of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 481, 1235-1250 (2018)

®

ihancing
oy ond

doi:10.1093/mnras/sty2266

Advance Access publication 2018 August 18

Summer outbursts in the coma of comet 67P/Churyumov-Gerasimenko
as observed by Rosetta-VIRTIS

G. Rinaldi,!?< D. Bockelée-Morvan,3< M. Ciarniello,! G. P. Tozzi,* F. Capaccioni,’<
S. L. lvanovski,'? G. Filacchione,* U. Fink,®> L. Doose,® F. Taylor,® D. Kappel,’

S. Erard,® C. Leyrat,® A. Raponi,! E. D’Aversa,! M. T. Capria,! A. Longobardo,!

E. Palomba,! F. Tosi,* A. Migliorini,* A. Rotundi,>? V. Della Corte!? and M. Salatti®

Llstituto di Astrofisica e Planetologia Spaziali, Istituto Nazionale di Astrofisica, via del Fosso del Cavaliere 100 00133 Rome, Italy
2Universita’ degli Studi di Napoli Parthenope, Dip. di Scienze e Tecnologie, CDN 1C4, 1-80143 Naples, Italy

3LESIA, Observatoire de Paris, Université PSL,CNRS,Sorbonne Universite, Univ. Paris Diderot Sorbonne Paris Cité F-92195 Meudon, France
4INAF - Osservatorio Astrofisico di Arcetri , via LargoEnrico Fermi, 50125, Firenze, ltaly

5Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721, USA

5Departement of Physics, Oxford University, Parks Rd, OX13PJ, Regno Unito, Oxford, UK

"Institute of Planetary Research, DLR, D-12489 Berlin, Germany

8ASI, Via del Politecnico snc, 1-00133 Rome, Italy

Accepted 2018 August 16. Received 2018 August 16; in original form 2018 March 12

1 INTRODUCTION

ABSTRACT

We present an analysis of transient events observed by the Visible InfraRed Thermal Imaging
Spectrometer, instrument aboard Rosetta, for the dates of 2015 August 10, September 13 and
14, during the two months surrounding the comet perihelion passage of the Rosetta spacecraft.
We detected and characterized events with life-times ranging from 26 min down to 6 min.
The temporal evolution of the outburst shows a sudden increase of radiance from quiescent
coma to the maximum in a few minutes. This rapid onset is correlated with a change of the
visible dust colour from red, 15-18+ 3 per cent/100 nm, to bluer with values of 7-10% 0.3
per cent/100 nm. The dust morphology of these outbursts can be classified into two main
types: narrow and collimated plumes (August 10, September 13) and broad blobs (September
14). The observations suggest that there are localized regions on the surface that are more
prone to outbursts than the rest of the nucleus. The projected dust velocity during the outburst
events ranges between 22.2 +2.2 m s~ and 64.9 = 10.6 m s™*. The total ejected mass during
an outburst event is estimated to be between 10 and 500 tons for a duration of 6-26 min
assuming size distribution indices between —2.5 and —3.

Key words: methods: data analysis —methods:observational —space vehicles: instruments—
techniques: imaging spectroscopy —comets: individual: 67P/Churyumov-Gerasimenko.

These outbursts are characterized by a sudden and short increase of
the dust emission, from localized areas (Vincent et al. 2016) with

The primary objective of this work is to analyse several outbursts of
gas and dust from the comet 67P/Churyumov-Gerasimenko (here-
after 67P/CG) and to investigate the morphology and other proper-
ties of the plumes ejected during these events. The Rosetta probe,
orbiting close to the comet 67P/CG observed frequent outbursts
with an unprecedented level of detail unlike those of previous stud-
ies (A’Hearn et al. 2005; Farnham et al. 2007; Belton et al. 2008).
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variable degree of collimation, followed by a gradual decrease of
activity.

