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"l have the greatest admiration for a man or woman who discovers
because 1 know of the hard and thorough work which the success impli

— W. R. Brooks, quoted in Mary Proctor, (1926) The Romance of Come

“"(*If you hunt long enough, sooner or Hlater you will somedg
coret.) Keep hunting and stay away from Virgo."'

— Robert Burnham Jr., conversation, June 6, 1967.

To th e comet hunters,

past, present and future

(Qedication to Peter L. Bromn, (1973) Comets, Meteorites and Met

Here iIs a message for you:

David and Steve:

I'm glad you liked the minor planets "Lew" and "‘Larson! 1 rath
you might have had an inkling that they were iIn the works at th
“Asteroids II' but didn"t feel 1 should say anything! Actually,
several other participants there who now have minor planets, so Ric
viewgraph already needs substantial updating. It's OK, we can h
more things called "Lewy” iIn the sky: get out there looking again!

Brian, Apr. 5, 12 45 UT

— Brian Marsden, 1988



Comet Search Codes.

CN3 original comet search program. December 17, 1965.

CN3a added Edmund wide field finder telescope. October 7, 1970.

CN3b used larger 12-inch telescope RASC. March 1973. Other borrowed
instruments.

CN3c Catalogue of masqueraders. Fall 1977.

CN3d Miranda used for search. September 11, 1981.

CN3e TV Corvi, and other variable magnitude objects like P/S-W 1. December
17, 1986.

CN3f Photographic and electronic searching. December 17, 1988.

CN3g Joining with other group searches, December 17, 1988. (CN3fg
responsible for Periodic comet Shoemaker-Levy 9 discovery.)

CN3h Automated searching, Esther. Also Project Hope. December 17, 2001.

CN3i formerly CN3nb11l. Search with Joshua Cole.

CN3j Kreutz comet search. December 17, 2001.

CN3k11. Electronic search with Clyde. December 17, 2002.

CN3L11 Comet hunting with Lothar and Paula’s Minnowbrook lens.
January 19, 2006.

CN3-40m.  Comet hunting with Flaire! December 17, 2005.

CN3n. Comet unting with Ulysses. December 17, 2005.

CN3o011. Formerly CN3nll. Secondary camera with Esther. December 17,

CN3p. 1977-2015 and ongoing. Comet research in the Victorian era-Tennyson



Comet Notes

By VAN BIESBROECK

Comet van Gent-Peltier. This comet has gone through a short-lived period
of brightness. We mentioned last mthat this object, which in the beginning
of December was located too far atfr dservers on this side of the equator,
would probably soon become an evening object. It was, indeed, independently

discovered by Leslie C. Peltier of Delphos(Ohio), who has already so many
comet discoveries to his credit. He sweptit up inhis 6-inch telescope in the
evening of December 17 and gave the rough positionas 23h20m, —16°, with the

indication “moving slowly westward.” He called the brightness equivalent to a

27 Nov,
16 Dec Targd Jiu,

Johannesburg (vG). 3 Dec,
Rumania (D). 17 Dec,

http://pds-sm.Ulbodies.astro.umd.edu/comet_

Comet van Gent-Peltier

(Drawing from a photograph taken
December 24 with the 24-inch reflector of
the Yerkes Observatory.

van Gent-Peltier-Daimaca
Giclas (Flagstaff).
Delphos OH (P).

data/comet.catalog




























































































































































1000
6924M
6928E
6930AN
6931AN
6941E2
6943E
6956M2
69 57AN
6960AN
6961AN
6963M2
6966M3
6981AN
6984E6
6987M2
6989M2
6991M2
6994M3
6996M2
6998AN
7014M2
7016M
17M
@i sV
/019M
7025E
7026E

07/12/86
11/10/85
11/15/85
11/17/85
11/19/85
11/29/85
11/30/85
12/12/85
12/13/85
12/16/85
12/17/85
12/19/85
12/19/85
01/03/86

0

2100
1900
0500
0500
1900
1830
0515
0500
0430
0500
0500
0500
0500

01 06 861800
01 08 860500
01 09 860535
01 09 860530
01 10 860530
01 11 860530
01 15 860300
02 06 860530

02 08/86

0300

02 12 860300
02 16 360500

02 1" 860500
02 25 861930

02/26/86

1900

0

2359
2030
0600
0600
2100
1900
0600
0600
0600
0600
0600
0600
0600
2000
0610
0635
0610
0615
0615
0430
0630
0330
0500
0600

0615
2000
2100

Miranda
Miranda
Minerva
Minerva
Miranda
Miranda
Miranda
Minerva
Minerva
Minerva
Miranda
Miranda
Minerva
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Minerva
Miranda
Miranda

Miranda
Miranda
Miranda

=SE=EMMMMMMMMMMMEMMMMMMME=MME==

Accumulated total
First computer entry
Jupiter - Miranda
KUAT night

20th Anniversary CN3
date uncertain

date uncertain

lots of driving!
after Las Cruces
Flagstaff- cold.

Miranda official



Session

7030E2
7032SAN
7035M
7036M
7046M2
7047M
7049M2
7067E2
7071E
7091M
7093M2
7099E
7105EM
7109E2
7113EM
7118M2
7119M
7120M
7121M
7122M
7128E
7145M2
714 6AN
714 7AN
A ISoMl
-/151AN
7153M2
7161M2

Date

02/28/86
03/701/86
03703786
03/04/86
03/14/86
03/15/86
03/18/86
03/29/86
04/01/86
04/18/86
04/19/86
04/25/86
05703786
05/05/86
05/09/86
05/14/86
05/15/86
05/16/86
05/18/86
05/19/86
05/27/86
06/07/86
06/07/86
06/08/86
06/09/86
06/10/86
06/11/86
06/18/86

Begin

1930
1900
0500
0500
0400
0200
0405
2045
2000
0430
0340
2025
2000
2030
2200
0300
0230
0300
0300
0230
2000
0310
0245
0200
0320
0000
0245
0300

End Time

0000
1915
0600
0600
0615
0630
0430
2300
2320
0450
0440
2100
2200
2130
0000
0415
0415
0430
0430
0405
2200
0400
0410
0410
0410
0400
0400
0430

3

00
10
50
50
66
33
25
00

25
66
25
50

00
50
80
00
00

00
75
75
25
40
10
00
25

Scope

Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Pegasus
Miranda
Pegasus
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Minerva
Miranda
Miranda

Area Comment

MMOMMMM=MMMMMmME===SMME=MMMMME=

Miranda

Miranda

Miranda
Miranda
Miranda

first

first

first
first
first

light

light

light
light
light

TAAA star party

Texas Star Party

-E Jarnac and KPNO



Session

~L64M3
7170EM
7175M
7176M
7177M
7178M
7179M
7180E
7181M

Date

06/19/86
06/28/86
07/08/86
07/09/86
07/10/86
07/11/86
07/12/86
07/13/86
07/15/86

Begin End Time

0330
2300
0200
0130
0330
0245
0320
2030
0230

0410
0030
0300
0430
0405
0405
0400
2120
0335

Scope

Miranda
10 rfl

Miranda
Miranda
M/Rigel
Miranda
Minerva
Minerva
Miranda

Comment

new galaxy!
RASC GA Winnipeg 86

Very close to horizo
Pima Mine Road
UT DATE FROM NOW ON



CN-111 December 17 1965

Sessi on Date Beg in Eoc Time Scope Area Comment
=
1000 07/16/86 142 .25 Accumulated total
7182M 07/17/786 0300 0340 .20 Mi randa E
71B9E 07/25/86 2015 2200 1.50 Mi randa W Clear summer sky!
7193E 07/26/86 2015 2200 1. 13 Miranda sw S Clear evening aga
7194E 07/28/86 2030 2130 .50 Mi randa E suspect
7195E 07/27/86 2000 2200 1.00 Mi randa E Some clouds
7197E 07/30/86 2230 0030 1. 00 Miranda E S nice night
7198E 07/31/86 0030 0130 Miranda S
7206AN 08/712/86 0200 0500 2. 00 Minerva E Jarnac Dock
7207AN 08/13/86 0330 0445 1.14 Minerva E Jarnac Dock.
721BM2 08/731/86 0300 0400 .20 Mi randa E
7220AN 09/02/86 0100 0520 3. 00 61finder E
7221 AN 09/03/86 0350 0500 1. 00 Minerva E
7222E 09704786 2000 0000 1.00 Miranda. W
7224M 09/05/86 0100 0500 3.00 Mi randa E NE
7225EM 09/706/86 2230 0500 2.33 Mi randa E NE
7228M 09/09/86 0350 0430 .30 Mi randa E
7229M 09/11/86 0350 0450 .60 Mi randa E
7231 M2 09/712/86 0300 0500 1.50 Mi randa E SE
7233M2 09713786 0345 0445 .50 Miranda E S

164 .40



”  sion
1000
7234M
7235E
7236E
7237E
7239E2
7240E
7241E
7242E
7243M2
T244E2
7246E
7248AN
7249M
7250M
7251E
7252M2
7257E
7258E
7267E
7268E
7269E
NOE

Date

11/23/86
09/14/86
09/17/86
09/18/86
09/19/86
09/23/86
09/25/86
09/26/86
09/27/86
09/27/86
09/28/86
09/29/86
10/01/86
10/ 02/86
10/04/86
10/05/86
10/05/86
10/ 20/86
10/ 21/86
11/20/86
11/ 21/86
11/ 22/86
11/23/86

Begin End Time

164.
0330 0430
1900 2000
1930 2100
1935 2000
1930 2030
1930 2100 1
1930 2200 2
1930 2100
0000 0015
2300 0100
1930 2330
1900 2100
0300 0500
0300 0500
1930 2345
0430 0530
1900 2000
1900 1945
1830 1940
1830 2000
1845 2200
1815 2300

NNDN N -

NN P

Scope

Pegasus
Maia

Ophelia
Ophelia
Miranda
Minerva
Miranda
Miranda
Miranda
Miranda
Miranda
Minerva
Miranda
Miranda
Pegasus
Miranda

Pegasus
Miranda
Miranda
Miranda

Area

H1ErﬂH1%:Eﬂ1§:E§EE:E§E§E§rﬂ
m

W
West
W
w

Comment
Accumulated Total
hunt from car.

from car;Gates pass

KPNO-Marsden&Gehrels

Mt Bigelow

South site



ssion

1000
7271E
7272E
7273E2
7274M
7275M
7276AN
7277AN
7278E
7281M
7282E
7283M2
7286M
7287M
7288M
7292E
7293M2
7294E
7295E2
7297E
7304M
7305M
7306M
7311M
12M
/J314M

Date

12/09/86
11/24/86
11/25/86
11/25/86
11/26/86
11/27/86
11/28/86
11/29/86
11/30/86
12/02/86
12/03/86
12/03/86
12/09/86
12/11/86
12/12/86
12/13/86
12/18/86
12/20/86
12/22/86
12/24/86
12/29/86
12/30/86
12/31/86
01/04/87
01/05/87
01/07/87

Begin

1830
1900
2000
0100
0230
1800
1800
1845
0340
2000
0330
0430
0330
0430
1840
0000
1845
1900
2300
0430
0300
0000
0540
0515
0430

End Time

0000
1915
2030
0200
0300
0600
0600
1925
0540
2130
0530
0600
0600
0600
1940
0230
2030
2200
0000
0630
0415
0100
0610
0630
0700

188.

N R

N

e

205.

Scope

Miranda
Ophelia
Miranda
Miranda
Miranda
Pegasus
Pegasus
Pegasus
Pegasus
Pegasus
Pegasus
Miranda
Miranda
Miranda
Pegasus
Pegasus
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Ophelia
Miranda
Miranda

\

Comment

>
=
D
D

W

W

W

E

E

S

E

W near Buckeye AZ
E Morgan Site

W N Polaris Observatory
E Little Rock Site
E

E

E

West Start of CNIlle

Southi Start of Sungrazer s
West

West after day w/Richard
South

East

East

southi during vs book

East South site

East possible comet

East New Comet Confirmed



Nsion

7318M2
7319M
7325E
7326E
7330EM2
7331M
7333EM2
7335EM2
7336AN
7337M
7339EM
7344AN
7347E
7349M
7351E
7352M2
7361M
7362M
7369EM
7370M
7371E
7372M2
73 73AN
774AN2
A~ AN
/WBAN
7380M3
73822

Date

01/09/87
01/10/87
01/19/87
01/21/87
01/23/87
01/24/87
01/25/87
01/26/87
01/27/87
01/29/87
02/01/87
02/06/87
02/17/87
02/24/87
02/28/87
02/28/87
03/12/87
03/13/87
03/23/87
03723787
03/25/87
03/25/87
03/26/87
03/727/87
03728787
03/29/87
03/30/87
03/31/87

Begin

0400
0400
1900
1900
2230
0000
1930
2330
1800
0300
2300
0500
1900
0300
1900
0400
0430
0000
1930
0300
1930
0200
2000
0500
0430
0430
0430
0425

End Time

0630
0630
2000
2000
0100
0200
0230
0530
0630
0630
0800
0515
2300
0400
2000
0600
0530
0530
0130
0530
2015
0300
0515
0530
0530
0530
0530
0515

.

WN O Ll o

O NW
BBBFHRESEEBRBBEEE

Scope

Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Minerva
Min Mir
Miranda
Minerva
Miranda
Miranda
Miranda
Miranda
Miranda
Ophelia
Miranda
Miranda
Pegasus
Pegasus
Pegasus
Pegasus
Pegasus

Area Comment

MMMMZ=MEMEMMMEM=MME=0N=WM ==mm

E
S E
E
E

Good session

Tumamoc

New 20mm Nagler

W of Deming New

P/Halley Phase
Mt. Bigelow
Very cold

Mt Lemmon



“ssion

7385AN2
7388M2
7390M2
7391M
7392M
7393M
7394M

Date

04/02/87
04/06/87
04/07/87
04/08/87
04/09/87
04/10/87
04/11/87

Begin

0415
0400
0430
0430
0330
0430
0430

End

0455
0500
0500
0500
0500
0500
0500

Time

Scope

Pegasus
Miranda
Miranda
Miranda
Miranda
Miranda
Miranda

Area Comment

mmmmmmm



(]
Session

1000
7403E
7412M2
7420M2
7424M3
7428EM2
7430M2
7434AN
7435AN
7440M
T444EM
7449AN
7453M
7454M
7455E
7458AN
7459AN
7464EM
7465M
7467M2

Date

05/03/87
04/17/87
04/22/87
04/26/87
04/29/87
04/02/87
05703787
05/04/87

05705787

05/19/87
05/25/87

05/30/87
06/09/87
06/10/87
06/14/87
06/17/87
06/18/87
06/25/87
06/26/87
06/27/87

Begin End

1930
0125
0430
0345
0345
0345
0430
0400
0000
2200
2200
0330
0330
2000
2000
2000
2000
0245
0230

2245
0320
0445
0415
0430
0420
0530
0520

0200
2300
0600
0415
0415
2200
2200
2200
0300
0400
0405

Time

41.
2.
1.

.12

.25

.33

.60

-90

.10

.60
.50

.00
.50
.50
.12
.25

73
50

.75
.00

Scope

Miranda
Miranda
Miranda
Miranda
Miranda
Miranda
Pegasus
Pegasus
4-in L
4-in SCT
Minerva
Miranda
Miranda
Miranda
Minerva
Minerva
Minerva
Miranda
Miranda

Area

MMESES=E=EMME=Z2ZMMMMMMM=

m

m

Comment

Mt Lemmon near 60-in
near 60-inch

0Oso Observatory

John Griese"s scope

with Clyde Tombaugh

clouds
KPNO near 2-36
near 2-36 KPNO

possible P/DenningFu



cassion

1000
7469M
7470AN
7471M
7472M
7473M
7474M
7476M2
7478M2
7480M2
7481M
7482M
7487E
7488E
7490E
7492E
7493E
7496M
7497M
7498E
7499M2

Date

06/27/87
06/28/87
06/29/87
06/30/87
07/01/87
07/02/87
07/03/87
07/04/87
07/05/87
07/06/87
07/07/87
07/08/87
07/13/87
07/14/87
07/15/87
07/17/87
07/19/87
07/21/87
07/22/87
07/23/87
07/23/87

Begin

0200
2000
0000
0100
0200
0000
0130
0035
0100
0200
0200
2030
1955
2100
2100
2045
0100
0000
2100
0000

End Time

60.

0400
0430
0430
0430
0430
0430
0400
0400
0415
0405
0415
2130
2300
2215
2215
0130
0300
0430
2130

0430 2.

RN R RRNO

RPWkR PR

Scope

Miranda
Miranda
Miranda
Miranda
Miranda
Md-Pegas
Pegasus
Miranda
Miranda
Miranda
Miranda
Minerva
Minerva
Minerva
Minerva
Minerva
Miranda
Oph Min
Ophelia
Miranda

Area Comment

ZEEIME====Mue=MumMmmMmmMm=MmM

m=Zm m

NW

Pomona Calif
Mount Peltier
Mt Baldy Calif
OCA site
Polaris site

South site - JIMF



session

1000
7500M
7501E
7502M
7503M
7504E
7507E
7508M2
7509EM
7511M2
7512M
7515M2
7518M
7519M
7521E
7522E
7523E
7524EM
7525M
7529M
7530M
7531M
~k32M
W5 4E
7536E
7537E

Date

07/23/87
07/24/87
07/28/87
07/29/87
08702787
18/12/87
08714787
08/14/87
08/16/87
08722787
08/23/87
08/30/87
09/04/87
09/06/87
09/09/87
09/11/87
09/87/87
09/13/87
09/18/87
09/30/87
10/02/87
10/03/87
10/04/87
10/08/87
10/11/87
10/12/87

Begin End Time

0300
2000
0300
0245
1940
1950
0400
1930
0200
0300
0230
0330
0420
2000
1930
1930
2000
0300
0300
0430
0300
0400
1900
1900
1900

0400
0000
0400
0415
2300
2300
0420
0030
0430
0440
0500
0430
0450
2100
2130
2130
2100
0400
0515
0515
0515
0515
1940
2030
2200

87.

107.

RPN NNRR R

Scope

Miranda
Minerva
Miranda
Miranda
Minerva
Pegasus
Mir Peg
Peg Mir
Mir Peg
Miranda
Minerva
Mir Peg
Pegasus
Pegasus
Pegasus
Pegas.us
enr TK
Pegasus
Miranda
Pegasus
Miranda
Miranda
Pegasus
Pegasus
Pegasus

Area Comment

E

W JOCR

E

E

W

W new JM3 site on roof
w

E

E last Jarnac Pond sn
E

E

w

W

W

\J

E

E

E

E

W Ind. find 1987S

w possible comet

\; new comet confirmed



CN-111 December 17 1965

Sbesion Date Begin End Time Scope Area Commen
7539E 10/15/87 1830 2330 3.00 Peg Mir W
7540EM 10/16/787 1335 0030 4.00 Peg Mir w
7542EM 10/19/87 7300 0230 3-00 Mi randa E Gal & i "&S
7544M2  10/20/87 2200 0530 9 ~E  Mir Peg W E
7546M2 10/21/787 1900 0540 3-00 Miranda U E
7553M 10/30/87 0200 0430 2.00 Mi randa E
7555M2 11/701/87 0400 0500 03 Pegasus E
755QMS 11/702/87 0400 0540 1.25 Miranda E
7559E i1709/87 .1800 1900 2’5 Mir Peg W
7560E 11/710/87 1330 2000 1 00 Mi nerva w Whitak Pec ©
756 IE 11/11/87 1BOO 2000 1.00 Minerva w
7562E 31/14/87 1730 1930 1.00 Minerva w Pt Rey
7563E 11717787 1830 2300 3.00 Miranda w
7567AN 11z22./87 0300 0500 1.50 Minerva E Pol ar is Obser
756BE 11/23/7Q7 1800 1930 1.00 Minerva W Whi tat S
7570AN 11/25/87 1800 0630 2.50 Miranda W E
7572AN 31/27/87 1800 0600 1 ™ Min Mir E
7573AN 11/28/S? 1835 0650 3. 75 Min Mir W E
7575E 12/09/87 1800 1900 .50 Minerva W
7576E 12/3 0/9"7 1800 2200 - 20 Min Mir w
7577E 12/11/87 1BOO 2100 noome Min Mir w
757BE 12/12/787 1900 2330 3.40 Mirandt w
7580E 12/14/87 1840 1900 - 17 Minerva w
7531M2 12719787 0000 0215 - vi-j Miranda NW
7582E 12/15/87 1800 3900 .17 Minerva W Mt Big
7584M 12/717/37 0500 0610 1.00 Miranda E Ci oud 104
45. 18
irvs fry  1Ir/any Ol Co _7r  [Yinen*3 £
U 22 0*30 Nzs S fir/U E
15ft Ptfit XA ISSO 0630 AFirAn W NVE
"Mu 0500 0630 0, u Il nerv- E
IS<UE i'm i700  \2*5* a.25~  SIHK<iv W Cr”\j
T p2/13 OHoo 0630 Loo M (-artic
1
P30 <112 Loo At~ BS
T$<\i e 830 2.100 3 cOo f"u&r™ u/
istfen i0 H&o  $JOG 3,00 /y>o/v US
n 1 2-330 3 ,c%> At W
-/\
r o( 00 0OZoO OS'S /lineHfes us

+1*X)Z1r\ 13 ro 0130 r.yo WAr w v/



"ession Date
01/31/88
7632M3 01/31/88
7634E 02/06/88
7636E 02/07/88
7637E 02/08/88
7638E 02/09/88
7639M2 02/09/88
7640EM 02/10/88
7641EM 02/11/88
7642AN 02/12/88
7645M3 02/13/88
7647M2 02/14/88
7648AN 02/15/88
7649AN 02/16/88
7650E 02/17/88
7653M2 02/18/88
7655M 02/21/88
7656M 02/22/88
7659M 02/25/88
7661M 02/27/88
7662E 02/28/88
7663M2 02/28/88
7664E 02/29/88
7665E 03704/88
G BE 03/05/88
03/707/88
WeedE  03/09/88
7669E 03/710/88
70N F2-
~7"\3? *
~jLo? 1J
7"ol"Nz
nLVE
-7 £"M2.
w/ N2 /?V
1 1i?fc2_
'itkron'i
ni'uJYyL
162.3c.
TIXAET
n?/*17.
o/ f7a/ -

Begin End Time
1830 1910 .25
0605 0620 .10
1900 2045 1.50
1900 2200 2.00
1900 2300 2.50
1920 2330 3.50
0540 0620 .33
1915 0040 4.00
1925 0150 3.50
1830 0630 6.50
0530 0615 2.50
1830 0630 4.50
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Session ®3689M2. September 12,
1978/0125-0200/9-f (Moon)/ Pine Trees
Campground, Lewis, NY/ Little
Joe/M31. CN3. VSO-I. Independent
discovery of Nova Cygni 1978.

Comets and other discoveries by David Levy

Comet Levy-Rudenko, 1984t, C/1984 VI, Nov 14, 1984

Comet Levy, 1987a, C/1987 Al, January 5, 1987

Comet Levy, 1987y, C/1987 TIl, October 11, 1987

Comet Levy, 1988e, C/1988 FI, March 19, 1988

Comet Okazaki-Levy-Rudenko, 1989r, C/1989 QI, August 25, 1989
Comet Levy, 1990c, C/1990 KI, May 20, 1990

Periodic Comet Levy, P/1991 L3, June 14, 1991

Comet Takamizawa-Levy, C/1994 GI, April 15, 1994

Periodic Comet Levy, P/2006 TI, October 2, 2006

Photographically, as part of team of Eugene and Carolyn Shoemaker and David Levy:
Periodic Comet Shoemaker-Levy 1, 19900, P/1990 VI

Periodic Comet Shoemaker-Levy 2, 1990p. 137 P/1990 UL3

Comet Shoemaker-Levy, 1991d C/1991 Bl

Periodic Comet Shoemaker-Levy 3, 1991e, 129P/1991 CI

Periodic Comet Shoemaker-Levy' 4.  1991f, 118P/1991 Cc2

Periodic Comet Shoemaker-Levy 5, 1991z, 145P/1991 TI

Comet Shoemaker-Levy, 1991al, C/1991 T2

Periodic Comet Shoemaker-Levy 6, 1991bl, P/1991 VI

Periodic Comet Shoemaker-Levy 7, 1991dl, 138P/1991 V2

Periodic Comet Shoemaker-Levy 8, 1992f, 135P/1992 G2

Periodic Comet Shoemaker-Levy 9, 1993e, D/1993 F2 (This comet crashed into Jupiter in 1994,
resulting in the most dramatic events ever seen on another world)

Comet Shoemaker-Levy, 1993h, C/1993 KI

Comet Shoemaker-Levy, 1994d C/1994 E2

Comet Jamac, P/2010 E2 (David Levy, Wendee Levy, Tom Glinos)

Other discoveries

Nova Cygni 1975, August 30, 1975 (independent discovery)

Nova Cygni 1978. September 12, 1978 (independent discovery)

Comet Hartley-IRAS (P/1983 V1), November 30, 1983 (independent discovery)

Comet Shoemaker 1992y, C/1992 Ul (aided in discovery)

Periodic Comet Shoemaker 4, 1994k, P/1994 J3 (aided in discovery)

Discovered Asteroid 5261 Eureka, the first Martian Trojan asteroid (shares Mars’s orbit), with Henry
Holt, June 1990

With Tom Glinos and Wendee, discovered more than 150 asteroids

Established the cataclysmically recurring nature of 1215-17 TV Corvi (Tombaugh's Star), August
1987



THE UNIVERSITY OF ARIZONA

TUCSON, ARIZONA 85721

OFFICE OF THE PRESIDENT (602) 621-5511

April 1, 1988

Mr. David Levy

Lunar and Planetary
Laboratory

Campus

Dear Mr. Levy:

This 1is just a brief note to congratulate you on your
latest find, which furthermore distinguishes you as the
official U.S. amateur record-holding comet discoverer.
Through your private efforts, as with your work at the Lunar
and Planetary Laboratory, you bring deserved recognition to
yourself--and to the University of Arizona.

You have my best wishes for continued success.

Cordially,

Henry Koffler
President

HK/kp
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On September (3, 19"5# Xaoru lkeya* a piano-fcctory worker* was peering
through the eyepiece of hie home-made eight-inch reflector when he spotted
a little epot of haze in the field of view* Now ikeya knew the eky and he
wae fairly euro that that object was not sippoeed to be where it was#
His star atlas Aoved nothing in that position* and a look through the eyepiece
a fhort while le.tar convinced him that he really was looking at something new*
for the fuzzy patch had moved#

Thi3 new object wasdoubtlessly a oomet* and Ikeya loet little time
in sanding a wiro to the Tokyo Observatory# Just one hour later* Tiutorau
Seki* a guitar instructor* found the same object# Hsnoe the discovery of
new  CometXk<srft-3«Eci was made known to the astronomical world#

When this comet was found its brightness was only tnat of dphth magnitude
{about- six times fainter than the faintest object that osn be seen with an
unaided eye.) It reessbXed all faint carets — e fca?y patch* with perhaps a
small bright centra* or uuol aus* that moved *ver so slishtly in the period of
an hour# Atelescope with a mirror eight inefcea in dlsneter could dhort it
o..early e

#he oon.et **motion gave the lra* rlu* of vhet to come# It was Joving
in the sun’s direction* which meant that it would probably become brighter#
Sight days after discovery of the comet a tail was fcotieed arid its brightneee
begaii to increase rapidly# Within two months* this visitor from space had
rounded the sun* become brighter than the full tnoett# displayed a beautiihl
tail seventy million "dies long* and started to move away toward the dark void

of interplanetary space from where it came*

Yhs.t ia a oometT A comet* when away from the sun, exists as an icy nucleus

that may be ao small as a few hundred yards* or aa large as three milea. acroai



Embedded in the loo(frozcn water, methane and amaonlft) are meteoric particles
wtdx e.'hich contain calcium, iron, nickel and other elements.

