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ABSTRACT

The Crescent Nebula, NGC 6888, has long been the muse of many scientific and amateur research. However,
the recent data provided by SITELLE, a wide-field imaging Fourier transform spectrometer at the Canada-
France-Hawaii telescope call for new analysis and conclusions. The spectral cubes offer a field of view of 11× 11
arcminutes2 and have been acquired trough 5 different filter-selected bands covering the optical waveband (from
350 to 680 nm), allowing 23 characteristic emission optical lines to be described with a spectral resolution
reaching up to 2500. Doppler shifting allow two-components velocity fits, describing the multi-layered bubble’s
kinematics. The sulfur doublet describes electronic densities. Other faint lines (including [NII] 5755, [OIII] 4363
and NeIII 3868) are essential to determine accurate temperatures and abundances. Emission lines are key to
this nebular research, but absorption lines in the spectrum of hundreds of field stars are also studied. All this
leads to a more complete physical description of NGC 6888, its central star WR136 and the stars present in the
field of view.
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1. INTRODUCTION

The study of nebulae around Wolf-Rayet (WR) stars can hint us about the mass-loss history of massive stars and
about the enrichment of the interstellar medium (ISM). We have observed the southwestern part of the wind-
blown bubble NGC 6888, a WR nebula, using the Canada–France–Hawaii Telescope’s imaging Fourier transform
spectrometer SITELLE.1 This instrument and the unique characteristics of the data it provides are put forward
in this paper.

1.1 NGC 6888

A Wolf-Rayet nebula is formed when the strong wind from a massive star ejects material that eventually interacts
with the surrounding interstellar medium, starting during the main sequence and then the following evolutionary
phases: red supergiant or Luminous Blue Variable, and then Wolf-Rayet. Although NGC 6888 was first classified
as a supernova remnant (SNR),2 its status as a Wolf-Rayet bubble nebula came soon after. The star responsible
for its formation and ionization, WR 136 (HD 192163), is of subtype WN6: its spectrum is dominated by broad
emission lines of helium and nitrogen3 and its effective temperature approaches 70 000K.4

The helium and nitrogen enrichment, as well as the oxygen deficiency observable for this type of star’s
surrounding are explained by a transport of material from the core (where the CNO cycle dominated the energy
production during the main sequence) to the shell during the red supergiant (RSG) phase of the star.5

NGC6888’s morphology, as described recently,6,7 has two main shells: the outer shell, round, homogeneous
and dominated by the [OIII] 5007 emission line, and the inner shell, ellipsoidal, filamentous and abundant in
nitrogen have been created respectively during the stellar transition from the main sequence to the RGB phase,
and from the RGB to the WR phase, also called the three-wind-model .8 Once a massive star has reached the
WR phase, its fast wind will sweep up the material ejected during the immediate precursor (in this case, RSG)
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slow wind,9 creating dynamical features as seen in Figure 1. Some also add10 that the former is a mix of gas
and dust whereas the latter is mostly gas, confirming the hypothesis that it has been projected by a previous
star phase into the ISM (shocks).

Figure 1: SITELLE’s field of view showing the southwestern part of NGC 6888
with colored lines: [OIII]λ5007 in blue, Hα in green and [NII]λ6583 in red.

Another unsolved mystery is that NGC 6888’s second layer is clearly composed of two bipolar lobes, which
hints to the existence of asymmetric pre-Wolf-Rayet winds and/or a velocity gradient between the star and the
ISM.11 Work is still in progress to assess the extent of this phenomenon.

1.2 Motivations

This work was undertaken to improve the spectroscopic data available for the southwestern part of NGC 6888
where optical lines are present. A field of view of 11× 11 arcminutes is by far the largest spatially resolved
hyperspectral sampling ever acquired of the Crescent Nebula. The goal of this work is to wrap up information
from this rich dataset to describe things like features and morphology, kinematics, electronic densities and
abundance distribution to collect all the necessary information to create its most complete evolutionary model
using, for instance, PyCloudy.12

In addition, an ongoing spectral classification of the hundreds of stars along the line of sight tests the rather
promising capabilities of SITELLE in its measurement of absorption lines.

