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ABSTRACT

We present data taken with the imaging Fourier transform spectrograph SITELLE, at the Canada-France-Hawaii
Telescope, of the nearby dwarf starburst galaxy NGC 4214. From these data, we identify 18 new planetary nebula
candidates in the outer part of the galaxy. For each planetary nebula, we provide the flux of the strong emission
lines, the [O111]AA5007,4959 Hae and Hf, as well as the radial velocity. We also provide the kinematics for 13
of the 17 planetary nebulae previously discovered in the central part of the galaxy with HST data by Dopita
et al. (2010). We present a novative technique to obtain accurate velocity measurement for objects with [O111]
emission but without Ha emission with SITELLE. We use the [O111] emission line luminosity function of the
planetary nebulae to establish a new velocity-independent distance for the galaxy. This method gives a distance
D =3.311532 Mpc for NGC4214.

Keywords: extra galactic distance, emission line, galaxies, iFTS, luminosity function, NGC 4214, planetary
nebula

1. INTRODUCTION

SITELLE is the Canada-France-Hawaii Telescope (CFHT) imaging Fourier transform spectrometer that provides
millions of spectra (2024 x 2048 pixels) with a resolution R between 1 and 10000 in a large 11’ x 11’ field of
view with a theoretical spatial sampling of 0.32” per pixel (1). SITELLE can cover the entire surface of nearby
galaxies while observing several emission lines from 365 to 685 nm and therefore measure simultaneously the flux
and the kinematics of the ionized gas related to Hil regions, supernova remanants, planetary nebulae, AGNs...
All these objects are key elements to understand star formation and the evolution of galaxies. SITELLE inspired
the CFHT Large Program SIGNALS (the Star formation, Ionized Gas, and Nebular Abundances Legacy Survey;
2) that is specifically designed to study star formation processes in about 40 nearby galaxies with a spatial
resolution between 2 and 40 pc, something never done before! More than 50000 Hi1 regions will be observed, a
highly significant statistical sample of objects in various galactic environments.

NGC 4214 has been observed with SITELLE as part of SIGNALS. This galaxy is a close-by starbust irregular
galaxy at a distance of approximately 2.5-3.5 Mpc (3; 4) with a central low metallicity 12+log(O/H) ~ 8.2
(3; 4; 5; 6). Most studies have focused on either modeling its interstellar medium (ISM) properties (7; 8), its
Hir regions (9), its young stellar populations (6; 10; 11; 12; 13), or its dust properties (12; 13; 14). NGC 4214
has experienced several episodes of intense star formation, the most recent ones being concentrated in its center
and along its bar. Its center contain several hundreds of HiI regions. Its dust component is closely coupled with
the ionized gas. NGC 4214 shows several extinction free regions as the gas (and the dust) has been blown away
by previous star formation events leading to high energy photon leakage.

Planetary nebulae (PNe) are defined as the envelope of gas surrounding a white dwarf. It is the final product
of the life of low-mass stars (M < 8 Mg). As low mass stars live for several billions of years, the study of PNe
allows to investigate past episodes of star formation. Indeed, since the chemical envelope of low-mass stars does
not change intensively during their lifetime, the chemical composition of PNe reflect the metallicity of the gas at
the time of the formation of its progenitor, which gives information on the evolution of the galaxy. Furthermore,
because white dwarfs can only cover a limited mass range, it implies that there is an upper limit to the luminosity
of a PN; this limit can be used to determine extra-galactic distances. In addition, the study of PNe can provide
an easy insight into motion within their galaxy (because the bright [O111] emission line of PNe can be seen at



Table 1. Observations of NGC 4214 with SITELLE

Filter seeing R Exposure/step Num. Steps Date
SN2 0.76” 940 50s 219 June 14, 2018
SN3 0.83” 1900 30s 337 June 19, 2018

large distances), and therefore help measuring the mass of galaxies.

An intensive study of the PNe in NGC 4214 has been done using HST narrow band images (3). It was used
to reveal the distance of NGC4214. This study, however, is limited to the central region of the galaxy due to
the small spatial coverage of the HST data and does not recover any kinematic.

