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ABSTRACT

GALEX observations of comet 9P/Tempel 1 using the near ultravidlgV) ob-
jective grism were made before, during and after the Deembthgvent that occurred
on 2005 July 4 at 05:52:03 UT when a 370 kg NASA spacecraft wasemvered
into the path of the comet. The NUV channel provides usal#etsal information in
a bandpass covering 2000 — 34Avith a point source spectral resolving power of
R= 100. The primary spectral features in this range includarsantinuum scattered
from cometary dust and emissions from OH and CS moleculad$aantered near
3085 and 2573, respectively. In particular, we report the only comet&$ emis-
sion detected during this event. The observations allovetiodution of these spectral
features to be tracked over the period of the encounter. hergé the NUV emis-
sions observed from Tempel 1 are much fainter than thoséévatbeen observed by
GALEX from other comets. However, it is possible to derive prouuctates for the
parent molecules of the species detecte@BY.EX in Tempel 1 and to determine the
number of these molecules liberated by the impact. The eléguiescent production
rates ar@Q(H,0) = 6.4 x 10?’ molecules s andQ(CS,) = 6.7 x 10?* molecules s?,
while the impact produced an additionabk 10°2 H,O molecules and.B x 10?° CS,
molecules, a similar ratio as in quiescent outgassing.

Subject headings: comets: individual (9P/Tempel 1) — ultraviolet: solar gyt
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California Institute of Technology under NASA contract N&«S8034

2Department of Physics and Astronomy, The Johns Hopkinsdssity, Baltimore, MD 21218-2695
3Planetary Science Institute, 1700 E. Fort Lowell, Suite, Ta@&son, AZ 85719-2395

4Johns Hopkins University Applied Physics Laboratory, SpBepartment, 11100 Johns Hopkins Road, Laurel,
MD 20723-6099

SAstronomy Department, University of Maryland, College @D 20742-2421



January 20, 2010 2

1. Introduction

On 2005 July 4 at 05:52:03 UT (as seen from Earth) a 370 kg NAS&ecraft was maneu-
vered into the path of comet 9P/Tempel 1 (AHearn et al. 200%)e results of the impact were
recorded by a host of ground and space based observatotiesvawelength coverage spanning
the sub-mm to the ultraviolet (Meech et al. 2005). Here weriepn the results of low resolution
slitless spectroscopy acquired with tBalaxy Evolution Explorer (GALEX) in the near ultraviolet
NUV channel 2 days before, immediately following, and 1 dé&grathe impact event. The pri-
mary spectral features in this range include a solar contingcattered from cometary dust and
emissions from OH and CS molecular bands centered near 3@BB&75A, respectively.

2. Observations

GALEX (Galaxy Evolution Explorer) is a NASA Small Explorer whose primary mission is
to map the history of star formation using two modes: twoebphotometry (FUV, 1350-1750
A; NUV, 1750-31004) and integrated field grism spectroscopy with 10426pectral resolution.
Because of its large field-of-view,°2, GALEX is also well suited to cometary coma studies as
demonstrated by the 2005 March observations of C/2004 QhMaz (Morgenthaler et al. 2006).
It has a limiting spatial resolution in the NUV channelke®f” sampled with 15 pixels. ForDeep
Impact only NUV data was obtained as the FUV side was not operatitighatof the event. In all
there were 7 contiguous pre-impact orbits devoted to gribeervations, withx 900 s visibility
per orbit. Two orbits of direct imaging were taken before afi@r the grism orbits. For the
impact event there were 6 orbits of grism observations lagga few minutes after impact, with
direct imaging before (1 orbit) and after (2 orbits). One gagt-impact there were 4 orbits of
grism observations with one direct imaging orbit before giism observations. A log of the
spectroscopic observations is given in Table 1. Here weartnate on the results derived from the
low resolution slitless spectroscopy in the NUV channel.