At the time of writing this paper, a second field is being processed in its northern part which will allow an
even more complete spatial and kinematic description of NGC 6888.



1.3 SITELLE

SITELLE is an imaging Fourier transform spectrometer in the optical (350 to 850 nm), based at the Canada-
France-Hawäı Telescope (CFHT). Its raw data are called interferograms and Fourier transforms are used to
convert them into actual spectral data cubes of 2048× 2064 spaxels, covering a field of view (FOV) of 11× 11
arcminutes. The spatial sampling is thus of 0.32′′, which allows to properly sample the point spread function.
SITELLE’s spectral resolution can reach up to 10 000, but it varied between 575 and 2500 for our data. More
information on SITELLE is presented by Drissen et al. in these proceeding.

2. DATA AND ANALYSIS

2.1 The dataset

Table 1 presents the properties of the data cubes, obtained in 2017 and 2018, while Figure 2 illustrates the
entire dataset with fits to an integrated region of the nebula. The data almost cover the entire visible band,
with different spectral resolutions, providing a unique dataset of diagnostic lines for the analysis of the ionization
properties, chemical abundances and kinematics of the nebula. Point laces between lines in the fitted model,
amplified by the logarithmic scale of the graph, are not noise. They are the sidelobes of the sinc function, typical
of Fourier transform spectrometers.

Table 1: Observational parameters at data acquisition.
Characteristics SN3 SN2 SN1 C2 C1

Spectral range [Å] 6470-6850 4820-5130 3630-3860 5590-6250 3850-4900
Number of steps 421 225 103 466 405
Total acquisition time [h] 2.15 1.88 1.44 3.62 3.37
Spectral resolution R 2500 1000 575 1700 650
Seeing at acquisition (arcsec) 1.4 1.0 0.8 1.0 1.0

Figure 2: Total fitted spectrum including all 5 data cubes. The varying continuum level reflects
the Moon phase during which the data were obtained. It is properly adjusted ans subtracted to
measure the line fluxes.

The SN3 filter is the most popular SITELLE filter since it includes the bright Hα line along with other
important diagnostic lines such as the sulfur doublet [SII]λλ6717,6731 for electronic densities and the nitrogen
doublet [NII]λλ6548,6583 for abundance comparison and temperature determination. The SN2 filter is used for
the Hβ line that, once compared with the Hα line, provides a map of the extinction along the line of sight. The
forbidden oxygen doublet [OIII]λλ4959,5007 is used for abundance comparison and temperature determination.

The C2 filter was designed to study the faint auroral [NII]λ5755 line which, compared with the nitrogen
doublet from the SN3 filter leads to a direct measurement of the electronic temperature, and hence a precise
chemical abundances. C2 also includes the HeIλ5876 line to measure the helium abundance.



C1 is the widest filter; it provides information on the Balmer decrement from Hβ to Hε, therefore extending
the wavelength range available for a precise determination of the extinction. It also includes the weak HeIλ4471
and HeIλ4026 lines (for helium abundance) as well as the auroral line [OIII]λ4363, which when compared with
the oxygen doublet from the SN2 filter, is used for the electronic temperature determination in a different
ionization zone than the [OIII] lines. The NeIIIλ3868 line will also provide an important diagnostic of the star’s
evolutionary path.

Finally, the SN1 filter was chosen to map the forbidden oxygen doublet [OII]λλ3727,3729, (unresolved at our
spectral resolution) which will allow to describe the ionisation flux as a function of the distance from the star.

2.2 Data analysis with ORCS

Data reduction and analysis require specialized software that provide both precision and adaptability, which is
exactly what ORB and ORCS1,13,14 do.

