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The	Solar	System	Working	Group	

The	solar	system	is		
	
-  A	diverse	environment	that	is	a	universe	on	its	own!		
-  Our	only	accessible	model	for	planetary	system	forma@on	and	evolu@on	
-  A	model	for	fundamental	physics	
-  Impossible	to	survey	with	robo@c	spacecraB	
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Silvia	Protopapa,	Alex	Parker,	Jeff	Morgenthaler.		
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Why	LUVOIR	for	the	Solar	System?	

1)		The	UV	spectral	range,	par@cularly	below	200	nm,	is	essen@al	for	characterizing	planetary	
upper	atmospheres,	elemental	abundances,	plasmas,	and	energe@c	phenomena	(e.g.	auroras,	
airglow,	dissocia@ve	recombina@on).	
	
2)	Remote	probes	lack	important	capabili@es	(high	resolving	power,	polarimetry),	and	are	too	
infrequent	or	cannot	reach	most	of	the	solar	system.	
	
3)	Space	based	imaging	with	HST	is	deeper	than	ground	based	telescopes	4x	its	diameter.		
	
4)	Ground	based	NIR	windows	only	partly	sample	the	relevant	spectral	features	from	solar	
system	targets.			
	
5)	Wide	field	diffrac@on	limited	imaging	is	not	currently	possible	from	ground	based	
telescopes.			
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The	Magnificent	7	

1)  The	Icy	Fron@er	(TNOs,	Centaurs,	Dwarf	Planets)	

2)  Asteroids	(NEOs	to	Trojans)		

3)  Comets	

4)  The	Sun-Planet	Connec@on	

5)  Surfaces	(Terrestrial	planets	to	icy	satellites)	

6)  Atmospheric	Structure	

7)  Solar	Companions	(Planet	9)	
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Ice	Fron@er	(and	asteroids)	

HST	has	been	the	most	sensi@ve	facility	for	the	discovery	of	KBOs.		LUVIOR	will	maintain	this	
status	and	enable	a	true	survey.		

There	are	6	areas	of	emphasis.	
	
1)  Surface	spectroscopy	
2)  Atmospheric	characteris@cs	
3)  Size	distribu@ons	
4)  Iden@fica@on	of	binary	systems	
5)  Ring	systems	
6)  Global	distribu@on	and	large	body	

iden@fica@on	
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Ice	Fron@er	(and	asteroids)	

Surface	spectroscopy	is	currently	limited	to	large	dwarf	planets	

Imaging	implies	significant	variability	in	
surface	composi@on	(e.g.	factor	of	2	albedo).	

Occulta@ons	probe	thin	
atmospheres,	outgassing,	and	
iden@fy	rings	
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Ice	Fron@er	(and	asteroids)	

Deep	field	imaging	at	the	diffrac@on	determine	the	KBO	size	
distribu@on	down	to	~1	km.	
	
A	LSST	equivalent	array	at	the	diffrac@on	limit	would	be	3x	the	
area	of	WF3	and	could	obtain	equivalent	depth	(40	km	diameter)	
to	the	New	Horizons	search	in	~10	s.		
	
1	km	detec@on	is	possible	in	10	minutes.			
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Ice	Fron@er	(and	asteroids)	

Ultra-wide	field	(>10	arcminute	diameter)	could	provide	a	survey	of	large	areas	of	the	Kuiper	
Belt	to	different	levels	of	completeness.	
	
1)  Full	Belt	to	<50	km.	
2)  Survey	of	dwarf	planets	(~1000	km).		
3)  Iden@fica@on	of	sub-Saturn	sized	planets.	
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Comets	
SpacecraB	encounters	have	not	iden@fied	a	‘typical’	comet	or	asteroid.	
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Comets	
Space	based	observa@ons	of	comets	have	a	long	
history.	

