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ABSTRACT

Context. On September 26, 2022, the NASA DART mission impacted the asteroid Dimorphos, the smaller component of the Didymos
binary asteroid system. This provided a unique opportunity to observe, in real time, the evolution of the ejecta cloud produced by the
impact and the formation of a tail.

Aims. We present observations performed with the MUSE instrument at the Very Large Telescope to characterise the morphology,
spectral properties, and evolution of the ejecta. The Didymos system was observed with MUSE on 11 nights from just before impact to
almost one month post-impact, using both wide-field observations without adaptive optics and narrow-field observations with adaptive
optics.

Methods. We produced white light images that were used to study the morphology of the ejecta at different spatial scales. The spectral
information was used to search for gas emission from either exposed ice or propellant, and to study the spatial and temporal variation
of the ejecta dust reflectance through reflectance maps.

Results. We searched for, but did not detect, emission from [OI], Xe, NH,, and H,O" in a 1’x1’ field of view in our observations
starting almost 4h after impact. We detected a number of morphological features, including a short-lived ejecta cloud visible on
September 27 towards the east, spirals, clumps, and a tail that started forming only a few hours after impact. The analysis of the
reflectance maps showed that the initial ejecta was bluer than the system before impact, while the tail and spirals were redder than the
initial ejecta, consistent with them being made of larger particles. Over the few weeks following impact, the tail became redder. No

significant colour differences could be seen between the clumps and the initial ejecta.

Key words. minor planets, asteroids: general — space vehicles — techniques: imaging spectroscopy

1. Introduction

The Double Asteroid Redirection Test (DART) NASA mission
is the first planetary defence mission aimed at testing asteroid
deflection through impact (Rivkin et al. 2021). The mission tar-
geted the Didymos binary system, which is composed of the
761 m diameter asteroid Didymos and the much smaller moon
Dimorphos (151 m) (Daly et al. 2023). DART impacted Dimor-
phos on 26 September 2022 at 23:14 UT. Even though evi-
dence shows that asteroid impacts occur regularly, they cannot
be predicted in advance. The DART mission provided a unique
opportunity to study an asteroid impact in real time, and the
morphological and spectroscopic properties of the ejecta cloud
it produced. The DART spacecraft was destroyed on impact,
but the LICIACube cubesat (Dotto et al. 2021), released from
DART about two weeks before impact, provided very high res-
olution images of the initial ejecta on a short timescale, in
the few minutes following the impact. The assessment of the
effect of the impact over timescales of hours to weeks was

achieved through ground- and space-based support observations
(see e.g., Thomas et al. 2023; Li et al. 2023). In this manuscript,
we report observations of the impact ejecta over a month using
the Very Large Telescope (VLT) Unit Telescope 4 Multi Unit
Spectroscopic Explorer (MUSE) instrument. These observations
allowed us to simultaneously study and establish correlations
between the morphology and spectral properties of the ejecta,
with a subarcsecond spatial resolution. They were part of a coor-
dinated campaign using all four VLTs to simultaneously study
the impact and evolution of the ejecta in a synergistic manner.

2. Observations and data reduction

We observed the Didymos—Dimorphos system with the MUSE
instrument on the VLT in combination with the Adaptive Optics
Facility (Arsenault et al. 2008; Strobele et al. 2012), from just
before the impact to about a month after impact. MUSE is an
integral field spectrograph (IFU) covering the full visible range
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Table 1. Observing circumstances of the 2I VLT campaign.

