The SIGNALS Legacy Survey
Science Justification

Context: In the past few decades, the astronomical community has expressed the need for integral field spectrographs
(IFS) for conducting extragalactic science projects. Multiple instruments for the visible/near-IR have been and are
still developed for this purpose, e.g. SITELLE, MUSE, SAMI, PMAS-PPAK!!6:17.77.106] " By ysing these innovative
instruments, several galaxy surveys have been performed while mainly focusing on one goal: acquiring a deeper
understanding of galaxy evolution by studying their inner components in detail (e.g. SAMI surveyl™ PHANGS,
CALIFA). Notably the star formation and chemical enrichment processes were targeted as they are crucial ingredients
in the interactions between stellar populations and the interstellar medium (ISM). More particularly, star formation
also acts as a self-regulatory mechanism on the evolution of galaxies. Significant progress has been made in our global
understanding of star-forming galaxies from these IFS studies. Nevertheless, at a spatial resolution of 60 to 1000 pc,
these surveys have had a limited impact in solving some of the physics of star-forming regions themselves as well as
in establishing clear correlations between stars, gas, and galaxy dynamical structures. Either the spatial resolution
was restricted by the sampling limit of the instruments (size of the fibers or pixels) or the field-of-view (FOV) was
too small, forcing a selection of targets located at great distances. Therefore, the need for a high spatial resolution
spectroscopic survey on larger, nearby star-forming galaxies remains (e.g. science case for the local volume mapper
project of the next generation of the SDSS-VI™]). Designed for this purpose, CFHT’s Imaging Fourier Transform
Spectrograph (IFTS) SITELLE is the most efficient instrument to conduct such a survey. With its large 11'x11
FOV, SITELLE’s spatial coverage is 100 times bigger than any competitor (see Tab.3). Unlike fiber-fed systems,
SITELLE gathers 100% of the light coming into the instrument with a much better spatial sampling (0.32” per pixel)
and improved blue sensitivity.

We propose to make use of SITELLE’s unique advantages to conduct a detailed survey of star-forming regions in
nearby galaxies. SIGNALS, the Star formation, Ionized Gas, and Nebular Abundances Legacy Survey, will be based
on a volume-limited sample of local extended galaxies (D <10 Mpc) that are actively forming massive stars. It
will provide the largest, most complete, and homogeneous database of spectroscopically and spatially resolved
extragalactic HII regions ever assembled. This will enable us to study small-scale nebular physics and many other
phenomena linked to massive star formation in galaxies at a mean spatial resolution of ~20pc. Our sample includes
~40 spiral and irregular galaxies. HII regions present a wide variety of characteristics: morphology (from compact
to extended shells), mass (where the low luminosity regime is not very well sampled), metallicity (where the rare
metal-poor regions have been less studied), or age (following the diversity of their young stellar populations). They
may be located in different galactic ecosystems and coexist with other sources of ionization (like shocks and AGN).
This volume-limited sample will provide a statistically reliable laboratory, with over 50 000 resolved HII regions.

HII regions are at the heart of this proposal and the large sample proposed will be an order of magnitude greater than
the state-of-the-art dataset currently available. By studying the spectra of spatially-resolved individual HII regions
and their massive star content, SIGNALS aims for understanding how diverse local environments (nearby stellar
population mass and age, gas density and chemical composition, dynamical structures, etc.) affect the star formation
process.

The legacy of our survey will reflect on many topics in astrophysics, from stars to very distant galaxies. Our
primary immediate goals are to :

1) quantify the impact of the near surrounding environment on the star formation process,

2) link the feedback processes to the small-scale chemical enrichment and dynamics in the surrounding of
star-forming regions, and

3) measure variations of the resolved star formation rate with respect to indicators used for high-redshift
galaxies.

This document presents the SIGNALS project under four sections addressing its main scientific themes: star formation
process, feedback mechanisms, small-scale dynamics, and the influence of the local environment. While these topics are
all interconnected, this subdivision provides a structure to navigate throughout the different angles of attack needed
to study the small-scale physics of star-forming regions and to understand the impact of their close environment. A
good example of the complexity and intricacy of these mechanisms can be seen in the spectacular dataset we have
recently obtained for the nearby spiral M33 under joint Canada-France-Hawaii PIs’ proposals. Figure 1 shows a mosaic
of the inner portion of M33 produced with four SITELLE pointings and the three filters SN1, SN2, and SN3 (covering
the main emission lines). The sensitivity, spatial coverage, and resolution are exceptional and clearly demonstrate the
observational strategy needed to address the scientific goals as stated for SIGNALS.

A Star Formation Process at the Scale of an HII Region

HII regions are non-uniform bubbles of ionized gas found in the surrounding of young stellar clusters (YSC) containing
one or more massive-ionizing OB stars(®!). They are ideal laboratories to study star formation process at a moderately-
early stage before an age of 40 million years. They are optically thin in the visible light; emission from both the stars
and the gas is accessible. Their sizes vary from one to a few hundred parsecs depending on their massive star content,
their age, and the density of the circumstellar medium[®!l. The slope of their Ha luminosity function and their size
are known to vary between galaxies, but the physical explanation for these discrepancies remains unknown!”.

1


https://sami-survey.org/
https://sites.google.com/view/phangs/home
http://califa.caha.es/

Figure 1: On the left, composite image of M33 using three filters, combining for each filter the flux over the full wavelength range plus
one emission line: SN3+Ha (red), SN2+[OIII]A5007 (green), and SN1+4[OIIJA3727 (blue). On the right, the emission line map of Ha,
[OIII}A5007, and [OII]A3727 using slightly different shades of orange, green, and blue respectively.

Among the HII region population, variations in mass, brightness, and spatial extent are not fully understood. Moreover,
possible differences in their stellar initial mass function (IMF) have been reported in some cases!''?). Although it has
been proposed that these variations could be related to the location of the HII regions in different galactic structures
(e.g. bar, arm, and inter-arm environments) or the fractal morphology of the ISM on the scale of ~100pcl®®], the
physics behind this explanation is still unclear. What influences these characteristics in the close environment of an
HII region? To get an insight on the small-scale physics involved in the star formation process, one needs to dissect
many star-forming regions and study them individually in their environmental context.

A.1 Star Formation Rate and Resolved Star Formation Law

The star formation rate (SFR) is a fundamental cosmological parameter in our understanding of galaxy evolution in
the Universe. Indicators of the SFR such as the integrated Ha, [OIII]A5007, or [OII]A3727 luminosity are frequently
used in the literature for both low- and high-redshift galaxies(®®:%9). Nevertheless, the accuracy of these indicators
depends on the relation between the HII region gas emission and the total mass of their YSC. Therefore, possible
variations of the IMF or the gas metallicity through cosmic time could result in significant errors on SFR determined
from these indicators, because of the changes of the gas emission to stellar mass ratio. One way to track these effects
on the integrated flux of the gas emission lines is to establish the HII region luminosity function. The luminosity
function is built from resolved and complete HII region populations with different masses, metallicities, and environ-
ments. Therefore, observation with high spatial resolution are required. Also, to accurately establish the shape of the
luminosity function, a large number of regions must be considered (~10001'°7), and numerous physical conditions
must be studied (metallicity and environmental parameter bins; e.g. stellar density, star formation efficiency).

To separate individual HII regions, a spatial resolution of a few tens of parsecs is required[™!. Figure2 illustrates

how the ionized gas structures and individual clumps of star formation can be resolved while increasing the spatial
resolution. Below a resolution of 50 pc, observations reveal structures in the ISM including individual star-forming
knots, diffuse ionized gas (DIG), and shocks. Figure 2 (on the right) shows the impact of the spatial resolution on the
detection of HII regions in a small portion of the spiral NGC628 observed with SITELLE during the science validation
phase. Our identification algorithm is able to detect ~8 times more HII regions when the resolution improves from ~100
to 35 pe. This figure compares the same regions observed with SITELLE (~0.9”) and (SITELLE’s prototype) SpIOMM
(~3"); while 566 regions have been detected with SpIOMM, we were able to detect 4285 with SITELLE!07:108],

As mentioned above, our analysis of the science verification data allowed us to identify 4285 HII region candidates
in NGC 628 using a tailored procedure developed for the SITELLE data at a spatial resolution of 35pc'°”l. Our
procedure uses two advantages of the IFTS: the full spatial coverage and the spectral information. By combining the
flux of three emission lines (Hea, HB, and [OIII]A5007), we increased the detection threshold and improved the detection
of the low metallicity regions with much fainter recombination lines. This code provides flexibility in defining regions
and their DIG background. Our method proceeds through multiple steps: 1) identification of the emission peaks,
2) determination of the zone of influence around each peak, and 3) definition of the outer limit of a region and its
DIG background. These operations are done without any dust extinction correction to avoid introducing unnecessary
noise. Figure 3 shows the border of a few HII region derived with this procedure; it will be adapted to different spatial
resolutions to make sure that the regions are uniformly defined.
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Figure 2: On the left, the impact of the spatial resolution on resolving the ionization structures of the ISM['97[73] Note that SIGNALS
(seeing-limited) minimum spatial resolution is slightly better than the sampling-limited 25 pc/pixel case, and the maximal resolution is
slightly better that the sampling-limited 1.6 pc/pixel case. On the right, the impact of the spatial resolution on the detection of the ionizing
sources and emission line regions is shown. At the top, an Ha image from SpIOMM of a complex of HII regions in NGC 628 (3.0” seeing,
1.1” pixels, resolution ~100pc). At the bottom, the Ha image from SITELLE of the same complex of HII regions (0.9" seeing, 0.32"
pixels, resolution 35 pc).