An example of a fit over an integrated region of the nebula with a diameter of 20 pixels is shown in Figure
3 and represents the C1 filter spectrum and its 11 emission lines (H8 and HeIλ3888 are superimposed so they
are fitted only once). A sincgauss function (the instrumental line shape - a sinc - convoluted with a gaussian
to take into account turbulence and expansion of the nebula) is used. ORCS provide line width, centroid and
height with their uncertainties for each line.

Figure 3: Spectrum and fitted model for the C1 datacube of NGC 6888.

The Balmer decrement is pretty obvious in this spectrum, in addition to helium lines, as expected for a WR
nebula around a WN6 star. We can also see the faint auroral [OIII]λ4363 line a strong neon line (NeIIIλ3868).
The sidelobes of the sinc function are properly fitted. On the other hand, the background continuum is not
adjusted properly in this example, hence the mismatch between the observed spectrum and its fit outside the
emission lines.

In addition to fitting the integrated spectrum of selected regions, ORCS provides a map of each line flux by
fitting the spectra of the 4 million individual pixels of the cubes. Figure 4 shows examples of four lines very
rarely mapped on such an extended field of view.



Figure 4: Faint and auroral lines

3. FILAMENTOUS STRUCTURES

As seen in image 1, turbulences and non-uniformities in the structure of the shells are observable. Those are
Rayleigh-Taylor instabilities and are engendered whenever a hot and dense fluid collisions with a colder more
tenuous one.15 This shows that the first smooth layer, emitted during the red supergiant phase is now being
crashed into by the denser second layer, characteristic of a fast WR wind.16 It is also possible to assess that the
first layer collided rather smoothly with the ISM.

The blowout visible in the lower right part of the nebula might be caused by a rupture in the hot dense
shell structure17 possibly due to Vishniac instabilities. Clumpy and filamentary density structures are thus likely
created by both the Vishniac and Rayleigh-Taylor instabilities.

4. ELECTRONIC DENSITIES AND TEMPERATURES

Electronic densities and temperature vary with one another in nebulae. Here we assume an electron temperature
of Te = 10 000 K as a safe bet for first approximation, but a detailed analysis taking into account the measurements
of the auroral lines discussed above will be undertaken later using a Monte Carlo approach to simultaneously
determine both density and temperature.

Electronic densities are determined using the ratio of the forbidden sulfur lines [SII]λ6717 and [SII]λ6731.
The theoretical relation between line ratio and electronic densities that has been used for decades has been
updated18 to a systematically 20-22% lower value due to new atomic data. This new electronic density function
is shown in equation 1:

log
(
ne[cm−3]

)
= 0.0543 tan(−3.0553R + 2.8506) + 6.98 − 10.6905R + 9.9186R2 − 3.5442R3, (1)

where R is the flux ratio R = I6716
I6731

, and ne is the electronic density.



The star being so hot, the [SII] lines are very weak, so it is impossible to map the electronic density pixel by
pixel. We instead select integrated regions to maximise the signal-to-noise ratio over the most luminous regions.
Those are shown in figure 5 and their color represents electronic densities, which vary from 0 to 200 cm−3, values
that are quite low but not uncommon for WR nebulae.

The next step of this research category will be to determine electron temperatures from different independent
ratios, starting with the oxygen lines. The equation that will be used is shown in eq 3.18

R =
I4959 + I5007

I4363
(2)

Te = 5294(log(R) − 0.848)−1 + 19047 − 7769 log(R) + 944 log(R)
2

(3)

Similar equations are used for the nitrogen line fluxes. Chemical abundances will then be determined.

Figure 5: Electronic densities for selected regions. The back-
ground monochrome image is the map of the [SII] doublet.

5. KINEMATICS

NGC 6888 is an expanding gas and dust bubble19 driven by the dense, fast WR wind from the central star. That
motion is observable with SITELLE data.

The spectral cube SN3 has the best spectral resolution, which is crucial when determining radial velocities
via Doppler shifting. It is however important to keep in mind that a wind-blown bubble expands, so that a one
velocity fit is not representative of all the layers visible in one line of sight. So spectral resolution is key mostly
when comes the time to distinguish at least two velocity components.

