by order flux calibrated 2D spectrum
9 <PREF> FLUX_ ORDER1D_ARM pro | Order by order flux calibrated 1D spectrum
10 | <PREF>_FLUX_MERGE2D_ARM | pro | Merged flux calibrated 2D spectrum

11 | <PREF>_ FLUX MERGE1D_ARM pro | Merged flux calibrated 1D spectrum

12 | <PREF>_WAVE_MAP_ARM pro | Wave map frame

13 | <PREF>_SLIT MAP_ ARM pro | Slit map frame

14 | <PREF>_SLIT_FLUX_IDP_ARM | pro | 1D spectrum in the Science Data Product (SDP) format

The flux calibrated spectrum products are only written out if a response curve is supplied to the recipe.

10.16.3 Quality Control

This recipe computes the following quality control parameters:

QC.START1, the spectral range information: 450.0 (UVB), 672.0 (VIS), 1514.0 (NIR).
QC.ENDI, the spectral range information: 470.0 (UVB), 680.0 (VIS), 1548.0 (NIR).
QC.START?2, the spectral range information: 510.0 (UVB), 745.0 (VIS), 2214.0 (NIR).
QC.END?2, the spectral range information: 530.0 (UVB), 756.0 (VIS), 2243.0 (NIR).
QC.START3, the spectral range information: 0.0 (UVB), 992.0 (VIS), 0.0 (NIR).
QC.END3, the spectral range information: 0.0 (UVB), 999.0 (VIS), 0.0 (NIR).
QC.OBS.TARG.NAME, the OBS.TARG.NAME with spaces replaced by ’-’.
QC.NUM.SAT, the maximum number of pixels with more than 60000 ADU (UVB, VIS) or
42000 ADU (NIR) in a raw frame.

QC.SLIT.WIDTH, the slit width in arcsec from INS.OPTI[345].NAME.
QC.CHROMATIC.EFF, QC.EFEMED.ORD.9 / QC.EFEMED.ORD.1.

QC.TPL.ID, the value of TPL.ID with underscores replaced by ’-’.
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QC.IWV.AVG, the average of TEL. AMBILIWV.START and TEL.AMBILIWV.END.

If either is absent, the other value is used instead of the average.

QC.AIRM.AVG, the average of TEL.AMBI.AIRM.START and TEL.AMBIL.AIRM.END.

If either is absent, the other value is used instead of the average.

QC.FWHM.AVG, the average of TEL. AMBL.FWHM.START and TEL.AMBL.FWHM.END.
If either is absent, the other value is used instead of the average.

In the following QC.CURVE keywords we fit two gaussians across the y-direction

at two extreme ends of the input spectrum. We then directly calculate

the properties of the line connecting these two points.

QC.CURVE.0, the mean spectrum position in the y-direction.

QC.CURVE.1, the gradient of the spectrum position.

QC.CURVE.X, the center x pixel.

In addition to the above, IDP products will also have the following quality control parameters:
QC.MEAN.RED, the average value of the flux of the spectrum.

QC.RMS.RED, the standard deviation of the flux of the spectrum.

QC.MEAN.S2N, the average value of the flux of the spectrum divided by the error values of the spectrum.
QC.FLUX.SN, the average of QC.FLUX1.SN and QC.FLUX2.SN.

QC.FLUX.AVAILABLE, the product is flux-calibrated (True or False).
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10.16.4 Parameters

alias default min | max units
pre-overscan-corr 1 0 6
removecrhsingle-sigmalim | 20.0 0 200
removecrhsingle-flim 2.0 0 20
removecrhsingle-niter 4 0 1000
rectify-kernel tanh

rectify-radius 2.0 2 100 pix
rectify-bin-lambda -1.0 -1.0 | 210 nm
rectify-bin-slit -1.0 -1.0 | 6 arcsec
localize-method MANUAL

localize-chunk-nb 10 1 1000
localize-thresh 0.1 0 1
localize-deg-lambda 0 0 10
localize-slit-position 0.0 -7 7 arcsec
localize-slit-hheight 2.0 0 7 arcsec
localize-kappa 3.0 0 20
localize-niter 3 0 100
localize-use-skymask FALSE

stdextract-interp-hsize 30 0 1000 | pix
combinenod-method MEAN

gen-sky TRUE

generate-SDP-format FALSE

dummy-association-keys 0 0 231

Note that the parameter extract-method should only be set to LOCALIZATION for this recipe. Other values
will cause a recipe crash.

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

parameter default actual used value

UVB | VIS | NIR
rectify-bin-lambda | -1.0 0.02 | 0.02 | 0.06
rectify-bin-slit -1.0 0.16 | 0.16 | 0.21

10.16.5 Recommendations and issues

* The input science and sky frames must all have the same exposure time. If there are more SKY (OBJECT)
frames than OBJECT (SKY) frames, a number of SKY (OBJECT) frames are dropped such that an equal
number of SKY and OBJECT frames are processed.

* It is assumed that all the science frames have been observed such that the object is at the same position
on the slit in all frames. If this is not the case, then the recipe reduction cascade is not appropriate, and
the science frames should be reduced by this recipe individually.

* It is assumed that the sky does not vary significantly within each pair of object/sky observations. If this
is not the case, then the recipe algorithms are not appropriate, and the results will suffer from systematic
erTors.

* The threshold for cosmic ray detection in units of sigma is set by default to the relatively high value
of removecrhsingle-sigmalim = 20.0. This is to avoid flagging the edges of the brightest sky lines as
cosmic ray events. If cosmic ray hits are still present in the output spectrum, then reduce the value of this
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parameter while checking that the edges of sky lines are not flagged. In very few cases, you may need to
set this threshold even higher.

* To control the sampling of the output 1D and 2D spectra, set the parameters rectify-bin-lambda and
rectify-bin-slit appropriately.

* During extraction the local spatial profile (along the cross-order direction) of the spectrum is determined
by collapsing the 2-dimensional spectrum along the dispersion axis. The stdextract-interp-hsize pa-
rameter defines the half size of the region across which the spectrum is collapsed. This parameter affects
flagged pixels interpolation. In case of spectrum gaps we recommend the user to increase the default value
to an optimal value of (size_of_gap[nm]/(2*¥*size_of_pixel [nm])+1), where size_of_pixel
is given by the value of rectify-bin-lambda (by default 0, corresponding to 0.02nm for UVB and VIS
data and to 0.06nm for NIR data, recorded in the CDELT1 FITS keyword of the products), in order to
interpolate over them.

e The output 1D spectrum has a third extension that stores quality flags. Please be aware that outliers in the
flux extension may well be bad or interpolated values that are appropriately flagged in the third extension.

10.17 xsh_scired_slit_nod

This recipe reduces the science frames observed in slit nodding mode.

10.17.1 Input

Physical model mode (recommended):

UVB,VIS,NIR

type | TAG n any any
raw | OBJECT_SLIT_NOD_ARM 1.N | any any
ref SPECTRAL_FORMAT_TAB_ARM 1 - -

cdb XSH_MOD_CFG_OPT_2D/AFC_ARM 1 1x1 -

cdb | MASTER_FLAT_ SLIT_ARM 1 match | match
cdb ORDER_TAB_EDGES/AFC_SLIT_ARM 1 match | match
cdb DISP_TAB_ARM/DISP_TAB_AFC_ARM | ? 1x1 -

cdb RESPONSE_MERGE1D_SLIT_ARM ? - -

cdb | MRESPONSE_MERGE1D_SLIT ARM ? - -

cdb BP_MAP_NL_ARM ? match | -

ref BP_MAP_RP_ARM ? match | -

ref ATMOS_EXT_ARM ? - -

ref SKY_MAP_ARM 21 match | -

Note: DISP_TAB_ARM and ORDER_TAB_EDGES_SLIT_ARM have to be replaced by DISP_TAB_AFC_ARM
and ORDER_TAB_AFC_SLIT_ARM if flexure correction is applied.
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In case of NIR data obtained with the JH filter the user must use an alternative spectral format table provided
in the kit release tagged as SPECTRAL_FORMAT_TAB_JH_NIR. The SKY_MAP_ARM input is relevant (and
provided by the kit release) only in NIR.

If both MRESPONSE_MERGE1D_SLIT_ARM and RESPONSE_MERGE1D_SLIT_ARM are provided in input
the latter is used to flux calibrate the product spectrum.

If both XSH_MOD_CFG_OPT_2D_ARM and XSH_MOD_CFG_OPT_AFC_ARM are provided in input the latter
is used.

Poly mode:
UVB,VIS,NIR
type | TAG n bin RO
raw OBJECT_SLIT_NOD_ARM 1.N any any
ref SPECTRAL_FORMAT_TAB_ARM 1 - -
cdb WAVE_TAB_2D_ARM 1 1x1 -
cdb MASTER_FLAT_SLIT_ARM 1 match | match
cdb ORDER_TAB_EDGES/AFC_SLIT_ARM 1 match | match
cdb DISP_TAB_ARM/DISP_TAB_AFC_ARM | 1 1x1 -
cdb RESPONSE_MERGE1D_SLIT_ARM ? - -
cdb MRESPONSE_MERGE1D_SLIT_ARM ? - -
cdb BP_MAP_NI_ARM ? match | -
ref BP_MAP_RP_ARM ? match | -
ref ATMOS_EXT_ARM ? - -
ref SKY_MAP_ARM Nn match | -

The SKY_MAP_ARM input is relevant (and provided by the kit release) only in NIR.

If both MRESPONSE_MERGE1D_SLIT_ARM and RESPONSE_MERGE1D_SLIT_ARM are provided in input
the latter is used to flux calibrate the product spectrum.

10.17.2 Output

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 <PREF>_ ORDER2D_ARM pro | Extracted 2D orders

1 <PREF> ORDER1D_ARM pro | Extracted 1D orders

2 | <PREF>_MERGE2D_ARM pro | Merged 2D spectrum

3 | <PREF>_MERGE1D_ARM pro | Merged 1D spectrum

4 <PREF>_WAVE_MAP_ARM pro | Wave map frame

5 <PREF> SLIT MAP_ ARM pro | Slit map frame

6 <PREF>_ FLUX_ORDER2D_ARM pro | Flux calibrated order by order 2D frame
7 <PREF>_ FLUX_ORDER1D_ARM pro | Flux calibrated order by order 1D frame
8 <PREF>_FLUX_MERGE2D_ARM pro | Flux calibrated 2D frame

9 <PREF>_FLUX_MERGE1D_ARM pro | Flux calibrated 1D frame

10 | <PREF>_SLIT_FLUX_IDP_ARM | pro | 1D spectrum in the Science Data Product (SDP) format
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10.17.3 Quality Control

This recipe computes the following quality control parameters:

QC.START1, the spectral range information: 450.0 (UVB), 672.0 (VIS), 1514.0 (NIR).
QC.ENDI, the spectral range information: 470.0 (UVB), 680.0 (VIS), 1548.0 (NIR).
QC.START?2, the spectral range information: 510.0 (UVB), 745.0 (VIS), 2214.0 (NIR).
QC.END?2, the spectral range information: 530.0 (UVB), 756.0 (VIS), 2243.0 (NIR).
QC.START3, the spectral range information: 0.0 (UVB), 992.0 (VIS), 0.0 (NIR).
QC.END3, the spectral range information: 0.0 (UVB), 999.0 (VIS), 0.0 (NIR).
QC.OBS.TARG.NAME, the OBS.TARG.NAME with spaces replaced by ’-’.
QC.NUM.SAT, the maximum number of pixels with more than 60000 ADU (UVB, VIS) or
42000 ADU (NIR) in a raw frame.

QC.SLIT.WIDTH, the slit width in arcsec from INS.OPTI[345].NAME.
QC.CHROMATIC.EFF, QC.EFEMED.ORD.9 / QC.EFEMED.ORD.1.

QC.TPL.ID, the value of TPL.ID with underscores replaced by ’-’.

QC.IWV.AVG, the average of TEL. AMBILIWV.START and TEL.AMBILIWV.END.

If either is absent, the other value is used instead of the average.

QC.AIRM.AVG, the average of TEL.AMBI.AIRM.START and TEL.AMBI.AIRM.END.
If either is absent, the other value is used instead of the average.

QC.FWHM.AVG, the average of TEL.AMBL.FWHM.START and TEL.AMBIL.FWHM.END.
If either is absent, the other value is used instead of the average.

In the following QC.CURVE keywords we fit two gaussians across the y-direction

at two extreme ends of the input spectrum. We then directly calculate

the properties of the line connecting these two points.

QC.CURVE.(, the mean spectrum position in the y-direction.

QC.CURVE.1, the gradient of the spectrum position.

QC.CURVE.X, the center x pixel.

In addition to the above, IDP products will also have the following quality control parameters:
QC.MEAN.RED, the average value of the flux of the spectrum.

QC.RMS.RED, the standard deviation of the flux of the spectrum.

QC.MEAN.S2N, the average value of the flux of the spectrum divided by the error values of the spectrum.
QC.FLUX.SN, the average of QC.FLUX1.SN and QC.FLUX2.SN.
QC.FLUX.AVAILABLE, the product is flux-calibrated (True or False).
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10.17.4 Parameters

alias default min | max units

pre-overscan-corr 1 0 6

stack-method median

klow 5.0 0 100

khigh 5.0 0 100

removecrhsingle-sigmalim | 20.0 0 200

removecrhsingle-flim 2.0 0 20

removecrhsingle-niter 4 0 100

rectify-kernel tanh

rectify-radius 2.0 2 100 pix

rectify-bin-lambda -1.0 -1.0 | 210 nm

rectify-bin-slit -1.0 -1.0 | 6 arcsec

rectify-fast TRUE

localize-method MANUAL

localize-chunk-nb 10 1 1000

localize-thresh 0.1 0 1

localize-deg-lambda 0 0 10

localize-slit-position 0.0 -7 7 arcsec

localize-slit-hheight 2.0 0 7 arcsec

localize-kappa 3.0 0 20

localize-niter 3 0 100

localize-use-skymask FALSE

localize-nod-throw 0.0

extract-method NOD

stdextract-interp-hsize 30 0 1000 | pix

combinenod-throwlist throwlist.asc

combinenod-method MEAN

max-slit 5.7 arcsec

min-slit -5.3 arcsec

correct-sky-by-median TRUE

generate-SDP-format FALSE

dummy-association-keys 0 0 231

scale-combine-nod-method | 1 0 1

If the user does not set different values the recipe automatically sets the following arm dependent values for the

corresponding parameters:

parameter

default actual used value

UVB | VIS | NIR

rectify-bin-lambda
rectify-bin-slit

-1.0 0.02 0.02 | 0.06
-1.0 0.16 0.16 | 0.21

10.17.5 Recommendations and issues

* The input science frames must all have the

number of input science frames.

same exposure time. Furthermore, there must be an even

* Itis assumed that the nod pattern is of the form AA..A BB..B CC..C DD..D etc. The individual sequences
AA..A, BB..B, etc. can each have any number of exposures. These sequences are combined (stack-
method, klow, khigh) to create the sequence A B C D etc. Then the combined images are subtracted in
pairs to create [(A-B) - shifted(B-A)], [(C-D - shifted(D-C)], etc. Finally, all the combined and subtracted
2D spectra are combined (combinenod-method) into a single subtracted 2D spectrum.
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It is assumed that the sky does not vary significantly within each sequence AA..A, BB...B, etc. of science
observations. If this is not the case, then the recipe algorithms are not appropriate, and the results will
suffer from systematic errors.

It is also assumed that the sky does not vary significantly between the pairs of images in the combined
sequence A,B and C,D etc. However, to attempt to correct for this when it occurs, the recipe subtracts the
median pixel value at each wavelength from the rectified A-B image before combination into the [(A-B)
- shifted(B-A)] image. This correction can be switched off by setting correct-sky-by-median = FALSE.

The threshold for cosmic ray detection in units of sigma is set by default to the relatively high value
of removecrhsingle-sigmalim = 20.0. This is to avoid flagging the edges of the brightest sky lines as
cosmic ray events. If cosmic ray hits are still present in the output spectrum, then reduce the value of this
parameter while checking that the edges of sky lines are not flagged. In very few cases, you may need to
set this threshold even higher.

To control the sampling of the output 1D and 2D spectra, set the parameters rectify-bin-lambda and
rectify-bin-slit appropriately.

During extraction the local spatial profile (along the cross-order direction) of the spectrum is determined
by collapsing the 2-dimensional spectrum along the dispersion axis. The stdextract-interp-hsize pa-
rameter defines the half size of the region across which the spectrum is collapsed. This parameter affects
flagged pixels interpolation. In case of spectrum gaps we recommend the user to increase the default value
to an optimal value of (size_of_gap[nm]/(2*¥*size_of_pixel [nm])+1), where size_of_pixel
is given by the value of rectify-bin-lambda (by default 0, corresponding to 0.02nm for UVB and VIS
data and to 0.06nm for NIR data, recorded in the CDELT1 FITS keyword of the products), in order to
interpolate over them.

The output 1D spectrum has a third extension that stores quality flags. Please be aware that outliers in the
flux extension may well be bad or interpolated values that are appropriately flagged in the third extension.

The extract-method default value is set to NOD for robustness reason. In certain cases extract-method
set to LOCALIZATION may give better results.

The scale-combine-nod-method default value is set to 1, to allow pixel scaling during not frame combi-
nation in case some overlapping pixel has pixel quality flagged as bad. If the user would like to dis-activate
this feature can set this parameter value to 0.

If a user set the parameter rectify-fast to FALSE, cannot use value MANUAL for the parameter localize-
method and shall provide NOD throw values via the input file specified by the parameter combinenod-
throwlist (defaulted to throwlist.asc), in the format

valuel
value?2

valueN
For example in a case of four frames (example from Reflex demo data) one should put the values recorded
in HIERARCH ESO SEQ CUMOFFY in the file throwlist.asc (note the sign!)
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2.836273
~2.606550
-2.975557
2.948056

* In some cases using SKY_MAP_NIR can deteriorate the quality of the pipeline products. If many spikes
are visible in the MERGE1D and/or MERGE2D data one should verify if the results improve if SKY_MAP_NIR
is not used.

10.18 xsh_scired_ifu_stare

This recipe reduce science object frames observed in IFU stare mode.