Among other things, the SITELLE’s dataset for
NGC 628 was also used to recover the luminosity
function for different samples of HII regions as
shown in Figure4. These luminosity functions
are derived using 2000-4000 regions at a time
and are very well defined. These results are ex-
tremely promising and show that a resolved star
formation law will be within reach of the SIG-
NALS project. By spatially-sampling HII re-
gions properly, and by studying the impact of
the metallicity, IMF variations, and the pos-

Regioh %17/ \ “a \ Region-#2

—15.5

Declination

sible local environment influence on the lumi-
nosity function, we will provide the commu-
nity with SFR indicators adapted for specific

science cases. -17.0

A.2 HII Region Physical Characteristics

SITELLE’s hyperspectral datacubes allow us
-17.5
to not only properly sample HII region lumi-

nosity functions, but also to characterize the
ionized gas properties and gather information Right Ascension

on the region environment. Each HII region is  Figure 3: Examples of ionizing sources and their zone of influence in NGC 628
a peculiar beast. The emission of the various drawn over the Ha+HAB+[OII]AN4959,5007 continuum-subtracted image. The

recombination and collision lines along with the location of the four reference regions may be seen on Fhe Ha image i1.1 Eigure A2
lobal sh fth bul ‘oht be diff d of Rousseau-Nepton et al. [107]. The centroid position of each emission peak
global shape ot the nebulae might be different de- detected is identified with a cross. The white contours define the zones of

pending on the spectrum of the ionizing source, influence surrounding the emission peaks.
on the density, homogeneity, and chemical abun-
dances of the gas, as well as on the interaction between the population of free electrons and ions present.

Y
10g Liyeq = 36.77 +£0.02 h\ Il Observed
log L, 2 [ Ext. Corrected

-1.10£0.04
—-1.12£0.03 4

Riynax kpe
Rpax <6.5kpe

[0 Fpig <2.05x 10 Sergs lem

Qobs
Qeor

A Py
1og Lyeq =37.14£0.02  V W Fpi>2.05%10 Sergs lom?
.\
!
|
|

@~ gppe = =1 1140.04 Qg p1c = —1.1140.04

@ <6 5kpe =—1.14+0.05

10%}

10 b

100 Y A 1
355 360 365 370 375 380 385 390 395 360 365 370 375 380 385 390 395 : . 37.5 380 385 390 395
log L [ergs™!] log L [erg s™'] log L [ergs™']

Figure 4: Examples of HII region Ha luminosity functions for different subsamples in the galaxy NGC 628. The left plot shows the complete
sample before and after the dust extinction correction. The other plots show the HII regions divided in two equal subsamples with respect

to the galactocentric radius (middle plot) or the DIG background level (right plot) as measured for each region.
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As the HII region characteristics are all related to each other, modeling the photoionization conditions is the best
method to reconnect observations to the physical conditions. SIGNALS will reveal unique information about the gas
abundances, density, filling factor, stellar content, and the fraction of ionizing photons escaping nebulae. On top of
being used to categorize the regions selected to define the luminosity functions, these parameters will be compared
to environmental elements such as the DIG background, the neutral gas density, stellar populations, the velocity
dispersion, and the local mean abundances. This will provide unique insights on feedback mechanisms, chemical
enrichments, and small-scale mixing.

A.2.1 Gas Conditions, Photoionization, and Ionized Gas Models

Metallicity, Abundances, and Spectral Energy Distribution of the Ionizing Sources - Photoionization
models are essential tools to understand the physical properties of HII regions whether or not the ionization structure is
resolved, e.g. CLOUDY!"%:#8] or MAPPINGS[%2%l. With SITELLE’s spatial resolution, we can use multi-dimensional
photoionization models in order to precisely constrain gas properties of HII regions!' 24126127 Figure 5 shows examples
of the structures seen in the ionized gas mapped with the [OII]A3727/[NII]\6583 line ratio in specific regions within
NGC 628. For each source detected, we establish a mean profile of all line ratios as a function of the distance to the
ionization source (OB stars in the case of HII regions). These profiles along with the integrated flux of each line are
needed to conduct a fair comparison with models. The spatial resolution and filling fraction of the observations are
also important for analyzing the photoionization conditions. Figure 6 shows the impact of the FOV and filling-factor
on the HII region spectrophotometry by comparing the log [NII]A6583/Ha maps obtained with SITELLE and the
CALIFA PPAK IFU survey (filling factor NGO%[HB]). The maps differ significantly. This comparison reveals sampling
difficulties facing surveys at lower spatial resolution when analyzing the ionized gas emission!*®'9?). Notably, for
fiber-fed systems, 1) the flux of faint areas covered by fibers become negligible resulting in a global flux dominated by
the brightest area and, 2) areas not covered by fibers no longer contribute to the resulting map and therefore some
important structures might be difficult to identify.
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Figure 6: Spatial resolution and filling factor impact on the mea-
surements of emission line ratios. Log[NII]A6583/Hea line ratio

Figure 5: Examples of the ionized gas structures from the
[OIT)A3727/[NII]A6583 line ratio map over four areas of the galaxy

NGC 628. The location of the four regions may be seen on the Ha
image in Figure A2 of Rousseau-Nepton et al. [107]. The centroid
position of each emission peak is identified with a cross. The value
of the line ratio changes as the distance from the peak increases.

extracted from SITELLE’s observations on NGC 628 (0.8" seeing,
0.32" /pixels, 100% filling factor) compared to PPAK’s observations
on the same area (0.8” seeing, 2.7 /fiber, 60% filling factor). The
color scale is the same for both maps (upper-right corner).

We already have in hands grids of models of HII regions with different properties from various photoionization codes
(BONDU2l, 3MMdBI®®l, and MAPPINGS) to compare to our data. These grids are designed to study the effect of
variations in the gas conditions on the integrated spectrum (region by region). Figure8 shows an example of the
comparison of emission line ratios observed in NGC628!'7] with integrated values obtained with BOND. Additionally,
we can compare with 1D models the 2D structure of the resolved HII regions pixel by pixel. Figure 7 shows a comparison
of four line ratios with a 1D model extracted with CLOUDY. Different photoionization parameters can account for
variations in the spectral energy distribution (SED) of the source, the metallicity, and the relative abundances of
elements. The ionizing source can be one or many massive stars, a stellar population template (with different age,
IMF, and metallicity), or any peculiar object. The model performance can be improved by comparing results with a
set of regions for which the ionization sources have been observationally constrained. In particular, we plan to develop
a synergy between SIGNALS and the Legacy ExtraGalactic UV Survey (LEGUS). LEGUS is a Treasury Program
of the Hubble Space Telescope (HST) that will image 50 local (<12 Mpc) galaxies in multiple filters from the UV to
the visible (see Tab.3). Because of the proximity of all LEGUS targets and the HST spatial resolution, the galaxies
are resolved into their main components: stars, star clusters, and associations. Therefore, we will build templates of
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the YSCs using the flux in the different bands available from both SITELLE (SITELLE deep frames correspond to
~U, V, and R) and HST, and combine the SED of these sources with photoionization codes, while simultaneously
accounting for the dust extinction effect on the Balmer lines, to reproduce the observed emission lines from the gas.
The combined information from SIGNALS and LEGUS will provide a complete view of the HII region physics for a
large fraction of our galaxy sample. The LEGUS data products include a catalog of young cluster characteristics for

a few galaxies!!?!].

We will constraints existent photoionization models using
several line ratios simultaneously. Ratios available within
our dataset are listed in Table1 of the Technical Justi-
fication. The combination of these line ratios will allow
us to cover a broad range of physical conditions for the
gas and the ionizing source. Some line ratios are more
or less sensitive to variations in metallicity, depending
on the metallicity regime of the regions!”%?4129 This is
one of the main aspects that drove the selection of the fil-
ters for our program. SITELLE’s high sensitivity in the
blue enables the detection of the [OII]A3727 lines, essen-
tial to accurately determine ionized gas properties!®®:%*]
in some ionization or metallicity regimes. With all the
lines available, SIGNALS’ multi-dimensional analysis of
HII regions will give us an unprecedented view of the
metallicity distribution in the ISM of nearby galaxies.

