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ABSTRACT

We present a technical and scientific overview of SITELLE, an imaging Fourier transform spectrometer in the
visible band installed at the Canada-France-Hawaii telescope, and highlight some of its most interesting results,
from nearby nebulae to clusters of galaxies. SITELLE represents a total incongruity in the world of Fourier
transform spectroscopy, being used in the visible range down to 350 nm, presenting a large field of view (11" x11")
and collecting more than four million spectra per data cube. Among its noteworthy achievements, SITELLE
obtained the first realistic 3D views of the AT Cnc dwarf nova ejecta and of the Crab supernova remnant, a
unique collection of emission line maps of a large sample of nearby galaxies, as well as the detection of ram
pressure effects on star-forming galaxies in a cluster 3 billion light-years from us.
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1. INTRODUCTION

Seven years after its commissionning, this SPIE meeting is a good opportunity to present an overview of
SITELLE, a visible-band imaging Fourier transform spectrometer (iFTS) installed at the Canada-France-Hawaii
telescope (CFHT) and highlight some of its scientific achievements. In the world of Fourier transform spec-
troscopy (in astronomy and other applications), SITELLE is a clear outlier because it performs in the visible
range, in filter-selected bandpasses from 350 nm to 850 nm. It also harbors a wide field of view (11”7 x 11”),
sampled at 0.32” /pixel, therefore producing more than four million spectra per data cube, with a resolution up
to R~ 10* (see Table 1). While the science lead,! optical design,? and its integration were done at Université
Laval, its mechanical design and fabrication of the input and output optics at Université de Montréal, most of the
design® and construction work has been performed by ABB Analytical, a Québec-based company specialized in
Fourier transform spectrometers and optical sensors. CFHT* took the responsibility of the detectors’ enclosure
and cooling system.

SITELLE is also an outlier in the integral field spectroscopy (IFS) zoo® because it does not rely upon dispersive
elements to extract spectral information from its targets, but rather on an off-axis Michelson interferometer. This
presents some disadvantages compared to dispersive IFS such as MUSE,® especially in the study of absorption-
line sources, but its wide field of view (121 times larger than MUSE), high efficiency in the blue-violet region
and relatively low cost make it an instrument of choice for a variety of astronomical targets such as Galactic
nebulae, nearby galaxies and more distant clusters of galaxies, which will be discussed in sections 3,4 and 5.
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Table 1. SITELLE Characteristics.

Field of view 11" x 11/
Pixel size 0.32"
Detectors (2) Deep depletion e2v CCDs (2048 x 2064)

Spectral resolution | 1 - 10 000
Wavelength range | 350 - 900 nm
Filters bandwidth | 23 nm (SN1) to 95 nm (C1)

2. DATA ACQUISITION, SOFTWARE AND CALIBRATION
2.1 Data acquisition

Deep-depletion e2v CCDs collect two complementary interferograms of the sources at the output ports of the
interferometer through a series of images obtained at different Optical Path Difference (OPD) positions. The
spectral resolution depends on the maximum OPD reached during the data acquisition, hence on the number of
mirror steps (typically a few hundred). Total acquisition times for data cubes vary between 1 and 4 hours, with
individual exposures at each mirror step lasting a few seconds to one minute; the overhead required to move
and stabilize the mirror and simultaneously read the CCDs amount to 3.8 seconds per step. The longest data
cubes are often obtained over the course of two or three nights in order to minimize the airmass or maximize
the overall schedule of an observing run; this does not affect much the quality of the data compared with single-
night observations, thanks to the very accurate determination of the mirror positions. A single spectral data
cube, weighting between 2 and 30 Gb depending on the spectral resolution, is then obtained through Fourier
transforms.

Medium and wide-band filters are used to acquire the data in order to minimize the shot noise and maximize
the spectral resolution for a given acquisition time. Characteristics of these filters are presented in Figure 1.
All filters have been provided by Custom Scientific; they have very flat transmission curves with sharp edges.
Most of the visible range is covered with the current filter set. The SN filter series is intended to determine
the properties of HII regions of the Milky Way and nearby galaxies using strong emission lines, while the C
series aims at fainter lines in HII regions, absorption lines in stars and nearby galaxies, as well a the detection of
emission line galaxies in low-redshift clusters. Filter SN3 is SITELLE’s workhorse because it includes the bright
Ha line along with a series of important diagnostic emission lines.

We finally note that while the Fourier transform of the interferograms produces a spectral cube, their sum
creates a deep image corresponding to the integral flux within the filter bandpass.
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Figure 1. Transmission curves of SITELLE filters.



