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Typeset using L A T E X default style in AASTeX63 Analysis of Hybrid Gas-Dust Outbursts Observed at 67P/Churyumov-Gerasimenko

Cometary outbursts offer a valuable window into the composition of comet nuclei with their forceful ejection of dust and volatiles in explosive events, revealing the interior components of the comet. Understanding how different types of outbursts influence the dust properties and volatile abundances to better interpret what signatures can be attributed to primordial composition and what features are the result of processing is an important task best undertaken with a multi-instrument approach. The European Space Agency Rosetta mission to 67P/Churyumov-Gerasimenko carried a suite of instruments capable of carrying out this task in the near-nucleus coma with unprecedented spatial and spectral resolution. In this work we discuss two outbursts that occurred November 7 2015 and were observed by three instruments on board: the Alice ultraviolet spectrograph, the Visual Infrared and Thermal Imaging Spectrometer (VIRTIS), and the Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS). Together the observations show that mixed gas and dust outbursts can have different spectral signatures representative of their initiating mechanisms, with the first outburst showing indicators of a cliff collapse origin and the second more representative of fresh volatiles being exposed via a deepening fracture. This analysis opens up the possibility of remote spectral classification of cometary outbursts with future work.

INTRODUCTION

The European Space Agency's Rosetta spacecraft escorted the comet 67P/Churyumov-Gerasimenko from August 2014 until September 2016. For a broad range of comet and heliocentric distances the spacecraft observed changes to the comet's coma, nucleus, and plasma environment. One particularly frequent form of these changes comes from cometary outbursts. Characterizing outbursts and their impact on the near-nucleus coma is critical to understanding the relationship between outburst traits, chemical composition, and level of dissociative electron impact. So far both gas and dust outbursts have been identified by the Alice instrument, with several outbursts even having overlapping traits (Feldman et al. 2016;[START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #47, AAS/Division for Planetary Sciences Meeting Abstracts[END_REF][START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #50[END_REF]. This dichotomy is difficult to disentangle with any single instrument's dataset; a multi-instrument approach is required to make meaningful progress in proper outburst characterization (Grün et al. 2016;Pajola et al. 2017;Agarwal et al. 2017). The initiation of outbursts, gas or dust, may leave unique clues in the coma signature that could be traced with a multi-instrument technique. Reviewing the library of Rosetta data, identifying outbursts in the data, and correlating different instrument datasets represents the next crucial step in understanding the chaotic nature and source of cometary outbursts.

Alice observations of outbursts have revealed a range of compositions and emission processes within these periods of increased activity. H 2 O, CO 2 , CO, and O 2 were all indirectly observed within outbursts via emission from the daughter products H,C, and O (Feldman et al. 2016). The supervolatile species O 2 is thought to be the outburst initiator based on the outburst model put forward by Skorov et al. (2016), which modeled the similarly volatile CO, due to the abundance of O 2 in outbursts (Feldman et al. 2016). The increased emission strength of the semi-forbidden O I] 1356 Å feature during outbursts with respect to other atomic emissions also indicates changes to the dissociative electron impact emission environment, but whether that increase is caused by an increase in the neutral density, electron density, electron energy, or a combination of the three remains to be determined (Feldman et al. 2016). This correlation has been among the most intriguing results from Rosetta; the discovery of the prevalence of dissocative electron impact emission, the result of collisions between energetic electrons and neutral molecules like H 2 O, CO 2 , and O 2 , both at large heliocentric distances when it was correlated with solar wind interaction (Feldman et al. 2015;Bodewits et al. 2016;Galand et al. 2020) and nearer perihelion when it was more sporadic and linked to transient events (Feldman et al. 2016;Noonan et al. 2018). This emission mechanism is tied to the near-nucleus coma, typically within 10 kilometers of the nucleus, and had remained undetected in any comet prior to the Rosetta mission.

During the perihelion passage, several outbursts were observed with the Optical, Spectrocopic and Infrared Remote Imaging System (OSIRIS) and Visible InfraRed Thermal Imaging Spectrometer (VIRTIS) onboard Rosetta (Coradini et al. 2007), in both VIRTIS-H and VIRTIS-M channels. The outbursts have very different morphologies, with narrow and collimated plumes (August 10, September 13) and broad blobs (September 14) (Vincent et al. 2016;Lin et al. 2017;Rinaldi et al. 2018;Bockelée-Morvan et al. 2017). The outbursts have been characterized by sudden increases in dust scattered solar light over a period of 5-30 minutes, without a corresponding enhancement of CO 2 or H 2 O vibrational bands characteristic of the comet dust activity. This rapid onset is correlated with a change of the visible and infrared dust color from red to less red implying the presence of very small grains (∼ 100 nm) in the outburst material. The sudden increase is also correlated with a large increase of the color temperature (from 300 K to up to 630 K) and large bolometric albedos (∼ 0.7) indicate bright grains in the ejecta, which could either be silicatic grains, implying the thermal degradation of the carbonaceous material, or icy grains. The 3 µm absorption band from water ice is not detected in the spectra, whereas signatures of organic compounds near 3.4 µm are observed in emission. However, for the same outburst, Alice has observed a strong absorption feature around 170 nm, characteristic of water ice [START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #47, AAS/Division for Planetary Sciences Meeting Abstracts[END_REF][START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #50[END_REF]. Because the UV wavelengths are more sensitive to the small particles with respect to the IR wavelengths, the presence of the absorption feature around 170 nm and the absence at 3 µm would be consistent with the presence of very small ice particles, less than 100 nm.

At the moment cometary outbursts are well-known but poorly understood phenomena. The aim of this work is to take advantage of the capabilities of three instruments to analyze the dust and gas coma behaviour during these transient events in the post-perihelion period when the comet was at a heliocentric distance of 1.61 au. The comparison allows us to infer possible time evolution properties of the gas and dust activity. This paper reviews data taken between 12:00 UTC and 19:18 UTC on 2015 November 7 and is intended to serve as a companion paper to an additional multi-instrument analysis undertaken by Noonan et al. (submitted), which describes data taken between 21:26 UTC November 7 and 10:30 UTC November 8, 2015.

In Section 2, we describe the ALICE and VIRTIS-M instruments and datasets. In Sections 3,4 ,and 5 the results from each instrument, including OSIRIS and NAVCAM, are discussed individually. Finally, in Section 6 we combine the three separate analyzes to show the inverse relationship in these outbursts between gas and dust production, the implication for different outburst mechanisms, and provide an argument for further investigation of the Alice data for small outbursts. A brief summary of our findings is outlined in Section 7. The outbursts in this paper were identified while examining the atomic emission light curves from the Alice instrument for the companion paper. In Alice data outbursts are best characterized as sharp increases to atomic emissions relative to prior observations. To correctly identify an outburst items such as geometry changes must be ruled out.

OBSERVATIONS

Geometry and Spacecraft Pointing

On 2015 November 7, Rosetta and 67P were moving away from the Sun after perihelion in August 2015 and had a heliocentric distance of 1.61 au. At 12:00 UTC on November 7, when the first observations used in this analysis were taken, Rosetta was 237 km from the nucleus of 67P. Between 12:00 UTC and 19:18 UTC, when the final observations were taken prior to an observing gap, the spacecraft had decreased its comet-centric distance to 228 km. Over that same time period the phase angle decreased from 64 • to 61.5 • .

Alice Instrument Description

The Alice instrument was a low-power and light-weight imaging spectrograph on-board the Rosetta spacecraft with the goals of constraining the comet's UV surface properties, identifying atomic emissions from the coma, and understanding nucleus-coma interactions. The Alice instrument had a bandpass of 700 Å-2050 Å with a spectral resolution characterized in flight to be 11 Å at the center of the "dog bone" shaped slit, which had a narrow central section and wide top and bottom sections. The upper and lower portions were both 0.10 • (210 µm) wide, while the narrow center was 0.05 • (100 µm) wide in the middle 2.0 • of the slit. The lower and middle sections were 2.0 • long, while the upper section was 1.53 • . In total the slit was 5.53 • long. The detector in the Alice instrument was a microchannel plate with 32 rows in the spatial dimension and 1024 columns in the spectral dimension. Only rows 5 through 23 (zero indexed) of the 32 spatial rows were exposed to incoming light from the aperture. Each detector row subtended 0.30 • on the sky. One notable detector effect that was present in the data is identified as the odd/even effect, where the Alice detector tended to push counts to odd rows over even rows (Feldman et al. 2011;Chaufray et al. 2017). The full details of the instrument are available in Stern et al. (2007).