We will investigate variations of abundances on the scale
of a few parsecs. Local variations can reveal the mixing
time-scalel””! with respect to the main galactic structures
and dynamical properties of the ISM. Such a detailed
analysis has never been performed on a vast sample
that includes tens of thousands of HII regions. In ad-
dition to the region by region analysis, a statistical ap-
proach will be used to study the HII regions’ distribu-
tion. Figure 9 shows simulations of line ratios when com-
bining photoionization models with evolutionary tracks
of star-forming clusters.
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Figure 8: BPT diagram[(;] of emission line regions identified in
NGC 628107 along with a grid of models from BOND[20] ysing
the SED of a 3Myr old YSC with a Chabrier IMF[26], The grids’
colors identify the different metallicities (12+log[O/H]). The dif-
ferent values for log[N/O] follows the colored lines (shown in red
for 12+log[O/H] of 9.4), and log|U] follow the grey lines (shown in
gray). The color-scale of the scattered observational points indi-
cates the log[NII]/[SII]AN6716+6731 line ratio known to be a good
indicator of log[N/O]l”4. The limit between the HII regions and
the transition regime[""’—’] is shown by the dashed curve, and the
extent of the starburst domain(%9 by the continuous curve.

This catalog provides the position, mass, and age of the clusters. Associating a SIGNALS HII
region with a LEGUS cluster will therefore be facilitated.
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Figure 7: Comparison of a giant HII region in NGC 6822 with a 1D
photoionization model (Co-I Heidelberg). The region is split in two:
the left side is the 2D observation while the right side is the 1D model
(a slice perpendicular to the line of sight that goes from the center of
the region to the outskirts). Depending on the brightness of the lines
with respect to the distance to the center, the integrated spectrum
through the line of sight reflects the integrated value of the model.
For example, the observation of the line ratios [NIIJA6583/Ha and
[OIII]A5007/Hf allow to see through the ionized bubble whereas the
[SIT]A6583/Ha and [OII]A3727/Hp ratios are dominated by the value
on the expanding-ionized shell (at the ionizing front).
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Figure 9: BPT diagram(l of emission line regions identified in
NGC 628 in Rousseau-Nepton et al. [107] (using symmetric regions
only) along with simulations from CLOUDY using post-processing of
evolutionary tracks from the WARPFIELD codel199, It combines a
series of WARPFIELD runs with different cloud masses, densities and
ages, the color-coding indicates the relative number of model outputs
producing a line ratio. See Figure 8 caption for the curves definitions.

The code WARPFIELD!! (Winds And Radiation Pressure: Feedback Induced Expansion, colLapse and Dissolution)
EMP (Emission Measure Predictor) was used to produce the Figure9. WARPFIELD is a new semi-analytic model
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to describe the impact of mechanical and radiative feedback from a young massive cluster on its parental cloud. Our
approach simultaneously and self-consistently calculates the structure and the expansion of shells driven by feedback
from stellar winds, supernovae, and radiation pressure, while accounting for the deceleration of the shell due to gravity.
The model has been used to investigate the conditions in which the different sources of feedback dominate and the
amount of radiation that escapes through the shell, and to derive minimum star formation efficiencies for a large
parameter space of clouds and clusters'°l. The same approach was used to explain the two stellar populations in
NGC 2070 in the LMC, which hosts the younger cluster R136 in its center[!°?). Because this method is computationally
very efficient, it will allow us to consider a large range of parameters and we are currently building up a comprehensive
database in which we vary the star formation efficiency, the cloud mass and density profile, and the metallicity of both
the gas and the stars. Each model is currently being post-processed using CLOUDY code to make detailed predictions
for the time evolution of the line and continuum emission associated with the system. We can build synthetic BPT-like
diagrams for the one-to-one comparison with observational data, as shown in Figure9.

As mentioned previously, there is a strong link between the shape and emission of a region and the ionized gas
conditions (especially the metallicity, density, and porosity), the massive star content and age, the interaction with the
local ISM (molecular clouds or DIG), and the local radiation background (stars, AGN, etc.). Nevertheless, all these
elements cannot be included at once in a comprehensive grid of models to study a region. Therefore, by combining
UV, HI, and CO data for some targets, a subset of the SIGNALS data will be used to complete our analysis of these
aspects (Section A.2.2 and A.3). We are aware of the difficulties related to the entanglement of the HII regions physical
characteristics and the modeling of the emission line spectrum that contains only a limited amount of information.
The SIGNALS’ team will work on this aspect with great care. The vast sample of HII regions will help us with this
task and we will be in the best position to overcome this issue.

A.2.2 Massive Stars Content and IMF Variations

Mass, Age, and SFR - From the number of parameters involved in the study of HII regions, one cannot exclude
the possibility that the IMF changes within different environments. It is also impossible to infer two distinctive modes
of massive star formation (competitive accretion vs isolated gravitational core-collapse) without supposing that the
global IMF of the stellar populations in a galaxy could be affected. The IMF of massive stars has an impact on
the determination of the mass and age of the YSC which is essential for deriving a resolved SFR. To determine these
parameters along with the extinction coefficient Av, many have compared photometric observations (in different bands)
with stellar population models!!'>125], However, these photometric techniques are affected by contamination from the
gas emission (emission lines and continuum), underlying old clusters and stellar populations, as well as uncertainties
of the dust extinction coefficient!*>*?/. SITELLE’s spectral information is critical to disentangle the effect of the
different parameters (age, mass, Av). It allows for the removal of the contamination from the diffuse ionized gas, the
subtraction of the underlying stellar population, as well as the correction for the dust extinction.

Understanding the IMF possible dependence on environmental conditions is still the focus of many studies. Clues about
the non-universality of the IMF have been reported from diverse programs. From the difference in the Ha equivalent
width measured within integrated spectra in small and large sample of galaxies (Ultra faint dwarfs!*”l; NGC 4395 &
NGC 54574 10000 SDSS galaxies(®!)), a break in the HII region luminosity functions!*“!, to the detailed analysis of
a few nearby clusters®?], IMF variations are brought forward when observations deviate from the predictable trend.
In elliptical galaxies, two main techniques were used to test the IMF stability: 1) the strength of some spectral
features sensitive to surface gravity (dwarf, low-mass stars) along with spectral synthesis models and 2) the dynamical
determination of the stellar mass with respect to the expected mass-to-light ratiol?>-'?!]. Many studies based on these
techniques have claimed that the IMF is not universal. Nevertheless, according to Smith[''"), these methods were not
reliable as one can conclude that the IMF is universal by neglecting to consider various stellar populations abundances
and ages!''®] or a different dark matter contribution to the dynamics (e.g. ATLAS3DI*7). A statistical study of
IMF variations based on elliptical galaxy stellar content is not an easy task. Although it can provide clues for the
non-universality of the IMF, it cannot set constraints on its slopes for different galactic environments. Furthermore,
these studies are focused on the lower end of the IMF (the low-mass stars) that will influence the enrichment of the
ISM much later in the timescale of a galaxy. In comparison, massive star IMF variations have a greater contribution
to the ISM evolution on a shorter timescale. To have a better portrait of the ISM enrichment throughout cosmic time,
we need to know if and how the upper end of the IMF changes with respect to environmental conditions. The analysis
of a large sample of HII regions and YSCs covering all environments offers a promising angle to answer this question.

Indeed, a vast sample of HII regions with diversified physical properties is a necessary ingredient to derive rigorous
constraints to study changes in the IMF as a function of environment. While HII region parameters are strongly
coupled in most spectral analyses (mass, metallicity, dust extinction, IMF, and age), SIGNALS will provide a
robust, independent assessment of their separate contributions to the IMF. Recovering the physical properties
of the ionized gas requires observations from many emission lines spread over a wide range in the spectrum!'"97.
Adjacent line ratios have been used to study HII regions and the DIG when no dust correction was applicable (i.e.
[NII]X6548,6583/He and [OIII]AN959,5007/H). In order to unlock other line ratios, we include the dust extinction
in our model for the spectral analysis. To do so, we will use photoionization models and include the dust correction
function") within the procedure that extract the parameters of the HII regions. The extinction law of Cardelli
et al. [21] will be used and the color excess E(B — V) will be evaluated from the known equation: E(B — V) =
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LE’?log ((FHQ/Hﬂ Obs)/(FHa/Hﬁtheo)), with Fro /mgineo given by the photoionization models, and E(8 — «)/E(B —