From 2014 to 2016, several outbursts were observed by Rosetta
(Tubiana et al. 2015; Griin et al. 2016; Knollenberg et al. 2016; Vin-
centetal. 2016; Agarwal et al. 2017; Della Corte et al. 2017). These
observations provided a detailed characterization of the nature and
evolution of 67P/CG outbursts and determined, in a few cases, their
periodicities.

Tubiana et al. (2015) reported a small outburst on 2014 April
30, which was observed by the Narrow Angle Camera (NAC) of
the Optical, Spectroscopic, and Infrared Remote Imaging System
(OSIRIS), during the approach of Rosetta to perihelion.
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On 2015 March 12, Knollenberg et al. (2016) observed, with the
OSIRIS Wide Angle Camera (WAC), a small outburst originating
from the Imhotep region at the foot of the big lobe of 67P/CG. The
source region was on the nightside of the nucleus, implying activity
from a non-illuminated area. The outburst lasted less than 1 h, and
the average dust production rate grew rapidly in the initial 4 min
up to 1 kgs™* and remained constant until the end. The differential
dust size distribution was described by a power law with index of
about —2.6 implying a dust-to-gas ratio in the outburst ejecta in the
range 0.6—1.8.

In 2015 August, during the perihelion passage, Vincent et al.
(2016) detected and characterized 34 outbursts with the Rosetta
cameras, one every 2.4 nucleus rotations. They identified three main
dust plume morphologies: a narrow jet and a broad fan, plus more
complex plumes featuring both of these types together. They found
a correlation between the outbursts sources on the nucleus with
morphological boundaries; the sources regions were often identified
in the proximity of steep scarps or cliffs.

On 2016 February 19, six months after perihelion, nine Rosetta
instruments observed an outburst of gas and dust from the nucleus of
67P/CG (Griinetal. 2016). The likely outburst source was identified
in the region called Atum, where Vincent et al. (2016) observed two
other outbursts during perihelion. Looking at OSIRIS images the
outburst appears as a cloud, consistent with the relative long duration
of the dust impact phase as measured by the Grain Impact Analyzer
and Dust Accumulator (GIADA) instrument, indicating that the
emitted dust cone was very broad. Griin et al. (2016) interpreted
the event as triggered by thermal stresses, fracture mechanics, and
gravity in the form of landslides or avalanches.

Pajola et al. (2017) studied morphological changes associated
with dusty outbursts that appear to result from cliff collapse, reveal-
ing fresh icy regions with an albedo at least six times higher than
the rest of the surface of the nucleus.

On 2016 July 3, several instruments onboard Rosetta detected an
outburst when 67P/CG was at 3.32 au from the Sun after perihelion.
Agarwal et al. (2017) reported the inferred properties of the ejected
dust, and that the surface change at the site of the outburst occurred
at local sunrise, lasting 14-68min. The outburst left a 10 m-sized
icy patch on the nucleus surface. The ejected material included
refractory grains of several hundred microns in size, and submicron-
sized water ice grains.

Della Corte et al. (2017) presented observations of an outburst
event that occurred on 2016 September 5 a few days before the final
landing of Rosetta on the surface of 67P/CG. GIADA observed
the temporal and spatial variation of particles from submicron to
millimetre from a distance less than 5 km from the comet surface.

In this paper, we present an analysis of the outbursts observed by
Visible InfraRed Thermal Imaging Spectrometer (VIRTIS) on 2015
August 10 and September 13 and 14, when the comet was at helio-
centric distances of 1.25-1.30 au, two days before and one month
after the perihelion passage, respectively. The spectra acquired by
the VIRTIS-H (VH) channel allowed us to infer the presence of
submicrometric particles in the ejecta of the September 13 and 14
outbursts to interpret the blue colours and high colour temperatures
measured in the infrared (Bockelée-Morvan et al. 2017). In this
paper, we use the VIRTIS-M (VM) observations (Section 2) and
combine them with the VH data published in Bockelée-Morvan
et al. (2017). The dust properties of the outburst are discussed in
terms of spatial distribution, temporal evolution (Section 3), and lo-
cation (Section 4). We also analysed dust physical properties such as
particle velocity (Section 5), reflectance and colour (Section 6), fill-
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ing factor (Section 7), and dust mass loss (Section 8). Conclusions
and future perspectives are provided in Section 9.