As the ccmct neara the aun a coma” of evaporated ice with meteoric part-
icles, forma. The hasy spot you see in your telescope i* this coma. If the
coiaet is close by a_nd is fairly large, you might see the nuclei*.e as a faint,
ciarliko object* /I/O

The material in the coma is very thin and ie subject to movement at the
slightest provocation. There exists a very mild but constant stream of
Apapti-cl ie cooing forth from the sun, the *solar wind5 which causes the gsa
In the coma to etream out in one direction, away from the am, forming a tail.
Coraatll tails can be oxtrraeiy long. In *na £T«w a tail that stretched
for two hundred million miles, longer then the dietaic' between the av; and Mari
So little matter is involved in this part of a ocin<”, however, that yam one

million miles of tail oan penujbly be squeezed into your briefer ee. o i
S Q

£&£&.0f Coasts. The cucation of now comets came to bo has been puzzling
astronomer9 for a long tino, Two thooii.es, one by lk. J.11.Ocrt and the other
by Or. Jbnald Rob'y, suggest different aciutions to thie facJnoting problem.

Ik. Oort proposes tfcst comet' ware formed ct the care lime as the “.iteroida
(tliouoenda of littlo objects that lie between Mafs and Jupiter),  While the
asteroids re ‘'iued whsre they vrerp, vha cometary ap.torinl moved into a #clou
about two ligUt .years aray fTt» the sun. By gravitational pull of stars, some
comets were drawn from this "cloudl and headed towards the sun. Thia “cloud*
surrounded the ccler ayetem in spherical fashion.

Dr. Donald Robey rejected thia theory on the grounds that it was based

on the ©sumption that orbits of comets were distributed at random, in ary plana.



He found from studying a ootaputer analysis of over five hundred comets
that their orbits dusters* in a pattern around a single axis Which paseee
through the sun*

The solar wind# already mentioned# blows away from the sun at hundreds
of alias per eeoona* A stronger wind# tho "galactic wind*# generated by all
the stars in our gaiasy, blows in the direction cf the pattern formed by
the comet orbits*

Hr# Rebey concluded that comets era fcrnefi from the intersction of the
galactic wind end the eoler wind#

Wear the sun is an area or #eavityn in which the force of the outward-
blowing solar wind euuLa that of' the inward-blowing "galactic wind*" Thle
cavity moves toward the sun(to Jupitar) end away from the aun (beyond Pluto)
in a cycle of eleven yours* This very rapid vibration (about five billion mil
in eleven years) eaucoc blobs of plecria to tear g*Fy from the cavity* Ip thg|
eocene at a certain anall angle to tho axis of the galactic wind# they will
go into orbitu to become comets* ihene plants comet* coptire s very earll bi
of cosmic dual nrid thair nuclei arc forced*

If tlda theory is true* we need never worry about runninr out of comets,

as then solar and "galactic* winds will forever provide our supply*

Orbits of Cometa* Ooacts are pemllttr in the solar system in that thir
orblto ore much more ecccntri* than thore of the planets, asteroids rr.C
meteors* In fset, mynt ccaot3 have orbits that con be considered to be, for
practical purposes, parr-bolic* If we ecy that a circle hac on eccentricity of
zero, and that a parabola hac an eccsntricity of one# then an ellipse is may

anywhere between zero and one, and a hyperbola is greater than one* Moet cont*



have estimated eccentricities of about one. (Ev«\ in « cincrl © comet estimates
may differ. One source uses three observed positions and assigns an eceentrici
value of 0*9997; another has three different positions of the comet and arrives
at a value of 1.000?. Obviously, with this comrt, -and with most, it is safe
to assume thrt its orbit is parabolic.)

This whole di*«uasien can bo thrown away \dien we consider an orbit at a
great diotance from the euru the planets, and even ihe nearest stars, ©an
easily effect the orbit of o comefr. Witnesst

Ilsurs 1.

The o ’it of this comet here seems to b* parabolic# But watch rhat happen

wiion the numet moves farther out into space arid happens to approach a planet

like Saturnt

Plfure 2.

Shat takes care of any simple diaoueeicn on comet orbite.



m\/'riliaa of Qomots. The term “fo”™I~r of oowefca3 refers to comets which
were captured by one planet* Hare lo figure 2* changed in that the planit
involved captures the comet instead of kicking It into deep apace*

Figure 5*

iMe eeriet has ji>st become a maabar of Jupitere» family and will revolve
arotmd the sun for agea hence in its new short-period orbit* Jupiter ha*
captured aixty-ona coasts in this w?r* Saturn five, Vretxtf Hires* Nephune ten
(including fl&lley™a Comet)* end Hutc one* We can tell, what fatally a comat
belong* *k by calculating wfcoro ite aphelion (farthest point frore the aun) is*
Ooiuet H s 11~ ’e txfe aphelion near the orbit- of Meptone* It happens that
there are five oomeka ishrda whose aphaiia Ii® at approximately equpl cHAancea
from the aun but tc&ond the orbit of Flute* the outcmc :t known pi net* TMa mj

indicate that there exists in the depths of |fliixrpi«kMrtMQr srsoe* another planet,

SuftgraaiAF Jomotfe* Millions of years ago a comet of ©'orrtsous size (a* far as
comets go) owto too close to tho suh* grew too hot for it* own good and exploded
The piec««* of varying eizea* moved away* The larger each piece vts, the more
the aun*e gravity v.ffeetsd it* 30 that the orbits were rot of eovs.| alze and the
pieces would return at different times* However* the palh* of these comet*
while in the sun*3 vicinity are practically identical* cdnsing each comet to
make a dangerously sharp U-tacrn around the aun* Membera of this group of
eungr&nera appMied in 1882("Tho Great Gomet of 1882*)* 1?b"9 196j{<k>met Pereyn

and 196”(Comet lkeya-SadL)s It oust be mentioned that the "one big comet” idea



is but an unproved theory.

EaU”"S Edmund Hall-y observed .n 1632 the pae”e of a brilliant
eoract c* found, rfter calculating its orMt* that its period rae approximate
BW .A-4r y«»r». Hanotod that in X60? and in Ip~l* brirtit comet? appear*
Concluding that these throe objecio were really the ease comet, he predicted
rehnxm in 175*. Hallay died shortly before that year, but hie comet returns
as »cfiednled and vac Tinned after him. This monument to Hailey’s genius

came beck s”iin in 1373 end in 1910* and will probably vialt us in 19*6, But
thimzomet* like all co.<its>i 1g$ss some of Itself each tine it inproaches th©
aun* At one time » snecfcaefclar object* in 1910 i« was only ca bright as the

North star* Comet Ifceya-Saki wee mazy times brighter.

Dttsth of Comete. Like everything alee, comets must die* though adaittedly*
their lifetimes are far shorter then tboee of other objects in the solar
ty~tcru At every r*Uu*n a comet loeer nocie of its r&te (usually otvs sjp two
percent* hut occp.siorally much more* depending on how dose the comet opproaeh
the sun)* and consequently beooties ouch weaker* \ftar a long while* it

disintegrates completely* leaving only a anewor of jasiecre as a asaoriel.
1

gpcyt.r anm etepr& Svery comet leaves in Its wake a stream of w.teors*
aod a larg* portion of the met~ra we see belonged one* to a comet* Tho
metocra spread out along the orbit of the comet to form somethin”™ like an

oval *ringr. Onco a year, if the Earth’a crbdt intersect© that of the comet,
we witness « shower o’ meteors. %e moat irspresalve annual diower ia that of t
Pereeide* occuring around the twelfth of August.

It ie easily seen that meteors* although strewn along an orbit* will tend



to concentrate around the eomet(or ©round where the ncv*-deoeaeod comet
wee}*  lhe Leonid shower remrs emfttelly tut s/ary thirty-three year*
the earth onooses this concentration and a spcetaculnr showw sometimes
results* IMb avent happened juav lest nonth (Hotouter 17# 1966)9 when,
for a few hours* ihouoands of isetoors were obssrred*

‘With this discuasim we dcae our ti eatwent of oumats in a pure sense*
cad turn to a more practice! elds on hew ooaets are named* end how they are

found*

3)eeignatU>s of (baste* The naming process fbr comets, while spparmitly
eisipla, ie rerlly quite complect* Whan a comet i» fcv.nd,it 5b named after
ite diauovarnr and ajaignod a taraporary designation* Qrwraet Ik~ ft-ciotrf”-
lizplio3 t)iat this was the alrUi oam”t to be discoverad In 196%
Because some fftini cctceis <ir® ob&ajnrod only nn photogrs™hs vhich are
not analysed for a long tir.e, thr pormanont nsniing of the onmeia twirtn
must wait until about three years after the year in question* At that time
the comote ere deeignaled in chronological order of do seat onroach to the
«am (i*o*, perihelion po.aa?tgu)# S&ntia the Great Obn*ei of 1882 waa the second
couet that year to round the auii# it is colled “Goci'i; 1882-11**
Once in a long v~ile a oomet will become very brifdit end will create
great areatenant. in unofficial "Or-sat Co"ct*l title »sy then *% bestowed upon
it* Ctomets dencerving of this diafcinguichad designation e*?.e along in 1875,

1802, end 196%

Finding Oometo* ?bw that we are aware of *diat a comet is (or, rather# what
it might be), and of how it mores around the am, sod of how it came to be
a coact in the first place, and of what will happen to it after it has finiehe

being a comet, we can diecuos the means of how a comet is found*



Ih 1967 the nineteen-year-old David Lewy was an enthusiastic dosernver, and an doservatioally active member of the

Montreal Centre, pursuing his life-lag quest for comets, and an ever deeper faniliarity with the night sky (activiies

which he knovledgebly, iregiratively, and fruitiully pursues to this dy).

All orgenizations have poliically hidden drals, lee dores, and mines, which are not alweys oovious or, ales, awidsble. The RAJ
throughout its history has been no exception, and David unknowingly sailled into troubled waters. The episode s best narrated inh

own words:

1 had just suffered through the first phase of what i now known as the "observatory aisis,” during which Issel K
Willliamson, then director of doservational activities for the Montreal Centre, had threatened to cancel my membership
because she thought IThad broken the observatory barograph. Anyway, Iwas so excited about finding the nebula (NGC 6277,
a faint galaxy near M13, or NGC 6402 [Mi4], placed lonv inthe sky and appearing caret-like) that Iresolved that no matter

what, allwould be well on my retum to Mortreal .

Iewasn’t The folloving Wednesday Iwas yelled at and physically pushed out of the tuilldirg. Idecided that day 1o resigh my
entire interest n astronony, comets and dl. But that morbid feeling didnt kst lag. Instead Iquidkly resumed dll my
activiies, and some ten years later, while working on my mastersdegree at Queens, lwrote 1o Issoel Willliamson o ask how
she was doing. She replied that she was fire, and invited me t© call on her on my next visit to Montreal . Although she never
agpologized o me, these uisits became a steple of dll my Montreal trips for the next two decades, and her indication that &l
was vell, untdl her death in 2000. We did become good friends at kest, and 1suocessfully nominated her 1o receive the Royal
Astronomical Society of Caneda™s Service Award, and suocessfully proposed that the Centres Observatory be named after
her. To close this interesting chapter of my i, during a recent visit the Montreal Centre decided 1o give me the precious
barograph, which stands atop my bookcase in a place of honour at Jamec Cbservatory.



misunderstanding with Ms Williamson, and was part of the strategy of the Montreal Centre™s establishment t control the sittaric’
Other measures included a formal meeting at which the "‘dosenvatory aisis' was discussed, and an attenpt made to expel David fron
the RAC. Sarer heads spoke up in favour of not forcing him to walk the plak. (On May 18, 1967, just two days after the Boarc
meeting during which he was almost expelled, David received a brand-new 6-inch reflector he"d earllier ordered, and its tinely ar*a
sened 1 buoy his astronamical spirits. That telesoope, subsequerttly named Mirena, is numbered among those st in service a
JaImec).

Fortunately for the RASC, amateur astronony, and the world of astronomy n gereral, David weathered the storm, cont*-_ec to
dsene, and went on t a sucoessful career of scientfic discoery, astronomical writing, and effective education and pk.:x
outreach. IEs astonishing that in the end no souls were tost overboard during and after the “'dbservatory aisis” -hbut that fact see=3
1o the qualities of the characters inohed, in particular the extreordinary patience and persistence of a nineteen-year-old obse”<r.
Time heals, and there Emuch t be said for recociliation if the parties are amenable to it It hardly need be dosenve-; '~s.
institutioal factionalisn snever a positive thirg.

IFthere Ba lessn here, it s that orgenizations oughtt to think carefully before eating their young, and devouring their

every analogous story has such a fortunate ending.

- R.A. RosenfeU]



WITHOUT PREJUDICE

Montreal, May 2p, IpO?-

Mr. David Levy,
oltt Upper Belmont Ave,
Westmount.

Dear Mr. Levy;

At a recent meeting of the Board of Directors of the
Montreal Centre of the R.A.3.C. | was delegated oy a unanimous
decision to write to you. within the past few months, a number
of incidents have occurred in wnich apparently you have had
differences of opinion with various officers of the executive.
Ine responsioilities and powers of these officers are clearly
defined iIn the constitution and are designed to facilitate the
wortc of the Centre, normally, tne spirit of cooperation for the
good of tne Centre is expected to prevail. If this fails, the
officers are entitled to use their judgment in order to deal
witn specific cases.

The principle is quite simple. An officer is account-
aDle to the Board of Directors for his actions, or for his lacK
of action. Tne autnority to act for the interest of tne Centre
iIs delegated to those who oear the ourden of responsioility;

e.g. the Director of Ooservations is responsible for the obser-
vational program and may appoint or dismiss assistants, even
thougn tne power to dismiss iIs not mentioned is the Constitution.

Also, tne Director of the Ooservatory is responsible
for tne uoservetory and for tne equipment which Delongs to the
Centre. Concomitant witn tnis, ne or ms representative has the
autnority to request a raemoer to leave the Observatory for reasons
considered to oe sufficient. Jucn action on his part does not
constitute a denial of the rights of membership as guaranteed
oy the Constitution. Tne meetings on Wednesdays and Saturdays
of eacn wees are informal meetings. larticipation in these
meetings 1Is based on the traditional cooperation and acceptaole
conduct wnicn tne Centre nas the right to expect from Its meraoers.

in almost any group of people, one is apt to encounter
differences of opinion, In tnis event there are acceptaole and
unaccepteole ways of registering a contrary opinion. Generally
speaking, a descent to the level 01 derogatory personal remarxs
is not lively to be rewarding. Once adopted, it is very difficult



to return from such a position. If personal communication fails,

a oetter way to register dissent would oe to write a quiet letier
to the Secretary. In uue course, such a letter would oe read and
discussed Dy tne Board of Directors, and you would receive a
writieu reply. This procedure requires patience, out It IS accet-
aole and traditional.

At present, tne Board of Directors contemplates no
further action, other than to review the situation at a later
date. OF course, another meeting can be held for sufficient cause.
In the meantime, 1 suggest that you should cooperate, iIn every
way possible, with the officers of the Centre. In particular,
it would be considered to be a gesture of good will on your p*rt
if you were to return, by the next mail, those reports of the
Comet and Nova Section which you still retain. Any reports whicn
you may receive subsequently should also oe returned promptly.

Yours sincerely,

T.F. korris,
114 Dobie Awve,
Montreal 1Ib.
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PERIODIC COMET SCHWASSMANN-WACHMANN 1
Further precise positions have been reported as follows:

1976/77 UT R. A. (1950) Dec!. ml Observer
Nov. 24.64219 259 49.09 +28 3120.9 12.5 Furuta
Dec. 27.16492 248 04.18 +27 0325.8 Schwartz
Jan. 14.02887 246 47.89 +26 2529.1

Feb. 17.01318 255 15.93 +25 5817.2 Shao

T. Furuta (Tokai, Japan). 31-cm reflector. From Orient. Astron.
Assoc. Comet Bull. No. 141.

G. Schwartz and C. Y. Shao (Harvard College Observatory, Agassiz
Station). 155-cm reflector. Measurer: Shao.

K. Kane and T. P. Roark, Perkins Observatory, provide the
following total magnitude estimates (l1la-D emulsion, GG14 filter): 1976
Nov. 16.09, 12.4; 17.07, 12.8; 20.13, 13.5; 1977 Feb. 11.07, 12.3.

R CrB VARIABLES

R CrB. Further visual magnitude estimates suggest that this
decline is particularly rapid: Feb. 27.9 UT, 7.2 (C. Henshaw,
Cheadle, Cheshire, England); Mar. 1.3, 7.1 (@O- Levy, New Orleans,
Louisiana); 3.49, 7.6 (L. Hiett, Arlington, Virginia); 5.51, 7.9 (.
Morgan, Prescott, Arizona); 7.89, 8.1 (R. Lukas, Wilhelm Foerster
Observatory); 9.11, 9.6 (J. Bortle, Brooks Observatory); 11.33,
10.0 (. L. Collins, Harvard College Observatory); 12.27, 10.4
(Collins); 12.49, 10.2 (Morgan); 14.52, 11.1 (Morgan).

SU Tau. Visual magnitude estimates: Feb. 21.31, 11.8 (C. E.
Spratt, Victoria, British Columbia); Mar. 1.10, 12.2 (C. Hurless,
Lima, Ohio); 7.02, 12.0 (Bortle); 13.15, 11.7 (Morgan).

NOVAE
V1500 Cyg. Visual estimate: Mar. 3.40 UT, 12.5 (Collins).

NQ Vul. Visual estimates: Mar. 1.41, 11.3 (Collins); 3.39,
11.5 (Collins); 9.53, 11.4 (Morgan); 14.54, 11.4 (Morgan).

Nova Sge 1977. Visual estimates: Feb. 17.43, 10.4 (Collins);

23.42, 11.5 (Collins); 26.41, 11.5 (Collins); Mar. 5.51, 11.2
(Morgan); 10.55, 10.5 (Morgan); 14.52, 11.2 (Morgan).

1977 March 16 (3050) Brian G. Marsden
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PERSEID METEORS AND PERIODIC COMET SWIFT-TUTTLE

D. Levy and P. Jedicke report that their observations
from Springfield, VT, through clouds, showed what was
obviously a rather intense display of Perseids on Aug. 12.3
UTr, with 15 meteors, one as bright as mag -8, being noticed
in an interval of 40 min. Yamamoto Circ. No. 2170 quotes a
report from Y. Taguchi, Osaka, to the effect that
observations by a group at an altitude of 1720 m near the
Kiso Observatory gave the following individual hourly rates
for the midtimes specified: Aug. 12.62 UT, 64; 12.66, 352;
12.70, 62; the corrected ZHR for the middle hour (Lsun =
138.86, equinox 1950.0) was more than 400. P. Aneca, B. de
Pontieu, J. Deweerdt and J. Vanwassenhove, Vereniging voor
Steerenkunde, Brussels, observing in very good conditions
(limiting mag 6.2-6.5) at Haute Provence, individually
recorded between 280 and 320 meteors during two hours
surrounding Aug. 13.08 UT; correction only for the radiant
height yields a ZHR of up to 200. Observations by Levy and
Jedicke on Aug. 13.3 UT, this time under clear skies south
of Montreal, showed far fewer meteors than the night
before.

Although 1t is generally presumed that the associated
comer ,P/Swift-Tuttle (1862 111), passed perihelion
unobserved around 1981 +/- 2, the possibility that P/Swift-
Turrle was identical with comet 1737 Il (Kegler) and that
it may therefore return iIn late 1992 is perhaps
enhanced by this year"s very strong Perseid display. The
nominal prediction (Marsden 1973, A.J. 78, 662) is T = 1992



Nov. 25.85 ET, Peri 153.05, Node 138.74, 1 = 113.45
(equinox 1950.0), (¢ 0.9582 AU, e 0.9633. Because of
nongravitational effects, the uncertainty iIn T could be as
much as +/- 2 months, and this affects the ephemeris

(below) through mid-October by +/- 2 degrees, mainly in
declination. The predicted magnitude is little more than a

guess.
1991 ET R.A. (1950) Decl. * Delta r
m2
Sept.11 936.73 +31 22.6
21 943.10 +31 32.2 6.022 5.324
21.2
Oct. 1 949 .23 +31 48.5
11 955.01 +32 13.2 5.589 5.143
20.8
21 10 00.26 +32 47.7
31 10 04.83 +33 33.9 5.101 4.960
20.5
Nov. 10 10 08.51 +34 33.7
20 10 11.03 +35 48.8 4.591 4.774
20.1
30 10 12.10 +37 20.9
Dec. 10 10 11.33 +39 11.0 4.097 4.584

19.7



Nov. 25.85 ET, Peri 153.05, Node 138.74, 1 = 113.45
(equinox 1950.0), ¢ 0.9582 AU, e 0.9633. Because of
nongravitational effects, the uncertainty in T could be as
much as +/- 2 months, and this affects the ephemeris
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COMET LEVY-RUDENKO (1984t)

Independent reports of the discovery of a new comet have been
received from David Levy (0.40-m f/5 reflector) and Michael Rudenko
(0.15-m refractor, 30 x). Available observations follow:

1984 UT R.A. (1950.0) Decl. mQ Observer
Nov. 14.12 18 47 + 9 50 8.5 Levy
14.96 18 47.4 +10 10 Schwartz
15.00 1847.4 +10 10 9.5 Meier
15.05 1847.5 +10 15 10.5 Rudenko
15.08 1847.4 +10 13 9.5 Levy

H. Levy (Tucson, AZ). Diffuse; no condensation; no tail.
Schwartz (Oak Ridge Observatory). 0.40-m astrograph. Faint
image not detected until Meier and Rudenko observations known.
R. Meier (Nepean, ON). 0.44-m reflector, 62 xX. Some condensation.
M. Rudenko (Amherst, MA). Very diffuse, diameter < 2%; no tail.

® O

COMET SHOEMAKER (1984r)
Precise positions obtained by J. Gibson at Palomar, with the
1.2-m Schmidt on Nov. 2-3, with the 1.5-m reflector on Nov. 4-5:

1984 UT R.A. (1950.0) Decl.

Nov. 2.17120 311 30.86 +17 39 56.2
2.47606 311 05.05 +17 38 12.6
3.34377 309 52.06 +17 33 16.0
4.32147 308 29.59 +17 27 37.1
5.34222 3 07 03.33 +17 21 42.1

New parabolic elements from 11 observations Oct. 23-Nov. b5:

T = 1984 Sept.22.953 ET Peri. = 185.196
Node = 237.871 1950.0
q = 5.49985 AU Incl. = 179.203

SUPERNOVA IN IC 4839

B. J. Jarvis and M. M. Phillips, Cerro Tololo Interamerican
Icservatory, report that an SIT-vidicon spectrum obtained with the
4-r relescope on Oct. 28.04 UT shows the supernova to be of type
I, approximately 1-3 weeks past maximum.

Ir 54 November 15 (4007) Brian G. Marsden
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PERIODIC COMET SHOEMAKER-LEVY 9 (1993e)

Almost 200 precise positions of this comet have now been reported,
about a quarter of them during the past month, notably from CCD images
by S. Nakano and by T. Kobayashi in Japan and by E. Meyer, E. Obermair
and H. Raab in Austria. These observations are mainly of the 'center™
of
the nuclear train, and this point continues to be the most relevant for
orbit computations. Orbit solutions from positions of the brighter
individual nuclei will be useful later on, but probably not until the
best data can be collected together after the current opposition
period.

At the end of April, computations by both Nakano and the undersigned
were
beginning to indicate that the presumed encounter with Jupiter (cf.
IAUC 5726, 5744) occurred during the first half of July 1992, and that
there will be another close encounter with Jupiter around the end of
July 1994. Computations from the May data confirm this conclusion, and
the following result was derived by Nakano from 104 observations
extending to May

Epoch = 1993 June 22.0 TT

T =1998 Apr. 5.7514TT Peri. = 22.9373
e =0.065832 Node = 321.5182 2000.0
q =4.822184 AU Incl. = 1.3498

a = 5.162007 AU n = 0.0840381 P = 11.728 years

This particular computation indicates that the comet"s minimum distance
Delta_J from the center of Jupiter was 0.0008 AU (i.e., within the
Roche

limit) on 1992 July 8.8 UT and that Delta_J will be only 0.0003 AU
(Jupiter™s radius being 0.0005 AU) on 1994 July 25.4.

As noted on IAUC 5726, the positions of the ends of the nuclear
train can be satisfied by varying the place in orbit at the time of the
1992 encounter and considering the subsequent differential
perturbations. Using the above orbital elements, the undersigned notes
that the train as reported on 1AUC 5730 corresponds to a variation of
+/- 1.2 seconds. Separation can be regarded as an impulse along the
orbit at that time,although the velocity of separation (or the
variation along the orbit)depends strongly on the actual value of
Delta J. At the large heliocentric distances involved any differential
nongravitational acceleration must be very small, as Z. Sekanina, Jet
Propulsion Laboratory, has also noted. Extrapolation to shortly before
the 1994 encounter indicates that the train will then be about 20" long
and oriented in p.a. 61-241 deg, whereas during the days before
encounter the center of the train will be approaching Jupiter from p.a.
about 238 deg.

1993 May 22 (5800) Brian G. Marsden
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COMET P/2012 WX _32 = 1931 AN =2003 WZ141 (TOMBAUGH-TENAGRA)
Syuichi Nakano, Sumoto, Japan, has identified comet P/2012 WX _32 (cf.

CBET 3329) with an apparently asteroidal object discovered by the LINEAR

survey on 2003 Nov. 21 and 23 (and given the minor-planet designation 2003

WZ_141; cf. MPS 92135) and with the comet found belatedly by Clyde Tombaugh

at Lowell Observatory in 1932 from plates exposed onJanuary 1931 (discovery

observations tabulated below; see also IAUC 6161, and MPC 24423 and 24544),

as outlined by D. H. Levy et al. (1995, Int. Comet Q. 17, 52); Levy et al.

noted the comet to be diffuse with strong condensation with a tail at least

2’long in p.a. about 270 deg on those 1931 plates. Spacewatch astrometry

0f2003 WZ141 from 2003 Dec. 18 gave magnitude 17-18.

1931 UT R.A. (2000) Deck Mag. Observer
Jan. 11.25903 834 50.84 +33 42 38.1 125 Tombaugh
12.28750 834 15.36 +33 53 20.8
13.28681 8 33 38.39 +34 04 04.6

The following orbital elements by G. V. Williams (from 125 observations
spanning 1931 Jan. 12-2012 Dec. 13; mean residual 0".53), along with
residuals and an ephemeris, appear on MPEC 2012-X79.