Here, we present a new sample of PNe in NGC 4214 based on the study of the strong emission lines available in
the SITELLE filters. Two papers are in preparation (Vicens-Mouret et al.) to present more details on NGC 4214
PNe and supernova remnants, and to study the Hil regions and the diffuse ionized gas (DIG) of NGC4214.
Section 2 presents the data and their calibrations. Section 3 explains how the identification of the PNe was
done. The determination of the distance of NGC 4214, based on the PNe, is presented in Section 4. Section 5
summarizes this work.

2. OBSERVATIONS, DATA REDUCTION AND CALIBRATIONS
2.1 Observations and data reduction

As part of the SIGNALS galaxy sample, NGC 4214 was observed with the three SITELLE filters: SN1 (363-
368 nm) with the emission doublet [O1]AN3726,3728, SN2 (482-513 nm) with the emission lines
[O111]AN5007,4959 and HS, and SN3 (647-685 nm) with [N11]AA6548,6583, Ha, and [S1]AN6716,6731. As PNe
show little to no emission in [O11], the SN1 cube is not mentioned furthermore here. Table 1 summarizes the ob-
serving parameters for each filter: the seeing, the spectral resolution R, the observing time (given by the product
of the number of steps and exposure time per step) and the date of observation. The resolution of the SN3 cube
is higher as it will be useful to disentangle the [N11] doublet from Ha and to properly study the emission gas
velocity and the emission gas velocity dispersion. Figure 1 shows the SITELLE’s image of NGC 4214. This image
was created by combining the SN2 and SN3 deepframes (i.e. the sum of all the interferograms for a datacube).

The datacubes have been reduced using ORBS (15), SITELLE’s dedicated data reduction software. ORBS
converts the raw interferograms by Fourier transform in datacubes in units of wavenumber (cm™1!). It takes into
account biases and flats. A standard star (GD71) was used for the flux calibration and a 543.5nm laser was
observed with the telescope at the zenith for the calibration in wavenumber.

As the datacubes have been observed at different epochs, they can suffer from misalignment. Using several
bright foregrounds stars in the field, we find a negligible shift (below 1 pixel) between SN2 and SN3. Considering
the small change in seeing measured for the two datacube (see Tab. 1), no spatial degradation has been done to
match their resolutions.

We use SITELLE’s software ORCS to measure the emission lines (15). For each pixel within a filter, the
emission lines are simultaneously modeled with a sincgauss function, i.e. the convolution of a Gaussian with the
instrument sinc profile (16). ORCS returns the line flux, amplitude, continuum level, radial velocity, and the
line broadening (the velocity dispersion), as well as the respective uncertainties.

Once the observed flux are measured, they are corrected for the foreground extinction using Pyneb (17),
assuming the extinction law for the Milky Way (18), with Ay = 0.06 (from NED) and Ry = 3.1. While the
intrinsic extinction (from the dust inside the galaxy) is an important correction to make (the corrected flux can
be up to 10times bigger than observed), it has been shown however that in NGC 4214, the dust is coupled to
the gas (6). As the vast majority of our PNe lies in the outer part of the galaxy, where there are very little to
no gas around, no intrinsic correction has been done. It is nonetheless a caveat for the few PNe in the center of
the galaxy.



Figure 1. SITELLE’s image of NGC 4214 combining the SN3 deepframe (in red) with the SN2 deepframe (in blue) and
the mean of both (in green).

2.2 Calibration
2.2.1 Aperture Photometry and Flux Calibration

As PNe are unresolved faint objects in extra-galactic studies, we measure their flux in a 3 pixels radius aperture
and multiply it by an aperture correction factor to extract their total flux. This methodology ensure a higher
precision for very faint objects for which it is often hard to delimit the boundaries. To determine the correction
factor, we studied the cumulative flux in expending rings around 12 foreground stars. On average, the 3 pixels
aperture corresponds to 82.7 % for the SN2 filter, and 84.2 % for the SN3 filter.

For all our observed objects, we correct for the sky emission line, the local emission (i.e. from the diffuse sur-
rounding gas), and the local absorption features (from the underlying galaxy stellar populations), by subtracting
a local background spectrum. To create the background spectrum, we retain only pixels in a circular aperture
around the PN, with lower [O111] emission than for the brightest PN pixel. We require that the total number of
pixels in the background be at least equal to the number of pixels selected for the source.

