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a b s t r a c t
We present results on the energy balance of the Deep Impact experiment based on analysis of 180 infrared spectra of the ejecta obtained by the Deep Impact spacecraft. We derive an output energy of 16.5
(+9.1/4.1) GJ. With an input energy of 19.7 GJ, the error bars are large enough so that there may or
may not be a balance between the kinetic energy of the impact and that of outﬂowing materials. Although
possible, no other source of energy other than the impactor or the Sun is needed to explain the observations. Most of the energy (85%) goes into the hot plume in the ﬁrst few seconds, which only represents a
very small fraction (<0.01%) of the total ejected mass. The hot plume contains 190 (+263/71) kg of H2O,
1.6 ± 0.5 kg of CO2, 8.2 (+11.3/3.1) kg of CO (assuming a CO/H2O ratio of 4.3%), 27.9 (+25.0/8.9) kg of
organic material and 255 ± 128 kg of dust, while the ejecta contains 107 kg of materials. About 12% of
the energy goes into the ejecta (mostly water) and 3% to destroy the impactor. Volatiles species other
than H2O (CO2, CO or organic molecules) contribute to <7% of the energy balance. In terms of physical
processes, 68% of the energy is used to accelerate grains (kinetic energy), 16% to heat them, 6% to sublimate or melt them and 10% (upper limit) to break and compress dust and/or water ice aggregates into
small micron size particles. For the hot plume, we derive a dust/H2O ratio of 1.3 (+1.9/1.0), a CO2/
H2O ratio of 0.008 (+0.009/0.006), an organics/H2O ratio of 0.15 (+0.29/0.11) and an organics/dust
ratio of 0.11 (+0.30/0.07). This composition refers to the impact site and is different from that of the
bulk nucleus, consistent with the idea of layers of different composition in the nucleus sub-surface.
Our results emphasize the importance of laboratory impact experiments to understand the physical processes involved at such a large scale.
Ó 2009 Elsevier Inc. All rights reserved.

1. Introduction
The Deep Impact mission successfully impacted Comet 9P/Tempel 1 on July 4, 2005 (A’Hearn et al., 2005). Numerous papers summarizing the different in situ and ground-based observations and
analysis have been published on this event (e.g., Icarus 191,
2007; Science 210, 2005). The energy balance of the Deep Impact
experiment was only partially addressed by these papers and several questions were raised, one of the most important being: is the
input kinetic energy of the impactor sufﬁcient to explain the
amount and velocity of the materials excavated from the comet
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in the ejecta? A tentative answer to this question led to several discussions in, e.g., Keller et al. (2007) or Holsapple and Housen
(2007), arguing that another source of energy (vaporization of icy
grains) is required to accelerate the materials in order to ﬁt the
observations.
Beyond this question, the energy balance of the Deep Impact
experiment provides new insights for understanding the event
and the composition of the upper layers of a comet nucleus. It also
offers a unique opportunity to compare and contrast this large
scale experiment not only with laboratory impact experiments at
smaller scale (Schultz et al., 2007), but also with theoretical simulations (Melosh, 2006). This is important to validate (or invalidate)
extrapolations usually based on physical laws, from the macroscopic scale in the laboratory to the kilometric scale of real craters
on Solar System objects.
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Table 1
Fluorescence (g) and thermal emission (gthermal) g-factors (s1) for H2O, CO2 and
organic molecules, as a function of temperature. g is almost constant with
temperature and negligible compared to gthermal at high temperatures. The partition
function Z is given for the discussion on opacity (see text). The g-factors values have
been derived from the HITRAN database.

g
gthermal @ 200 K
gthermal @ 700 K
gthermal @ 900 K
gthermal @ 1100 K
gthermal @ 1300 K
gthermal @ 1400 K
gthermal @ 1500 K
Z(T = 37.5 K)

H2O (2.7 lm)

H2O (1.4 lm)

CO2

Organics

2.90  104
1.66  1010
3.81  102
0.207
0.610
1.29
1.72
2.22
8.6

1.78  105
6.44  1022
2.84  105
2.02  104
1.43  103
5.83  103
1.02  102
1.64  102
8.6

2.86  103
1.94  105
3.37
9.86
19.5
31.2
37.5
44.1
33

2.3  103
–
0.3a
1a
2.0a
3.1a
3.8a
4.4a
284b

a
The value of gthermal for the organic component is derived from gthermal for CO2.
Its value is assumed to be 10 times smaller due to a partition function Z(T) that is
about 10 times larger than that of CO2.
b
Value for CH3OH (Crovisier, 2006), the main organic component.

However, determining the energy balance of such a large experiment is a complex issue, which requires an overview of the event
and the associated dataset, an understanding of the physical processes involved, and the knowledge of several key parameters estimated in situ by the Deep Impact spacecraft or remotely by
ground-based observers. Previous work on this topic was limited
because it mainly focussed on the late ejecta detected from
ground-based telescopes (Meech et al., 2005) or space mission
instruments (OSIRIS on Rosetta, Keller et al., 2007) and could not
take into account the materials in the hot self-luminous plume.
This hot plume, excavated in the ﬁrst seconds after impact
(A’Hearn et al., 2005), was only detected by the Deep Impact
instruments and plays a crucial role in understanding the energy
balance.
In this paper, we perform a detailed analysis of the Deep Impact
energy balance. In particular, we estimate, to the extent possible,

the amount and velocities of materials in the hot plume and in
the ejecta. We also review the different physical processes associated with the impact event. Section 2 presents the Deep Impact
data we used for our analysis. Section 3 gives the mass estimates
derived for the different materials in the hot plume and the ejecta.
Section 4 indicates the physical processes involved and their relative contribution to the energy balance. Finally, Section 5 contains
a discussion of numerous issues involved in our analysis and our
conclusions.
2. The data
The Deep Impact spacecraft took many images and spectra of
the impact event using the MRI (medium resolution camera),
HRI-VIS (high resolution camera) and HRI-IR (a 1–5 lm spectrometer that shares the HRI telescope) instruments (Hampton et al.,
2005). From the images, A’Hearn et al. (2005) detected a self-luminous vapor plume (hereafter hot plume) in the ﬁrst second after
impact, followed by the development of a diffuse cone of ﬁne
(0.5–2.0 lm, Lisse et al., 2006; Sunshine et al., 2007) solid ejecta
(hereafter ejecta or ejecta plume). In this paper, we mainly focus
on the hot plume, which has not yet been studied in detail
although it contains most of the energy released during the impact
(Table 2). For global mass estimates of the ejecta plume, we rely on
ground-based observations since the Deep Impact spacecraft was
too close to the scene to make such measurements.
We use the three HRI-IR frames that include the hot plume:
9000041_010 (hereafter 1st frame), 9000041_011 (hereafter 2nd
frame) and 9000041_12 (hereafter 3rd frame). The slit length is
64 pixels at this time (BINSF2 mode), which represents a total of
about 180 spectra usable for science (excluding the two bad pixels
on each edge). At the time of impact, the slit was at a ﬁxed position
relative to the nucleus center of mass, down range of the impact
site. For the position of the slit relative to the impact site, we use
MRI context images taken at the same time, but with a higher time