Epoch = 1931 Jan. 190 TT
T = 1931 Jan. 15.24391 TT Peri. = 34.47426
e =0.4387011 Node = 85.67590 2000.0
q=2.4368809 AU Inch = 16.19522
a= 4.3415034 AU n =0.10895417 P= 9.05 years

Epoch = 2004 Mar. 160 TT
T =2004 Mar. 9.83331 TT Peri. = 39.52546

Printed for David Levy <david@jamac.org> 12/13/2012
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e = 0.4350130 Node = 83.57298 2000.0
q=2.4669499 AU Incl. = 16.05033
a= 4.3663836 AU n =0.10802425 P= 09.12years

Epoch = 2013 Mar. 9.0 TT
T =2013 Feb. 23.35003 TT Peri. = 38.45834
e = 0.4400716 Node = 81.36298 2000.0
q=2.4418922 AU Incl. = 15.83852
a= 4.3610795 AU n=10.10822138 P= 9.llyears

'‘JOTE: These 'Central Bureau Electronic Telegrams' are sometimes
superseded by text appearing later in the printed IAU Circulars.

(C) Copyright 2012CBAT
>012 December 13 (CBET 3342) Daniel W. E. Green


















THE COMET PAIR 1988e AND 1988g

BRIAN G. MARSDEN

Harvard-Smithsonian Center for Astrophysics

As everybody knows. Edmond Hailey recognized the periodicity of the comet thai bear’
his name by noting that three of the 24 cometary orbits he calculated bore a strong re-
semblance to each other. What is perhaps not quite so well known is the fact that he
?nd other early orbit computers suggested other cometary identities tr.at did not work oui.
Ooon after the ignominious failure of widespread predictions that a stupendous comet with
a 300-year period would return in the mid-nineteenth century, Martin Hoek introduced th*
concept that there were cases where several different comets existed in essentially the same
nearly-parabolic orbit. This idea gained currency with the appearance during the 1880s of
comets with sungrazing orbits that were practically identical with that of the great comet of
1843, and at least a qualitative explanation of how such comet groups might be formed was
provided by the appearance of the 1882 member, which evidently split into four or perhaps
more fragments. Comet splitting was not of course a new phenomenon, for duplicity of the
celebrated Bielas comet had been observed in 1846; and the two components, separated in
the sky by about half a degree, were again present when the comet returned to perihelion
6 £ years later.

The study of comet groups had become quite fashionable around the turn of the century,
the most avid practitioner being W. H. Pickering, whose related study of clusterings of
cometary aphelia led to his infamous predictions for what he called planets O, P, Q, P,
5, T and V. However, like the predictions for unknown planets, the concept of pervasive
comet groups eventually ran its course, and in 1977 Fred Whipple concluded that, excer*<
for the sunaraiing comets that had been examined in great detail by Heinrich Kre«/fx.,af]
the alleged cometgroups and at least some of the comet pairs were entirely d«e to

11In 1984\s5 er+il-flr*kcs Lindblad suggested that oil the comet pairs were also due to

But if comats at. observed to split, is it not entirely reasonable that comet groups

pairs should exrilY The point here is that the smaller fragments of a split comet clearly hart,

a very poor survival rate. In the case of Biela's comet, neither component has shown up since



1852; and as | demonstrated some 20 years ago, one needs to kill off most of the fragments
of the Kreutz sungrazers at successive splittings in order to produce the essentially bimodal
distribution in the nodal longitudes of the best observed members.

Since the orbits of the members of the Kreutz group, and indeed the orbits of the
components of any split comet, obviously differ principally by actual position in the orbit
and by revolution period, the orbital semimajot axis a (or its reciprocal in the case of
comets of long period) is clearly an important quantity that distinguishes one component
from another. Since the two-body energy integral relates differences in this quantity to
differences in orbital velocity, it seems quite reasonable to study the motions of the lesser
fragments in terms of impulsive separations—basically along the orbit—from the primary
body. In general, however, this approach to the problem has not led to particularly successful
results.

Closer inspection of the energy integral indicates that one can consider a difference in
a in terms of a difference either in velocity or in the product of the gravitational constant
and combined masses of the system (or both). This may not make too much sense if one
were dealing with rigid bodies, but one should remember that all comets are subject to
accelerations of a nongravitational nature that in large measure seem to vary as the inverse
square of heliocentric distance. It would in fact be very surprising if the nongravitational
accelerations on the components of a comet that has split were identical. Some 12 years ago
Zdenek Sekanina hit upon the idea of explaining the splitting process in terms of a relative
radial acceleration of the components at an initial relative velocity of zero. He applied
this model to the 14 well-observed cases of cometarv splitting known at that time (five of
them involving three or four components) and in all but one case obtained an excellent
representation. He subsequently handled this troublesome case (comet 1957 VI, which had a
perihelion distance q= 4.4 AU) by also including a velocity component normal to the orbit
plane. He also refined some of the other cases by including velocity terms and extended
the application to the ten or so other known cases of split comets, or for a total of about 2
percent of all the cometary apparitions for which orbits have been computed.

Sekanina found that the minimum separation acceleration 7 was ~ 10-s5 that of the solar
attraction, or 0.06 //m/s2. This amount is therefore a convenient unit for measuring 7 and
corresponds to a value of the standard radial nongravitational parameter A\ = 0.3 (measured
in units of AU and 104 days). A typical comet of radius 1 km and density that of water

has an escape velocity (at its surface) of 0.8 m/s, and a nongravitational acceleration of the



order we are considering could typically allow a companion at the earth’s distance from the
sun to escape from it after about 2 weeks. One should not take this figure too seriously,
however, and in a few of the cases where Sekanina considered an initial separation velocity
this was already on the order of the escape velocity.

By studying the process of cometary splitting in this manner, Sekanina was able to come
to some important conclusions. Splitting takes place with comparable probability out to
heliocentric distances r —4 AU and in the case of comet 1957 VI occurred at r = 9 AU.
Smaller components are found to accelerate away from the sun at a greater rate than larger
ones, and components with large accelerations are short lived. Fragments with i > 100 units
do not survive for more than about a month. For a value of » an order of magnitude smaller,
the equivalent survival time is at least half an order of magnitude and perhaps more than
one order of magnitude greater. A single comet with a radial nongravitational parameter
corresponding to &y = 100 (A\ = 30) would almost certainly not be under observation long
enough to have its nongravitational parameters determined, but there is at least one known
comet (1944 1, which does seem to have fizzled out shortly after it passed perihelion) for
which one needs to postulate a nongravitational parameter of at least half this amount in
order to ensure that its original orbit about the barycenter of the solar system was not
hyperbolic.

With this extensive but necessary preamble, I discuss now the recent comets 1988e and
1988g. The first was discovered visually by David Levy near Tucson on March 19 of this year
and the second by Carolyn Shoemaker on films taken by Gene Shoemaker, Henry Holt and
herself with the 0.46-m Palomar Schmidt on May 13. Shortly after the initial parabolic orbit
determination for the second comet (from observations on three consecutive nights), Conrad
Bardwell noticed the strong resemblance of the two orbits, which were inclined at  63° to
the ecliptic. Comet 1988e had passed perihelion at g~ 1.2 AU on T = 1987 Nov. 29 and
comet 1988g on T = 1988 Feb. 13. Except for the Kreutz sungrazers, this was the first clear
case of two long-period comets that had to be genetically related. At its discovery 1988g
was located in the sky some 17° to the north of 1988e. (Actually, the Palomar observers
had been planning to photograph 1988e but mis-set the telescope and accidentally picked
up 1988g.) Sekanina’s application of his theory caused him to conclude that the comets’
mutual separation must have taken place far from the sun, a lower limit of r —25 AU after
the last perihelion passage being derived if the eccentricity e - 0.99, the smallest value that

was reasonably consistent with the observations; he obtained the most satisfactory result



for orbits that were actually slightly hyperbolic, leading him tentatively to suggest that the
comets had come in from the Oort Cloud and that this was the site of their separation. The
76-day difference in T was clearly too long for separation in the inner part of the solar system
during the past few years, and it really seemed to be too short for the separation to have
occurred at the previous perihelion passage—whenever that may have been.

By late May the available observations of 1988g still spanned only three days, while
those of 1988e were confined to five days in March, four days in mid-April and a single point
on May 15, by which time this comet had become very faint. Although e for even 1988e
was therefore still very indeterminate, it occurred to me that one might be able to establish
what it was (specifically, whether or not the objects were Oort Cloud comets) by assuming
that the two comets had identical orbits (except for the difference in T) when traced back
out beyond the orbit of Neptune and reckoned with respect to the solar system’s barycenter.
Starting with a near-sun heliocentric parabolic orbit for 1988e, for example, we find that the
original barycentric orbit would have e = 1.00022. To make 1988g have the same original
orbit then yields a near-sun heliocentric orbit with e = 1.00008. However, if one tries, with
only T permitted as a free parameter, to fit this orbit to the observations, he finds that the
(O-C) residuals Aacoss of the observations in right ascension are systematically in the range
from +31 to +36 arcsec. Starting from the heliocentric orbit that seemed to be indicated
(but that satisfied the observations equally well) if one were unwise enough to attempt a
general solution for 1988e, namely, one with e = 0.99672, one then obtains an original orbit
with e = 0.99694 and a near-sun heliocentric orbit for 1988g having e = 0.99680. This
time, however, the values of Ac*cose for 1988g were in the range -47 to -42 arcsec. This
suggested that one could interpolate (iteratively, if necessary) between these solutions to
derive a result that satisfied the observations of both comets. The resulting values were as
shown in the Abstract, namely, e = 0.99876 for 1988e, e = 0.99898 for the barycentric orbit
and e = 0.99884 for 1988g. | repeated the process in mid-June, when the observed arcs for
the comets covered 2\ months and 1 month, respectively, and refined these figures to e =
0.99820 for 1988e, e = 0.99842 for the barycentric orbit and e = 0.99828 for 1988g.

The possibility that the pair had just come in from the Oort Cloud seemed therefore to
have been ruled out, and with an aphelion distance of only 1500 AU the original barycen-
tric orbit should have been essentially free from gravitational perturbations (at least by the
known planets) since the pair, then presumably in very close proximity to each other, crossed

Neptune’s orbit following their common perihelion passage about 20 300 years ago. Beyond



Neptune’s orbit there are good reasons to believe that comets should be free from nongravi-
tational perturbations too, for although these may go as an inverse-square law near the sun,
where the cometary ice is vaporizing, the activity should stop at some distance, depending
on the volatility of the ice. Many studies have indicated that this distance is about 3 AU,
which would be expected of a comet made of water. For a come* made o: carbon dioxide,
however, this critical distance would be about 11 AU, and the fact tha* ccrr.e: 1U" VI seems
to have split at 9 AU suggests that some credence should be giver, to this possibility It is
also not impossible, though perhaps rather unlikely, that the presence o: sur ~ a-* ar _r*
of highly volatile substances such as methane, carbon monoxide, nitrogen, perhaps ever hy-
drogen, would permit the relative nongravitational acceleration on the ccrr.e*? *. rave ?:r.~

effect at large distances from the sun.

So although Sekanina’s model did not seem to permit it, let us consider the rorserrer —
of a separation of 1988g from 1988e at their previous perihelion passage To produce a
difference in period of 76 days in 20 300 years requires a change of just 10"- AV _:in1 ¢ In
a paper relating the ice-vaporization law to differences A (1/a) (in AU-1). Sekanina. Yeon.an;

and | developed the expression

valid for heliocentric distances r < r0, and where for water ro = 2.808 AU and the normalizing
constant a = 0.1113. Adopting for r the perihelion distance q = 1.17 AU, we find tha’ the
required change in 1/a implies a differential force of only A\ = 0.0005 or 7 = 0.0017 = 0.1
nm/s2. With its longer revolution period, the component that returned as 1988g would be
accelerated outward from what became 1988e, the primary nucleus. This time the simple-
minded calculation suggests that escape velocity might not be achieved for several years.
Description of the separation in terms of impulse along the orbit instead of radial acceleration
yields a velocity difference of only 0.1 mm/s.

Except that the value of 7 is well over two orders of magnitude smaller than the cases
considered by Sekanina, this all seems quite plausible. Given that such small values of 7
occur, one would expect the fragments to be long lived, certainly long enough that they
could both survive a second passage through perihelion. In terms of survival time, if there
are to be comet pairs of genetic significance, those separated by only a few months would in

fact be those we should most expect to exist.



Why. therefore, are there not more of them? Why did Sekanina’s model apparently
5*0? Was it possible that the parent comet just cracked as it passed perihelion and actually
?-rrarated later? Possibly some thermal and rotational effect would be sufficient to complete
*re job. Or how about some unexpected perturbations from planet Ar? | think the answer
:? that the split really did occur near perihelion and that Sekanina’s model does not in fact
consider what the two fragments were doing before their relative velocity exceeded that of
escape. Obviously they were orbiting around each other, a complex circumstance with many
free parameters that renders meaningless any actual attempt to compute the time taken for
the secondary component to escape. In any case, a frequent consequence of a very small
separational acceleration is undoubtedly the establishment of the secondary on a track that
soon causes it to collide with the primary. If a collision does not occur, there would seem
to be a good chance that the fragments would still be orbiting each other when they had
receded far enough from the sun that the nongravitational accelerations switch off, leaving
the secondary as a permanent satellite of the primary—at least until the next perihelion
passage. Van Flandern once discussed the possibility that comets may have satellites, and
after all the flak he had received from me about asteroidal satellites, | think he was rather
surprised when | actually agreed with him on this. Whipple has also made use of the concept
in explaining some of the observed outbursts in cometary brightness. And after all, with
the recent discovery of an extensive atmosphere extending from Pluto in the direction of its
satellite, there is a even more reason to regard Pluto and Charon as a pair of large comets
(as opposed to an asteroid and the satellite an asteroid is not supposed to have). As for
comets 1988e and 1988g, if the timing is about right, could it not be that they reached
the point where the nongravitational acceleration switches off when the secondary had just
spiraled out to the point where it could escape? It might in any case be that the comets had
existed as a bound pair during the whole of their previous revolution around the sun. We
are dealing, | think, with a rather unusual circumstance, and this presumably explains why
the phenomenon of a genetic pair of long-period comets should be so rare.

Rare, but not, now, it seems, unique. At about same time that these comets were
discovered the Solar Maximum Mission (SMM) coronagraph made the discovery of a pair of
sungrazing comets. This instrument and the coronagraph on the SOLWIND satellite before
it have found a total of eight sungrazing comets during about as many years. Although
*he astrometic data are lacking in both quality and quantity, none of the eight comets is

incompatible with membership in the Kreutz group. The point about the two comets that






FROM: David Levy, 70721,1706

TO: Brian Marsden,
>INTERNET :br 1an*/.ctaps1. DECNET@cfa.harvard.edu
DATE: 03/25/93 at 17:59

SUBJECT: New comet
Hi Brian,

We got cut off on our last message to you (the one we logged
directly to your computer service) so we are resending with more
details.

The strange comet is located as follows:
1993 03 24.35503 12 26.7 <2000.0) -04 04 M= 14

The motion 1is west-northwest (not southeast as in the previous
message) at about 7 arcminutes per day. The i1mage is most

unusual iIn that it appears as a dense, linear bar very close to 1
arcminute long, oriented roughly east-west. No central
condensation 1is observable in either of the two iImages. A
fainter, wispy “tail” extends north of the bar and to the west.
Either we have captured a most unusual eruption on the comet or
we are looking at a dense tail edge-on.

Right now we are sitting in the middle of a cloud with no hope of
observing tonight, and we had very poor observing last night.
Observers are Eugene and Carolyn Shoemaker, David Levy, and
Philip Bendjoya. The comet was found by Carolyn? assuming that
this is our discovery, the discoverers should be Shoemaker and
Levy.

Gene

FROM: INTERNET:jscotti@lpl.arizona.edu,
INTERNET:jscotti@lpi .arizona.edu

TO: David Levy, 70721,1706

DATE: 03/726/93 at 6:38

SUBJECT: Shoemaker object.

Sender: jscotti@lpl.arizona.edu
Received: from hindmost.lIpl_arizona.EDU by iha.compuserve.com
<5.65/5.930129sam)
id AA00195; Fri, 26 Mar 93 09:22:55 -0500
Received: by lIpl.arizona.edu (4.1/hindmost-MX-1.4)
id AA12283; Fri, 26 Mar 93 07:22:08 MST
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Date: Fri , 26 Mar 93 07:22:08 MST

From: Jscotti@lpi.arizona.edu (Jim Scotti>

Message-1d: <9303261422-AA12283@lIpl.arizona.edu>

To: brianZ.c-fapsl. DECNET@harvard.harvard -edu

Subject: Shoemaker object.

Cc: 70721.1706@compuserve.com, jscotti@lpi.arizona.edu

Brian,

Here are my measurements of this remarkable object which the
Shoemakers and David Levy have found. It is indeed a unique
object, different from any cometary form 1 have yet witnessed.

In general, it has the appearance of a string of nuclear
fragments spread out along the orbit with tails extending from
the entire nuclear train as well as what looks like a sheet of
debris spread out in the orbit plane in both directions. The
southern boundary is very sharp while the northern boundary
spreads out away from the debris trails.

Perhaps we can make arrangements to have Gareth download a
screen— dump later today. It looks like the weather here is
deteriorating with rain predicted for later in the day. I hope
the system will clear out quickly, with only a night or two lost
at most. Tom Ffound an object on his last night Wed. night) and
I got a pair of epochs on it tonight which I will upload once |1
finish their reductions.

Shoe-0bj . 1C1993 03 26.29531 12 25 42.24 -03 57 55.7

13.9 T 691

Shoe-0bj. Cl1993 03 26.30479 12 25 42.09 -0357 53.7

16.7 N 691

Shoe-0bj. CI993 03 26.31448 12 25 41.63 -03 57 53.7
691

Shoe-0bj . 2C1993 03 26.41291 12 25 38.70 -0357 34.8
691

Note 1: Nuclear region is a long narrow train about 47" in length
and about 11" in width aligned along p-a. 260 — 80 degrees. At
least 5 discernable condensations are visible within the train
with the brightest being about 14" from the SW end of the trail.
Dust trails extend 4.20" in p.a. 74 degrees and 6.89" in p.a.

260 degrees, roughly aligned with the ends of the trail, measured
from the midpoint of the train. A tail extending more than 1°
from the nuclear train with the brightest component extending
from the brightest condensation in the train to 1.34" in p.a. 286
degrees. The midpoint of the train was used for the astrometric
measures. Note 2: Observations through cirrus.

Time for bed*

Jim, Mar. 26, 14:17 UT.
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FROM: INTERNET :br ian7.cFaps|l .span/Ccfa. BITNET@mi tvma. mi t .edu,
INTERNET :br ian"/.c-fapsl.span7.c-fa. BITNET@mi tvma. mi t .edu

TO: David Levy, 70721,1706

DATE: 03/26/93 at 14:19

SUBJECT: [1AUC 5725: 1993e, 1993E

Sender : br ianZ?.c-fapsl.spanSc-fa. bi thet
Received: from MITVMA_MIT.EDU by iha.CompuServe.com
(5.65/5.930129sam>
id AA29750; Fri, 26 Mar 93 17:01:08 -0500
Received: from MITVMA_MIT.EDU by mitvma.mit.edu (IBM VM SMTP
V2R2)
with BSMTP id 4977; Fri, 26 Mar 93 17:00:15 EST

X—Delivery-Notice: SMTP MAIL FROM does not correspond to sender.
Received: from cfa.bitnet MAILEROCFAPS2) by MITVMA_MIT.EDU
(Mailer R2.10
ptfO00) with BSMTP id 9688; Fri, 26 Mar 93 17:00:14 EST
Received: from cfapsl.Span by cfaps2 with VMSmail ;

Fri, 26 Mar 93 16:52:21 EST
Date: Fri, 26 Mar 93 16:52:21 EST
From: brian7.cFapsl .spanXcfa. BITNETOmI tvma. mi t _edu
Message—1d: <930326165221.12t0cFfaps2>
Subject: [1AUC 5725: 1993e, 1993E
To: quai XcFa.BITNET@mi tvma.mi t .edu
X-St-Vmsmai 1-To: ST7.QUAI ,ST7.QUAJ ,ST7.QUAK

Circular No.
5507
Central Bureau for Astronomical Telegrams
INTERNATIONAL ASTRONOMICAL UNION
Postal Address: Central Bureau fTor Astronomical Telegrams
Smithsonian Astrophysical Observatory, Cambridge, MA 02138,
U.S.A.
Telephone 617-495-7244/7440/7444 (for emergency use only)
TWX 710-320-6842 ASTROGRAM CAM EASYLINK 62794505
MARSDEN@CFA or GREENQCFA (-SPAN, .BITNET or .HARVARD.EDU)

COMET SHOEMAKER-LEVY (1993e)

Cometary images have been discovered by C. S. Shoemaker, E.
M.
Shoemaker and D. H. Levy on films obtained with the 0.46-m
Schmi dt
telescope at Palomar. The appearance was most unusual in that
the comet
appeared as a dense, linear bar about 1* long and oriented
roughly
east—west; no central condensation was observable, but a fainter,
wispy “tail " extended north of the bar and to the west. The
object was confirmed two nights later in Spacewatch CCD scans by
J. V. Scotti, who described the nuclear region as a long, narrow



train about 47" in length and about 11" in width, aligned along

p-a. 80-260 deg. At least -five discernible condensations were
visible within the train, the brightest being about 14" from the
southwestern end. Dust trails extended 4°.20 in p.a. 74 deg and

6".89 In p.a. 260 deg, roughly alagned with the ends of the train
and measured from the midpoint of the train. Tails extended more
than 1" -from the nuclear train, the brightest component extending
mfron the brightest condensation to 1°.34 iIn p.a. 286 deg. The
measurements below refer to the midpoint ot the bar or train.

1993 UT R.A. (2000) Decl. mli Observer
Mar. 24.35503 12 26 39.27 - 403 32.9 14 Shoemaker
24.43072 12 26 37.21 - 403 23.0
26.29531 12 25 42.24 - 357 55.7 13.9 Scotti
26.30479 12 25 42.09 - 357 53.7 16.7
26.31448 12 25 41.63 - 357 53.7
26.41291 12 25 38.70 - 357 34.8

C. S. Shoemaker, E. M. Shoemaker, D. H. Levy and P. Bendjoya
(Palomar>.

Measurers D. H. Levy, J. Mueller, P. Bendjoya and E. M.
Shoemaker.
J. V. Scotti (Kitt Peak). Last observation made through cirrus.

The comet is located some 4 deg -from Jupiter, and the motion
suggests that it may be near Jupiter®s distance.

SUPERNOVA 1993E IN KUG 0940+495

D. D. Balam and G. C. L. Aikman report a measurement of V =
20.3 +/- 0.1 and B-V = +0.51 on Feb. 26.28 UT, using the 1.85-m
reflector (+ CCD) at the Dominion Astrophysical Observatory.

1993 March 26 (5725) Brian G.
Marsden

FROM: INTERNET :bri an*/.cfapsl .DECNETQcta.harvard.edu,
INTERNET :br ian"/.cfapsl .DECNETQct a. harvard, edu

TO: David Levy, 70721,1706

DATE: 03/726/93 at 15:52

SUBJECT: RE- Thank you

Sender: brianZ.cFapsl .DECNET(8c-fa. harvard, edu
Received: from cfa.harvard.edu by ihc.compuserve.com
(5.65/5.93G129sam)
id AA23159; Fri, 26 Mar 93 18:51:48 -0500
Return—Path: <brian"/.cfapsl.DECNET@cf a. harvard. edu>
Received: -from CFAPS1 .DECnet MAIL11D V3 by cfa. harvard.edu; Fri,



26 Mar 93 18:45:54 -0500

Date: Fri, 26 Mar 93 18:45:53 -0500

Message-1d: <9303262345- AA05804@cF a- harvard- edu>

From: bri anXcFapsl -DECNET@cFa.harvard.edu

To: CompuServe.com::70721.17067cFa.DECNET@cFa.harvard.edu
Cc: BRIANScompuserve.com

Subject: RE- Thank you

Well, of course, my computation was only one possibility (but
yes, the Palomar and the Kitt Peak observations DO seem to be
mutually consistent), but with Jupiter and the comet separated
now by more than 4 degrees, it is hard to arrange For a very
close encounter to be TOO recent- Some time in 1992 thereFore
seemed reasonable, also to allow For separation along a 47*“ arc,
and perhaps not too close to the end oF the year- I put the
encounter just eight months ago and since then, oF course, the
comet has been too close to the sun For observation or at least
pretty Far over in the morning sky (or did you search this regie

last month?). We shall see what happens when we get a longer
arc !

FROM: INTERNET:brianXcFapsl.DECNETQcFa.harvard.edu,
INTERNET :bri anXcFapsl .DECNETQcFa-harvard-edu

TO: David Levy, 70721,1706

DATE: 03/27/93 at 10:19

SUBJECT: I hope this does not go too Far overboard!

Sender: brianXcFapsl.DECNETQcFa.harvard.edu
Received: From cFa.harvard.edu by ihe.CompuServe.com
<5.65/5-930129sam)

id AA24546; Sat, 27 Mar 93 13:18:15 -0500
Return—Path: <bri an"/.cFapsl.DECNETOcFa- harvard. edu>
Received: From CFAPS1.DECnhet MAIL11D V3 by cFa.harvard.edu; Sat,
27 Mar 93 13:17:57 -0500
Date: Sat, 27 Mar 93 13:17:57 -0500
Message-1d: <9303271817.AA19677€cFa.harvard.edu>
From: brianZ.cFapsl.DECNET@cFa.harvard.edu
To: CompuServe.com::70721.17G67cFa.DECNETScFa.harvard.edu
Subject: I hope this does not go too Far overboard!

Circular No.
5726
Central Bureau For Astronomical Telegrams
INTERNATIONAL ASTRONOMICAL UNION
Postal Address: Central Bureau For Astronomical Telegrams
Smithsonian Astrophysical Observatory, Cambridge, MA 02138,
U.S.A.
Telephone 617-495-7244/7440/7444 (For emergency use only)
TWX 710-320-6842 ASTROGRAM CAM EASYLINK 62794505
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FROM: David Levy, 70721,1706
TO: David Levy, 70721,1706

ES
SUBJECT: [TAUC 5800: 1993e

Circular No. 5800
Central Bureau -for Astronomical Telegrams
INTERNATIONAL ASTRONOMICAL UNION
Postal Address: Central Bureau -for Astronomical Telegrams
Smithsonian Astrophysicai Observatory, Cambridge, MA 02138, U.S.A.
Telephone 617-495-7244/7440/7444 (tor emergency use only)
TWX 710-320-6842 ASTROGRAM CAM EASYLINK 62794505
MARSDENSCFA or GREENOCFA (-SPAN, _.BITNET or .HARVARD.EDU)

PERIODIC COMET SHOEMAKER-LEVY 9 (1993e>

Almost 200 precise positions of this comet have now been reported,
about a quarter off them during the past month, notably -from CCD images
by S. Nakano and by T. Kobayashi 1in Japan and by E- Meyer, E. Qbermair

and H. Raab in Austria. These observations are mainly ofthe "center" of
the nuclear train, and this point continues to be the mostrelevant for
orbit computations. Orbit solutions from positions of the brighter

individual nuclei will be useful later on, but probably not until the

best data can be collected together after the current opposition period.

At the end of April, computations by both Nakano and the undersigned were
ginning to indicate that the presumed encounter with Jupiter (cf. I1AUC

@26, 5744) occurred during the first half of July 1992, and that there
vail be another close encounter with Jupiter around the end of July 1994.