A&A proofs: manuscript no. feldman_coma
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Fig. 1. Left: OSIRIS Wide Angle Camera image taken at UT 01:10 September 21 stretched to show jets above the comet’s neck. The field of view
is 12◦ × 12◦ which projects to 5.85 × 5.85 km2 at the center of the nucleus. The position of the Alice slit is superimposed on the images. The Sun
is towards the top. Right: A 30-minute spectral image starting at UT 00:07 September 21. The comet was 3.33 AU from the Sun and the distance
to the center of the nucleus was 27.6 km. The solar phase angle was 62.3◦. One spatial row of the spectral image projects to 145 m. Atomic H and
O features seen in the coma (rows 18–23) are identified. Note the clear separation of O i λ1356 in the coma from C ii λ1335 in the solar spectrum
reflected from the nucleus. Credits: ESA/Rosetta/MPS for OSIRIS Team MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA
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Fig. 2. Left: Same as Fig. 1 for UT 01:28 September 23. Right: A 50-minute spectral image starting at UT 00:54 September 23. The comet was
3.32 AU from the Sun and the distance to the center of the nucleus was 28.5 km. The solar phase angle was 76.1◦. One spatial row of the spectral
image projects to 150 m.

Article number, page 6 of 11

Low	level	
vola@lity	

Primordial	
chemistry	
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Comets	
At	the	limits	of	high	resolving	power	and	field	of	view,	LUVOIR	will	provide	new	insight	into	
the	vola@le	mass	budget,	isotopic	ra@os,	spin	temperatures,	and	velocity	distribu@ons.	

198 COMBI ET AL.

FIG. 5. Hydrogen atomspeed distribution function. (a)Acomparison of the
effective speed distribution of H atoms exiting the inner coma with (thick line)
and without (thin line) the full physics of partial collisional thermalization from
the model for Comet Hale–Bopp at perihelion on April 1, 1997. (b) A similar
comparison except from the model for January 1, 1997, when the comet was
1.75 AU from the Sun. Note that for January 1 only a minor modification of the
speed distribution results from collisions, whereas the effect is quite important
near perihelion.

Fig. 4, we do not see any signature for this type of short-term ir-
regular variability in Hale–Bopp. The model explicitly accounts
for the long-term variation of the production rate, so when the
brightness at the specified distance from the nucleus is fitted by
the model, it yields the extrapolated value of the instantaneous
production rate of water at the nucleus at the time of the obser-
vation, which is a small correction anyway. Therefore, if some
short-term large amplitude variability with a duration time scale
of a few days had occurred, the water production rates presented
here might show it a few days late. Because we do not see any
such signatures, we believe the point is moot in any case. Last,
because H is a daughter or granddaughter species and the ef-
fective lifetimes of the water and OH sources are 1 to 1.5 days,
any temporal variations with a shorter time scale, for example,
something related to the 11.4-day rotational period (Schleicher

et al. 1998), would mostly be smoothed out in these H observa-
tions.
The last column in Tables I and II gives values of the wa-

ter production rates extracted from the H Ly-α brightness. An
advantage of these data is that they provide a fairly high tem-
poral monitoring of the water production rate, on the average of
two observations per week. The water production rates are plot-
ted against heliocentric distance in Fig. 6. The variation in time
reaches a maximum, not exactly at perihelion, but around April
17–21. A time lag this large cannot result from any part of the
analysis procedure, but really represents the actual activity of the
nucleus. Unlike Halley which had a major large-amplitude time
variation with a period of 7 days associated with the rotational
motion of the nucleus, the rotation period of Hale–Bopp is about
11.4 h, so this activity lag cannot be due to a rotational effect
which produces the spectacular shells in both dust (Farnham
et al. 1998) and gas images (Lederer et al. 1998).