2 OBSERVATIONS AND DATA REDUCTION

The VIRTIS onboard Rosetta is composed of two experiments: VH
(Drossart et al. 2000), a cross-dispersing single-point spectrometer
providing spectra with high spectral resolution in the range 1.9-5
pum, and VM (Coradini et al. 2007), an imaging spectrometer work-
ing in the range between 0.25 and 5 um by with two channels: the
visible (VIS) and the infrared (IR) covering the 0.25-1jum and the
1-5 pm spectral intervals, respectively. VM is a slit spectrometer,
and thus the instantaneous field of view (FOV) covers a single line
on the target. The VM spectral images are acquired sequentially by
scanning the FOV from the top to the bottom for a given number of
lines (see Table 1). This means any scanned image is obtained over
a duration that depends on the number of lines and the exposure
time for each line (Coradini et al. 2007).

In this paper, we consider three sets of VM observations, showing
outburst ejecta acquired on 2015 August 10, September 13 and
September 14, i.e. a few days before and approximately one month
after the perihelion passage at heliocentric distances from 1.2 to
1.3 au. Due to the failure of the IR channel in early 2015 May,
our analysis is restricted to only VIS hyperspectral images. A list
of the observations with all the relevant information is provided
in Table 1. The geometry information for each VM observation is
calculated by a SPICE routine (Acton 1996) using the spacecraft’s
trajectory/orientation reconstructed kernels and the 67P/CG SHAP5
shape model for the comet nucleus (Jorda et al. 2016).

The first data set we analysed is shown in Fig. 1 A. This was
obtained on 2015 August 10 when the spacecraft was at a distance
from the comet nucleus of 309 km, corresponding to an FOV of
18 km in the horizontal direction and 9 km in the vertical one. The
spacecraft was approximately in a terminator orbit, so that the sun
illuminated only one hemisphere of the nucleus, while the other one
was in darkness.

On 2015 September 13, from 6:50 to 23:32 h uT, VM acquired
25 images that lasted about 30 min each. Among them, we analysed
a subset of three images (Fig. 2 B, C, and D) obtained from a target
distance of 314 km with the FOV covering an area of 20 < 17 km at
that distance. On this date, we observed a strong, anomalous activity
of the coma starting between 13:25 and 15:00 h. The instrument
detected one large outburst and two smaller outbursts about 10 min
later. In this paper, we define outbursts as strong, big, small, or mini
according to their brightness level at the maximum of the event and
their lifetime.

The third data set of this paper, two image cubes acquired on
2015 September 14, shows one mini outburst followed by a strong
outburst about 10 min later (Fig. 3). For this data set, the FOV of the
VM instrument is observing only the coma above the illuminated
nucleus, spanning about 18 and 1.5 km in the horizontal and vertical
direction, respectively, referred to a target distance of 316 km.

The spectra and images used for our analysis were reduced using
the VIRTIS reduction pipeline (Ammannito et al. 2006; Filacchione
et al. 2006) and additional corrections derived from in-flight data.
Moreover, we remove defective pixels or cosmic ray strikes using a
median filter de-spiking algorithm, which is employed only along
the spatial dimensions of the data, leaving the spectral data intact.