10.18.1 Input

Physical model mode (recommended):

UVB,VIS,NIR
type | TAG n bin RO
raw | OBJECT_IFU_STARE_ARM 1.n any -
ref | SPECTRAL_FORMAT_TAB ARM | 1 - -
cdb | MASTER_BIAS_ARM 1 match | match
cdb | MASTER _FLAT_IFU_ARM 1 match | match
cdb ORDER_TAB_AFC_IFU_ARM 1 match | match
cdb | XSH_MOD_CFG_OPT_AFC_ARM | 1 - -
cdb | BP_MAP NI_ARM ? match | -
ref BP_MAP_RP_ARM ? match | -
ref SKY_SUB_BKPTS_ARM ? - -
ref IFU_CFG_TAB_ARM ? - -
Poly mode:
type | TAG bin RO
raw OBJECT_TIFU_STARE_ARM .n any -

ref SPECTRAL_FORMAT_TAB_ARM
cdb MASTER_BIAS_ARM

cdb MASTER_FLAT_IFU_ARM

cdb ORDER_TAB_AFC_IFU_ARM
cdb WAVE_TAB_AFC_ARM

cdb DISP_TAB_AFC_ARM

cdb BP_MAP_NIL_ARM

ref BP_MAP_RP_ARM

ref SKY_SUB_BKPTS_ARM

ref IFU_CFG_TAB_ARM

match | match
match | match
match | match
match | match

match
match

DD D D s

10.18.2 Output
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UVB,VIS,NIR
ID | PRO.CATG type | Note

PREF_MERGE3D_DATA_OBJ_ARM pro | Object merged 3D cube

1* | PREF_MERGE3D_TRACE_OBJ_ARM | pro | Object traces on merged cube
PREF_ORDER3D_DATA_ OBJ_ARM pro | Object Order-by-order 3d cube

3 IFU_CFG_COR_ARM pro | ifu traces fit coefs differences

4* | IFU_MAP_SKY AREA ARM pro | Image with obj,sky subtracted,flat fielded frame,
wave map, ifu-slices map, ifu ID map (ID=1,2,3)
RA map, DEC map, sky area map

10.18.3 Parameters

alias default | min | max | units
stack-method median

klow 5 0 100

khigh 5 0 100
pre-overscan-corr 1 0 6
crh-clip-kappa 5.0

crh-clip-niter 5 0 20
crh-clip-frac 0.7 0 100
background-edges-margin 1 0 15 pix
background-poly-deg-x 9 0 15
background-poly-deg-y 9 0 15
background-poly-deg-kappa | 10.0 0 100
rectify-kernel default pix
rectify-radius 2.0 2 100 | pix
rectify-bin-lambda -1.0 0 210 | nm
rectify-bin-slit -1.0 0 6 arcsec
compute-map TRUE

trace-obj FALSE

check-afc TRUE

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

parameter default actual used value

UVB | VIS | NIR
rectify-bin-lambda | -1.0 0.02 0.02 | 0.06
rectify-bin-slit -1.0 0.16 | 0.16 | 0.21

10.18.4 Recommendations and issues

The user should verify that the object position traces on the three slices as function of wavelength do overlap
within half a pixel. Alternatively the user may verify that the object position in the reconstructed cube is the
same by moving along the wavelength direction.

From time to time the IFU slice traces do not overlap. In such a case the alignment of the IFU slices may
be improved by providing (in the sof) the optional static table tagged as ITFU_CFG_TAB_ARM (ARM=UVB,
VIS, NIR). If the offset between slices is constant with wavelength the corresponding ARM coefficients of
the S_LOW_OFF or S_UPP_OFF need to be corrected in this table. The correction is defined by the shift



Doc: VLT-MAN-ESO-14650-4840
ESO X-Shooter Pipeline User Manual Issue: Issue 3.8.15
Date: Date
Page: 128 of 185

POS.1

:
:
oy
H

300 400 500 600 700 800 200 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
WAYELENGTH

POS.1-POS.2

:

3

}

¥

b

N, e
: >

¥
5
&
2 .&‘, o
%

. . P s
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
WAVELENGTH

Figure 10.9: Upper left: combined IFU upper, central and lower traces for the three arms. The curvature is due
to differential atmospheric dispersion as there is no ADC for the IFU. Lower left: residuals of lower-central and
upper-central traces for a standard star used to verify accuracy. Right: a slice of the 3D cube at H,. The spatial
size of one pixel is 0.15”.

one wants to correct multiplied by the size of the spatial bin one has chosen to reduce the data (by default
0.16/0.16/0.21 arcsec/pixel for UVB/VIS/NIR data, respectively). If the offset between the slices varies with
wavelength also the other coefficients provided in that table need to be changed. The coefficients controlling the
slope are W_UPP_COEF1 and W_LOW_COEF 1. The coefficients controlling the curvature are W_UPP_COEF2
and W_LOW_COEF 2. If the user has to change these parameters we recommend to first optimise the offset, then
the slopes (judging if it needs to be increased or decreased and, in order to make small variations, starting from
the second significant digit of the default value) and similarly eventually changing the curvature coefficients.

This correction can be determined by aligning the traces of the telluric standard observation usually taken in the
same night. The table optimized this way should then be used as input of the (usually low signal to noise) object
data reduction.

The size of the IFU cube is NAXIS1*NAXIS2*NAXIS3, where NAXIS1 is always 3, set by the number of the
IFU slices, while NAXIS?2 is (m + 0.5) + 1 where rectify — bin — slit is the spatial step along
the slit in the output spectrum in arcsecs, and NAXIS3 depends from the ARM wavelength range and from
the value of the parameter rectify-bin-lambda. Note that the table IFU_CFG_TAB_ARM contains a column,
W_STEP_FCT, with default value 1, that allows to change the wavelength sampling of the reconstructed cube
as: wavelength sampling=W_STEP_FCT X rectify-bin-lambda.

10.19 xsh_scired_ifu_offset
10.19.1 Input

Physical model mode (recommended):
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UVB,VIS,NIR
type | TAG n bin RO
raw OBJECT_IFU_OFFSET_ARM 1,2.n any -
raw | SKY_IFU_ARM 1,2..n | any -
ref SPECTRAL_FORMAT TAB ARM | 1 - -
cdb | MASTER_FLAT IFU_ARM 1 match | match
cdb | ORDER_TARBR AFC_IFU_ARM 1 match | match
cdb XSH_MOD_CFG_OPT_AFC_ARM | 7+ - -
cdb BP_MAP_NIL_ARM ? match | -
ref BP_MAP_RP_ARM ? match | -
ref IFU_CFG_TAB_ARM ? - -
Poly mode:
UVB, VIS,NIR
type | TAG n bin RO
raw OBJECT_IFU_OFFSET_ARM 1.n any -
raw SKY_IFU_ARM l.n | any
ref SPECTRAL_FORMAT_TAB_ARM 1 - -
cdb MASTER_FLAT_IFU_ARM 1 match | match
cdb ORDER_TAB_AFC_IFU_ARM 1 match match
cdb WAVE_TAB_AFC_ARM 1 1x1
cdb DISP_TAB_AFC_ARM 1 1x1
cdb XSH_MOD_CFG_OPT_AFC_ARM 1 -
cdb BP_MAP_NIL_ARM ? match
ref BP_MAP_RP_ARM ? match
ref IFU_CFG_TAB_ARM ?
10.19.2 Output
UVB,VIS,NIR
ID | PRO.CATG type | Note
PREF_MERGE3D_DATA_OBJ_ARM | pro | Object merged 3D cube
1* | PREF_MERGE3D_TRACE_OBJ_ARM | pro | Object traces on merged cube
2 | PREF_ORDER3D_DATA_OBJ_ARM | pro | Object Order-by-order 3d cube
3 IFU_CFG_COR_ARM pro | ifu traces fit coefs differences
4 PREF_MERGE3D_DATA_SKY_ ARM pro Sky merged 3D cube
5% | IFU_MAP_SKY AREA_ARM pro | Image with obj,sky subtracted,flat fielded frame,
wave map, ifu-slices map, ifu ID map (ID=1,2,3)
RA map, DEC map, sky area map
10.19.3 Parameters

alias default min | max units
stack-method median

klow 5 0 100

khigh 5 0 100
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crh-clip-kappa 0.3 0 20

crh-clip-niter 5 0 100

crh-clip-frac 5.0 0 1

removecrhsingle-sigmalim | 20.0 0 200

removecrhsingle-flim 2.0 0 20

removecrhsingle-niter 4 0 1000

rectify-kernel default

rectify-radius 2.0 2 100 pix

rectify-bin-lambda -1.0 1 210 nm

rectify-bin-slit -1.0 0 6 arcsec

localize-method MANUAL

localize-chunk-nb 10 1 1000

localize-thresh 0.1 0 1

localize-deg-lambda 0 0 10

localize-slit-position 0.0 -7 7 arcsec

localize-slit-hheight 2.0 0 7 arcsec

localize-kappa 3.0 0 20

localize-niter 3 0 100

localize-use-skymask FALSE

optimal-extract-kappa -1.0

compute-map FALSE

trace-obj FALSE

check-afc TRUE

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

parameter default actual used value

UVB | VIS | NIR
rectify-bin-lambda | -1.0 0.02 0.02 | 0.06
rectify-bin-slit -1.0 0.16 | 0.16 | 0.21

10.19.4 Recommendations and issues

See 10.18.4.

10.20 xsh_molecfit_model

The recipe runs molecfit_model on the input spectrum. The accepted formats are either 1D binary fits tables or

1D fits images as produced by the xshooter science recipes. The accepted categories are: SCI_SLIT_FLUX_IDP_XXX,
SCI_SLIT_MERGEI1D_XXX, SCI_SLIT_FLUX MERGEI1D_XXX, TELL_SLIT MERGEI1D_XXX,
TELL_SLIT_FLUX_MERGEI1D_XXX and STD_SLIT_FLUX_IDP_YYY_XXX, where XXX is UVB, VIS

or NIR, and YYY is NOD, STARE or OFFSET. If atmospheric profiles (GDAS_XXX and
ATM_PROFILE_STANDARD_XXX) are given in the input SOF, then they will be used.

The products of xsh_molecfit_model are used by xsh_molecfit_calctrans to construct the full atmospheric trans-
mission correction. The xsh_molecfit_correct recipe can then apply the derived correction.

Please see the molecfit manual if you require more detailed information on molecfit parameters and usage.

Please be aware that the molecfit recipes are newly available in 2022 and unexpected behaviour may still be
encountered while using these recipes. We encourage users to please report any unexpected behaviour by
submitting a helpdesk ticket at https://support.eso.org.


https://support.eso.org
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10.20.1 Input

The input files are as follows in alphabetical order:

Note: In the following XXX is UVB, VIS or NIR, and YYY is NOD, STARE or OFFSET.

ATM_PROFILE_STANDARD_XXX: optional Fits table indicating the reference atmospheric profile. If not
given, a default profile will be used.

GDAS_XXX: optional GDAS profile providing pressure [hPa], altitude [m], and temperature [K] to use. If not
provided, the recipe will retrieve data from the ESO database.

KERNEL_LIBRARY_XXX: optional Library specifying the instrumental line spread function.

WAVE_EXCLUDE_XXX: optional Fits table specifying the wavelength boundaries of the regions to exclude
in the fit. Ignored if the recipe parameter WAVE_EXCLUDE is not ‘NULL’. If a region is outside the
wavelength range of the input spectrum, it will be ignored.

WAVE_INCLUDE_XXX: optional Fits table specifying the wavelength boundaries of the regions to fit. Ig-
nored if the recipe parameter WAVE_INCLUDE is not ‘NULL’. If a region is outside the wavelength
range of the input spectrum, it will be ignored.

MOLECULES_XXX: optional Fits table specifying the molecules to consider in the fit and their relative
column densities. Ignored if all the recipe parameters LIST_MOLEC, FIT_MOLEC, and REL_COL are
specified.

PIXEL_EXCLUDE_XXX: optional Fits table specifying the pixels boundaries of the regions to exclude in
the fit. Ignored if the recipe parameter PIXEL_EXCLUDE is not ‘NULL’. If a region is outside the
wavelength range of the input spectrum, it will be ignored.

SCI_SLIT_FLUX_IDP_XXX: required The input spectrum to model. Choose one of these tags.
or SCI_SLIT_FLUX_MERGEID_XXX: Choose one of these tags.

or SCI_SLIT_MERGEID_XXX: Choose one of these tags.

or TELL_SLIT MERGEI1ID_XXX: Choose one of these tags.

or TELL_SLIT FLUX_MERGEID_XXX: Choose one of these tags.

or STD_SLIT_FLUX_IDP_YYY_XXX: Choose one of these tags.

10.20.2 Output

The possible output frames in alphabetical order are:

Note: In the following XXX is UVB, VIS or NIR, and ZZZ is SCI (when the input spectrum PRO.CATG
contains SCI) or STD (otherwise).
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ATM_PARAMETERS_Z77_XXX: The atmospheric profile used, obtained as combination of the GDAS_XXX
and ATM_PROFILE_STANDARD_XXX (either input or default).

ATM_PROFILE_COMBINED_XXX: The result of combining the GDAS, MIPAS and EMM data and repre-
sents the gridded atmospheric profile data to be used in the LNFL and LBLRTM third-party tools. Please
refer to the molecfit manual for further information.

ATM_PROFILE_STANDARD_XXX: The MIPAS atmospheric composition data used with GDAS and EMM
data to construct an atmospheric model. Please refer to the molecfit manual for further information.

BEST_FIT_MODEL_ZZ77_XXX: Table containing the best fit model. Please refer to the molecfit manual for
further information.

BEST_FIT_PARAMETERS_ZZ7_XXX: Table containing the best fit parameters. Please refer to the molec-
fit manual for further information.

GDAS_XXX: Used GDAS profile (either copy of input, or computed from the ESO database).

GDAS_AFTER_XXX: The GDAS profile downloaded from the ESO database immediately after the MJD-
OBS of the input spectrum. Produced only if GDAS_XXX was not provided in the input sof.

GDAS_BEFORE_XXX: The GDAS profile downloaded from the ESO database immediately before the MJD-
OBS of the input spectrum. Produced only if GDAS_XXX was not provided in the input sof.

KERNEL_LIBRARY_XXX: Kernel library used in the fit (values are interpolated from the input library).
Produced only if a KERNEL_LIBRARY_XXX was given as input.

MODEL_MOLECULES_XXX: Fits table containing the information on the fitted molecules.

MOLECFIT_DATA_ZZ7Z7_XXX: The input spectrum saved as the molecfit internal fits binary table format.

10.20.3 Quality Control

This recipe adds the following quality control parameters from the contents of
BEST_FIT_PARAMETERS_ZZ77_ XXX to its primary header:
QC.INITIAL.CHI2, the value of initial_chi2.

QC.BEST.CHI2, the value of best_chi2.
QC.REDUCED.CHI2, the value of reduced_chi2.
QC.RMS.TO.ERR, the value of rms_rel_to_err.
QC.RMS.TO.MEAN, the value of rms_rel_to_mean.
QC.LAMBDA.0, the value of chip_1, coef_O.
QC.LAMBDA.1, the value of chip_1, coef 1.

QC.LAMBDA .2, the value of chip_1, coef 2.
QC.REL.MOL.COL.H20, the value of rel_mol_col_H2O.
QC.REL.MOL.COL.CQO2, the value of rel_mol_col_CO2.
QC.REL.MOL.COL.CO, the value of rel_mol_col_CO.
QC.REL.MOL.COL.O2, the value of rel_mol_col_O2.
QC.REL.MOL.COL.CH4, the value of rel_mol_col_CH4.
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QC.REL.MOL.COL.XX, the value of rel_mol_col_XX (for any additional activated species XX).

QC.PPMV.H20, the value of rel_mol_col_ppmv_H20.
QC.PPMV.CO2, the value of rel_mol_col_ppmv_CO2.
QC.PPMV.CO, the value of rel_mol_col_ppmv_CO.
QC.PPMV.02, the value of rel_mol_col_ppmv_QO2.
QC.PPMV.CH4, the value of rel_mol_col_ppmv_CH4.

QC.PPMV.XX, the value of rel_mol_col_ppmv_XX (for any additional activated species XX).

QC.H20.COL.MM, the value of h20_col_mm.
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10.20.4 Parameters

The following configuration parameters are available for xsh_molecfit_model. The parameters are only a subset
of the typical molecfit_model parameters. Please refer to the molecfit manual for further information.