Computations from the May data confirm this conclusion, and the following

result was derived by Nakano from 104 observations extending to May 18:

Epoch = 1993 June 22.0 TT

T =1998 Apr. 5.7514 TT Peri. = 22.9373
e =0.065832 Node = 321.5182 2000.0
q =4.822184 AU Incl . = 1.3498

a = 5.162007 AU n = 0.0840381 P = 11.728 years

This particular computation indicates that the comet®s minimum distance
Delta J from the center of Jupiter was 0.0008 AU (i.e., within the Roche
limit) on 1992 July 8.8 UT and that Delta_J will be only 0.0003 AU
(Jupiter”s radius being 0.0005 AU) on 1994 July 25.4.

As noted on IAUC 5726, the positions of the ends of the nuclear
train can be satisfTied by varying the place in orbit at the time of the
1992 encounter and considering the subsequent differential perturbations.
Using the above orbital elements, the undersigned notes that the train as
reported on IAUC 5730 corresponds to a variation of +/- 1.2 seconds.
Separation can be regarded as an impulse along the orbit at that time,
although the velocity of separation (or the variation along the orbit)
depends strongly on the actual value of Delta J. At the large
heliocentric distances involved any differential nongravitational

leleration must be very small, as Z. Sekanina, Jet Propulsion
@poratory, has also noted. Extrapolation to shortly before the 1994

encounter indicates that the train will then be about 20" long and
oriented in p.a. 61-241 deq, whereas during the cays before encounter the
center of the train will be approaching Jupiter from p.a. about 238 deg.



FROM: David Levy, 70721.1706
TO: David Levy, 70721,1706
DATE: 02/05/94 at 17:11

KECT : 1AUC 5801: 1993e

Ci rcitlar No. 5801
Central Bureau -for Astronomical Telegrams
INTERNATIONAL ASTRONOMICAL UNION
Postal Address: Central Bureau for Astronomical Telegrams
Smithsonian Astrophysical Observatory, Cambridge, MA 02138, U.S._A.
Telephone 617-495-7244/7440/7444 (for emergency use only)
r’X 710-320-6842 ASTROGRAM CAM EASYLINK 62794505
MARSDEN@CFA or GREENOCFA (-SPAN, _BITNET or .HARVARD.EDU>

PERIODIC COMET SHOEMAKER-LEVY 9 <1993e>

Following the remarks on I1AUC 5800 concerning the encounter with
Jupiter in July 1994, it should be noted that the 3-deg difference in
p-a. between the comet®"s direction of approach and the orientation of
the nuclear train should increase immediately before encounter, and
the undersigned®s initial estimate is that more than half of the
nuclear train could collide with Jupiter— over an interval approaching
three days. Preliminary computations by A. Carusi, Rome University,
show that surviving nuclei are likely to remain as satellites of Jupiter
or be thrown closer to the sun on short-period heliocentric
orbits (depending on which side of Jupiter they pass). It
must be emphasized that a 1994 collision of the train center with Jupiter
is not assured, and iIn the case of a miss, the 3-deg difference in p.a.
lould minimize the chance of collision with any part of the train.

A>3 TT R. A. <2000) Decl . Delta r Elong. Phase ml
May 13 12 07.45 -2 04.0 4_755 5.462 130.2 8.1 13.5
23 12 06.15 - 1 54.9 4.880 5.460 120.2 9.2 13.6
June 2 12 05.98 - 1 52.8 5.019 5.458 110.5 10.0 13.7
12 12 06.92 - 1 57.8 5.166 5.455 101.2 10.5 13.8
22 12 08.92 - 2 09.4 5.318 5.453 92.2 10.7 13.8
July 2 12 11.92 - 2 27.5 5.471 5.451 83.5 10.7 13.9
12 12 15.82 - 2 51.4 5.622 5.448 75.0 10.4 13.9
22 12 20.53 - 3 20.5 5.766 5.445 66.7 9.9 14.0
Aug. 1 12 25.96 - 3 54.2 5.901 5.443 58.7 9.2 14.0
11 12 32.03 - 4 31.9 6.025 5.440 50.7 8.3 14.0

The orbit on I1AUC 5800 indicates that the comet was already in
jovicentric orbit before 1992, but this conclusion is very uncertain.
Nevertheless, the following ephemeris may be useful for 1992 searches;
the magnitude is, of course, a pure guess.

1992 TT R. A. (2000) Decl. Delta r Elong. Phase m2
Feb. 8 10 48.10 + 6 54.3 4_.572 5.498 157.8 3.9 22.4
18 10 43.94 + 7 22.5 4.522 5.496 169.0 2.0 22.2
28 10 39.47 + 7 53.1 4_.503 5.493 179.4 0.1 22.0
Mar . 9 10 35.02 + 8 24.0 4_515 5.491 168.4 2.1 22.2
19 10 30.92 + 8 53.1 4_.556 5.489 157.4 4.0 22 .4
29 10 27.48 + 9 18.7 4.625 5.486 146.5 5.8 22.5

1993 May 22 (5801) Brian G. Marsden



Date: Sat, .28 Aug 93 13:06:59 -0400

From: brian%cfaps|. DECNET@cfa.harvard.edu

To: acadiau.ca.dnetlroy.bishop%cfa. DECNET @cfa.harvard.edu
“Cc: BRIAN@cfa.harvard.edu

Subject: RE- Re: Will this do?

Dear Roy,

As | think you will understand, | tried to be extraordinarily careful
in what | wrote about 1993e, in order to give credit where it is due. It
is not correct to call the observations by Helin and Lindgren "prediscovery
images”. Helin and Lindgren both noticed these images before the Shoemaker-
Levy discovery, and both Helin and Lindgren did in fact get images on a
second night, again before the Shoemaker-Levy discovery. On the other hand,
Shoemaker and Levy only had one night on the comet before it was announced.
What Helin and Lindgren did NOT do was immediately realize that they had
images of the comet on two nights. On the second night the field was just
taken to ensure follow-up when the plates were fully analyzed. Helin was
at the time preoccupied with getting a NASA proposal completed, and Lindgren
was too inexperienced to appreciate what the image was. Scientifically,
Shoemaker did the right thing by having Scotti get a CCD image, for not only
did this knowingly confirm the comet, but it immediately showed what had
happened to make the photographic images so peculiar.

You will appreciate that there is tremendous competition and animosity
between Helin and Shoemaker. Whichever way one states the situation the
other will complain. | said it like it was, and it is my job to try to
report and credit discoveries properly and fairly. When all is said and
fcdone, the real problem is that comets are actually named for the earliest
Reporting discoverers, and asteroid discoveries are credited only to the

first reporting discoverer. Maybe we should all appreciate that the
discovery/confirmation process is collective, with generally no single

person doing it on his or her own. Photographic/CCD discoveries are
themselves made by teams--with some people taking the exposures and others
developing and/or examining them. The astrometry may be done by someone
else--and the follow-up necessary to get an orbit invariably is. And those
who compute the orbits are involved too. | have just done a review of
asteroid discoveries. In the case of the visual discoveries | credited the
individuals who actually found the objects, and in many cases they did much
of the necessary micrometric astrometry (and even orbit computation). For
the photographic discoveries | credited only the institutions. Right at the
start, when Wolf pioneered photographic discoveries at Heidelberg in 1891,
he stated that astrometry would not be possible from the short-focus plates.
So what did Wolf do? He got others to do micrometric astrometry. Who was
his principal micrometric collaborator? None other than Palisa in Vienna,
who with remarkable total of 121 visual discoveries, and who at the time

of the introduction of photography had made 25 percent of all of the
discoveries, set records that can never be beaten. Heidelberg is still

in first place for discoveries, and if you want to speak of an individual

one would have to put Reinmuth down as the record holder. But the Crimean
Astrophysical Observatory in Nauchnyj will surpass Heidelberg (for numbered
minor planets, that is) in the next year, and Palomar will move into first
place a couple of years later. Chernykh, one of the Crimean observers, will
soon surpass Reinmuth as the individual leader, but he Chernykh will first

|e surpassed by Ted Bowell--most of whose discoveries are from fourth-place
Flagstaff, although many are from films obtained at Palomar: films that are
taken, in fact, by the Shoemakers and Levy!

In short, Carolyn Shoemaker is indeed great at finding and reporting
comets on the Palomar films. But others do a pretty good job at finding
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comets too. Bill Bradfield’s feat of 16 visual discoveries, all by himself,
is at least as remarkable. And what David Levy has done with regard to
even 7 visual comets is an excellent record for a living North American.

He also did this all by himself (although neither he nor Bradfield has done
the micrometric follow-up of some of the nineteenth-century discoverers).
Carolyn finds the comets but is dependent on the team that includes her
husband and a third person who is often David Levy. Collaboration and
cooperation: those are the words we should be using. Competition may be
fine up to a point, but to stress it in a case like 1993e is unnecessary,
unproductive and largely meaningless.

One item is not clear to me in your first paragraph.

You write: "Helin and Lindgren both noticed these images
before the Shoemaker-Levy discovery, . . ."

Yet you also state that Helin and Lindgren did not "immediately
Lealize that they had images of the comet on two nights."” 0
The second statement appears to contradict the first, but it

may be | am misunderstanding something. The further comments about
Helin being "preoccupied” and Lindgren "inexperienced" suggest that
the Shoemaker-Levy team were the first discoverers, and this is,

of course, the point that bothers me about your Handbook text.

I feel very much that | am in an awkward position. My "bottom line"
(as | mentioned earlier) is that the Observer’s Handbook be accurate.
Also | apologize for bothering you again about this touchy topic!



Date: Wed, J_Sep 93 13:03:58 -0400

From: brian%cfaps|. DECNET@cfa.harvard.edu

iTo: acadiau.ca.dnet!roy.bishop%cfa. DECNET@cfa.harvard.edu
Cc: BRIAN@cfa.harvard.edu

Subject: RE: Re: RE- Re: Will this do?

Dear Roy,

I’'m sorry this is all so complicated and sensitive! The trouble is
that there is no really clear notion of what constitutes a discovery. As
I say, Shoemaker and Levy did the right thing: they immediately recognized
that they had something interesting and contacted the best person to get
the necessary confirmation quickly--although one could argue that they
themselves had the responsibility to confirm the object on a second night
themselves. But in this peculiar case a second photographic night would not
have shown how interesting the comet was. Helin and Lindgren had their
programs organized so that the second-night photographs were taken,
essentially automatically. But they did not look at their second-night data,
and their preoccupation and inexperience (respectively) did not let them
consciously follow up their first-night detections, even to the extent of
telling us about those detections at the time. If Eleanor Helin had told
me, for example, about the peculiar image at any time on March 19, 20, 21, 22,
23 or 24, | should have immediately recalled this when the Shoemaker report
came on the 25th (at the same time as Shoemaker alerted Scotti). Then the
comet would have become Helin-Shoemaker (probably no Levy and no mention
of Helin’s assistants); the observations would have been entirely on a par
with each other, with one image reported by each. If, then, on the evening
of the 25th, | had announced the comet as Helin-Shoemaker, Helin would

Aundoubtedly have realized she had the other night’s film, and we could well
Fhave had an orbit out before Scotti looked on the 26th. Inexperienced
astronomers do sometimes get credited with discoveries! They make their
reports, and subsequent action by others confirms that they really had
something. When it comes to asteroids, we do insist that observers produce
observations from two nights--and we further insist that they measure
the positions accurately on those nights. | tend to feel that the same
should apply even to unusual earth-approaching asteroids and comets that
are found by professionals, although the wily observer may instead get some
other astronomer to do the second night for him (viz. Shoemaker here).
Anyway, as for the bottom line, | think that what | stated in what | originally
wrote is correct. Helin, Lindgren, Shoemaker and Naranjo all independently
noticed an image of the comet without otherwise knowing of its existence.
And this was, as far as | can tell, the chronological order in which they
noticed the image. A prediscovery image is something one notices AFTER
one is alerted by others to the discovery, and in this case the term should
only apply to the observations by the Japanese amateurs (I suppose it is
not out of the question that they, too, noticed the image first, but they
have not claimed to me that they did so; anyway, it seems as though they
had only single-night detections).

Does this help? In short, | think the item should stay as | wrote it.
Shoemaker may object, but nothing is incorrectly stated, and he is given
full credit for the important step of alerting Scotti. The perspicacious
reader may wonder why Lindgren and Helin did no conscious follow up: that’s
OK. On the other hand, if one says that Helin had "a prediscovery image",

Nou can guarantee to get a nasty letter from her!

I indicated in my last message that | thought we should credit visual
discoveries to individuals and non-visual discoveries to institutions/teams.
Every time a case like 1993e comes along, | am more and more inclined to
get this instituted as official IAU policy!

Regards


mailto:cfapsl.DECNET@cfa.harvard.edu
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°Thanks for your prompt reply. | shall use your article as
°provided.
o}

°l must say that | am still bothered by the definition of
°"discoveryM Regarding 1993e, | conclude that Helin noted
“"something” on her first photograph but did not pursue it
°or tell anyone about it. This, to me, does NOT amount to a
‘(‘)"discovery".

“l note that on Circular #5738 you cite Helin as having
“made a "prediscovery observation"”, along with a note that
“"The Mar, 19 images were actually noted at the time.”

“l assume this must have generated "a nasty letter from her"!

wn

something” on her first photograph but did not pursue it
“or tell anyone about it. This, to me, does NOT amount to a
“"djscovery". 0
07>V

71 note that on Circular #5738 you cite Helin as having

“made a "prediscovery observation”, along with a note that

“'The Mar, 19 images were actually noted at the time."

““l assume this must have generated "a nasty letter from her"!

jo 0

“l have promised David Levy that | would report back to him
“regarding your article on 1993e. Do you mind if | pass your comments
“on to him, or would you prefer that | not do this? (Given the
“sensitive nature of this topic, you may have intended your

‘(‘)replies to be confidential). 0

“With best regards, Roy °

something™ on her first photograph but did not pursue it
“or tell anyone about it. This, to me, does NOT amount to a
“"discovery*.

o]

“l note that on Circular #5738 you cite Helin as having
“made a "prediscovery observation", along with a note that
“"The Mar, 19 images were actually noted at the time."”

“l assume this must have generated "a nasty letter from her"!



Date: Thu, 2 Sep 93 13:36:01 -0400

From: brian%cfaps|. DECNET@cfa.harvard.edu

To: acadiau.ca.dnetlroy.bishop%cfa.DECNET@cfa.harvard.edu
ipc: BRIAN@cfa.harvard.edu

Subject: RE- RE: Re: RE- Re: Will this do?

Dear Roy,

| agree that it ought to be a requirement of discoverers to report
things properly, and it ought to be completely clear that they did not
know of any other detections of the object at the time. But some would-be
discoverers are more inclined to report very tentative discoveries than
others would be, which is why we have tried to introduce some minimal
requirements for what is wanted. This problem will clearly become greater
in the future, as we deal more with automated discoveries and team effort,
and | really think we need to draw some distinction between the such teams
and the "rugged amateur", who goes about his thing alone, usually making
only visual observations.

I had been thinking of discussing the 1993e business with David Levy
myself. | am actually on very good terms with him. You could bring the
matter up with him if you wish, although it occurs to me that there would
be one potentially upsetting point for him. This is when | said we might
have called the comet "Helin-Shoemaker"”, without acknowledging him. The
point is that there would also have been one of Helin’s assistants to
mention, and we cannot have four names. What we want, of course, are
unique names, and in this connection | cannot help but think that
"P/Helin-Shoemaker" is simpler to deal with than "P/Shoemaker-Levy 9"
Regards
Brian


mailto:cfapsl.DECNET@cfa.harvard.edu
mailto:cfa.DECNET@cfa.harvard.edu
mailto:BRIAN@cfa.harvard.edu

“Thanks for the message. | had not forgotten that | said |
“would reply to you, but for two reasons | have delayed doing
“s0. (I)The university year has begun and | am busy. (2) Brian
“wishes to stick to his original text. He and | had some
“moderately extensive correspondence (by e-mail) and | have
“been wondering how best to respond to you.

“As | mentioned to you, Brian’s text states that 1993e was
“discovered independently by Lindgren and Helin, and by the
“Shoemakers and Levy. Yet he admits that Lindgren and Helin
“did not report the comet at the time they obtained images, nor
‘(‘)did they realize that they had images of the comet on two nights.

“Brian stated to me that "It is not correct to call the observations-*

Apy Helin and Lindgren ’prediscovery images™. Yet he himself did
“so on AU Circular #5738: he used the term "prediscovery
“observations”, but added in a footnote the curious comment: "The
“Mar. 19 images were actually noted at the time."

“In short, Brian says that the first report of 1993e was by

“the Shoemakers and Levy, yet he is also saying that Helin

“made an independent (and earlier?) discovery — even though
“she did not report it and even though Brian does not state
“clearly that Helin realized that she had a comet prior to its
“actual announcement.

o] o]
“In one of my replies to Brian | stated: "I am still bothered by the
“definition of "discovery”. Regarding 1993e, | conclude that Helin
“noted "something™ on her first photograph but did not pursue it
“or tell anyone about it. This, to me, does NOT amount to a



°any other detections of the object at the time.” | am not happy
"with his response.
o

T suspect that Brian has received "flak" from Helin, and he

trying to steer a middle course. He did say "l had been
Aminking of discussing the 1993e business with David Levy
“myself." Thus, | think you should feel free to contact
‘(‘)Brian about the whole matter.

“l told Brian that my "bottom line" is that the OBSERVER’S
“HANDBOOK be accurate. Unfortunately, it will say that Helin
“made an independent discovery, and | am unconvinced that this
“was so. Since Brian wishes to say this (and told me that "I \

“l told BrjaiTthat my "bottom line" is that the OBSERVER’S
“HANDBOOK be accurate. Unfortunately, it will say that Helin
“made an independent discovery, and | am unconvinced that this
“was so. Since Brian wishes to say this (and told me that "I
Atried to be extraordinarily careful in what | wrote about 1993e")
~Njjlave followed his wishes.

“This is a rather long message, but the correspondence | have
“had is longer!
0

“Best wishes, Roy
o]

“PS: That was a nice write-up on you in MERCURY.
0 Ferris expressed some of my thoughts very well.

“l told Brian that my "bottom line" is that the OBSERVER’S
“HANDBOOK be accurate. Unfortunately, it will say that Helin
“made an independent discovery, and | am unconvinced that this
“was so. Since Brian wishes to say this (and told me that "I

“L~d to be extraordinarily careful in what | wrote about 1993e")
(’)‘P"ive followed his wishes.

“This is a rather long message, but the correspondence | have
“had is longer! "

o






Mr. David Levy
120 William Carey Street
Tucson, AZ 85747

Dear Mr. Lewy,

I an following up on a letter 1 wrote to you last month
asking 1T you could participate In a special series of
sessions by The Planetary Society at the National
Science Teachers Association Convention in_Anaheim next
year. Our session block is on Friday, April 1 in the
Marriott Hotel, adjacent to the Convention Center.

We have scheduled a session with the working title of
"When Worlds Collide: Comet Shoemaker-Levy 9 and
Jupiter.” Dr. David Morrison has already agreed to be
one of the two speakers, and we hope that you can join
him. I need to confirm our speakers by next week so
that the information can be included in NSTA"s advance
program.

Please let me know 1f you will be able to participate.
The Planetary Society will cover yourfttravel Expenses.

By the way, iIf you can join *us, please let me know what
title and affiliation we should use when naming you iIn
the advance program.

Give »e a call 1f you have any gquestions.



COMETS (N COLLISION

Speaker:

Time:

Place:

Abstract:

Flandrau Planetarium and Palomar Observatory.
Canadian-born writer, popularizer of science, and one of the most
successful comet hunters of all time.

3 P.M., Friday, January 21,1994
P126, Avadh Bhatia Laboratory (Physics Building)

In March, 1993, Carolyn Shoemaker and David H. Levy made their 9th

joint comet discovery. Comet Shoemaker-Levy 9 is unique in consisting

of atleast20 individual cometsstrung out like "pearls on a string" and in
orbitaround the planet Jupiter. Calculations reveal that the parent comet
passed close to Jupiter in July, 1992, and was torn asunder by tidal forces
The fragments which resulted from that close encounterwill collide with
Jupiter -- one after the other over an interval of severdl days - in July,
1994. The story of this amazing comet and its impending doom will be
described by its co-discoverer. /
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to celestial events in Elizabethan and Jacobean writing, 1572-1620 / a doctoral
dissertation submitted by David H. Levy.






I am aware that the author of this dissertation may not have set out to answer the
particular questions that 1have raised. This dissertation, after all, is Mr. Levy’s, not
mine. 1le might answer my questions by saying: “But laccomplished what | set out to
do: namely, to document the celestial phenomena of Shakespeare's time and the
references to those phenomena in his drama.” And this is just what he has done. Perhaps
the most expeditious way of addressing my concerns would be to temper the claims about
“cultural significance" early in the dissertation. The New Historical dimension is the
least satisfactory aspect of the dissertation.

If my comments have been more negative than positive, it is because 1can best
serve Mr. Levy by alerting him to potential pitfalls. Should he want to turn this
dissertation into a book, he will need to anticipate the skepticism of book reviewers, who
will surely raise the same issues that Lhave highlighted.

Despite my reservations, | want to emphasize that | enjoyed reading this
dissertation and believe that it represents a real contribution to knowledge: no one has
previously documented in such detail the fascination with the sky that characterized
Shakespeare’s age. And | was pleased to learn about such works as Thomas Nashe's A
Wonderful, strange, and miraculous, Astrological Prognosticationfor this the year ofour
Lord God, 1591. Therefore, | believe that Mr. Levy’s work merits acceptance as a
doctoral dissertation and meets the requirements for such.

I suggest that Mr. Levy consider the concerns | have articulated above and make
whatever changes he may deem appropriate. He is a man of considerable learr.ig and
experience. | trust his good judgment and that of his dissertation director.



The Cambridge History of English and American Literature in 18 Volumes (1907-21).
Volume V. The Drama to 1642, Part One.

VI. The Plays of the University Wits.

Though Peele’s life may have had its unseeml~smes, he had a reaTvision of literature as
an art: primus verborum artifex, Thomas Nashe called him; nor, for the phrasing of the
time were the words exaggerated. Reading his songs, such as that of Paris and Oenone in
The Araygnement ofParis, or the lines at the opening of King David and Fair Bethsabe,
one must recognise that he had an exquisite feeling for the musical value of words; that
he had the power to attain a perfect accord between words and musical accompaniment.
One can hear the tinkling lute in certain lines in which the single word counts for little;
but the total collocation produces something exquisitely delicate. Yet Peele is far more
than a mere manipulator of words for musical effect. He shows a real love of nature,
which, breaking free from much purely conventional reference to the nature gods of
mythology, is phrased as the real poet phrases. The seven lines of the little song in The
Old Wives Tale beginning, “Whenas the rye reach to the chin,” are gracefully pictorial;
but the following lines from The Araygnement ofParis show Peele at his best, as he
breaks through the fetters of conventionalism into finely poetic expression of his own
sensitive observation:

Not Iris, in her pride and bravery,

Adorns her arch with such variety;

Nor doth the milk-white way, in frosty night,

Appear so fair and beautiful in sight,

As done these fields, and groves, and sweetest bowers,

Bestrew’d and deck’d with parti-colour’d flowers.

Along the bubbling brooks and silver glide,

That at the bottom do in silence slide;

The water-flowers and lilies on the banks,

Like blazing comets, burgeen all in ranks;

Under the hawthorn and the poplar-tree,

Where sacred Phoebe may delight to be,

The primrose, and the purple hyacinth,

The dainty violet, and the wholesome minth,



The double daisy, and the cowslip, queen

Of summer flowers, do overpeer the green;

And round about the valley as ye pass,

Ye may ne seefor peepingflowers the grass: ...
Is there not in the italicised lines something of that peculiar ability which reached its full
development in the mature Shakespeare—the power of flashing before us in a line or
two something definitive both as a picture and in beauty of phrase?

One suspects that Peele, in the later years of his life, gave his time more to pageants
than to writing plays, and not unwillingly. He certainly wrote lord mayors’ pageants—in
1585, for Woolstone Dixie, and, in 1591, his Discursus Astraeae for William Webbe.
Moreover, all his plays except The Old Wives Tale were in print by 1594, and even that
in 1595. One of the Merrie Conceited Jests o f George Peele, those rather dubious bits of
biography, tells us “George was of a poetical disposition never to write so long as his
money lasted.” Whether the Jests be authentic or not, those words probably state the
whole case for Peele. 8 He was primarily a poet, with no real inborn gift for the drama,
and he never developed any great skill as a playwright. This may have been because he
could not; the reason may, probably, be sought in the mood which finds expression in
The Old Wives Tale—a mood partly amused by the popular crude forms of art, partly
contemptuous towards them. Consequently, as he went on with his work without artistic
conscience, without deep interest in the form, he could not lift it; he could merely try to
give an imperfectly educated public what he deemed it wanted. But even this
compromise with circumstance could not keep the poet from breaking through
occasionally. And in his feeling for pure beauty—both as seen in nature and as felt in
words—he is genuinely of the renascence.






i am enclosing the proposal as an attachment. If you"could write a one or two
paragraph assessment of the proposal, along with your CV, and send itto Larry Besserrr
(he my supervisor at HU, and the only one really enthusiastic about the proposal there!) \
copy to me. | would appreciate it' ~he idea would be that you might be my co-supervisor

Finally, in addition to the classical reference that already
following last fall: (These are just preliminary notes):

Maphaeus Vegius and his Thirteenth Book of the Aeneid

It contains two translations, one completed in 1513; the other in 1583. The translation of 1583
just a few years after the great supernova of 1572) is far more specific about "starre" in

Riht great, when they the Ocean have passed, shall convay
To heaven on high: whom virtues fayne great actes for to as
And to atchieve, through virtue them as Gods shall lift to ski<
As for tis flame, thy noble Nations prayse before thyne eyes
For future time it showes, by starry fire God gave this signe.

My great Aeneas to advance unto the oftie skfe.

And him of due desert to place among the starres on hie. <89
Thou what in him is mortall take away. a~d make him ~ee

And ad him to the mighty sytarres that sr ne in lofty skies 91)



David says [pa‘acraph "C)"] that although general discussions on his topic appear "from time
to time," he "ca” “nd no nvestigation . . . that emphasizes the literary reaction to actual events
in the sky." As a ;'e nc I'm willing to take his word for it. As a thesis committeeman, however, |
mws: insist on e, cence That means either 1) that he will have to actually FIND such an

nves: gation; or 2 demonstrate satisfactorily that he has read everything written on the topic.

Nashe Jo”son, and the others are of passing interest, but the world will turn its laser-focus
upon Shakespeare. For that reason. Levy should consider doing the same with his thesis. As |
said a” excited about David’s project, but | suspect it will need much more digging than an
astronomer s used to. Let’s hope ne has a good supply of work gloves and hand salve; our job
is to supply r mthe tools. I've only “ust begun to investigate, but it seems to me that there are
several sources tnat need to be tapped, if only to reject them. And if I've found several, there <
are likely more— presunoac y\ewer than there arei stars, but who knows? Among them: A



Shakespeare's Last Act:
The Starry Messenger and the

Galilean Book in Cymbeline

Scott Maisano
University of Massachusetts at Boston

Ye men of Galilee, why stand ye gazing into heaven?
Acts 1:11, King James Bible, London 1611

In the novel 2010: Odyssey Two, Arthur C. Clarke presents a specta-
cle of sheer sublimity rather obviously designed to whet his fans' ap-
petites for a cinematic sequel to his 1969 collaboration with director
Stanley Kubrick. As a spaceship prepares for its destined landing on
the planet Jupiter, the narrator expresses the unspoken awe of the
anxious crew by allowing us to see through their eyes:

Jupiter was already larger than the Moon in the skies of Earth, and the giant
inner satellites could be clearly seen moving around it.... The eternal ballet
they performed—disappearing behind Jupiter, reappearing to transit the day-
light face with their accompanying shadows—was an endlessly engaging spec-
tacle. It was one that astronomers had watched ever since Galileo had first
glimpsed it almost exactly four centuries ago; but the crew of the Leonov were
the only living men and women to have seen it with their unaided eyes.1

Clarke's narrator, however, may have overestimated just how "end-
lessly engaging" this interstellar spectacle would prove for earthly au-
diences; for, truth be told, "almost exactly four centuries” ahead of
Clarke's fictional cosmonauts were Shakespeare's real-life groundlings,
who saw something strikingly similar but probably just shook their
heads in disbelief at the playwright's own outlandish Vision of Jupiter.