As a measure of the continuum intensity in the VIS, we chose a
narrow band pass of 0.10 pum width centred at 0.55 pm, while in
the IR we selected two spectral regions at 2.42 and 3.85 um. All IR
continuum radiances were averaged over 50 spectra.
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Outbursts observed by VIRTIS 1237
Table 1. VM observations analysed in this work.
Img VIS file name Cube Start Duration Exp S/IC Spatial Phase Sub/Solar Sub/Solar T
dimension time time time distance resolution angle Lat Long
(um) ©) ©) (km) (mpx7h) ) ) ) (au)
DATA OBSERVATIONS
2015 Aug 10
A V1.00397784631 256 129 432 23:45:09 2700 16 309 7 89 —25.2 155.1 1.25
2015 Sept 13
B V1.00400771480 256 98 432 13:59:18 1980 16 314 78 108 —29.42 308.8 1.30
C V1.00400773580 256 98 432 14:34:18 1980 16 314 78 109 —32.27 285.3 1.30
D V1.00400775680 256 98 432 15:09:18 1980 16 314 78 109 —32.51 258.5 1.30
2015 Sept 14
E V1.00400875328 256 26 432 18:16:47 1640 35 316 79 98.84 —22.28 173.3 1.30
F V1.00400877229 256 20 432 18:48:28 438 16 316 79 98.71 —22.91 166.2 1.30
Notes. Img: Assigned letter for each image cube.
VIS file name: Observation file names.
Cube dimension: Cube size in number of samples (256 fixed pixel number), number of scan lines, and spectral bands (432 for each channel).
Start time: Start time of each image cube (UT).
Duration time: Total duration time for each image cube from acquisition start to stop.
Exp time: Exposure time for each line.
S/C distance: Distance from the comet centre.
Spatial resolution: Pixel size at the distance of each observation.
Phase angle: Observation phase angle.
Sub/Solat Lat: Subsolar Latitude.
Sub/Solat Lon: Subsolar Longitude.
I'h: Heliocentric distance.
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Figure 1. Radiance at 0.55 pm for image V1.00397784631 (A), acquired on 2015 August 10, showing the nucleus, dust coma, and outburst ejecta (blob on
the left). The image details are listed in Table 1. A VM image of the nucleus at 0.55 pm is superimposed for better visualization. The radiance has units of W

m=2 st um™L,

3 OUTBURST MORPHOLOGY AND LIGHT
CURVES

The goal of this section is to analyse the evolution of 67P/CG
outbursts and characterize the spatial distribution of both the dust
background and the ejected dust. In particular, VM observation
sequences acquired during outburst activity allow us studying the
morphological and dynamic changes of the ejected dust for different
types of outbursts.

We identified two main dust plume morphologies associated
with these events: narrow jets (August 10 and September 13)
and broad plumes (September 14). Vincent et al. (2016) distin-
guished three type of outburst morphologies: Type A is associ-
ated with a very collimated jet that expands beyond the FOV,

Type B is a broad plume, or wide dust fan, and Type C is a
complex event, often combining both a narrow and a broad
feature.

In general, we know that the lifetime of these events ranges
between 5 and 30 min (Knollenberg et al. 2016; Vincent et al. 2016)
due to the VM acquisition time and FOV size, we do not know if
the image cubes were acquired shortly after the outburst started or
later, and if most of the material is still in the frame. The comparison
between the light curves of VH (Bockelée-Morvan et al. 2017) and
the temporal profiles of VM (Figs 4 and 5) help us to understand
what stage of the event we are observing and to infer the dynamic
behaviour of the outburst (Section 5).

In Table 2, we list all the relevant information obtained from the
analysis of our data set as outburst size or strength, time, duration,

MNRAS 481, 1235-1250 (2018)
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Figure 2. Radiance value at 0.55 um for the images VV1_.00400771480 (B), V1.00400773580 (C), and VV1_.00400775680 (D) acquired on 2015 September 13,
showing the nucleus, dust coma, and outburst ejecta (collimated ejecta). A VM image of the nucleus at 0.55 pm is superimposed for better visualization. The

radiance has units of W m=2 sr=t pm~1,

longitude, and latitude of the estimated source region of the outburst
(see Section 4), radiance level, and colour at the maximum of the
light curves (see discussion in Section 6). The duration is computed
using the time at which the radiance returned to the pre-outburst
value according to the VH observations (Bockelée-Morvan et al.
2017) and the strength or outburst size is defined in terms of radiance
level at the maximum of the event (eighth column). ‘Big’ outbursts
are events with a radiance level higher than 0.1 W m=2sr~% pm™!
and "mini” with a radiance level less than 0.1 W m~2sr™! um.
The outburst (f) is defined as *Strong’ because it is the strongest

MNRAS 481, 1235-1250 (2018)

event observed on 67P/CG by VIRTIS and other instruments with a
radiance level of 1 W m=2 sr=* um™1, similar to the typical radiance
values measured on illuminated regions of the nucleus surface in
the VIS channel (Section 3.3 and El-Maarry et al. 2017; Vincent
etal. 2017).