Important note on default behaviour: If xsh_molecfit_model is run with the default parameters, such that
insufficient information is provided to determine the wavelength ranges to fit, then the following parameters are
overridden internally.'?> Not all wavelength ranges specified by --WAVE_INCLUDE need to overlap the input
spectrum, but for each input spectrum at least one range must overlap for xsh_molecfit_model to run.
VIS arm

--FIT_MOLEC: 1,1

--LIST_MOLEC: H20,02

--REL_COL: 1,1

--WAVE_INCLUDE: 0.686,0.694,0.725,0.730,0.970,0.980
NIR arm

--FIT_MOLEC: 1,1,0,0,0

--LIST_MOLEC: H20,C02,CO,CH4,02

--REL_COL: 1,1.06,1,1,1

--WAVE_INCLUDE: 1.16,1.20,1.47,1.48,1.77,1.78,2.06,2.07,2.35,2.36

The default parameters in alphabetical order are:

--COLUMN_DFLUX: Name of the column in the input that identifies the flux error. Note: this parameter is
relevant only for inputs in binary table format. Default: ERR

--COLUMN_FLUX: Name of the column in the input that identifies the flux. Note: this parameter is relevant
only for inputs in binary table format. Default: FLUX

--COLUMN_LAMBDA: Name of the column in the input that identifies the wavelength. Note: this parameter
is relevant only for inputs in binary table format. Default: WAVE

--CONTINUUM_N: Polynomial order for the continuum model fit to each wavelength region, presented as a
comma delimited string. If a single value is given, then it is assumed to be valid for all the wavelength
ranges. If set to "NULL’, then the values are taken from the column CONT_POLY_ORDER of the input
table WAVE_INCLUDE. If this file is not given, then the default is used. Default: O

--DEFAULT_ERROR: Default error relative to mean for the case that the error column is not provided. Default:
0.01

2Qrdinarily these values would be the default for the following parameters, however "NULL’ is currently set as the default to facilitate
the usage of the relevant input files in the sof.
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--FIT_CONTINUUM: Comma delimited string of flags (1=true, O=false) for fitting the continuum in specific
regions. The number of values must match the number of wavelength ranges to fit. If one single value
is given, then it is assumed to be valid for all the wavelength ranges. If set to 'NULL’, then the values
are taken from the column CONT_POLY_ORDER of the input table WAVE_INCLUDE. If this file is not
given, then the default is used. Default: 1

--FIT_MOLEC: List of flags (1 and 0), comma separated, that specifies if a molecule has to be fitted (flag=1)
or computed (flag=0). If set to "'NULL’, the values provided in MOLECULES_XXX will be used, where
XXX is UVB, VIS or NIR. If not, the provided list overrides what is specified in the MOLECULES_XXX
input. Note: in order to overridle MOLECULES_XXX, the following recipe parameters rel_col, fit_molec,
and list_molec must be all specified and different from "NULL’. Default: NULL

--FIT_RES_BOX: Flag that specifies if the instrumental line spread function is fitted by a Boxcar function.
Default: FALSE

--FIT_RES_GAUSS: Flag that specifies if the instrumental line spread function is fitted by a Gaussian function.
Default: TRUE

--FIT_RES _LORENTZ: Flag that specifies if the instrumental line spread function is fitted by a Lorentzian
function. Default: FALSE

--FIT_TELESCOPE_BACKGROUND: Flag that indicates whether the telescope background should be fitted.
Default: FALSE

--FIT_WLC: A list of flags (1 or 0) that specifies which ranges are to be included as a part of the wavelength
correction fitting if wavelength fitting has been selected. If a single value is given, then it is assumed to
be valid for all the wavelength ranges. Default: 1

--FTOL: Relative chi2 convergence criterion. Default: 0.001
--KERNFAC: Size of the Gaussian/Lorentzian/Voigtian kernel, expressed in units of FWHM. Default: 3.0

--KERNMODE: Flag that indicates whether to use a Voigt approximation instead of the Lorentz or Gauss func-
tions to fit the instrumental line spread function. Default: FALSE

--LIST_MOLEC: List of molecules to include in the fit (comma separated). If set to "NULL’, the values pro-
vided in MOLECULES_XXX will be used, where XXX is UVB, VIS or NIR. If not, the provided list
overrides what is specified in the MOLECULES_XXX input. Note: in order to override MOLECULES_XXX,
the recipe parameters REL_COL, FIT_MOLEC, and LIST_MOLEC must be all specified and different
from "NULL’. Default: NULL

--LNFL_LINE_DB: AER version in format aer_v_X.X. For example aer_v_3.8 oraer_v_3.6. Default: aer_v_3.8.1.2

--PIXEL_EXCLUDE: Comma separated list of values that define the boundaries of the pixel regions to exclude
in the fit (low_1, upper_1, low_2, upper_2,...,Jow_n, upper_n), in pixel units. If set to "NULL’ the values
specified in the fits table given by the tag PIXEL_EXCLUDE_XXX will be used, where XXX is UVB,
VIS or NIR. If not, these values override those specified in PIXEL_EXCLUDE_XXX. Default: NULL

--PWYV: Value in mm of the precipitable water vapour for the input water vapor profile. If set to a positive value,
then the merged profile composed of ref_atm, GDAS, and local meteorological data will scaled to this
value. If negative, then no scaling is done. Default: -1.0
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--REL_COL: List of relative column densities of the molecules used (comma separated). If set to "'NULL’,
the values provided in MOLECULES_XXX will be used, where XXX is UVB, VIS or NIR. If not,
the provided list overrides what is specified in the MOLECULES_XXX input. Note: in order to over-
ride MOLECULES_XXX, the following recipe parameters rel_col, fit_molec, and list_molec must be all
specified and different from "NULL’. Default: NULL

--RES_BOX: Initial value in pixels of the Boxcar function width that fits the instrumental line spread function
(only used if —-FIT_RES_BOX=TRUE). Default: 1.0

--RES_GAUSS: Inital value in pixels of the FWHM of the Gaussian function that fits the instrumental line
spread function (only used if —-FIT_RES_GAUSS=TRUE). Default: 1.0

--RES_LORENTZ: Initial value in pixels of the FWHM of the Lorentz function that fits the instrumental line
spread function (only used if -FIT_RES_LORENTZ=TRUE). Default: 2.0

--TELESCOPE_BACKGROUND_CONST: Initial value for the telescope background fit. Default: 0.1
--USE_INPUT_KERNEL: If TRUE, use the kernel library if it is provided. Default: TRUE

--VARKERN: Flag indicating if the kernel is constant or varies linearly with wavelength (i.e. resolving power
is constant). Default: TRUE

--WAVE_EXCLUDE: Comma separated list of values that define the boundaries of the wavelength regions to
exclude in the fit (low_1, upper_1, low_2, upper_2,...,low_n, upper_n), in microns. If set to 'NULL’ the
values specified in the fits table given by the tag WAVE_EXCLUDE_XXX will be used, where XXX is
UVB, VIS or NIR. If not, these values override those specified in WAVE_EXCLUDE_XXX. Default:
NULL

--WAVE_INCLUDE: Comma separated list of values that define the boundaries of the wavelength regions to fit
(low_1, upper_1, low_2, upper_2,...,Jow_n, upper_n), in microns. If set to 'NULL’ the values specified in
the fits table given by the tag WAVE_INCLUDE_XXX will be used, where XXX is UVB, VIS or NIR. If
not, these values override those specified in WAVE_INCLUDE_XXX. Default: NULL

--WLC_CONST: Initial term for refinement of the wavelength solution. Default: 0.0
--WLC_N: Degree of the polynomial used to refine the wavelength solution. Default: 2

--XTOL: Relative parameter convergence criterion. Default: 0.001

10.21 xsh_molecfit_calctrans

The recipe accepts as input an atmosperic model and instrument configuration as defined in the inputs produced
by xsh_molecfit_model and creates the full atmospheric transmission function correction suitable for the input
spectrum. The accepted categories of the input spectrum are: SCI_SLIT_FLUX_IDP_XXX,
SCI_SLIT_FLUX_MERGEI1D_XXX, SCI_SLIT_MERGE1D_XXX, TELL_SLIT_MERGEI1D_XXX,
TELL_SLIT_FLUX_MERGEI1ID_XXX and STD_SLIT _FLUX_ IDP_YYY_XXX, where XXX is UVB, VIS
or NIR, and YYY is NOD, STARE or OFFSET.

The products of xsh_molecfit_calctrans are used by xsh_molecfit_correct to apply the derived correction.
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Please see the molecfit manual if you require more detailed information on molecfit parameters and usage.

Please be aware that the molecfit recipes are newly available in 2022 and unexpected behaviour may still be
encountered while using these recipes. We encourage users to please report any unexpected behaviour by
submitting a helpdesk ticket at https://support.eso.org.

10.21.1 Input

The input files are as follows in alphabetical order:

Note: In the following XXX is UVB, VIS or NIR, YYY is NOD, STARE or OFFSET, and ZZZ may be SCI
or STD (which does not necessarily have to match the SCI or STD status of the input spectrum PRO.CATG).

ATM_PARAMETERS_Z77_XXX: required Description of the atmospheric parameters from
xsh_molecfit_model.

BEST_FIT_PARAMETERS_ZZ7 _XXX: required Best fit parameters from
xsh_molecfit_model.

KERNEL_LIBRARY_XXX: optional Kernel library used in xsh_molecfit_model. If not provided,
orif USE_INPUT_KERNEL-=false, then the information in BEST_FIT PARAMETERS 777 XXX will
be used.

MODEL_MOLECULES_XXX: required Best fit parameters of the fitted molecules from xsh_molecfit_model.

SCI_SLIT_FLUX_IDP_XXX: required The input spectrum to compute the transmission correction for. Choose
one of these tags.

or SCI_SLIT_FLUX_MERGE1ID_XXX: Choose one of these tags.
or SCI_SLIT_MERGEI1D_XXX: Choose one of these tags.

or TELL_SLIT _MERGEID_XXX: Choose one of these tags.

or TELL_SLIT FLUX_MERGEID_XXX: Choose one of these tags.
or STD_SLIT_FLUX_IDP_YYY_XXX: Choose one of these tags.

10.21.2 Output

The possible output frames in alphabetical order are:

Note: In the following XXX is UVB, VIS or NIR.

CALCTRANS_KERNEL_LIBRARY_XXX: The kernel used by xsh_molecfit_calctrans.
LBLRTM_RESULTS_XXX: Results of the LBLRTM function.

TELLURIC_CORR_XXX: Binary fits table containing the atmospheric transmission function. The columns
contain 1 raw vector with names ‘WAVE’ and ‘TRANSMISSION".
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10.21.3 Parameters

A single option is provided for this recipe.

Please refer to the molecfit manual for further information.

--USE_INPUT_KERNEL: 1f TRUE, then the input KERNEL_LIBRARY_XXX given in the SOF is used, where
XXX is UVB, VIS or NIR. If FALSE, or if the KERNEL_LIBRARY_XXX is not given, then the informa-
tion stored in BEST_FIT_PARAMETERS_ZZ77 XXX will be used to compute the line spread function,
where ZZZ is SCI or STD, and XXX is UVB, VIS or NIR. Default: True

10.22 xsh_molecfit_correct

The recipe divides the input spectrum by an atmospheric transmission function to correct for telluric absorption
features. The product has the same format and extensions as the input. The recipe currently accepts only 1D
(IDP format) spectra. The science spectrum must also currently have the same wavelength scale and dispersion
as the telluric correction determined by xsh_molecfit_calctrans.

Please see the molecfit manual if you require more detailed information on molecfit parameters and usage.

Please be aware that the molecfit recipes are newly available in 2022 and unexpected behaviour may still be
encountered while using these recipes. We encourage users to please report any unexpected behaviour by
submitting a helpdesk ticket at https://support.eso.org.

10.22.1 Input

In alphabetical order:

Note: In the following XXX is UVB, VIS or NIR, YYY is NOD, STARE or OFFSET, and ZZZ is SCI (when
the input spectrum PRO.CATG contains SCI) or STD (otherwise).
TELLURIC_CORR_XXX: required The telluric correction to be applied produced by xsh_molecfit_calctrans.

SCI_SLIT_FLUX_IDP_XXX: required The 1D fits binary table input spectrum to compute the transmission
correction for. Choose one of these tags.

or SCI_SLIT_FLUX_MERGE1D_XXX: Choose one of these tags.
or SCI_SLIT_MERGEI1D_XXX: Choose one of these tags.

or TELL_SLIT_MERGEI1D_XXX: Choose one of these tags.

or TELL_SLIT FLUX_ MERGEID_XXX: Choose one of these tags.

or STD_SLIT_FLUX_IDP_YYY_XXX: Choose one of these tags.
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10.22.2 Output

The possible output frames in alphabetical order are:

Note: In the following XXX is UVB, VIS or NIR.

SCIENCE_TELLURIC_CORR_<input_pro_catg>_XXX: The input science frame corrected for telluric
contamination. Please see the molecfit_correct section of the molecfit manual for more information on
the output products.

SPECTRUM_TELLURIC_CORR_<input_pro_catg>_XXX: The telluric corrected spectrum as a single
lambda, flux binary table. Please see the molecfit_correct section of the molecfit manual for more infor-
mation on the output products.

10.22.3 Parameters

The following options are provided for this recipe.

Please refer to the molecfit manual for further information.

--COLUMN_DFLUX: In the case of fits binary science input: name of the column in the input that identifies
the flux errors. Default: ERR

--COLUMN_FLUX: In the case of fits binary science input: name of the column in the input that identifies the
flux. Default: FLUX

--COLUMN_WAVE: In the case of fits binary science input: name of the column in the input that identifies the
wavelength. Default: WAVE

--THRESHOLD: Use this value when the transmission function is lower than the specified threshold. Default:
0.01

10.23 xsh_cfg_recover

So far the X-shooter spectral format has been stable. In this case the user may adopt the reference solutions from
the physical model configuration files distributed with the pipeline (xs_*_def .fits), with no need to re-optimize
them. Otherwise, in case of significant spectral format shifts, the user can run this recipe to obtain an optimal
instrument model configuration.

10.23.1 Input

UVB,VIS
type | TAG ‘ n ‘ bin ‘ RO
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1x1 -

raw | FMTCHK_ARM

ref | ARC_LINE_LIST_ARM
ref | XSH_MOD_CFG_TAB_ARM
usr | XSH_MEASCOORD_ARM
cdb | MASTER _BIAS ARM

O e e

match | match

The frame tagged as XSH_MEASCOORD_ARM is a frame containing the X and Y positions of a small set
(12 is enough) of lines measured (with pixel accuracy) by hand by the user, by comparing their positions on
a reference format-check frame where the frame tagged as XSH_MOD_CFG_TAB_ARM was a good model
configuration file (more details on this procedure are in [14,15]).

Notes: The XSH_MOD_CFG_ARM and XSH_MEASCOORD_ARM are the one indicated as appropriate for
the data reduction (may not have the same file name as the one here provided).

NIR

type | TAG bin
raw | FMTCHK_NIR_ON 1x1
raw | FMTCHK_NIR_OFF 1x1

ref ARC_LINE_LIST_NIR
ref XSH_MOD_CFG_TAB_NIR
usr XSH_MEASCOORD_NIR

O N =]

The frame tagged as XSH_MEASCOORD_NIR is a frame containing the X and Y positions of a small set (12 is
enough) of lines measured (with pixel accuracy) by hand by the user, by comparing their positions on a reference
format-check frame where the frame tagged as XSH_MOD_CFG_NIR was a good model configuration file
(more details on this procedure are in [14,15]).

Notes: The XSH_MOD_CFG_NIR and XSH_MEASCOORD_NIR are the one indicated as appropriate for the
data reduction (may not have the same file name as the one here provided).

The recipe man page clarify the recipe input/output:

Input Frames :
- [UVB, VIS] A RAW frame (Format = RAW, Tag = FMTCHK_arm)
- [NIR] Two RAW frames (Format = RAW, Tag = FMTCHK_arm_ON, FMTCHK_arm_OFF)
- [UVB,OPTIONAL-required if trace-orders=TRUE] a RAW frame (Format = RAW, Tag = ORDERDEF_D2_UVB)
- [VIS,OPTIONAL-required if trace-orders=TRUE] a RAW frame (Format = RAW, Tag = ORDERDEF_arm)
- [NIR,OPTIONAL-required if trace-orders=TRUE]
Two RAW frames (Format = RAW, Tag = ORDERDEF_arm_ON, ORDERDEF_arm_OFF)
- [UVB,VIS,OPTIONAL] A master bias (Format = PRE, Tag = MASTER_BIAS_arm)
- [UVB,VIS,OPTIONAL] A master dark (Format = PRE, Tag = MASTER_DARK_arm)
- [OPTIONAL-Required if trace-orders=TRUE]
A spectral format table (Format = TABLE, Tag = SPECTRAL_FORMAT_TAB_arm)
— [OPTIONAL-Required if trace-orders=FALSE] an order table (Format = TABLE, Tag = ORDER_TAB_CENTR_arm)
- A ref. line list (Format = TABLE, Tag = ARC_LINE_LIST_arm)
- A model cfg. file (Format = TABLE, Tag = XSH_MEASCOORD_arm)
Products :
- if first-anneal=FALSE & trace-orders=FALSE & last-step=FALSE nothing
- if first-anneal=TRUE & last-step=FALSE an optimized model configuration, PRO.CATG=XSH_MOD_CFG_TAB_arm
- if first-anneal=TRUE & trace-orders=TRUE, last-step=TRUE an order table, PRO.CATG=ORDER_TAB_CENTR_arm
- if last-step=TRUE an optimized model configuration, PRO.CATG=CONF_OPT_arm
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a quality control table, PRO.CATG=MODEL_GUESS_XY_arm
the model theoretical map corresponding to the optimized model config,
PRO.CATG=THEO_TAB_MULT_arm, THEO_TAB_IFU_arm, THEO_TAB_SING_arm.

10.23.2 Output

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 XSH_MOD_CFG_FAN_ARM | qc model cfg after 1st annealing

1 | XSH_MOD_CFG_OPT_ARM | cdb | model cfg optimized

2 | MODEL_GUESS_XY_ARM | (c model guess X,y line positions

3 | THEO_TAB_SING_ARM qc model central pinhole positions for poly mode
4 | THEO_TAB_MULT_ARM qc model pinhole positions for poly mode

The XSH_MOD_CFG_OPT_ARM product contains several raws each with a model configuration parameter.
For each parameter the user can specify a proper values to set the corresponding Low_limit a High_Limit,
Compute_Flag, Parameter_Name, Parameter_Units.

The MODEL_GUESS_XY_ARM table contains the following columns:

WAVELENGTH  wavelength of sampling line [nm]

XG X model prediction [pix]

YG Y model prediction [pix]

ABS_ORD absolute order

XC X position corrected by user setting and order position [pix]
YC Y position corrected by user setting and order position [pix]

The THEO_TAB_MULT_ARM tables contain the following columns:

Wavelength ~ wavelength of sampling line [nm]

Order absolute order

slit_index slit (pinhole) index

slit_position  slit (pinhole) position [arcsec]
detector_x detector x predicted position [pix]

detector_y detector y predicted position [pix]

Similar columns are in the THEO_TAB_SING_ARM table (but the slit value is 4, corresponding to the central
pinhole).

Additional output:

FILE PRO.CATG
MEASURE_LINE_POS_XY_ARM.fits MEASURE_LINE_POS_XY_ARM
MODEL_GUESS_XY_ARM. fits

XSH_MOD_CFG_FAN_ARM. fits

model_THEl.fits

model_THE9.fits

new_xs_vis_def_ coml.3.fits

short_spec_form.fits SPECTRAL_FORMAT_TAB_ARM
spec_form.fits SPECTRAL_FORMAT_TAB_ARM
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ima_raw.fits is the format-check image in pre format, where pixel of intensity smaller than ima_tresh_min are

set to 0.

The MODEL_GUESS_XY_ARM fits table is the same as the MODEL_GUESS_XY_ARM product.