1.0
V) =1.07.

Additionally, with a sufficiently large sample of HII regions (~ 1 000[14’107]), the age and mass distribution is random
whereas with a small sample, stochastic sampling of the mass or the age can impact the slope of the luminosity
function masking the effect of possible IMF variations. SIGNALS can lift such degeneracies. The robustness of this
technique relies largely on the wide range of sampled HII regions, and this is the main reason why SIGNALS’ IMF
characterization will be more complete than any other studies. The method used to constrain the age and the mass
involves stellar population synthesis models. In our case, we will use single stellar population (SSP) models with the
appropriate age to represent the young stellar population. The superimposed old stellar population (from the disk and
bulge) will be accounted for by considering the absorption spectrum of regions in the galaxy that are adjacent to the
HII region studied. The mass of the HII regions is obtained from the factor used to scale the continuum level of the
SSP model. The uncertainty on the mass will mainly depend on the signal-to-noise ratio of the spectrum. The mass
detection threshold (3c) in external regions is estimated of the order of 1000 Mg and its uncertainty (1o) will range
from 500 to 5000 M. The precision on the age will vary from 0.5 Myr for very young regions to 10 Myr for older
regions. By using three SITELLE’s spectral bands (SN1, SN2, and SN3), and additional data in the UV from GALEX
(Galaxy Evolution Explorer) and LEGUS, our survey will characterize the age and the mass of YSCs within most
of HII regions. The Ultraviolet Imaging Telescope (UVIT) is also providing images at spatial resolution near 1” (30’
FOV, 120-550nm). Three team members (Pati, Drissen, and Robert) have privileged access to UVIT data for many
of our targets. Constraints on the YSC properties (mass, age, and metallicity) will be fixed by means of combined
predictions from 1) the spectro-photometric model, 2) models of HII region ionized structure, 3) comparison of the
gas emission with YSC models (i.e. Balmer lines EW***) and 4) simulations of clouds and YSC populations!'*'),
Consequently, SFRs will be derived more accurately. Uncertainties on the SFR can originate from underlying old
clusters’ continuum contamination, and also from the fraction of ionizing photons leaking from the region.

Escaping photons - A better estimate for the escaping photon fraction will have an impact on the accurate deter-
mination of the HII region mass-luminosity relation, the HII region ages, and ultimately, the calibration of the SFR
indicators[*®2%l. By comparing the HII region model predictions and the derived YSC properties, we will estimate
the escaping photon fraction. As our sample will cover the whole HII region space of parameters, it will provide strong
constraints on the escaping fraction for a broad range of environments. It will also be helpful in recalibrating some
extensively used SFR indicators (SFRo;7), SFR(or1y), and SFRp,). The fraction of escaping photons is a critical
element and may vary from 0%~80% from region to region. This fraction influences the amount of radiative energy
transfered from star-forming regions to the surrounding ISM and the strenght of the DIG (See Sect. B).

A.3 Star Formation Efficiency - Ionized vs Neutral Gas Component

One cannot determine the star formation efficiency (SFE) of an HII region without comparing the mass of the newly
formed star cluster and the amount of neutral gas still present in the surroundings. Fortunately, existing molecular and
neutral gas maps (CO and HI) of numerous nearby galaxies are now available at a spatial resolution comparable to what
SIGNALS will achieve (e.g. ALMA, VLA/IRAM, BIMA, and eventually with NOEMA; see Technical Justification
Sect. C and the CSV file for detailed information on the additional data available for each target). All galaxies of the
sample but five have been observed with interferometers (VLA, Westerbork, and/or ATCA) at 1.4 GHz (HI). The
data quality is homogeneous since ~60% of the targets have been observed as part of surveys (e.g. [59, 92, 122]).
These neutral hydrogen data will allow us to 1) probe changes in the relative contributions of bursty and
quiescent star formation as a function of neutral hydrogen surface density, 2) look for evidence of downsizing
by comparing the star formation densities as a function of galaxy mass, 3) identify the drivers of turbulence
that sets the velocity dispersions in the neutral hydrogen. In synergy with SIGNALS, these datasets will provide
important information on the resolved star formation efficiency. The amount of gas in the neutral reservoir is an
environmental element susceptible to be link to IMF variations. Therefore, SIGNALS will look into the behavior of
star formation in dense and gas-poor areas.

B Feedback Processes
B.1 Mass and Energy Returned into the ISM by Stars

Feedback processes that may be affecting the SFE will also be under the scope of SIGNALS. In a star-forming
galaxy, the ISM is actively modified and recycled. Massive OB stars in YSCs are not only responsible for ionizing
the surrounding gas but also for exercising direct radiative pressure onto this gas, and for returning enriched material
and mechanical energy through their stellar winds and supernova explosions. The latter release a sudden burst of
energy of the order of 10°! erg, causing shock waves propagating through the ISM at several 1000kms™!, compressing
and heating the ISM and changing its metallicity. As an example, Figure 10 shows the local variation of a metallicity
indicator observed with SITELLE near a supernova remnant and a young stellar object within NGC 604, a giant HII
region in M33. Additionally, models and observations show that the integrated wind mechanical energy from a YSC
may be comparable to that of its SN explosion phasel”®]. Rotating stars and binaries may also contribute to a longer
period of ionizing photon production!*>%%101 Less massive stars, more numerous, also bring a significant amount of
material and ionizing photons into the ISM!'Y on a longer time scale and with a poorer metal content compared to
massive stars.
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and leakage of the hot gas from HII regions (e.g. champaign effect). While this last mechanism may seem sufficient,

others produce an amount of energy that is too small compared to the observed wind energy or are too improbable;

small-scale mixing of the hot and cold gas leading to turbulent conduction was then suggested to take place.

Feedback from massive star clusters is believed to be quenching star formation in a cluster through the removal of
its cold gas, resulting in a low SFEM076:1101  Still the relation between the ISM and the stellar cluster feedback
remains complex as short/truncated star-forming episodes are not always clear. This is supported by individual
observations, like in the LMC cluster NGC 602 where star formation seems to be self-propagating to larger cluster
radii over 4 Myr[*?l| and by the migration of starbursts through dwarf galaxies over 500 Myr®”). SIGNALS offers the
ability to study at high spatial resolution the energy exchange between stellar clusters and the ISM structure
and small-scale dynamics, allowing us to establish the energy balance, ionized gas properties, and the star
formation morphology and efficiency.

B.2 Ionizing Photons: HII Regions vs DIG

Only 10% of the total ionized gas in a galaxy is directly associated with HII regions. The origin of the remaining
90%, the diffused ionized gas (or DIG phase), is more enigmatic. Like HII regions, the DIG is almost fully composed
of completely ionized hydrogen, with similar temperatures (~10*K), lower densities (0.1 cm™2), and slightly lower
ionization states. The DIG can be observed near HII region boundaries. Its emission can be detected in all galaxy
structures and can globally be seen up to a distance of 2 kpe from a galaxy disk!'>7%.

Several sources of ionization might be responsible for the DIG:

i oiG ionizing photons escaping HII regions and traveling long dis-
30 r| I tances!®*2°3:62.631 5 weak AGNELT a generation of post-AGB
o z'sr'lmf'l'h"""'l H"W',IVU”I'L“"'J"\*"""" starsl*l, and fast shocks in the ISM (e.g. SNe, galactic struc-
G20 tures[2758]). The DIG was also proposed to be partially related
| HIl Region . to dust diffusion!''*]. Identifying which processes are the most
g 10 efficient is complex. Our comparison of the DIG signatures in
EG n-“""ﬂ‘h’l Y the SITELLE data of the nearly face-on spirals NGC 628 and
2., NGC 3344 (Fig. 11) suggests as well a clear relation with the old
€ q | swe stellar population. Larger [SII]/Ha and [NII]/Ha ratios are of-
| llf ten used to locate the DIG and the [OIT]A3727 doublet has been

2W'J L-‘m'-.wll.lln'n_mw.m proposed to be the main cooling lines of the DIGEY. 1In fact,
T ] i ] the amount of energy required to keep the DIG ionized is colos-

Wavelength (nm} sal. External heating sources have been ruled out as the DIG

Figure 11: SITELLE’s map in the central 1'x2’ region of intensity has always been linked to the presence of local sources.
NGC 3344. Ho ( red) and [SIT] (blue) are added. The spec- For that reason, many studies have suggested that only OB stars
trum of 3 different regions is shown. Enhanced DIG emission  could be responsible for the DIG emission. However, difficulties
is found inside the inner ring of this galaxy. remain in explaining how ionizing photons could reach such large
distances away from the galaxy plane and disk HII regions. More accurate models of the photon escape fraction for
NGC 157'%? have shown that the DIG emission seems to be mostly related to HII region leakage. Detailed numerical
simulations predict that the photon escape fraction varies considerably over a few millions years timescale due to
the turbulent nature of the gas and can reach up to 37%![%? since the ionizing front can reach lower density medium
(depending on the density and porosity of the ISM and the stellar evolution phase of the cluster’s massive stars).
Also, semi-analytic feedback models for cloud dissolution!' !l have demonstrated that the SFE is linked to the ionizing
photon escape fraction (high SFE corresponds to a high fraction of escaping photons).
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B.3 The DIG Component