2.2 Software and data products

The complexity of an instrument like SITELLE makes the design of dedicated data reduction and analysis
software a fundamental component of the system. We have put considerable efforts on the development of
ORBS,"# a fully automated data reduction pipeline, as well as in ORCS?*, a fitting engine for a fast and reliable
extraction of the spectral parameters. Both are updated on a regular basis to improve the quality of the data
product and to adapt to the needs of the observers. The data reduction process with ORBS is quite complex
since it involves, in addition to the usual CCD frames reduction, the alignment of the two interferometric cubes,
computation of the 3D phase corrections, Fourier transforms and spectral as well as photometric calibrations.
The outcome of this process is a calibrated spectral data cube, in hdf5 format, that can easily be transformed
into fits format to be displayed by a viewing software such as ds9. Note that the natural spectral units of an
FTS are wavenumbers (cm™!), so for astronomers used to wavelengths (nanometers or Angstréms), SITELLE
spectra might look awkward at first sight, with spectral lines in reverse order; but one gets used to it! ORCS
then uses this hdf5 file as input to extract and fit integrated spectra of selected regions (Figure 2), or produce
maps of line fluxes, velocity and velocity dispersion as well as their uncertainties.
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Figure 2. Integrated spectrum of an HII region in M33 (radius of 20 pixels) in the SN2 and SN1 filter. The observations
are in orange, while a fit with ORCS to measure the line flux, velocity and velocity dispersion, is shown as dotted black
lines.

Figure 2 shows the integrated spectrum of a nebula ionized by hot massive stars in the spiral galaxy M33, in
the spectral range covered by filters SN2 and SN1, along with a fit with ORCS superimposed on the data. The
first thing to notice is SITELLE’s instrument line shape (ILS) which is, as for all FTS, a sinc function. Moving
through a given data cube can therefore be troubling since regions with negative flux appear on each side of a
maximum, corresponding to the minima of the sinc sidelobes. Any movement of the ionized gas along the line of
sight, caused for example by a systematic expansion (as for a supernova remnant), turbulent motion due to the
presence of stellar winds, or simply the superposition of unrelated filaments along the line of sight will result in
a convolution of this sinc function with a gaussian. The so-called sincgauss function was therefore introduced in
ORCS to take this into account.'® Figure 3 shows the result of three fits to the integrated spectra of nebulae in
an external galaxy with different values of the velocity dispersion, parameterized by o. The brightest line is He,
with the [NII] 6548,84 doublet on its sides. One clearly see the sidelobes of the sinc function on the left panel,
with a very low value of 0. The sidelobes’ amplitude diminishes as the velocity dispersion increases and becomes
negligible in the spectrum on the right panel, which actually represents a supernova remnant.

Recently, another data analysis package specifically geared toward SITELLE data using machine learning,
LUCL!" has been developped to study the HII region kinematics'? '3 and line ratios.!*

*https://orcs.readthedocs.io/en/latest/
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Figure 3. Fits to the spectra of three HII regions (Ha and [NII] lines) in M33 emphasizing the change in line shape
as the velocity dispersion along the line of sight increases. The spectrum in the left panel is indistinguishable from the
instrument ILS (a sinc function) whereas the right panel, showing the spectrum of a supernova remnant, is very similar
to that obtained with dispersive spectrographs, dominated by a gaussian ILS.
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Figure 4. Wavelength calibration using the night-sky OH lines.

2.3 Wavelength calibrations

A recent paper® describes in great details the photometric, spectroscopic and astrometric calibrations involved in
the data reduction. We just want to add a few words here specifically about the wavelength calibration. Contrary
to conventional dispersive spectroscopy, for which wavelength calibration using arcs can be obtained quickly with
the telescope pointing at the source, obtaining a calibration datacube with SITELLE takes significantly more
time. Therefore, zero-point wavelength calibrations are obtained with a laser data cube pointing at the zenith,
at the end of the night.The exact wavelength of the laser being itself not known with an absolute precision,



and the instrument flexure causing variations of the zero-point across the field of view, night-sky emission lines
(mostly from the OH molecule) within the data cubes (in the SN1, SN3, C2 and C4 filters) are used to improve
the wavelength calibration, and hence the velocity fields of the targets with a precision of 1 - 3 km s~! from
opposite sides of the field of view (see Fig. 4).

Some early examples of SITELLE’s science capabilities were presented elsewhere;' the next sections present
a review of its more recent scientific highlights.