MEASURE_LINE_POS_XY_ARM . fits table contains the following columns:

Wavelength wavelength of sampling line [nm]
XG X model prediction [pix]

YG Y model prediction [pix]

Order absolute order

Xthpre X model prediction [pix]

Ythpre Y model prediction [pix]

Slit_position slit (pinhole) position [arcsec]

XDiffGauss extra column to fit to function interface [pix]
YDiffGauss extra column to fit to function interface [pix]
XDiffPoly extra column to fit to function interface [pix]
YDiffPoly extra column to fit to function interface [pix]
SigmaXGauss  extra column to fit to function interface [pix]
SigmaYGauss  extra column to fit to function interface [pix]
Slit_index slit (pinhole) index

XM X model prediction after annealing [pix]
YM Y model prediction after annealing [pix]
RESIDX Residual corresponding to XM [pix]
RESIDY Residual corresponding to YM [pix]

The model_THED9 fits table is the same as the THEO_TAB_MULT_ARM product. The model_THE] fits table
is the same as the THEO_TAB_SING_ARM product. The new_xs_vis_def_jun08.fits table is the same as the
CONF_OPT_ARM product.

10.23.3 Quality control

The user may compare positions of positions in the different tables with the ones of the lines in the image in pre
format (ima_raw.fits).

10.23.4 Parameters

alias default min | max
first-anneal FALSE

arm vis

name_1 line_xy_ord.txt
niter 100000
coord_frame 1

last-step FALSE

plot FALSE
ima_tresh_min 40.0

cor_prescan FALSE

method safefit

offx 0.0

offy 0.0

slit 5

gfit_box_sy 20
peak_line_fwhm | 4

peak_kappa 5.0

peak_factor 10.0
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peak_match_x 10

peak_match_y 20

pm_ord_sel 1

pm_radius 20.0

pm_tolerance 0.1

anneal_niter 1000

The most important parameters are first-anneal, niter, method, anneal_niter. method should be set to "safefit’.
niter and anneal_niter should be large enough (10?%) to get good accuracy, but not too much (107) not have
reasonable computation times.

10.23.5 Recommendations and issues

Input frames for the xsh_cfg_recover, xsh_predict, xsh_orderpos, xsh_2dmap recipes are always unbinned data.
This means that the results refer to the unbinned spectral format. The other recipes accept data of any binning.
If a pipeline product table was generated processing an unbinned frame and is required to reduce binned data,
the corresponding pipeline recipe automatically applies proper correction for the bin setting. In this case, the
input calibration instrument setting does not need to match with that of the corresponding recipe input frame
(except obviously for the value of the SEQ.ARM FITS header keyword).

10.23.5.1 reduction of IFU data with atmospheric dispersion correction

10.24 xsh_geom_ifu

The recipe is aimed at tracing the position of a point-like object in the IFU and derive shifts along the slitlets
as a function of wavelength with respect to a reference position. These shifts will correct any distorsion due
the atmospheric dispersion, the wavelength solution and the optics of the IFU. This recipe generates three ta-
bles (PRO.CATG=OFFSET_TAB_UP(CEN, DOWN)_ARM) containing the relative shift between the different
slices of the IFU. It requires in input an observation of a spectrophotometric/telluric point-like standard star.
The recipe can produce a cube with the input star using the produced tables. As one step of the data reduction
involves the order rectification, which is performed applying previously computed polynomial transformations,
that are different for each arm, also the table generated is arm specific.

10.24.1 Input

Physical model mode (recommended):

UVB,VIS
type | TAG bin RO
raw | TRACE_ARM any -

ref SPECTRAIL_FORMAT TAB_ ARM
cdb | MASTER_BIAS_ ARM
cdb | MASTER_FLAT_ IFU_ARM

match | match
match | match

—_ = =B
1
1
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cdb ORDER_TAB_AFC_TIFU_ARM 1 | match | match
cdb | XSH_MOD_CFG_OPT_AFC_ARM | 1 | 1x1 -
NIR
type | TAG n | bin
raw | TRACE_NIR 1 | any
ref SPECTRAL_FORMAT TAB NIR |1 | -
cdb MASTER_FLAT_IFU_NIR 1 | match
cdb ORDER_TAB_AFC_TIFU NIR 1 | match
cdb XSH_MOD_CFG_OPT_AFC_NIR | 1 | Ix1
Poly mode:
UVB,VIS
type | TAG n | bin RO
raw TRACE_ARM 1 any -
ref SPECTRAL_FORMAT_TAB_ARM 1 - -
cdb MASTER_BIAS_ARM 1 | match | match
cdb MASTER_FLAT_IFU_ARM 1 match match
cdb ORDER_TAB_AFC_IFU_ARM 1 match | match
cdb WAVE_TAB_2D_ARM 1 1x1 -
cdb DISP_TAB_AFC_ARM 1 1x1 -
NIR
type | TAG n | bin
raw TRACE_NIR 1 any
ref SPECTRAL_FORMAT_TAB_NIR 1 -
cdb MASTER_FLAT_IFU_NIR 1 match
cdb ORDER_TAB_AFC_IFU_NIR 1 match
cdb WAVE_TAB_2D_NIR 1 1x1
cdb DISP_TAB_AFC_NIR 1 1x1
10.24.2 Output
UVB,VIS,NIR
ID | PRO.CATG type | Note
0 OFFSET_TAB_DOWN_IFU_ARM cdb | Table with slice relative positions
1 OFFSET_TAB_CEN_IFU_ARM cdb | Table with slice relative positions
OFFSET_TAB _UP_IFU_ ARM cdb | Table with slice relative positions
3% | TELL_IFU_MERGE3D_IFU_ARM cdb | Reconstructed cube
4% | TELL_IFU_GEOM_IFU_FF_ARM_TRACE_OBJ_ARM | cdb | Table with object traces for quality control

10.24.3 Quality control

10.24.4 Parameters
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alias default min | max

pre-overscan-corr 1 0 6

stack-method median

crh-clip-kappa 5.0 0 6

crh-clip-niter 5 0 20

crh-clip-frac 0.7 0 1

background-edges-margin 1 0 15

background-poly-deg-x 9 0 15

background-poly-deg-y 9 0 15

background-poly-deg-kappa | 10.0 0 100

removecrhsingle-sigmalim 20.0 0 200

removecrhsingle-flim 2.0 0 20

removecrhsingle-niter 4 0 1000

rectify-kernel default

rectify-radius 2.0 2 100

rectify-bin-lambda -1.0 0 210

rectify-bin-slit -1.0 0 6

localizeifu-method MANUAL

localizeifu-chunk-nb 10 1 1000

localizeifu-thresh 0.1 0 1

localizeifu-deg-lambda 0 0 10

localizeifu-slit-position 0.0 -7 7

localizeifu-slit-hheight 2.0 0 7

localizeifu-kappa 3.0 0 20

localizeifu-niter 3 0 100

localizeifu-use-skymask FALSE

correctifu-niter -1.0

correctifu-lambdaref -1.0

correctifu-lambdaref-hsize 2.5

do-cube TRUE

compute-map TRUE

check-afc TRUE

flat-method blaze

10.24.5 Recommendations and issues

In order to check the quality of the reduction the user should set the parameter do-cube to TRUE and check
the alignment of the ’self-aligned’ cube TELL_CUBE_MERGE3D_IFU_ARM plotting the traces of the from
the file TELL_IFU_GEOM_IFU_FF_ARM_TRACE_ARM. See Figure 10.10 for an example of a succesful
alignment. The quality of the result is strongly dependent on the accuracy of the localization of the traces in the
three slitlets. If the traces are not well aligned, the user may increase the parameter —localize-ifu-chunk-hsize
in order to obtain a higher signal to noise in localization or mask the slit edges using —localizeifu-slitlow(up)-
edges-mask. The user may also increase (or possibly decrease) the number of iterations with the parameter
correctifu-niter.

10.25 xsh_scired_ifu_stare drl

This recipe reduce science object frames observed in IFU stare mode and corrects for the effects of atmospheric
dispersion straightening the traces in the 2D wavelength calibrated frame.. The rectified frames are corrected
using the OFFSET tables (PRO.CATG=SLICE_OFFSET_TABLE_VIS) produced by the recipe xsh_geom_ifu.
This recipe should be executed only after having executed xsh_geom_ifu with a suitable telluric standard star.
Due to the airmass difference between the telluric star and the science target, this correction cannot be perfect,
therefore a residual curvature in the 2D frame will still be present.
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Figure 10.10: Left Well aligned traces of the three slitlets of a self calibrated cube (UVB arm) taken at low
airmass (1.05). Right Badly aligned races of the three slitlets of a self calibrated cube (VIS arm) taken at high
airmass (1.53). These traces may be better aligned increasing the parameter correctifu-niter. In both plots the
rectangular box has the dimension of a pixel for a default reduction (0.16 ”).

10.25.1 Input

Physical model mode (recommended):

UVB,VIS,NIR
type | TAG n bin RO
raw OBJECT_IFU_STARE_ARM 1.n any -
ref SPECTRAL_FORMAT_TAB_ARM | 1 - -
cdb | MASTER_BIAS_ARM 1 match | match
cdb MASTER_FLAT_IFU_ARM 1 match | match
cdb ORDER_TAB_AFC_IFU_ARM 1 match | match
cdb XSH_MOD_CFG_OPT_AFC_ARM | 1 - -
cdb OFFSET_TAB_UP_IFU_ARM 1 - -
cdb OFFSET_TAB_CEN_IFU_ARM 1 - -
cdb OFFSET_TAB_DOWN_IFU_ARM | 1 - -
*cdb | BP_MAP_NI_ARM ? match | -
*ref | BP_MAP_RP_ARM ? match | -
ref SKY_SUB_BKPTS_ARM ? - -
Poly mode:

type | TAG n bin RO

raw OBJECT_IFU_STARE_ARM 1.n any -

ref SPECTRAL_FORMAT_TAB_ARM 1 - -

cdb MASTER_BIAS_ARM 1 match | match

cdb MASTER_FLAT_IFU_ARM 1 match match

cdb ORDER_TAB_AFC_IFU_ARM 1 match match

cdb WAVE_TAB_AFC_ARM 1 match | match
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cdb DISP_TAB_AFC_ARM

cdb OFFSET_TAB_UP_IFU_ARM
cdb OFFSET_TAB_CEN_IFU_ARM
cdb OFFSET_TAB_DOWN_IFU_ARM
*cdb | BP_MAP_NI_ARM

*ref BP_MAP_RP_ARM

O D = e
'
'

10.25.2 OQOutput

UVB,VIS,NIR

ID | PRO.CATG type | Note

0 TELL_IFU_ORDER2D_DOWN_IFU_ARM | pro | Order by order extracted ’"down’ IFU slice frame
1 TELL_IFU_MERGE2D_DOWN_IFU_ARM | pro | Merged ’down’ IFU slice frame

2 TELL_IFU_ORDER2D_CEN_IFU_ARM pro | Order by order extracted 'cen’ IFU slice frame
3 TELL_IFU_MERGE2D_CEN_TIFU_ARM pro | Merged ’cen’ IFU slice frame

4 TELL_IFU_ORDER2D_UP_IFU_ARM pro | Order by order extracted "up’ IFU slice frame

5 | TELL_IFU_MERGE2D_UP_TIFU_ARM pro | Merged "up’ IFU slice frame

6 TELL _IFU _MERGE3D_IFU_ARM pro | Reconstructed object cube

7 TELL_IFUON_ARM pro | Bias (Off) corrected IFU frame

8 TELL_IFU_SUB_BACK IFU_ARM pro | Inter-order background corrected obj IFU frame
9 TELL_TIFU_DIV_FF_ARM pro Flat fielded Obj IFU frame

10 | TELL_IFU__TRACE_OBJ_ARM pro | Table with object traces for quality control

10.25.3 Parameters

alias default | min | max | units
pre-overscan-corr 1 0 6
crh-clip-kappa 5.0

crh-clip-niter 5 0 20
crh-clip-frac 0.7 0 100
background-edges-margin 1 0 15 pix
background-poly-deg-x 9 0 15
background-poly-deg-y 9 0 15
background-poly-deg-kappa | 10.0 0 100
removecrhsingle-sigmalim 20.0 0 200
removecrhsingle-niter 4 0 20
rectify-kernel default pix
rectify-radius 2.0 2 100 | pix
rectify-bin-lambda -1.0 0 210 | nm
rectify-bin-slit -1.0 0 6 arcsec
compute-map TRUE

shift-offsettab-low 0.0 0.0 0.15
shift-offsettab-up 0.0 0.0 0.15
check-afc TRUE

flat-method blaze

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

| parameter | default | actual used value |
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UVB | VIS | NIR
rectify-bin-lambda | -1.0 0.02 0.02 | 0.06
rectify-bin-slit -1.0 0.16 0.16 | 0.21

10.25.4 Recommendations and issues

Read the list of known problems for this recipe in Section 6. If the traces in the data cube have a residual
misalignment of less than a pixel, this offset can be corrected with the parameter shift-offsettab-low(up). (see
Figure 10.11). Sometimes the traces of the lateral slitlets are very noisy, especially at short wavelengths in UVB
(see Figure 10.11). This may be due to the lower S/N of the source in this range or to the fact that the source is
near to the order edge which is very noisy in this region. The automatic localization is then heavily influenced
by this noise.

Arcseconds

300 350 400 450 500 550
Wovelength (nm) 300 350 400 450 500 550

Wovelength (nm)

Figure 10.11: Left (UVB arm) Traces of a data cube obtained with xsh_scired_ifu_stare_drl. Note that a
residual offset is present between the traces Right The same cube after applying appropriate offsets with the
parameter shift-offsettab-low(up)during the reduction. In both plots the rectangular box has the dimension of
a pixel for a default reduction (0.16 ”).

10.26 xsh_scired_ifu_offset_drl

This recipe reduce science object frames observed in IFU offset mode. The rectified frames are corrected using
the OFFSET tables (PRO.CATG=SLICE_OFFSET_TABLE_VIS) produced by the recipe xsh_geom_ifu. This
recipe should be executed only after having executed xsh_geom_ifu with a suitable telluric standard star.

10.26.1 Input

Physical model mode (recommended):

| UVB,VIS,NIR
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type | TAG n bin RO

raw OBJECT_TIFU_OFFSET_ ARM 1..n any -

raw SKY_ IFU_ARM 1.n | any -

ref SPECTRAL_FORMAT_TAB_ARM | 1 - -

cdb MASTER_BIAS_ARM ? match | match

cdb MASTER_FLAT IFU_ ARM 1 match | match

cdb ORDER_TAB_AFC_IFU_ARM 1 match | match

cdb OFFSET_TAB_DOWN_IFU_ARM | 1 match | match

cdb OFFSET_TAB_CEN_IFU_ARM 1 match | match

cdb OFFSET_TAB_UP_IFU_ARM 1 match | match

cdb DISP_TAB_AFC_ARM 1 1x1 -

cdb | XSH_MOD_CFG_OPT_AFC_ARM | 1 - -

*cdb | BP_MAP_NIL_ARM ? match | -

*ref | BP_MAP_RP_ARM ? match | -

Poly mode:

UVB,VIS,NIR

type | TAG n bin RO

raw | OBJECT_TIFU_OFFSET_ ARM 1..n any -

raw | SKY_TIFU_ARM l.n | any -

ref SPECTRAL_FORMAT_TAB_ARM | 1 - -

cdb | MASTER_BIAS_ARM ? match | match

cdb | MASTER_FLAT IFU_ARM 1 match | match

cdb ORDER_TAB_AFC_IFU_ARM 1 match | match

cdb | OFFSET_TAB _DOWN_IFU_ARM | 1 match | match

cdb OFFSET_TAB_CEN_IFU_ARM 1 match | match

cdb | OFFSET_TAB_UP_IFU_ARM 1 match | match

cdb WAVE_TAB_AFC_ARM 1 1x1 -
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UVB,VIS,NIR
type | TAG n | bin RO
cdb DISP_TAB_AFC_ARM | 1 | Ix1 -
*cdb | BP_MAP_NL_ARM ? | match | -
*ref | BP_MAP RP_ARM ? | match | -
10.26.2 Output
UVB,VIS,NIR
ID | PRO.CATG type | Note
0 PREF_MERGE3D_IFU_ARM pro | Object merged 3D cube
1* | PREF_MERGE3D_TRACE_OBJ_ARM | pro | Object traces on merged cube

10.26.3 Parameters

alias default min | max units
stack-method median

klow 5 0 100

khigh 5 0 100
crh-clip-kappa 0.3 0 20
crh-clip-niter 5 0 100
crh-clip-frac 5.0 0 1
background-edges-margin 1 0 15 pix
background-poly-deg-x 9 0 15
background-poly-deg-y 9 0 15
background-poly-deg-kappa | 10.0 0 100
removecrhsingle-sigmalim 20.0 0 200
removecrhsingle-flim 2.0 0 20
removecrhsingle-niter 4 0 1000
rectify-kernel tanh pix
rectify-radius 2.0 2 100 pix
rectify-bin-lambda -1.0 1 210 nm
rectify-bin-slit -1.0 0 6 arcsec
localize-method MANUAL

localize-chunk-nb 10 1 1000
localize-thresh 0.1 0 1
localize-deg-lambda 0 0 10
localize-slit-position 0.0 -7 7 arcsec
localize-slit-hheight 2.0 0 7 arcsec
localize-kappa 3.0 0 20
localize-niter 3 0 100
localize-use-skymask FALSE

optimal-extract-kappa -1.0

compute-map FALSE

trace-obj FALSE

check-afc TRUE

If the user does not set different values the recipe automatically sets the following arm dependent values for the
corresponding parameters:

| parameter | default | actual used value |
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UVB | VIS NIR
rectify-bin-lambda | -1.0 0.02 0.02 | 0.06
rectify-bin-slit -1.0 0.16 0.16 | 0.21

10.26.4 Recommendations and issues
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11 Algorithms and recipe details

In this Section we describe the main algorithms implemented in the X-Shooter pipeline recipes. Relevant data
reduction parameters are typed in bold face.

11.1 Frame preparation (conversion to PRE format)

The raw input images are rotated so as to have a common orientation for each arm (NIR data are rotated by
90° clockwise, UVB data are rotated by 180°, VIS data orientation is not changed). For UVB/VIS only, if the
parameter pre-overscan-corr is greater than zero, then the overscan region(s) are used to determine the bias
level, which is subtracted from the image values, otherwise the bias level is subtracted using the master bias
frame. The on-frame NIR images are corrected by the off-frame images, which includes the subtraction of the
unknown bias level and dark level. For each image, a map of pixel uncertainties is calculated (see Sec. 11.2)
and stored in a second extension. A third extension is also created to store bad pixel identification codes, and
this is when saturated or negative pixels are flagged (including pixels with extrapolated flux for NIR), and also
when bad pixels from a reference bad pixel map are included.