Figure 6 is a qualitative Doppler map, obtained by combining in different colors consecutive channels that
make up the Hα line. The expansion of the bubble is evident.

In order to obtain a more quantitative measurement of the bubble expansion, we have used ORCS to fit a
double component velocity model using two sinc functions. An example of two component velocity fit is shown
in figure 7, where the observed Hα line in green, while the single component sincgauss model is illustrated in
yellow. The red and blue fits are respectively the redshifted and blueshifted velocity components. This figure
shows that it is possible to obtain a fit as good as the single component with two sinc functions for a region as
small as 9 × 9 spaxels.



Figure 6: Quantitative radial velocity map. Red represents
gas drifting away while blue gas is approaching us.

Figure 7: Spectrum with two velocity fits for the Hα line. The blue line represents
the whereas the dark red line represents the receding gas for a small group of spaxels.

Complete double velocity maps have been produced and calibrated and are represented as a histogram in
Figure 8. The expansion velocity we can draw from this histogram is around 45 km s−1 up to 100 km s−1, in
perfect agreement with previous work based on long-slit spectra.6,7, 20

Figure 8: Velocity dispersion histogram



6. STELLAR SPECTRA

The last ”E” in SITELLE stands for Emission. This instrument was indeed designed to study extended emission
line sources such as nebulae and star-forming galaxies, because Fourier transform spectrometers are notoriously
less efficient than dispersive instruments for continuum and absorption line study of faint sources. This is because
with an FTS the spectrum of the source is acquired by obtaining a series of images covering the entire bandpass
defined by the filter, at different optical path differences of the interferometer, thus building an interferogram
which is then Fourier transformed.21 Hence, the photon noise from the entire bandpass affects each spectral
element of the spectrum thus obtained. Nevertheless, absorption spectroscopy of astronomical sources is feasible
with an FTS, as demonstrated by many, almost exclusively on bright stars in the near-infrared regime.22–24

The data cube of NGC 6888 obtained with the C1 filter is particularly well suited to demonstrate the feasibility
and limits of SITELLE for absorption work as it covers a spectral bandpass (389 - 484 nm) often used to classify
stellar spectra .

Figure 9: Image of the continuum in the C1 band of a 4′ × 2′ field south-west
of WR136, representing 8% of the total field of view.

6.1 Spectra extraction process

The need to study the characteristics of not a dozen but several hundred stars (see Figure 9) in the SITELLE
data cubes inevitably led to the development of a routine. The task of this novel routine allows two main
applications:

Stars detection - Consists of automatically detecting the position of the stars. The approach is based on the
”DAOStarFinder” class which allows to targets objects with an intensity greater than a minimum selected
threshold and to obtain some parameters such as the instrumental magnitude.25

Spectra extraction - Spectrum extraction and background removal are two tools already implemented in
ORCS. The addition of an automation process thus completes the pre-existing functions of this data analysis
software by obtaining the spectra effectively without active participation.

Automatic star detection in the C1 data cube of NGC 6888 targeted over a thousand stars with a full
width at half-maximum (FWHM) larger than 3 pixels and minimum intensity threshold of 13*σ above the
background. Following the automatic extraction of their spectra, we have observed that some of them were
partly or even totally not suitable for further analysis. Of these faulty spectra, most were contaminated by the
signal’s spectrum of the nebula or the Wolf-Rayet star, and few were the result of problems that can arise with
the DAOStarFinder algorithm. Indeed, the techniques of detection used can be misleading in cases where the
intensity of the background fluctuates or unwanted noise is recorded (e.g. cosmic-rays), because the algorithm
do not differentiate between these variations and those specific to stars. Hence, possible changes to this method



implemented in the new routine may be made if speed and immediate precision become considerable criteria.
Nevertheless, for the NGC 6888 data cube, the method still remained sufficient and the defective spectra were
simply removed manually. Ultimately, out of the hundreds of candidates detected, we have selected just over
four hundred stars to move on to the next step: the spectral classification.