3.1 The August 10 outburst

Fig. 1 shows the outburst observed on August 10 starting at 23:50 h
and lasting until 00:07 h. The hyperspectral cube was acquired in
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Figure 3. Radiance value at 0.55 pm for the images V100400875328 (E) and VV1.00400877229 (F) acquired on 2015 September 14 (images on the right),
showing the nucleus, dust coma, and outburst ejecta (collimated ejecta). The images on the left show the configuration of the nucleus of the comet with respect
to the VM frames (yellow rectangles). The radiance has units of W m=2 sr=1 pm=1,
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Figure 4. Light curves of the outburst sequence of 67P/CG during 2015 September 13. The blue curve is the VH light curve radiance at 3.85 pm (multiplied
by 30). The multicolour curves are the VM radiances at 0.55 pm. The images on the right show the VM image frame for the observations B, C, and D, and the
yellow lines in the middle of the frame (sample 126) show where the VM profiles have been extracted. The different colours used for the VM light curves refer

to the distance from the comet centre.

45 min. Since each line of the image was acquired 20 s apart from
each other, we can analyse, along the vertical dimension of the
image, the temporal evolution of the coma components, as shown
in Fig. 1, where we display the line number and the corresponding

time of acquisition for each line (right-hand side of the images).
The figure is a composite image where the comet nucleus, taken as
an average in the wavelength range between 0.45 and 0.55 pm, is
superimposed on to the maps of the dust continuum at 0.55 pm.

MNRAS 481, 1235-1250 (2018)
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Figure 5. The plot on the left shows the light curve of the outburst F acquired on 2015 September 14. The yellow curve is the VH light curve radiance at 2.42
pm (multiplied by 50). The multicolour curve is the VM radiance at 0.55 pm. The images on the right show the VM image frame for the observations E and F,
and the yellow lines in the middle of the frame (sample 126) show where the VM profiles have been extracted. The plot on the right shows the VM light curve
of outburst E extracted along the red line in the frame E. The different colours used for the VM light curves refer to the distance from the comet centre.

Table 2. Outburst properties in the VIS channel.

Outburst characterization

Img Outburst size Detection time Duration Local time Longitude Latitude Max Colour
range range range radiance
(h) (min) (h) (°) (°) (Wm=2sr=1 um~%er cent/ 100 nm

A Big [23.88, 00.10] 26.0 [20.90, 22.78] [222, 245] [—56, —40] 0.15 9.7+05
B Big [13.65, 14.00] 24.0 [18.23, 19.62] [265, 282] [—43, —32] 0.38 100+ 05
C Mini [14.30, 13.40] 6.0 [16.61, 20.49] [207, 252] [-50, —29] 0.10 144 +0.7
D Big [15.00, 15.10] 9.6 [16.88, 19.89] [220, 278] [-50, —21] 0.22 120+0.6
E Mini [18.60, 18.80] 12.0 [18.62, 19.73] [154, 172] [—44, —22] 0.04 120+0.6
F Strong [18.80, 19.00] 12.2 [18.91, 20.52] [153, 177] [—41, 1] 1.00 5.0+ 0.25

Notes. Img: Assigned letter for each image cube.

Outhurst size: Size of outburst defined in terms of radiance level at the maximum (eighth column). ‘Big’ if the radiance is >0.1 W m~2 sr=t pm~" and ‘mini’
if the radiance level is <0.1 W m~2 sr=1 um™!. The outburst (f) is ‘Strong’ because it is the strongest event observed on 67P/CG (see Section 3).