Table 2
Summary of the energy balance in the Deep Impact experiment.
Input

Mass (kg)

Kinetic (GJ)

Total
energy (GJ)

Fraction of total
input energy (%)

Impactor
Total input energy

372

19.7

19.7
19.7

>99.8
100

Output

Mass (kg)

Hot plume
H2O
CO2
CO
Organics
Other volatiles
Dust
Ejecta
H2O
Other volatiles
Dust
Impactor
% of total output energy
Total output energy

Breakup and
compression of
aggregates (GJ)

190
(+263/71)
1.6
(±0.5)
8.2
(+11.3/3.1)
27.9
(+25.0/8.9)
Negligible
255 (±128)

6.8  106
(±2.3  106)
Negligible
7.3  106
(±6.8  106)

Sublimation or
melting (GJ)

Heating (GJ)

Kinetic (GJ)

Total
energy (GJ)

Fraction of
total output
energy (%)

0.49
(+0.68/0.18)
0.0009
(±0.0003)
0.0024
(+0.0033/0.0009)
0.023
(+0.020/0.007)

1.26
(+1.74/0.47)
0.0048
(±0.0015)
0.027
(+0.037/0.010)
0.21
(+0.19/0.07)

4.28
(+5.91/1.60)
0.036
(±0.012)
0.18
(+0.25/0.07)
0.63
(+0.56/0.20)

36.5

0.46
(±0.23)

0.59
(±0.29)

5.73
(±2.87)

6.03
(+8.33/2.25)
0.042
(±0.013)
0.21
(+0.30/0.08)
0.86
(+0.77/0.28)
–
6.8
(±3.4)

0.3
1.3
5.2
–
41.1

1.49
(±0.50)

0.22
(±0.07)

0.09
(±0.07)

0.23
(±0.21)

1.71
(±0.57)
–
0.32
(±0.28)
0.56

3.4

16.5
(+9.1/4.1)

100

372
9.5

0.08

0.48

Negligible

6.4

15.6

68.5

10.3
–
2.0
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Fig. 1. Context images for the three HRI-IR frames used in this paper. We take the closest MRI image in time relative to the start and end of each HRI-IR frame. The white
vertical lines correspond to the position of the HRI-IR slit relative to the MRI image, with pixel #0 located at the top of the line and pixel #63 at the bottom.

sample rate than HRI-IR, as illustrated in Fig. 1. The 1st IR frame
started 0.4 s before impact and ended +0.3 s after impact. The
2nd IR frame started +0.3 s after impact and ended +1.0 s after impact. The 3rd IR frame started +1.0 s after impact and ended +1.7 s
after impact. During this time, the spacecraft distance to the nucleus decreases from 8700 km to 8000 km. In the analysis of
the MRI images presented in Schultz et al. (2007), the hot plume
moved out of the HRI-IR ﬁeld of view in less than 1 s after impact,
so that all of the material in the hot plume is indeed captured in
these three IR frames.

we use the 1.4 lm band, which is then strong enough. We have
also checked that when several bands are available, they all give
the same amount of water molecules.
The observed infrared emission can come from two different
sources: ﬂuorescence emission due to the radiation of the Sun
and thermal emission due to the temperature of the gas. As explained later, the gas is hot (900–1400 K) and ﬂuorescence emission can be neglected (Table 1).
For thermal emission of H2O, we can generate a synthetic spectrum using the following equation:

3. Mass estimates

Fðki Þ ¼

To determine the energy budget of the event, we ﬁrst need an
estimate of the mass of the different materials present in the hot
plume and the ejecta. This includes the volatiles such as H2O,
CO2, CO, organic materials, dust and the impactor.

where F(ki) is the ﬂux (W/m2/lm/sr) in pixel i, Nmol is the number of
molecules in the band, D (m) is the distance from the S/C to the comet, rh is the heliocentric distance (AU), a (radian) is the pixel IFOV
and dki (lm) the width of the pixel. We adjust Nmol and the temperature T of the gas to ﬁt each observed spectrum. The g-factors values
for thermal emission (gthermal) have been derived from the HITRAN
database.
The temperature of the gas is determined using the relative
strength of the three water bands at 1.4 lm, 1.9 lm and 2.7 lm.
The strength changes in a different way for each band as a function
of temperature, so that we can determine the temperature that
best matches the three bands for a given amount of molecules Nmol.
Fig. 2 illustrates the results for the 1st IR frame; we derive a temperature of 1400 ± 100 K. In the 2nd and 3rd IR frame, the 1.4 lm
and 1.9 lm bands are not visible, and only the 2.7 lm band is

3.1. Hot plume
3.1.1. Water (H2O)
Three rovibrational emission bands of water are visible in the
hot plume spectra: the 1.4 lm, 1.9 lm and 2.7 lm band (Fig. 2).
The 1.4 lm band is dominated by the (101-000) transition, the
1.9 lm band by the (011-000) transition and the 2.7 lm band by
the (001-000) m3 transition. By default, we use the 2.7 lm band
to estimate the amount of water, since it is the strongest band.
When this band is saturated (which only happens in the 1st frame),

Nmol g thermal hc 1 1
ki a2 dki
4pD2 r2h

ð1Þ
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Fig. 2. Synthetic spectra superimposed on continuum subtracted data for the 1.4 lm (left panel), 1.9 lm (middle panel) and 2.7 lm (right panel) water bands in the 1st HRIIR frame. The data correspond to the spectra of pixel #33 in Fig. 4. Each synthetic spectrum corresponds to a different gas temperature: 1200, 1400 or 1600 K. Only the
spectrum at 1400 K ﬁts the intensity of three water bands at the same time. The missing data between 2.65 and 2.70 lm are a combination of bad pixels and saturation.