11.2 Detector noise model

Error extensions are created for each frame during frame preparation. The uncertainty o; (ADU) associated to a
pixel ¢ is calculated via:

o; = 03 + %
where D; is the raw image pixel value (bias level corrected in the case of UVB/VIS frames; for NIR frames D;
includes the unkown bias level), o is the detector read out noise (ADU), and G is the gain (e /ADU). In the
case of UVB/VIS, the readout noise and gain are taken from the header keywords DET OUT1 RON and DET
OUT1 CONAD, respectively. In the case of NIR, the read out noise is taken from a look-up table depending
on the exposure integration time, see below, and the gain is fixed to 2.12 e /ADU. For bias frames, we assume
o; = oy for all pixels. The pixel uncertainties at all stages of the pipeline are propagated using the standard
error propagation formulae. Note that the above noise model is also applied to the extrapolated pixel values in
the NIR images, which leads to an under-estimate of the corresponding pixel uncertainties.

DIT (sec) 2 4 8 16 | 32 | 64 | 128 | 256 | 400 | 1024
RON(e7) | 21.3 | 184 | 148 | 11.7 9.0 |73 ] 63 | 62 | 7.0 | 9.0

Table 11.1: DIT vs RON for NIR detector.

11.3 Bad pixel code conventions

The bad pixel codes used in the bad pixel masks and 3rd extensions in the X-shooter pipeline are as follows:
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[ Bit # [ Flag Value | Good/Bad/Info [ Quality condition 13 recipe/step involved'
0 0 G | Pristine good pixel
1 1 B | Affected by telluric feature (corrected) none
2 2 B | Affected by telluric feature (uncorrected) none
3 4 B | Ghost/stray light at > 10% intensity level none
4 8 B | Electronic pickup noise master dark/ noisy pixel detection
5 16 B | Cosmic ray (removed) none
6 32 B | Cosmic ray (unremoved) frame stacking
7 64 B | Low QE pixel (< 20% of the average sensitivity none
(e.g. defective CCD coating, vignetting...)
8 128 B | Calibration file defect (if pixel is flagged in any calibration file) none
9 256 B | Hot pixel (> 5 ¢ median dark) dark processing
10 512 B | Dark pixel (permanent CCD charge trap) none
11 1024 B | Questionable pixel (lying above a
charge trap which may have affected it) none
12 2048 B | Detector potential well saturation (signal irrecoverable, none
but known to exceed the max. e~ number)
13 4 096 B | A/D converter saturation (signal irrecoverable, bias, dark, flat frame processing
but known to exceed the A/D full scale signal)
14 8192 B | Permanent camera defect (such as blocked columns, dead pixels) none
15 16 384 B | Bad pixel that does not fit into any other category blemish detection in flat processing
16 32768 B | Non-linear response pixel load static non-linear pixel map
17 65 536 B | User defined - non-spatial uniformity none
18 131072 B | User defined - divisor zero check on frame division
19 262 144 B | User defined - out of nod none
20 524 288 B | User defined - missing data frame resampling (slit/ifu) and extraction
21 1048 576 G | User defined - Extrapolated flux in NIR (for exposure times >1.2's) | frame preparation
22 2097 152 G | User defined - Raw pixel value is zero or negative frame preparation
23 4194 304 I | User defined - Interpolated flux during standard extraction standard extraction
24 8 388 608 B | User defined - Pixel where (BSPLINE) sky model fit is inaccurate stare-sky modeling
25 16 777 216 B | User defined - Outliers of (BSPLINE) sky model fit stare-sky modeling
26 33554 432 B | User defined - If a combined pixel is bad after frame stacking-CRH detection
stacking of several images with CRH rejection
27 67 108 864 B | User defined - Incomplete data (some frame pixel none
was not considered as flagged as bad)
28 | 134217728 B | User defined - Incomplete nod data (during nod frame nod data reduction
combination some pixel is flagged as bad)
29 | 268435456 B | User defined - Scaled nod data (during nod nod data reduction
frame combination flagged pixels are scaled)
30 229 B | User defined - Outside data range (outside of spectral range,
inactive detector area, mosaic gap, ...) frame resampling
saturated pixel in frame multiplication

Table 11.2: Possible bad pixel codes.

11.4 Bias level determination from the overscan regions

The parameter pre-overscan-corr defines how the bias level is determined for each UVB/VIS image (pre and
overscan regions are defined in the image headers). The acceptable values are:

value | help

0 No bias level correction using the overscan regions. The bias level is taken from the master bias instead.
1 The bias level is calculated as the 3-sigma clipped mean of the overscan region.

2 The bias level is calculated as the 3-sigma clipped mean of the prescan region.

3Euro3D has defined codes for most common kind of pixel quality. Additional quality may be needed for a data reduction. Those
codes are marked as “User defined”

14

none” is used to indicated that the code is not added by the pipeline
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3 The bias level is calculated as the mean of the two 3-sigma clipped mean values calculated in options 1 and 2.
4 The bias level is calculated on a row by row basis as the median of the corresponding row in the overscan region.
5 The bias level is calculated on a row by row basis as the median of the corresponding row in the prescan region.
6 The bias level is calculated on a row by row basis as the mean of the two median values calculated in options 4 and 5.

11.5 Kappa-sigma-clipped mean

This general algorithm computes a kappa-sigma-clipped mean and standard deviation through iterative kappa-
sigma-clipping of outliers. On the first iteration, the algorithm uses all the non-flagged pixels (via the bad pixel
map) to calculate an initial value for the sample mean and standard deviation stdev. Then the algorithm rejects
all pixels with values outside the range mean & kappa x stdev, and recalculates new values for the sample
mean and standard deviation stdev. This process is iterated until niter iterations have been performed or until
the mean does not change (by more than an absolute tolerance) between consecutive iterations.

11.6 Master Bias creation (xsh_mbias)

The raw frames are prepared (see 11.1). Then the mean bias level is calculated on each frame using a kappa-
sigma-clipped mean, and this is subtracted from the respective frame. The bias-level corrected frames are com-
bined using a median (stack-method = “median”) or a kappa-sigma-clipped mean (stack-method = “mean”).
Finally, the mean of the bias level from each bias frame is added back into the master bias frame.

Then the quality control parameters are computed: the bias level, the X and Y structures, the detector Read Out
Noise (see 11.8) and Fixed Pattern Noise (see 11.7), are computed in a user defined region.

11.7 Fixed Pattern Noise determination - random method (xsh_mbias)

The Fixed Pattern Noise (FPN) is determined using the first and second input raw bias frames. The standard
deviation associated with the kappa-sigma-clipped mean is computed in two iterations for each frame. In the
first iteration the frame median and standard deviation (stdev) are computed. Pixel values that lie more than
3*stdev from the median are rejected. Then an updated value for the standard deviation is computed. The read
out noise of the frame, ron, is equal to this standard deviation, divided by v/2. Then a robust standard deviation,
stdev,opyst 18 computed on the difference of the first two bias frames shifted relative to each other by 10 rows
and 10 columns. Again the median of this difference image is calculated and pixels values that lie more than
v/50 from the median value are rejected. Finally the mean of the non-rejected pixels on the difference image is
calculated and divided by v/2 to yeld a robust standard deviation. Finally the fixed pattern noise associated to

— ronZ2.

the master bias frame is given by \/ stdevfobust

11.8 Bias Read Out Noise determination

From the input set of bias frames the first two are extracted. Then the random noise and its error are computed
by adopting random_nsamples sampling square boxes each of size random_sizex in two regions (refl_lIx,
refl_lly, refl_urx, refl_ury and ref2_lIx, ref2_lly, ref2_urx, ref2_ury). The detector read out noise is equal
to the random noise divided by v/2.
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11.9 Frame structure determination

The master bias frame is collapsed along the X or Y direction to determine its Y or X structure. The X (Y)
structure of a region on the detector is determined as follows. On the master bias statistics are computed
excluding the contribution of bad pixels.

A sub-image defined by its corners (lower left X,y and upper right x,y) positions ([lIx,lly,rrx,rry]) is extracted
according to the values of the parameters (see later) set by the user. This region is then collapsed along the
Y (X) direction. A clipped standard deviation is computed by rejecting values that lie outside + 2 ADU from
the mean evaluated on the full frame. As some X-shooter master bias settings show a structure the pipeline
allows the user to compute the X structure in two different regions: [1, 1, sz, struct_re fy], for region 1 and
[1, struct_refy, sx, sy for region 2, where sx and sy are the image X and Y sizes and struct_refy is a recipe
parameter.

Similarly the positions [1, 1, struct_refx, sy|, for region 1 and [struct_refx, 1, sz, sy, for region 2 are used
to determine the Y-structure on each region. Results are written in the keywords QC STRUCTXi and QC
STRUCTYi (i=1,2).

11.10 Master Dark generation (xsh_mdark)

This recipe only accepts raw dark frames with the same exposure time. The raw frames are prepared (see 11.1).
The mean level of each dark frame is calculated using a kappa-sigma-clipped mean, and this is subtracted from
the respective frame. The frames are then combined using a median (stack-method = “median”) or a kappa-
sigma-clipped mean (stack-method = “mean”). Finally, the mean of the mean levels is added back into the
master dark frame. The master dark frame is only normalised to an exposure time of 1s for UVB/VIS.

11.11 Noisy pixels detection in NIR dark frames

The xsh_mdark recipe will attempt to detect the noisy pixels in NIR dark frames. The recipe does this by
computing the average, median and standard deviation for each pixel over the stack of frames. It then flags
noisy pixels as those pixels whose values differ with from the median at each pixel over the stack of frames by
more than noise-clip-kappa x standard deviation.

Additional noisy pixels are computed by building a cube of dark frames and examining the noise variations in
each pixel. The pixel intensities that lie outside the range [noise-lower-rejection,noise-higher-rejection] are
clipped and hence a mean and clean standard deviation are computed. If a pixel value deviates from a clean
mean pixel value by more than noise-clip-kappa x standard deviation, the pixel is declared as bad.

The detected noisy pixels are flagged in the bad pixel mask with code 8. The total number of noisy pixels is
logged and saved as the QC parameter (QC.BP-MAP.PICKUP.NOISEPIX).

11.12 Detection of arc lines (xsh_predict, xsh_2dmap, xsh_flexcomp)

At various stages in the pipeline, it is necessary to detect the emission lines that are present in an arc-line
spectrum image. This is done using the following general algorithm.
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Given a set of expected (or “guess”) arc-line positions in an arc-lamp image (e.g. procedant from the physical
instrument model), the algorithm performs a search for each arc-line in the image using a square window of
half-size detectarclines-search-win-hsize pixels. Each square window is extracted from the image and filtered
with a running box-car median of half-size detectarclines-running-median-hsize in order to remove cosmic
ray hits from the image window. If the parameter detectarclines-running-median-hsize is set to zero, then this
median filtering is not performed. An initial estimate of the detected line position in the image window is taken
as the pixel with the maximum value in this filtered window. This new line position is used to extract a new
square window of half-size detectarclines-fit-win-hsize from the original unfiltered image, and a refined line
position is determined via a 2D Gaussian fit or a simple centroid method (with the method determined by the
parameter detectarclines-find-lines-center).

Arc-lines are rejected from the list of detected lines if their coordinates could not be derived for some reason
(i.e. the fit fails), or if the S/N ratio of the line is less than the threshold defined by the parameter detectarclines-
min-sn, where the S/N ratio is defined as the counts of the central pixel of the line to the uncertainty of the pixel
value. In the case of 9-pinhole data, arc-lines are rejected if less than 7 out of the 9 pinhole arc-lines have been
detected.

11.13 Instrument physical model optimization (xsh_predict, xsh_cfg _recover)

The physical model parameters are optimised so that the mapping:

()‘a S, O) — (xmoda ymod)

results in the minimum possible value of:

Z (xmod - xmeas)2 + (ymod - ymea3)2

where s is the entrance slit position, O the spectral order, x,,,q and ¥,,,4 are the physical model predicted
detector co-ordinates, Tyeqs and Ymeqs are the measured co-ordinates of the same wavelengths in calibration
lamp exposures and the summation is over all matched calibration features. This is analogous to the fitting
of a conventional polynomial to calibration lamp data, however the optimisation process here requires a more
flexible minimisation algorithm, in this case Simulated Annealing. This is described in greater detail in [3].
The maximum number of iterations of the annealing process is controlled by model-maxit and the annealing
factor is controlled by model-anneal-factor. The physical model scenario is controlled by model-scenario and
corresponds to the specific recipe, and so its value should not be changed.

Note that no iterative sigma-clipping rejection is applied in the minimisation of the above sum in the case
of the physical model (i.e. the values of the parameters detectarclines-clip-sigma, detectarclines-clip-niter,
detectarclines-clip-frac are ignored).

11.14 Instrument polynomial model fitting (xsh_predict, xsh_2dmap, xsh_flexcomp)

The polynomial instrumental model, which is a wavelength solution expressing the X and Y pixel positions
as a function of wavelength )\, order number n, and slit position s, is fitted to the set of detected lines in
the arc-line image. The polynomial model employs Chebyshev polynomials, and the degree of the poly-
nomial in each parameter A\, n, and s is determined by the parameters detectarclines-wavesol-deg-lambda,
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detectarclines-wavesol-deg-order, and detectarclines-wavesol-deg-slit. For single pinhole exposures, which
by definition only have one position along the slit, the degree in s is fixed to zero. The fit is done globally
for all lines across the detector, and a sigma-clip algorithm, controlled by the parameters detectarclines-clip-
sigma, detectarclines-clip-niter, and detectarclines-clip-frac, is applied during the fit to remove outlier line
identifications.

11.15 Order tracing via detection of continuum on pinhole flats (xsh_orderpos)

For each order, the order trace along the dispersion direction is sampled every detectcontinuum-ordertab-step-y
pixels in the Y direction, and the predicted X position of the trace is calculated using the polynomial model
stored in the guess order table ORDER_TAB_GUESS_ARM. Then, for each (X,Y’) coordinate pair, a 1D win-
dow in the X -direction of half-size detectcontinuum-search-win-hsize pixels is extracted from the continuum
pinhole flat image and filtered by a running box-car median of half-size

detectcontinuum-running-win-hsize in order to remove cosmic ray hits from the image window. If the pa-
rameter detectcontinuum-running-win-hsize is set to zero, then this median filtering is not performed. An
initial estimate of the detected trace position in the image window is taken as the pixel with the maximum
value in this filtered window. This new position is used to extract a new image sub-window of half-size
detectcontinuum-fit-win-hsize from the original unfiltered image, and a refined trace position is determined
via a 1D Gaussian fit.

The set of (X,Y) coordinate pairs that trace the orders on the continuum pinhole flat image are fit using
a polynomial in Y of degree detectcontinuum-ordertab-deg-y, and then any residuals that are worse than
detectcontinuum-clip-res-max pixels are rejected. After this first fit, the remaining (X,Y’) coordinate pairs are
fitted again with the polynomial in Y and the fit is further iterated using a sigma-clip algorithm controlled by
the parameters detectcontinuum-clip-sigma, detectcontinuum-clip-niter, and detectcontinuum-clip-frac.

A similar polynomial fitting procedure is used in xsh_predict to generate a guess order table.

11.16 Detection of the order edges on the master flat (xsh_mflat)

The input order table (ORDER_TAB_CENTR_ARM) is used to locate the central order traces, and each order is
divided into chunks of size 2 x detectorder-chunk-half-size 41 in the y-direction (i.e. the dispersion direction).
In each chunk, the pixels are collapsed to obtain a 1D profile in the cross dispersion direction with enhanced
S/N. If the S/N at the central pixel is below the threshold detectorder-min-sn, then the profile is rejected from
the edges computation. In each 1D profile, the edges on either side of an order are considered detected when the
flux drops to below a fraction detectorder-edges-flux-thresh of the central flux. If the resulting order width is
less than detectorder-min-order-size, then the profile is rejected from the edges computation. Finally, for each
edge, the set of (X, Y") coordinates that trace the edges are fit with a polynomial in Y of degree 5.

11.17 Detection of IFU flat slices traces (xsh_mflat)

IFU edges are determined by either dividing the X flat edge inter-distance by 3 (if slice-trace-method is set
to’fixed’), or applying the “Sobel” or “Scharr” edge detection methods. The IFU slices edges are determined by



Doc: VLT-MAN-ESO-14650-4840
ESO X-Shooter Pipeline User Manual Issue: Issue 3.8.15
Date: Date
Page: 158 of 185

a Gaussian fit over a window of 5 pix centred on the expected position (as determined by the method ’fixed’).
Then the Gaussian centres are fit by a polynomial.

11.18 Master Flat creation (xsh_mflat)

This recipe generates a master flat frame from a set of flats by performing the following data reduction steps:

1. Corrects the flat frames for bias level and dark current.

2. Determines the exposure level of each flat frame by determining for each order the mean exposure level
over ten sampling windows uniformly distributed along the order and then taking the mean of these values
over the orders. Each flat frame is then normalised by its exposure level, and the normalised flat frames
are combined into an initial master flat frame by median combining.

3. Divides the initial master flat frame from (2) into each calibrated flat frame from (1). Now each and
every pixel in the resulting flat-fielded flat frame gives an estimate of the exposure level of the flat frame,
regardless of the order it belongs to. Then, to estimate the exposure level of each flat frame, the recipe
calculates the median of all pixels in all orders on the flat-fielded flat frame.

4. Normalises each calibrated flat frame from (1) by the exposure levels derived in (3), and combines the
flats using the median to obtain the final master flat frame.

5. The inter-order background on the master flat frame is determined and subtracted (see next Section).

6. Low sensitivity pixels (due to dust etc.) are detected on the master flat frame and flagged in the bad
pixel mask. This is done by flagging pixels (code 16384) with absolute residuals greater than 20c on the
difference image produced by subtracting a median smoothed (7x7 pixel box) version of the master flat
from itself.