Date Time (UT)  Instrument set-up N AT (h) «a(deg) A(au) Scale (km)
2022-09-26  07:51-09:08 NFM+WFM 6+4 -15 52.3 0.0765 55.45
2022-09-27 02:55-08:02 NFM+WEM 8+15 +6 53.6 0.0754 54.72
2022-09-28  03:54-08:17 NFN+WEFM 6+14 +31 55.2 0.0743 53.90
2022-09-29  06:10-09:07 NFM+WEFM 5+5 +56 56.7 0.0734 53.21
2022-10-01  06:30-09:08 NFM+WEM 5+4 +107 59.7 0.0720 52.21
2022-10-03  07:22-09:09 WFM 10 +153 62.7 0.0713 51.73
2022-10-04 06:19-07:52 WEM 8 +176 64.0 0.0712 51.66
2022-10-07 05:51-09:31 NFM+WFM 4+10  +248 67.9 0.0719 52.12
2022-10-14  05:42-08:50 WEM 24 +416 74.2 0.0781 56.64
2022-10-19  05:31-08:59 WEM 25 +536 76.1 0.0857 62.14
2022-10-25 05:52-08:56 WFM 24 +680 76.0 0.0969 70.30

Notes. N represents the number of exposures obtained, AT the number of hours between impact and the observations mid-point, & the Sun-comet-
Earth phase angle, A the geocentric distance, and scale the number of kilometres covered by 1” at the geocentric distance of the system.

(from 480 to 920 nm), with a spectral resolving power of about
3000 (Bacon et al. 2010). We used the instrument in two differ-
ent modes: the Narrow Field Mode (NFM) with adaptive optics
and an 8”8 field of view (FoV) and the Wide Field Mode
(WFM) without adaptive optics and a 1’x1’ FoV. We used expo-
sure times ranging from 300 to 600 s, depending on the bright-
ness of the object and how crowded the background field was. A
summary of the data obtained is presented in Table 1.

For each mode the observing sequences consisted of sev-
eral exposures centred on Didymos, with dither and 90-degree
rotation between exposures, to allow correction of detector-
to-detector effects. Two exposures of the sky, between 5 and
10" from the system, were obtained for each sequence as we
expected the ejecta to fill the MUSE field, particularly in NFM.
For the later observing dates an offset (and rotation) was applied
to some observations to place the system at the edge of the field
and sample a larger part of the tail. The data were reduced using
the MUSE pipeline (Weilbacher et al. 2020), including flux cali-
bration and telluric correction using the spectrophotometric stan-
dard star observed during each night. For the WFM data we
tested background subtraction using dedicated sky exposures
and part of the science exposure without signal from the object.
We found that using areas of the science exposures led to lower
sky residuals, and we used it for all WFM data. For NFM data,
as the ejecta filled most of the FoV, we used the dedicated sky
exposures to subtract the background.

3. Results and discussion
3.1. Presence of gas

We searched our datacubes for gas emission, resulting either
from exposed ice uncovered by the impact or from the vapori-
sation of the propellants contained within the DART spacecraft
itself. There are several well-known emission lines and/or bands
within the MUSE wavelength range, but we focused our search
on four species. Given that our first observations were obtained
over 3 h after impact, we used WEM data with a larger FoV to
search for gas emission. Gas moving at a velocity of 1kms™!
(typical for gas produced by sublimation at 1 au from the Sun)
travels 14400km in 4 h, which is over a factor of 4 more than
what is covered by our field. This means that the component
of any gas emitted at impact along the plane of sky will likely
be outside our FoV. However, gas expanding in other directions
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will have a lower projected velocity and might still be detected
if present in sufficient amounts.