1. Arthur C. Clarke, 2010: Odyssey Two (New York: Del Rey, 1982), p. 84.

Gfiguatias, 2004, 12: 401-434 © 2007 by The Jdrs Hykins



Had Shakespeare's prime writing years ended a decade later, his plays might
have reflected a vastly different situation. After Galileo's crucial observations
of Jupiter, Venus, the moon and the sun, philosophers and writers had to con-
tend with the mounting evidence for the new philosophy of a universe in
which the Earth circles the Sun rather than one in which the Sun orbits the
Earth .... Even if Shakespeare had believed in the new cosmology, it would
not have served his purpose well, for the old system, with its emphasis on the
Earth and mankind at the center of the universe, is more sound for the pur-
pose of drama. After all, why would the heavens have blazed forth the death
of princes in Calpurnia's dream, if the princes had not been at the center of
the universe?9

The mistake that Levy makes is to assume that Shakespeare's "prime
writing years" had ended by 1600, leaving him to look for allusions
to Galileo's observations in Julius Caesar, written while the young
Galileo was still rolling cannonballs off the Leaning Tower of Pisa,
but not in a much later Roman play, featuring a character named
Pisanio, Cymbeline.10

One explanation for why Levy, Nicolson, Guthke, and countless
others have not considered this "last act" of Cymbeline as a possible
response by Shakespeare to Galileo's discoveries is that for nearly
three hundred years most readers felt that this "theophany" was not
such stuff as Shakespeare's dreams are typically made on. At once a
theatrical debacle and an authorial anticlimax, the fifth act of this fi-
nal play in the First Folio left in its wake a theatrical "tradition of
omission” as well as an archive of editorial dismay and disavowal.
From 1683, the year of Cymbeline's first post-Restoration revival (or
rather "revisal," in Thomas Durfy's The Injured Princess), to 1946, when
George Bernard Shaw published the text to his aptly named adapta-
tion, Cymbeline Refinished, the descent of Jupiter within the dream of
Posthumus was rarely, if ever, present.1l Not only was the Jupiter
scene cut in its entirety, but all references to his intervention—and
to the book that he leaves behind for the characters to decipher—

9. David H. Levy, Starry Night: Astronomers and Poets Read the Sky (Amherst, NY:
Prometheus Books, 2001), pp. 67-69.

10. Actually, I've taken a bit of poetic license in my response to Levy: for, even sup-
posing that Galileo did conduct his own experiments at the Leaning Tower, he would
have concluded them by 1592, when he accepted the chair of mathematics at the Uni-
versity of Padua. For a very detailed, if at times conjectural, account of what experi-
ments Galileo performed and when, the best resource remains Stillman Drake, Galileo
at Work: His Scientific Biography (Chicago: University of Chicago Press, 1978).

11. John Pitcher, "The Play in Performance,” in Cymbeline (London: Penguin UK,
2005), pp. Ixxxiii-Ixxxviii.



From: "Dr. Roger C. Lewis" <saigai@netidea.com>
To: <msbesser@mscc.huji.ac.il>

Cc: "David H. Levy" <david@jarnac.org>

Subject: proposal

Dear Lawrence Besserman,

David Levy has asked me to read over his proposal for a doctoral dissertation
and send you an assessment.

This proposal | found very exciting. It is the most ambitious project yet in David's
entirely laudable effort to combine literature and science in advanced scholarly
studies. Although it was aimed at the general reader, |thoroughly admired his

More Things In Heaven and Earth for the way

it demonstrated the effect the night sky had on widely differing poets. Like the

present proposal, it juxtaposed expert literary analysis with empirical observation
about the heavens derived from many hours of stargazing and from intensive readings
in relevant scientific literature. | also admire David's biographies of astronomers and
other books of commentary on astronomy.

| do recognize that there are academic objections to a proposal at the Ph.D. level

of this scope and cross-disciplinary breadth. Nevertheless Ithink such objections

can be met. During my lifelong work on the painter-poet D.G. Rossetti, | have been
forced to deal simultaneously with the disciplines of painting as one of the fine arts,

art history and literary criticism. At first, my proposal for a doctoral dissertation on
Rossetti was turned down because certain professors held that a Ph.D. student could

not be expert in both painting and poetry. Perhaps not, | agreed, and | postponed scholarly
writing about DGR as a painter/poet until later, simplifying my thesis to satisfy the
demands of these academic specialists. However, | am presently the Editor-in-Chief of
the 10-volume Correspondence of Dante Gabriel Rossetti (Cambridge: Boydell&Brewer)
and | must say it now strikes me as infantile to make such an arbitrary separation between
Rossetti's work as an artist and as a poet.

Because of David's wide reading in literature and science, his ability to write clear expository
prose and his fundamental intelligence, | am confident that he can carry out his proposal at a
high level of academic excellence. His bringing together of Milton and Galileo should provide
an intellectual climax to his study - these two giants of the Renaissance belong together in the
history of ideas.

| have not addressed minor points in the proposal - it does need some tidying up and tightening -
as | think you need an overall appraisal from me at this point. 1would be very happy to be of
further assistance if needed. | attach a short CV which can be expanded to include courses
taught, theses supervised, papers read, membership on committees etc. if this sort of information
is required.

Sincerely,
Roger C. Lewis
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mailto:david@jarnac.org

David:

Thanks for sending me a copy of your thesis prospectus, which | have now read hastily,
but with interest. 1 do not have a clue as to what standards the Hebrew University
Department of English has for dissertations, so I will employ the usual criteria one finds
in a mainstream history department in the United States (oh god no!), with my apologies
of course, but that is the only way | can provide you with anything useful. Since your
proposal has a strong historical element, it is likely that you will find at least one
historian on your review panel, depending upon the insularity (or lack thereof) of the
departments at HU.

A history department will always expect to see a review of extant literature on the
subject, as a preamble. How will your work add to, deter from, or differ with, for
instance, that of A J Meadows (The High Firmament: A Survey of Astronomy in English
Literature. Leicester U P 1969) or from the broader literature that seeks to show cultural
or scientific impact on literary forms (Marjorie Hope Nicolson's work, in any genre), or,
more pointedly, how your study will add to an appreciation of how events in history
(wars, famine, politics, intrigue, love triangles, floods, volcanoes, murders) have been
recorded or reflected in literature or even scientific milestones (Einstein on literature and
art, for instance). At the least, in a history department, you would need to demonstrate in
your preamble to your prospectus that you know where your work will fit into the larger
field of cultural influences on literature. Historians will only be convinced that you know
something when you identify cogently, with explicit citation, just what has been done to
date, and why it is insufficient to convince you of something that you feel, and can argue,
is worth knowing to the extent you expect a reader to know it once he/she finishes
reading and absorbing your dissertation.

The next thing those pesky historians would expect to see is a delineation of the
analytical tools you will bring to the table to interpret the data you represent - in this
case, the data are astronomical events and passages in literature relating to them. Sure,
you can provide a narrative, linking one to the other in time, frequency, etc (your chapter
on comets will be of great interest to many readers outside the litcrit field) but this will be
regarded as an anecdotal narrative only (by historians, of course) and worthy only of
popular or maybe specialist consumption - not as an addition to historiography, per se.
Tools may include letters, diaries, contemporary critiques, as well as (far more difficult)
statistical and structural studies of the texts involved. For example, take event "X" which
introduces a new idea into the world "Y" - how can you demonstrate that, indeed, Y
stems from X? One way would be to read all literature in a particular field in the years
following event "X" and do a word analysis - how many times does "Y" appear as a
theme, character, metaphor, allegory, or in satire? Then, for historians, you would have
to show that indeed any trends you found in the number and nature of occurrences o f"Y"
indeed stand out from the general trend of all literature of that time (This is why grad
students as research assistants are so valuable), so that the behavior of your "Y" is in fact
an indicator that "X" made a difference. Then you have to describe that difference in
your conclusions, rather than just restate your intentions.



I'll now change gears:

I get the sense that what really motivates you to this work is your infectious fascination
with experiencing things happen in the sky. You want to share this fascination with
others (you have done this better than anyone | know) and now you want to find a way to
relive the fascination that historical figures in literature must have experienced in their
days with the passage of comets, novae, meteors, and other natural phenomena, and how
that experience aided the introduction of new ideas into the broader culture. Here, I
would imagine, an English Department would want you to explore how such a motivation
through experience results in new literature. What stimulates writing about something, or
using something new in your writing? At the least | would expect there to be studies of
this question, and criteria offered to help try and answer it. What indicators or factors
have been identified by literary historians that help them evaluate the importance of
motivation in the creation of new literature? If such analytical or descriptive tools exist,
you should find them and use them, or argue why you cannot use them, and therefore
devise your own tools (your own methodology).

All these comments are predicated on the assumption that the HU English Department
hold to standards common to humanities studies. Historians tend to be rather picky about
context, being absolutely clear about the characters, setting, or "locating™ or "situating"
them, as we historians say, properly within their times, not ascribing present-day
knowledge, insight or standards, upon historical characters, etc. It all depends upon how
historical your English Profs at HU tend to be.

Finally, there are a few things worthy of comment from your prospectus, again, the plight
of the pesky historian:

p. 8- we need explicit discussion of the extant literature on Shakespeare and astronomy.
Is there not a work called "Astronomy in Shakespeare” ?? | know that C. G. Abbot
published Astronomy In Shakespeare's Time And In Ours 1937. but doubt that it is the
one | have in mind.

p. 9: You have switched the Tychonic Universe with the Digges Universe. Tycho's still
has the Sun orbiting the Earth and the Earth motionless. Check out the Rive website (the
best for this stuff): Tychonic model:
http://es.rice.edu/ES/humsoc/Galileo/Images/Astro/Conceptions/tycho_univ.gif

p. 13: You are probably correct about Tycho'
Thoren biography, or even the Dreyer bio.

p. 17 and elsewhere - thyis is where | get the feeling that your motivation is based upon
personal fascination, which is certainly OK, but there will be academics who take a long
hard look at this as "captive scholarship" - others call it "going native" - all depends


http://es.rice.edu/ES/humsoc/Galileo/Images/Astro/Conceptions/tycho_univ.gif

p. 31: dates of telescope seem a bit off- Dutch development circa 1608, Galileo
definitely started observing in late 1609 - Jupiter was not his first target. Also, the
feeling is that Lipperhey knew about the effect of combining lenses but was the first to
patent it as a military/commercial device. Again, for you, trivia not related.

p. 35 - F) Conclusions - "other authors" needs historiographical treatment - who, where,
when, to what effect, and why are you doing something different.

Bibliography: plenty of good secondary works here. The question will be: what have you
gleaned from them, and how will your work add to them? This is the essence of a
historiographical essay. Where is Usher's work? Has he not published?



Ay ~nerx>d for oertrfying astronomical references or allusions w * su® ct

ther- o the foiowing cntena:

1) Can the reference be connected to:
a) a specific event in the sky? or
b) a kind of event in the sky with which readers w. fid be ‘amiliar?
or
c) a more general cultural belief about the sky?
1) How can the reference help us to understand ar, "spect of the
contemporary night sky?
2) Can the reference help us to appreciate the author’s intent within a
particular passage?

3) How does the reference function within the context of the writino?
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CATACLYSMIC VARIABLE IN CORVUS

D. H. Levy, Tucson, AZ, communicates the discovery by C. W.
Tombaugh of a cataclysmic variable in Corvus on a plate taken 1931
Mar. 23 with the 0.33-m A. Lawrence Lowell astrograph at Lowell
Observatory, when the star"s magnitude was about 12. A search by
Levy through 260 plates in Harvard College Observatory®s archives
revealed 9 other maxima on the following dates: 1932 Mar. 2, 1940
Feb. 12, 1941 Feb. 5, 1952 Apr. 21, 1971 Apr. 20, 1983 Feb. 22, 1985
Mar. 15, 1987 Mar. 6, and 1988 May 21. Levy reports another outburst
on 1990 Mar. 23.270 UT, with the star at mv = 13.6. Precise
positions measured by B. Skiff, Lowell Observatory (equinox 1950.0):
discovery plate, R.A. = 12hl17m48s.38, Decl. = -18 10"27".4; Palomar
Sky Survey O exposure, 1954 Mar. 7, R.A. = 12h17m48s.64, Decl. =
-18 10722".7 (estimated blue mag about 17-18, red mag about 19).

COMET AUSTIN (1989cl)

D. G. Schleicher and D. J. Osip, Lowell Observatory; and
P. V. Birch, Perth Observatory, report: "We have obtained gas
production rates based on aperture photometry obtained on 6 nights
between 1989 Dec. 19 and 1990 Mar. 7 using the Lowell-Perth 0.61-m
telescope, and on Mar. 14 and 15 using the Lowell 1.07-m telescope.
For mid-March, log Q(C2) = 26.6, log Q(C3) = 25.4, and log Q(CN) =
26.7 (i.e., the relative abundances are basically normal). Q(C2)
varies approximately as r**2.0 over the total observational interval;
however, during the first month the increase was much steeper than
the mean, varying as r**4, while from mid-January to early March it
varied as r**lI. The March observations imply that a higher rate of
increase may have resumed. It is unclear how much, if any, of these
changes in slopes are due to short-term variability. The increase
in the dust production has been extremely shallow, with log (A f rho)
= 3.2 in mid-March (A being the albedo of the grains, f the filling
factor of the grains, and rho the radius of the field of view; cf.
A"Hearn et al. 1984, A.J. 89, 579), and showing variation as r**n
with n < 1.0 since December. These data imply a current gas-to-dust
ratio approximately 3 times higher than was observed in P/Halley at
a comparable heliocentric distance.”

Total visual magnitude estimates (B = binoculars): Mar. 19.11
UT, 6.1 (A. Hale, Las Cruces, NM, 10x50 B); 22.01, 6.0 (J. E. Bortle,
Stonsvrlle, Ny, 15x80 B); 23.13, 5.9 (C. S. Morris, Whitaker Peak,
CA, 20x80 B).

1990 Maxch 23 (4983) Daniel W. E. Green
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\strect As artoftreAAVSO Srole nceldorating tre Lhiited Natias™ Intarretiaral Year of Lidht, 1have been ased toprepare
a briefretrogective on M\ intarest N Clyde Tombaugh™s dar, TV Gorvi. Because of the clever Tiht pollution ordinences et
have govermed the night sky surrounding tre areaaround Tucson, Arizoma, and tre Intermatiiaal Dark Sky Associatian, our Jamac
(osenatorv hes been blessed with a dark night sky thet often parmints doservatians down 10 19th megnirtuce, tre ster’s suspected
minimum megnitude Preparing this artidke hes al<o helped me 10 uderstand thet veriicblle star doserving Brot just sciate; ks
comunity My own uderstanding of tte behavior of Tombaugh™s Star isgathered fronmy  lag friackhipwirth Clyde Tambaugh,

dismwerer of Pluto and the scientist who gpened the door 1o the Kuiiper Belt toother AAVSO doseners over many years, Steve
Honell, from tte Plaretary Science Irstituie, who alerted me to thre possibility tret one component of TV Crv isa broawn dharf,

ad tte pure joy ofbeing eblle 1o dosene this fait varicble Star uder adark dyy.

1 Introduction

Reocantly Dr. Stella Katka, newly gopointed Divector of
the AAVSO, aded me towrite an atide far JAAVSO abaut
TV Covi, my Taarite varicble g One thirg 1 leamed lag
ap sttatwhen aDirector, paraiaularly oftte AAVSO, adksime
towite sorething, tre best thingtodo stodropwhatever BB
et 1am doing and Tl her regest. My own concemn farthis
partailar sardates badk alnost thirtyyears toFeoruary 9,1986,
tre perifelindate ofHail leySaoret. Sittirg intrebasament of
Lonell Geenatory”, Iwas studying the arigirel photogrgphic
lags of Clyde Tombaugh i preparation Tara biography Iwas
writing about him. On tre pllate exposed 10 January 1981 was
cirdel tre trailed imege of a aoret. 1 goent years tryilg
sistantiate Clyde’S imeges, lut found rothing. Even though
Clyde’s telesoypes recorded several images of this doject,
tre Interraetiaal Astronomical Uniions Gantral Bureau for
Astronamical Telegrams woulld not announce itunlless Ineges
fran otterdeenerscould ke fourd. The caretwes rediscovered
IN2012 on imeges takenby tre Tenegradesenatories, and Bnow
knowTi as Comet Z74P/Tombaugh-Tenagra.

The search far comets did ot end trare, honvever. During
the summer of 19871 retuned toLonell and dhecked eay” one
of Clyce"s plaret search plates. (Although tre search Tor tras-
Neptuman plarets was what the search began &s, after Pluto
wes disoverad the ssardh was expounded toa“ “trars-Satumien
planet” program, and this i how Clyde always referred
1o i) This time 1 uncovered evidence of Clyde sdisoovery of
asigle dararotated:

Nova. 1novasugeect T 127 near southnest comer of
plate, megnirtude about 12, corfirmed welll on Gogshall
[EelesgE] platesofMARCH 2. No trace ofdbjecton
13-inch plates of March 20 and 17, 1931 The imege
secctly deformed, lie te otter Star imeges ntte
reightorhood. Bridantly avery remarkable Slatorie
from I7 orfantato 12 n2dgys tine. _Thisdyjectwas
disoeradonMay 5, 1922, ac11.(0AM  (Tombaugh
1931; Levy 1991)

Sixty years aftartre fat, Clyde wes dill alive and remerbered
vell tte moment ofdisoeary. ““ltwas a cefinitely a re o)’
the disooverer of Pluto told me over tre phone, adding tet ils
imege was sligtlydeformed st lile tte surnrounding starsnear
treedoe of tre plate he hed tEen. He knew itwas a““tenporary
star”’ as he called i, because itdid not gppear on ertter of
the other plates he had exposed of the same regian. Briian
Saiff a staffastrononer ttare, suggested tret | ssarch some
plate archives Tar other imeges of this star et could confirm
isedstaTe.

2. Confirming Tombaugh’s star

On Septenber 11, 1989, trerefare, 1 visited tte Tamous
plate sted<s atHarvard College Cosernvatory, justa lag blodk
down the roed fram tte AAV SO Sold heedoparters on Concord
Avence. Over threedhys, 1seardned through 260 patroll plates,
procebly the entire collection tet HCO  had aontaining te
position of tre star Clyde hed disoovered 58 years exli|a. The
search periiad spamed a lag periad ofine, fram 193010 1988.
The ssarchyieldd nire addiitiaal cutbursts ofwhatt 1conclucked
had tobe an SS Cyoni-type dvarfrova.

Armed with thisevidae, Iwalked aaosstte lawn OBrian
Marsdensoffice nan adjoining buildirg. He looked attre IEC
of authursts | presantad 1o him, then back atme. ““l agree this
Binaestiy,” he said, “tut lam ot going thannounce iyet.””

‘“Why not9” laded.

“Because,”” Brian ansiered sacely butwith agrinand a
wirk, “you are an anateur astrooner.” | took a couple of
deep bredtts, then pregpared to say sarething kesstren friadly.
Brian then added, ““Hyou Wereaprofessiaal astraarer, youtl
have 1o gply Tar telesoye tire, and praoebly you wouldn
botherwith & But as an aretteur wirth a beutarful 40-centineter
reflectar cgeblle ofdiscovering covet afteraonet, you can keep
avigal watch on the star sposittin every niht. When you next
e tre star inautburst, whilich | dontdouot would someday
aoar, then Twilll announce kssaaurant itam.”

Thus, nNovember 1989 w"hen Corvus began to make s
gopearance intte predavwn sky aftar olaranjuctdan, 1begen
chily denatias of tte fisd



On March 2, 1990, after givirg a lecture nHorids, 1
checked the region using one of Don Parkers telesoes.
The follomngnigt, beckhare, Tussdmy own 40-cm reflector
and saw a new star of magnitude 13.6 where nothing hed
been kefare!

Since thet memorable night 1 have seen saveral furtter
autbursts of this gar, which Steve Honell of tte Plaretary
Science Irstitute determined to be not only a high gallactic
itk catachyanic varidble star (ost such stars lierear tte
cpllectic plae), hutalso tret kasists ofavhite dvarfand a
broan dwarfFtretabiteach otter inan areasraller tten te Sun
ina periad uder two hours Plaretary Science Irstiitute 2005;
Wood et al. 201T). One autburst in 2005 deserves mrtaalar
rote. The slarwes graratly jstbegiming isrisetomaximum
when 1 recorted it 1 deciided to take rgoeat eqosures every
thirty minutes farthe restoftte nigh. My sequenee resorced
a gries of Imeges showing this beautaful star on isway o
maximum, and at the AAVSO soring meetiing a few months
a1 playad tte animatian, ectually “TV Gorvi: The motiion
picture,” during the peper session. Aftera few showiings Iwent
o sut itdf, but the adience refused o alllow tis. Thus 1
hed to aontinie the animatiion for the remainder of my e
Ircicentally, thisepisode sore of tte reesas | loe going
AAVSO mestirgs. (Another pisack, ttethed nothing todowith
TV Qrv, took place duringan eveniing doserving ssssinduring
agorirg meeting atour Jarmec Cosenatory. 1 aally asked if
anyonewould be interested nseeirgmy srall clllection ofold
blugxintdarts; withinaminute trewrole croad was gathered
roud, adniring tteway we used todo \arigble das)

3. Tombaugh’s star and the community ofvariable star observers

OF dll the autbursts 1 have seen since 1990, four have
oocourred rear tre date of my fastare, March 23, which was
aoircidmntally tre date of Clyde Sfastdetection badk i 1931.
The ane on March 23,2000, was sogcial tome tret Linformed
thendirector Jaret Mattei about itby telgdoe. emeant <o
much 1o her tret 1 callled because iktbrought to tre faefiat
her w ish to s the human sice ofvaricble das. And on tret

particilar eening, she did. 1 have presented a pgper and co-

written other Sort piieces about thisdar, and have disossad it
on aountless oacasiaos with many astronorers both amateur
and professiaal (Lewy et al. 1990; Levy 2000).

More inportant, Tombaugh sstarhesaunioLe rletoplay n
trehistory oftteAAVSO and inismany decades of autreach. It
Binportant because treminds us ofone of ttemost. inportant
astromical deeners ntte tventiethceantury.. It inportant
because EagEsts tre existee of a sl tye ttet B\vay,
very srall; much srallerthen our Sun and whose components
migt be rot much lager then 1pitar. And farme, reminds
me ofsome Intarestiry tines trethave happened nmy i

4» Superoutbursts for a super star

We now urkerstard tet TV Crv Ban SU-Ursae Majoris
\aridble: a cataclyamic variable whose autiursts come n
two \arieties, normal authursts and syperautbursts, and tet
ehibits superhunps (sl periadic \eriatios relaed to tre
legth of tre abital periad) during Speroutursts. Qutursts
ooour when ggs tret Baathering inthe acoetion disk reedes
aartaintaperature, tre visosity ntre diskdages, and tre
ges collgsess oo tre brown dharf. As gravitatiosl otential
eneryy B relesssd, te system brighttas eqoentially. This
partialar starsauthursts goarantly reslitwhen the acoretion
disk surroundiing the sraller starbecomes usteble.

TV Crv (Figae 1) Ba secial byype of SU UMa varicole
in tret. its sperautbursts come INtwo \arieties- ore wirth an
unintenypted risetomaximum, and one withaartial rise, ligt
ddlire, then Tl rietomaximum.. This Etiartype stie et
ofaprecursor nromal autburstwhiich heppens toaffact tre disk
naway tat triggers tte gyperoutburst (Uenuraet al. 2006).

For examles, we can rajsit the superoutburst of 2001
18 Fdnuary, duringwhich the fastrecorded visLal megnirtucde
deenatinwes 12.9 FHgue?). Inthiseat, TV Crvwent nic
its s perautburst phese without wamiing; the preceding nich
tre sarwas tpically faintar then megnintuce 4.6- trereva:
No precursor inthis syperoorst.

The 2004 June 4 superoutburst was associated with <
prears. ltgppeared to begin as a normal atburst. TV Cr
brightened from iits quiescant state 1o about megnirtude 137

Figure 1 TV Crv, 17 November 1989-4 June 2015 (JD 2447848-2457178) Data from AAVSO International Database (AID). Earliest, historical data in A
(February 1930—April 1981, not shown) were digitized by D Levy from the Harvard College Observatory plate collection and the Palomar Observatory Sky Surv



Figure 2. TV Crv. 9 February-6 March 2001 (JD 2451950-2451975) Data
from AAVSO International Database

Figure 3 TV Crv, 29 May-23 June 2004 (JD 2453155-2453180). Data from
AAVSO International Database

Figure 4 TV Crv, 23 March-17 April 2015 (JD 2457105-2457130). Data from
AAVSO International Database.

ower a few haurs, and then, after a slight fedirg, continued
brigttening na syperoutburst, reaching maximum 1.7 days
Ha (Uemuraet al. 2006) (Figare J.

In the syperautburst of 27 March 2015 (Figuare 4), which
took place as 1 was writing this pger, TV Crv was il &

max imum when Idoserved itagain on 2 Aril. itsuoseguently
retumsd tominimum by May 17.

5 TV Crv: msastronamical and persoral sighificae

Why eectly BTV Corvi, or Tombaughsdar, my faarit
\ariable? This Brot a hard guestion o aser. Bvery tine
dxsene eitrer tte Star itelfor itsfid, 1am reminded ofm;
close frieship with Clyde Tambaugh. Most pegple knov
Clyde only farhisdisoovery of Pluto, comnected today with tib
aotiruing argunents over isstiElLs. Years ago Steve Hovel
told me ttet he aonsidered TV Corvi 1o be Tombaughsmos
signifient disoery, Tarmore so then his prinary” disoverie
oftte Kuiper Bt As Iwas now davotingmost ofmy dosarvinj
hours toaets, tseemed gyrgoriate toabsene isfiddever
night during s season 1O determine s autburst frequency
Although, as a cataclyanic \aridble, its authursts cavot
predicted, te autbursts have tte unlilkely hebit of coounring
raughlly ance each year. Marrch gapears tobe tte favored month
ad on four accesians tre autbursts have t@en place eftter L
March 23, orhave been nprogress on tretcate or ligtly aftea
Besides being the date on whiich more then two autbursts hat
been detected, March 23 salso the date marking tte discover
ofmy most inportantaaret, Shoemaker-Lew 9 N 196, and i
stte day Inarried Wendee n 1997. More ramatdy, one of ti
telesoyes use farmy nigtly comet search Bnamed “Clyde”
rot for his disoweries, but far tre parsordlity” of tte men: hi:
loe of sciae, his sanee of humor, and his woiquiitos at
utfargetizble purs. Al trese thigs are rooted inthis unusla
cateclysnic \aridble, TV Qrv. This wonderful pairirg of e
tiny stars hes made a parsoral and aotiruing ilvolverent n
my lifettat Iwall not soon faget
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ABSTRACT

During the trars-Satumian plaret ssarch of Lanel 1 Gosenvatory, Clyde Tombaugh exposed and
studied 362 pairs of plates during the years 1930-44. Among other disoweries he found a nova
cadicate thatappeared on a plate taken on 1931 March 23. This starhes stayed indosaurity sine
thettire, isonlly record beiing ttet of Tombaugh Sroteswritten on thepllate jadet. On 1990 March
23 this Star agaiin went into autburst. Cosenatiional studiies during this recant autburst and one
month later during quiescence have shown this star 1o be a highcplactic-latituce cataclysnic
\eridble. A toal ofeleven histarical autbursts are now known far this dgject, dll ofwhiich have a
maximum nearV = 13.0, 6.5 magnitudes above isaunrent quiescentvalle.

