
O
bservations

ofcom
etsw

ith
high-resolution,w

ide-�eld
instrum

ents

Jeff
M

orgenthaler

O
utline

�

W
ho

is
JeffM

orgenthaler?

�

C
om

etintro

�

E
volution

ofH

� O
in

com
etarycom

æ

�

D
iscovery

ofproblem
w

ith
O

H
photodissociationcrosssection

�

Partiallistofthingsto
do
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–

JeffM
orgenthaler

�

1988–1995soft(

�

�

keV
)X

-ray
instrum

entation

–
M

IT
seniorthesis:X

-ray
C

C
D

quantum
ef�ciency

(M
orgenthaler1990)

–
W

isconsinjunior
graduatestudent:X

-ray
Q

uantum
C

alorim
eter(X

Q
C

)
sounding

rocketpayloaddevelopm
ent(M

cC
am

m
onetal.2002)

�

1995–P
resentsoftX

-ray
background

–
P

h.D
.thesis:S

huttle
S

T
S

-54payload–
D

iffuse
X

-ray
S

pectrom
eter(D

X
S

)
(M

or-
genthaler1998;S

andersetal.2001)
–

S
tandardm

odel:X
-raysfrom

a
m

illion
degreeplasm

ain
the

interstellarm
edium

–
N

ew
tw

ist:
X

-rays
from

charge
exchangeofsolarw

ind
ions,a

processobserved
in

com
ets(Lisse

etal.1996;C
ravens1997)

�

1998–2002W
isconsinP

ostdoc:A
nalyze

com
etH

ale-B
oppopticalem

issionline
data

(M
orgenthaleretal.2001,2002a,b;H

arris
etal.2002;O

liversenetal.2002)

�

2002–2004N
A

S
A

–G
S

F
C

N
R

C
postdoc:Io

plasm
atorus

observationsusing
oxygen

em
issionfrom

Io's
atm

osphere(O
liversenetal.2001)

�

2004–?U
niversityofW

ashingtonpostdoc:G
etW

altH
arris

tenure
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W
here

do
com

etscom
efrom

?
�

T
he

prim
ordialsolarnebula

�

N
ebularcollapse,planetaryform

ation

�

D
ynam

icalthingshappen,planetorbits
change,etc.

�

Leftoverplanetesim
als

–
R

ocky
asteroids(2–3.5A

U
)

–
Icy

K
uiperbeltobjects(50–500A

U
)

–
O

ortcloud
objects(500–50,000A

U
)

�

dynam
icallyejectedby

planets

�

prim
ordial

�

interstellar

�

D
ynam

icalevolution

�

A
pparition



–
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W
hat

doesa
com

etlook
lik

e?

B
asedon

w
hatw

e
seecom

ingoff
ofcom

ets,they
are:

�

M
ostly

w
ater

�

5–15%
C

O

�

�

� %

��

�

�

�

�%
O

therm
olecules,including

organics

� 	

�


 %
“dust”

–
m

ay
orm

aynotbe
sim

ilarto
interstellardust

–
(asif

interstellardusthasany
typicalform

)

�

M
ore-or-lesshom

ogeneous

–
com

etfragm
entslook

lik
e

com
ets

�

D
irty

snow
balls
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–

W
hat

happensto
com

etsw
hen

they
getcloseto

the
sun?

�

�

�

�

,C
O

,othervolatilessublim
e

–
Form

com
a

�

m
ore-or-lesssphericaldistribution

ofgas

�

densityrangesfrom
nearatm

osphericto
interplanetary

�

lik
e

a
planetaryatm

ospherew
ithoutgravity

–
Ion

tail

�

solarradiationandcharge
exchangew

ith
solarw

ind
ions

ionizessom
ecom

agas

�

ions
acceleratedby

solarw
ind

�

accelerationm
oderatedby

collisionsw
ith

neutrals

�

D
ustis

liberated–
particlesfollo

w
com

etorbitm
odi�ed

by
radiationpressure

�

C
om

etnucleusoften
splits

�

C
om

etsevolve
overm

any
perihelionpassages

–
P

uddingw
ith

a
skin

vs.a
ballofrice

–
D

eepIm
pactm

issionm
ay

help
decide

–
N

eedground-basedobservations2005
July

4



–
6

–

F
ig.

1.—
C

om
et

H
ale-B

opp
im

age
courtesy

of
H

.
M

ikuz
&

B
.