3.1.1. Gas from exposed ice or refractory material

[OI] forbidden emission lines around 558, 630, and 636 nm
result from the dissociation of water (or other oxygen-bearing
molecules). These lines could have been detected if sub-surface
water ice had been present within Dimorphos and was exposed
by the impact. We focused on the brightest of the three lines
at 630nm, following the procedure described in Opitom et al.
(2020). At the resolving power of MUSE, the [OI] 630 nm line
is blended with a telluric line. In datacubes without sky subtrac-
tion applied, we mapped the intensity of the [OI] line across
the MUSE FoV, looking for intensity enhancement associated
with emission coming from the ejecta. Because the emission
from the object would coincide with a variable telluric line, we
could only detect variations in the [OI] intensity of the order of
3 x 1078 ergecm™2s7! over the 1’1’ FoV of MUSE in a single
observation 4h after impact. Any emission homogeneous across
the field cannot be distinguished from sky signatures. We also
looked for traces of H,O" that would be produced by the ionisa-
tion of water. In this case, after subtracting the continuum contri-
bution for each spaxel of the datacubes, we produced maps of the
intensity around the wavelength of the HO* (8,0) band around
620 nm. No sign of H,O* was detected in the data from the night
directly after impact. Based on the standard deviation of the val-
ues in our maps, we would have been able to detect a flux of the
order of 2 x 1078 ergem™ s7! for H,O™ in a 5/x5” aperture in
a single observation 4 h after impact. Finally, we also looked for
Na emission, but due to a strong telluric emission of sodium on
the night after impact, we could not perform a sensitive search
for sodium.

3.1.2. Gas from propellant

Discussions within the DART science team following the obser-
vations of a fast plume in the minutes following the impact
considered whether it could have been driven by leftover fuel
expelled from the spacecraft during impact. The DART space-
craft contained hydrazine as propellant. Hydrazine (N,H4) pho-
todissociates into NHj (Stief et al. 2020), which then dissoci-
ates into NH,. NH, has several emission bands in the MUSE
wavelength range. Around 1au, NH; has a lifetime of about
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Fig. 1. Spectrum of Didymos over the MUSE wavelength range. Upper:
spectrum of Didymos measured within a 5 radius aperture on Septem-
ber 27, illustrating the absence of emission lines following the impact.
Lower: reflectance of Didymos on the same date computed using a solar
spectrum and a factor of 5 binning in the spectral direction. Overplot-
ted in red for comparison is the reflectance spectrum of Didymos on
September 26, pre-impact. Grey areas are strongly affected by telluric
absorption.

a few hours and NH; of more than 20h, meaning that if
present in sufficient amounts, hydrazine photodissociation prod-
ucts could have been detected around Didymos even several
hours after impact. Using the continuum-subtracted data, we
extracted the cubes around the wavelengths of the brightest part
of the NH, A-X (0,4,0)-(0,0,0), and A-X (0,3,0)-(0,0,0) bands.
We did not find traces of NH, emission in individual maps or
after combining maps observed between 02:55 and 08:02 UT on
September 27.

Finally, we looked for emission from xenon. The DART
spacecraft contained Xe used by the ion engine. There are sev-
eral bright Xe lines in the MUSE wavelength range, in partic-
ular at 823 and 828 nm. Following the same methodology as
for NH, and H,O*, we produced maps of Xe using the MUSE
WEM observations of September 27. No signal was detected in
these maps. Based on the standard deviation of the values in our
maps, we would have been able to detect a flux of the order of
9x 107" and 6 x 10" ergcm=2 57! for NH, and Xe respectively
in a 5”/x5" aperture in single observations 4 h after impact.

In addition to the methods mentioned above, we also
searched for emission lines in spectra extracted around the sys-
tem. This is illustrated in the upper panel of Fig. 1, showing
a spectrum extracted within a 5” radius aperture on Septem-
ber 27. This spectrum shows the lack of clear emission lines or
bands following the impact. Given the lack of spherical symme-
try and the unsteady state of the system, defining upper limits
of the production rates of the various species based on our data
would require dedicated modelling that is beyond the scope of
this paper; standard cometary techniques cannot be used in this
case.

3.2. Morphology of the ejecta

From our datacubes, we produced a series of white light images
for each of the exposures listed in Table 1. The collapsed 2D
images maintained the spatial resolution of the original dat-
acubes and the original plate scales of 0.2” pix~' for MUSE
WFM and 0.025” pix~! for MUSE NFM. We analysed the mor-

phological evolution of the ejecta in the WFM and NFM images,
specifically tracking early clumps (concentrations of material
with no resolvable structure) in the ejecta plume. We sought
to increase the signal-to-noise ratio in our observations while
preserving high temporal resolution, so we co-added exposures
in one-hour blocks in both modes for the first two nights, and
for the whole sequence for the nights after that. We created and
analysed a total of 21 stacked images for WFM and 7 for NFM,
which allowed us to probe two unique spatial regimes for several
weeks after impact.