11.19 Interorder background determination (xsh_mflat; stare recipes)

The algorithm for fitting the inter-order background starts by using the detected order edges on the master
flat frame to determine the bisecting traces of the inter-order regions along the dispersion direction (which
are all nearly parallel to the image y-axis). Each bisecting trace is then used to define an inter-order region
that has curved right and left z-coordinate limits defined by shifting the trace by M pixels and by —M pixels
along the detector z-axis, respectively, and that has upper and lower y-coordinate limits matching the ends of
the shorter of the two bounding orders. The quantity M is then an algorithm parameter (background-edges-
margin) specifying the half-width of each inter-order region. A further two image regions, one to the right
of the right-most order and one to the left of the left-most order, each with appropriate margins, are added to
the set of inter-order regions. The algorithm then fits a two-dimensional polynomial surface to the pixel values
belonging to the set of inter-order regions, ignoring bad pixels and using optimal inverse-variance pixel weights.
The fitting procedure is iterated to allow the removal of outlier pixel values through sigma-clipping and the
iterations stop when no more pixels are rejected. The degree of the polynomial surface to be fit is defined
by background-poly-deg-x and background-poly-deg-y, and the threshold for sigma-clipping is defined by
background-poly-deg-kappa.
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wmin wmax wmin wmax
691 695 1105 1266
715 734 1300 1343
766 770 1468 1780
893 904 1940 1994
943 983 2030 2046
2080 2100
Table 11.4: Wavelength [nm] intervals used to Table 11.5: Wavelength [nm] intervals used to
evaluate the best telluric model in VIS arm evaluate the best telluric model in NIR arm

11.20 Instrument response determination

Initially the flux table corresponding to the observed standard star is extracted from an input catalogue. We
correct the wavelength scale of the reference spectrum (which is a stellar model spectrum) to the same radial
velocity as the observed spectrum and then interpolate the reference spectrum to the same steps as the observed
spectrum. For VIS and NIR data we apply a correction of the telluric absorption by looking for the best fitting
spectrum within a catalogue of telluric model spectra. The best telluric model is the one that minimises the
mean of a “correction” spectrum computed in the following intervals:

This spectrum is obtained via the following steps:

1. adjust telluric model spectrum to wavelength scale of observed spectrum (small shifts may occur due to
imperfect wavelength calibration)

convolve the telluric spectrum to the same resolution as the observed spectrum
divide the observed spectrum by the shifted and convolved telluric spectrum

fit the continuum of this ratio at pre-defined wavelength points

@nookA LD

divide ratio by fit

Since the model spectra are provided for a large range of water vapour content, but only for few values of
CO2, we mask COs regions when fitting the response later. The response is computed by dividing this telluric-
corrected model spectrum of the standard star (in erg em2s71ATY) by the 1D extracted observed spectrum of
the standard star corrected for gain, exposure time, atmospheric extinction (the atmospheric extinction table is
interpolated to get the same binning) and, in the case of VIS and NIR data, for telluric absorption. To reduce
the noise of the resulting ratio spectrum we apply a median filter of eleven pixels half width. Then we apply a
cubic-spline fit to the points defined in RESP_FIT_POINTS_CAT_ARM to get the final response.

The response is obtained with the following equation:

STDﬁuxtable[erg/S/sz/z&_l] x exptime[s] x gain[ADU /e—]

< , 2
STDobserved[ADU/PiX[A]] x 10(0.4-airmass-ext) @)

Response[erg/e "/cm?] =

Where we have taken into account of the size of a pixel (0.2 A for UVB/VIS, and 0.6 A for NIR). The response
is derived from the order merged flux standard spectrum and applied on the merged science spectrum.
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11.20.1 Flux calibration

If the user provides the instrument response and the atmospheric exctiontion tables in input of a science recipe,
the merged 2D and 1D spectra are then flux calibrated. This operation is performed by first dividing the observed
spectra by exposure time and the detector gain and correction for atmospheric extinction, and then multiplying
those by the instrument response.

I[ADU /pixel[A]] x Response[erg/e”/cm?] x 1((0-4-airmass-ext)
gain[ADU/e—] x Exptime[s] x bin_size

I[erg/s/cm?/A] = (3)

Where we evidence the fact we correct for the size in pixels of the integration bin.

11.21 Efficiency determination

The efficiency at a given wavelength A is computed as:

6()\) _ Ié(q%f()\) . 1070.4-ext()\)-(airpfairm) - gain - Ephot()\>
Texp . Atel : I,gl;fD()‘)

- factor

where I35 (\) is the extracted standard star spectrum as observed by X-Shooter, corrected for the contribution

from the sky background, at a given wavelength A, ext()\) is the atmospheric extinction coefficient, airm is
the airmass at which the standard star was actually observed, airp is a parameter to indicate if the efficiency is
computed at airmass=0 (no atmosphere) or at a given value (usually the one at which the reference standard star
spectrum may be tabulated). The pipeline assumes airp is 0. gain indicates the detector’s gain, and Eppo: () is
107 - 1.986 - 10
A
Arg is the UT telescope collecting area ( 51.2 - 10% - em?), IgeTfD()\) is the flux calibrated spectrum of the
reference source. factor is a multiplicative number that corrects for the fact that in the previous formula some
quantity has been expressed in different units.

the energy of one photon (Eppet(A) = -J- um_l), Texp 1s the total exposure time in seconds,

11.22 Order rectification

The process of resampling the spectral orders from image space to wavelength-slit space is referred to as rectifi-
cation. The sampling step along the wavelength and slit directions is defined by the parameters rectify-bin-lambda
and rectify-bin-slit. The exact values of the order limits are adjusted so that the grids of overlapping orders can
be superimposed without further resampling.

The resampling works as follows. For each pixel in each order in the wavelength-slit space, the corresponding
pixel position in the original image is derived using the wavelength solution. A kernel is then used to convolve
the original image at the required pixel position to derive the corresponding pixel value in the wavelength-slit
space. The kernel is defined by the parameters rectify-kernel and rectify-radius. The pixel uncertainties are
propagated in the proper analytical fashion and the pixel flags are also propagated within the kernel radius.

Note that this resampling is not equivalent to a rebinning of the spectrum because the kernel radius is the same
in the original image space regardless of the sampling steps chosen in the wavelength-slit space. Hence there is
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no advantage in terms of S/N in choosing a coarse sampling grid in wavelength-slit space. Any binning of the
output spectra should be done as a further step and this is not supported by the XSHOOTER pipeline.

The resampling process introduces correlated noise into the two-dimensional rectified images which sometimes
manifests as ripples in the spectrum. Standard extraction across the slit mitigates this effect somewhat. However
it is still possible to see such ripples in the output 1D extracted spectra.

11.23 Frame intensity determination and outlier detection by frame stacking

With a series of N similar frames (N > 3) it is possible to compute a median or mean image and apply a
sigma-clipping algorithm.

The stacking method and the sigma-clipping in the frame combination are controlled by the input parameters
(klow, klow, and stack-method).

In case of dark frames a further detection of outliers is performed, controlled by the input parameters (crh-clip-
kappa, crh-clip-niter, crh-clip-frac) and aims at identifying the pixels in each input frame that lie beyond a
given threshold.

The stacking proceeds as follows:

1. Stack input frames using the method defined via stack-method and compute the combined data, error,
and pixel quality frame. The total number of detected cosmics (previously detected on each raw frame
with the van Dokkum algorithm) is determined and stored in the FITS header of the combined frame.

2. If the number of input frames is greater than two, in case of dark frames, additional cosmics (or other
outliers) are detected and the corresponding pixel quality code is propagated in the image qualifier of the
combined frame only if they appear in all the contributing frames. The pixel intensity of the combined
frame is given according to the stack-method parameter applied to the not flagged pixels from each
contributing frame.

If all frames have a given pixel flagged the stacked frame receives the value of the pixel in the first input
frame.

The flagged pixels are considered here as hit by cosmic rays. They are rejected from the computation
of the final stack and error frames and therefore are not flagged in the bad pixel map. However the fact
that less pixels are used to compute the stacked result is reflected by a larger value in the error frame.
The output bad pixel map is the sum of input ones plus the CRH maps. The output statistical error is the
propagation of input ones.

3. The image of the detected outliers is saved for quality control.

11.24 Cosmic rays flagging on individual frames

The method used to flag cosmic rays (as opposed to removing them) is that of Laplacian edge detection as speci-
fied by van Dokkum (2001). We refer the reader to the van Dokkum paper for more details on the algorithm. The
controlling parameters are removecrhsingle-sigmalim, removecrhsingle-flim, and removecrhsingle-niter. To
increase/reduce the number of detected cosmic rays, one can increase/reduce the values of the parameters
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removecrhsingle-sigmalim or removecrhsingle-flim. To prevent flagging of (NIR bright) sky lines edges
as CRHs the user may input a map of the sky lines (PRO.CATG=SKY_MAP_NIR) provided by the kit.

11.25 SKky subtraction for stare observations

Sky subtraction is performed by default (sky-subtract = TRUE) for stare observations in the recipes
xsh_respon_slit_stare and xsh_scired_slit_stare. To estimate the sky spectrum, the pixel values whose slit po-
sition lies outside of the object mask and that are far enough away from the slit edges (as specified by sky-
slit-edges-mask in ") are tabulated as a function of wavelength (taken from the wavelength map). This method
relies on the assumption that there is no gradient in flux along the slit. For the reddest part of the NIR spectra
this assumption is not fulfilled and therefore the sky subtraction does not work well, which can cause a jump at
about 2.3um for sources with little flux compared to the flux of the sky background in that wavelength range.
The sky regions may alternatively be defined by the parameters sky-positionl, sky-hheightl, sky-position2
and sky-hheight2. The resulting 1D sky spectrum is then smoothed using one of the following methods (sky-
method):

e The MEDIAN method uses a running median over the sky versus wavelength vector of half-width sky-
median-hsize-points.

* BSPLINE method implements the Kelson based sky subtraction (2003, PASP 115, 688). We currently
support two implementation of this method, BSPLINE1 and BSPLINE2. During Kelson based sky mod-
eling we have implemented also a kappa-sigma clip based flagging of outliers. The value BSPLINE is
also possible for backward compatibility and it is equivalent to BSPLINE1. The difference between
BSPLINE1 and BSPLINE2 methods is that the latter slices the user defined sky region in (at most)
five chunks of equal size along spatial direction. Computation time for BSPLINE2 is higher than for
BSPLINE1 (BSPLINE2 with some UVB or VIS 1x1 data may take up to one hour), but residuals after
sky model correction are better on the sky region.

The Kelson based sky model is supported only with the localize-method MANUAL. The object data
sample is defined by the values of localize-slit-position and localize-slit-hheight. The remaining pixels
along the slit are used to model the sky. The parameter sky-bspline-niter control the number of model
iterations. The parameter sky-median-hsize is used to perform a local running median and allow to flag
outliers. We recommend the user to also read carefully the notes on optimal choice of relevant parameters
in case of Kelson based sky subtraction (Section 10.15.4 at page 113).

The 1D sky spectrum, along with the wavelength map, is used to create a 2D sky frame that can be subtracted
from the 2D science spectrum.

11.26 Object localization

The localization of an object is defined by three polynomial expressions giving the centroid position on the slit
in”, as well as the object slit limits, as a function of wavelength. The localization is determined on the rectified
merged orders via three different methods:

* When localize-method=MANUAL, the localization can be fixed by the user by setting the central position
localize-slit-position and the half size localize-slit-hheight.
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* When localize-method=MAXIMUM, the merged 2D spectrum is chopped into localize-chunk-nb chunks
and the signal is collapsed along the wavelength direction to give a 1D profile. The centre is determined as
the position of maximum flux and the edges are where the flux is a fraction localize-thresh of the central
flux.

* When localize-method=GAUSSIAN, the merged 2D spectrum is processed in the same way as for the
MAXIMUM option. However, the 1D profile is fit with a Gaussian. The centre is taken as the Gaussian
peak and the edges are defined at the 3-sigma distance.

For the MAXIMUM and GAUSSIAN methods, the centre and edge positions are fit with a polynomial of degree
localize-deg-lambda using sigma-clipping with parameters (localize-kappa and localize-niter.

11.27 Standard extraction

Standard extraction by integration over the object aperture is carried out on the 2D rectified orders before they are
merged. Bad pixels in the extraction aperture at a particular wavelength trigger the construction of a local spatial
profile (§11.27.1) using all wavelength bins with no bad pixels within stdextract-interp-hsize wavelength bins
of the current wavelength bin. The local profile is then optimally scaled to match the good pixels at the current
wavelength and the scaled profile is integrated to provide the flux estimate at the current wavelength. For parts
of the 2D spectrum with many bad pixels in consecutive wavelength bins, it may be necessary to increase the
value of stdextract-interp-hsize to avoid “gaps” appearing in the output 1D spectrum.

Note that the pixel flag decodification into good and bad pixels may be controlled by the parameter decode-bp.
This is important if you want to include or exclude certain types of pixels from the standard extraction integra-
tion/interpolation (e.g. cosmic rays).

11.27.1 Detailed description of the construction of the profile

The spatial profile used to replace bad pixels weighs the contributing pixels by their inverse error.

The spatial profile computation is depicted graphically in Fig. 11.1. If the pipeline detects that a bad pixel exists
at a given wavelength, A1, in the slit-wavelength (s, \) space of the input image, it constructs a spatial profile of
the spectrum at that wavelength, Py, (s), by summing the flux f of good pixels at every position along the slit in
s-space between \j*stdextract-interp-hsize, where stdextract-interp-hsize is a recipe
parameter which defaults to 30 pixels in most cases. The profile is given by:

A1+hsize

P)\l (3) = Z f(good)(s, )‘)’ 4

A=M\1—hsize

where f is flux. The interpolation factor, I, for this wavelength is then computed from those good pixels and
the profile as follows:

Zs P(S) * f(good)(s, )‘1) * E(2good)(87 )‘1)
Zs P2(S) * E(2g00d)(3a A1) ’

I, = )
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Figure 11.1: Simple representation of the construction of a spatial profile Py, (s) and interpolation factor I,.
When a bad pixel (denoted by a star within a circle) is detected at wavelength A1, a cross-slit profile Py, (s)
is formed by creating a sum of good pixel values across the wavelength window (A1 — hsize, \1 + hsize) at
each spatial coordinate s (1); see equation 4. The interpolation factor is then computed by summation in the
wavelength direction (2), as defined in equation 5 .

where E? is the inverted square of the data error e, i.e.

1

EZ(S, A]_) = m

(6)

After the profile and interpolation factor have been computed, extraction is performed as described at the start
of this section, by simple summations at a set wavelength. However, if a pixel has been flagged as bad, the flux
and error (squared) of that pixel are replaced using the following values:

f(bad)(S, )\1) — I)\l * P)\1 (S) (7)
P (s)

€ty (5, A1) = S, P2 (s) * E2(s,\1) "

The output pixel flag is also updated to denote that it contains an interpolated flux value.
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11.28 Extraction of nodding data with extract-method NOD

Object data observed in nodding mode can be extracted setting extract-method to “NOD”. In this case the
pipeline automatically computes the extraction windows and then performs a standard extraction. The algo-
rithm used to determine the extraction windows reads the value of FITS keyword SEQ.NOD.THROW in the
variable nod_throw and then computes the values of the minimum and maximum slit extraction windows,
slit_ext_max and slit_ext_min, as

d_th
hslit = round(0.5 x nodArow

)

slit_step

slit_ext_max = nslit/2 + hslit

slit_ext_min = nslit/2 — hslit

where nslit is the order size in resolution elements each of size slit_step, where this last value is set by the the
rectify-bin-slit parameter value.

11.29 Extraction of nodding data with extract-method LOCALIZATION

Object data observed in nodding mode can also be extracted setting extract-method to “LOCALIZATION”. In
this case the pipeline extracts the object depending on the values of the parameter localize-method:

* “MANUAL” (default): the user defines the object extraction slit limits by setting the values of the param-
eters localize-slit-position and localize-slit-hheight.

* “MAXIMUM”: the pipeline localise the object searching for the flux maximum where the order is defined
and as extraction limits the values at which the flux drops to localize-thresh (default set to 0.1) of the flux
maximum.

* “GAUSSIAN: the pipeline performs a Gaussian fit and sets the object position where the gaussian has a
maximum and the extraction slit equal to three times the sigma of the fit Gaussian.

For "GAUSSIAN" and "MAXIMUM" the pipeline automatically determines the observed object trace and then
the minimum and maximum extraction slits, slit_ext_max and slit_ext_min,

(slit_lo(\) — slit]0])
slit_step
(slit_up(X\) — slit[0])
slit_step

slit_ext_min = (int)

slit_ext_max = (int)

where slit_lo and slit_up are values determined at each wavelength A using a polynomial description of the
object trace, slit[0] is the position of the slit at a given order, and slit_step, is the slit pixel resolution element
set by the the rectify-bin-slit parameter value.
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11.30 Optimal extraction

The optimal extraction follows the principles outlined in Horne (1986).

The computation of the weights for the optimal extraction has to be done with the frame divided by a normalized
flat-field. As the input file has been divided by a master flat, the blaze function has been removed. To recover the
original frame with the right flux counts, the input frame is multiplied by the blaze function. This blaze function
is built from the master flat-field: the central flux in the master flat-field (at the centroid positions defined by the
order table) is fitted by a polynomial, and used to create a 2D blaze function. The polynomial order of the fit is
initially 18. The measured square error (MSE) associated to the fit is measured. If the MSE is greater than one
the polynomial degree is iteratively decreased by one and the polynomial fit is repeated until the MSE is less
than one.

The object frame (and its corresponding wavelength and slit maps) is oversampled in both direction by the factor
optextract-oversample. The extraction process is performed on the 2D rectified orders before they are merged.
For each Y pixel (in the supersampling), and its corresponding X from the centroid order table, the wavelength
is found in the wavelength map. With this value of the wavelength, the upper and lower positions of the slit are
determined using the wavelength map (at a fixed wavelength are determined the x,y positions of the slit edges).
With these edges positions, the tilt of the slit for each central position is determined. As the object does not
extend along the full slit, we define an extration box to speed up the process. For each (X,Y) central position,
we follow the slit and a make a linear interpolation taking into account the oversampling factor.

In order to carry out the optimal extraction, the expected cross-dispersion profile is to be modelled. The 2D
pseudo rectified orders are divided by the 1D standard extracted spectra in order to remove possible spectral
features. These 1D spectra are created by summing the flux across an extraction window of twice
optextract-box-half-size pixels along the slit.

Two different methods are available to model the profile, both of which follow strictly the virtual resampling
method used by Mukai (1990, PASP, 102, 183).

* optextract-method=GAUSSIAN With this method we assume that the cross-order profile can be approx-
imated by a Gaussian.

For each chunk, a Gaussian fit of the profile along the slit is performed, which provides the width, the peak
flux and the central position. The variation of central positions and widths with wavelength are fitted by
independent polynomials (the polynomial order is obtained from order localization table), which will be
used to estimate the Gaussian parameters at every position of the order. With the set of central positions
and widths values, 2 polynomial fits are made. The fits will be used to estimate the Gaussian parameters
at every position of the order. For each pixel, the weight is computed using the integration of the Gaussian
along the slit direction.