Alice Dataset

From 12:00 UTC until 19:18 UTC on November 7 the Alice instrument was in a stable pointing scheme, where there was minimal motion to the instrument's line of sight. At this time the Alice slit was centered on the nucleus of 67P, with the upper rows in the sunward direction and the lower rows in the anti-sunward direction (Figure 1). A total of 38 exposures were taken in this period. In this period of time the distance from the spacecraft to the comet decreased from 237.0 to 228.8 km, the subspacecraft latitude was between -3.20 • and -0.99 • , and the sub-spacecraft longitude ranged from 103.6 • to -109.0 • . The end of the "stare" scheme observations occurred at 19:18 UTC and Alice observations ceased until the ride-along observations described in detail by Noonan et al. (submitted). Additional information on Alice observing schemes and planning can be found in [START_REF] Pineau | 2018 SpaceOps Conference[END_REF].

VIRTIS-M Instrument Description

The Visual Infrared and Thermal Imaging Spectrometer (VIRTIS; Coradini et al. (2007)) was composed of two spectral instruments: VIRTIS-M and VIRTIS-H. VIRTIS-M was the visible (230 -1000 nm, 432 bands) and infrared (1000 -5000 nm, 432 bands) imaging spectrometer with a field of view of 3.6 • (along the slit axis) and an instantaneous field of view (IFOV) of 250 µrad. The instrument acquired hyperspectral cubes by scanning in time the target scene Figure 3. VIRTIS-M images taken between 15:04 and 18:49 UTC on November 7. The maps are composite images where the comet nucleus image (taken as an average in the wavelength range between 0.45 and 0.55 µm) is superimposed on the maps of the dust continuum at 0.55 µm to highlight activity and the Sun is always at the top of each image. The images on the top of each VIRTIS-M image show the configuration of the nucleus with respect to the VIRTIS-M frames (green rectangles) and the Alice slit in red from the Rosetta 3D tool. Frames 2 and 4 correspond to outbursts A and B, respectively, with both notable extensions and intensities of dust relative to the other frames. The radiance has units of W m -2 sr -1 µm -1 . The cube details are listed in Table 1.

line by line. The duration of the acquisition (∆t in Table 1) is given by the number of lines (including periodic dark current frames) times the internal repetition time, where the repetition time is the time between two consecutive steps necessary to move the internal scan mirror by one IFOV (Fig. 2). The integration time (t exp in Table 1) is lower than the internal repetition time. The maximum 3.6 • × 3.6 • FOV was imaged by repeating acquisition on successive 256 scan mirror steps (lines). From a distance of 100 km this corresponds to a 6.4 km × 6.4 km swath with a resolution of 25 m pix -1 . As an example, we show in Fig. 3 the VIRTIS-M hyperspectral cubes with the line and time axes.

VIRTIS-M dataset

Because of the failure in early May 2015 of the cryocooler, which is necessary to operate the IR channel, our analysis is restricted to VIS hyperspectral images. The spectra and images used for the analysis were reduced using the VIRTIS calibration pipeline (Ammannito et al. 2006;Filacchione 2006), with additional corrections derived from in-flight data. We removed defective pixels and cosmic-ray strikes using a median filter despiking algorithm, which was employed only in the spatial dimensions of the data and therefore left the spectral data intact. On November 7, from 6:29 to 19:26 UTC, VIRTIS-M (VM) acquired 17 images that lasted about 40 min each. Six of these observations are contemporary with Alice observations, between 15:03 and 16:53 UTC, and provide useful context. As shown in Fig. 3, in this range of time VM observed two outbursts (image cubes A and B) and small and strong jets in the other observations. The hyperspectral cubes are obtained from a target distance of 230 km with the FOV covering an area of 14.5 × 7.2 km 2 . The spacecraft was approximately on a terminator orbit so that the Sun illuminated one side and the other side was in darkness (Fig. 2). Figure 3 displays the intensity maps of the dust continuum in units of W m -2 sr -1 µm -1 . The maps are a composite image where the comet nucleus (as an average in the wavelength range 0.45 -0.55 µm) is superimposed on the image of the dust continuum averaged in a bandpass of 0.10 µm centered on 0.55 µm. The Sun is at the top of the image, and on the day side, the dust activity shows a predictable behavior that is correlated with the illumination conditions. Table 1 provides the geometry information for the hyperspectral cube calculated by a routine [START_REF] Acton | [END_REF]) that uses the spacecraft trajectory and orientation stored in SPICE kernels, and the 67P SHAP5 shape model for the comet nucleus (Jorda et al. 2016). The image was acquired line by line by means of a scanning mirror, taking 20 seconds per line with the final image composed of a sequence of consecutive lines in the vertical direction (Fig. 2). The analysis of the VM continuum can be limited by in field straylight when the instrument slit is partially filled by the bright nucleus, and a sizable portion of the incoming photons is spread into the adjacent coma pixels. For the outburst events studied here, there is no stray light because they are out of these regions.

ALICE RESULTS: GAS PROPERTIES

Here we discuss Alice UV observations of the period between 12:00 and 19:18 UTC on November 7 and describe properties of several useful Alice data products; spectra, light curves, and spatial profiles.

Spectra

Alice observations from 12:00 to 19:18 UTC were taken during a stable pointing scheme with little to no motion in the Alice slit relative to the nucleus for the duration. The exposure taken at 15:04 UTC on November 7, which is the quiescent background spectrum, contains the hydrogen emission features Lyman-α and -β, though Lyman-α has a non-standard line shape due to detector gain sag in that area (Fig. 4, blue spectrum). The same spectrum shows the O I] 1356/1304 Å ratio is <1, evidence that both dissociative electron impact and resonance scattering emission are within the Alice slit for relatively quiet periods of cometary activity (Kanik et al. 2003;Feldman et al. 2016), though resonance fluorescence along the Alice line of sight is dominant. O I] 1356 Å is the result of a spin-forbidden transition and is only present as as a result of dissociative electron impact, and its strength relative to the O I 1304 Å triplet can be used to infer compositions. In cases where dissociative electron impact excitation on O 2 or CO 2 is dominant we would expect the O I] 1356/O I 1304 Å ratio to approach 2 while if e+H 2 O dominates the value is closer to 0.3 (Hall et al. 1998;Feldman et al. 2016Feldman et al. , 2018;;Noonan et al. 2018). A O I] 1356/O I 1304 Å ratio greater than 1 can be seen in the spectra taken at 16:07, 17:32, and 19:18 UTC on November 7, both in Figure 4 and after quiescent subtraction to remove background coma emissions and interplanetary medium contribution to the Lyman series in Figure 5. The carbon emission features for this period are dominated by C I 1561 and 1657 Å, both capable of being produced by photodissociation and dissociative electron impact of CO 2 and CO, though the line ratios suggest a mixture of ----------------------CO 4PG----------------------- ----------------------CO 4PG----------------------- ----------------------CO 4PG----------------------- ----------------------CO 4PG----------------------- 

-2 s -1 Å-1 .
There is also faint CO Fourth Positive emission in the 1400 Å to 1600 Å region mixed with emission from dissociative electron impact excitation of CO 2 , discussed further in Section 6. Errorbars are plotted but are largely smaller than the line-width at wavelengths less than 1800 Å.

resonance fluorescence and e+CO 2 as the main contributor (Ajello 1971a,b;Ajello et al. 2019). CO Fourth Positive emission appears blended with atomic carbon and sulfur features between 1400 and 1600 Å specifically the 4-0, 5-1, 3-0, 4-1, 2-0, 1-0 and 0-0 bands, but far below the levels seen in spectra presented in Feldman et al. (2018) and are not characterized in this work.