K
am

bic
(http://w

w
w.am

tsgym
-sdbg.dk/as).
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U
nderstanding

evolution
ofH

� O
in

com
etary

com
æ

�

�

�

�

photodissociatesandionizesin
sunlight

–
D

ifferentpartsofsolarspectrum
do

differentthingsto

�

�

�

–
N

eed
a

good
solarspectrum

and

�

�

�

crosssectionto
�gure

outw
hereeverything

goes

–
R

eciprocalofthe
sum

ofthe
reactionratesis

the
totallifetim

e

–
Q

uietsun,at1
A

U
,w

aterlifetim
e

=
83000s

(23
hours)

–
R

atio
ofeachreactionrateto

totalis
the

branchingratio
(B

R
)

�

N
eutral

�

�

�

and
photodissociationproductsexpandisotropicallyunlessa

strongreso-
nanceline

inducesa
tailw

ard
force

(N
a

and
H

)

�

Ionsinteractw
ith

the
solarw

ind
(ion

tail)
anddrag

throughneutrals(m
assloading)
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Table
1.

P
hotodissociationB

ranchingR
atios

R
eaction

B
R




Q
uietS

un
A

ctive
S

un
R

ef.

�

�

�

�

�

� �

�

�

�

�

�

���

�

�

..........
B

R
1

0.050
0.067

H

�

�

�

�

� �

�

�

�

�

�

.............
B

R
2

0.855
0.801

H

�

�

�

� �

�

�

�

�

���

�

�

...........
B

R
3

0.094
0.176

H

�

�

�

� �

�

�

�

�

���

�

�

...........
B

R
4

0.662
0.513

V

��

���

�

� �

�

�

� �

�

�

�!�

�

�

�

�

�!�

�

�

B
R

5
0.046

0.042
H

��

�

�

� �

�

��

� �

�

�"�

�

�

�

���

�

� ..
B

R
6

0.457
0.391

H

�H
,

H
uebneret

al.
(1992);

V
,

van
D

ishoeck
&

D
algarno

(1984);
M

,
M

orgenthaleretal.
(2001);T

Tozzi,F
eldm

an,&
F

estou(1998).
T

he
van

D
ishoeck&

D
algarnoO

H
crosssectionshave

beencalculatedfora
heliocen-

tric
velocity

of-14
km

s #

�

,appropriatefor
H

ale-B
opp1997early

M
arch.
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O
bservables

�

�

�

�

is
hard

to
observe

directly
–

“hotband�uorescence”in
IR

(M
um

m
a

etal.1996;
D

ello
R

ussoetal.2000)

�

O
H

rotationaltransitionsare
observable

in
the

radio
at18

cm
–

thesetransitionsare
easilyquenched(e.g.S

chloerb1988)

�

O
H

resonant�uorescenceis
observed

in
the

nearU
V

at3080
	A–

interpretationis
com

-
plicatedby

a
velocity

dependent$ -factor(e.g.S
chleicher&

A
'H

earn
1988)

�

�

���

%

� decaysprom
ptly

to
the

m
etastable�

�

�

�

� state

�

T
he

forbidden�

� �

�

�

to
O

( �

P
)

transition
occursin

	

�

�




s
(F

roeseF
ischer&

S
aha

1983)via
the

brightforbidden6300,6363
	A

doublet

–
M

uch
lessquenchingthan

radio
transitions

–
N

o
com

plex

$ -factor
–

Q
(

�

�

�

)dependsonly
on

aperturephotom
etryandbranchingratios:

&

�

�

�

�

�('

&

)

�

���

�

�

*

+

,

�

�

�

+

, -

�

�

+

,.

�

(1)
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P
roblem

U
sing

radio,optical,and
U

V
derived

Q
(

�

�

�

)
valuesfrom

com
etH

alley,S
chleicheretal.

(1998)found:“R
esultsderived

from
observationsofthe

forbiddenoxygenlinesarepartic-
ularly

discrepant,nearly
alw

ays
yielding

w
aterproductionrateslargerthan

thosederived
from

otherdatasets.”

If
[O

I]
6300

	A
observationsare

so
easy,w

hy
do

w
e

getit
w

rong?

O
bservationaldif�culties:

�

M
ustseparatecom

etary[O
I]

from
com

etaryN
H

�

(

/

0

'

�1

2

	A)
and

airglow
[O

I]
(geocentricvelocity

dependent)

–
M

inim
um

spectralresolvingpow
eris

0

3

/

0

	

4










or80
km

s

#

�

–
B

ackgroundsubtractionw
orks

if
airglow

stable

–
S

pectralseparationfrom
airglow

requires 	

�


 5

6

7

#

�

resolution

�

C
onventionalnarrow

-band
�lters

don't
w

ork
–

if
narrow

enough,lose
too

m
uch

to
com

etaryredshiftvariation
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–

O
bservationaldif�culties

have
beensolved

�

M
edium

-to
high-resolutionlong-slitorm

ulti-objectspectroscopy
(e.g.,F

ink
&

H
icks

1996;C
om

bietal.1999,�g.
3)

�

Fabry-Ṕerotim
aging

andspectroscopy
�gs.