Time detection: Start and stop detection time for each outburst.
Duration: Lifetime for each outburst.
Local time range: Local time range of outburst source on surface.

Longitude range: Longitude range of outburst source on surface (see Section 4).

Latitude range: Longitude range of outburst source on surface (see Section 4).
Max radiance: Radiance at 0.55 pum at the maximum of the outburst emission.

Colour: Colour at the maximum of the outburst radiance (see Section 6).

As in all the VM images reported in this paper, the Sun is shining
from the top of the image. In addition to the illumination-driven
dust activity, the image shows, on the left, a sharply bound ejecta
blob caused by an outburst.

The maximum intensity in the blob is 0.17 W m™2 sr™* pm™%,
8.5 times greater than the background coma.

3.2 The September 13 outburst sequence

The September 13 outburst sequence is composed of three hyper-
spectral cubes acquired in 30 min each at 1 min intervals (Fig. 2).
The dust distribution shows collimated structures whose behaviour
is correlated with the illumination conditions, with three consecu-
tive outbursts of dust blobs in the direction of the Sun.

MNRAS 481, 1235-1250 (2018)

Fig. 2B illustrates the first large event. It appears as a collimated
plume in the FOV plane, with a complex pattern showing internal
structures, suggestive of the presence of three collimated ejecta
originating from a common source on the nucleus and expanding
thereafter at a uniform rate. The ejecta of this outburst did not follow
a straight line, but a curved trajectory, probably due to the rotation
by 7.5° of the cometary nucleus during the event. This sequence is
an example of how the outburst emissions can be clustered in time
without strict periodicity between them (Farnham et al. 2007). The
maximum intensity of the event is 0.38 W m™2 sr~! um™1, 13 times
more intense than the background coma.

In Fig. 2C, we see the onset of another less-intense event, a ‘mini’
outburst, manifested as a collimated structure with a maximum
intensity of 0.10 W m=2 sr™* um™2,
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Finally, a third outburst (Fig. 2D) resulted in a complex event,
apparently the result of three or more ejecta sources on differ-
ent active regions of the surface. The internal structures form a
collimated and well-defined structure, with a maximum intensity of
0.22Wm=2sr~t pum™L.

Because of the simultaneous acquisition of the three outbursts
by VH, the temporal evolution of the complete sequence can be
followed in more detail, by comparing the light curves from the two
instruments as shown in Fig. 4.

Throughout the VM scans, VH stared at a fixed point in the coma
at 3.6 km from the nucleus centre (Bockelée-Morvan et al. 2017);
thus the VVH light curve shown in Fig. 4 (blue curve) represents the
time evolution of the radiance at 3.85 um. The VM temporal profiles
(multicolour curves) have been extracted in correspondence of the
location of the VH FOV along the slit direction of VM (sample
126 in the horizontal direction). The colours used for the VM data
points correspond to the colour scale displayed in the figure.

The light curves of the two instruments are remarkably similar
and allow us to accurately determine the duration and temporal
variation of the intensity for each outburst. The first big outburst is
a combination of three consecutive events, at small time intervals,
lasting altogether about 24 min, while the two mini outbursts oc-
curred about 40 min and 80 min later. Another common behaviour
is that all the outbursts are characterized by a sudden increase of the
dust radiance, reaching maximum intensity a few minutes later, fol-
lowed by a smooth decrease. This behaviour is typical of cometary
outbursts (Belton et al. 2008; Knollenberg et al. 2016). In both
light curves, the big event shows a complex pattern caused by three
expanding collimated blobs ejected at 5 min intervals.

Although VM and VVH are fundamentally different in their mode
of operation, VVH staring at a fixed point in space with the dust con-
tained in the outburst flowing through its FOV and VM scanning
spatially and temporally through the outburst, the two light curves
display striking similarities. we can draw two important conclu-
sions: First, VM is able to follow the three outbursts during their
complete evolution, and secondly, the dust grains observed by VH
at 3.6 km are same as those VM detected at different distances. This
shows how fast the dust is travelling away from the nucleus, as we
shall see in more detail in Section 5.