To highlight spectral characteristics we have chosen three spectra that correspond to two VIRTIS-M outbursts and one jet; the first corresponds to outburst A at 16:07 UTC on November 7, the second to outburst B at 17:32 UTC, and the third to a jet at 19:18 UTC (Fig. 4). These three spectra allow spectral comparison of two prominent types of cometary activity: outbursts and jets. Quiescent-subtracted spectra are displayed in Figure 5 to properly convey the spectral signature of each activity. Lyman-β and the C I 1561 and 1657 Å features have no strong changes for the first VIRTIS-M outburst, but show much larger increases for both the second VIRTIS-M outburst and jet (Fig. 5). Additionally, the O I 1304 and 1356 Å emissions for each spectrum show different characteristics; the first VIRTIS-M outburst shows an O I] 1356/O I 1304 ratio of <1, the second a ratio >1, and the jet a ratio of ∼1.

The UV spectra contained in this analysis all share some weaker features that we will discuss here. First, the Ly-β emission feature is blended with O I 1025.72 Å emission at the resolution of the Alice instrument. However, the O I contribution to the Ly-β + O I 1025.72 Å blend can be determined from e+O 2 modelling done at 200 eV by Ajello & Franklin (1985) if the O 2 column density is known, though we note that this energy is significantly above the expected mean energy for electrons in the near-nucleus environment (Clark et al. 2015). Because the O 2 column density is typically not known a priori, we instead implement the line ratio for the O I 1356/1025.72 Å features from dissociative electron impact of O 2 , which is approximately 35, and is therefore negligible compared to the typical strength of Lyman-β. Given the low g-factor for fluorescence of the O I 1025.72 Å transition we assume this ratio is accurate for our data. Second, there is evidence of S I emission in Figure 4 as a weak triplet at 1807, 1820, and 1826 Å but these contributions are no longer clear in the quiescent-subtracted spectra in Figure 5 except in the aligned jet spectrum. This implies that there is weak S I emission at 1425 and 1473 Å blending with CO Fourth Positive group emissions. However, given that the S I and CO emissions are negligible in the quiescent subtracted spectra and are therefore not large components of either the outbursts or jet we will not focus on them. . Light curves for dominant atomic emission features between 12:00 and 20:00 UTC on November 7, integrated over rows 15-18 on the Alice detector. Errorbars on each point are driven by variation between rows, which is amplified by the oddeven detector effect. The observation used for quiescent subtraction is marked with a black dot-and-dashed line, observations coinciding with VIRTIS-M outburst detections are marked with blue lines for outbursts A and B at 16:07 and 17:32 UTC, respectively. The observation of the nearly in-slit jet is marked with a red dashed line.

Light Curves

By integrating Ly-β, O I 1304, O I] 1356, and C I 1657 Å emission features in rows 17-22 of the Alice slit for observations taken during the period between 12:00 and 19:18 UTC on November 7 light curves detailing changes to cometary activity can be made, allowing confirmation of outbursts and other transient events. In Figure 6 we clearly see stable atomic emissions from 12:00 until ∼16:00 UTC. At 16:07 UTC there is a sharp increase in O I emissions that quickly subsides back to the quiescent levels. A much stronger increase in emissions then occurred at 17:32 UTC, had a 5-20 Rayleigh decrease by 18:00 UTC, which was then sustained until 19:18 UTC.

From the Alice light curves several key pieces of information become clear. The first outburst identified by VIRTIS-M has a small CO 2 component, indicated by the small change in C I 1657 Å emission relative to the normal comet activity between 12:00 and 16:00 UTC. Second, the first outburst is smaller not just in emission strength but also in duration compared to the second outburst. For the first outburst quiescent emission levels were reached in the Alice spectrum at 16:13 UTC, while for the second it appears substantial cometary activity followed the outburst and persisted until the end of Alice observations at 19:18 UTC. This may be an indication that the second outburst may have increased more typical cometary activity like jets, which are sustained longer than outbursts. Third, the O I] 1356/O I 1304 ratio for the period shows that outburst A has a substantially lower value than either outburst B or the aligned jet (Fig. 6).

O I] 1356/O I 1304 ratios at or above 1 have previously been indicative of significant dissociative electron impact of CO 2 and O 2 in the inner coma (Feldman et al. 2018). The high O I] 1356/O I 1304 ratio persists well past 19:18 UTC into the period covered by Noonan et al. (submitted), until 12 November 2015. This consistent and elevated ratio indicates that the dissociative electron impact emissions were elevated for days, regardless of comet rotation, which could be tied to increased cometary activity, plasma density, plasma energy, or a combination of all three. This paper will focus only on the outbursts that appear to initiate this extend period of elevated electron impact emissions.

Spatial Profiles

During the stable pointing scheme on November 7 both the sunward and anti-sunward portions of the near-nucleus coma were observed in the same observations, an ideal geometry for developing one-dimensional spatial profiles of the near-nucleus coma. Several of these profiles are shown in Figure 7.

The earliest spatial profile is taken from the quiescent observation at 15:04 UTC and shows the inner coma as typically observed by Alice; strong emission on the sunward side, with weak emission on the anti-sunward side (Feldman et al. 2015(Feldman et al. , 2018)). This dichotomy is exhibited by all four emission features shown in the profiles in Figure 7. Emission strengths gathered from spectra taken at 16:07 and 17:32 UTC show the impact of outbursts A and B, while the emissions from 19:18 UTC are of the activity resulting from outburst B. All three emission features without substantial solar continuum contribution from the nucleus see an increase at the 0 km mark; Lyman β increases from ∼22 to 30 Rayleighs at 17:32 UTC, O I 1304 Å rises from 19 to 25 Rayleighs, O I] 1356 Å from 0 to 10 Rayleighs. Additionally, O I] 1356 Å shows a factor of 5 increase in emission near the nucleus, from a maximum of 8 Rayleighs at 15:04 UTC to 40 Rayleighs at 17:32 UTC. The slope for the O I] 1356 Å spatial profile at 17:32 UTC is also steeper than in the quiescent period, approximately -1.86 ± 0.90 Rayleighs/km compared with the -0.45 ± 0.03 Rayleighs/km at 15:04 UTC. This slope increases between the 17:32 UTC and 19:18 UTC datasets to -2.07 ± 0.31 Rayleighs/km, possibly indicating a relaxation of the near-nucleus coma to the quiescent state at the end of the stable Alice observations on November 7 and possibly a weakening of the jet.

The profiles for both Ly-β and O I 1304 Å appear flat between 3 and 7 km for the observations taken at 17:32 and 19:18 UTC, something that is not captured in the linear fit to the slope. This feature is missing in both the O I] 1356 and C I 1657 Å spatial profiles. There are two factors that make determining the significance of these changes difficult with the limited number of observations: the low spatial resolution and the odd-even effect experienced by Alice. The 1.2 km/pixel size combined with the tendency of the Alice detector to push counts to odd rows over even rows complicates peak determination, so all positions stated above have a pixel size uncertainty associated with them of ±1.2 km for these stable pointing spatial profiles.

VIRTIS RESULTS: DUST PROPERTIES

In this section, we analyze the physical properties of the dusty outbursts observed by VIRTIS-M in terms of lightcurve, color, filling factor and dust mass loss. In Table 2, we list all the relevant information obtained from the analysis of our data set as time, duration, longitude, and latitude of the estimated source region of the outburst, radiance level, and color at the maximum of the light curves. The duration is computed using the time at which the radiance returned to the pre-outburst value or when the coma observation starts and ends.