Similarly to what was observed with the Hubble Space Tele-
scope (HST; Liet al. 2023), a few hours after impact we saw
extensive amounts of ejected material around the Didymos—
Dimorphos system in an eastern-facing cone, visible in our first
observations starting at 02:55 UT September 27. This ejecta dis-
played many smaller structures moving radially outwards, indi-
cating they are fast moving and have likely not been signifi-
cantly affected by the gravity of the binary or radiation pres-
sure (Li et al. 2023). Several of these clumps of material are out-
lined in panels a—c of Fig. 2. Several hours after impact, the
effect of radiation pressure pushing dust particles in the anti-
sunward direction becomes visible. A tail has formed and can
be seen in our NFM and WFM observations obtained around
07:00UT on September 27 (panel c). Over the next days to
weeks, the tail expands as small particles are pushed further
and eventually leave our FoV, while larger particle move on
longer timescales. Consistent with HST observations by Li et al.
(2023), by September 28 (panel d), curved features (referred to
as spirals and indicated by green arrows in panel e of Fig. 2)
have appeared: one located to the north and another to the south-
east. The curvature of these features can be seen more clearly in
NFM observations of September 28 and October 1 (panels d and
e), which have a spatial resolution comparable to HST. Li et al.
(2023) postulate that these features are composed of slower dust
particles which have interacted gravitationally with the binary
system, distorting the original ejecta cone to produce curved fea-
tures. Over time, the southern spiral splits into several linear fea-
tures visible in the NFM data of October 1 and in the WFM
data of October 7 due to the effect of the radiation pressure. The
radiation pressure also causes the northern spiral to broaden, as
smaller particles are pushed further than larger ones, and later
detach from the system entirely, as illustrated in the NFM data
in panel e and the WFM data in panel f. Finally, we note the
double tail visible on October 14 (panel g), whose origin is still
unclear.

Estimated plane of sky expansion velocities were derived
for a set of notable clumps seen in panels a—c of Fig. 2 and
located at similar projected distances from the system. These
clumps are marked by ellipses in panels a—c of Fig. 2. All
clumps appear to be moving at a similar projected velocity of
Vetumps = 13.7+2m s (average of the velocity measured for the
three clumps). Taking into account the projected velocity and the
time at which the positions of the clumps were measured, this
is consistent with an ejection around the time of impact. This
velocity is also consistent with the values for the motion of sim-
ilar features seen in HST images (Li et al. 2023).

3.3. Spectral properties of the ejecta

We took advantage of the IFU nature of MUSE to study the spa-
tial variation in the dust spectral properties across the ejecta.
In particular, we focused on the relative spectral reflectance
and its slope. The relative spectral reflectance is obtained by
dividing the spectrum of the object by the solar spectrum.
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Fig. 2. Evolution of the ejecta morphology seen from white light images in WEM at different dates. Panels c—f include insets showing almost
simultaneous images in NFM using adaptive optics. All images are oriented north up and east left. Intensities are in units of 107 ergs™' cm™.
The ellipses indicate the position of the clumps referred to in the text. The green arrows indicate the spirals mentioned in the text. The direction of

the Sun and a scale bar are shown in each panel.

We focused our analysis on the WFM data, while the NFM
reflectance map will be discussed in detail in a follow-up
publication.

The relative reflectance measured in a 5” aperture on
September 27 increases with wavelength between 480 and
750 nm, and then decreases slowly between 750 and 900 nm,
(Fig. 1). Its shape is consistent with the reflectance spectrum
measured pre-impact with MUSE and what is measured with
other instruments. More details on the measurement of the
reflectance can be found in Appendix A.