Key words: catachyanic\ariicbles-high-gallectic-latitice stars

1 Introduction

Cataclyanic \aridiles (O5) are cloe birary-star /5~
tens tet incluk the dnarf movee, malike \aricbles,
dessial mvee, and related subgroups. Al aosist of a
white-dharf primary and a mess-trasferrig, latetye
main-sequence secathry. They show srall to dramatic
danges intre brightness caused by mess trasfer, abital
notion, viewing gearetry, or a carbination of dl of
trese. Their prgpertiies have been reviened recentdy by
Wade andWard (195).

Recentlly, Howelll and Szkody (1990) have presented an
nitil summary of treir study of high-gallectic-latituce
O/s. These starsshow some differacss fron tteCVs ttet
are loated n tre galactic dide In rtiadkarn, dl te
high-latittce dnarfnova systemswirth known arbital peri-
o of <2 hrs show lage autburst amplitudes with an
average valie of 7 mag. These large arplitudes are ~3
mag greater on average then tredisksystans. The periad
distrinutianand period gap may alsobe diffarat inthese
s

The gallactic latituok of the Starunder study here (b =
+#2°) and tre late autburst aplitudes seen (e
Sctias 2 and 3) gopear tomake thisdhjectatypical high

*Visiting Astronomer, Lowell Observatory.

latitice dnarfrovee, possiblywith asortabrtal periad.
2. History

While ressarching a biography of Tombaugh, Levy
(19D reviened the serardipitous disoweries ttetwere
made and noted by Tombaugh during his trans-Satumian
plaret ssarch which startad in 1930 and which led tohis
disoovery of Plutol. During the 14 years of the ssarth,
Tombaugh exposed 338 mirsof 14 x 17 inch plates plus
anaddiiael 24 pairsof8 x 10 inchplates. A reviewoftte
argiral rotes witten on the plate jad<ets by Tombaugh
revealed tret he had discoverad two aorets, the super-
cluster of galadies in the PegesusPerseus region (Tom-
baugh 1937), fvenew geen-star dustars, one newly iden-
tha gldula—star dster (Lampland and Tombaugh
1982), many new \aricble stars and astaroids, and what
gppeared tobe arma.

The “hova’wes seen by Tombaugh on aplate taken on
1931 March 22 @ul cate) in the aostellation Corus.
Tombaugh Sjadet notes reed:

Although the initial aim was to find a trans-Neptunian planet, Tom-
baugh eventually planned the search with sufficient plate overlap that
any object brighter than 17th magnitude and equal to or greater than the
distance of Saturn would be discovered.

=1



1 nova suspect. '"T12” near southwest comer
at piate, magnitude about 12, confirmed well on
5*Cogshall plate of March 2. No trace ofdoject
00 13* plates of [local date] March 20 and 17,
1931. The image Becctly deformed, lie tre
other star images in itsneighborhood. Bvidently
avery remarkable startoricefram 17 or fainter to
12 in 2 days tire. Rosition: Epoch 1855 RA
12M3* Dec —17°40\ Epoch 1930 RA 12h16T9
Dec -18°5\ This doject was disocovered on
May 5, 1922, at11:00AM.

The dyject wes plainly visible on tte plate of 1931
March 23UT (imiigmagnitude mp— 17)asvell ssona
plate E@en sinultareosly with the 5-inch (12.7-an)
Cogghall “vitress” carera. ledild not apear on plates
taenon 1931 March 18and 21 UT, eachofwhich alsohed
a Iimitirg bllue magniitude ofabout 7. The Palamar Ob-
sEnatory Sky Suney (POSS) plateswere examined and a
star of magnitude ~19 (O plate) and —20 (E plaie) does
gopear & the position of tre mova. Figure 1 shons a
finding dart far the dogject and a CCD  image taken

The positian of the doject on the disovery autburst
plate wes measured recantlly by S4aiff, using the Lonelll
PDS microdasitoreter. A net of 35 SAO starswes used
 defire tre refarene frae. Depite tre relatiely
dense ret, stragly comatic imeges led toa position sev-
aal arc seoonds fran thet determined Ha. Neverthe-
ks, itprovided unambiguous idntaficaticnon the POSS
prints centered near 12B30mand — 18°. Comparison oftte
two prints shoved the cadiicate tobe blue inclar. The
position of the starand a 20-star SAO reference retwere
measured on theO “blue”’printusing the PDS machine s
aviaal measuring egire (., ot nascamning noce).
The mean s residals of the referae darswere 0.5,
leeding 10 a positian of RA. = 12h17/BI64 Dec. =
-18°10"22*7 (A9 0)- R. McNaught (1990) dotaiined posi-
tiaswithin 0.5 arc second of this based on measures ofa
UK Schmidt plate during the March 1920 aitburst.

The Harvard Colllege Coservatory patrol plates were
examined by Levy man attenpt tofird other autbursts of

this sta. Two-hundred sixty~two plates spaming the
years 1930 1o 1988 were ssarded. Nine additiaal con-
fimad autbursts were disoovered and we have listed
thesedates inTable 1 Plates from dates eardier then 1930
were alo studied, but the Timitang megnirtude was near
12, which B ot deep enough 1 see the Stareven &
autburst. Eleven other doubtful autbursts were alsode-
tected on the Harvard platesvery near the plate Iimit (s2
Table D).

Based on the many dbsernved autbursts (ad evidence
given in later ssttias), we kelieve tret the “hova’ Tom-
baugh found sactLal lyacataclyamic\ericble, praoebly of
the dnarfnova abclsss. Using the mean aosolute vallue

far a dvarf novee (e, 75), tis stlarwould have az
distane of- 2 K.

3. Recent Coservatios

With the commencement of the 1989-90 doservirng
s, Levy began avisal check of the field of the arr,
drservirg kon &4 der nigits from December 1989
through March 1990. On March 21 UT the dbject wes
faintethen 14.0, and the folloving nightt poor cordirtias
alloned only an dosenatiion tret the starvwes fainter then
120. On 1990 March 23 UT, 59 years to tre cay after
Tombaughs mitil disovery plate, Levy (190) disoow-
ered that once egain this dojectwas nautburst. Teble 2
Iesthe deenvatias made during thisauthurst.

3.1 Spectroscopy at Outburst

Two goectrawere dotained at the 2.1-m telesogee on
KittPeak on 1990 March 23and 24 UT. These two Soectra
were taken ss target-of-quortunity dsenatias Lsing
the Goldcam with gratirg No. 40. The cantral wave-
legthwes 7500 A with a resolution of 14 A. The spectra
were reduced usirg the 1RAR2 softvare and starcard
geectral reduction tedniques ofiss and fletcoractias,
gectral edractin via maximum ertropy from 2-D o
1-D, wavelength calibratian using He-Ne-Ar  imeges
taen doe intine o tre diia, ad, firdly, fikaliba-
‘tion using Kitt Peak 110S stardard das. Figure 2 shoas
the reduced gectra. An il description of the raw
gectraves given NIAU Circ. No. 4987.

The spectrashow ttetHa isclearly inemissionon both
nights, with the oeralll continuum fluxbeing — 2.4 tines
gregter on the 23rd ofMarch. The stragth ofHa above
the continuum inoreeses es the continuum leel drops
@&, tre autburst ddlires), as Btypical indvarfroee.
There are some very weak indicatios ttet He 1XA53/6,
6678, and 7065 may be presat memission on the second
nightand ttet Ha may be doublle peaked on the 23rd.

3.2 Photometry at Outburst

CCD photoretry was dotaired at the 1.07-m Hall
telesoypeon 1990March 24and 25UT. B and V measure-
ments were made once on each nigtand compared with
esteblished comparison stars near the doject 0J 287. The
measurements were corrected farexdainctian using mean
\aluss far Anderson Mesa (Lorell Cosenatory). Note
tet tre Star faded very quid<dly from ilsmaximum value
dbsernved by Levy on the 23rd. The nigitsofthese B and
V dosenatias were not photoretric, hence the lage
enor in the absolute megnirtude \valles. The AB and AV
values between the two nigts, honever, are based on
differaes between the same conparison starson eech B
and V frame and are good 1o #0.03 meg. While the vV
megnitude faded by 0.48 meg, the stardimmed B by

2ARAF is distributed by National Optical Astronomy Observatories,
which is operated by the Association of Universities for Research in
Astronomy, Inc., under contract to the National Science Foundation.



FIC. I-(a) A portion of the POSS “O” plate centered on the star. It
appears here in quiescence at magnitude —19. (b) A copy ofthe original
discovery plate taken by Tombaugh. The “nova” is clearly visible and
shows the coma due to being near the plate corner, (c) ACCD image
taken in the WR filter during April 1990. It clearly shows the variable
and the comparisons used in our analysis. The position measured on the
discovery plate is R.A. 12h17°48°38, Dec. -18°10'2T4 (1950) and on
the POSS R.A. 12hir"4864, Dec. -18°10'22*7. North is up and east is
left in all three images.

1.%5meg, afedtorof-2.5. Therefore, whillle the autburst
wes ading, gt from tre blue part of the spectrum

B *

decreasad much more rapidly.

3.3 Time-Series Photometry at Minimum

About one month aftar autburst, Honell and Krreidl
dotained CCD timeseries photonetry usirg the 1.8-n
Perkins telesoge of the Chio Wesleyan and Chio State
Uhiversiies at Lonell Cosenvatory. The dataare shoan
inFigure3and summarized inTable 3. The V megnitudes
were determined fram nightlly dosenatians ofphotomet-
tricstadard das. The V frares were dotained immedi-
ately before the wide-R (WR) time saries ofeach nigit.
No correctiaswere made Tarcolorterms and/or aiir-tess
differass, hut trese were siEll. The eras inte V
megnitude are kt= +0.3meg. The WR tire-serieschta
were dotained as described in Honell, Mitdell, and
Warnock (1988) and have a Iterrorof + 0.01 meg, cala+
lated from treir eguation @). The star shoned a dligt
increese of — 0.4 mag N mean magnitude on the second
nightasvell ssa“uieter’” lidtaune. The V megnitudes
agree quite velll wirth et found on the POSS. Both data
stswere seardhed independenttly and together farperi-
adiicities using the PDM  aralysis tedmiigue of SElng-
werf (19/8). Both dhta sets show 0.1 to 0.2 megnitude
\ariatias but no sigificat periadic modulations were
presert with confidence leels of >60%. The two tine
sries d, hovever, show the typical fliderirg behavior
el ly esscciatsdwithadwar frova. Further study of s
system 1 determire ifits abital periad B indead ks
then 2 hours Breeded. This determiration would pro-
vice another aotfimation of the evidence provided by
Honell and Szkody (1990).-
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Table 1
Observed Outbursts
(1930-1990)

m Date Source Magnitude*
1931 Mar 23 Tombaugh plates 12
1932 Mar 2 Harvard plates 12
1940 Feb 12 tt 12
1941 Feb 5 I 12
1952 Apr 21 I 12.5
1971 Apr 20 i 13.5
1983 Feb 22 ! 13.0
1985 Mar 15 n 13.0
1987 Mar 6 N 13.0
1988 May 21 N 13.0
1990 Mar 23 Levy - visual 13.6

Dates of Doubtful Outburstsb
(1930-1990)

1933 Jul 11
1946 Apr 8
1947 Jun 19
1947 Jul 22
1948 Feb 19
1971 Mar 1
1983 Feb 10
1987 Feb 24
1987 Mar 24
1987 Jun 17
1988 Jan 21

|15
1 W
1)

=
[
N

a) Tombaugh plate magnitude derived from comparison with POSS

plate plus HST guide star photometric sequence field S716 (Lasker
et al. 1988). The estimated error of +0.5 is due to star being
located at a plate corner and affected by coma. Magnitudes from
the Harvard plate archive films used the nearby AAVSO R Corvi
comparison field. The error in each measurement is "+0.5 mag with
a zero point offset occurring between the years 1952 and 1972.
This offset of "1 mag apparently is due to the fact that the
photographic emulsion changed after the 20-year moratorium on the
patrol plates ended.

b) These dates represent Harvard plate observations in which
something was seen at the star"s position but was very close to the
plate limit of mM "13-14 and probably represent plate defects.

4. Disossian

The mitil study of this new highgpllectic-latitce
dnarf novee hes revealed some interesting results con-
ceming large-anplrtuce autbursts. The megnirtude ofthis
staratminimum ofV ~19 combined with ttet of vV ~13
during the March 1990 autburst gives an autburst anpli-
tucke of6 megnirtuoes. We see fram the histarical record
presented nTable 1and the POSS measurements tat
s lage amplitude (sLellly associated wirth recunrentor
desial movee) B ot a rae evatt for tis da. The
autburst in March 1990 was seen o be quite dort, with
maximum ligt(e,V > B, kstigfaranly two diys.

Honell and Szkody (1990) have shown thet itE likely,
although not absolutely necesssary, that this starvilll heve
ashort (<2 hrs) orbital period. Ifthis is true then the star
should belong to the SU Ursae Majoris subclass ofdwarf

novee and show both autbursts and syperoutbursts (s
review by Wamer 195). The suyperoutbursts have
brighter maxima and lager ((weeks) duratdian. Thus, if
te abital periad B2 hrs or ks, then the March 1990
autburstweas not asyperoutburst and we would eqpect o
s brighter, loger-duration autbursts from this starat
tres.

The tireseries photometry dotained during mini-
mum lidt one month after the March 1990 autburst
Tailed 10 reaal any clear indication of modullations tret
might be associatedwith the abitall periad. Further pho-
toretricand spectrosogpic studies aimed atdetermining
thasperiod are plamed.

The B and V photometry dotained during the recent
outburst shows some interesting properties. It confirms
the rapid decline of the outburst both in B and V but



Table 2
Observations aade during March 1990 outburst

uTt Dare Type Magnitude Telescope Observer
1990 Mar 23.27 Visual 13.6 +0.5 0.4m D. Levy
1990 Mar 24.25 Visual 14.5 +0.5 0. 4m D. Levy
1990 Mar 23.37 Spect. 2. Im R. Henry
1990 Mar 24 .35 Spect. —_ 2. 1Im R. Henry
1990 Mar 24.312 Phot. V = 14.59 #0.04 1.07m A. Sadun &
J. Hayes
1990 Mar 24.318 B - 14.46 +0.15
B-V = -.013*
1990 Mar 25.286 Phot. v = 15.07 #0.04 1.07m A. Sadun &
J. Hayes
1990 mar 25.294 B = 16.01 #0.15
B-V = +0.94*

a) These values are only approximate as the nights were not photometric.

lambda (angstroms!

1&abda (angstroms!

Fig. 2-Outburst spectra taken on UT 1990 March 23rd (a) and 24th (b).
The presence ofHa on both nights and the lower continuum level on the
24th are both evident.

shons ttet tre B I, gooroxinately equal toV on 1990
March 24, dropped by an ectiitiaal fectorof~2.5 by the
Zth. This may be an indication tretwhatever produced
tre lage autburst Bvery hot (oiie) nitiEly and aols
(rects) radly.

Study of this star Bal inportant in terms of under-
starding isoutiurst frequency. Thisdyjecthesadstailed
historical cuthurst record aallleble and B the faintest
(furttest) high-callectic-latitoe dwerf nova with such a
record. Hwould alsobe inportant todetermire ifthisstar
B indeed a SU UMa dar and 1o understand the olar
changes dosernved during autburst. The datapresented in
Table 1 and the associatsd null results from the other
Harvard plates ssarch can gine Us a hint at an autburst
frequency faorthisdar. Hwe assune trettre starwould be
visible (0 any given plaie) Tar only o nigts, tet the
doserving seeson farthe Convus regionwes fraom January
 uly eech yaar, and tret a plate wes taken anly once
duringamonth with equal sarpling, thenwe ariveatan
authurst time sale ofabout once every 28 days! The real
situation Brot as idal as that desoribad above and the
derived freguency can anly be taken as a very rough
estimate. ltdoes, honever, provide uiswith evidence tret
these large-anplrtude autbursts seen nthisdwarfnovee
may coour fairly often. Maybe they coour frequentdly a5
vell mdl drarfrovee athigh galactic lttios.

Anateur astronarers have suocessfully monitored
dnarfnovee Tarauttursts since the detectian of SS Cygni
before the tum oftte cartury. Even o, many ofthe fant
and/or higHlatituok CVs are esssntiially unstudied ad,
therefore, we know very littke oftteir log-term behav-
. These particular stas are waally ot folloned by
anateurs because the time thet they stay at maximum



Jaht. Le.. wzthin the range ofvisihilityofmost arateurs,
seems tobe very gurt, about two datfs most of the tine
therewould be only a null reault as the star would be
inisible These stars do. honever, represent an area
where valuable cottributias by amateurs could be
Bade. Inorderfathistoooor, regular nightly dserva-
tiasofthe fields of these dars and timely rgorts ofany
autbursts woulld be needed. Moreover, arateurs sould
uderstand thet the negative dosenatias they make are
statstically valueble as vell and help determine the
lergth of time between authursts.

We bkelieve thispaper reaffims the importance ofhav-

inghistorical plate ollectics asildble to the comunity
asvell as the graat valle ofmonitoring by arateurs. We
are therkful far the effarts of the persons involived both
now and inthe pestand hope that such syopticprograns
will antince vell ino the future. The relatively srall
expense (@scanpared 1o plates) and aailkbility of lage-
format film shoulld allov photographic ardhines 1 con-
tnewithout prchibitive ast

We would egeecially lie to thark the folloming pecple
for intermypaing treir reqularly schedulled prograns ©
make doenvatias of this starwhille at autburst: Ridard

FiC. 3-CCD time-resolved differential photometry taken at quiescence on UT 1990 April 14th (3) and 20th (b). Stars 1and 2 in Figure 1(c) were used
in the analysis presented here. The y axis is differential magnitude (variable-star 1) in the WR filter and has the same scale and offset in both (a) and

(b). One-sigma error bars are shown.

Table 3

Photometric Observations at Minimum

uT* Nb tb dtb w
UT Date Start Obs sec sec hrs CCDc Filter*l Mag*
1990 Apr 14 4:07:42 36 300 18 3.2 RCA WR 19.5
18 RCA \% 19.0
1990 Apr 20 5:32:57 29 300 18 2.6 RCA WR 18.9
18 RCA \% 18.6
a) Time is for midpoint of First exposure iIn series.

b) N = number of integrations,

t = integration time,

dt = dead time between

integrations (varies between computers and sometimes with number of frames

stored on disk), T = total

c) RCA = Lowell RCA CCD; Format 256X256, Read noise = 60e-,

d Vv

2601A.

e) V magnitudes have la = #0.3; time series errors are la = +0.01.

for details.

observation interval

is a standard Johnson filter; WR

(including any gaps)-
Gain = 10e-/ADU.
(wide R) has a X = 7009A and FWHM =

See text
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TOMBAUGH’S STAR: A HISTORICAL TALE OF THE CATACLYSMIC
VARIABLE TV CORVI
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Vail, AZ 85641
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Abstract

While doing research formy 1991 biography 0fClyde Tombaugh, discoverer
ofPluto, | found evidence that he had discovered aprobable nova in Corvus.
Since this was an unusually high galactic latitude for a nova, Itried to find
confirming evidence for his 1931 observation. Although my results were
negative for 1931,1did find nine additional outbursts in my search through
several hundred Harvard patrol plates. | observed the variable, now called
TV Corvi, in outburst for the first time visually on March 23, 1990, and
several times since then.

1. Introduction

When Clyde Tombaugh began blinking his two photographic plates he had exposed
on March 23, 1931, he had no idea what discovery awaited him. He was on the trail of
Trans-Neptunian planets, but was on the alert for anything unusual.

At 11:00 on the morning of May 25,1932, more than two years after he discovered
Pluto, Tombaugh’s scan revealed a bright 12th magnitude star on one of his two plates;
none appeared on the other. It appeared to be anova at a high galactic latitude. Although
the astronomer reported the discovery to his superior, Carl Lampland, there is no
evidence that the announcement of the nova was ever forwarded beyond Lowell
Observatory.

2. Reconfirming Tombaugh’s discovery

In 1988, while writing a biography of Tombaugh, I visited Lowell to inspect the
notes he had written on the back of each plate envelope. | found the notes he had made
on that plate envelope from long ago: “One nova suspect,” his plate notes read, “ T 12
[meaning Temporary object No. 12] near southwest comer of plate, magnitude about
12.... No trace of object on plates of March 20 and 17, 1931.... Evidently a very
remarkable star to rise from 17 or fainterto 12 in 2 days time. This object was discovered
on May 25, 1932, at 11:00 AM.”

Since the nova appeared on only one photographic plate, 1 needed to confirm it, but
time constraints kept me from doing so until the summer of 1989. Visiting the massive
photographic plate collection at the Harvard-Smithsonian Center for Astrophysics, |
checked for plates near the time of the Tombaugh observation. There was a plate, but
it did not record stars as faint as the nova was at the time. I then looked at other sample
Corvus plates from differenttimes. As | expected, nothing unusual appeared. But on the
tenth plate was Tombaugh’s star, as bright as it was in 1931. That plate was exposed in
the late 1970s, decades after the original discovery.

With mounting excitement | decided to check every one ofthe more than 260 patrol
plates of Corvus in the Harvard collection. After three days ofsearching, | had evidence
of nine outbursts in addition to Tombaugh’s find. The final confirmation was a visual
one. For nearly 70 nights | checked the star, either visually with my 16-inch reflector,
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photographically through a Schmidt telescope, or with a CCD system. The long search
and wait finally ended on March 23, 1990, 59 years to the day after the first Tombaugh
plate. | pointed my telescope toward Corvus, not far from R Corvi, and saw Tombaugh’s
star in outburst.

3. Conclusion

Although the star is now officially known as TV Corvi, | propose that we call it
Tombaugh’s star in honor and memory of the man who first detected it. On its next
observed outburst in June 1991, astronomer Steve Howell and others observed it using
the International Ultraviolet Explorer satellite. Based on a long series of observations
they conducted, they suspect that the system consists oftwo stars, a small white dwarf
and a larger star. They also conclude that the stars rotate around each other injust two
hours (Howell et al. 1995).
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Abstract. We report optical photometric observ ions of four superoutbursts of the short-period dwarf nova TV Crv. This
object experiences two types of superoutbursts; one V'ith a precursor and the other without. The superhump period and period
excess of TV Crv are accurately determined to be 0.U5028 + 0.000008 d and 0.0342 + 0.0021, respectively. This large excess
implies a relatively large mass ratio of the binary con ponents though it has a short orbital period. The two types of
superoutbursts can be explained by the thermal-tidal irs ability model for systems having large mass ratios. Our observations
reveal that supcrhump period derivatives arc variable in distinct supcroutbursts. The variation is apparently related to the pres-
ence or absence of a precursor. We propose that the superhump period derivative depends on the maximum disk radius during
outbursts. We investigate the relationship of the type of superoutbursts and the superhump period derivative for known sources.
In the case of superoutbursts without a precursor, superhump period derivatives tend to be larger than those in precursor-main
type superoutbursts, which is consistent with our scenario.

Key words, accretion, accretion disks—binaries: close— lovae, cataclysmic variables—stars: dwarf novae—stars: individ-
ual:TV Crv

1. Introduction peroutbursts are saretiimes associated with a preaursar
tpclly Estrgoe artwo This phenomenon
SU Wa-type das form a sb-grop of drarf novee dar— isa:lu;yyem:ledfmnﬂ(?%ﬂ 1. The praarsr B
adtariad by te gpearance of lag ad rigt aparout-  arsiderad o be a nomal autburst: lesdirg 10 an eqeansian
busts ,duningwhiich pericdicnocllatios, superhunps ae OF  acoetion disk over the 311 resorence redius and -
dsened (larmer 199)). Superhunps have periacs sligtly gering a syperautturst. Growiing superhunps have been ce-
loe tren atital pariacs, which ean be eplaired by abest tected dnirgadecay prese fram tte preaursor T Leo (Kato
phenomenon of a processing taicly-distorted econtric diske ™ 97 V436 cin (Sereniuk 198)), ad GO Com (Imedaetdl.
According o tre ticH rsthillity treay, an acaetion diskke-  209). These growing superhunps provice evidene far te
cames usteble agpirst a ticHl parturtation from asscathlry TT1 modd sine a systam s predicted 1o reech a sparaxi-
st when tredisk reedes tte 31 resorence radius (Miitdurst mumwlhltegoMofmema'trnciskOn treotter tard,
199). In anjuct with tre ttema. r<Lhilitymodel - A aignal TT1 model canot eollain gradLallly growving s
(romal) dharfrova asttursts, ttemodd farsperoutbursts B - perhunps even after supemeximawithout a preaursr, whiich
g te tremal-uhl reblity((TDHmodel (G2 199).  m alo freqentdly doserved (Smek 1956).

Csadil & Meyer (2003) prgpose arefingrantoftte aigrel

Send offprint requests to: M. Uamura TT1 model with tre ida ttet the acoretion disk &an pess te



3 resorance radivs and reech tre ol truatian reos. The
dammed matter atthe ticHl trucataan radius caasss agradl el
decaywithoutapreaursa. This refired T mocel predicts tret
SU UMa sashavirga lageness ratio(q = where
M\ and A/; are tte messes of a white diarfand a secochry
&, regectively) can show both types of 9 perauttursts, tet
5, teeewith and without apraaursr. This ideadhould be ex-
amined by deenatiasoftteearlyevoluionofs perauthursts
and syperhunps.

The superhunp periad (Bsh) N SU UMa dtars gererally
choreesss through a s perautburst with a periiad darinative of
aterPsh/Psh 106 (Marmer 1955; Pattersmetd. 1998).
A sinple dynemical trestrent for tre ticl irstehillity shoas
tat tte precession rdke of tre spqorticsl
ri5werer sttedik redis (2d 195). The dorten-
ing of Psh e, hae, be uderstood with tre drirk of tre
disk dring agmaoathurst. Hydrodyraemical sinulatios alo
show tret the precessing eaantridity weve: propecates invard,
which caess tte periad dortenirg of superbunps (Lubow
192; Whirtehurst 1999).