Outburst morphology and light curves

In this section, we analyze the evolution of the given outbursts and we characterize the spatial distribution of both the dust background and the ejected dust. As shown in Rinaldi et al. (2018) to distinguish, in the VM data, between transient events and long-lasting features such as jets, which are stable for more than one comet rotation as shown by (Vincent et al. 2016), we adopted the following criteria: the transient events observed by VM were identified by their light curve (radiance at a given wavelength versus time) characterized by a sudden brightness increase in the coma that is associated with a release of gas and dust over a very short timescale, that is 5-30 min (Farnham et al. 2007;Figure 9. Images of the outburst of November 7 in the VIS at 0.55 µm (upper plots) and the VIS spatial distribution of the color (lower plots) calculated in the yellow square of the dust image. The colorbar used for the VM color maps refer to % (100 nm) -1 for the cometary dust in the lower plots and not the intensity displayed in the upper plots. The location of maximum radiance, assumed to be the outburst source, has been marked with a red star. Ejecta from outburst A or B do not display any evident color gradient, unlike other outbursts observed by VM (Rinaldi et al. 2018). Miles et al. 2016;Bockelée-Morvan et al. 2017;Rinaldi et al. 2018). The light curve of a transient event can only be derived when the scan occurs along the radial direction of the plume. The VM data are acquired with a temporal scan, as shown in Fig. 2, in which each line corresponds to a given time. This allows us to reconstruct the temporal evolution of the event. The two outbursts were captured in two consecutive VM data cubes, acquired 42 min apart. In Fig. 3 A, the dust distribution shows a wide structure whose behaviour is correlated with the illumination conditions, with an outburst of dust blobs in the direction of the Sun. The wide shape can be the result of a complex event, with more ejecta sources on different active regions of the surface. The wide and well-defined internal structures have a maximum intensity of 0.08 W m -2 sr -1 . In Fig. 3 B, we see the onset of another less-intense event, manifested as a collimated structure with a maximum intensity of 0.06 W m -2 sr -1 (Table . 2).

In Fig. 3, the temporal profiles (multicolor curves) in the bottom plots have been extracted along the yellow lines sown in the upper images. The colors used for the VM data points correspond to the distance from the comet center. According to the description of the shape model by [START_REF] Preusker | [END_REF], this center is defined as the center of mass. Fig. 8 shows outburst light curves where the radiance has been multiplied by the distance as a means for better visualising changes in the coma. Before the outburst event both profiles have an approximately constant value in time between 0.05 and 0.09. This is consistent with a cometary coma in a steady state, with constant dust production and outflow speed together with the conservation of dust grains. Each outburst in Fig. 8 is identifiable by a sharp increase in the light curve that deviates from the radiance and distance product, which should be linear in nature for a steady state dust environment. Outburst A started at 16:13 h UTC and ended at 16:18 UTC. Outburst B is a less intense outburst starting at 17:33 UTC and ending at 17:48 UTC. Unfortunately, both curves do not cover the complete evolution of the outburst because the data do not show when the radiance returned to the pre-outburst value after the maximun. Both light curves show the typical behaviour of outburst evolution; a sudden increase of the dust radiance, reaching maximum intensity a few minutes later followed by a return to a typical dust environment by the next scan (Belton et al. 2008;Knollenberg et al. 2016;Bockelée-Morvan et al. 2019;Rinaldi et al. 2018).

Color

Previously in the literature it has been shown by Miles et al. (2016), Bockelée-Morvan et al. (2017), andRinaldi et al. (2018) that cometary outbursts have been associated with possible compositional and particle size changes. These changes would be evidenced by spatial and temporal evolution of the color, normalized reflectivity gradient, or reddening, measured in % (100 nm) -1 (Jewitt & Meech 1986). The color can be calculated using the values of the reflectance at two or more wavelengths. The reflectance, R, is a dimensionless quantity calculated by dividing the measured scattered light intensity I by the solar incident flux. Taking the wavelength dependent solar flux from [START_REF] Kurucz | IAU Symposium[END_REF], the mean reflectance gradient % (100 nm) -1 , r, for a particular wavelength interval becomes:

r = R λ2 -R λ1 λ 2 -λ 1 × 200 R λ2 + R λ1 . (1) 
The reflectances used are averages over a narrow bandpass of 10 nm in width centered on 550 nm (λ 1 ) and 750 nm (λ 2 ), chosen to optimise the Signal-to-Noise Ratio (SNR) and so minimise the internal error in the color determination. We obtained a two-dimensional color map using the spectrum for each pixel in the image (Fig. 3). The color uncertainties are evaluated with the method used by Rinaldi et al. (2018), by propagating the formal error that is inversely proportional to the SNR. Outside the outburst the uncertainty is higher because the radiance and the SNR are both very low (Fig. 3). For this reason, the color fluctuations outside the dust plume region delimited by the contour lines in Fig. 3 are not realistic. Inside the outburst the radiance and the SNR give us an uncertainty of about 15-20%. In Fig. 3, the two-dimensional color maps, for outbursts A and B, do not show evidence of different reddening values in the outburst dust continuum with respect to the surrounding coma, which implies that we do not observe dust with different physical characteristics (Bockelée-Morvan et al. 2017;Rinaldi et al. 2018). The color maps of both outbursts show a VIS color gradient at the maximum of the outburst ejecta with a value of 13.1 ± 1.3 % (100 nm) -1 for outburst A and a value of 12.4 ± 2.4 % (100 nm) -1 for outburst B.

ADDITIONAL DATASETS

OSIRIS Images

During the relevant time period there are 24 images taken by the Optical, Spectroscopic, and Infrared Remote Imaging System (OSIRIS) that are useful for comparing the observed outbursts to those described in Vincent et al. (2016). The Narrow Angle Camera (NAC) has a field of view of 2.20×2.22 degrees, which subtends approximately 9.0×9.0 km at 67P's distance at 15:03 UTC and 8.8×8.8 km for 19:18 UTC (Keller et al. 2007). Between 15:03 and 16:53 UTC on November 7 the OSIRIS NAC took 12 observations with exposure times of 0.675 seconds, long enough to capture cometary activity off of the comet's limb. There are no OSIRIS observations taken until November 9 after the 16:53 UTC observation on November 7.

Three of these observations are contemporary with key observations by Alice and VIRTIS-M and provide useful context (Fig. 10). The 15:05 UTC OSIRIS image taken within one minute of the Alice exposure at 15:05 UTC confirms that cometary activity is indeed quiescent at that period. This relatively quiet activity continued until at least 16:05 UTC (Fig. 10b). The first outburst detected in the Alice and VIRTIS-M data occurred at some point in the next 3 minutes, because in the 16:15 UTC OSIRIS exposure a substantial amount of activity is detected (Fig. 10c). This is in agreement with Alice data that shows a sharp increase in atomic emission at 16:07 UTC (Fig. 6).

The high resolution of the OSIRIS images allows us to examine the limb of the comet and the fine structure of the outburst. By first subtracting the 16:05 UTC image to create an irradiance difference image (Fig. 11) and then enlarging the sunward limb of the nucleus (Fig. 12) we can identify four new active sites on the limb of the nucleus that were not active ten minutes prior, at most. This suggests that outburst A is new activity and not the extension of existing active sites.

For comparison of outburst A to outbursts previously studied by OSIRIS we completed the same calculations for relative intensity as described in Vincent et al. (2016). The integrated irradiance (W m -2 sr -1 nm -1 ) was found by summing the individual pixel irradiances in a trapezoidal area extending between 50-500 meters from the comet limb. The total irradiance is then multiplied by 4πr 2 c , where r c is the spacecraft-comet distance, to calcuate the luminosity of the outburst. For outburst A we find that the luminosity was 1.12×10 12 W, an order of magnitude weaker than the 2016) but consistent with the other 33 outbursts described in Table 3 of that same paper. Without OSIRIS data for outburst B we can't calculate the relative intensity, but a simple scaling of the maximum radiance observed by VIRTIS-M for each outburst provides a reasonable estimate of the relative luminosity. In effect,

R B,V M R A,V M = L B,O L A,O -→ R B,V M R A,V M × (L A,O ) = L B,O (2) 
, where R indicates the max radiance of outbursts A and B from VIRTIS in W m -2 sr -1 µm -1 and L indicates the luminosity of the outbursts in the OSIRIS images in W. From this we find (0.06/0.08)×1.12×10 12 W = 8.4×10 11 W , or 8% of the maximum radiance of 1.18×10 13 W. This is still greater than almost half of the outbursts reported in Vincent et al. (2016). These OSIRIS context observations show that the outbursts observed by Alice, VIRTIS-M, and OSIRIS on November 7 are not unique compared to previously observed outbursts except in two ways: the instrument datasets available over the relevant time period and the distinct differences between the two outbursts themselves despite their close temporal proximity.