Fig. 3. Synthetic spectra superimposed on the continuum subtracted data for the 2.7 lm water band in the 2nd and 3rd HRI-IR frames. The data correspond to the spectra of
pixel #33 in Fig. 4. Each synthetic spectrum corresponds to a different gas temperature: 700, 900 or 1100 K. The spectrum at 900 K gives the best ﬁt to the water band using a
chi-square method.

detected. As illustrated by Fig. 3, we used the width of this band to
constrain the gas temperature to 900 ± 200 K. Once we know the
temperature of the gas in the spectrum, we can derive the number
of water molecules using Eq. (1) with the appropriated value for
gthermal, integrating the ﬂux over the band width.
The ﬁnal step is to take into account the fact that each water
molecule does not spend the entire exposure time in the slit. The
projected velocity of the gas is 5800 m s1, with a direction almost
perpendicular to the slit (Schultz et al., 2007). At the time of observation, the spatial resolution of one slit pixel is 87 m, so that each
molecule spends 87 m/5800 m s1 = 0.015 s in the slit. The exposure time is 0.720 s, so that we have to multiply the amount of
water molecules Nmol derived from Eq. (1) by 0.720 s/0.015 s = 48.
But this is only valid for the 2nd and 3rd frames where the plume
is in the slit for the entire exposure time. For the 1st frame, the
plume only reaches the slit after 0.180 s (according to MRI images),
which gives an effective exposure time 0.540 s for the plume and a
multiplicative factor of 36 (0.540/0.015). Fig. 4 illustrates the ﬁnal
results with Nmol (36 for the 1st frame and 48 for the 2nd and
3rd frames) as a function of pixel number in the slit (spatial dimension), for the three frames containing the hot plume. The 1st frame
contains most of the hot plume water molecules (5.1  1027 molecules), about one order of magnitude more than the 2nd
(9.4  1026 molecules) and 3rd (3.3  1026 molecules) frames. If

Fig. 4. Number of H2O molecules per pixel in the hot plume, as a function of pixel
number in the slit, for the ﬁrst three HRI-IR frames.
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we extrapolate this trend to the following frames, this conﬁrms
that the plume is almost entirely (97%) captured in these three
frames and dominantly (>80%) in the 1st one. The distribution
has also a maximum around pixel #39, consistent with the context
MRI images (Fig. 1), and indicating a good positioning of the slit
relative to the hot plume to study it.
From the number of H2O molecules in each pixel, we derive the
column density. This requires the instantaneous amount of molecules in the slit (Nmol), and not the integrated amount as illustrated
in Fig. 4 (Nmol  36 or  48). At a distance of 8680 km and a pixel
size of 105 radian, the pixel size is 7534 m2. The column density
can be translated into opacity sul using Eq. (2) from Crovisier
(2006):

sul ¼

c2

wu
Z l ðTÞ Nspecies
Aul
Z tot ðTÞ Dm
8pm2 wl

ð2Þ

where Nspecies is the column density, m is the line frequency, wu and
wl are the upper-state and lower-state statistical weight, Aul is the
Einstein coefﬁcient, Zl(T) is the energy distribution of the lowerstate, Ztot(T) is the partition function, T is the rotational temperature
and Dm is the line width. We used a line width Dm = 1 km s1, which
corresponds to 3.75  108 Hz for 2.7 lm, 5.32  108 Hz for 1.9 lm
and 7.25  108 Hz for 1.4 lm. We calculated the opacity for each
pixel and obtained maximum line opacity of 0.44 for the 2.7 lm
band and 0.03 for the 1.4 lm band. With opacities below one, we
conclude that all of the water lines are optically thin in all of the
spectra. We note that for high temperature (thermal regime), lines
become optically thick for larger values of columns densities than
for low temperature (ﬂuorescence regime), because the partition
function is much larger.
Finally, we obtain a total of 6.4 (+8.8/2.4)  1027 molecules of
water vapor in the hot plume, or 190 (+263/71) kg, with 152 kg in
the ﬁrst frame, 28 kg in the second frame and 10 kg in the third
frame. Error bars come from the calibration of the HRI-IR instrument (10%) and g-factors due to temperature uncertainties
(Table 1).
3.1.2. Carbon dioxide (CO2)
The CO2 band detected with the HRI-IR spectrometer is the
4.3 lm band (m1) (Fig. 5). We estimate the total number of molecules and mass of gas as done for H2O. The g-factors are given in
Table 1, and here again the thermal emission is the dominant process. CO2 is only detected in the 1st IR frame. As illustrated in Fig. 5,
the ﬁt between the synthetic and the observed spectrum is not
very good, and we cannot use the width of the CO2 band to determine its temperature. Instead, we assume the same temperature as
for H2O, which is 1400 K. To adjust the synthetic spectra to the observed one, we ensure that the integrated signals of both are equal.
The mismatch between the synthetic and the observed spectrum cannot simply be a temperature effect. For a low temperature
of 200 K, the width of the band is too small to ﬁt the data. For high
temperature (900–2000 K), the width of the band is larger, and the
ﬁt to the data is better. But the shape of the CO2 band shows a
strong double peak, not compatible with the data at our spectral
resolution and not located at the correct expected wavelength. Finally, we have also investigated the possible role of 13CO2. It adds a
third peak to the spectra around 4.38 lm, which helps to ﬁt the
data better, but only for unrealistic values of 12CO2/13CO2 < 10,
while typical values for comets are in the range 90–165 (Bockelée-Morvan et al., 2004). So, although we believe the 4.3 lm region is dominated by CO2 emission lines, we currently do not
have a satisfactory explanation for the exact shape of the synthetic
spectrum, and this point would need further investigations. If other
molecules are present in the 4.2–4.4 lm region, our estimate could
possibly be overestimated.

Fig. 5. Synthetic spectra of CO2 for different temperatures (200, 900, 1400 and
2000 K), superimposed to an observed spectrum (continuum subtracted). The
possible contribution of 13CO2 is also evaluated but rejected since it gives
unrealistic values of 12CO2/13CO2 (see text for details).

Fig. 6. Number of CO2 molecules per pixel present in the hot plume, as a function of
pixel number in the slit, for the 1st HRI-IR frame. The amount of CO2 molecules in
the other frames is negligible. Because of the saturation limit of the HRI-IR
instrument, we performed an extrapolation around the maximum, assuming the
same behavior as H2O in Fig. 4.