WATER PRODUCTION IN COMET HALE–BOPP

There have been a number of surveys ofwater production rates
(Fig. 6) inCometHale–Bopp.DelloRusso et al. (2000) observed
water directly using high-resolution IR spectroscopy. Weaver
et al. (1997) determined OH production rates from ultraviolet
observations with the International Ultraviolet Explorer (IUE)
satellite and theHubble SpaceTelescope (HST). Schleicher et al.
(1997) determined OH production rates from groundbased pho-
tometry. TheMeudon radio groupmeasured the 18-cm emission
of OH at Nançay (Colom et al. 1997).
Comparisons of production rates are usually complicated by

the adoption of different models and model parameters. For
placing all comparisons on a common base, we have adopted
a net yield of 0.856 OH radicals per water molecule from the
quiet-Sun values of Budzien et al. (1994). Their photochemical
branching ratios and lifetimes for the quiet-Sun limit are consis-
tent with our quiet-Sun case (Combi and Smyth 1988b, Combi
1989) which yields 2× 0.88 H atoms per water molecule. For
the OH production rates themselves, we have used either val-
ues as given by the observers or altered with model-dependent
corrections they provided.
Dello Russo et al. (2000) adopted a water lifetime of 7.7×

104 s (somewhat smaller than values near∼8.2× 104 s assumed
for other data) and an outflow velocity 1.1 r−1/2 km s−1 as a
function of r , the heliocentric distance in AU. However, their
slit length is fairly small (1 to 2× 104 km), so the smaller water
lifetime does not have a big effect. Their outflow velocity is
similar to the observed values of Biver et al. (1997) and the
values in ourmodel sampling similar distances from the nucleus.
Colom et al. (1997) used a vectorial equivalent Haser model,

adopted from the average random walk model (Combi and
Delsemme1980), parentmolecule outflowvelocities determined
from their measured Doppler line widths, and a photodisso-
ciation ejection speed of OH of 1.05 km s−1. Their effective
water outflow speeds are generally larger than those given by

2562 BRITTNACHER ET AL- THE NEUTRAL COMAE OF COMET HALE-BOPP 
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Plate 1. The coma of Comet Hale-Bopp constructed from a 
series UVI images of the spectral lines (a) OI (1304), (c) CI (1561) 
and (e) CI (1657). Images (b), (d) and (f) are the respective 
Pixon reconstructions. The scale unit is Rayleighs (R) and the 
contours levels are (a,b) 50 R and (c-f) 20 R. Extraneous UV 
sources (presumably stars) are indicated by asterisks. 

Plate la, was produced by averaging each pixel at a fixed 
position relative to the comet over the set of images. Noise 
spikes 3 standard deviations above the mean due to pene- 
trating radiation in the detector were removed. The aster- 
isks indicate the location of resolved but unidentified UV 
sources. The broadening in the vertical direction and dual 
peak intensity is the result of spacecraft "wobble" motion 
that also decreases the maximum intensity. 

Although the spacecraft motion degrades the image res- 
olution, production rates can be recovered from the total 
photon flux observed in the coma. A minor correction to 
the background was modeled by fitting a smooth surface 
to the background noise to guarantee that summation over 
any region not including the comet or stars would be zero. 
Extraneous luminosity from stars near the comet was also 
removed. No FOV correction was required since the images 
extended beyond the measurable limit of the comae. The 
total flux for OI (1304) is shown in Table 1. Although some 
contamination from CII (1335) may be included on the basis 

of the spectrum obtained by .McPhate et al. [1999] it should 
be at least an order of magnitude smaller than that of OI 
(1304), and the sensitivity of the instrument at this wave- 
length is less than half the value at 1304/•. A reconstructed 
image using the Pixon algorithm shown in Plate lb exhibits 
a circularly symmetric neutral oxygen coma with a diame- 
ter on the order of 5 million km. Celestial north is up and 
the Sun is to the left, as indicated by the arrow. The dust 
tail of the comet was not observed in this wavelength al- 
though dust particles may generate neutral oxygen through 
photodissociation of sublimating water ice and other volatile 
ices [McCoy et al., 1986]. 