NAVCAM Images

Of the three available NAVCAM images taken during the period in question only one shows increased cometary activity coincident with Alice observations of an emissions increase. These three NAVCAM images are shown in Figure 1. In the NAVCAM image at 19:18 UTC, a jet can be seen extending along the Alice slit (Figure 13). This particular NAVCAM image was taken at the same time as an Alice exposure, displayed in red in Figure 4, and informs us that the spectrum is not taken during a period of strong outbursting but jet activity. The morphology of the 19:18 NAVCAM image is unlike the outbursts detected by VIRTIS-M and observed in the OSIRIS images, and appears to be more collimated than the other activities. This is particularly useful for identifying differences in composition and excitation processes between outbursts and more common cometary jets. 11 with a shifted color scheme to highlight the outburst's fine structure. Note that four distinct areas are all active at 16:14 that were not at 16:04 UTC. The area integrated for outburst brightness as described in Vincent et al. (2016) is shown by a white trapezoid.

In addition, the alignment of the first jet with the Alice slit means that the spatial profiles shown in Figure 4 can provide insight into dominant emission mechanisms within the jet itself and how they compare to small and large outbursts, as discussed in the next section.

DISCUSSION

The observations from Alice and VIRTIS-M data show two outbursts of different magnitudes, both in gas and dust emissions, occurring within a short period followed by approximately 1.5 hours of elevated activity before Alice observations cease. Such an overlap presents the opportunity for dust and gas analysis and a discussion about the implications for cometary outburst mechanisms.

Excitation Mechanisms

The substantial presence of O I] 1356 Å emission and the spectral fit of dissociative electron impact emission of H 2 O and CO 2 makes it clear that the dominant atomic emission mechanism relevant for near-nucleus cometary activity is driven by electron-neutral interactions, whether jets or outbursts. The substantial increase of the extent of the spatial profile for the semi-forbidden emission of O I] 1356 Å in Figure 7 for the outbursts and jet shows that the near-nucleus plasma environment is critically important for understanding the UV emissions. Without simultaneous plasma measurements taken within the outbursts it is difficult to know how much of this change in dissociative electron impact emission is due to increases in the neutral density, electron density, or electron energy. Improved modeling of the plasma effects on the UV emissions from 67P has been executed for periods where Rosetta was much closer to the nucleus, and electron distribution information from RPC-IES could be combined with ROSINA molecular abundances and VIRTIS or MIRO column densities to calculate emission rates (Galand et al. 2020;Stephenson et al. 2021). For this set of observations we are without those datasets, and must fall back to models that can only fit the relative abundances of CO 2 and O 2 to H 2 O. Such models rely on the emission line ratios derived from laboratory work with dissociative electron impact and are insensitive to the plasma properties near the nucleus.

Given the concurrent observations from VIRTIS-M indicating the substantial presence of dust it is useful to compare the activity in question to the dusty outburst of 2016 February 19 discussed in Grün et al. (2016) and Hajra et al. (2017). Hajra et al. (2017) showed that the near-nucleus plasma environment experienced a 3-fold increase in total electron density while simultaneously experiencing a 2-9 fold decrease in electrons greater than 10 eV. If a dusty outburst released little new volatile material and neutral density remained constant while the average electron energy decreased and the "cold" electron density increased, this would result in the calculation of a lower limit for column density assuming the 100 eV cross sections from the literature are implemented. Such a decrease to two of the three components for determining dissociative electron impact excitation rates would produce a significant decrease in dissociative electron impact excitation in Alice data. Put simply, comet dust outbursts should produce less dissociative electron impact excitation emissions than gas outbursts, most easily identifiable by the O I] 1356 Å emission feature.

If dusty outburst A possessed similar plasma properties as that discussed in Hajra et al. (2017), Alice spectra appear consistent with the decrease in electron energy, and thus lower emissions than would be typically expected from a outburst. In contrast, the presence of high-threshold energy C II 1335 Å emission at 17:32 UTC in outburst B (Figure 14) is interesting given the VIRTIS-M result that outburst B was a weaker dust outburst than outburst A, despite Alice measurements showing increased gas emissions. The weaker dust outburst B may not have damped the electron energies to nearly the same level as the stronger dust outburst A, made evident in the appearance of atomic emission features with larger threshold energies like C I 1279 and C II 1335 Å, at 26 and 40 eV respectively (Ajello 1971a;Ajello et al. 2019). This suggests that gas and dust outbursts do experience different levels of dissociative electron impact emission and present unique spectral signatures in the UV, specifically of high-threshold energy atomic emission features. However, to be sure of the correlation more outbursts with similar gas/dust properties observed by both Alice and the plasma instruments on board Rosetta must be analyzed.

Gas Composition

Given the progression from weak outgassing at 12:00 UTC to elevated activity levels with a substantial jet at 19:18 UTC here we analyze the composition of three key spectra. To identify the unique composition of the activity these spectra have been quiescent subtracted using the 15:04 UTC spectrum, leaving emissions produced by the newly introduced neutrals from the respective outbursts or jet. These emissions can be fit with a relative abundance model for dissociative electron impact emission of H 2 O, CO 2 , CO, and O 2 at 100 eV [START_REF] Makarov | [END_REF]Ajello et al. 2019; 14. The errorbars on these modelled relative abundances are between 30 and 35%, the result of uncertainties in emission brightness, emission cross section ratio measurements in the literature, and to a lesser degree, the model fitting error. Errors are higher for lower Ly-β brightnesses, as this increases the brightness measurement uncertainty for the determination of the baseline H 2 O, by definition set to 1 to find the relative abundances of CO 2 and O 2 . Mumma et al. 1972;Ajello 1971a,b;Kanik et al. 2003). The model first determines the relative abundance of CO 2 /H 2 O by taking the line ratios of the Lyman-β and C I emission features. The relative abundances were then used to model the contribution from e+H 2 O and e+CO 2 to O I emission features, using published line ratios from the aforementioned literature. These model spectra were then subtracted from the Alice data and the residual O I emission features were fit with an O 2 dissociative electron impact model. The calculated abundances for CO 2 and O 2 relative to H 2 O for 16:07, 17:32, and 19:18 UTC are shown in Table 4. This model is not without caveat. We make the assumption that atomic cross section ratios measured at 100 eV are accurate for the range of electron energies above each transition's threshold energies. This holds true for the main atomic emissions (Ly-β, O I 1304, O I] 1356, and C I 1657), but not all observed Alice features. An extension of this assumption requires that atomic transitions that have higher threshold energies (e.g. C II 1335 Å) need to be properly addressed. This is done via a scaling factor implemented in the fitting algorithm. Physically this is an attempt to capture the plasma environment's difference from the modeled Maxwellian distribution and the depletion of electrons with energies higher than threshold energy of certain atomic emissions. This model parameter is unitless and allowed to vary between 0 and 1, and in the fits shown in Figure 14 this parameter ranges between 0.1 and 0.25.

The calculated relative abundances for outburst A, outburst B, and the jet yield unique insight into the progression of cometary activity. At the peak of outburst A the CO 2 /H 2 O ratio was 0.6±0.2, while outburst B exhibits a different composition of CO 2 /H 2 O=1.0±0.3. These relative abundances are particularly interesting because the values, when paired with the brightness of the emission features, suggest that outburst B had a much stronger gas component than outburst A, despite the larger dust irradiances measured by VIRTIS-M for outburst A, and that there was a much stronger CO 2 component for outburst B, indicating more volatile rich material. The elevated emission from CO 2 continues after the outburst appears to be over; the jet has a CO 2 /H 2 O ratio of approximately 1.2±0.4 before Alice observations cease. This implies that the sublimation of H 2 O is largely responsible for lifting the dust in the outbursts, not CO 2 . This result requires confirmation through separate events, which in turn will require analysis of more outburst events in the Alice and VIRTIS-M catalog, as the implications for the interpretation of cometary activity are significant.