3. MILKY WAY

Extended emission-line objects such as nebulae in the Milky Way are targets of choice for SITELLE. It is
interesting to note that although some of them are easy targets for amateur astronomers, they have not been
studied in great detail with modern instruments such as integral field spectrographs on professional telescopes.
The structure of planetary nebulae (M27'° for instance), wind-blown bubbles around massive stars (M1-67'% or
NGC 6888 - see Ruest et al., these proceedings), or ejecta from old nova eruptions (AT Cnc'®) have all benefited
from SITELLE’s wide field.
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Figure 5. (Left) Hy map of a 3’ x 1.5" field in the center of the Orion nebula (bottom) and the Hy / HJ ratio map (top).
Arrows point to artefacts caused by an erroneous phase correction of the interferograms. (Right) Composite image of the
M16 nebula from a SITELLE SN3 cube, with the [NII] 6584 coded in blue and Ha in red.

Ironically, one of the brightest and extended HII regions of our galaxy, the Orion nebula, proved to be a
difficult target for SITELLE: the total absence of continuum in the field of view rendered the determination of
the interferometric phase correction very difficult, resulting in a distorted ILS and non-negligible (~ 5 — 8%)
artefacts in some line ratio maps (Figure 5, left panel). Similar artefacts were noticed in velocity maps by
Flagey'” and collaborators, who have presented a very detailed study of the ”Pillars of Creation” nebula, M16
(Figure 5, right panel) and some of its components using the SN1, SN2 and SN3 filters. They have however
noticed an excellent agreement with line fluxes obtained with MUSE and HST.

The three-dimensional structure of supernova remnants is another field of research in which SITELLE can
make significant contributions. Despite a very modest spectral resolution (R = 1500), Alarie & Drissen'® were
able to disentangle the approaching and receding sides of IC 443, separated by less than 100 km s~!. This was
made possible by the excellent accuracy with which the instrument ILS is known and ORCS’s capability to fit
multiple components. In supernova remnants, the forbidden lines are almost as intense as Ha, thus significantly



improving the precision in the measurement of velocities. This work revealed very different morphological
structures probably caused by variations in the density properties of the interstellar medium in which this old
supernova remnant has been interacting.

The highlight of SITELLE’s supernova remnant work is the first realistic 3D reconstruction of the Crab
nebula,' which was made possible by the highest spectral resolution on-sky data cube obtained with the SN3
filter, R = 8870. This was short (by 8%) of the intended spectral resolution (R = 9600), very likely due to the
decrease in modulation efficiency of the Michelson interferometer at large values of optical path difference.

A similar study, on a large number of supernova remnants but with much less spatial resolution, is underway
in the nearby spiral galaxy M33 (Duarte-Puertas et al., in prep.).

4. NEARBY GALAXIES

Star-forming, nearby galaxies (up to 100 Mpc) are, by far, SITELLE’s main targets. Some recent noteworthy
publications include a study of a sample of spirals to search for kinematic signatures of late gas accretion,?’ a
detailed chemical and kinematic investigation of the interacting pair Arp 82 supplemented by numerical simu-
lations,?! and an investigation of the star-formation efficiency in the AGN-host galaxy NGC 3169 using both

SITELLE and ALMA data.??

SIGNALS?%*t, a recently completed CFHT Large Program led by Laurie Rousseau-Nepton, aims at studying
the properties of more than 30000 HII regions in a sample of three dozen nearby galaxies, using the SN1 (R =
1000), SN2 (R = 1000) and SN3 (R = 5000) filters. Local Group galaxies in this work, for which individual stars
can be distinguished from the ground or with HST, include M31 (5 pointings), M33 (9 pointings - see Figure6),
NGC 6822, WLM, IC 1613 and Sextans A (one pointing each). Data on these nearby, well studied, galaxies allow
detailed work on individual HII regions, supernova remnants (Duarte-Puertas et al., in preparation), planetary
nebulae and wind-blown bubbles around individual massive stars (Tuquet et al., submitted to MNRAS) that can
then be used to interpret the data on more distant galaxies in the SIGNALS sample (the majority of them are
at distances of 3 - 9 Mpc).

Figure 6. (Left) Ha map of a 4.7 x 3.4 field M33 extracted from a 4 hour, R = 5000 SN3 data cube. Green contours
indicate a flux of 4 x 1078 ergem ™2 s~ pixel ™. (Right) Color composite (orange = He, blue = [OIII] 5007) of the WR,
wind-blown bulle F4-1 in the same galaxy; the bright, round section of the bubble has a diameter of 40 parsecs.