As a proof of the validity of our flux calibration and our aperture correction factor, we measured the flux in
SITELLE data for several PNe that are in the previously published catalog for NGC 4214 using HST data, i.e.
several narrow band images centered on [O11], Ha and HS (3). The [Om]A5007 line flux comparison is shown
in Figure 2. We globally find a good agreement for most PNe, except D4, D8, and D14. While D8 is embedded
in diffuse emission gas, D4 and D14 are objects with very little background emission and are close to the 20%
confidence level. Since the spatial resolution of SITELLE is lower than for the HST data, some deviation is not
suprizing as it is difficult to consider the same background correction.

2.2.2 Velocity calibration

From the emission line positions, we retrieve the velocity of the ionized gas. The datacubes are calibrated
in wavenumber (i.e. velocity) using the laser, but because there are changes in the conditions (temperature,
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Figure 2. Comparison of PNe [Om1]A 5007 flux measurements with those of (3). We find a very good agreement for most
sources, except D8, D4 and D14 as explained in the text, suggesting a 20 % confidence levels for our flux measurements.
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Figure 3. Velocity map of the SN3 OH emission lines on the line of sight of NGC4214. The black contour shows the
galaxy Ho emission flux at 5 x 10717 erg s7! cm™2 A~!. The OH sky line velocity varies smoothly with a small spread
less than 20 km s~ ! over the galaxy.

telescope orientation) between the laser and the galaxy observation, the velocity measurements may not be
absolute. In the case of the SN3 filters, we can correct this effect by using a set of strong sky OH emission lines
present in this filter. ORCS was used to map the SN3 OH sky lines, reveling a small systematic velocity shift
less than 20 km s~! from the North to the South side of the galaxy (see Fig. 3). Correcting this shift allow us
to measure the SN3 absolute velocity with a precision of 1-2 km s~! (19).

For several PNe, we see little to no Ha emission, preventing us to obtain an absolute velocity measurement
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Figure 4. Comparison of the velocity obtained with our calibration between the SN2 and SN3 filters for the Hil regions
used for the calibration. All refined velocity lie below the 15 km s™* level confidence.

with the SN3 data, but we observe a very clear [O111] emission in the SN2 data that can be used to determine
a velocity. However, there are no strong OH sky emission lines in the SN2 datacube and a different method
must be considered here to get an absolute velocity from the [O111] line. This method simply implies to compare
the SN3-Har absolute and SN2-[O111] relative velocities for bright Hir regions located near the PNe (see Vicens-
Mouret et al. in prep for more details about the detection of the Hir regions). The calibrated PNe velocity is
given as:

Vcalibrated = V[OIII] + AVv (1)

SN Ve (Har) — Ve ([O111])

AV = 2
Nemit ’ ( )

with Nepmit being the number of bright emitters within 150 pixels of the studied PN, Vit (Ha) and Vg ([O111))
are the velocity measured in Ha and [O111] respectively, for the emission line regions. Figure 4 highlights the
effectiveness of our calibration. For the full bright emission line region sample, we are able to retrieve the velocity
measured in the SN3 filter using the calibrated SN2 velocity with a confidence of 15 km s~!. This method allow
us to measure accurate velocities for 7 PNe for which there is no Ha emission and to improve the velocity
measurement for 5 other PNe.

3. PLANETARY NEBULAE IDENTIFICATION

PN candidates are first visually identified as bright unresolved [O111] sources (as in 20). As a second step, we
look at their [O11]A5007/Hf ratio and only retain objects with [O1I]A5007/HS > 3 (following 21). Figures 5
and 6 show the [O111] and Ha image and the spectrum near these lines for two PNe as examples, one is in the
central part of the galaxy (D7) and one in the outer part (VDI).

We find 18 new PNe in the outer part of NGC4214 with SITELLE data. In addition, we find 13 out of the
17 PNe listed in the previous HST catalog (3); the 4 remaining HST PNe are deeply embedded in DIG emission
and we are unable to detect them. Among the detected ones, two sources show [O11]A5007 /Hf between 2.5 and
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Figure 5. [OIII]5007 emission, SN2 filter spectrum in the top panel as well as Ha emission and SN3 filter spectrum in the

lower panel of the PN D7.

3: 1) VDT has a ratio of 2.7 but if we take into account the 40% uncertainty of its HS line, it could lie above the
limit; and 2) D13 has a ratio of 2.6, but since it is very sensitive to our background spectrum and since the HST
ratio is 3.8 (3), we kept it in our sample. This lead to a total of 31 PNe discovered with SITELLE in NGC 4214.