We point out that there is excess C I 1657 Å in the 19:18 UTC spectrum that is being fit with the e+CO 2 spectra with a strength of about 2-3 Rayleighs, contributing to an over-subtraction of the O I 1304 Å emission feature when subtracting the model from the observations. This 2-3 Rayleigh emission can partially be explained as the result of photodissociation and excitation of C I from the newly introduced CO 2 column, which has an excitation rate of ∼1.1× 10 -8 photons s -1 molecule -1 at 1 au (Wu et al. 1978). This produces a predicted integrated brightness of ∼3 Rayleighs for a column density of ∼3±0.7×10 15 . Without concurrent water column measurements from VIRTIS or MIRO to compare to, we must compare to the closest date available, when the MIRO instrument measured a total water column of 2×10 16 cm -2 just a few days later on 11 November 2015 (Biver et al. 2019). Using a direct comparison of the derived CO 2 column density from the excess C I 1657 Å emission and the later water column measurement would lead to a CO 2 /H 2 O ratio of 0.15, but this would be comparing a quiescent-subtracted derived value to a total coma value, and is therefore misleading. To order of magnitude the required CO 2 column density to explain the excess C I 1657 Å emission is near the measured water column density, and therefore any weak additional C I 1657 Å is likely from photodissociation of CO 2 . All other C I and C II emission features experience a negligible amount of solar resonance scattering and are fit well with the e+CO 2 synthetic spectrum for those two spectra. The final jet observation at 19:18 UTC shows residual emission of C I 1657, 1561, and what may be weak CO Fourth Positive Group emission, specifically the (0-1), (0-0), and (1-0) bands between 1400 and 1600 Å. We also note that these features may also represent low-energy electron impact on CO 2 , described in Ajello et al. (2019) but these are not implemented in our models owing to their low contribution to the overall emission. The calculated CO 2 /H 2 O ratios of 0.57-1.5 fall within the range expected for the regional composition of the southern hemisphere of 67P from both Alice and ROSINA observations (Feldman et al. 2018;Mall et al. 2016).

The O 2 column density is more difficult to calculate. Both outburst A and outburst B show excess O I] 1356 Å emission in the e+(H 2 O + CO 2 ) subtracted spectra that could be an indication of e+O 2 , but the residuals are poorly fit by the electron impact model owing to lack of corresponding O I 1304 Å emission. However, given the lack of CO Fourth Positive Group emissions there is not another likely neutral molecule that could be the source of the emissions, so we can cautiously treat this excess as an indicator of e+O 2 . We can constrain the O 2 /H 2 O to be approximately 0.21±0.07 and 0.14±0.05 for outbursts A and B. By contrast there is little excess O I] 1356 Å emission detected in the model subtracted jet spectrum (Figure 14). These O 2 /H 2 O abundances are consistent with previous Alice observations of outbursts and transient events (Feldman et al. 2016;Noonan et al. 2018), but substantially lower than values taken later on November 7 2015 (Noonan et al. submitted). There are no atomic or molecular emissions present in the spectra that would suggest dissociative excitation of additional neutrals plays a significant role at this time, and therefore we can treat these particular outbursts as representative of a typical small scale cometary outburst.

The post-outburst period for outbursts A and B are very different, offering insight into the different areas exposed during the course of each. Quiescent atomic emission levels are reached quickly after outburst A but following outburst B there is an increased brightness of atomic C and O features in Fig. 6 that lasts at least until 19:18 UTC. While the compositions are relatively similar, this suggests that outburst B exposed fresh material with substantial H 2 O and CO 2 , which began to sublimate immediately. This may explain the lack of excess O I] 1356 Å in the 19:18 UTC jet observation; the more volatile O 2 has been depleted, leaving a spectrum well fit by e+(H 2 O+CO 2 ) (Fig. 14). Therefore outburst A, which was substantially weaker in atomic emission, must have occurred in an area depleted in volatiles and was unable to sustain activity. Outburst B on the other hand, saw a sharp appearance of O I] 1356 Å possibly indicating O 2 , followed by sustained sublimation of CO 2 and H 2 O. This would suggest O 2 as the initiating volatile for a rapid outflow outburst model like that of Skorov et al. (2016).

Outburst Location

Fig. 15 shows the outburst source regions projected on a morphological map of 67P/CG displaying the region boundaries defined by El-Maarry et al. (2015, 2016). In the VIRTIS-M images analyzed in this work, the dust ejecta are seen only in one image, and the source location of the outbursts is not visible. Hence, we can only roughly identify the source location. We selected the pixels inside the outburst ejecta and determined the projected latitude and longitude on the surface at the intersection with the vector passing through the center of the target (tangent point). Both outburst sources are located in the Southern hemisphere, approximately at the latitude range from -20 • to -80 • . The location of outburst A is in the boundary region, between Anhur and Bes. Such boundary areas are characterised by discontinuities in the local terrain, either textural or topographic as observed in Vincent et al. (2016) and Fornasier et al. (2018). The location of outburst B is in the boundary region, between Anhur, Neith, Wosret and Sobek. These regions are located in the southern part of the neck. This region is considerably more complex texturally than in the north. Neith is bounded by Wosret on one side and Sobek on the other. It forms the major steep cliff from an edge (the Neith-Wosret boundary) down into the neck itself. The surface is very rough on intermediate scales. There do not appear to be any large scale structures (Thomas et al. 2018). Neither of these projected source regions has a previously detected outburst from Vincent et al. (2016) within their bounds, but the Anhur region has been classified as very active and volatile-rich (Fornasier et al. 2019a,b).

Comparing Alice and VIRTIS-M

Alice and VIRTIS-M observations are largely divided into gas and dust characterization, but close inspection of the overlapping characteristics of the dust components are warranted with this dataset. Here we discuss three different methods to compare dust reflected solar continuum between the UV and visible observations. If we assume that the reflected UV light is directly proportional to the reflected visible light (VIRTIS-M 5500 Å) (Table 1), referencing the SORCE solar continuum for November 7 from the the LISIRD database1 , and that the visible and UV albedos are similar, we find that the total dust contribution to the continuum between 1850-1950 Å should be approximately ∼93 and 70 Rayleighs for outbursts A and B, respectively. These are consistent with the changes in brightness observed in the nearest row to the nucleus limb of 100 and 80 Rayleighs for outbursts A and B (Figure 16). These zeroth order estimates could be further refined by addressing albedo and phase function variations as the UV albedo of 67P has been measured to have a strong blue slope, leading to a lower albedo at wavelengths between 1850 and 1950 Å (Feaga et al. 2015). The UV albedo of the comet surface red-ward of 1830 Å is not well characterized, so we can try the other edge case and assume that the albedo between 1800 and 1830 Å, 0.03 at zero-degree phase, is a good proxy for the UV dust reflectance. The ratio of UV to visible albedo then needs to be accounted for in the expected dust contribution to the continuum. Using the VIRTIS-M albedo at 5500 Å, 0.06 (Capaccioni et al. 2015), we get a ratio of 0.5 and an expected Alice continuum brightnesses of 47 and 35 Rayleighs for outbursts A and B, respectively. These values both underpredict the observed brightness, so a more representative albedo must be found via a different method.

As an alternative we can derive the albedo from the measured Alice and VIRTIS-M brightnesses and the VIRTIS-M albedo to find UV/visible albedos ratios of 1.07 and 1.14, corresponding to UV albedos of 0.065 and 0.069 when scaling the albedo of 0.06 at 5500 Å from Capaccioni et al. (2015). These slightly increased FUV albedos for outbursts A and B may represent the increased presence of water ice grains, which have higher UV albedos than carbonaceous material redward of 1700 Å (Hendrix et al. 2010;[START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #47, AAS/Division for Planetary Sciences Meeting Abstracts[END_REF]. However, a strong decrease in color slope was not observed in the VIRTIS-M dust data, which would be expected if a large number of large water ice grains (∼mm-size) were incorporated into the outburst plume (Calvin et al. 1995). For smaller grains this effect is much less pronounced, as the albedo is nearly constant between 5000 and 8000 Å for 20 µm size ice grains. Outbursts characterized from OSIRIS data by Fornasier et al. (2019b) exhibited a blue slope, albeit in the visible wavelength range, and were inferred to contain icy grains.