On tte otrer had, saaal dotperiad SU UMa das
shoving psitive rsh/psh have been discoverad sine mid-
05 (Hell etdl. 195; Katoetal. 0X). WZ Sp-tye
das, n @takr, tad © shov pEithe pshipsh (e G-
Hoell eldl. 196; Katoetal. 1997). The sittetion be-
caomes more aoplicatad because ultragart periad systars
V485 Cen and El Psc alsoshow postitivePsh /Psh (Olech JSE?
Uemura etd. 228). These two sourcss ave guite largemess
ratics (q ~ 02), thauchWZ Sge stas have quiite sall mess
ratio (g ~ 0.Q0). Basad on tte disassias Tor adinery nega-
tershipsh, tepmsitiver sh/psh hesbeen proposed oakse
d.e to an eqasian of tre disk ar an autnardHorgeegatian of
tre axatriaty wvave (Babaetd. 2000; Kato etd. 2040). It
B honvever, poorly ukerstood why the autward prgcegation
can coor anly intte dortyeniad systens regardiess of teir
mess ratio (Ishidaetd. 208).

TV Crv Bknown asan SU Wa-type drarfrovahevirga
sortabital periad 0f0.06283 + 0.00013 d (Woudt & Warmer
203). The it disovery of tisdgject ssumarized n
Lewy etd. (1990). Honell etd. (19960) rgoorted superhunps
withaperiad of0.06650r0.0008 d frandsenatiasofaga per-
aitburst n 194 dre. This Psh provides a superhunp periad
ecsse = (Fah- Rorby/Rdb= 0.083+0.010. This\alleofte
eaess npliestet TV Crvmay be apsauliar doject regardirg
ispossibly large periiad ecess corpared with otter sortpe-
riad systars Rattersn 200). The emarofe E, hoever, 0
g tate khgee Brotachsie.

Here we ot deenatias of for saaithursts of
TV Qv. OQur deenatiason TV Crv provick new dites toun-
cerstard tre superhunp periicd evolution related o tre prear—
s phenomenon and te TT1 mocel. Intre rext ssotion, we
mention aur deenaetinsystas. InSet. 3, we rqortcetailed
behaviour of s perauttursts and superbunps of TV Qv We
ten disass tte inplication of our reaults lined o te TTI
mocel NSt 4ad s InSet 6,we copare ad disassar
resits with those far otter knon sstans. Firdlly, we sum-
marize o firdings NSt 7.

Teble 1.Jural of deenatios.

ID Taa- ST N Site
01-01 1957.1607 4.75 361 Kyoto
01-02 1958.1373 528 243 Tsukuba
01-03 1958.2718 212 176 Kyoto
01-04 1959.0578 7.21 542 Kyoto
01-05 1960.3133  0.75 64 Kyoto

‘ 01-06 1961.1367 4.90 374 Kyoto
01-07 1961.1470 3.04 70 Tsukuba
01-08 1963.2215 196 138 Kyoto
01-09  1964.0792 2.78 73 Tsukuba
01-10 1965.1255 517 436 Kyoto
01-11  1965.1483 381 94 Tsukuba
01-12  1966.1710 0.56 39 Kyoto
01-13  1969.1343 4.44 303 Kyoto
02-01 24279767 218 132 Kyoto
02-02  2428.0206 147 119 Kyoto
02-03  2428.9583 223 195 Kyoto
02-04 2428.9960 1.86 51 Kyoto
02-05 2429.0071 156 147 Okayama
02-06  2430.9581 1.16 103 Kyoto
02-07 2430.9627 234 182 Kyoto
02-08 24349773 2.03 161 Kyoto
03-01 2769.9589 6.18 327 Craigie
03-02 2776.9232 1.34 71 Ellinbank
03-03 2777.0997 2.88 31 Kyoto
03-04 2777.8617 218 111 Ellinbank
03-05 2780.1247 135 37 Kyoto
03-06 2781.0285  1.82 86 Hida
04-01 3160.9673 2.46 237 Kyoto
04-02 3161.9689 2.05 142 Kyoto
04-03 3162.4693 5.84 210 Concepcion
04-04 3163.4698 6.18 238  Concepcion
04-05 3164.9970 0.70 34 Barfold
04-06 3166.5550 3.81 182  Concepcion
04-07 3167.5709 3.40 195 Concepcion
04-08 3168.5882 2.86 176 Concepcion
04-09 3169.5472  1.67 57  Concepcion
04-10 3169.9654 2.63 123 Kyoto
04-11  3170.9610 3.06 189 Kyoto

Tstm =HJD-2450000.
8T =Period of observations in hours.
jV=Number of images.

2. Observations

Wemﬂx:teddcsa\moalw’palgsﬁfur&mumrsls
of TV Crv which cooured in 2001

Jdre, 2008 May, and 2004 iy, ﬂ“rquSNET(bllatDratlm
(&t etd. 200). Aotoretric deenatiaswere performed
with ufiltared CCD careyas attaded 10 30-am dess tee-
sogees at Conogpeion (A1), Kyoto (@01, 202, 2008, ad
209, Tsuuba (@), Okayama (A1), Qeigie (A1B),
Ellirterk (08), Hida (8), ad Barfold

@). Qur deenation kg B Isad n Tdble 1 Each im-
ae wes tden with an eoaure tine of ~ 30 s After aor—
rectirg far tre stachard ce-biasirg and i fiddig, we par-
formed gerture and PSF gotoetry, then dotaired difla-
et megnitudes of tte doject Wsirg a nelighoor conpari-
In da UCAC2 24840990 (1443 meg)- The aostay of
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Fig. 1 Light aurves of tte 2000 February/Varch (D) and 2004 dure (rid D) syperauthursts. The filled, gpen dirdies and gpen
g aes iticate or CCD deenatias, visal deenatias rigorted o VSNET, and deenatias by tte ASAS-3 system, re-
gectively (Fojrarski 202). The vartical deshed Iires ineach parell show tineswhen superhunps have tre lagestaplituce.

this aoparison darwes dhecked wsirg aother neighoor slar
UCAC2 24840985 (14.57 neg). InttispgEr, we reglectany
smll diffaratss of megnituce systans between ufiltarad
CCD dhips used by each dsernatory. Hellioontric tire aor-

3. Results

Among tre four spaautursts, te evolutian of superhunps
wes snessfully cetected een inearly sparauthurst gresss
drig te 201 ad 2004 spaottusts. On tre otter
hard, the 2002 and 2008 gperauthurstsvere dosened ratter
ga<sly. We fastrgort te former two foos-
ig on teir diffaet felues, ad tren dortdy ot tte B
- poorly deenead aes. Agarties of dl sautbursts ae
sumarized nTable 2. See tre folloving ssctio s fardetailed
infomation sbout trevalles ntistele.

3.1. The 2001 and 2004 Superoutbursts

The 2001 gyeroutburst wes detected on Febonuary 18,32
(rassfter dites refar o UT) atavisal megnirtuce of 29
Vigal deenatios rgorted  VSNET  irdicate ttet the ab-
Jetwes fantartten 14.6mag on Fearuary 17.517 and no pre-
athurstativity Bseen befare February 18. The athurstves,
hae, detected inavery early phase within ane cay st after
tre aset of tre attthust. The Tt tiresries CCD dsenva-
o inftiEiedon Fenuary 18.634. dbaut 6 hours aftattevis al
cetectian.

The 2004 s perautturstwes cetectedon June4.332 (UD) &
avis Al megnituoe of 13.0. Gosenatias rgorted © VSNET
e tet ives fartathen 13.4mag onMay 28.39 (U
ad ro pre-aithurst atiMity i sen befare dure 4. The fat
tine-saries deenation initisted on Jure 4.463 (UN), about 2
hours aftatrevis el detection

The Iidtanes of tte s parauthursts in FebruaryAVarch
201 and Jure 2004 are shoan NAgG- 1 Thenost rotenorthy
point ntte Iidtanes steardffaatbhdaviardrimg te

fastfev das. Vhile tre Iidtane Nn201 sdesaibdwith
amonotonic fedirg, tre Iidtane n 2004 shoas a0.4mag
rdrighienirg 1.7 d aftathe astburst detecion. This dosena-
o reals tet tre early atturstwaes actually a preaursor of
tte Hegauire supermaxinum. Inanjunctionwith tediose
nmnitoring of tre dggect, we aonclude tretno precaursr et
was assciatedwirth e 2001 9 peratburst.

We suooseced ndotaining tinresriessdtladunirng treearly
phese of tteg mauthursts, which aeshown nFg. 2. We alo
show tte deenatian IDs (se Teble D ad tpical enas n
each el. As canbe ssen nHg. 2, no syerhunp-likemodu-
Biohgrearseogptfate -2, nwhicha0.3-meghump
Bdtedad. The “04-2” in lested 2.6 hrwhiich vell oers
an atia periad of TV Qrv. Throughout this in, tre dggect
Bon argd brigitenirg trad ata rae of 2.6 mag d-1.The
hump BsUperinposad on thishrightening trad. This irdicates
tret tre tenporary fading fran tre precursor hed allreedy been
tamirated, and then Started briightening o the supermaximum
durig e -2’ nn

The otter perels of tre “01-01, “01-02”, ad “04-0L
N FAg. 2 show modulatios with ratter srell aplitudes (~
01 meg) ad log tirescales. No periadic sig el iscetectsd in
tree ruswith our Faurierarelysis nttepericdd rageof 10s-
01 d On te otrer hard, we rote tret possible 0.1-0.2 mag
aplituce dort=tem fludLatics with timescale of ~ 10 min
canbe ssn ntte01-02”’nn

We detected superhunps aftartisearlydese. Inttecese
of tte 2001 gerauthurst, fullly groan superhunps gopeared
on JD 2451959 (tte “01-04” ). Intte e of te 2004 s+
Eradtust, on tre otter had, the supermaximum circidss
with tre ggoeritaan of superbunps with tre lagest aplintucke
of~ 04mag (e 04-03” ).

A periad aalsis with te PDM method Gellingerf
1978) wes performed after lirer trats vere sbtracted fran
te Iidtanes. We used Iigtaunes between JD 2451950.0
ad 2451956.2 for te 201 sperautburst and between
JD 2453162 .4 and 24531711 for tre 2004 9 paratturst. The



Tablle 2. Coservatiodl prgerties of 9 parauttursts.

2001 2002 2003 2004
Precursor No No? No? Yes
Psh (day) 0.065028(0.000008)  0.064981(0.000053)  0.0674(0.0024) 0.065023(0.000013)
Psh/Psh (1)5) 7.96(0.73) - - -0.32(1.20)
Fading rate (mag d"") 0.12(0.01) 0.17(0.02) 0.17(0.01) 0.13(0.01)
Duration (day) 12 V) 12 12
Time interval from the last su- - 468 345 392

peroutburst (day)

fc
HJD-2400000 HJD-2400000
p ?
x B
HJD-2400000 HJD-2400000

Aig- 2. Light aurves during early heses of syperautbursts 2001 and 2004. The escissaand adinete darote te tine nHID
and tre diffaati megnituoes, regEdively. The megnituce system sromalized by s btracting average megnintuces of eech
parel. We irdicate tte run 1D number (Teblle 0) and typicall aras neach (el

2001 Feb/Mar superoutburst 2004 Jun superoutburst

Frequency (1/d) Frequency (1/d)

Ag. 3 Frequency-Odiagrars fartte 2001 () and 2004 (id D) s perautbursts claulated by tte PDM method.



M. Uemura et aL: Tv* Corvi Revisited: Precursor and Superhump Period Derivative Linked to the Disk Instability Model

2001 Feb/Mar 2004 June
-
-1 -298d -1 h
-1.59d
-0.95d
-0.60 d
0 - 0.00d O 0.00d
1 1111
I:I"l 1 1 11 +1.00 d
1. +2.02d 1
3 &
E
% 13
2 . +4.02 d
+4.91 d +5.03 d
+6.00d 3 - [bx X 111 +6.04 d
4 - ill t +7.84 d
-0.5 0 0.5 1 15 -0.5 0 0.5 1 15
Phase Phase

Aig- 4. Superhump evoluion duriing tte 2001 () and 2004 (i) sprauttursts. The decissaand adirete daote tre s per-

hump prese ard tre diffaetia megnintuce, regectinely. The rese B@Ekaulatedwith a superhunp periiad of 0.

OBEP8dad an

atitrary gooch. The diffaetial megnirtuoes are romalized by eech average megnituce, ad are sarted winth dosernvation tines
vhich are indicated on tre rigihvartial ads of each el See tre tedcfar detailed infamation.

saples far tte 201 ad 2004 g perauthursts antain 1830
ad 16 pgrotoretric points, regectively. The PDM amally-
ssyieldd tre frequency-O© diagranshoan nFAg- 3 The su-
perhump periats are alailatad © ke 0.065028 + 0.000008 d
(200D ad 0.068023 + 0.000013 d (@Y. These ae nagree-
ment each ather and also N agreament with Psh rigoorted in
Honell etd. (1988h) (00880 + 0.008 ). Sine tre emar of
Psh ssmallar n 2001 ten et N 204, we adopt Psh of
TV Crv ohe 0.0668028 £ 0.000008 d nttispgE- According
1 oudt & Wamer (AB), te abital periad of TV Orv B
006283 + 0.00013 d, which yieldsa superhunp pericddecsss
£ =0.0322+ 0.0P1. The 3.4% superhunp ec=ss Brelinely
e fordorteriad SU UMa systars Cattarameetd. 205).

Rg- 4 shons tteevodludianof e supertunps franteearly
phese irciudirg tre preaursor o tte end of tte
plateau. Al it anes are folded with Phh = 0.066028 d
ad an abitrary gooch. The dscissa and adinete daote tte

prese ad tre diffaetiEl megnitucke, regeotinely. We calax-
lter] centertiives of eech runand show them intte figure. We
stteaignoftetimes actte“01-04"ad “4-03 " rus, N
which syperhunps hed tre lagest aplituce. The diffaatel
megnrtudes areromal ized by eechaeragemegnituce, ad ae
shiftedby arstants prgoortaaal o tte tines ofeech N na-
certodearly campare o s aes. The hump ustbefore tte
supermaximum an 2004 hes apeek frese raughly tte sae &
those of Harsuperhunps. Ttstragly irdicates et tte hump
satLally asperhunp, groving totte supermexinum, asob-
snved T Leo (Kato 1997), V436 Cen (Sareniuk 199)), ad
GO Com (Imedaetd. 24). As can be ssen fram both pan-
dk, trearplituck of superhunps dearessd nafev s, tten
kept 0.2-meg pesi-topeek aplituoes for 6 days. The 20001
ad 2004 gpaautusts, ths, have qute simillar daadeis-
tics repadiing the evolution of superhunp aplitLoks.
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Fg.5. 0 - C diagrars of superhumps duriirg tre 2001 (D) and 2004 (idt) sparautbursts. The dscissa and adirete daote
tregdead te O —C ndyy, regedtinely. The dashed lire ntte Hiparel strebsst fitliel g edaticane fartte0- C n

2001.

We determined pesk tiives of syperhunps by tekiing atss-
anrelatin between tre lidtaune ad aerae pofilesof au-
pertunps. With determined pesks and Psh of 0.065028 d, we
GalaiaeteO - C ofttesuperhumpmaximum tmirgs, which
Bshon NnAg 5 There Ban dwvias differae between
te O - C nte 201 ad 2004 spaathrsts. The O - C
derly rdicaies an imaeeee of Psh with tine intte ese of
te 2001 spaauthust. A qedaticfitiotte O - C yieksa
periad darihvative of PSvFEh = 7.6+ 0.3 x 105.0n tte
otter herd, tte O - C Balhost arstant, nottervords, Psh
wes stiebleduring the 2004 g parastburst. A guedratic fityields
FevPsh = -0.322+ 1. 20X 10-6.This ra it irdicaies tet tte
syperhunps N 2004 sparautturst have auite sralll PshvPsh
comparedwith atter systars (Kato etdl. 2080).

We rote et ttare Badigtpese diftatttehump psthe-
fare tte supermaximum N2004 syEroaturst, asshon intte
rigtpaerel ofg. 5 The didtpresediftintreeadystagp im-
plies tret superhumps evohved wirth a rgpid periad drenge st
before tre supermaximum. Similar rgoid periad dranges dur-
iy \ary exrly gesss ae alo known T Leo (Kato 197),
VI8 Cyg Geetal. D), ad XZ Bi (Uanureetal.
0.

3.2. The 2002 Superoutburst

The 2002 9 perautburstwes fastcstected onMay 30.30 (U
atavisal megnirtuoe of 131 meg. The ASAS-3 systam recorts
an earlia cetection of the authurst on May 30000 (UT) ard
a regative cetection on May 21.048 (UT) (Pojrarski 20).
Unfarturetely, tare Bno tireseriies chla st afta te aut-
hurst detection. The fastnun (e 2-01°” nn nTeble 1) -
asdatdre 2.4 (UN). The Iigtaneoftesperatust B
shown nAg. 6-The “02-01" run detected sypertunps, which
estzblich tet s asthurst Ba sparautturst. Rofiles of s
perhumps during thiss peroutburst are shovn nHgG. 7. Ag- 8
Bte O - C diagram of sypertunps. Whille katairs anly
thee poits, this figue grarady inpliesa periad roeese of
superhunps, as doeened ntte 2001 speradmt.

2002 Jure syperoutiurst

HJID-2400000

Fg. 6 Lightane oftte s peroutburst N 2002 Are. The sym-
olsaetesareas nFg. L

3.3. The 2003 Superoutburst

The 2008 9 perautburstwes disoeredby avis Al deenatian
onMay 9.546 (UD) & 131 meg. The Hetrecptinvevisal ob-
snatian hed been rgoorted on May 6.412 (UT) (e tten
14.6 meq)), three days before the autburst detection. The fast
tnesaries deenation initiated atMay  10.488 (UD), about
oe chy dftatte aathurst detection. Gorsicering tte rgpidevo-
N durirg tre precursr ntte 2001 aEouthurst, we can-
rot ecluke tre pssiility tet tre 2003 gparauthurst hed a
preaursr between May 6 and 9. The it aune of this aut-
bust Bshomn nAg:. 9 The st run “083-01 diearly detets
Tullygromn syperihunps, asshown inAg. 10, which reeal et
itsavther spaaithust. Due tote ladk ofenough dosenva-
105, we ot firdany hintsof significant pericd derges of
syerhunps.



2X2 June SUOErXXJtxxs: 2003 May superoutburst

HJD-2400000

Aig. 9. Lightarne of tte s peroutburst n2003 May . The sym-
fols nttefigueaettesae as NHg. L

C"H mg

2003 May superoutburst

Rg. 7. Superhump eoluaan dunirg tre 2002 sperastturst
The symols ntefigueaetesare ss NFg. 4

2002 June superoutbusrt
T

Phase

Ag. 10. Superhunp ewolutian during the 2003 gyEouthurst
The symols ntte figueae ttesare ss NHY- 4

0008 o 20 30 hursts listerl in Teblle 2. This s ergdle isalso a typical vale
farSU UMa das. A notenorthy festureof TV Crv Bitsaer-
Cycle hump exsss (344, which Brelativdly late for dorteniad
Fig.8.0 - C diagram of supertunps during tte 2002 sper—  SStETS, hutrotedraadirary (Fattersmetd. 208). iesvell
athust. The synols intrefigreaettesae ssinFig. & known trettte superhump pericddecess Brelaed o trea pa—
hump periad Gattersmetd. 208). From tre treaetical oint
ofviay, tis can ke udarstoad sine tre pracessian \elacity
of tte ecamtric disk depands on tre disk radius and e mess
ratio of birery’s,stens. The superhunp pericd easss, e. Gan
The deenatical pgerties of tre far syarauttursts ae e exoressad as (Cs2ki 195);
sumarized nTeble 2 TV Crv Bae of tte tpical darta-
ki pericd SU We-type diarfroee. sspaocdlescalar 3 q/A&\82
BHedtobe 402+ 51 d fron tre three tire-intenalsof s paraut- 4 VI +qg\a)

4. Implication for the TTI model



A— mcaammJnfca it a rtiti ttfal Mode is et-
nec anecar 3es~r®~e sapcrrtscr :«rsod excess as i func-
tor cine japerj-i:.g perod NfiBcstx etal. 1992). The large
sapemmc ncrss o TV Cnr. therefore. implies a relatively
tappemmm ncioaaoag short-period SU UMa stars. The empir-
xal reiacocsam m Parersoc <€2001) yields the mass ratio to be
c = 0.16 r 0.01 for TV Crv. On the other hand, it is possible
4ntthe large saperinirap excess is partly caused by an unusu-
ally large disk radius. The large mass ratio of TV Crv should
be confirmed by spectroscopic observations in future.

Our deenatios real tet TV Crv eqeriaes tho
types of paroatursts, tet E oe with aprearsr ad te
otter without a precursr. Similar morphology studies of au-
peroutburst gt anes hed been perfomed far VW Ha,
which alo shois tte o tyfes of Bt
1977; Verino & Walker 19/9). VW Hyi isatypical SU UMa-
e dnarf novee havirg a reiatively lag atital periad of
0.074271 d (Domnes etd. 200). Our dsenatiasof TV Crv
are tre fastto show tret those two types of s parouthursts gp-
pear even ngurtabita periad systers.

To eplain tre bdavior oF VW Hyi, Csski & Meyer
(@X) proeee tre refired TTI mocel, nvhich te types of
g paradtturst depend on the max imum radius of the acaetian
did When tre aooetion disk reedes tre ticHl truation ra-
dis, e danmed matter prevants tre disk fran aprgoecatian
ofacolimvae, leding tbagperasttustwittoutaprear—
sr. Intisvie, a lateness Ao s reguired fara systan o
achiee tre sttt ation trat tre ticl trucation radius lisspustbe-
yord tte 31 resorence redius. On treotrerbard, when tredisk
Ak reech tte it trtutation rediLs, a rgpid fedirg nitiees.
Thiis fadirg Btemirated, and ttedoject rdrigtastoas -
maximum cue toagronth of tte ticHl dissiation. Inttisceee,
a laeness ratio Balo rapired farargpidgroth of e ticHl
dissipation before tre dgject returs o quiescae. VW Hyi
hes a superhump exeess of 3.9% (Wen Amerongen etd. 1957),
which yields aness raio g = 0.18 fran te epirical re-

As- Psh, another observational diffarare between ttee
two superoutbursts Ithe presence or a0 f ttepes-.
There was no precursor in the 2001 Sypercutburstwhilleadiear
precursor was observed in 2004. our dosernvalian hence -
cates that the Psh/”sh Brelated the praoursorphenamenon.

As mentioned dowe, tre TT1 model agests tet tte ap-
pearance of the preaursor depends onwhether tre disk reedes
tre txH truation radius ar ot Based on s kg, et tte
e when superhunps are fully groan, te disk siz sould
ke diffaat in tte o types of aperotursts. httease of
tre preaursor-main tye atust, tre disk si2 saroud tre
31 resoane radius et supermaxinum. On tre otter hard,
in tte e of tte 9 pErautburst wittout a prearsr, te ot
disk & ramain gy ten te 31 resoace radivs die ©
tredammed natter st tre ticHl trucation rediLs. The acoretion
disken, hae, have a riativaly lage anount of ges beyod
te 31 resoance redius even a few days aflertre suparmexi-
mum when superhunps are fullygroan. We trerefae propose
tarteAsv”sh Breldbtteamunt oftegesaroudad
beyord e 31 resorane rais.

We now present an idsahow tre disk sie actiallly affedts
treexmtricdiske.olution. We fastarsicertte starcard pic-
ture of tte axantric disk eolution. Inan early phese of aut=
hust, tre rpid eatation of tre esantric mode stas when
treagularmomentum reroval by tre ticdl dissiation shal-
anod with tre inut argular momentum trarsfarad fran te
imer region. In tre e of tte precursor-naiin e athurst,
e, tteacaetion dik Srirksbelov tte 31 resoace radius
atrattine (hitghurst 1939). The exantricityvave cananly
pracecate invard, siee tre ticd mode Bro lageredited. In
tte e of tte 9 peroutburstwithout a preaursr, on tre otter
herd, we an eqeect a large amount of ges over tte 31 reso-
rence raditsatttettine. We anjecture trettteexantricmode
& keep ecited becase tre disk rediius presunebly reairs
b ten tte 31 resoence radLs. The pEithve AS /7sh can
ke eplainad by a grad.al cutward propecataan of the eccen-

ktiagip n Pattersn (@0D). Tagertetal. (A06) jgorted  triatyvae

g~ 0M4farVW Hyi besd on treir Soectrosapic dosene-

tos. The mess ratio of TV Crv ispossibly dicse o et of
VW Hyi ratter tten those of adinery dort periad SU UMa
das Ratteran 200).

Although TV Orv B a dat paid sstan, we pro-
pose tet ithes a retinely late mess i@io. Acoording ©
Osaa & Meyer (A1), a system havirg a large mess o
(9 ~ 02) e eqeEriae tte o types of apauthurst. The
bereviourof TV Crv an, thaekare, e eplainadby tre refired
TT1 mockel, furttemore, itoossibly provicess evidance tret e
mess ratoplaysakey ke inttemorphollogy of s perautturst
Igtare.

5. Presence of a precursor and superhump
evolution

The most inportant and unforeseen fardirg N our dosene-
i Bttet tte Psh//'sh can be \aricble indistirct 9 peraut-
husts nae ssten. This Bdearty shonn nTable 2 apos-
ithe Psh/Psh intte 2001 syperautburstand an almost con-
slatPsh nte 2004 speroutburst Except Tardie diffarate

It 5 horever, uclearwhether tte cutvard procegatian B
possible only with tte large did. The autnard propecatian es-
sty rapires an atiiiodl iput of agullar momentum
from an imer region. lEmight be possible tret tre ggs nen
Imer reginmay ke sieptp, ttengneatiitical agularmo-
mentum o tre autermost area of tte exantricityvane. This
atdrtiael 9yply of agularmomentum woulld eeblle tokeep
mode.

Ollech etdl. () proose et tte Ash/¥sh Brecptive et
tre begimirg ad te end of tte 9 parautturst, but positive in
temiddle prese farsaadl SU Wa-type dvarfrovee. Based
on o sEEo, tre duration oftte positive Ash/”sh depends
on tre anount of tre ges which esbles tte antinuos ex-
atation of tre exntric mode. The trarsition fran a psitive
Ash/"sh toaregative ane may be eqllaired by tre dgpletin
oftregs.

The above disassion Bsumarized in tre folloving two
s DAL tre tine when superhunps are fullygron, tteac-
aetindiskrenairs lgr nttes perouturstwittout trtepre-
arsx tren ntte preaursor-nain e spaathust. B)Ben



Supertiunp Periad (day)

Fg. 11. The superhunp periad darivetive apirst: tre sper—
hump pericd for tre SU Wa-type dnarf novee Iigied in
Teble 3. The goen dirdies irticaie type A s parautturstswhich
hae a pearsr. The fillled drdes e tye B syparaut-
hursts nvwhich acellay of superhunp gromth isdsenead. The
filldl s dicae WZ Se-type drarfroee. The otter
points irvicated by tre atsses are dojectswhose atbursttypes
are unknoan. The figure Tooesss on dgjects whose authurst
types ae knoan. We, hae, anit three unknoan-type diarf
mwee, KK Td, MN Dra, (eaptaaelly late periad darve-
) ad TU Men @ lag suyperhump periad) intis figue.
We anly show positiveallues of pericd darnatives TarkS UMa
ad TT Boo, nwhich dages of tte periad drivative e
been dosenad.

ditat=t, tteexmtricmode kegps eaited thrauch as peraut-
hurst. These idsss shaulld be tested by hydrodyremiical sinula-
tios.