At the time of impact comet 9P/Tempel 1 was at a distanae=01.51 AU from the Sun and
A =0.89 AU from the Earth. A 15 pixel subtended 975 km at the comet. Emission from OH, CS,
and solar scattered light were detected prior to impact.aftex impact the brightness and spatial
extent of these emissions increased with time. The follgwiay saw the return of these emissions
to near the pre-impact levels.
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2.1. Data Extraction

The GALEX project supplied a time-tagged photon list of the obseovatiwith photon co-
ordinates referenced to RA and DEC (J2000). The projectsalpplied the output of Emmanuel
Bertin’s SExtractor program run on the direct-mode (imggiobservations centered on the same
fields. SExtractor provides accurate astrometry for saufgend in the direct images. We con-
verted these positions into rectangular strips using th&EAdispersion relation for box length
and the magnitude estimates from SExtractor for box widtlmder to mask sources in the grism
images. All of our astrometric corrections were done on @spél projection with the IDLASTRO
routines. Co-alignment between the strips and the grisrg@®af the stars across the entire image
confirmed the accuracy of these calculations. We used théHIFRIZONS ephemeris generator
with GALEX as the observatory ("@galex”) to calculate the astromatyicorrect ephemeris for
comet Tempel 1. The ephemeris was used to reconstruct thetdorage from the photon list
in the reference frame of the comet. Counts and exposures timeee accumulated into separate
images and the source mask and flat field (supplied b&HKeEX project) were applied every time
the stars moved by one pixel relative to the comet. As a resuolission from well-characterized
sources was effectively erased and very little exposure tias lost. The final rate images, con-
structed by dividing the total count images by the total expe time images for the corresponding
observations, were used in the analysis of the temporaliBgalof the coma following the impact.

Because of the low total counts in each individual grism imdgdividual exposures were
summed to produce a composite image from each day of thegogin this case the source
mask was not applied and the stellar spectra appear as hauitipges separated by the comet’s
motion betweerGALEX orbits. An example is shown in Figure 1 for the sum of the sisrgr
images obtained following the impact event. Note that tlelastimages (each corresponding to
a different orbit) are broadened by their apparent relatieéion nearly normal to the dispersion
direction during the exposure.

3. Analysis

Analysis of the spectrum is begun with the composite imagash as in Figure 1) corre-
sponding to th&sALEX orbits from the three dates of observation. The spectraxdracted over
13 rows of the rotated image array, corresponding to antaféeslit height of 19'5 to ensure that
only pixels with statistically significant counts are indéd in the aperture photometry. The de-
tector background is evaluated over the same rows in therapeange 1700 to 2008 where the
NUV throughput for a solar-like spectrum is effectively aeilhis background is subject to vari-
ation due to the presence of faint stars or galaxies in the. fiehe three composite spectra, after
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subtraction of background, are shown in the top panels afrEig. The extraction of the discrete
emissions from CS and OH is complicated by the blended cootis solar spectrum produced by
the scattering of sunlight by cometary dust grains in theaoAn additional complication arises

from the different spatial distributions of the dust and gasponents that result from the quies-
cent outflow and the subsequent time evolution of thesahlisions after the impact, as the spatial
variation is superimposed on the actual spectrum in theedssgn direction.

Between 2000 and 3408 the solar spectrum rises steeply and at the long wavelesyth
can contribute to the extended OH(0,0) band near F&Since the effective arede, supplied
by the GALEX project did not extend beyond 3160 we identified a field F8 V star and ab/E
calibration standard to exterflss to 3400A. A model of the dust scattered solar continuum is
required to account for the contamination of the OH(0,0) &8{0,0) bands. We used a solar
spectrum from UARS/Solstice, described by Woods et al. §1.98wltiplied by thisAess, and
convolved with a superposition 680 A and ~250A Gaussian instrument functions to simulate
the radially outflowing dust in the dispersion direction,drder to generate a template for the
solar scattered light. This template, normalized to regimiithe spectrum where strong molecular
emission is absent, and reddened by 4% perﬁ.L(QBeIdman & AHearn 1985), is also shown in
the figure. The difference between the observed spectrahenttmplate is shown in the lower
panels of the same figure.