From Eq. (2), we calculate a maximum line opacity of 0.1, so
that the CO2 band is optically thin. Fig. 6 illustrates the amount
of CO2 molecules in the hot plume, as a function of pixel number
(spatial dimension). Close to the maximum (around pixel #39),
the data were saturated, and we did an extrapolation assuming
the same behavior as H2O in Fig. 4. Finally, we derive an amount
of CO2 molecules in the hot plume of 2.2 ± 0.7  1025 molecules,
or 1.6 ± 0.5 kg.
3.1.3. Carbon monoxide (CO)
The CO emission lines at 4.6 lm were not detected in the HRI-IR
spectrometer because of calibration issues beyond 4.5 lm.
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However, CO has been observed on Comet 9P/Tempel 1 during the
Deep Impact encounter (Mumma et al., 2005), and may, therefore,
be present in the hot plume. By lack of data to estimate the CO
abundance relative to water in the hot plume, we use the value
of 4.3% derived by Mumma et al. (2005) for the bulk composition.
This translates to a CO mass estimate of 8.2 (+11.3/3.1) kg.

3.1.4. Organic materials
Organic materials are detected by the HRI-IR instrument, as
illustrated by the Gaussian distribution of organic emission lines
in the 3.2–3.6 lm region (Fig. 8). Although we cannot identify
which organics were detected, we know from other comet observations that the main molecules in this region should be CH3OH,
CH4, C2H6 and H2CO (Bockelée-Morvan et al., 2004). The g factors
given in Table 1 were obtained by adding the g for these molecules (Coradini et al., 1998). The value of gthermal is unknown because we do not know exactly which organic molecules we have
and how they behave at high temperature (especially CH3OH). As
a ﬁrst approximation, we use a gthermal value 10 times lower than
that of CO2, since organic molecules have comparable g-factors
and partition functions up to 10 times larger (for CH3OH). This
is a strong assumption but, as we shall see later, the implications
for the energy budget are small. The organics are detected in the
ﬁrst three frames, but we cannot determine their temperature.
We, therefore, used that of H2O, which is 1400 K in the 1st IR frame
and 900 K in the 2nd and 3rd IR frame.
We integrated the ﬂux in the 3.2–3.6 lm band and used Eq. (1)
with the appropriated value for gthermal to derive the amount of organic molecules. Results are illustrated by Fig. 7. The maximum
column density is 10 times larger than that of CO2, but with a partition function 10 times larger, we can conﬁdently assume that the
organics lines are optically thin. As for CO2, close to the maximum
(around pixel #39), the data were saturated, and we did an extrapolation assuming the same behavior as H2O in Fig. 4.
Finally, we obtain a total of 6.2 (+5.6/2.0)  1026 molecules of
organics in the hot plume, or 27.9 (+25.0/8.9) kg, with 19.4 kg in
the ﬁrst frame, 7.7 kg in the second frame and 0.7 kg in the third

Fig. 7. Number of organic molecules per pixel present in the hot plume, as a
function of pixel number in the slit, for the ﬁrst three HRI-IR frames. Because of the
saturation limit of the HRI-IR instrument, we performed an extrapolation around
the maximum in the 1st frame, assuming the same behavior as H2O in Fig. 4.

Fig. 8. Deep Impact spectrum of the hot plume, corresponding to pixel #33 in Fig. 4.
The continuum is well ﬁtted with a contribution of the pre-impact nucleus and hot
dust at 800 K. There is a strong emission of water at 2.7 lm and organic molecules
at 3.4 lm.

frame. We have used a molecular mass of 27 g/mole, the mean of
the molecular mass of CH4, CH3OH, C2H6 and H2CO.
3.1.5. Dust
The mass of dust in the hot plume can be derived from the continuum in the three HRI-IR frames. The result depends on several
parameters: grain radius, grain temperature, ﬁlling factor and the
contribution of the nucleus to the background. We have estimated
for each spectrum the combination of these parameters that best
ﬁts the data, using a chi-square method. Fig. 8 illustrates the results for one spectrum, with a dust temperature of 800 K, a ﬁlling
factor of 1.2  104, a nucleus contribution of 80% and a grain size
of 10 lm. For the nucleus spectrum, we used the value just before
impact, since the slit was pointing at the same location.
We repeated this procedure for each spectrum of the hot plume
to obtain the ﬁlling factor as a function of pixel number (spatial
dimension). The mass of dust M can be derived from the number
of dust grains N, assuming a density q and a grain radius r:
M = N4/3pr3q. The number of dust grains can be derived from
the emitting surface S in one pixel (87  87 m2), the ﬁlling factor
F and the grain size: SF = Npr2. As for the gas, this number has to
be multiplied by c = 36 (1st frame) or c = 48 (2nd frame) to take
into account the velocity of the dust across the slit. Finally, we obtain: M = cSF4/3rq. Fig. 9 illustrates the result with the mass in
each pixel of the ﬁrst two IR frames, assuming a grain radius of
10 lm and a grain density of 1000 kg/m3. We obtain a total of
255 ± 128 kg of dust in the plume, with 223 kg in the ﬁrst frame
and 32 kg in the second one. The amount of hot dust is negligible
in the third frame. We used an uncertainty of 50% on the mass,
which we believe is conservative. This results from the uncertainties in the ﬁlling factor, the contribution of the nucleus to the background and the grain temperature. The above mass estimate
depends strongly on the assumed grain radius and density. Larger
grains (>10 lm) or density (>1000 kg/m3) would imply a larger
mass of dust, while smaller grains or a lower density would imply
a smaller mass. Richardson et al. (2007) estimated the bulk density
of the nucleus to 400 kg/m3. The value for the individual grains
may be larger, so 1000 kg/m3 was assumed in order to be
conservative.
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3.2.1. Volatile materials
Keller et al. (2007) have estimated the production of water molecules released by the impact as 6.8 ± 2.3  106 kg. Other volatile
molecules in this component, like CO2, CO or organic molecules,
are negligible for the energy balance since their abundance relative
to water is lower than 7% for Comet 9P/Tempel 1 (e.g., Mumma
et al., 2005; Feaga et al., 2007).
3.2.2. Dust
The total amount of dust ejecta released by the Deep Impact
experiment is not very well constrained. Sugita et al. (2005) reported 5.6–8.5  105 kg, Keller et al. (2007) reported 7  106 kg,
Jorda et al. (2007) reported 1  106–1.4  107 kg and Lisse et al.
(2006) reported >8  106 kg. This discrepancy mainly arises from
the unknown parameters mentioned in Section 3.1.5. Overall, the
amount of dust in the ejecta is 7.3 ± 6.7  106 kg. Compared to this
amount, the mass of the hot plume is negligible (<0.01%).
3.3. Other materials

Fig. 9. Amount of dust in the hot plume per pixel, assuming a grain radius of 10 lm
and a grain density of 1000 kg/m3, for the ﬁrst two HRI-IR frames. The amount of
dust in the 3rd frame is negligible.