Images from a sequence of 87 exposures with the 1400- 
1600 /• band filter shown in Plate lc and 61 exposures 
with the 1600-1800 /• filter shown in Plate le were ob- 
tained on March 31, 1997 during the intervals 1510-1653 
UT and 1716-1753 UT, respectively. The total photon flux 
for CI (1561) and CI (1657) listed in Table 1 are obtained 
from the luminosity measured in the respective filters above 
calibrated for these wavelengths and neglecting all other 
sources. The absolute calibration factor for these filter mea- 

surements is the largest source of uncertainty (about 60%) 
owing to a significant variation of the spectral sensitivity 
with angle in the instrument (the comet was observed at 3 ø 
to 4 ø from the boresight) and since the CI emission lines 
occurred at the edge of the filter bandpass. The 1304 • 
measurement has a much smaller uncertainty since the filter 
bandpass is centered on this wavelength, the comet image 
was closer to the instrument boresight and there was less 
scattered sunlight in the images. The Pixon reconstructed 
images for CI (1561) and CI (1657) are shown in Plates ld 
and lf. The vertical elongation of the coma may be due to 
an unknown UV source behind the comet, to incomplete re- 
moval of the wobble distortion or to imprecise registration of 
the simultaneously processed images. The diameter of the 
coma in this image is about 2-3 million km. 

Production Rates 

The production rates for neutral carbon and oxygen 
atoms were estimated from the measured luminosity for the 
respective emission lines. This method avoids modeling of 
the radial profile but is more sensitive to background sub- 
traction. It is also assumed that the emissions are not op- 
tically thick. Weaver et al. [1999] noted a flattening of the 
emissions within a cometocentric distance of about 105 km 
(2 arcseconds near perihelion) which were suspected to be 
due to optical thickness. In our images this would be on 
the order of a single pixel. The photon flux at the cam- 
era, F, for C and O is related to the production rate Q by 
g•-Q = 4•rR2F where R is the comet-Earth distance, g is 
the probability that a solar photon will be resonantly scat- 
tered or produced by resonance fluorescence, and •- is the 
lifetime of the scattering species. Although the product 
is independent of heliocentric distance, the individual fac- 
tors are uncertain within about a factor of 2. The values for 
g and •- near perihelion are listed in Table i along with the 
derived production rates for O and C. The independent es- 
timates of carbon production from these 2 emission lines are 
remarkably similar despite the large error in the calibration. 
This can be accounted for if the absolute calibration scalar 
in both filters, the largest source of error, is systematically 
underestimated. 

The	OI	coma	of	Hale-Bopp	
(8∘	field)	Velocity	components	of	H	

from	H2O	dissocia@on	

Isotopes	from	atomic/molecular	
band	emission	in	UV-NIR	range	
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Comets	

Diffrac@on	limited	imaging	from	space	has	provided	wide	field	access	to	icy	and	refractory	
debris	fields	surrounding	comets.		

73P	(B	fragment)	

1996	B2	

Spectropolarimetry	of	gas/dust	at	mul@ple	
phase	angles		
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Sun-Planet	Connec@on	

Energe@c	phenomena	in	planet	environments	is	mainly	driven	by	the	
solar	wind	&	EUV,	ion-neutral	pickup,	and	magnetospheric	processes.	
	
Far	UV	line	emissions	are	produced	from	neutral	and	ion	ground	
states.		Variability	on	@me	scales	from	seconds	to	days	is	observed.	
	
Ice	giant	auroral	and	magnetospheric	processes	are	below	the	current	
characteriza@on	limit.	
	
	

Jovian	Aurora	 
𝐻↓3↑+ 	

Uranus	Auroral	‘spot’	Mar@an	Exosphere	
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Sun-Planet	Connec@on	
Giant	planet	magnetospheres	with	large	or	ac@ve	satellites	produce	complex	structures	that	
interact	at	mul@ple	points	through	the	system.		

Io	aurora		
	

Io	torus		
	

Io
	to

ru
s		

	
Earth	based	monitoring	
dominates	over	
spacecraB.	

High	resolving	power	is	
required	to	separate	processes	
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Sun-Planet	Connec@on	

The	heliopause	is	accessible	by	proxy	from	observa@ons	of	resonance	scaoering	from	
interplanetary	hydrogen.	