At this stage, the pixels which are affected by “cosmic ray hits” can be discarded by comparing the
Gaussian appproximation and the 2D pseudo rectified orders divided by the 1D standard extracted spectra.

* optextract-method=GENERAL Contrary to the previous method (GAUSSIAN) no assumption is made
on the shape of the cross-order profile. The profile is approximated by polynomials along the dispersion
axis. The flux are estimated at sub-pixels for which the position in the original frame is closer by a given
amount. Theses fluxes are then interpolated by polynomials in order to get a estimate of the weigth at
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every position of the order. At this step, the interpolated values are compared with 2D pseudo rectified
orders divided by the 1D standard extracted spectra in order to discard pixels affected “cosmic ray” hits.

Once extracted, the orders are evenly resampled in wavelength using the bin defined by optextract-step-lambda.

11.30.1 Detailed description of the determination of the weights

The pixel value of the spectrum at wavelength coordinate A (and slit spatial coordinate s) is determined by this

formula:

where:

Py is the model data at pixel (A, s);

those bad pixels;

The error value of the pixel is:

Zs R)\spis d)\s/v)\s

s is the cross-spectrum pixel coordinate;

Zs R)\sP/%S/U)\s

ZSPAS

ZS R)\SP)?S/U)\S .

Ry is 0 if the pixel has been rejected or flagged as bad, and 1 otherwise;

©)

d)s is the input image data at pixel (), s), which has been corrected for bad points by being set to O at

v)s 1 the variance (i.e. the error squared) at pixel (A, s) of the input image.

(10)
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11.31 Optimal extraction disclaimer

The optimum extraction option has known problems and the correctness of the extraction has not been verified.
In future, the current implementation will be replace with a completely re-written code.
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Figure 11.2: Comparison of extracted spectrum of a point source. The upper panels show the whole UVB
spectrum (left) and a selected wavelength region around a spectral line (right). The spectrum from standard
extraction is shown with black lines. The spectrum from optimal extraction has been scaled in flux and is shown
in red. The noise as measured close to the line is ~15% lower with optimal extraction. The lower panels directly
compare the two spectra. Black points show the difference of the two spectra scaled by the mean. The green
lines are the binned data. It can be seen that for about 50 percent of the wavelength range, the two extraction

methods differ significantly from each other. The data used in this plot were kindly provided by Oliwia Made;j
(O.K. Madej et al. 2012, arXiv:1212.0862).

The recipes xsh_respon_slit_stare and xsh_scired_slit_stare offer the additional option of using an “optimal
extraction”. Note that this option is not offered for the offset and nod recipes. The code for the optimal extraction
is written by Goldoni et al. (ADASS XXI, 2012, ASP Conf. Ser. Vol. 461, Page 741) and does not include any
treatment of bad pixels. The code is distributed as provided by the consortium, and the corresponding algorithm
and its implementation have not been investigated in detail.

Testing by ESO indicates that for point sources and default parameters, the stare recipes deliver spectra at se-
lected wavelength regions in the UVB arm with noise ~10-20% lower than the standard extraction for point
sources. However, between these clear regions, significant artifacts are introduced. The optimal extracted
spectra also differ in flux scale by several hundred percent from the standard extraction (this because the nor-
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malization of the master flat in optimal extraction is done differently from the standard extraction). Master
response curve therefore does not apply to the optimally extracted spectrum. The performance is illustrated in
Figure 11.2.

11.32 Reduction of STD star frames in SLIT configuration - stare/offset/nod

The same data reduction steps up to the computation of the merged spectrum are performed as for the corre-
sponding science recipe. Then if the observed standard star is one listed in the reference flux standards catalogue
(see 8.6), the spectrum response is computed (see 11.20). and it is applied to the order merged 2D and 1D spec-
tra of the flux standard after having corrected this by atmospheric extinction, exposure time and gain, generating
the flux calibrated 2D and 1D spectra in units of erg cm2s71A-L,

11.33 Science reduction in SLIT stare mode (xsh_scired_slit_stare)

The steps performed by this recipe are as follows:

[

. The input is N science frames which must all have the same exposure time.

2. Prepares the science frame(s) in PRE format.

3. Performs optional master bias and master dark correction on each science frame.
4. Detects cosmic rays on each science frame using Laplacian edge detection.

5. If there is more than one input science frame, then they are combined into a single frame using the median
(stack-method = median) or sigma-clipped mean (stack-method = mean, see 11.23).

6. Determines and subtracts the inter-order background from the combined science frame.
7. Divides the master flat frame into the combined science frame.

8. If sky-subtract = TRUE, then the recipe determines and subtracts the sky background from the combined
science frame.

9. Rectifies each sky-subtracted science frame order by order and do the wavelength calibration, thus passing
from pix-pix coordinates to wavelength-spatial coordinates.

10. Uses standard extraction to extract the spectrum on the rectified orders.
11. Merges the 1D (and 2D) spectra into a single spectrum.

12. Flux calibrates the 1D (and 2D) spectra.
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11.34 Science reduction in SLIT offset mode (xsh_scired_slit_offset)

The steps performed by this recipe are as follows:

1.

10.

The input is IV science and N sky frames, which must all have the same exposure time (if additional
science or sky frames are provided, these frames are dropped such that there is one sky frame per science
frame for processing).

. Prepares the science and sky frames in PRE format.
. Detects cosmic rays on each science and sky frame using Laplacian edge detection.

. Orders the science and sky frames by date of observation and subtracts the sky frames from the science

frames in pairs.

. Divides the master flat frame into each sky-subtracted science frame.

Rectifies each sky-subtracted science frame order by order and do the wavelength calibration, thus passing
from pix-pix coordinates to wavelength-spatial coordinates.

Combines the rectified sky-subtracted science frames into a single frame using the median (combinenod-
method = MEDIAN) or the mean (combinenod-method = MEAN, see 11.23).

. Uses standard extraction to extract the spectrum on the rectified orders.

Merges the 1D (and 2D) spectra into a single spectrum.

Flux calibrates the 1D (and 2D) spectra.

11.35 Science reduction in SLIT nodding mode (xsh_scired_slit_nod)

The steps performed by this recipe are as follows:

1.

The input is IV science frames (N must be even) which must all have the same exposure time.

Prepares the science frames in PRE format.

. Detects cosmic rays on each science frame using Laplacian edge detection.

Orders the science frames by date of observation.

. For a sequence such as AAA BBB CCC DDD, the recipe combines the science frames at the same position

into the corresponding sequence A B C D. The combination is performed using the median (stack-method
= median) or sigma-clipped mean (stack-method = mean, see 11.23).

Subtracts the pairs of (combined) nodded observations, e.g. A-B, C-D, etc.
Divides the master flat frame into each subtracted science frame pair.

Rectifies each sky-subtracted science frame [pair] order by order and do the wavelength calibration, thus
passing from pix-pix coordinates to wavelength-spatial coordinates.
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9. If correct-sky-by-median is set to TRUE, then the recipe calculates and subtracts the median pixel value
for each column (wavelength) in the rectified frame from the column pixel values.

10. For each subtracted science frame pair, the recipe forms [(A-B) - shifted(B-A)].

11. Combines the set of frames of the form [(A-B) - shifted(B-A)] using the median (combinenod-method
= MEDIAN) or the mean (combinenod-method = MEAN).

12. Uses standard extraction to extract the spectrum on the rectified orders. Possible extraction methods are
“NOD” (see 11.28) or LOCALIZATION (see 11.29).

13. Merges the 1D (and 2D) spectra into a single spectrum.

14. Flux calibrates the 1D (and 2D) spectra.

11.36 IFU object traces determination

The cube spatial and wavelength sampling steps are set according to the observing wavelength range (arm).
Using the information on the order centre and IFU slices edges trace locations, as contained in the IFU edge
order table, for any table row (in this way scanning each Y of all detected orders), for each IFU slice, it is
performed a Gaussian fit (eventually degenerate to a centroid fit) of the object X position in the pre-processed
science frame, constrained to X range determined by the predefined IFU slices edge positions. In this way the
object traces are determined in each slice of the IFU. Then each (x, y) pair found in each IFU slice is converted
in corresponding (s, \) positions using the wave and slit map information (poly mode) or the model (physical
model mode).

The distribution of s*PP(\), s°™()\), s'°¥()) is different, but we know that the sum s"PP(\) + s°™()), and
sl (X)) 4 5% (), is a constant, equal to twice the distance between the slices from the optical center.

Moreover it is known that should be valid the following relations:

§UPP = g . g% 4 PP (11)

Slow — 0. Scent + C6010 (12)

where o = —1, was determined in the lab.

Using the s“PP and s'°% point distributions determined for several standard stars we have determined the best fit
values cy?” and civ.

More accurate relations that take into account of a small wavelength dependence are:

S = —scent + gt + PP X+ P N (13)

Slow = —Seent + Céow + Cllow A+ ClQow . )\2 (14)

The coefficients cyp P cé"w (z = 0, 1, 2) have been determined minimizing residuals in the final cube reconstruc-

tion over a set of standard stars (see Sec. 11.37).
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11.37 1IFU 3D cube generation

The cube spatial and wavelength sampling steps are set according to the observing wavelength range (arm). For
each detected order m, for each detected wavelength A, for each slit value expected in the central IFU slice
s, the (x°", y°“™) position corresponding to the current triplet (m, A, s°“*) is determined, using either the
flexure corrected wavelength solution obtained in poly mode or the physical model configuration previously
optimized first on single-pinhole (format-check) and multi-pinhole (2dmap) frames, and corrected for flexures.
The (2“PP, y“PP) and (x'°", ') corresponding positions are determined using the relations 13 and 14 obtained
as described in 11.36. The corresponding fluxes, errors, and qualifier are determined by interpolating the pre-
processed IFU science frame (and corresponding error) images with a kernel of a given rectify-radius and
rectify-profile. Those values are stored in the cube position corresponding to the given IFU slice, spatial and
wavelength coordinate. Cube values points corresponding to wavelength where differents orders overlaps are
averaged. For quality control are computed the object traces in each IFU slice of the merged cube using a
Gaussian fit (eventually degenerating to a centroid determination) at each wavelength.

The reconstructed cube, its error and qualifier and the object traces are the products of this algorithm.

11.37.1 IFU trace position determination — staring mode (xsh_geom_ifu)

The recipe is aimed at tracing the position of a pointlike object in the IFU and derive shifts along the slitlets as
a function of wavelength with respect to a reference position. These shifts will correct any distorsion due the
atmospheric dispersion, the wavelength solution and the optics of the IFU.

The tracing consists in an iterative localization of the standard star in each of the IFU slitlets:

1. The first steps of the reduction are similar to other recipes. One additional option is offered: the flat-
fielding can be done using a model of the blaze function (flat-method=blaze) instead of the master flat-
field (flat-method=master). Using the blaze function allows to produce cleaner edges of the slitlets.

2. The slitlet is rectified and the different échelle orders are merged together.

3. The full wavelength interval is divided into chunks (whose half size is defined by localizeifu-chunk-hsize).
The positions around sky emission lines can be masked by setting localizeifu-use-skymask. The slit cov-
erage can be truncated in order to mask the edges of the slit. The lengths in ” to be masked are defined
by localizeifu-slitlow-edges-mask and localizeifu-slitup-edges-mask. For each chunk, a median filter
(localizeifu-smooth-hsize) is applied on the summed cross-dispersion profile and a Gaussian fit is done
to locate the object at the given central wavelength. This Gaussian expression has a polynomial compo-
nent to fit the background. The degree of this polynomial expression is to be < 2 and is controlled by
localizeifu-bckg-deg.

4. The results of the Gaussian fits are cleaned by removing outliers in FWHM and SNR (localizeifu-sigma-low
and localizeifu-sigma-up are the limits for o, localizeifu-snr-low and localizeifu-snr-up are the limits
for the SNR).

5. The Gaussian localization vector is interpolated to provide a localization at each wavelength, even where
the fit failed.
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6. This localization vector is filtered by a wavelet a trous transform, decomposed in a series of
localizeifu-wavelet-nscales frequencies ; the highest ones (localizeifu-wavelet-hf-skip) are skipped in
order to decrease the noise in the localization.

7. The reference position is derived as the median localization around the reference wavelength (in the
wavelength interval correctifu-lambdaref + correctifu-lambdaref-hsize) ; the shift vector is computed
as the difference between the localization vector and the reference position.

8. The total shift vector is incremented with the derived shifts.

9. If the maximum number of iterations correctifu-niter is not reached, the slitlet is shifted and rectified
again (using the derived shifts) and goto 3.

The total shifts are stored in three different tables (one per slitlet). If do-cube is set to TRUE, a datacube is
produced as quality control. In this final datacube, the localization of the standard star is straightened.

11.37.2 Science reduction in IFU configuration — staring mode (xsh_scired_ifu_stare_drl)

The recipe is aimed at reducing SCIENCE data observed in IFU staring mode.

If three or more science frames are present in the set-of-frames, they are combined into one median frame to
reject outliers. The master bias frame is subtracted (UVB and VIS arms, not for NIR arm). The master dark
frame is subtracted (In NIR, the OFF frame is subtracted).

The order table is used to locate the inter-order regions where the background is estimated on a grid along
the dispersion direction (parametrized by background-nb-y). At each point of this grid, the background is
estimated indide a box (defined by background-radius-x and background-radius-y) as the median or the
minimum value (parametrized by background-method). The background frame is then built as a 1D-spline of
the estimated values and is smoothed (background-smooth-x and background-smooth-y). The background is
then subtracted from the data.

The sky background is not removed from an IFU in staring mode.
If only one science frame was given in input, the cosmic ray hits are corrected using the Van Dokkum algorithm.

Each slitlet is rectified from the pixel space (X,Y") onto a regular grid in the (), s) space. The sampling of
this grid is defined by rectify-bin-lambda and rectify-bin-slit. The rectification method uses the wavelength
solution provided by the user (either by the physical model or the 2D polynomial solution) for each slitlet to
derive X and Y for the grid of (A, s). The positions on the slit are corrected from the offset tables produced
with xsh_geom_ifu, OFFSET_TAB_CEN/DOWN/UP_IFU_ARM. These shifts correct for the atmospheric dis-
persion and possible distorsions of the global wavelength solution.

Then the rectification uses the kernel and its radius defined by rectify-kernel and rectify-radius respectively
to estimate the flux at the shifted positions of the grid. If the frame was not divided by the flat-field, the flux is
conserved with the option rectify-conserve-flux.

The localization is done on the rectified slitlets to derived the position of the slit. This position is a poly-
nomial expression function of the wavelength (with a degree localize-deg-lambda). The rectified frame is
collapsed in several chuncks and a 1D Gaussian fit on the collapsed chunk gives the position. The positions
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are then fitted by the polynomial expression. From this position, the edges are derived and parametrized by
the threshold localize-thresh. This automatic localization can be overriden by a manual one (parametrized by
localize-method) which allows the user to supply the localization and the half height of the object in arcseconds
(localize-slit-position and localize-slit-hheight respectively).

The object bad pixel map is merged with the telluric bad pixel map to mark the positions of telluric absorption
features.

The rectified échelle orders are merged into a single 2D spectrum, for each slitlet.

The 3D datacube is constructed.

11.38 Science reduction in IFU configuration — offset mode (xsh_scired_ifu_offset)

The recipe retrieves the input parameters and frames and the raw frames are prepared (see 11.1). Object and
Sky observations are separed. For each frame pair the Sky frame is subtracted from the Object one.

The cosmic ray hits are flagged using the Van Dokkum algorithm (see 11.24, van Dokkum method). The frame
is divided by the master flat field. If trace-obj and compute-map are set to TRUE, for quality control, the
recipe computes the object traces in each IFU slice (see 11.36). The 3D datacube is constructed (see 11.37).

11.39 Instrument model configuration recover (xsh_cfg_recover)

This recipe allows recovery of the X-Shooter physical model parameter configuration file (hereafter “config”)
in the case of significative spectral format shifts due to earthquakes or maintenance and upgrade interventions.
It should seldom be necessary to use this recipe and when it is required it should be handled by an instrument
scientist. The process is described in more detail in [3] where there is also some description of how to establish
what is the correct default config for science exposures from a given epoch.

Two are the possible scenarios:

* The transformation of the spectral format is known to be a simple linear transformation (with any higher
order non-linear effects <Spix everywhere on the detector). In this case first-anneal=FALSE and the
only last_step is performed. The user provides the last valid config file before the format change and the
approximate linear x, y translation of the spectral format using the offx and offy parameters. The recipe
modifies the config following the safefit algorithm (section 11.40).

» Large non-linear spectral format shifts. In this case the user needs to provide an additional input table
with interactively measured (to +/-1pix) centroids of a 12-16 of prominent spectral features in a calibration
lamp exposure taken after the spectral format change occurred. The user will set first-anneal=TRUE and
the recipe will perform a first optimisation on the input line list and config (niter iterations) to improve
the instrument configuration model to an accuracy of 1-2 pixels. This is sufficient to allow a longer list of
calibration lines to be automatically identified using the physical model (see section 11.40). Note that the
config output by the first_anneal step is only used for the automatic line identification and centroiding.
The subsequent optimisation in last_step uses the input config as its starting point.

The main steps performed during the last step are the following:
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The spectral format corresponding to a given input config is determined. Then to correct the initial model
prediction:

If first_anneal was skipped then the user should supply the approximate linear x,y translation of the
spectral format using the offx and offy parameters.

The method safefit is used to automatically identify the list of calibration lines and determine their cen-
troids in the post-format-change exposure.

Finally a predefined subset of the model configuration parameters automatically optimised with the simu-
lated annealing technique to better match the previously selected list of lines. The parameter anneal_niter
specifies the number of iterations of the annealing process.

The recipe outputs the best config obtained after annealing. This can be further fine tuned with the
xsh_2dmap recipe in order to produce a new default physical model configuration file

11.40 Algorithm description of safefit method implemented in xsh_cfg_recover

To properly work this algorithm requires:

A model configuration that performs to better than 10pix (preferably < 5 pix) accross the detector. This
will usually come from the first_anneal data reduction stage.