6.2 Results

6.2.1 Spectral classification

The models of stellar spectra available in the atlas by R. O. Gray26 are used for the current distribution of stars
into categories. So far, the spectral classification shows three more common types, namely A, F and G. A few
rarer stars can also be classified as K- and M-types or in categories belonging to other classification systems such
as carbon stars.

Figure 10 shows the spectra of type A, G, and K stars and a carbon star. In this sample, we can easily
discern the most important absorption lines that dominate each of the spectral classes, including the hydrogen
lines (Hβ, Hγ, Hδ, Hϵ, H8), the molecular band of CH, also called “G-band”, the CaII H & K doublet at 3933-68
and the TiO bands. As for the carbon star, it is possible to distinguish the imposing bands of carbon molecules
such as those of C2, CN and CH. Weaker lines can also be recognized in several extracted spectra as for example
the Ca I and Mn I lines of the spectrum of the G-type star presented (see Fig 10). Therefore, the distinction of
these features that can be identified and quantified clearly demonstrates the possibilities that the C1 filter has to
offer for the study of stellar absorption spectra in addition to leading to an interesting and diverse classification.

Figure 10: Examples of stellar spectra extracted with ORCS in the data cube of

NGC 6888 with the C1 SITELLE filter. From to to bottom, we can observe A-, G-

and M-type stars, and also a carbon star. The main features of each spectrum are

labeled. The normalized flux is multiplied by a coefficient to have spectra of the same

size and added to a constant to have a vertical separation.

The central ionizing star of the Crescent nebula, WR 136, is of course present in the field. Its particular
spectrum rich in helium and nitrogen, as well as weak hydrogen components (see Figure 11) classifies it in the



WN6(h)-s spectral subtype.27 This spectrum was extracted from a region of the point spread function away
from the central, saturated region.

Figure 11: The C1 spectrum of WR 136 extracted from a region of the PSF to avoid the

saturated zone. The strong emission lines and the He I λ 3888 absorption line are labeled.

6.2.2 Spectrum slope and interstellar CaII lines

The stellar dataset in the line of sight to NGC 6888 also allows to observe two interesting parameters:

(i) Slope. The variable inclination slope of the A-type stars could be an indicator of interstellar extinction. A
decreasing curve would characterize a more or less significant absorption and reddening of the star while
an increasing one indicate a very low absorption. Figure 12 shows examples these two distinct situations.
Here we measured the slope of the spectra by a linear regression estimated by the method of least squares
with a dataset between 20400 - 25600 cm−1 to exclude filter edges.

(ii) Interstellar Ca II lines. Previous work has shown that the intensities of the narrow interstellar CaII H &
K doublet (3933 - 3968 Å) lines may be a distance-determining parameter for early-type stars.28 In our
spectra of hotter stars, these well-known interstellar CaII lines can be recognized, but the resolution limits
the observation of the H-line which intertwines with the imposing Hϵ feature. Nevertheless, the different
strengths of the K-lines remain interesting to study the relation between its intensity and the distance from
objects.

Figure 12: Representations of spectra slopes with linear regression.



7. CONCLUSIONS

Using five SITELLE filters, the data of the southwestern part of the crescent nebula NGC 6888 allows us to
describe spatial distributions numerous emission lines as well as detail the filamentous structures present in this
expanding bubble and the dynamical processes creating them. The electronic densities have been determined to
be less than 200 e− cm−3, and temperatures are on their way to be calculated using the auroral lines [NII]λ5755
and [OIII]λ4363. Doppler shift and double velocity fitting allow us to target velocity of the expanding bubbles
around 50 - 100 km s−1. We also demonstrate that SITELLE, although not designed for the study of absorption
lines because of its intrinsic FTS design, could nevertheless be used to study stellar field such as open and
globular clusters.
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de Montréal and the CFHT, with support from the Canada Foundation for Innovation, the National Sciences
and Engineering Research Council of Canada (NSERC) and the Fonds de Recherche du Québec - Nature et
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