A typical spectrum of the DIG observed in the Milky Way has been created'? with the objective to separate the DIG
contribution from the emission of HII regions in nearby galaxies (i.e. to isolate HII region spectra). This technique is
relevant in the context of a galaxy with a DIG content similar to the Milky Way. However, from one galaxy to another,
and also within one galaxy, the contribution of the DIG can change significantly, and the main heating mechanism
could be different, resulting in an atypical DIG spectrum. A study of three galaxies of the Sculptor Groupl®! indicates
that 30-50% of the Ha line is emitted by the DIG component, and that there is no trend with the morphology or the
SFR of the galaxies. It is also established that the line ratios observed in the DIG cannot be explained completely
by dust scattered light; only 20% of the DIG is caused by dust scattering!”, against other findings!''. Instead,
the relative DIG emission was linked to the different morphology of the ISM. The state of the gas content (i.e. its
density, abundance, temperature, distribution) in galaxies can also modify the ability of the escaping photons to
reach large distances and produce the DIG widely spread emission. The porosity of the ISM (fractal morphology),
caused by turbulent convective motion[40], makes the mean free path of ionizing photons much larger than
with the standard cloud modell?7:38:126:127]  Thig is a fundamental element in explaining the DIG found far
from HII regions. From these observations and findings, it is obvious that the extended DIG emission has a
great scientific potential for the study of abundances in galactic halos, and abundance dispersion in disks, as
well as for understanding the ISM structure in galaxies. SIGNALS will include the DIG in its analysis in order
to have a full view of the ISM properties. By measuring the relative contribution of the HII regions emission to
their surrounding DIG, we will get precise constraints on the fraction of radiation and hot gas escaping the regions
and merging with the low density ISM. This information will have a great impact on our understanding of the star
formation quenching mechanisms throughout cosmic time once we will have compared different sets of HII region
leakage levels and their environmental parameters.

C Small Scale Dynamics

The combined study of gas abundances and kinematics on small scales (< 50 pc) as well as large (>1kpc) scales holds
key information on the chemical evolution of galaxies, notably on the enrichment phases and mixing mechanisms. The-
oretical studies exploring mixing mechanisms, their time scales, and how they translate in decreased (or enhanced)
abundance fluctuations in the ISM are rather sparsel®>*%71 partly because of a lack of high-spatial resolution studies
in large samples of HII regions, as we propose here. A pioneerd paper!'’”! shows that abundance fluctuations caused
by local enrichment can be wiped out by: turbulent diffusion on large scales (1-10kpc) in the shear flow of differential
rotation within a timescale of 1 Gyr; mixing at intermediate scales (100-1000 pc) due to cloud collisions, super-shell
expansion, and differential rotation (0.1 Gyr); and turbulent diffusion, Rayleigh-Taylor and Kelvin-Helmholtz insta-
bilities on small scales (<100 pc, 2 Myr). Similar arguments related to turbulent mixing were explored recently!9%9°],
Other factors, such as inflows, outflows!®'%!, as well as dynamical stellar and gas radial migrationl®"), are believed to
alter the chemical composition and its distribution across galaxy disks. Inhomogeneous closed-box models of chemical
evolution without mixing!”’! suggest that [O/H] dispersion as large as 0.2-0.3 dex could be observed locally in the ISM.
In short, the amplitude of abundance fluctuations is related to the local enrichment, but also to the timescale and
efficiency of different mixing mechanisms operating on distinctive spatial scales.

On the observational front, the large-scale ra-
dial distribution of [O/H] has been established in
hundreds of galaxies!!'%'15130  However, studies
of azimuthal variations have been more limited,
mostly due to large uncertainties often affecting
individual [O/H] values or small HII region sam-
ple sizes!!19:25,29,36,67,81,84,103,112] Moreover, multi-
ple studies have investigated the global HII region
dynamical properties from the turbulent motion of
the gas, to the expansion velocity of the HII regions
Shelll9:13,14,18,23,64,99,128,129,131]. "3t was found that
the velocity dispersion within an HII region scales . :

with its luminosity and additionally, some observed 05. 06 1.0 25 85 5 15 25 35 45
a break in the luminosity function, a result consis- Velocity uncertainty (km/s) Velocity dispersion (km/s)

tent with a transition between the core collapse and

competitive accretion regimes of star formation. De- Figure12: M33 Ha veloc'ity uncertainties and dispersion for a small portion
of the SITELLE FOV with R =3000.

spite these significant advances, a systematic study
of the nebular gas abundance fluctuations and dynamics to assess the impact of stellar winds, supernova explosions
and other sources on the mixing processes and the star formation activity has not been done yet on the scale and with
the physical spatial resolution proposed by SIGNALS.

The spectral resolution provided by SITELLE SN3 cubes for five lines simultaneously (R=5000 for the Ha, [NII]AX
6548,6583, and [SIT]AN6717,6731 emission lines), combined with deconvolution capabilities using a Bayesian approach
(using ORCS; see Technical Justification Sect.F.2), will allow us to determine the line centroid with a precision of
0.2 to 10 km/s across the FOV, to detect line broadening larger than 10 km/s in most HII regions (see Fig. 12), and

9



separate multiple components along the line of sight*). Combined with the line ratio analysis discussed in previous
sections, several aspects of the ionized gas dynamics on all scales (from barely resolved objects such as supernova
remnants, to HII regions and large-scale features), will be probed: 1) turbulent motions and shell expansion velocity
in HII regions, from which their mass can be determined; 2) kinematics and abundance patterns linked to the different
mixing mechanisms and abundance variations; 3) rotation curves, and gas pressure support (or gas asymmetric drift)
to derive more accurate circular velocity curves and mass distribution models of the galaxies??:%%!; 4) residual velocity
maps, and high-order harmonics fit of the velocity and velocity dispersion maps, to investigate the perturbations due
to spiral arms and bars, gas Inigration[llz]7 gas driven inwards radially to fuel Starburst galaxies or AGN; 5) structure
of orbits of ionized gas in the disk plane, as measured from the azimuthal anisotropy parameter of the gas random
motions; 6) the kinematics of the ionized gas compared with the neutral gas and/or stellar kinematics!™!.

D Local Environment Influence and Stellar Populations

The SIGNALS project will focus on studying the star formation process as a whole. To investigate possible relations
between star-forming regions and their environment, the following parameters will be taken into account: the local
stellar density, local DIG background, local neutral gas density, local SFR and SFE, and distances to the nearest
region and to prominent galactic structures (bar, spiral arm, and AGN). The size, global geometry, and total Ha
luminosity of each region, extracted from a profile fit of the Ha map, are also important. Defining these values
for each of the 50 000 regions allows us to conveniently categorize regions using these criteria. The luminosity
functions for low and high DIG background (as shown in Figure4) are one example of the possible trends
that can be extracted using all this combined information. In this particular case, HII regions with a high DIG
background were in general more massive and located within high SFR zones along the galaxy spiral arms. Another
example is the link between the size of a region and its luminosity. Figure 13 shows the integrated Ha luminosity as a
function of the mean radius of the emission line region. The color scale is related to the correlation coefficient of the
profile fit (on the left) and to the DIG background level measured (on the right). On the same figure, models allow
us to verify how well a region can be depicted by a Stromgren sphere.
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Figure 13: NGC 628 HII region candidates integrated Ho luminosity as a function of their radius obtained when comparing them with
Stromgren sphere models'?7]. Only regions with a correlation coefficient R2>0.6 are shown. On the left, the dashed curves represent
the luminosity and radius relation for theoretical Stromgren spheres considering various stellar cluster masses, electron temperatures Te
and densities ne, and volume filling factors €, as indicated in the plot. For each dashed curve, the cluster mass increases from the left to
the right. The vertical dashed line is the sensitivity threshold of the He intensity distribution for the Stromgren model extracted from
the relation between the o of the Gaussian for the intensity profile and Stromgren radius Rg (overplotted in the left lower corner); The
horizontal dashed line is the luminosity detection limit. On the right, same plot with a color scale representing the level of the DIG
background (log DIGyqckground in erg s~ ! ecm™2) measured in the surroundings of each region.

D.1 Stellar Populations and Individual Stars

A large variety of galaxies with different stellar populations and stellar densities can be found within the SIGNALS
sample. Within each individual target this distribution also changes dramatically from one area to another. The
analysis method used to extract the spectral information must be adapted to various situations. At the same time,
uniformity in the analysis must be preserved across the survey. In addition, as the spatial resolution goes from ~2 to
40 pc, the analysis of the stellar continuum goes from performing aperture photometry on individual stars to extracting
integrated spectra of resolved stellar clusters mixed with the surrounding stellar populations. Although the diversity
of targets adds complexity to the analysis, it is a strength for SIGNALS since reliable size subsamples can be used for
specific purposes in addressing the main goals of the project. The nearest galaxies enable resolving individual stars
and test stochastic sampling effects for the massive star IMF on the HII region emission and derived parameters. On
the other hand, more distant galaxies increase the number of regions in one FOV, useful to study of global variations
of the massive star IMF and their impact on the derived SFR with statistically reliable sample of HII regions within
different environments.