Figure 6 (left panel) shows the Ha flux map of a region in the south of the spiral galaxy M33 along with
contours indicating the detection limit. This threshold is identical to the expectations from the initial design of

Thttps://signal-survey.org/



SITELLE. The right-hand panel of the same figure illustrates the level of detail attainable on individual objects
for the Local Group galaxies.

Pushing the limits of the iF'TS technology down to the blue-violet region was a major technical challenge in
terms of servo mechanism and mirror positioning. The main incentive for this requirement was to be able to
map the important [OII] 3727 diagnostic line. A high enough spectral resolution (R < 2500) allows to separate
the two components of this doublet,! the ratio of which provides an excellent measurement of the electronic
density of the ionized gas. But even at modest resolution (R = 1000 is the SIGNALS standard), mapping this
line is an important diagnostic of the oxygen abundance and ionization (in conjunction with maps of the [OIII]
5007 line from the SN2 data cubes). An example is provided in Figure 7, which shows the ionized gas of low
ionization swirling around the central black hole at the core of the M31 spiral galaxy. We note that the same
field was also observed with the SN3 filter in the early science verification phase of SITELLE; this led to the
discovery of about 800 point-like emission-line sources,?* most of which are planetary nebulae. The same paper
also introduces details of the photometric, wavelength and astrometric calibration of the SITELLE data cubes.

Figure 7. Central field of M31 in the light of the [OII] 3727 doublet, extracted from a 2.5 hour R = 1000 SN1 data cube.

Prior to the official start of the SIGNALS survey, some galaxies were targeted to assess SITELLE’s capabilities
for this area of research. This is the case of NGC 628,2° in which more than 4000 HII regions were detected and
their luminosity function determined with unprecedented accuracy. The same dataset was used as a database
to test the predictions of the WARPFIELD-EMP emission-line predictor.? Another noteworthy example is the
detailed study of properties of the supernova remnant population in NGC 3344.%7

One of the most compelling asset of SITELLE in the study of galaxies is its ability to provide very accurate
measurement of their velocity field in the Ha region, thanks to the stability of its ILS and the calibration
accuracy provided by the night-sky OH lines (see section 2.3). This is illustrated in Figure 8 for the interacting
pair of galaxies NGC 4490. While the global velocity maps are used to model the galaxies’dynamics, which is
particularly important to diagnose and model current or past interactions,?’ the sub-km s~' accuracy within
HII regions, as well as the measurement of their velocity dispersion and multiple components'? are essential to
model the impact of stellar winds and supernova remnant on a local scale.
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Figure 8. Velocity field and its corresponding error map for the interacting pair of galaxies NGC 4490.

5. GROUPS AND CLUSTERS OF GALAXIES, SERENDIPITY

Clusters of galaxies were part of the science drivers behind the design of SITELLE and its filter set. Duarte
Puertas and collaborators have done a remarquable job at disecting the star-forming regions in Stephan’s Quin-
tet,2%29 a tight group of interacting galaxies at a distance of 75 Mpc, using one of the first SITELLE data cube
obtained during it commissioning; they even discovered a new member! At the core of the Perseus cluster at a
distance of about 100 Mpc lies NGC 1275, host of an active nucleus, which is surrounded by an immense network
of ionized gas filaments. Gendron-Marsolais®® and collaborators have used SITELLE to study the kinematics of
these filaments, as well as the line ratios.
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Figure 9. Small portion of the deep C4 filter image of Abell 2390 showing spectra of three member galaxies and a more
distant outlier.



The C4 filter was specially designed to target galaxy clusters at a redshift of ~ 0.25 (795 - 825 nm). This
spectral region is a small window between dense forests of night-sky OH lines, although some of these lines are
present. A group at the University of Toronto, led by Howard Yee, and collaborators in Taiwan, have undertaken
a systematic study of a sample of galaxy clusters with the C4 filter to target the Ha line, complemented by other,
bluer filters. Figure 9 presents a very small region in Abell 2390, very rich in emission-line galaxies. A study of
Abell 2390 and Abell 2465 by this group?!' discovered more than 100 emission-line galaxies and further showed
clear offsets between the emission-line region and the continuum pointing away from the cluster centers resulting
from ram pressure stripping.

Emission-line galaxies were also detected in the even more distant z ~0.5 clusters Cl10016+1609 and MACS
J1621438101,32 this time using the C2 and C3 filters to target the [OII] 3727 emission line, a good indicator of
the star-formation rate.

We conclude by mentioning that background emission-line galaxies at different redshifts are almost always
present in the field of SITELLE targets away from the Galactic plane. A complete inventory of these galaxies,
their star-formation rate and redshift distribution could be an excellent archival project.
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