The three identified emission features are the CS(0,0) ba2876A, and the OH(1,0) and
(0,0) bands at 2820 and 3085 respectively. For near zero heliocentric velocity, taéa of
fluorescence efficiencies of the OH(1,0) and (0,0) bands<lid (Bchleicher & AHearn 1988), but
the GALEX effective area is 4.2 times higher at 28&ahan at 30854, so the (1,0) band should
give a count rate-0.4 that of the (0,0) band. This is consistent with the lowaargds of Figure 2,
and serves to validate the continuum subtraction. In goleciwe could use the template scaling
factor to derive the temporal variation of the dust ejectgthle impact, but this is much better done
with visible observations from the ground or from space.(&ghleicher et al. 2006; Feldman et al.
2007) because of uncertainties in the background sularacti

GALEX observations began only a few minutes after the impact arsingspectra were
recorded on six successive orbits, or for about 8.5 houtsviolg the impact. The temporal
evolution of the CS and OH emissions can be seen in the indispbectra shown in Figure 3.
To construct a light curve, we used a rectangular apertude wnough to capture almost all of
the band emission, keeping the aperture height 461@s above. For CS, the width was/&2
corresponding to a spectral bandwidth of ®0while for OH the width was 465, or ~200 A.
The projected sizes on the sky are, 820x 14,500 km and 12600x 30,000 km, respectively
for CS and OH. Similar photometry was performed on the pré-m@ost-impact data sets, and the
results are shown in Figure 4, in which the plotted times laeenbid-points of the exposure. The
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observations beginning about 24 hours after impact showdlseous emissions returning to near
guiescent levels.

4. Discussion

The quiescent production rates were determined using tttenva model of Festou (1981).
The parent lifetimes at 1 AU were 71,000 s fop® with 85% of the dissociations producing
OH (Budzien et al. 1994), and 1,000 s for £L&eldman et al. 1999). The lifetimes of OH and
CS were taken to be 140,000 s and 100,000 s, respectivelgréutot critical for the aperture
size used. The parent outflow velocity in the model 8% /2 km s1, while the daughters
are given 1.05 and 0.90 km's for OH and CS, respectively. The fluorescence efficiendies a
1 AU are 23 x 10~% and 54 x 10~ photons s molecule ! for the OH(0,0) band (Schleicher &
AHearn 1988) and the CS(0,0) band (R. Yelle, private comication), respectively. The derived
production rates are given in Table 2, together with otheeméy reported values. Our value for
the water production rate fits squarely within the range megopreviously. We also note that the
CS/H,0 production rate ratio,.8 x 104, is typical of values found fromlUE observations of
comets (Meier & AHearn 1997).

The linear increase with time following impact in the numbédissociation products in the
aperture can be modeled, using known photochemical ragdrn{fan et al. 2004), to determine
the abundance of the parent molecular species produced ootlision. This approach was used
by Kuppers et al. (2005) for the analysis of wide-field caaniemages of OH emission. However,
for our aperture height of 12,600 km, molecules flowing rigliautward at a mean velocity of
0.5 km s will begin to exit the aperture 3.5 hours after impact. Thisljem was considered
by Manfroid et al. (2007), and we adopt their formalism. ldiéidn to the parent and daughter
species, whose photochemical lifetimes are given abovefidid et al. also include a “grandpar-
ent” molecule to account for gas excavation over an extepeedd (several minutes) or evapora-
tion from excavated icy grains. The “lifetime” of the grarmdent is an adjustable parameter.

The model results are shown with the data in Figure 4. For alin@s we adopt the mean
value of pre-impact count rates, which correspond to anrghen almost exactly one rotation
period (41 hours) earlier. The CS light curve is well fit by a mean vityoof 0.4 km s and
a velocity dispersion of 0.1 km'$, similar to the values derived by Manfroid et al. for various
radicals, and a “grandparent” lifetime of 2000 s. For OH, eleavith 0.4 km s and 0.5 km s?
are shown in the figure. What matters most in deriving the remobparent molecules produced
is the linear increase immediately following the impactdsefany of the dissociation products
has left the field-of-view. We note that Feldman et al. (20@6)nhd a maximum velocity of CO
produced by the impact to be 0.7 km's
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The total number of molecules found 4s 1.3 x 10?° molecules of CSand ~ 1.6 x 1032
molecules of HO (corresponding to- 1.6 x 10* kg and ~ 4.6 x 10° kg, respectively). The
CS/H,0 ratio is 80 x 10 #, comparable to the quiescent value within the given uniceigs.