3.3 The September 14 outburst sequence

On September 14, VM observed two outbursts, which were captured
in two consecutive data cubes acquired 4 min apart. On the left of
Fig. 3, we show the configuration of the nucleus of the comet with
respect to the location of the FOV of two cubes, at the time of the
observation, indicated by the yellow boxes.

Image E covers the distance from 5 to 4 km and image F from 4
to 3.6 km from the nucleus centre. The first image, shown in better
detail on the right-hand side of Fig. 3, shows two jets with a dust
maximum emission radiance of 0.024 W m™2 sr=* um™! and an
irregular blob with a maximum emission radiance of 0.042 W m~2
sr=t um™2, two time bigger than the maximum of the radiance jets.
The same outburst has been observed by OSIRIS-NAC at 18.78 h
uT. It is the outburst n. 33 in Vincent et al. (2016), a complex event
combining two narrow features that arise from the same source
region on the surface. The two features are present even in the VM
image, the outburst and the jet (Fig. 3E).

Image F shows a large, intense blob spanning 8 km in the horizon-
tal direction and 2 km in the vertical. The maximum dust radiance
intensity is 1 W m=2 sr—t um~2, similar to the typical radiance
values measured on illuminated regions of the nucleus surface. All
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plumes come from the big lobe of the comet and are asymmetrically
located relative to it.

The temporal evolution of the coma during the outburst sequence
of 2015 September 14 can be followed in more detail by taking a
vertical profile through VM data, as shown in Fig. 5. As for the
September 13 outburst, the vertical profile has been taken to match
the VH FOV (yellow line in the images E and F of Fig. 5), however,
in this case only the F outburst has been detected both by VH and
VM, while the E outburst was only marginally covered by the VH
FOV.

Fig. 5 shows VM and VH light curves of the F outburst that
started at 18.80 h uT and ended at 19.00 h uT. Unfortunately, the
VM curve does not cover the complete evolution of the outburst.
The second plot displayed in the right part of Fig. 5 shows the light
curve of outburst E taken along the red line in the image at the
maximum radiance level. Outburst E is a mini outburst starting at
18.57 h uT. The light curve shows the typical behaviour of outburst
evolution, a sudden increase followed by a slower decrease. The
subsequent increase in the radiance is probably related to the start
of another outburst unfortunately falling outside VM FOV.

4 OUTBURST LOCATIONS

In the VM images analysed 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 location of 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 centre of the
target (tangent point).

Fig. 6 shows the outburst source regions projected on a morpho-
logical map of 67P/CG displaying the region boundaries defined by
El-Maarry et al. (2015, 2016). All outburst sources are located in
the Southern hemisphere, approximately at the latitude range from
—5° to —55°.

For outbursts observed on 2015 September 14, the likely source
location is where Oklay et al. (2016) detected potential activity
sources by analysing OSIRIS images in large parts of the Imhotep
region using spectral techniques to detect the potentially active
regions based on spectral slopes. Vincent et al. (2016) observed the
outburst E at latitude —25° and longitude 198° that is very close to
our detection considering the large uncertainty in the VM mapping.

In the same region, Knollenberg et al. (2016) observed a small
nightside outburst on 2015 March 12, and Agarwal et al. (2017)
detected an outburst at latitude —41° and longitude 158~ on 2015
July 3.

The outbursts observed on 2015 August 10 and September 13
arise from the eastern side of the body around longitude 210-280°
and latitude —20-—55°. These areas are characterized by steep
scarps, cliffs, and pits with considerable talus deposits (EI-Maarry
etal. 2016; Pajola et al. 2016). Griin et al. (2016), on 2016 February
19, observed an outburst in the Atum region at latitude —28.6° and
longitude 232.3°.