Sunshine et al. (2007) derived a radius of 1 lm for the icy grains
in the ejecta, and Sunshine et al. (2006) derived a radius of 10 lm
for the icy grains on the surface of the nucleus. According to Jorda
et al. (2007), dust grains with radii <10 lm contribute to more than
85% of the cross-section of the ejecta. So, our assumption of 10 lm
for the dust grain radius in the hot plume seems realistic as an
upper limit. However, the grains detected in the hot plume have
been melted, and their size distribution may be different of that
in the ejecta. Based on the brightness decrease in the hot plume
in the ﬁrst second after impact, resulting from the cooling of the
grains and reﬂected sunlight, Melosh (2006) estimated a grain radius of 160 lm, with a density of 2500 kg/m3, an albedo of 0.1 and
an initial temperature of 3500 K. With a grain radius of 10 lm as
used above, the same cross-section (brightness) will imply a mass
15 times smaller, which is 270 kg, in very good agreement with our
dust mass determination. In this case the cooling rate would be
faster, but may still be compatible with the hot plume brightness
decrease in the ﬁrst second. Further analysis of this issue goes beyond the scope of this paper.
Schultz et al. (2007) made a ﬁrst-order estimate that the total
amount of vaporized materials released by the DI experiment
was 3–5 times the mass of the impactor (about 1100–1860 kg).
This estimate came from the assumption that 10% of the impactor
energy was partitioned into the internal energy of the expanding
vapor plume based on experiments using nominal density particulate targets. Schultz et al. (2007) and Ernst and Schultz (2007) also
conclude, however, that the evolution of the ejecta and the impact
ﬂash indicate an under-dense target. Such a target would signiﬁcantly reduce the assumed partitioning from 10% to 1–2%, yielding
results more consistent with values derived here.
3.2. Ejecta
Following the generation of the hot (self-luminous) plume in
the ﬁrst 2 s, a large amount of material was excavated. This material, composed of ﬁne dust grains and volatiles, forms the ejecta.
While the hot plume contains a small mass (<103 kg) traveling at
high velocity (>5.8 km/s), the ejecta contains a large mass
(>106 kg) traveling at a low velocity (<10 m/s).

For an oblique impact onto a porous target as in the case of
Deep Impact, the impactor is catastrophically disrupted into fragments that are then melted and dispersed at shallow depth
(Schultz et al., 2005). As a consequence, material from the impactor
was not likely to be present in the hot plume, but may have contributed to the ejecta plume. However, it must have been heated
and melted during the impact, which must be taken into account
in the detailed reckoning of the energy balance. The kinetic energy
of the impactor fragments in the ejecta can be ignored since the
mass of the impactor (372 kg) is negligible compared to the mass
of the dust ejecta (7.3 ± 6.7  106 kg).
Other volatile molecules like for example HCN, NH3 or H2S
could also be present in the hot plume and the ejecta, but we
can ignore them since their abundance relative to water, in the
case of a Jupiter Family comet like 9P/Tempel 1, is typically <<1%.
4. The energy balance
Now that we have determined the different materials involved
in the impact process and calculated their mass, we can focus on
the different physical processes undergone by these materials.
Due to the shock and friction, materials in the hot plume were
heated and then cooled by expansion and radiative loss. At the high
temperatures that were achieved in the impact, volatiles were sublimated, and refractory materials were liqueﬁed. The shock propagating into the surface layers also probably changed the nature
of the dust and ice aggregates: they were compressed and/or broken
up into smaller pieces. A fraction of the materials surrounding the
impact site were also probably heated. Water ice, if present in its
amorphous phase before impact, would have been crystallized. Finally, and most importantly, materials were excavated from the
surface, therefore accelerated, and gained kinetic energy. Crystallization and cooling are exothermic processes, while all the other
processes are endothermic. For the energy balance, we divide the
processes into two categories: (i) input energy for the processes
that add energy to the system and (ii) output energy for processes
that extract energy. Results for all these processes are given in this
section and summarized in Table 2.
4.1. Input energy
The input energy mainly comes from the kinetic energy of the
impactor. For a mass of 372 kg and a velocity 10.3 km/s, we have
a kinetic energy of 19.7 GJ. The crystallization of water ice, in case
it was in amorphous phase before the impact, may also add some
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energy to the system. However, amorphous ice is unstable and
crystallizes in a few days for temperature above 120 K (Schmitt
et al., 1989). With a maximum surface temperature above 300 K
at the impact site (Groussin et al., 2007), a heat wave that penetrates of 0.9 m into the nucleus per orbital period for Comet 9P/
Tempel 1 (Sunshine et al., 2007), and a perihelion distance between 2.0 and 1.5 AU for at least the last 50 orbits (Yeomans
et al., 2005), we calculate that the temperature is above 120 K in
the ﬁrst meters of depth, effectively excluding the presence of
amorphous ice in the immediate sub-surface region. The crystallization of water ice should extend from this surface zone down to
the furthest depth (10–30 m) of the Deep Impact excavation, due
to runaway process of exothermic crystallization (Prialnik et al.,
2004).
4.2. Output energy
4.2.1. Heating and cooling of materials
We measured a maximum temperature of 1400 K for the gas in
the hot plume and 800 K for the dust, but this temperature was
measured 100s of milliseconds after impact and is not representative of the temperature at the time of impact, which changed
quickly in the ﬁrst seconds. The temperature reached at impact
could be as high as 3500 K according to Melosh (2006). Then,
according to the same author, the hot plume cooled down very rapidly, from 3500 K to 1000 K in only 420 ms. Assuming an initial
temperature of 200 K close to the surface (lower limit, Groussin
et al., 2007), this implies heating of 3300 K for all materials in
the hot plume. Since we have no information for the temperature
reached by the impactor during the collision, we will also assume
3500 K, which is, however, probably an upper limit.
For H2O, heating requires an energy of 1.26 (+1.74/0.47) GJ,
assuming a gas heat capacity of 2.0 kJ/K/kg. For CO2, an energy of
0.0048 ± 0.0015 GJ is required, assuming a gas heat capacity of
0.9 kJ/K/kg. For CO, an energy of 0.027 (+0.037/0.010) GJ is required, assuming a gas heat capacity of 1.0 kJ/K/kg. For the organic
material, an energy of 0.21 (+0.19/0.07) GJ is required, assuming
a gas heat capacity of 2.3 kJ/K/kg, the mean of 2.5 kJ/K/kg for CH4
and C2H6 and 1.9 kJ/K/kg for CH3OH. For the dust, an energy of
0.59 ± 0.29 GJ is required, assuming a solid heat capacity of
0.7 kJ/K/kg (silicate). For the impactor material, an energy of
0.48 GJ is required, assuming a solid heat capacity of 0.39 kJ/K/kg
(copper). Volatiles and refractory materials present in the ejecta
were not signiﬁcantly heated by the impact process but mainly
by the Sun (Groussin, 2005), which is not part of this energy balance. Finally, we note that Schultz et al. (2007) derived a slightly
higher temperature of 3900 K for the hot plume by comparison
to laboratory experiments, however, this difference would only increase the heating energy by 10% and the total output energy by
less than 2%.
After its initial heating to 3500 K at impact, the plume materials
were rapidly cooled to 1400 K (volatiles) and 800 K (dust) by the
time we observed them. This adds some energy to the system
due to expansion and radiative loss. However, this energy is only
available after the initial heating to 3500 K and is not part of this
energy balance. It can be used to accelerate plume materials (see
Section 5). Using the earlier mentioned heat capacity values, we
calculate that the cooling of the plume liberates a total of 1.3 GJ,
with 0.8 GJ from volatiles and 0.5 GJ from the dust.
Sub-surface materials surrounding the impact site and not
excavated in the hot plume were probably heated during the impact process. The energy required to heat these materials can only
be estimated using numerical simulations since it was not observable by the Deep Impact instruments. For an impact on a porous target like 9P/Tempel 1, heating is restricted to a thin surface layer
(Belyakov et al., 1978). From hydrocode modeling and for a