A comparison with other reported values is given in Tablen8l, shows generally good agreement.
Our numbers are lower, by 25% for,8 and a factor of 3 for C§ than those presented in 2006
in a preliminary report on these results (Feldman 2009). Sgeetral images used in that analysis
did not have the comet’'s motion removed and so a large ekdralsdbx was used to ensure that all
of the cometary photons were counted. This made it difficufiroperly subtract the dust contin-
uum, which is more important for isolating the CS emissiaamtiit is for the OH emission. We
note that the only uncertainties in the derivation of thaltaumber of molecules produced (other
than due to photon statistics and absolute calibration)lerge in the photodissociation lifetimes
and fluorescence efficiencies, which are known at the 10%. |&he combined uncertainties are
~ 20%.

After 25 hours all gas and dust emissions within the summadijgerture have returned to
nearly quiescent values. However, as the lower right paineig 2 shows, the OH bands one day
after impact appear much broader in wavelength than prionpact, likely due to outflow along
the dispersion direction. This is not surprising as at 1.5tA&Jphotodissociation lifetimes ofJ@
and OH are 2 and 3 days, respectively.

Two other orbiting spacecraft made NUV observations ofbep Impact event: both are X-
ray observatories with UV/optical imagers that were useith wide-band NUV filters. The filter
passband of th&wift imager included both the CS and OH bands in addition to dustiroaum
(Mason et al. 2007) but the photometric images are dominatele OH emission. The number
of water molecules produced by the impact derived from tpbbeimtometry (see Table 3) is in
excellent agreement with our result. THBIM-Newton observatory imager had two NUV filters,
one of which included only CS emission while the other ineldidboth CS and OH (Schulz et al.
2006). The light curves derived from both filters show bebagimilar to that of the two light
curves in Figure 4. Schulz et al. attribute the differencehiape of the light curves to the presence
of small “icy grains” in the ejecta. However, as tBALEX spectra of Figure 2 demonstrate, their
data can be reasonably accounted for by CS emission.

5. Conclusion

GALEX observations of comet 9P/Tempel 1 at the timeDagp Impact provide a unique
measurement of the CS parent produced by the excavatiomradtaoy material, and as with other
daughter molecules, appears to have the same abundanineitel&hO as in quiescent outgassing
of the comet. Our derived value for the amount glHexcavated is in excellent agreement with
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the results of several other investigations. This reirdettbe idea that nearly all the volatile species
are uniformly mixed with the water ice from the near-surflgeer at which sublimation normally
occurs to the tens of meters to whiDieep Impact excavated material. This lack of differentiation
from near-surface to tens of meters implies either that tinease erodes (due to hydrodynamic
drag on the dust by the gas) at about the same rate as theedifégion front proceeds deeper
or that the differentiation has reached depths of many ténseters while somehow still leaving
the same relative fraction of all the volatiles throughdwt tipper tens of meters (AHearn 2008).
Notwithstanding the relative faintness of the comet, 8A&LEX results demonstrate the unique
capability of wide-field imaging spectroscopy of cometshie ultraviolet at wavelengths below
the atmospheric cutoff.

We thank theGALEX project, and Karl Forster in particular, for their efforts planning
and executing these observations. We would like to ackriydelim Conrow and th6&ALEX
pipeline processing team for helping us to fully utilize theving target capability oBALEX, Jon
Giorgini and the JPL HORIZONS team for calculating high s&mn comet ephemerides from
the perspective oGALEX, and Wayne Landsman and the many contributors to the IDLASTR
library. This work was supported by tl@ALEX Guest Investigator program under NASA grant
NNCO06GD35G to the Johns Hopkins University.

Facilities: GALEX.

REFERENCES
AHearn, M. F. 2008, Space Science Reviews, 138, 237
AHearn, M. F., et al. 2005, Science, 310, 258

Bensch, F., Melnick, G. J., Neufeld, D. A., Harwit, M., Sndl. L., Patten, B. M., & Tolls, V.
2007, Icarus, 191, 267

Biver, N., et al. 2007, Icarus, 187, 253
Budzien, S. A., Festou, M. C., & Feldman, P. D. 1994, Icar(s, 164

DiSanti, M. A., Villanueva, G. L., Bonev, B. P., Magee-Sauer, Lyke, J. E., & Mumma, M. J.
2007, Icarus, 187, 240