High	spectral	resolu@on	measures	
	
-The	Sun-LISM	rela@ve	velocity	vector	
-The	strength	and	orienta@on	of	the	interstellar	
magne@c	field	
-The	characteris@cs	of	the	upstream	plasma	
decelera@on	process	
-The	shape	of	the	heliopause		
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Surfaces:	

LUVOIR	enables	long	term	monitoring	of	planet,	satellite,	and	dwarf	planet	surfaces.	

Spectroscopic	study	can	iden@fy	surface	geology	and	
measure	atmospheric	absorp@on.	
	
Varia@ons	with	wavelength	highlight	regolith	
proper@es.	
	
	
	
	
	
	
UV	(HST) 	 	 	UV	(LUVOIR)											Vis	(LUVOIR)	
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Surfaces:	

High	spa@al	resolu@on	monitoring	can	iden@fy	surface	ac@vity	paoerns	and	regions	of	high	
temperature.	
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Surfaces	

In	the	outer	solar	system	Cassini-quality	images	of	the	Titan	fluid	cycle	will	be	obtained.		
Monitoring	of	surface	evolu@on	on	Pluto	or	Triton	will	be	possible.	

Sputnik	Planum.	
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Thick	Atmospheres:	

From	LUVOIR	it	will	be	possible	to	monitor	3-dimensinoal	global	circula@on	paoerns	in	
planetary	atmospheres,	tracing	the	evolu@on	of	weather	with	al@tude	and	energy	source.		

An@cipated	Characteris@cs		
	
1)  Diffrac@on	limited	imaging	mee@ng	or	

exceeding	Voyager	
2)  Spectroscopic	characteriza@on	of	

atmospheric	compounds,	chemical	processes,	
and	isotopic	ra@os.	
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Thick	Atmospheres:	

Bulk	atmospheric	structure	is	probed	by	different	wavelengths,	with	UV	sampling	upper	
atmospheric	regions	with	the	visible	and	NIR	moving	deeper.	

Atmospheric Dynamics: 
Giant$Planets:%%Hazes,%hydrocarbons%and%scagering%isolate%atmospheric%
regions.%

336% 255% 218% 160%

Vincent%et%al.%2000a%
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Thick	Atmospheres:	

A	 Weather	paoerns	can	be	traced	out	
to	Neptune	with	LUVOIR.			
	
Chemical	pathways	will	be	explored.	
	
With	sufficient	resolving	power,	
winds	and	turbulence	can	be	
tracked.	
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LUVOIR	Technology	Drivers	for	the	Solar	System:	

Solar	system	studies	have	some	required	technical	drivers	(in	addi@on	to	everything	else).	
	
1)	Solar	Exclusion	Angle:		Venus	Elonga@on	is	45-47	degrees.		Mercury	is	28	degrees.		Comets	
are	ac@ve	when	closest	to	the	Sun.		
2)	Moving	Target	Tracking:		A	LUVOIR	Lagrange	point	mission	will	move	1	degree	on	the	sky	
per	day,	or	about	1	arcsecond	every	24	seconds.		Inner	solar	system	targets	(NEOs,	Asteroids,	
Comets)	can	move	up	to	100x	faster	than	this.		
3)	Large	dynamic	range	in	target	brightness,	including	crowded	fields	(e.g.	Satellites).		ND	
filters	and/or	coronagraphs	may	be	necessary.	
4)	Rapid	temporal	changes	due	to	rota@on	state,	eclipse,	occulta@ons,	require	rapid	@me	
domain	measurements.	
5)	Ultra-wide	field	imaging	necessary	for	capturing	comet	comae	and	for	survey	work.		
6)	Heterodyne	spectroscopy	for	measuring	atmospheric	winds.	
7)	Spectropolarimetry	for	dust	scaGering	properHes,	radiaHve	transfer,	and	magneHc	fields.		
	