For each datacube we computed the relative reflectance spec-
trum normalised at 600 nm for each spaxel individually. We fit-
ted a slope (first-order polynomial) to the relative reflectance
between 500 and 750 nm (to match the cut-off wavelength to
the peak of the reflectance) and produced a map with the value
of this slope for each spaxel of each datacube. A signal cut-
off was applied to mask the spaxels with little to no comet
signal. We then re-centred and median-combined maps of the
reflectance slope for each observing night to increase the signal-
to-noise ratio and attenuate detector-to-detector effects (expo-
sures strongly contaminated by star trails were discarded). For
the observations on September 27, instead of co-adding all maps
for the night, we created two maps to allow us to study variations
on shorter temporal scales in the hours following the impact.
The results are shown in Fig. 3. The reflectance slope shown in
the maps (hereafter referred to as colour) is expressed in units
of %/100nm. We note that in the analysis below, we do not
compare the colour of the central condensation (dominated by
Didymos) seen in the maps presented in Fig. 3 to that of the
ejecta. The reason for this is to avoid any bias due to the dif-
ference in PSF size between the short and long wavelength part
of the data. This manifests in Fig. 3 as a dark annulus (nega-
tive reflectance slope) around the central condensation, which
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is an artefact and not a real feature of the ejecta. To define the
reflectance of the system pre-impact and to avoid this effect,
we used spectra extracted over the full PSF of the object from
observations on September 26, rather than using colour maps.
In some parts of Fig. 3, a check-like pattern can be seen in the
colour maps. This pattern is due to the combination of design
of MUSE which is composed of 24 different detectors (cre-
ating a rectangular pattern) and the observing strategy (small
dithering and 90-degree rotations were applied between each
exposure).

We examined the reflectance maps to study the evolution
of the ejecta and tail properties over time. In the hours fol-
lowing the impact, on September 27, the initial ejecta cloud is
clearly visible in the colour maps with a reflectivity of the order
of 0—4% /100 nm. This is significantly bluer (i.e., with a shal-
lower reflectance slope) than the system before impact, for which
we measure a colour of 12%/100 nm. This is also illustrated in
Fig. 1 that shows that the increase in the relative reflectance with
the wavelength is less pronounced after impact. As mentioned
above, by 07:00 UT on September 27 the tail is already visible
in our data with a reflectivity of 5—7%/100 nm. This is about a
factor of 2 higher than the broader ejecta seen in the first two
colour maps. By September 28 (and even more on September
29) the two spirals described in Sect. 3.2 are visible in the colour
maps. On September 29 they have reflectance slopes of the order
of 5-9%/100 nm, similar to the tail on the same date, with the
northen spiral slightly bluer than the southern one. On October
3 some material can be seen to the right of the northern feature,
of the order of a few %/100 nm bluer than the tail at the same
distance from the edge of the northern feature. As time passes
the tail becomes redder, from 5-6%/100 nm on September 27
to 7-10%/100nm on October 25. Finally, we do not see any
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Fig. 3. Maps of the reflectance slope between 500 and 850 nm, normalised at 600 nm for WFM observations. The maps are oriented north up and
east left. The direction of the Sun is indicated by a red arrow and a scale bar is shown in each panel. The time above each map is the average time
of the stack; the reflectance slope indicated by the colour bar is expressed in units of %/100 nm. A cut-oftf was applied to mask spaxels with little

to no target signal.

significant colour differences between clumps and the rest of the
ejecta in the WFM colour maps.