4. THE DISTANCE OF NGC 4214 BASED ON ITS PNE
It has been shown (22) that the planetary nebula luminosity function (PNLF) follows empirically an equation of

N(M) o 307 . (1 _ eS(M*—M)) ’

the form:

3)

where M is the absolute magnitude and M™* is the absolute magnitude of the most luminous PN that could
possibly exist (22; 23). It is proposed (24) that the M™* bright cutoff is mostly constant for Z < 8.45. We adopt
M* = —4.207011 mag as determined for the Small Magellanic Cloud (25) since the metallicity of NGC 4214 lies
between the Small and Large Magellanic cloud metallicity (3; 5; 6). The bright cutoff, when observed at a given
apparent magnitude, can be used to constraint the distance to the galaxy.

Several methods exist to determine the distance of a galaxy using the PNLF. One can use the brightest PN is
its sample and assume it stand on the cutoff. This method, although approximate, can yield a good result specially
for big sample. It was used with the HST PNe sample of NGC 4214 (3) and a distance D =3.19+0.36 Mpc was
obtained. Another simple method consists to bin in magnitude the PNe sample and to fit the data with the
PNLF equation. While this method is much more precise than the previous one, it is still biased by the bins
width and the number of objects. Here we use the maximum likelihood method (22) which removes any bias
introduced by the magnitude bin width and is particularly well suited for our small sample. The PNLF can be
seen as a probabilistic distribution depending solely on the distance. Each PN in the sample can then be seen
in term of a probability. We can compute a likelihood as the product of all the probabilities. The distance with

the highest likelihood is then the most probable distance.
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Figure 6. [OIII]5007 emission, SN2 filter spectrum in the top panel as well as Ha emission and SN3 filter spectrum in the

lower panel of the PN VDI.

However one problem may arise if we use the full PNe sample. While faint PNe have a higher probability
to be observed, it is however very likely that we miss to detect a lot of these objects. In order to avoid some
bias due to missing objects at a given magnitude, we estimated first our completeness threshold. To determine
our completeness threshold, we created mock PNe with low magnitudes (we only simulate the [O111] emission),
injected them into the data, and tried to recover them. For each half magnitude from 23 and 27, we randomly
injected 5 times 20 PNe over the [O111] galaxy map. We found that for magnitudes below 26, we always recover
more than 80% of the injected mocks. We never recover 100% because as we randomly distribute them, mock
PNe can sometime overlap with Hi1 regions. We finally set our completeness threshold to 26 mag. 24 PNe

remain in our sample to determine the distance.

We also want to propagate the flux uncertainties into the distance uncertainty. Therefore, we built for each
PN a magnitude distribution with the shape of a Gaussian centered on the PN magnitude with its broadening
o equal to the PN magnitude uncertainty. We then produced 7800 combinations out of 24 PNe (each giving
a distance modulus using the maximum likelihood method). In each combination, the magnitude of the PN is
randomly chosen following the previously defined distribution. Our method gives the distance modulus posterior
distribution shown in Figure 7. Propagating the uncertainty for M*, it leads finally to a distance modulus u =
27.6070 15 mag, i.e. to a distance D =3.31703% Mpc for NGC 4214. This is very close to the HST PNe distance
of 3.1940.36 Mpc (3). It is good to remember that neither the HST study or us corrected the PNe in the
central part of the galaxy for the intrinsic extinction. Correcting for extinction would increase the brightest PNe

magnitude and would then lead to a smaller distance.

5. CONCLUSION

Using SITELLE data, we discover 18 new PN in the outer part of NGC4214. PNe are visually detected as
unresolved objects in the [O111] map and are latter confirmed by studying their [Omm1]/Hg ratio. For each PN,
we provide [O111] magnitude and flux, H flux, Ha flux and a radial velocity, either directly measured using
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the Hev line or by calibrating the [O111] velocity using nearby Hil regions. We provide as well this information
for the 13 of the 17 PNe found from HST data (3) in the central part of NGC4214. With this more complete
SITELLE sample of 31 PNe, we combined the maximum likelihood method with the PNLF method (22) to
derive a distance for NGC 4214 of 3.31f8:3(7) Mpc. The uncertainty of our measurement take into account the

flux uncertainty as well as the M™ uncertainty of the PNLF relation. We find a very good agreement with the
previous HST measurement (3).
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