2–3

8

�

Fouriertransform
spectroscopy

(e.g.M
ichelsonorS

patialH
eterodyneS

pectroscopy)

8

8

B
onus:high

sensitivity
due

to
large

F
O

V
and

ability
to

m
atchF

O
V

to
com

asize,even
at

high
resolvingpow

er



–
12

–

-0.5 0

0.5 1

1.5 2

2.5 3

3.5-160
-140

-120
-100

-80
-60

-40
-20

0
20

40
(P

lot generated T
ue Jul 25 09:30:50 C

D
T

 2000)

V
oigt fit to 960323bi.txt; chi^2 =

 328

fit
data
resid

F
ig.2.—

W
isconsinH

-alphaM
apper(W

H
A

M
)

spectrum
(left)andim

age(right)ofcom
et

H
yakutake

on
1996

M
arch

23.A
nalysisconductedby

high
schoolinternsM

ichelle
K

rok
andK

yle
R

ipp.
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–

F
ig.

3.—
W

H
A

M
spectrum

(left)
and

im
age

(right)
of

C
om

etH
ale-B

opp,from
1997

M
arch

5
show

ing
relative

easeof[O
I]

6300
	A

detectioneven
overan

airglow
-dom

inated
1 9

F
O

V
.R

esolvingpow
erof

the
W

H
A

M
Fabry-Ṕerotis

	

30,000,or
10

km
s

#

�

,
(Tufte

1997;M
orgenthaleretal.2001;H

affneretal.2003).N
ote

unexplainedtailw
ard

extension
in

the
[O

I]
distribution.
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P
roblem

intensi�es
and

suggestsa
solution

�

W
ide-�eld

[O
I]

6300
	A

observationsofH
ale-B

oppyielded
Q

(

�

�

�

)
valuesa

factorof
3–4

tim
eshigherthanothertechniques

�

W
H

A
M

spectroscopicobservationsw
ere

sensitive
enough(0.1

R
sensitivity

lim
it

in
30

s
exposures)to

detectallthe
[O

I]
em

issioncom
ingfrom

H
ale-B

opp

�

W
H

A
M

observations
corroboratedby

[O
I]

observations
of

three
otherinstrum

ents
(M

orgenthaleretal.2001)

–
N

o
m

odeldependentaperturecorrectionneeded
–

O
nly

errorcould
be

in
the

branchingratios(E
quation1)

�

W
ide-�eld

[O
I]

6300
	A

observationsofC
om

etsH
yakutake

and
H

alley
show

a
sim

ilar
effect

–
N

eedto
publish

a
paperon

this

�

T
his

w
ork

show
s

B
R

3
needsto

change

–
O

H
radio

oropticaldataneededto
constrainO

H
lifetim

e
–

V
elocity

resolved
observationsneededto

constrainenergetics–
B

R
4

–
O

bservationsalreadyexistfor
allofthese
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F
ig.4.—

H
ale-B

opp

&

(

�

�

�

)valuesfrom
variousw

orks
(M

orgenthaleretal.2001).
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F
ig.5.—

C
om

etH
ale-B

opp,

:

;

< =

'




1

>
5

6

7

#

�

,

:

=

;

'

.

1

.

5

6

7

#

�

,Q
(

�

�

�

)
=

> ?

�




�@
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S
um

m
ary

�

W
ide-�eld

obsevationsofcom
etsm

otivate
m

odi�cation
ofO

H
photochem

istry

�

Large
am

ountsofdataexistto
constrainthe

photochem
icalm

odels

–
O

nly
som

eofthesedatahave
beenproperlyreduced

�

S
everaleffectsseenin

the
H

ale-B
oppdatahave

noteven
beentouched

–
Tailw

ard
asym

etryin
[O

I]6300
	A

em
ission

–
O

bservationsof

�

�

�

�

�

T
hatis

justw
ater!

–
H

yakutake
dustim

ages
–

H
yakutake

H
C

N

�

U
se

ofC
C

D
cam

erashasincreasedcom
plexity

ofdatareductionand
analysisby

m
ore

thanone
m

illion-fold

–
W

e
needm

illions
m

ore
graduatestudents

–
W

e
needto

getef�cient
w

ith
thosew

e
have

–
C

om
puters(w

hich
are

a
w

asteoftim
e!)

are
probablythe

answ
er
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