For most galaxies, the analysis method used to account for the presence of the stellar continuum includes selecting
apertures for sampling the SED and stellar absorption components to build a reference spectrum. The shape of the
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reference spectrum extracted depends on the instrumental line profile (sinc) as well as on the instrument configuration
during observations (sampling of the interferograms). Therefore, extracting it directly from the data has the advantage
of accounting for all of these factors. The continuum level in the different filters is used to approximate the stellar
density in the surroundings of the HII regions.

E SIGNALS Legacy Value

SIGNALS is unique. This legacy survey will provide new, key insights on star formation, chemical enrichment,
and feedback mechanisms driving the evolution of the ISM and galaxies. The high sensitivity and good spatial
resolution of SITELLE will allow us to explore statistically significant samples of HII regions (~50 000 regions) with
different characteristics and stellar populations, in various environments. From multiple nebular lines, physical prop-
erties like abundances, ionization structure, and dynamics will be obtained for these regions as well as information
on the DIG and the IMF variability. SIGNALS will pave the way to understanding more distant galaxies with a
better interpretation of their SFR indicators at a lower spatial resolution. SIGNALS dataset will be extremely rich
and valuable for investigating many other physical mechanisms as well. To cite only a few complementary and

important research topics that can be studied: 1) planetary nebula abundance distributions and luminosity

[75,85

functions ]; 2) supernova remnant ionization conditions, occurrence, and feedback contribution; 3) detec-

tion of background emission line objects (e.g. [OII] and Ly-a emitters); and 4) large-scale velocity mapping
of galaxies to build mass models. A total of 325 hours (50 nights) of telescope time is requested over eight
semesters. Our ideal sample of targets includes more objects than required to fill the 50 nights requested. Therefore,
depending on the telescope pressure during each semester, the target sample can be adapted to match the available
windows and facilitate scheduling. More details about the sample can be found in the Technical Justification.
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Technical Justification

The design of SITELLE was optimized for the study of emission-line objects. Studying star-forming regions in nearby
galaxies is therefore a natural application for this instrument. A lot of technical challenges were overcome while
building the instrument to assure an excellent sensitivity, a high spectral resolution, and a large FOV.

The whole SIGNALS observing strategy is built upon SITELLE’s strengths. Three filters are to be used to optimize
the detection and characterization of the strong diagnostic lines for nearby extragalactic nebulae: SN1 (363-386 nm)
with the [OII]A3727 and the Balmer emission lines H9 to H12 (detected in bright regions), SN2 (482-513 nm) with HB
and [OIII]AN4959+5007, and SN3 (647-685 nm) with He, [NII]AN6548+6583, HeIA6678, and [SII|AN67174+6731. These
filters are wide enough to provide an excellent sampling of the continuum on each side of the emission lines. They also
enable the study of the absorption lines from the stellar populations (Balmer lines and, e.g., Fe+CaA6490) in galaxy
disks and young star-forming regions to properly correct the emission lines.

Need for dark/grey time - A well-known disadvantage of an IFTS over a dispersive spectrograph is the distributed
noise: the spectral range covered by the filter is not scanned wavelength by wavelength - photons from the entire
bandpass are collected at each mirror step contributing to the noise at each wavelength. Although the data product
is a collection of 4 million spectra, SITELLE must be considered as an imager for the Moon phase contribution to the
noise. Therefore, observations with SN1 and SN2 require dark time while observations with SN3 can tolerate some
moonlight (see simulations included below).

Spectral calibration - The spectral calibration is obtained with a He-Ne laser datacube, combined with a detailed
analysis of the phase map of the datacube itself. In our case, the best spectral calibration is required for the SN3 filter
for kinematic studies. Numerous night-sky OH lines are found on each end of the SN3 waveband allowing a sub-km/s
precision for the absolute radial velocity of the gaseous components.
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Figure 14: Continuum subtracted spectrum of an HII region in NGC 628 extracted from the datacubes using a circular aperture with a
radius of 1.6”, centered at RA 01h36m53.1s and DEC +15°48/04.8". The fits obtained with ORCS (see Sect.F.2) for the emission lines
(§3) are shown. Note that SITELLE’s line profiles are fitted using a sine cardinal function.

A  Instrument Configuration

Calibrations — Flux (i.e. flats images and standard star images) and Table 1: Line ratios used in SIGNALS
wavelength calibration (i.e. He-Ne datacube) are required. Seeing - A Ratio Definition
limit of 1.2 is selected to set the spatial sampling of the HII regions. R2 [O11]A3727/HB
Filter configurations - Essential nebular lines ratios are compiled in 0302 [OIH]M4959+5007/[FOH]>\3727
Tab. 1. The SITELLE Exposure Time Calculator (ETC) was used to R23 | ((OMAS727+[OTIM959+5007) /1P
simulate the expected signal-to-noise ratio on specific lines and fix the R3 [ONI]AN959+5007/HA
instrumental configurations (i.e. resolution, exposure time, and Moon O2N2 [T A3727/[NII]AAG548+6583
maximal contribution) for SN1, SN2, and SN3. Figure14 shows an N2 (NLIAG548+6583/ Ha

S2 [SII]AN6717+6731/Ha

example of an HII region spectrum produced with SITELLE with
these three filters. N2S2 | [NIIJAX6548+6583/[SITJAN671746731

O3N2 | [OITI]AN4959+5007/[NTI]AN6548+6583

SN3 filter (6480-6850 A) - The SN3 spectral band will allow us to
study the ionized gas dynamics, the SFR, the IMF, etc. It also contains key lines used for important line ratios
(e.g. N2, S2, N2S2, O3N2, Ha/Hp) required for our analysis of the HII regions and the DIG. HII region Ha surface
brightness (SB) ranges from ~8x107!7 to 8x107!2ergs~'ecm~2arcsec™2. Using a mean spatial sampling of 0.96”
(3 pixels), we estimate that the faintest regions would be detected with a total exposure time of 14 398s. With the SN3
configuration (R = 25000, Itime = 14398 s [3.8 s overheads], exptime = 13.3 sstep—!, 842steps), the detection threshold

(SNR = 3) will be SBp ~3.6x10717 ergs~!em~2arcsec =2 (ETC simulation 1). Furthermore, this threshold is ideal for
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the detection of the faint DIG component (SBp;a~5x1071® ergs™'em~2arcsec™2) (using an appropriate binning of
the data). Another ETC simulation shows that a moderate contribution of the Moon will not compromise dramatically
the HII region detection (SNR =2.5, ETC simulation 2). With R =5000, a precision on the velocity measurements of
~0.1 to 5 kms~! will be reached on most regions!®°!.

SN2 filter (4840-5120A) - This filter is used to get the H3 and [OITI]AN4959,5007 lines as well as the crucial
dust correction factor E(B-V) from the Ha/HB ratio. Once dust corrected, some key ratios of widely separated
lines (i.e. N202, R2, R23) and the [OII]A3727 line can be used (an important line for the DIG emission and the
photo-ionization modeling). The configuration (R = 1000, Itime=10797s [3.8s overheads|, exptime =45.5sstep !,
219 steps) is selected to separate the emission, and to measure the continuum level. The detection threshold on Hg will
be 4.2x107 7 ergs~!em~2arcsec™2 for a 0.96" sampling, corresponding to a SBy, of 1.27x107 ¢ ergs™!cm ™ 2?arcsec™2
(ETC simulation 3). ETC simulations also show that the Moon can compromise the HB detection (New Moon:
SNR =3.0, Crescent Moon: SNR =2.1, ETC simulations 3 and 4). We estimated that over 30% of the pixels with
detection on Ha will have a HB detection before applying any spatial binning. After spatial binning, this detection
threshold ensures that most HII regions integrated spectra will have a reliable measurement of the Ha/Hg ratio (>95%;

considering a mean extinction of E(B-V)~0.5).

SN1 filter (3630-3850A) - The SN1 filter enables the use of important indicators of the gas properties (R2, R23,
032, O2N2). Furthermore, the main line of this filter, [OII]A3727, is a key diagnostic tool for nebular abundances,
the DIG, and the SFR. Its detection depends on several parameters such as the SB, dust extinction, and metallicity.
The SN1 configuration (R =1000, Itime=10802s [3.8 sec overheads], exptime = 59.0sstep ™!, 172 steps) is selected to
fix the detection threshold for [OII]A3727 at 3.0x107 17 ergs~'cm~2arcsec 2 for a 0.96” sampling, corresponding to a
SBya of 4.0x107 ¥ ergs~lem~2arcsec™? at solar metallicity (ETC simulation 5). A ETC simulation shows that the
Moon can compromise the detection (New Moon: SNR = 3.0, Crescent moon: SNR = 1.5, ETC simulations 5 and 6).

Note about the spectral resolution - The SN1 and SN2 configurations selected represent a good compromise between
the total integration time and the amount of pixels available for the high-resolution abundance analysis. The SN1 and
SN2 resolution (R=1000) is also high enough to compare stellar spectra with models and carries on an additional
legacy value for the study of galaxy stellar populations.