Feldman, P. D. 2009, Deep Impact as a World Observatory E@miergies in Space, Time, and
Wavelength, ed. H. U. Kaufl & C. Sterken, 227



January 20, 2010 8
Feldman, P. D., & AHearn, M. F. 1985, in NATO ASIC Proc. 156e$ in the Solar System, ed.
J. Klinger, D. Benest, A. Dollfus, & R. Smoluchowski, 453

Feldman, P. D., Cochran, A. L., & Combi, M. R. 2004, in Comdistl. M. C. Festou, H. A.
Weaver, & H. U. Keller (Tucson: Univ. of Arizona), 425

Feldman, P. D., Lupu, R. E., McCandliss, S. R., Weaver, HAXgarn, M. F., Belton, M. J. S.,
& Meech, K. J. 2006, ApJ, 647, L61

Feldman, P. D., McCandliss, S. R., Route, M., Weaver, H. AHearn, M. F., Belton, M. J. S., &
Meech, K. J. 2007, Icarus, 187, 113

Feldman, P. D., Weaver, H. A., AHearn, M. F., Festou, M. CcPate, J. B., & Tozzi, G.-P. 1999,
BAAS, 31, 1127

Festou, M. C. 1981, A&A, 95, 69

Keller, H. U., et al. 2007, Icarus, 187, 87

Kuppers, M., et al. 2005, Nature, 437, 987
Manfroid, J., et al. 2007, Icarus, 191, 348

Mason, K. O., et al. 2007, Icarus, 187, 123
Meech, K. J., et al. 2005, Science, 310, 265
Meier, R., & AHearn, M. F. 1997, Icarus, 125, 164

Morgenthaler, J. P., Harris, W. M., Combi, M. R., FeldmarDR.& Weaver, H. A. 2006, BAAS,
38, 935

Schleicher, D. G., & AHearn, M. F. 1988, ApJ, 331, 1058
Schleicher, D. G., Barnes, K. L., & Baugh, N. F. 2006, AJ, 1B130

Schulz, R., Owens, A., Rodriguez-Pascual, P. M., Lumb, &, E., & Stiwe, J. A. 2006, A&A,
448, L53

Woods, T. N., et al. 1996, J. Geophys. Res., 101, 9541

This preprint was prepared with the AASTEX macros v5.2.



January 20, 2010

Table 1. GALEX Grism Observation Log of Comet 9P/Tempel 1.

FILENAME

EXPTIME (s) DATE-OBS TIME-OBS

G'1_024001_DEEP | MPACT PRE_0001-ng-int.fits
G 1_024001_DEEP | MPACT PRE_0002-ng-int.fits
G 1_024001_DEEP | MPACT PRE_0003-ng-int.fits
G'1 024001 DEEP | MPACT PRE_0004-ng-int.fits
G 1_024001_DEEP | MPACT PRE_0005-ng-int.fits
G 1_024001_DEEP | MPACT PRE_0006-ng-int.fits
G'1_024001_DEEP | MPACT PRE_0007-ng-int.fits

G 1_024002_DEEP | MPACT_0001-ng-int.fits
G 1_024002_DEEP | MPACT_0002-ng-int.fits
G 1_024002_DEEP | MPACT_0003-ng-int.fits
G 1 024002 DEEP | MPACT_0004-ng-int.fits
G 1_024002_DEEP | MPACT_0005-ng-int.fits
G 1_024002_DEEP | MPACT_0006-ng-int.fits

G 1_024003_DEEP | MPACT POST 0001-ng-int.fits
G 1 024003 _DEEP | MPACT PCST 0002-ng-int.fits
G 1_024003_DEEP_| MPACT_POST 0003-ng-int.fits
G 1_024003_DEEP | MPACT POST 0004-ng-int.fits

820.0
940.0
940.0
960.0
940.0
940.0
940.0

759.0
959.0
939.0
938.1
940.0
939.0

299.0
919.0
931.2
939.0

2005-07-02
2005-07-02
2005-07-02
2005-07-02
2005-07-02
2005-07-02
2005-07-02

2005-07-04
2005-07-04
2005-07-04
2005-07-04
2005-07-04
2005-07-04

2005-07-05
2005-07-05
2005-07-05
2005-07-05

06:22:17
08:00:53
09:39:29
11:18:04
12:56:41
14:35:17
16:13:53

06:01:47
07:40:23
09:18:59
10:57:36
12:36:11
14:14:48

05:05:56
06:40:52
08:19:29
09:58:05
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Table 2: Quiescent production rates (in molecule’y 1 9P/Tempel 1.