10 km diameter asteroid impacting the Earth at 20 km/s (Chicxulub crater), Pierazzo and Melosh (1999) estimated the increase in
temperature to about 200 K. No simulations are currently available
for highly porous targets. For Deep Impact, this number is lower
since the density of 9P/Tempel 1 is 10 times lower than that of
the Earth (the shock wave quickly dissipates with compression),
and that the impact velocity is only 10.2 km/s. With a more realistic assumption of an increase of 100 K in temperature for the materials surrounding the impact site and not excavated in the hot
plume, and assuming that heating affects a region corresponding
to 10 impactor volume, an energy of 0.03 GJ is required, which
can be neglected as it represents 0.15% of the total input energy.
4.2.2. Sublimation and melting of materials
The high temperature reached at impact, 3500 K, implies that
all materials present in the hot plume would have been sublimated
(volatiles) or melted to glowing droplets (refractory materials).
Evaporation of refractory materials can be neglected as they cool
down faster than the time it takes to vaporize them (Melosh,
2006), and, moreover, the net result of vaporization followed almost instantaneously (<200 ms) by condensation is null in terms
of energy balance. For H2O, sublimation requires an energy of
0.49 (+0.68/0.18) GJ, assuming a latent heat for sublimation of
2591 kJ/kg. For CO2, an energy of 0.0009 ± 0.0003 GJ is required,
assuming a latent heat for sublimation of 572 kJ/kg. For CO, an energy of 0.0024 (+0.0033/0.0007) GJ is required, assuming a latent
heat for sublimation of 293 kJ/kg. For organic material, an energy of
0.023 (+0.020/0.007) GJ is required, assuming a latent heat for
sublimation of 809 kJ/kg, the mean values of C2H6 = 615 kJ/kg,
CH4 = 613 kJ/kg and CH3OH = 1199 kJ/kg (we could not ﬁnd a value
for H2CO, but it has a negligible impact in the energy balance). For
the dust, an energy of 0.46 ± 0.23 GJ is required, assuming a liquefaction (melting) energy of 1800 kJ/kg (silica). For the impactor, an
energy of 0.08 GJ is required, assuming a liquefaction energy of
209 kJ/kg (copper).
Volatiles (mainly water) present in the ejecta plume were sublimated using solar energy and not the kinetic energy of the impactor, so they should not be part of the energy balance. This point is
justiﬁed as follows. The water mass estimate in the ejecta derived
by Keller et al. (2007) is based on observations performed many
(10–100) hours after the impact event, when the ejecta was in
thousands of km from the nucleus. But after 45 min, Sunshine
et al. (2007) demonstrated that water ice is only detected a few
kilometers away from the nucleus, so that all icy grains at further
distance have been sublimated. Moreover, sub-micron icy grains,
as detected in the ejecta (Sunshine et al., 2007) would sublimate
in a few hours (Patashnick and Rupprecht, 1977) before the OSIRIS
observations of Keller et al. (2007). Finally, we calculate that sublimating all the water in the ejecta plume requires about
17,000 GJ, about three orders of magnitude more than the kinetic
energy of the impactor (19.7 GJ), so that a massive external source
of energy is obviously required, i.e., the Sun.
4.2.3. Kinetic energy
The projected velocity of the hot plume is 5800 m/s, in a direction almost perpendicular to the slit. Comparing the MRI images to
the simulations of Richardson et al. (2007), we estimate that the
hot plume is about 30° out of the plane of sky, which gives a deprojected velocity of 6700 m/s for the materials in the hot plume.
The velocity of the leading edge of the ejecta was estimated by
ground-based observers as 200 ± 20 m/s (Meech et al., 2005). However, as explained by Richardson et al. (2007), the leading edge
only represents the ‘‘tip of the iceberg” such that the majority of
particles were ejected at speeds of one to three orders of magnitude below this value. This effect is also conﬁrmed by Holsapple
and Housen (2007). Moreover, as demonstrated by Keller et al.
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(2007), the gas release by sublimation in the vicinity of the nucleus
will very efﬁciently accelerate micron size dust particles to speeds
of 100s of m/s. As a consequence, the observed velocity and kinetic
energy of the dust in the ejecta plume are not linked to the kinetic
energy of the impactor but mostly to the sublimation energy of
water ice grains due to solar radiation. For a total amount of materials excavated >106 kg, Richardson et al. (2007) gives an upper
limit of 103 Pa for the surface strength. With this strength, they
estimate that >80% of the particles have an ejection velocity
<2 m/s. More precisely, we calculate that their mass vs. velocity
distribution (their Fig. 9, right panel) in the ejecta plume has the
same kinetic energy as the same ejecta mass moving at a constant
velocity of about 8 m/s. We use this value of 8 m/s as our best estimate of the mean ejecta velocity.
With the above values for the velocity of the hot plume and the
material in the ejecta, we can calculate the kinetic energy of the
different components. For H2O in the hot plume, we obtain a kinetic energy of 4.28 (+5.91/1.60) GJ. For CO2 in the hot plume,
we obtain 0.036 ± 0.012 GJ. For CO in the hot plume, we obtain
0.18 (+0.25/0.07) GJ. For the organics in the hot plume we obtain
0.63 (+0.56/0.20) GJ. For the dust in the hot plume, we obtain
5.73 ± 2.87 GJ. For the dust in the ejecta, we obtain 0.23 ± 0.21 GJ.
Finally, for H2O in the ejecta, we obtain a kinetic energy of
0.22 ± 0.07 GJ.
4.2.4. Compressing and breaking dust and ice aggregates
During the impact process, dust and ice aggregates are likely to
have been compressed and/or broken into smaller pieces. The dust
ejecta is dominated by sub-micron grains of 0.5–1.0 lm radius
(Meech et al., 2005). As mentioned in A’Hearn et al. (2005), those
grains preexisted either as very ﬁne particles or as weak aggregates
of such particles. Unfortunately, there are no estimates of the dust
grain radius on the surface before impact. However, there is an evidence for a possible break up of aggregates coming from water ice.
The water ice exposed on the surface is composed of 10 lm grains
(Sunshine et al., 2006), while the water ice grains in the ejecta
plume are sub-micron in radius (Sunshine et al., 2007), indicating
fragmentation of the grains due to impact. In any case, if there
has been compression and/or fragmentation of grains, this must
be investigated in terms of energy.
The cohesion and fragmentation of grain aggregates have been
studied in detail by Dominik and Tielens (1997). From their results,
we can estimate the energy required to compress or break an
aggregate composed of micron size particles. From Table 2, the
dust ejecta mass is 7.3 ± 6.7  106 kg, and the water (gas) ejecta
mass is 6.8 ± 2.3  106 kg. It is difﬁcult to estimate the amount of
water observed in gas phase after impact that was in solid phase
before impact. To be conservative, we assume that all the water
gas was in solid phase before impact. This gives an upper limit
on the amount of water ice. Assuming a bulk density of 400 kg/
m3 (Richardson et al., 2007), this corresponds to a volume of
1.8 ± 1.7  104 m3 for the dust and 1.7 ± 0.6  104 m3 for the ice.
For micron size particles (Meech et al., 2005; Sunshine et al.,
2007), this translates to 4.3 ± 4.1  1021 particles of dust, and
4.1 ± 1.4  1021 particles of water ice. From Dominik and Tielens
(1997), the energy required to break one bond between such particles is about 1.8  1015 J for graphite (the closest analog to silicate in their paper) and 3.4  1014 J for water ice. Assuming that,
on average, each particle is connected to two others to form an
aggregate, the minimum energy required to break all the bonds
is 0.008 ± 0.007 GJ for dust and 0.135 ± 0.045 GJ for water ice. This
energy also corresponds to the maximum possible compression of
the aggregates before they break. In practice, the amount of energy
required to really break an aggregate is 10 times larger, and this
refers to what Dominik and Tielens (1997) call the catastrophic
disruption of the aggregate.
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Overall, assuming that all aggregates in the ejecta (dust and ice)
were broken into small pieces in a catastrophic disruption, and that
a volume equivalent to the excavated one was compressed to its
maximum in the layers surrounding the impact, a total energy of
1.6 ± 0.6 GJ is required. But this is an upper limit since, in all probability, only a fraction of the aggregates were catastrophically disrupted or compressed to maximum.