Changes or differences in the reflectance slope of dust parti-
cles are commonly observed in the dust surrounding comets and
can have several causes, the two main ones being a change in
the composition of the particles and a change in their size distri-
bution (Jewitt & Meech 1986). In the case of the particles seen
after the DART impact, since the particles ejected come from
the same parent body, we assume that the main cause of the
colour difference observed is a difference in the particle sizes.
As explained below, this is also consistent with the timescale
of the different features. In general, bluer dust colours are asso-
ciated with small particles while redder colours are attributed
to larger particles (Jewitt & Meech 1986). We observe that the
ejecta is bluer than the tail. This is consistent with the initial
ejecta being made of smaller particles, which would leave the
FoV relatively fast (in the hours following impact), while the tail
is composed of larger particles. Li et al. (2023) determined that
when it appears, the tail is likely composed of 1-10s um size par-
ticles; by comparing the colour of the ejecta cloud to the colour
of the tail, and taking into account that it has mostly cleared
within two days after impact, we postulate that the initial ejecta
is likely composed of 1 um—10s um sized dust. The tail becomes
redder with time as the smaller particles are pushed further by
the radiation pressure and leave the FoV of MUSE. In panels
e and f of Fig. 3, the feature towards the north is associated
with particles from the northern spiral being pushed and spread
out by the effect of the solar radiation pressure. This appears
slightly bluer than the tail at the same distance from the object,
consistent with what would be expected for particles smaller

than those of the tail that were first ejected towards the Sun
and then turned back by the radiation pressure, as postulated by
Li et al. (2023).

4. Conclusions

We analysed observations performed with the MUSE instrument
before and up to a month after the DART impact, probing a range
of spatial and temporal scales. We used these data to search for
gas emission following the impact, study the morphology of the
ejecta, and measure its spectral properties. We draw the follow-
ing conclusions:

— After searching for emission from [OI], Xe, NH,, or H,O",
we do not detect gas around the system in our observations,
which started 3h40m after the impact.

— We observe a number of dust morphological features around
the system after the impact, including clumps, consistent
with what was observed with HST (Li et al. 2023).

— We do not detect strong colour differences between the
clumps and the initial ejecta cloud. The tail and the two
spirals, however, have a redder colour (steeper reflectance
slope) than the initial ejecta. This indicates that the initial
ejecta is made of relatively small (and faster moving) par-
ticles leaving the FoV in the hours and days following the
impact, while the spirals and tail are made of larger particles.
We also see bluer particles to the west of the northern spiral a
week after impact, likely smaller particles originally ejected
towards the Sun and then accelerated by radiation pressure.
Over time, the tail becomes redder, consistent with a particle
size selection effect due to the solar radiation pressure.
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The IFU nature of the MUSE instrument combined with adap-
tive optics capabilities allowed us to perform this unique com-
bined analysis of the morphology and spectral properties of the
ejecta following the DART impact, down to subarscecond spatial
scales.
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Appendix A: Reflectance

We observed two solar analogues with the WFM and NFM
modes to allow us to measure the reflectance of the Didymos—
Dimorphos system: HD11532 and HD28099. We also tested
a reference solar spectrum obtained using the SOLar SPEC-
trometer (SOLSPEC) instrument of the SOLAR payload on
board the International Space Station (ISS) (Meftah et al. 2018),
re-sampled to match the sampling of MUSE. The two solar ana-
logues and solar reference spectrum gave similar results, as illus-
trated in Fig. A.1, and we decided to use the solar spectrum for
this analysis. The reflectance spectrum shown in Fig. A.1 was
measured in an aperture of 5” for the data obtained on Septem-
ber 27, a few hours after impact. Observations were performed
simultaneously with the X-Shooter spectrograph on the UT?2 at
the VLT, using the same solar analogues as those used for the
MUSE observations. The reflectance spectrum shape and slopes
measured with the same analogue and with a similar aperture
with both instruments are consistent with each other (de Léon et
al., in prep.). The shape of the reflectance spectrum we obtained
is also consistent with the reflectance measured by the FORS2
instrument on the VLT at a similar time (Bagnulo et al. 2023).
Finally, it has a similar shape to what was measured for the sys-
tem pre-impact (Kiersz et al. 2021).

1.25

1204 HD11532

HD28099

Reflectance

6500 7000 7500 8000 8500 9000

Wavelength (\AA)

5000 5500 6000

Fig. A.1. Reflectance measured within a 5" radius aperture on Septem-
ber 27, using a solar spectrum, and two solar analogues (HD28099 and
HD11532). Grey areas are strongly affected by telluric absorptions.
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