Kramer et al. (2017) present several monthly data sets of the
Rosetta’s cometary pressure sensor (COPS), which is part of the
Rosina payload. They reconstruct the gas density in the coma with
an inverse gas model constructed by fitting the COPS measurements
to potential gas sources distributed across the entire nucleus surface.
After perihelion, they find a correlation of more active gas emitting
areas with the locations of dust outbursts observed around perihelion
(Vincent et al. 2016). On 2015 September, the outburst locations
are close to active gas emitters.
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Figure 6. Source regions of the outbursts detected by VM. The red and blue rectangles correspond to the September 13 and 14 sequence, respectively. The
green rectangle corresponds to the August 10. The map is centred 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 by

El-Maarry et al. (2015, 2016).

The observations by the above-mentioned Rosetta instruments
suggest that there are localized areas on the surface that are more
prone to outbursts than the rest of the nucleus. In particular, despite
the poor statistics, VIRTIS finds that the broad events are likely
located in the Imhotep region, while the collimated ones originate
from the Atum, Anubis, Khonsu regions. This is an indication that
the morphology of outbursts can be correlated with local topogra-
phy, with flatter areas preferentially giving rise to broad outbursts,
while more rugged regions produce more collimated ones.

5 DYNAMICS OF OUTBURST PARTICLES

In previous investigations, the expansion speed of the outburst ejecta
was often determined using the cadence of the images. Vincent et al.
(2016) found that dust plumes, observed by OSIRIS, were ejected
with a minimum velocity of 13 m s,

On 2016 July 3, the Star Tracker cameras on Rosetta detected fast
particles travelling at a speed of (25 + 10) m s™* at the beginning
of the event and slower ones at velocity of (0.41 +0.05) ms™ 1 h
after (Agarwal et al. 2017). Similar velocity values were measured
for the outburst of 2016 February 19 (Griin et al. 2016).

In this section, we present a simple method to calculate the ve-
locity of outburst ejecta by comparing the VM and VH light curves.

To perform this calculation, we assume, following the discussion
at the end of Section 3.2, that VM and VH are observing the same
dust particles. We determined the shifts in time () and distance
(' position) OF the radiance peaks in the VM and VH light curves. The
ratio between the two gives us the expansion velocity of the dust
particles, projected on the plane of the sky.

MNRAS 481, 1235-1250 (2018)

5.1 Outbursts dust speeds derived by VIRTIS data

5.1.1 The September 13 outburst dust velocity

As described in Section 3.2, on September 13 the comet produced
a sequence of outbursts. The first one is a big outburst composed
by three consecutive emissions of dust ejecta in the direction of the
Sun (Fig. 2). All outbursts were detected both by VH and VM.

Fig. 7B contains two plots. The upper one shows the light curves
of the big outburst obtained by VM and VH, at 0.55 and 3.85
pum, respectively, and the lower plot shows the distance from the
surface of the VM and VH FOVs, where the data were acquired.
Since the FOV of VH was at fixed position, 2.6 km from the comet
surface (Fig. 7B, lower plot), the recorded signal represents the real
temporal profile of the outburst at the position of the entrance slit.
The VM profile has been extracted from the centre of each image
sample that corresponds to the position of VH FOV with respect to
the VM frame. From the light curves, it is possible to detect the three
outbursts: the first one is the strongest, followed by the subsequent
weaker, ones in the decay shoulder of the first. Due to the weakness
of the third blob in the big outburst in the VM light curve, it is not
possible to measure its position or its velocity at the maximum.

Table 3 gives the calculated projected velocity for the first two
local maxima of outburst B and for the C and D mini outbursts.

The velocities derived at the maxima of the light curves are
30.2+1.4and 22.2 +2.2ms™* forthe outburst B and 38.4 2.1 and
64.9 + 10.6 m s~ for C and D. The velocity errors corresponding
to estimated uncertainties in timing of the order of 1-2s, while that
of the distance is about 30 m.

5.1.2 The September 14 outburst dust velocity

On September 14, the comet produced another very large outburst
detected both by VH and VM (Fig. 5). We calculate the dust grain
expansion velocity inside the outburst applying the same method
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