5. Discussions and conclusions
Our results on the energy balance of the Deep Impact experiment are summarized in Table 2 and Fig. 10. With an input energy
of 19.7 GJ and an output energy in the range 16.5 (+9.1/4.1) GJ,
the balance is, within the uncertainties, in equilibrium. The error
bar on the output energy mainly comes from the uncertainty on
the water and dust mass estimates. From our analysis, we obtain
190 (+263/71) kg of water in the hot plume, 1.6 ± 0.5 kg of CO2
in the hot plume, 8.2 (+11.3/3.1) kg of CO in the hot plume,
27.9 (+25.0/8.9) kg of organic materials in the hot plume and
255 ± 128 kg of dust in the hot plume. In addition, ground-based
observers derived 6.8 ± 2.3  106 kg of water in the ejecta, and
7.3 ± 6.7  106 kg of dust in the ejecta plume (see Section 3.2).
Most of the energy (85%) goes into the hot plume (mainly for
dust and water), which only represents a very small fraction
(<0.01%) of the total ejected mass. About 12% of the energy goes
into the ejecta (mostly water) and 3% to destroy the impactor.
Other volatiles species like CO2, CO and organic material contribute
0.3%, 1.3% and 5.2% to the energy balance respectively, so their contribution is small compared to water. Since ground-based observations only detect the ejecta material, it illustrates the importance
of the images taken at high cadence by the Deep Impact spacecraft
that detected the hot plume: only three HRI-IR frames and a few
tens of MRI and HRI-VIS images. These were all taken in the ﬁrst
2 s after impact and cover 85% of the energetic processes.
In terms of physical processes, 68% of the energy is used to
accelerate grains (kinetic energy), 16% to heat them, 6% to sublimate or melt them and 10% (upper limit) to break or compress dust
and water ice aggregates into small micron size particles. Schultz
et al. (2007), comparing Deep Impact and laboratory impact experiments, estimated that 37% of the energy should go into vaporization (heating, melting and sublimation) based on experiments
using solid water–ice targets. This contrasts with our estimate of
22% (16 + 6%). This discrepancy likely reﬂects the low density of
the pre-impact target materials indicated by the evolution of the
ejecta and impact ﬂash (Schultz et al., 2007; Ernst and Schultz,
2007). Experiments with under-dense targets indicated reduced
coupling efﬁciency resulting in a much lower (5–10) estimate
for the partitioning into internal energy and the vaporized mass
fraction. This further reinforces the need for laboratory experiments which are fundamental and invaluable to understand the
physics. The dust in the ejecta does not contribute signiﬁcantly
to the energy balance with only 2.0% of the output energy. As explained in Section 4.2.1, the cooling of the hot plume liberates
1.3 GJ of energy, which corresponds to 10% of the kinetic energy
of the plume (Table 2). This translates to a decrease of 400 m/s in
our estimate of the velocity of plume material (6300 m/s instead of
6700 m/s). This would correspond to a change of only 6° on the
projected angle (24° instead of 30°), and for this reason, we consider that it is well within the error bars.
Since the emission lines are optically thin in the hot plume (due
to the high temperature), we can use our mass estimates as a proxy
for the nucleus composition at the impact site. Based on laboratory
experiments on porous targets, Schultz et al. (2007) show that
materials in the Deep Impact hot plume come from the upper
layers of a few projectile diameters in depth. We obtain a dust/H2O
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Fig. 10. (top panel) Distribution of the energy in the Deep Impact experiment between the different components (hot plume, ejecta, impactor) and (bottom panel) the
physical processes.