An arc lamp exposure with corresponding line list. Usually this is pen-rays (Ne, Xe, Ar & Hg) for UVB
and Th-Ar HCL for VIS and NIR. The line list should only contain lines isolated to within 5 pixels. For
Th-Ar customised lists have been provided for UVB, VIS and NIR. For the combined pen-rays so far only
the NIR list is available. This should be in the xsh_cfg_recover sof.

A spectral format table (optional, if not provided it is generated OTF from the config)

(optional) Master dark and master bias files for preparing the arc lamp exposure.

This method implements the following data reduction algorithm.

A 1d spectrum for each order is extracted using the physical model and the config suplied as input or from
the first_anneal step:

— Loop over orders

— Loop over dispersion pixels

— Extract the flux in a 11 pixel high window centred on the x-dispersion co-ordinate that the model
locus predicts for this order and dispersion co-ordinate. This is stored in the 2D array extracted (1st
index order; 2nd index dispersion co-ord)

— The peaks (cent[i]) in this 1d extracted spectrum are identified.
The peaks (cent[i]) in this 1d extracted spectrum are identified.

The peaks are matched to wavelengths where possible:
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Loop over orders

Loop over peaks, i

Determine which peaks are isolated on the right of each peak:

* Loop over margin size, w
x* Compute the barycenter, cent_b, of flux in the extracted 1d spectrum in the window from
(cent[i]-wmin) to (cent[i]+w), where wmin is the typical line half width.

# The maximum value of w for which abs(cent[i]-cent_b) is less than 0.5pix is recorded as the
isolation on the right of this peak.

Determine which peaks are isolated on the left of each peak (analogous to the loop for the right
above)

If both left and right isolation exceeds 5pix then continue (otherwise go to next peak).

Search for a match to this peak in the input line list:

* Loop over entries in the input line list

# For each line use the input model config to compute the expected co-ordinates in this order
(actually get the value from the tab_xy_guess table computed earlier)

+ If the computed dispersion co-ord matches cent[i] to within 2.5 pix then cent[i] is taken to be
the dispersion co-ord for this wavelength. Otherwise disregard this peak and go to the next.

Determine the x-dispersion co-ordinate from the polynomial description of the order shapes

» The co-ordinates associated with each wavelength are passed to the annealing as in the other methods.
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A  Workflow technicalities

This section will present some detailed explanations of the X-shooter Reflex-based workflow.

A.1 Data requirements and optional inputs

In order to run the workflow with a given data set, a number of calibrations and science data must be present.
The workflow functions with the concept of science data sets: a set of files that contain a coherent set of science
and calibration data.

The minimum coherent data set is composed of:

¢ A science frame (observed in stare or offset or nod modes).

A set of bias frames (UVB,VIS).

A single-pinhole arc lamp frame guess spectral format determination.

A single-pinhole lamp spectrum to trace the different orders.

A set of flat frames.

An multi-pinhole arc lamp frame for determination of the 2D geometry solution.

Static calibrations: Line reference table and extinction coefficient. table

On top of that, there are some optional calibrations that will be used by the workflow if they are present:

¢ A set of darks.

* A standard star taken the same night for flux calibration purposes.

The conditional execution of the xsh_mdark and xsh_respon_mode (mode=stare, offset or nod) recipes is
implemented in subworkflows Master Dark Creation and Instrument Response.

The data packages sent by ESO to researchers (originally in form of PI-PACKS or recently CalSelector data sets
) contain all the required calibrations to run the workflow. Ideally, it is enough to feed a given data set into the
workflow to reduce the data.

For a detailed explanation about how these calibrations are organised and associated, please refer to Section
A3.

A.2  Overall layout

The workflow structure has several parts:



ESO

X-Shooter Pipeline User Manual

Doc: VLT-MAN-ESO-14650-4840
Issue: Issue 3.8.15
Date: Date
Page: 178 of 185

* Top area. Contains annotations about the workflow and the main parameters to setup the workflow. Note
that not all the parameters of the workflow are set here: each actor has its own parameters that are set
individually.

* Bottom area. This contains all the actors that actually execute or perform a workflow action. It is also
composed of several parts:

— Initialisation actors on the left side. These actors prepare the rest of the workflow to start with
the data reduction. It includes setup of required intermediate variables, the data organisation, the
data selection and the routing of the data. Please note that the data organisation and selection is
performed only once, while the routing is performed once for each data set that has been selected.

— Recipe execution. The middle part of the bottom area contains the actors that execute pipeline
recipes. This is basically where the logic of the data reduction chain is implemented.

— Closing of the reduction for this data set. The right side of the workflow contains actors that perform
the last actions needed after the reduction of a data set. This includes renaming of the final science
data, an interactive data display (disabled by default) and some housekeeping of variables.

* Subworkflows. Some of the actors in the workflow are actually subworkflows. That means that they
contain another workflow inside. To inspect the subworkflow, right-click on it, and select Open Actor.

A.3 OCA rules

The OCA rules are the mechanism used to Organise, Classify and Associate the data. These rules are stored in
a human-readable file which contains several sections, one for each of the required tasks.

The DataOrganiser is the component that makes use of these rules. The parameter Oca File specifies the
proper OCA rule file to use. It is advised to check that it points to the right location (although the installation
procedure should take care of that). Figure A.1 shows the parameter to inspect to check that the OCA rules are

ok.

[sciaa3 jxsn rentexa instansnare esopipes fxsh-1.5. 25 reflex /xsh_wkr.oca

[2.NAME, INS. OPT 4. NANE, INS.OPTI5. NAME,EXPTIME, DET. DIT, 0BS.ID, TEL AIRM.START, TEL.AIRM.END)

$BOOKKEEPING_DIR

=

"
onto:4: 1#E50

o
30994:17:2:Urn:Isid:uid: 47449 1b-ecr1-4b44-b721-100d25505580: 1

Commn__|| Add |[ memove |[Restore Derauits || prererences |[ e

Figure A.l1: Parameter to change for the OCA file, used for classification, grouping and association of data.

Here we present a brief summary of the meaning of the current OCA rules provided with the workflow:

The raw data is classified according to the DPR keywords.

All X-shooter data are grouped by arm.

The products of the recipes are classified according to the PRO.CATG keyword.

The raw biases are grouped by detector read-out mode and observation template.
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* The raw darks are grouped by observation template and exposure time (UVB/VIS) or DIT (NIR).

* The raw flats are grouped by observation template, slit-id, detector read-out mode (UVB/VIS) or DIT
(NIR).

* The raw format check, wave and order-definition data are grouped by observation template detector read-
out mode (UVB/VIS) or DIT (NIR).

» The standard star and science data are grouped by observation template, slit-id, detector read-out mode
(UVB/VIS) or DIT (NIR).

» All the calibrations are directly associated to the science data. If several groups of calibration data match
the rules, then usually the closest in time is chosen.

¢ The raw biases and raw darks are associated if the detector read-out mode matches (UVB/VIS).
¢ The raw darks are associated if the detector DIT matches (NIR).

e The raw flats are associated if the detector read-out mode (UVB/VIS) and slit-id match.

* The format check, wave, and the order definition data are associated if the arm matches.

* The standard star and master response are associated if the arm matches.

A.4 Workflow fine tuning and hints

We have collected several hints to fine tune and exploit all the capabilities of the workflow.

* Check disk space before starting to reduce the data. The reduction of all the demo data sets will need at
least 1 GB. However, at least 5 GB are recommended. This disk space requirement applies to directories
pointed to by the TMP_ PRODUCTS and END_PRODUCTS_DIR variables.

* If the user would like to use the stare data reduction strategy for nodding or offset data select the OCA rules
file xsh_wkf_stare.oca instead of the default xsh_wkf.oca from the Data Organiser actor configuration. In
case of NIR data the user must provide also raw dark frames with the appropriate DIT.

* The Flat Strategy actor allows the user to use switch between two strategies to select a flat field for the
flux calibration reduction. The default strategy is to use the same flat as for the science observation. The
alternative is to use the flat field selected by the rules, i.e. those taken closest in time of the standard
observations.

* All the intermediate products created by the workflow are stored in TMP_PRODUCTS_DIR directory.
The subdirectory structure is shown in Figure A.2. For each recipe instance there is a subdirectory, and
inside this there is another subdirectory with the timestamp of the execution time.

* The ProductRenamer can be setup to create the desired filenames. Use the Rename keywords param-
eter to change the renaming scheme. It is possible to use keywords from the the header or literal strings
(quoted by ). Currently, there is only one ocurrence in the workflow of the ProductRenamer, just after
the science recipe. However, this actor can be placed in several places in the workflow (for instance, to
store in the final directory the master flat).
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— xsh_2dmap_1

— 2012-12-20T15:44: 36,049
— 2012-12-20T16:08: 44,325
— 2012-12-20T16:29:19. 500
— xsh_flexcomp_1
— 2012-12-20T15:57:39.193
— 2012-12-20T16:02:27.042
— 2012-12-20T16:11:56.721
— 2012-12-20T16:19:52.704
— 2012-12-20T16: 36:07.900
— 2012-12-20T16:47:47.974
— xsh_mbias_1
— 2012-12-20T15:35:44.536
— 2012-12-20T15:36:32.051
— 2012-12-20T15:36: 54,690
— 2012-12-20T15:37:35.550
— 2012-12-20T16:23:28.642
— 2012-12-20T16:24.:00.282
— 2012-12-20T16:24:31.699
— 2012-12-20T16:25:00.496
L— 2012-12-20T16:39:43.679
— xsh_mdark_1
— 2012-12-20T16:05:28.271
— 2012-12-20T16: 15:05. 560
— 2012-12-20T16:15:22.717
— xsh_mflat_1
— 2012-12-20T15:40: 35.336
— 2012-12-20715:42:11.036
— 2012-12-20715:42:54.848
— 2012-12-20T16:07:42.900
— 2012-12-20T16:08:15.443
— 2012-12-20T16:15:41.652
— 2012-12-20T16:27:47.684
— 2012-12-20T16:28:30.942
— 2012-12-20T16:40: 42,561
— 2012-12-20T716:41:28.816
— xsh_orderpos_1
— 2012-12-20T715:40:29,703
— 2012-12-20T16:07:35.325
— 2012-12-20T16:07:39.071
— 2012-12-20T16:27:38.012
— xsh_predict_1
— 2012-12-20T15:38:08.855
— 2012-12-20716:05:45.824
— 2012-12-20T16:06: 42,902
— 2012-12-20T16:26:02.981
— xsh_respon_slit offset_1
— 2012-12-20T15:53:56.523
— 2012-12-20T16:16: 16.639
L— 2012-12-20T16:43: 35.487
— #sh_scired slit nod_1

L 2012-12-20716:20:48.131
— xsh_scired_slit offset_1

L 2012-12-20715: 58: 06,740
L— xsh_scired_slit_stare 1
2012-12-20T16:02: 52.891
2012-12-20T16:12:53.574
2012-12-20T16: 37:03.702
2012-12-20T16:48:43.920

111 directories, 278 files
amodigli@c014007% I

Figure A.2: Structure of the REFLEX_PRODUCTS directory.

* Should the user find data reduction problems, the recipe parameter debug allows to increase recipe ver-
bosity. Change this parameter for the recipe of interest.
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B Test scripts for quality control

This release includes scripts useful for verifying the quality of the results. These scripts are not compiled during
installation. To compile them the user should do the following. Assuming the kit was unpacked under the
directory xsh_Kit:

cd xsh_kit/xsh-kit-3.8.15/xsh-3.8.15
make check
export TDIR=xsh_Kkit/xsh-kit-3.8.15/xsh-3.8.15/xsh/tests

The user may obtain on-line help for any test script by executing the script without arguments as:
$TDIR/test_xsh_scriptname

Useful scripts are:

¢ test_xsh_prepare This script converts frames from RAW to PRE format.

* test_xsh_model To generate theoretical tables corresponding to a given model configuration file, for
example after model optimization (performed in xsh_predict, xsh_2dmap).

* test_xsh_the_map This script generates a region file associated to a given input THE map
(THEO_TAB_SING_ARM or THEO_TAB_MULT_ARM). It may be used with ds9 to project the solu-
tion given by a “THE” map (corresponding to a given model configuration, optimized or not) onto an
image frame in PRE format.

* test_xsh_data_order This script generates a region file to compare with ds9 order traces with corre-
sponding order frames in PRE format.

¢ test_xsh_detect_arclines

This script may be used, in poly mode, to play with the parameters affecting the line detection, without
running the entire recipe that applies it (xsh_predict, xsh_2dmap, xsh_wavecal).

* test_xsh_subtract_background This test script may be used to control the results of the spline inter-
order background subtraction without executing the full recipe where this algorithm is applied (xsh_mflat,
response recipes, scired recipes).

* test_xsh_resid_tab. This script applied to residual table products from xsh_predict or xsh_2dmap gener-
ates a region file that, loaded together with a single or multi pinhole arc lamp frame in PRE format, can
be used to monitor the accuracy of line detection along the spectral format.

* test_xsh_detect_order This script may be used to check the accuracy of the detection of the order edges
on a flat frame without running the xsh_mflat recipe.

* test_xsh_data_dispersol This may be useful, in poly mode, to generate a wave map and a slit map
corresponding to a given dispersion file.

* test_xsh_data_wave_tab_2d. This script may be used to monitor the accuracy of the order rectification
solution in poly mode, or to get for each order the values of WMIN/WMAX to be used in the spectral
format table to control the extraction limits of each order. This is possible by loading with ds9 the sky
subtracted science 2D image frame together with the region file generated by this script.
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* test_xsh_data_wavemap This script, for poly mode, determines the wavelength solution along the order
centre traces.

* test_xsh_rectify This script may be used to test the order resampling without running the response or
science reduction recipes.

Examples of usage of these scripts are shown in Section 10.
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C Installation

This chapter gives instructions on how to obtain, build and install the X-SHOOTER pipeline. Even if this
chapter is kept as up-to-date as possible, it may not be fully applicable to a particular release. This might
especially happen for patch releases. One is therefore advised to read the installation instructions delivered with
the X-SHOOTER pipeline distribution kit. These release-specific instructions can be found in the file README
located in the top-level directory of the unpacked X-SHOOTER pipeline source tree. The supported platforms
are listed in Section C.1. It is recommended reading through Section C.3 before starting the installation.

ESO pipelines can be installed via several methods, depending on your OS, most of which facilitate easy in-
stallation, upgrade and removal. Please see the ESO Data Reduction Pipelines and Workflow Systems page
(https://www.eso.org/pipelines).

C.1 Supported platforms

The X-SHOOTER pipeline has been verified to install and execute correctly with EsoRex on the VLT target
platforms:

* Intel(R) Core(TM) i5-5300U, using Linux, and gcc 4.8.3.
and on
* Mac Darwin 15.4.0 (compiling with CC=gcc)
using the GNU C compiler (version 3.2 or newer). Correct execution using EsoRex has been verified on

* Linux Fedora core 11 (with gcc4.4.1),15 (with gcc 4.6.3), 16 (with gcc4.6.3), 17 (with gee4.7.2), 20,21,22
(with gcc4.8.3)

¢ Scientific Linux 6.3
e Ubuntu 12.04.2

* Mac Darwin 15.4.0 (compiling with CC=gcc)

C.2 Requirements
To compile and install the X-SHOOTER pipeline one needs:

* the GNU C compiler (version 4.1 or later),
* the GNU gzip data compression program,
* aversion of the tar file-archiving program and

* the GNU make utility.
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* Processor(s) with 32 Bit architecture. We could verify portability also on Mac snow Leopard 64 and Intel
64 bit platform. Installation of this kit release should be done with the install_pipeline script part of the kit.
Installation of this kit together with other ESO pipeline kit distribution (via the script install_pipelinekit)
is not yet supported.

For Gasgano support one needs in addition

¢ the Java Development Kit (version 1.7)

C.3 Building the X-SHOOTER pipeline

The X-SHOOTER pipeline distribution kit contains:

xshooter-manual-pdf The X-SHOOTER pipeline manual
install_pipeline Install script

cpl-7.3.tar.gz CPL 7.3

esorex-3.13.2.tar.gz esorex 3.13.2

gasgano-2.4.8.tar.gz GASGANO 2.4.8
molecfit_third_party-1.9.2.tar.,gz MOLECFIT 1.9.2

telluriccorr-4.2.0.tar.gz TELLURICCORR 4.2.0

xsh-3.8.15.tar.gz X-SHOOTER 3.8.15
xsh-calib-3.8.15.tar.gz X-SHOOTER static calibration files 3.8.15

Here is a description of the installation procedure:

1. Change directory to where you want to retrieve the X-SHOOTER pipeline 3.8.15 package. It can be any
directory of your choice but not:

$SHOME /gasgano
SHOME/ .esorex

2. Download from the ESO ftp server, www.eso.org/pipelines, the latest release of the X-SHOOTER
pipeline distribution.

3. Verify the checksum value of the tar file with the cksum command. cksum xsh-kit-3.8.15.tar.gz

4. Unpack using the following commands:
gunzip xsh-Kkit-3.8.15.tar.gz tar -xvf xsh-kit-3.8.15.tar

Note that the size of the installed software (including Gasgano) together with the static calibration data is
about 27Mb.

5. Set the environment variable JAVA_HOME to the directory where you have the JDK 1.7 or newer in-
stalled. If this value is not set, the installation script will try to guess it, but if no JDK is found, the
gasgano distribution will not be installed; GSL, CPL, EsoRex and the pipeline will be installed anyway.
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6. Install: after moving to the top installation directory,

cd xsh-kit-3.8.15

it is possible to perform a simple installation using the available installer script (recommended):
Jinstall_pipeline

Note: on recent Mac OS in order to properly install the kit it may be useful to set the following environ-
ment variable:

export JAVA_HOME=/System/Library/Frameworks/JavaVM. framework/

. Check the installation log: probably this will suggest you to set the environment variable CPLDIR and to
extend your PATH.

By default the script will install the X-SHOOTER recipes, Gasgano, EsoRex, all the necessary libraries,
and the static calibration tables, into a directory tree rooted at SHOME. A different path may be specified
as soon as the script is run.

The only exception to all this is the Gasgano tool, that, if you have the required proper installation of
the JDK (version 1.7), will always be installed under the directory $HOME/gasgano. Note that the
installer will move an existing $SHOME/gasgano directory to $SHOME/gasgano.old before the
new Gasgano version is installed.

Important: the installation script would ensure that any existing Gasgano and EsoRex setup would be
inherited into the newly installed configuration files (avoiding in this way any conflict with other installed
instrument pipelines).
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