In summary, a total of 10.0 hours is required for each of the fields (33 fields in 50 nights).
B Sample Size Justification

As stated several times in this proposal, we want to sample different star-forming environments and to observe enough
HII regions in each of them in the interest of properly sampling the luminosity function and overcoming the effect
of the stochastic sampling of the regions’ age and mass. Table2 illustrates the main sampling criteria that led to
the targets selected and the observing time requested. For each metallicity range studied, we want to subdivide the
regions in two to three groups of stellar density, two groups of SFE, and two groups of isolation level (i.e. density
of HII regions or distance to the nearest neighbor HII region). If we add together all the regions required (column 5
of Tab. 2), we reach a total of ~56 000 regions. This value matches with the expected number of regions expected in
SIGNALS.

Table 2: SIGNALS Environments Sampling

Metallicity range | Stellar density range SFE range Isolation ~Regions | Where these regions are likely to be found
12+1og[O/H] mag arcsec ™ 2 Mg yr—* level required*® in the sample of galaxies selected
75 — 8.0 py <22 <8x10~ 10 <200 pc 8000 Regions in dwarf galaxies T8-T9
’ : py >22 >8x10 10 >200 pc External regions of T2 to T7
8.0 — 8.95 py <21 <8x10~ 1 | <200pc 8000 Regions in dwarf galaxies T8-T9
: ’ ny>21 >8x1071° >200 pc External regions of T2 to T7
122% <21 —10 . .
< 8x10 <200 pc Disk regions of T2 to T7
8.25 — 85 21<py 220 >8x1010 >200pc 12000 Central regions of T5 to T8
v >20 = =<7UP &
Hv 220 —10 . .
< 8x10 <200 pc Disk regions of T2 to T7
8.5 — 8.75 20;‘#‘;12919 >8x1071° >200 pc 12000 Central regions of T4 to T7
875 — 9.0 py <19 <8x107 1 [ <200pc 8000 Disk regions of T2 to T4
: ’ pyv>19 > 8% 1010 >200 pc Central regions of T2 to T4
=10
9.0 — 9.5 Z\‘ji }3 ;Zi}gflo ;388 gz 8000 Central regions of T2 to T4

* 1000 regions per bin (ex: 1 metallicity bin X 2 stellar mass bin x 2 SFE bins x 2 Isolation range x 1000 =8 000 regions)

To insure that the distribution of the regions covered is representative of our science requirements, we will focus
on different types of galaxies and record the completion of each subsample defined here using these parameters :
metallicity, stellar density, SFE, and isolation level. The thresholds between the groups of regions for the metallicity
range, the stellar density range, the SFE range, and the isolation level might change depending on the natural
distribution of the HII regions observed. Some galaxies contain a few hundreds HII regions (e.g. T-8 to T-9) whereas
some have more than 4000 (e.g. T-2 to T-4). Every galaxy type is valuable to SIGNALS since all the different
environments must be covered (see column 6 of Tab. 2 and Sect. C of the Technical Justification). For all the reasons
mentioned above, SIGNALS could not complete its science goals if the allocated time is significantly reduced.
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C Galaxy Sample

The selection of the galaxy sample was driven by the need to observe a very large number of extragalactic HII regions.
Star-forming galaxies are therefore our prime selection criteria (these are selected based on the existing Ha and UV-
GALEX images), along with a low inclination (i<60°) to avoid extreme dust extinction. For an unbiased purpose, the
target selection is also based on a volume-limited sample. For technical reasons (e.g. to allow a minimum contiguous
observing period of 2h), objects with a declination below —22° and over +62° are rejected. Using these constraints,
a maximum distance of 10 Mpc, and a minimum size of 2'x2’ (to maximize the use of the FOV and the number of
HII regions), we included 39 galaxies in the sample (plus 13 secondary targets for which we have either relaxed some
of the selection criteria for particular reasons or because of their mild level of star-forming activities). Our sample of
galaxies covers a wide range of environments: abundances (124log(O/H) from 7.5 in Sextans A["? to > 9.0 in objects
like M51 and M63[96])7 in stellar mass (proportional to uy) from py below 30magarcsec™ up to 18 magarcsec™ 2,
contents in molecular and neutral gas, and it represents a large variety of galactic structures (size of the bulge, spiral
arms, bars, rings, faint external structures, etc.; see Fig. 19).

With our current observing strategy and analysis method, a quick estimate confirms that about 50000 HII regions
will be included in SIGNALS (by extrapolation from the Ha images of the galaxies, the number of fields observed,
and the known accuracy of the region identification as a function of spatial sampling).

M33 has already been partially observed and a mosaic of the first four fields has been shown in Figure 1. Additional
fields are proposed for both M31 and M33 because of their small distance. Similarly, five other SIGNALS primary
targets are close enough to get a spatial resolution below 3pc. Reaching such a resolution is essential for some
objectives of the project aiming at resolving the gas ionization structure and the ionizing star content of the nebulae
(e.g. faint end of the HII region luminosity function, calibration of the models with resolved structure of the ionized
gas, etc.). The sequence of objects included is fairly well distributed in number and morphological type (see Fig. 17),
which is essential for sampling different metallicities and environments. With target distances up to 10 Mpc, we will
probe the effect of the spatial resolution on the interpretation of the ionized gas and stellar populations parameters.
This is a fundamental step to improve our understanding of the content of more distant galaxies.

The volume-limited sample at 10 Mpc gives a spatial resolution between 2 and 40 pc. Therefore SIGNALS has a spatial
resolution advantage to study of the star-forming regions upon other surveys with a typical resolution from 100 pc
to >1kpc (e.g. CALIFA, SAMI, and MANGA). Table3 shows the comparison between SIGNALS and other IFU
surveys of galaxies (and HST LEGUS survey for comparison). SIGNALS objectives are very different, but they are
also complementary to those of other surveys. Also, SIGNALS will be ideally complementing the MUSE survey over
the northern sky. We meticulously compiled existing data on these galaxies with HST+LEGUS (28 galaxies), GALEX
(UV, 39 galaxies), Spitzer (IR, 43 galaxies), BIMA and ALMA (CO, 23 galaxies), VLA (HI, 42 galaxies), as well as
narrow bands. These are to be used for future comparisons and to plan other proposals (for example with UVIT and
ALMA). The RA target distribution is widely spread (see the Management Plan section and Fig.19) and the final
sample can be adjusted according to the telescope pressure in RA and other instrument scheduling constraints.

Table 3: Comparison of SIGNALS with Other Surveys

SURVEYS SIGNALS MUSE CALIFA SAMI MANGA LEGUS
Instrument SITELLE MUSE PPAK SAMI SDSS HST
Telescope 3.6 m 8.2 m 3.5 m 3.9 m 2.5 m 2.4 m (space)
Total FOV 117x 117 607 x 60" 747 x 64" 1°x1° TOxT° 1237 x 136"
# IFUs 1 1 1 13 17 0
IFUs FOV 11'x11’ 60" x 60" 74" x 64" ~15" 12" to 32" N/A
’j&piiftcifg 4000000 90000 382 793 1423 N/A
SN1: 363-385 WFC3: F(275, 336,
SgeCtml SN2: 484-512 465-930 nm ST 000 o STeos) 360-1000 nm 438, 555, BLOW
ange SN3: 648-685 nm B : n 814,.60(5)\)\/,
Spectral R ~ 5000 R ~ 3000 R ~ 850 R ~ 1750 R ~ 2000 R=1
Resolution at Ho R ~ 1650 R ~ 4500 Imager
Size (fiber) 0.32" 0.2” 2.77 1.6” 2.07 0.047
Filling 100% 100% 65% 75% 54% 100%
Seeing ~0.8" 0.3-0.4" <2.7" ~2.1" <2.0"” -
# Galaxies 38 . 20 ~600 3400 10000 50
(50000 regions) (>> YSC)
z <0.0037 >0.0025 0.005-0.03 0.004-0.095 ~0.03 <0.0028
Sampling 2-40 pc ~100 pc ~1kpc 1.0-3.3kpc 1.0-2.0 kpc ~10pc
Galaxies 1
cSc:In(l;’rlr\lIchLtso - 4 NGC628 0 0 12
~HII regions properties - Clustering of SF
- ISM properties - Kinematics _ Galaxy - Accretion evolution in time
- E;nvlronlnc.ntal - SMBH classification morphological - Fo.rmatlo?j of .bulgcs - Stellar cluster
ependency - Kinematics and - ISM properties transformation g‘d Olilp(iné'dls Sform;xft]on
B . - SFR calibrations stellar populations - SP in outskirt, SF ) - Quenche F in - SFH effects on
Main tOplCS S - IMF v.ariat‘io‘us . - Intpergf:ti.ng vs radia? mi_gratiou n—];\frZS:t:;:lai:i:flry groups aud. clusters uv c_alibratiou
- Secular processes, high galaxies - SP gradients, - Qas foedin, - Stellar, gas, - Environmental
resolution dynamics - star formation age and metallicity ) clrf dbs E dark matter, effects
- Aperture corrections - Galaxy assembly and teedbac mass assembly - Supernovae
for other surveys surrounding
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D Semester 2018B Observing Plan

For 2018B, we have a wide variety of targets to observe. Depending on the allocated time and the position of the
SITELLE runs across the semester, we will prepare the phase 2 observations. Within our target list, we have some
flexibility for the selection of the observed sampled in order to reach our scientific goals. We have targets of different
metallicities, stellar densities, neutral gas densities, SFR, SFE, and different galactic structures (here mentioned in their
order of priority for the survey) from the data already observed. The number of regions we have for each environment
category will grow progressively as the data are reduced and observing priorities are adjusted accordingly. As a first
step, we want to focus on galaxies with a prominent bulge, in order to study HII regions within high stellar density
areas, and on targets with HII regions susceptible of having a very low metallicity, as often seen in massive spiral
outskirts or in much less massive objects. The first observations in 2018B will therefore focus on T 2-4 and T 8-9
(see Fig.19. The first priorities will be NGC 6946 (SN1 only), M 77, NGC 2903, NGC4151, UGC 12632, NGC 337A,
UGC 5829, UGC 7698. Therefore, a first SITELLE run could start later in the semester (e.g. early October) and a
second run would be useful around the end of December and the beginning of January.