ratio of 1.3 (+1.9/1.0), a CO2/H2O ratio of 0.008 (+0.009/0.006)
and an organics/H2O ratio of 0.15 (+0.29/0.11). This is quite different from estimates of the average composition of Comet 9P/
Tempel 1 before impact. The dust to gas ratio is larger than the
average value of about 0.5 measured by Lisse et al. (2005), the
organics/H2O ratio is larger than the average value of about 0.02
measured by Mumma et al. (2005) before impact, and the CO2/
H2O ratio is lower than the average value of 0.07 determined by
Feaga et al. (2007) before impact. However, as observed by Farnham et al. (2007) and Feaga et al. (2007), there are large asymmetries in the dust and gas spatial distribution in the coma, so that the
composition at the impact site may not be representative of that of
the nucleus. These asymmetries could result from the different surface layers observed by Thomas et al. (2007). In particular, since
the impact site is located close to the equator, near 25°S, it experiences a strong insolation close to perihelion, and the enhancement
of H2O in the sunward direction observed by Feaga et al. (2007) can
be easily explained. Following this argument, it is likely that the
upper layers of the impact site could be depleted in H2O and even
more so in CO2 (and CO) which is more volatile. This could explain
the large dust/H2O ratio and the low CO2/H2O ratio. Finally, as proposed by A’Hearn et al. (2005), the enhancement in organic materials in the hot plume compared to ground-based observations of
the cold ejecta suggests that we may be vaporizing organics that
would not normally be vaporized in comets. In this sense, the

organics/dust ratio of 0.11 (+0.30/0.07) for the hot plume, derived
from Table 2, should be a good estimate for Comet 9P/Tempel 1.
This is an intermediate value between the 3%wt carbon composition of carbon-rich chondrites and the 20%wt carbon composition
of Halley dust (Brownlee and Kissel, 1990), which conﬁrm the high
carbon abundance in comets.
The above conclusions depend on the amounts of material listed
in Table 2. Among these numbers, the mass of dust in the hot
plume is critical since it is the dominant contributor to the energy
balance (41%). But it is also the least accurate, because of the
assumptions on grain radius and density. The other mass estimates
(and errors bars) should be robust because the required hypotheses to derive them are justiﬁed by the observations themselves
(gas temperature for example) and/or because their contribution
to the energy balance is negligible (velocity of the dust ejecta, for
example). Our assumptions on grain radius (10 lm) and density
(1000 kg/m3) are justiﬁed in Section 3.1.5, and since these numbers
give an energy balance in equilibrium, they seem particularly reasonable. But, from our observations alone, we cannot exclude the
possibility that the typical grain radius is, say, 10 times larger
(100 lm or more). In this case, the mass of dust would be 10 times
larger, and the energy balance would no more be in equilibrium as
the kinetic, melting and heating energies of the dust in the hot
plume would be 3.5 times larger (70 GJ) than that of the impactor
(19.7 GJ). This scenario, while it cannot be excluded, nevertheless
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appears quite unlikely. Such a large amount of energy could be obtained in a short time by depressurization of a large gas pocket located at impact site. Assuming a gas pocket with a pressure of
103 Pa (upper limit, Section 4.2.3), the effective diameter of this
pocket would have to be >0.5 km to deliver 70 GJ by depressurization, which seems unlikely for a nucleus with a mean radius of
3 km (Thomas et al., 2007). At this point, it is interesting to see that
in the worst case where we are off by 5.9 GJ in our energy budget
(16.5 + 9.1  19.7, see Table 2), a pocket of 0.2 km diameter
would be sufﬁcient to produce this extra energy, which is still large
but more reasonable. Another possibility to add energy to the system is the crystallization of amorphous ice, which is an efﬁcient
exothermic process. The crystallization of 6.8  106 kg of amorphous water ice would liberate 600 GJ, so that even if only a small
fraction of the water ice is in amorphous phase, it could add a lot
energy to the system. However, as explained in Section 4.1, water
ice is not expected to be in its amorphous phase in the ﬁrst few
meters of the surface.
Similarly, if we ignore the acceleration of dust ejecta grains by
gas drag and assume that the average velocity of the dust ejecta
is 160 m/s (Keller et al., 2007) and only results from the impact
event, this would require 5 times the kinetic energy of the impactor (95 GJ). Here, again depressurization of a large gas pocket
could play a role, which is unlikely, but more importantly this
would be in contradiction with the well-known acceleration effect
of comet dust grains by gas drag, demonstrated experimentally by
KOSI (Kochan et al., 1991). Overall, we strongly prefer the ‘‘simple”
scenario presented in this paper and the numbers summarized in
Table 2, which, we believe, are based on the most reasonable
assumptions.
To conclude, the Deep Impact experiment has provided new insights into the composition of the upper layers of the comet. Our
results emphasize the importance of laboratory impact experiments to understand the physical processes involved in such a
large scale experiment. The Stardust-NExT mission in 2010, if it
can observe the impacted area, will also greatly contribute to this
understanding. Finally, it will be very interesting to compare and
contrast our results with those expected from the Rosetta mission
in 2014. In particular, the results from the Philae lander, which will
perform a detailed analysis of the nucleus upper layers, will be
crucial.
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