Reference Observation B (x107") CS (x107%
This paper OH/CS - UVGALEX) 6.4 6.7
Keller et al. (2007) OH - UV Rosetta) 4.2-4.4

Schleicher et al. (2006) OH - UV (ground) 6

DiSanti et al. (2007) BO - IR 9.4

Bensch et al. (2007) #O - sub-mm BNVAS) 5.2

Biver et al. (2007) HO/CS - sub-mm@DIN) 9.1 <1972

aPost-impact on 6 July.

Table 3: Total number of water molecules produced by the ahpa

Reference Observation B (x10%9)
This paper OH - UV GALEX) 1.6
Mason et al. (2007) OH - UVSWMFT) 14+0.2
Keller et al. (2007) OH - UV Rosetta) 1.5-3.0

Bensch et al. (2007) #O - sub-mm §NVAS) < 5.9 (3-0)
Biver et al. (2007) HO - sub-mm QODIN) 1.7+0.7
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FIGURE CAPTIONS

Fig. 1.— The central 1B x 128 of the composit&ALEX NUV grism image taken in the 8.5 h
following the Deep Impact encounter with comet 9P/Tempel 1. The motion of the cometésig
perpendicular to the dispersion as can be seen from thepiayhide stellar spectra. The image
has been rotated 4@ast from north. Nearly point-like CS and continuum emissagether with

diffuse OH emission at 3084 can be seen in the spectrum.

Fig. 2.— CompositéSALEX NUV spectra of comet 9P/Tempel 1 for each of the three days of
observation as listed in Table 1. Background counts have bektracted. The top panels show
the fit to solar scattered light in red, while the lower parsfiew the spectrum with the solar light
subtracted. The peak wavelengths of the CS (0,0) and OH &h@)0,0) bands are indicated.
Note, in the post-impact spectra, the broadening of the Oi$®amns due to outflow along the

dispersion direction.

Fig. 3.— Same as the top panels in Figure 2 for the six consedBALEX orbits taken immedi-

ately following the impact, showing the temporal evoluta@rthe emissions.

Fig. 4.— Temporal evolution of the CS (top) and OH (bottom)s=ions. The left panels show the
count rates roughly one comet rotatiop41 hours) prior to the impact. Model fits to the aperture

photometry are shown for velocities of 0.4 kmtgdashed line) and 0.5 knr'$ (dotted line).
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9P/Tempel 1

2000 A1010) 3000
Wavelength (A)

Fig. 1.— The central 1B x 12/8 of the composit€&SALEX NUV grism image taken in the 8.5 h
following the Deep Impact encounter with comet 9P/Tempel 1. The motion of the come¢#siy
perpendicular to the dispersion as can be seen from thepieuhvide stellar spectra. The image
has been rotated 4&ast from north. Nearly point-like CS and continuum emissagether with

diffuse OH emission at 3084 can be seen in the spectrum.
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Fig. 2.— CompositéSALEX NUV spectra of comet 9P/Tempel 1 for each of the three days of
observation as listed in Table 1. Background counts have bektracted. The top panels show
the fit to solar scattered light in red, while the lower parsfilsw the spectrum with the solar light
subtracted. The peak wavelengths of the CS (0,0) and OH &b@®)0,0) bands are indicated.

Note, in the post-impact spectra, the broadening of the Oi¥®ans due to outflow along the

dispersion direction.
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Fig. 3.— Same as the top panels in Figure 2 for the six cons®edBALEX orbits taken immedi-

ately following the impact, showing the temporal evolutarthe emissions.
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Fig. 4.— Temporal evolution of the CS (top) and OH (bottom)ssions. The left panels show the
count rates roughly one comet rotatiop41l hours) prior to the impact. Model fits to the aperture

photometry are shown for velocities of 0.4 kmtgdashed line) and 0.5 knr'§ (dotted line).