E Discussion on the Program Robustness

SIGNALS is a long term project that is viable by itself. It does not depend on other proposals, although it will benefit
from synergy with other surveys and data already available. The priority of the observation sequence is defined by
three aspects: 1) completing observations on a given field with the three filters when possible, 2) make good use
of the grey/dark time period with respect to the filters observational constraints, and 3) observe targets that are
most valuable for the optimal completion of the science goals. The rate of acquisition of the data does not impact
the program as long as it is completed during the eight semesters. SITELLE performance has improved since its
commissioning, and usual variations in modulation efficiency (~5%) will not impact our project. The flexibility of our
sample makes SIGNALS a perfect program to match with any other large programs that could be accepted for the
same period. We can easily adapt to the fact that the observing rate will increase with time as it will give our team
some time to work on the first data set and improve our analysis method.

The SIGNALS collaboration is composed of an interdisciplinary team of expertise covering many fields of extragalactic
astrophysics. The project does not stand on the shoulders of one person and several team members have experience
with large projects, complex data management, and observational strategies. SIGNALS is a very competitive program
and other research teams are planning to replicate it in the far future (ex: SDSS-V Local Volume Mapper). Only
CFHT offers the instrumental capabilities of making SIGNALS a reality in the next years to come.

F Data Management Plan
F.1 Proposed Proprietary Period

For SIGNALS, we suggest to keep the usual proprietary period for Large Program:

- Participating community access : All members of a community participating in a LP (i.e. allocating observing time to
the LP) will have immediate access to the data through the CADC. PI may give access to international collaborators.
- World Access : The default is one year proprietary period after the end of each semester for the duration of the LP.

F.2 Real-time Analysis Requirements

There is no need for real-time analysis with SIGNALS. All data cubes will be reduced with ORBS, the fully paral-
lelized code first developed by T. Martin for SpIOMM and SITELLE, and now operated by CFHT.. ORBS provides
astrometric, photometric, and wavelength calibration for all pixels in the FOV. Emission lines flux, width, centroid,
and continuum level are optimally extracted with ORCS, a software also provided by T. Martin to accurately fit the
peculiar line profiles characteristic of an IFTS (namely symmetric cardinal sine functions when expressed in terms of
wave numbers). An example of the fit of an HII region spectrum is shown in Figure 14 for the filters SN1, SN2, and
SN3, at a lower-spectral resolution than the one required for in SIGNALS.

F.3 Data Analysis Plan and Available Resources

Our team has plenty of experience in the analysis of 3D spectroscopy from the use of SpIOMM, SITELLE, PPAK
instrument (within the CALIFA survey), ALMA, and MUSE. Experts in the modeling of HII regions will work on
the development of adapted tools for the SITELLE dataset analysis, including a large database of models required for
future comparisons. The dynamical aspect of the survey will be in good hands, as many team members are focusing
their interest on the detailed study of velocity fields. Many collaborators have expertise in stellar population models,
a central element for the IMF investigation.

Figure 15 presents the diverse processing steps from the observation to the extraction of the physical parameters.
Data products will be distributed to the collaborators and the communities from the SIGNALS” WEBSITE. Figure 18
shows the different working teams within the SIGNALS collaboration along with their designated coordinators. It
also includes an overview of each team’s responsibilities during the data processing and analysis part of the project.
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Figure 15: Organigram of the data processing. Note that all items with the mention WEBSITE will be accessible for every member of the
team from the SIGNALS WEBSITE (http://www.signal-survey.org). Nine members of the SIGNALS collaboration are in the database
management work team that is responsible for the data distribution from the WEBSITE (see Fig. 18).

F.4 List of Targets

Figures 16 and 17 present the RA distribution of the fields for the primary and secondary targets (some targets have
more than one field) and the distance distribution for the primary targets as a function of their type. We have 39
primary targets (from which 33 fields will be selected for a total of 50 nights). The secondary target list contains 13
additional galaxies. The purpose of this list of objects is to facilitate scheduling while mildly relaxing the selection
criteria (for example, the inclination of an irregular galaxy). A CVS file was uploaded with the complete list of targets
(primary and secondary) and the number of fields.

EEl Priority 2 (21 fields D = 10Mpc)
I Priority 1 (50 fields D = 10Mpc)

Number of Fields
Number of Galaxies

] 4 8 24 0 2 4 6 8
D (Mpc)

Figure 17: Distribution of the primary targets as a function of dis-

tance. The galaxies are color-coded according to their morphological

type as given by the Hubble parameter T.

10

12
RA (hr)
Figure 16: Distribution of the fields as a function of right ascension.
There are 39 targets in our first priority list, some of which require
more than one field.
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G Analysis of the Impact of the Optical Distortion

The optical distortion at the edge of the SITELLE’s FOV will not affect significantly our science. This distortion
can be measured on the PSF of the stars and does not impact the photometric calibration. Figure 20 shows the PSF
measurements over SITELLE’s FOV. The distortion is noticeable only in the corners (~25% of the FOV). For most
targets, the corners are used for sky sampling. Only a few fields selected for SIGNALS (about 10% of the fields)
include HII regions that fall in the corners of the detectors. Among the field affected by the distortion, we estimate
that only a small fraction of the HII regions sampled (from 0 to 10%) will fall on the corners (e.g. 1% for NGC 628
and ~ 15% for M 33). HII regions falling in the area where the distortion is the worst (in the very corners where the
PSF degradation is >25%) will only suffer from a degradation of their spatial resolution and an additional error (0.2")
on their position (RA, DEC). This corresponds to a negligible fraction of the HII regions included in the survey and
we could still use these regions for most of the analysis.

1 20
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arcsec

(TN ',
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PSFFWHM

Figure 20: PSF measurements using the PSFEX code from ASTROMATIC on a crowded field of stars obtained from the stacked SN3

datacube of NGC 6822.
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Time Allocation Distribution

The time allocation distribution for SIGNALS calculated considering 50 nights of telescope time and the relative
scientific contributions of the researchers from the multiple agencies involved (see Tab. 4). Following the advice of an
executive member, the 50 nights have been divided in two blocks over the main agencies, Canada (31~nights) and
France (19~nights). A small fraction of the time is also requested to Hawaii (3.6 nights), Taiwan (0.9 night), and
China (0.2 night). The total is greater than 50 nights, but by doing so, the project’s eligibility as an LP does not
depend on the participation of all the agencies. We really want this project to be inclusive and hope that all the
agencies will be participating. The contribution requested from Taiwan and China is mostly symbolic (corresponding
to 0.113 and 0.025 night per semester). By contributing, all agencies will ensure direct access to the data to their
community. If the number of nights accepted by the TACs is greater than 50, we will make good use of the additional
nights available since the sample already includes additional targets.

Table 4: Time allocation distribution

Agency Members Time requested Logic of the calculation
Canada 13 31 nights CAN / (CAN+FR) x 50
France 8 19 nights FR / (CAN+FR) x 50
Hawaii 4 3.6 nights HI / All SIGNALS (55) x 50
Taiwan 1 0.9 night TW / All SIGNALS (55) x 50
China 1* 0.2 nights symbolic contribution

* 1 PhD student

Table 5 presents a scenario for the distribution of the time within each semesters for SIGNALS, taking into account
the time available for all the LPs. We would not be affected by a fluctuation of the data acquisition rate. Following
this allocation time scenario, we would received data regularly and be able to work in a continuous manner every
semester.

Table 5: Time allocation distribution

Semester LP Call SIGNALS
# Nights ~ # Nights
2018A — —
2018B 29 +4
2019A 38 +5
2019B 50 +6
2020A 43 +5
2020B 55 +6
2021A 50 +6
2021B 68 +9
2022A 67 +9
2022B - -
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