Hybrid Gas-Dust Outbursts

The early division of Alice outbursts into gas and dust types was observationally driven, with gas outbursts lacking dust components and dust outbursts lacking a gas component (Feldman et al. 2016;[START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #47, AAS/Division for Planetary Sciences Meeting Abstracts[END_REF]. Hybrid outbursts have been identified with Alice observations [START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #50[END_REF], and here we build on the concept. What the combined VIRTIS-M and Alice observations here portray is a range of outburst types bracketed by gas outbursts at one end and dust outbursts at the other. Previously characterized Alice gas outbursts may have had a weak FUV solar continuum reflectance that was not initially recognized owing to its limited brightness and distribution from the nucleus limb, which would then lead to a new classification in this combined gas/dust outburst type. Feldman et al. (2016) interpreted the gas outbursts observed by Alice as evidence of an outburst mechanism relying on a deepening fracture exposing volatile gases, likely driven by O 2 , rather than CO as described by Skorov et al. (2016). Conversely, other outbursts were linked to cliff collapses and geological failure (Steckloff et al. 2016;Vincent et al. 2016;Pajola et al. 2017). The outbursts studied in this work do not fit neatly into either classification with the lack of direct observations of the landscape during the outburst due to the large cometocentric distance, making it difficult to directly identify the mechanical process that caused either outburst. However, there are several key components of the outbursts that provide clues. presence of water ice grains in the outburst plume. However, substantial color differences were not detected between the plumes and surrounding coma in the VIRTIS data, 5. The source regions for each outburst lie in the Anhur region, a known outburst region with consolidated material and large discontinuities.

These results point to possible mechanisms for each outburst. Outburst A requires a smaller gas contribution, a large dust contribution, and cannot spur further sublimation from the exposed region. This suggests that structural failure of a largely volatile-depleted cliff is a likely mechanism for outburst A; the crumbling cliff face produces a large quantity of dust but has already been largely depleted of volatiles and did not expose substantial new material. The lack of high-threshold energy emissions also corroborates previous plasma observations of a cliff collapse outburst (Hajra et al. 2017), which show an overall increase in total electron density but a depletion of electrons greater than 40 eV. The Anhur region has had substantial activity, both jets and outbursts, and has substantial volatile content (Fornasier et al. 2019a,b). Outburst B requires a smaller dust contribution that is higher in UV albedo, implying the presence of water ice grains, and a larger gas contribution without damping the near-nucleus plasma environment to preserve high-threshold energy atomic emissions from e+CO 2 . These conditions are more closely aligned with the outbursts described in Feldman et al. (2016) and by the fracture propogation model of Skorov et al. (2016) than outburst A. However, we have two other conditions that need to be addressed: the sustained activity following the outburst and the presence of water ice grains. Sustained activity, especially with the substantial amount of CO 2 observed, requires a volatile-rich region to be exposed. The water ice grains could be the result of CO 2 gas sublimating deep in the fracture dragging icy grains from the interior out with the flow before the grains begin to sublimate as well. This mechanism could also explain the relatively flat extension of the Ly-β and O I 1304 Å spatial profile in Figure 7 for 17:32 and 19:38 UTC; an extended source of H 2 O has become available, one that was not present in outburst A at 16:07 UTC.

Without direct observations of the source regions during the outbursts a multi-instrument approach contains a wealth of information that can be used to constrain the outburst mechanisms. Further cross-analysis of as of yet unidentified outbursts in the Alice and VIRTIS datasets should yield improved spectral criteria to identify outburst mechanisms remotely.

SUMMARY

In this paper we analyzed three distinct activity types observed within five hours on 2015 November 7: a small outburst, a large outburst, and a cometary jet. The following results were shown from the Alice, OSIRIS, and VIRTIS-M datasets regarding the outbursts on November 7:

1. Alice, OSIRIS, and VIRTIS-M observations of outbursts indicated that these are not uniquely strong or compositionally distinct and are therefore likely representative of other outbursts at 67P.

2. Outbursts A and B display both gas and dust components and are therefore not entirely "gas" nor "dust" outbursts as previously described in Alice literature (Feldman et al. 2016;[START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #47, AAS/Division for Planetary Sciences Meeting Abstracts[END_REF] but are better classified as "hybrid" outbursts [START_REF] Steffl | AAS/Division for Planetary Sciences Meeting Abstracts #50[END_REF]).

3. The dust color as measured by VIRTIS-M is 13.1% (100 nm) -1 and 12.4% (100 nm) -1 for outbursts A and B respectively.

4. Outburst A likely originated in the far east Anhur region, outburst B likely originated in the boundary regions of the southern neck, between Worset, Neith, Sobek and Anhur.

5. Alice observations of the gas components show that outburst B was approximately twice as strong based on atomic emissions, which is inverse of the VIRTIS-M measured dust irradiances. VIRTIS-M observations of the dust component show that outburst A had a maximum radiance approximately 2.5× that of outburst B. Analysis of these outbursts shows that mixed gas and dust outbursts have features within their FUV and visible spectra that can help constrain the initiating outburst mechanisms. Obtaining spectra of the relevant near-nucleus coma in the future will be difficult without improved space-based UV-capable observatories or spacecraft, to say nothing of the temporal resolution required to properly identify outbursts. Even identifying outbursts in the optical wavelength ranges with imaging, where sensitivities are significantly higher, is difficult and requires both high-cadence and highsensitivity observations (Boehnhardt et al. 2016;Knight et al. 2017;Farnham et al. 2019;Farnham et al. 2021, Kelley et al. in press). However, the Rosetta mission dataset contains many more events to analyze. The outbursts discussed in this article are just two out of the dozens still requiring analysis in the Rosetta datasets awaiting further interrogation.

Alice spectra taken

The large dataset from the Alice spectrograph on Rosetta is unique, with nearly constant observation of a near-nucleus coma in the UV for two and a half years, providing a cometary UV dataset unlikely to be equaled for years to come.

Multi-instrument analysis of cometary outbursts has already proven to be of critical importance for understanding outburst mechanics and there is much more to be done with the data available. Cometary outbursts require further investigations to verify spectroscopic characteristics, both within the Rosetta datasets and in theoretical work.

Figure 1 .

 1 Figure 1. NAVCAM images from November 7 at 15:11, 17:15, and 19:18 UTC with nucleus pixels masked to highlight faint activity. The Alice slit is overlaid in white. The Sun is to the right in all three images. With the exception of faint jets emanating from the neck in image c) there is no evidence of significant background activity.

Figure 2 .

 2 Figure 2. The figure shows the configuration of the nucleus of the comet and outburst with respect to the VIRTIS-M slit (horizontal red line) and its scan direction (red arrow). The VIRTIS-M data cubes are acquired with a scan in which each line corresponds to a given time (white arrows). The orange thick line shows the Sun direction. The spacecraft is approximately in a terminator orbit with a phase angle of 90 • , so that one side of the comet is illuminated by the Sun and the other side is in darkness.

Figure 4 .

 4 Figure4. Spectra derived from rows 15-18 taken during a quiescent period, the VIRTIS-M outburst detections, and nearalignment of a cometary jet with the Alice slit on November 7. Of particular interest is the O I] 1356 and O I 1304 ratio, indicative of dissociative electron impact. Spectra are offset by 2.5 photons cm -2 s -1 Å-1 . There is also faint CO Fourth Positive emission in the 1400 Å to 1600 Å region mixed with emission from dissociative electron impact excitation of CO 2 , discussed further in Section 6. Errorbars are plotted but are largely smaller than the line-width at wavelengths less than 1800 Å.

Figure 7 .

 7 Figure 7. Spatial profiles of dominant emission features in Alice spectra at 15:04, 16:07, 17:32, and 19:18 UTC. The sunward direction is in the +X direction. Each detector row subtends approximately 1.2 km. Of particular note is the change in slope for O I] 1356 Å between quiescent, initial activity at 17:32 UTC, and the parallel jet observation at 19:18 UTC between 0 and 12 km.

4 Note: Column 1 :

 41 Assigned letter for each image cube. Column 2: Observation file name. Column 3: Start and stop detection time for the dust plume. Column 4: Observed outburst life time. Column 5: Local time range of outburst source on surface (see Section 6.3 ). Column 6: Longitude range of dust plume source on surface (see Section 6.3). Column 7: Latitude range of outburst source on surface (see Section 6.3). Column 8: Radiance at 0.55 µm at the maximum of the outburst emission in W m -2 sr -1 µm -1 . Column 9: color at the maximum of the outburst radiance (see Section 4.2).

Figure 8 .

 8 Figure 8. Light curves of the outbursts A (left) and B (right) acquired on November 7. The multicolor curves are the VM radiance at 0.55 µm multiplied by the distance from the comet center. The images on the top show the VM image frame for the observations A and B, and the yellow lines show where the lightcurve profiles have been extracted. The colorbar used for the VM light curves refer to the distance from the comet center and not the intensity displayed in the upper plots. For reference, a flatter curve represents a more linear relationship between radiance and distance from comet center. The deviations present at 16:13 UTC and 17:33 UTC are interpreted as the start of the outbursts.
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 1011 Figure 10. Three OSIRIS NAC images with 0.675 s exposure times taken between 15:05 and 16:15 UTC on November 7. The overexposed nucleus has been masked in the images to highlight activity and the Sun is to the right in these images. Both the top and middle image are taken during periods of typical cometary activity. The top corresponds with the Alice spectrum taken at 15:04 UTC in Figure 4, which is used for Alice quiescent subtraction. The image in the middle was taken 15 minutes prior to the Alice outburst detected in the 16:07 UTC Alice spectrum and the outburst imaged at 16:15 by OSIRIS, which is displayed in the bottom image. The Alice slit is overlaid in white with the approximate location of row 15 identified.

Figure 12 .

 12 Figure 12. Image showing a close-up of the change in limb activity in Figure11with a shifted color scheme to highlight the outburst's fine structure. Note that four distinct areas are all active at 16:14 that were not at 16:04 UTC. The area integrated for outburst brightness as described inVincent et al. (2016) is shown by a white trapezoid.

  Figure13. NAVCAM image from November 7 at 19:18 UTC, with Alice slit overlay in red. Subfigures b) and c) have been stretched to show cometary activity in the southern hemisphere. The slit was aligned with the activity at that time. The spectrum is shown in Figure4. This geometry is representative of the stable pointing scheme. For this period the Alice slit subtends 22 km at the nucleus distance, approximately 1.2 km per pixel. The white vector in the image denotes the rotational axis of 67P. The Sun is to the right in all three images.

Figure 14 .

 14 Figure 14. Alice quiescent-subtracted spectra showing the spectrum near outburst A (a), outburst B (b), and the outburst and/or jet (c). The spectrum from 15:04 UTC shown in Figure 4 is used as the quiescent spectrum. The modeled relative molecular abundances are reported in Table4.

Figure 15 .

 15 Figure15. Source regions of the outbursts detected by VIRTIS-M. The red and yellow rectangles correspond to the outbursts A and B, respectively. The map is centered on the small lobe, the big lobe covers the left-hand and right-hand side of the map, and the contact area between the two lobes covers mainly the top of the map (regions Hapi and Seth). The boundary regions, shown in the map, have been defined byEl-Maarry et al. (2015, 2016) 

  

  

  

Table 1 .

 1 VIRTIS-M observations contemporary with Alice observations Assigned letter for each image cube containing an outburst. Column 2: Observation file name. Column 3: Cube size in number of samples, number of scan lines and spectral bands (432 for each channel). Column 4: Pixel size at the

	ID	VIS File name	S Cube	R	texp	tstart	∆t	d S/C	Φ	Subsolar Subsolar	r h
										lat	long
				[m/px] [sec]	[UTC]	[sec] [km]	(•)	(•)	(•)	[au]
	1	V1 00405529400 256 126 432 45.07	16	15:04:40 2592 230 62.77	-16.62	50.93	1.61
	2 A V1 00405532100 256 126 432 45.07	16	15:49:41 2592 230 62.77	-14.05	28.41	1.61
	3	V1 00405534800 256 126 432 45.07	16	16:34:40 2592 229 62.75	-12.56	11.78	1.61
	4 B V1 00405537500 256 126 432 45.07	16	17:19:41 2592 229 62.67	-12.21	357.43	1.61
	5	V1 00405540200 256 126 432 45.07	16	18:04:40 2624 228 62.55	-12.95	342.61	1.61
	6	V1 00405542900 256 107 432 45.07	16	18:49:40 2176 228 62.42	-14.68	325.87	1.61
	Note: Column 1:									

distance of the observation. Column 5: Exposure time for each line. Column 6: Start time of the image cube (UTC). Column 7: Total duration time for the image cube from acquisition start to stop. Column 8: Distance of spacecraft from the comet center. Column 9: Observation phase angle. Column 10: Subsolar latitude. Column 11: Subsolar longitude. Column 12: Heliocentric distance.

Table 2 .

 2 Dust outburst properties in the VIRTIS-M VIS channel

	ID	VIS	Detection	Duration	Local	Long	Lat	Max	color
		filename		time	time	range	range	radiance	
			(h)	[min]	(h)	(•)	(•)		%/ 100 nm
	A V1 00405532100 [16:13, 16:18]	4.8	[17:00, 17:06] [70.37, 73.40]	[-58.73, -38.56]	0.08	13.1 ± 1.3
	B V1 00405537500 [17:33, 17:48]	15	[13:16, 17:01] [25.18, 354.98] [ -57.09, -18.73]	0.06	12.4 ± 2.

Table 3 .

 3 OSIRIS Narrow Angle Camera observations used in this work.

	Observation Time Exposure Time (s) Phase Angle ( • )
	15:04:56	0.675	63.3
	16:04:56	0.675	63.2
	16:14:56	0.675	63.2

Table 4 .

 4 

	Observation ID	UTC Time CO 2 /H 2 O O 2 /H 2 O
	ra 151107160746 hisa lin	16:07	0.6	0.21
	ra 151107173215 hisa lin	17:32	1.0	0.14
	ra 151107191814 hisa lin	19:18	1.2	0.10

Table 4 .

 4 Modelled relative abundances for H 2 O, CO 2 , and O 2 for the quiescent-subtracted spectra shown in Figure

  Figure16. Brightness in Rayleighs for row 16 of the Alice detector, integrated between 1850 and 1950 Å. Vertical lines represent quiescent (black dot-dash), outburst (blue solid), and jet (red dashed) observations. For this period of stable pointing row 16 was just off of the nucleus limb and only contains solar continuum emission reflected off dust. Of particular note are the ∼36% and ∼22% increases in brightnesses over the previous continuum measurements for outbursts A and B, respectively. Error bars on each measurement are smaller than the size of the points.

		550						
	Brightness (Rayleighs)	250 300 350 400 450 500						
		200	11/07 12:00	11/07 13:00	11/07 14:00	11/07 15:00 Time (UTC) 11/07 16:00	11/07 17:00	11/07 18:00	11/07 19:00

  during outburst A show a lower CO 2 /H 2 O ratio (0.6) than in outburst B(1.0). Outburst A also has a higher O 2 /H 2 O, 0.21±0.07 compared to 0.14±0.05 for outburst B. 7. Comparison of the Alice FUV continuum between 1850 and 1950 Å to VIRTIS-M dust irradiances shows that each outburst produced enough FUV reflectance to be detected in the Alice data, once investigated closely. 8. Outburst A is likely the result of structural surface feature failure (i.e. mass wasting). Outburst B contains elevated CO 2 , indicating a more pristine surface origin (i.e. fracture deepening) and sustains increased activity for over two hours. 9. The jet resulting from outburst B has a moderate CO 2 /H 2 O ratio (1.2) and appears depleted of O 2 compared to earlier activity, evidence that O 2 may have initiated the outburst and exposed new volatile-rich material that sublimated CO 2 and H 2 O at least until 19:18 UTC.

http://lasp.colorado.edu/lisird/data/sorce ssi l3/
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