6. Discussion

We reealed tetttersh/psh B\aricdble ndistirot s peraut-
husts fTr TV Gavi. This reslit shaulld be aonfimed by ob-
snatios of otter souress in future because we now heve o
catachaiatiosofttersh/psh apirstdiffaet typss ofsu-
perautturst notter saurcss. On tre otter herd, Eisvalueble
1 inesticeie tre relatiaghipofesh/psh and tte type of -
pEautturst in known sstars. To perfom s, we clledted
tte saple of 40 diarf novee and ane X—ray birery whose
Psh/Ppsh Bpblida, as I nTable 3 We now dessify
tre morphology of aperautburst Iigt ane N tho s,
tet § tre tye ‘A7 ad tye= "B\ The type A BcEfined by
tredetection ofaprearsa, m attervords, treprecursor-nain
tye gaaithust. On treatterhad, ttetbpeB Bcshiredby
tre detectian of a celay of tte superhunp gronth aftara su-
permeximum. Inar sarple I inTeble 3. we fird6 ad

“ fatretypeA adB. regedtinely. There Bno systan
havirng both feetures. WZ Sp-type dharfrovee are irdicated
by “WZ” inTeble 3 because treir superhump evolutian Bpe-
alia trey have an early hump ea folloaad by an adirery
superhunp era (Kato etd. 19%6). The sarplle nTeble 3hes 8
s Tar5WZ Sge das Types of yperautburst are utlear
in tte atter 29 sss dee o tte ek of enough dsenvatias
durirgeatygesss ofs parathursts. Thepsh/psh aeshown
apirstPsh nFg. 1

As mertioned doe, WZ Se-tye systans tad o show
psitivePsh/Psh as irdicated by fillldlspares nFAg. 11. I
treesstars, teirlogreunmate tireand tre ladkofromeal
aithurst leed o ahuge anount of acoumulated ges campared
withadirery SU UMa sstans. At tteaeet of ttairathurst,
treacaetiondik, haee, vidkentdlyeqandsbeyord te 31 res-
oence ras. The lagedisk NnWZ Sge sasmay @ty e
due thaontdnuous eqasion of telr uiesoatdds, aspro-
posed nMineshige etdl. (198B). Thissittalin NWZ Sgesys-
tas Bsiilr ote e B atust TV Crvdisassd n
te et st Kato etd. (20048) propose a Sanio aelo-
oous o ttatdesribad ntte st section farposithver sh/Psh
NWZ Se-type drarfroee. The diffareebetweenWZ Sge
sstesad TV Crv Bttemechanisn togarerate a lage disk
oertte 3l resyene ras. InttecaseofWZ S sstans,
0= & Meyer (A3) prooee tet tte bae disk B main-
taired by tre strog il revoval of argularmomentum et tte
21 resoane rds. The diskean reech te 21 resorance ra-
dius because of e lageamount ofacounullated natter. Inte
GeoftetyeB attustsof TV Qv, te lagedik Bmain-
taired at tte ticHl ttucation rdLs. This Bdie ba highness
ratio leedirg o tre il truation radlius st beyord te 31
resence rIais.

We ean tarefaearsider tatasmilarphysical aditian
Jrears ntte tye B gpratustsad teWZ Sp-type -
paattusts, ntems oftre superhump eoluion. InFg. 11,
we show trese djjets as il synols (aress fTarWzZ Sge
sasad drdesfartetyeB) ad tte typeA sparoutbustes
open ards. We can sz atadaoy tettte B- and WZ-types
ggerallyhave lrgaPshvpsh, aseqeected from our saaio.
This figue, honever, also show e presace of o exogp-
‘tios breeking tte tedacy (GO Com ad VIZAL G)- The
reture ofttese dojects iBan open Kse. We need todotain ter
Psh/Psh INaother perautburst 1 inesticate trair pssible
\aritios.

The two systars hevig tre dotest /h nFHg. 11 ae
V485 Cen and El Pc. While they have ulrasartatital pari-
akb, teirssothries ae rdaidly messive (Algsteljnetd.
198; Thorstersn el 20). The superhup pericd ecesss
ad ness rao of El Pcaee = 0.00adq = 019, re-
geatnely, which aeadially g tten tose of TV Crvad
VW Hyi (Uenuraetd. 20h). Acoording o tte refired TTI
mocel, trelr scoretion disks ean reech tte il trucation ra-
dits ad ramain adtive In te esantric mode thvaugh a su-
perastturst. Treirhighpsh/psh Gn, hace, be returally ex-
plaired with our sererio. (osenatias of tre asst of treir
Eraitbursts are encouraged breal te type of them.

The anly X—ray birery ntbke 3, XTE J1118+480, Ba
bladk hole X—ray birery (BHXB) revirgaquite lovness ratio



t- iff "Stirrerrri. I1T*T Tibs s i otyci a oe
w aac ar 7an * gerrSarcy jeagntr ec k BHXBs
ft& ffncfc ac kw tecss race ggfrcs a soaox ssnuar so
17Se-r.’x rxjrfa~ie. aS/*£E Pg SslLgacv.be asui-
ju f- aacac.sc as Ixaec a Tabic 3. On the ocher hand, its mam
ambma.b i apreonix,aiadis rexmmsceni ofdie precursor-

1— lype seraxrfaasm SU UMa systems (Kuulkers 2001).
The aoreti cisk radius was probably just around the 3:1
resonance radrus at the “supermaximum” of XTE J1118+480.
This rather small disk may cause the inward prgeegatian ofan
eccentricity wave in this low-" system.

7. Summary

Qur firdings through deenatias of four perouttursts of
TV Orv aresumarized belov:
) We acuately determined te superhunp periad © be
0.068P8+ 0.000008d.
i) Ihanjuctnwith tre atita periad nWoudt & Wamer
(&), tre superhunp periad yields ahiih superhup periad
eq=s of 0.0322 + 0.02L. This inplies te TV Crv hes a
SU UMa sstans. sing tte enpirical relatioehip far tte
mess raio N Pattersm (0D, tre mess ratio of
TV Crv Bestirated toheq = 0.16+ 001
im) TV Crv eqeriass tho tyes of saoutusts; ae
with apreaursor and tre otrerwittout. This bdeviar canbe
napes] with te refired tamal-tadl rsElity model if
TV Crv hes a retidly lagemess rdo ngite of isdat
abita perial
M) We show tret tte superhunp periad dxrinative B\aridole
indstirt 9 parauttursts. The diffaree Bgaady related
tepresa/dsaeofapeursy.
V) We propose ttet the exontric mode kegps ecited when
tte acoetin disk remirs kg ten te 31 resoae
radLs. This sEaio can eplain tre bdavior of TV Qv
ad furthemore be arsistantwith sstevatically lage periad
criatives N parautturstswitiout apreaurs.
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Mireshige. This work B ayyorted by tre Grant-in-Aid far
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in Fhysics” fran tre Ministry of ElLcatian, Gubture, Saorts,
Sciee ad Tedvrolagy (MEXT) of JHen. RM adaond-
etbes grant Fadeoyt 1030707 PN addomedoes te Qury
Fourdhtionand tte AAVSO. Thiswork spartlysuortedbya
gant-inaid fran tre Jgoarese Ministry of ElLcatian, Gulture,
Sots, Science and Tedrology (b-s. 13640239,
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TjMt1 Swtiuii-c peroCderrvacvgiocdie type of sapenxrtosts-

(oject PSH Psh/Psh ~ Type Ref.
@) @oH
V485 Cen 0.06  BQE)
ElPsc 00627  12Q) :
WZSge<1978) 0.0672 () wz
WZSge(2001) 006719 0108) Wz
AL Com( 19%6) 062 2103 Wz
HWir 0080 5706 Wz
HV Vir(®) 0.0% 780 Wz
SWUMa(1991) 0.0633 64) i
SW UMa( 1956) 00683 4404 B
WX Gat(19565) 0.8 4 :
WXCet(1998) 0O 85L0) B
T Leo 0B8R 0503 A
EG Onc 00638 2004 WZ
EG Onc 0008 14D WZ
GO Com 0.053%B s ©)) A
VI8 Cyy 006154 8709 B
XZEri 0068l -1402 -
V1130 062 320 A
VY Agr 0.064 -8Q)
oY Gar 0063  5Q) :
TV Orv(200) 0.0BB 8007 B
TV O v@04) 0.0HR -0BOID) A
UV Rer 0.8  -20() -
CT Hya 0068 -2 :
DMLyr 0.0600® 57172 -
SX LMi 0.06%5 -8Q) -

KSWa(2003early) 0.000 -21€) -
KSWMa(2003 ) 0.000  21(2)) -

RZ Sp(194) 0.002 -100) -
RZ Sop(19%) 0.0M» -5 -
CY UMa 0074 581D
VWCrb 0.0787 9309 -
NSV 10034 00745 -102(L0) -
ccoc 0.0/2 -102(1.3) -
V1251 Cyg 0.0/%  -12(4)

QW Ser() 0.0/88 -4208) -
QW Sar(®) 0.0/ -73@D -
VWHy i 0.07714 -6506) -
ZCha 0.0770  -4Q2) A
TTBoMerly) 00776 -231L3) B
TT Boo(04mictle) 0.079%6 1348 B
TTBo(4 ) 00776 6209 B
wz

RZ Leo 0.0/83 590
SUUMa 0.0/  -1003)

HS Vir 0.08077  -4Q)

V877 Ara 00l -U5RD -
EF Re(1901) 0B7L  -22()) B
BF Ara 0.0877 -08QL4 -
KK T 00801  -37(4)

V344 Lyr 0.00145 -0.80.4)

YZ onc 0.0 7D

V725 Al 0.0%009

RORA N BEB UGN RR BRI NNERREEN RSO EREBRREREECO RO NO O rwN

MN Dra 01078 -170(2)



Tj* hc 3L “tic tmk.

Obec PsB P*a Psh  Type Ref.
icn) (io-5)

TL Nfea 0.1262 -9(2) : 45

X TEJII15—480 0.17053  -0.6(0.1) A 46

References: | Oiecr. i:99"i. 2.L'emura et al. (2002a), 3.Kuulkers et al. (2002), 4.Ishioka et al. (2002), S.Nogami et al. (1997a),
&K*octaL (2001b), 7Jshiokaetal. (2003), 8.Nogami etal. (1998). 9.Katoetal. (2001la), 10.Kato (1997), 11.Kato etal.
(1997), 12JCaio etal. (2004a), 13.1mada et al. (2004), 14.Babaetal. (2000), 15.Uemura et al. (2004), 16.Patterson et al. (1995),
17.Patterson et al. (1993), 18.Schoembs (1986), 19.this work, 20.Kato et al. (1999), 21.Nogami et al. (2003a), 22.Nogami et al.
(1997b), 23.01ech etal. (2003), 24.Kato (1996), 25.Semeniuk et al. (1997), 26.Harvey & Patterson (1995), 27.Nogami et al.
(2004b), 28.Kato et al. (2003b), 29.Katoetal. (2002), 30.Kato (1995), 31.Nogami et al. (2004a), 32.Haefner etal. (1979),
33.Kuulkers et al. (1991), 34.01ech et al. (2004), 35.1shioka et al. (2001), 36.Udalski (1990), 37.Kato et al. (1998), 38.Kato et al.
(2003c), 39.Kato (2002), 40.Kato et al. (2003a), 41.Kato (1993), 42.Patterson (1979), 43.Uemura et al. (2001), 44.Nogami et al.
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ABSTRACT

We present photometric observations of the short-period dwarf nova TV Corvi
during a superoutburst in 1994 June. Our high-speed photometric observations
cover six nights and show well-defined superhumps. Using our measured superhump
period, we confirm TV Crv as a short-period dwarf nova, with a likely orbital period
of 1.50 h. Assuming that the cause of the superhumps is a 3:1 tidal resonance, theory
allows a mass ratio of g =0.22 to be predicted. This in turn provides mass estimates
for the two components of =0.52 M0 and M2=0.12 MO. Assigning TV Crv a
probable absolute magnitude based on current work on faint, large outburst
amplitude dwarf novae, we find a distance of 350 pc.

Key words: binaries: close - stars: individual: TV Crv - novae, cataclysmic

variables.

1 INTRODUCTION

Cataclysmic variables (CVs) arc close binaries which con-
tain a white dwarf (WD) primary and late-type (K or M
spectral class) main-sequence secondary star. In these sys-
tems, the low-mass secondary loses mass to the primary
through the inner Lagrangian point of their Roche lobes.
One class of CV, the dwarf novae (DN), has semiperiodic
outbursts of 2-5 mag. Many, if not all, DN with orbital
periods <2.5 h, belong to a subgroup called the SU UMa
stars, named after their prototype. The SU UMa stars show
fairly typical DN outbursts as well as, at times, longer and
slightly brighter outbursts called superoutbursts. The time
from superoutburst to superoutburst is termed the super-
cycle and is fairly regular in most of the SU UMa systems,
but the number of normal outbursts that occur between
superoutbursts can vary. Photometric observations of
SU UMas during these superoutbursts reveal low-ampli-
tude (a few tenths of a magnitude), sawtooth-like modula-
tions called superhumps. Interestingly, these superhump
modulations have periods which are approximately 1-9 per
cent longer than the binary orbital period. Warner
(1995a,b) review these subjects in detail.

TV Corvi, a 19th-magnitude high galactic latitude CV,
was originally discovered by Clyde Tombaugh on a plate
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taken on 1931 March 22 during his trans-Saturnian planet
search and classified as a nova (Levy et al. 1990). The orbital
period of TV Crv remained unknown, although studies by
Howell & Szkody (1990) suggested that TV Crv was likely to
have a short orbital period, less than 2.5 h. We present here
photometric observations taken during the 1994 June super-
outburst of TV Corvi. This superoutburst began on 1994
May 28 and lasted over 15d. Using photometric super-
outburst observations, we have measured a superhump
period and thus derived a likely orbital period. Knowing
these two periods, we can determine the system mass ratio
and provide a distance estimate. We discuss our observa-
tions in Section 2, and our data analysis methods and results
in Section 3.

2 OBSERVATIONS

Fig. 1(a) shows the 1994 June superoutburst of TV Crv as
recorded visually by members of the Royal Astronomical
Society of New Zealand (RASNZ; Bateson 1994, private
communication). Fig. 1(b) shows our six photoelectric data
sets, placed on a magnitude scale for comparison (see Sec-
tion 3 below). A summary of the details of our photoelectric
observations is given in Table 1, the RASNZ visual magni-
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Figure 1. (a) RASNZ visual outburst observations of TV Crv. (b) Scaled photoelectric outburst light curve of TV Crv. See text for

details.

tudes are listed in Table 2, and Fig. 2 presents plots of each
of our individual photoelectric light curves.

High-speed photometry was obtained 7 d after the start
of the outburst by A. Gilmore and P. Kilmartin on 1994
June 4 ut at Mt. John Observatory in New Zealand. The
0.6-m/713 Cassegrain reflector telescope was used to obtain

30-s integrations through a Johnson B filter. Time-series
observations covered a continuous span of 2 h, and included
several sky background measurements and telescope track-
ing checks. The sky measures revealed that the sky was
photometric during the entire TV Crv sequence, with a
background count rate variation of only 3 per cent. Sky-

© 1996 RAS, MNRAS 282, 623-63C
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Table 1. Summary of photoelectric observario-ts.

Int. Time
UT Date JD Start 244+ Ead Filter Observer
(seconds)
1994 Jun 4 9507.8710 9507.9544 30 B A. G.and P. K
1994 Jun 5 9508.2610 9508.3214 3 None M. H.-A
1994 Jun 7 9510.2037 9510.2673 3 None M. H.-A
1994 Jun 10 9513.2091 9513.2971 5 None R. A
1994 Jun 11 9514.2181 9514.3897 5 None R.A
1994 Jun 12 9515.2150 9515.3084 5 None R.A
background removal was performed, but since no standard Table 2. RASNZ visual magnitude estimates for TV Crv.

stars were observed, extinction corrections were not applied
to the data set. These extinction corrections would be quite . "
small, considering the airmass of the observations and the JD 244+ V Magnitude
short duration of the data set. The lack of these corrections

9499.9000 <13.3
does not affect our results, as we only use these data for 9500.2000 <125
their importance in our superhump period determination. 9501'2000 <125

Five additional nights of high-speed photometry were ) X
obtained at the Sutherland observing station of the South 9502.0940 13.0
African Astronomical Observatory (SAAQ) on the nights of 9502.1990 12.2
1994 June 5, 7, 10, 11 and 12 u+t.These observations were 9502.8431 12.6
made with the 30-inch telescope and the University of Cape 9502.9396 12.9
Town photomultiplier (Nather & Warner 1971). This pho- 9503.2090 12.8
tomultiplier has an Amperex 56DVP tube, whose S-II 9503.8236 12.9
response yields an effective wavelength close to that of 9505.2990 133
Johnson B. White-light photometry was obtained on all 9505.8486 13.3
nights with 3-s integrations on the nights of June 5 and 7, 9505.8799 13.1
and 5-s integrations on June 10, 11 and 12. Data reduction 9505.9201 12.6
was accomplished in the usual manner with sky-background 9506.0190 13.0
removal and corrections for airmass and extinction per- 9506.0360 13.4
formed. 9506.2050 133

9507.2690 13.2
3 DATA ANALYSIS AND RESULTS 0507.9436 135
The light curve in Fig. 1(b) shows our six nights of data 9508.2730 134
placed on a magnitude scale as follows. The mean V 9508.8944 135
magnitude on a given night was determined from the 9509.2030 134
RASNZ light curve. This value was then used along with 9509.8400 <13.3
the standard equation, m = —2.5 log (counts) + C, to derive 9509.9474 13.8
C for each night of photoelectric observation. While the 9510.9000 <13.3
scaling is nqt perfec_t,_ this was done to allow cgmparison 0511.9750 135
of the relative position within the outburst light curve 9511.9795 14.0
at which our photoelectric measures were made. The 9514.8872 14.0
variations seen in the nightly data in Fig. 1(b) are due 0515.9335 14.0
to the presence of superhumps in each data set, as shown 9515.9583 <13.3
in Fig. 2. All period analysis was performed from the ) '
photoelectric data in counts and not in scaled mag-
nitudes. "Magnitudes preceded by ‘< ”are upper limits.
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Tk r e Crrrcrurv brfc xrdoeskmiinFit lis
snmar *> otier rrrcojcu “acKffS anp&OKfe d»*rf
vae TOaD iiexana ucvcs iripe rat joagsio*
3Cisc 1 omTiir 111 rii r ~ *mi prabaMjr the f*ser
rfasc 1 jcciiT setW nu ',~ 1 HcweZ tf aL (1995)
sk KGcd "at atae I1d nu k ¢ TOADs. ia particular

IM | Ao« aree do&trtrj r.pts of outburst: super-
jbcxtso™ aeemcoatt outbursts and normal outbursts.
Tinese tferce types of outburst vary in terms of total length
2oc rase of each decline phase, as weD as initial outburst
atacrtaae from nmmum lighL With an outburst duration
ofover 15d,» outburst magnitude range from 19 at mini-
mum to 12 at maximum, a phase 1 decline rate of 0.12 mag
d~* and a probable faster decline rate after 15 d (which was
not visible after the star fell below 14th magnitude accord-
ing to the RASNZ visual observers), this outburst of TV Crv
is consistent with the Howell et al. superoutburst prescrip-
tion. The phase 1decline rate is also typical of essentially all
SU UMa stars (9+ 1d mag'l Warner 1995a,b).

Data from each night were period-searched using a
modified version of the phase dispersion minimization
(PDM) technique (Stellingwerf 1978). Period searches
were not attempted on the nights of June 4,5 and 7, as these
data sets in themselves do not provide long enough time-
bases to cover at least one superhump period. For the nights
of June 10, 11 and 12, PDM provided good period esti-
mates, which we list in Table 3. The large period error
present on the three single nights is due to each night con-
taining only about two superhumps. The three determined
superhump periods are equal within the formal errors,
indicating that the superhump period of TV Crv probably
did not change over the course of at least these three
nights.

The entire data set of all six nights was independently
period-searched in order to determine a best-fitting period.
A period of 1.56+ 0.02 h was found. This period is in agree-
ment with an average of the three independent nights and
provides a good fit to all the data (see Fig. 3). The F-
statistics associated with PDM allow us to determine that
each of the three single periods, as well as the fit to the
entire six nights, are all statistically significant at greater
than a 99.9 per cent confidence level at their quoted la
errors (Table 3).

We note that on the nights of 1995 June 7, 10 and 12,
there appear secondary humps sitting on the trailing side of
each superhump. These are shown dramatically in Fig. 4,
which is a phased, binned version of the data from 1995
June 11. Note the asymmetric shape of the peak (due to the
doublc-hump structure apparent on this night) and the two
clearly seen secondary humps. These secondary humps have
orbital period phase offsets, from the peak of the super-
hump maximum of ~0.23 and ~0.45 respectively.
Schoembs & Vogt (1980) performed a detailed study of
VW Hyi during an outburst in 1978. They find ‘complex
structures’ towards the end of the phase 1 decline and
during phase 2 decline in the light curve. They make note of
the fact that these secondary structures seem to grow in
amplitude as the outburst progresses, and that the complex-
ity increases as the overall outburst magnitude decreases.
Their data also suggest that similar secondary humps
migrate throughout the light curve, being slightly out of
phase with the superhumps. While our light curve at super-

© 1996 RAS, MNRAS 282, 623-630

XaMe 3. Scperbucp periods and amplitudes in TV Crv.

Amplitude
UT Date Period (to) la Errors
(peak-to-peak)

04 Juae 1994 : 13%
05 June 1994 - - 18%
07 June 1994 - - 14%
10 June 1994 155 +0.44/-0.42 15%
11 June 1994 158 +0.38/-031 10%
12 June 1994 1.50 +0.39/-032 9%
All 6 nights 1.56 +0.02

outburst is not exactly like that of VW Hyi, wc can make
mention of some similar features. It appears that the super-
hump peak itself is initially single and then shows a decreas-
ing amplitude with time, while appearing to split into
multiple humps which migrate both forward and backward
in the light curve. Table 4 shows the results of our measure-
ments of the relative phases of these secondary humps in
TV Crv, two other short-period dwarf novae at superout-
burst (SS UMi and EF Peg), and one short-period DN
(KKTel) in quiescence, all of which show similar looking
secondary humps. We see from these data that for all four
stars, the two secondary humps occur between 0.2 and 0.6 in
superhump phase, later than the peak of the main super-
hump itself, and that the phase difference between the two
humps appears to be roughly constant at <pv0.24 (see
Fig. 5).

Recently, Howell & Hurst (1994) derived a linear
expression relating the superhump period and the orbital
period. They extended the tabulated data of superhump
periods given by Molnar & Kobulnicky (1992), and derived
a relationship based solely on the observed periods and
not on theory. This method provided an excellent linear
fit, with a maximum error of 1.5 per cent over all known
SU UMa stars. Using the equatorial fit provided by
Howell & Hurst and our measured superhump period,
we derive a likely orbital period for TV Crv of 1.50 h. Using
our calculated period excess, (Ps—P,,)/Pd for TV Crv
(0.04), and interpolating it in fig. 2 of Molnar & Kobulnicky
(1992), we find a corresponding q(=M2AMI) of 0.22 for
TV Crv. The equation relating orbital period and secondary
mass given by Patterson (1984), and our determined value
of g, allows us to calculate a mass of 0.12 Mc for the second-
ary, and thus a corresponding mass of 0.52 MO for the
primary star in TV Crv. If, however, the secondary star is
indeed a degenerate star, the Patterson relations, which are
based on non-degenerate main-sequence relations, will not
be strictly valid, and these determined values may be in
error by up to 20 per cent (Rappaport, Joss & Webbink
1982).

Having derived an orbital period for TV Crv, we can
estimate a distance using the recent results of Sproats,
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Figure 3. (a) Phase plot of the entire six nights of photoelectric data. The data have been phased on the best-fitting period of 1.56 h. Note
that all six nights are fitted well by this single period, (b) Plot (a) phase hinned with a bin size of (>= 0.05.

Howell & Mason (19%). They show, from IR photometry of
37 faint, short-period CVs, that the mean Mcof TV Crv
(based on its orbital period and outburst properties) is likely
to be near Mv=12+ 2, thus placing TV Crv at a distance of
100-600 pc.

Table 5 provides a summary of the observed and deter-
mined system parameters for TV Crv. We have seen that

this observational study, along with the results presented in
Levy et al. (1990), confirms that TV Crv is a short-orbital-
period, large outburst amplitude DN, i.e., a TOAD. Photo-
metric evidence presented here, along with the relations
derived in Warner (1995b), lead us to consider the possi-
bility that TV Crv may contain a degenerate secondary star.
We have also noted that the superhump structures in light

© 1996 RAS, MNRAS 282. 623-630
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PHASE

Figure 4. Phase-binned light curve of TV Crv on 1994 June 11. The bin size is €= 0.05, and the data are phased on our determined
superhump period. Note the asymmetric maximum and the two clearly defined secondary humps.

Table 4. Observations of secondary humps.

UT Date Secondary Hump 1 (< Secondary Hump 2

SS UMi*

Mar 13 1989 0.279+0.048 0.61+0.055

Sep 6 1989 0.363+0.053 0.63+0.053

Sep 10 1989 0.400+0.043 0.68+0.048
EF Pegb

Oct 23 1991 0.330+0.035 0.58+0.038

Oct 26 1991 0391+0.033 0.62+0.037

Oct 27 1991 0.295+0.034 0.51+0.036

Oct 28 1991 0.243+0.034 0.49+0.037

Oct 30 1991 0.230+0.034 0.49+0.037
TV Crv*

Jun 7 1994 0.231£0.011 0.44+0.013

Jun 11 0.211+0.014 0.42+0.015

Jun 11 1994 0.246+0.016 0.51+0.017

Jun 12 1994 0.226+0.007 0.49+0.014
KK Teld

Aug 28 1990* 0.38+0.045 039+0.0463

Aug 28 1990’ 0.48+0.042 -

Aug 29 1990f 0.45+0.050 -

Notes to Table 4.

'Chen, Liu & Wei (1991).

HHowell et al. (1993).

"Present work (this paper).

“Howell et al. (1991).

"These nights contained more than one superhump, each of which showed secondary
humps.

'Only one secondary hump was present.

© 1996 RAS, MNRAS 282, 623-630
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Figure 5. The phase offset of each of the two secondary humps plotted relative to the peak of the primary superhump. The straight line shows
the result for a constant phase difference between the two humps of 0 = 0.24. See Table 4 for details.

Table 5. Determined system parameters for

TV Crv.
Superhump Period (hr) 156+0.02
Orbital Period (hr) 1.50
Mass Ratio (M2/M1) 0.22
M,/MO 0.52
Mj/Mb 0.12
M, 12+2
Distance (pc) 350+250

curves of a few short-period DN (both during superoutburst
and at quiescence) can show similar secondary hump struc-
tures with roughly equal superhump phases and offsets.
These interesting features are yet to be fully explained or
understood.
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Observation: February 2. 2005

Exposure time:Seven images. First
two images are 1 evening apart,
last live images are each ~1 hour
apart.



startr-c one of its "are ©oos ors These images Oegin with the star barely visible as a faint
soec* ac ts "O—a — —F~j~ orgft-ess of about ImagrvtuOe 18 5; that irst image was taken
re icrt oetore A:re end ofre seouerce the star is brighter than the 14 8 and 14 6
—agnrjoe stars rar are or e~er soe oft Thus TV Com increased in brightness by about 40

tmes

Asxrang IZ -eseerar acre at PSJ {by Steve Howei) TV Com appears to be a most unusual
arar. soarsysar- t s an-gr gaactc atrtjoe cacacfysmc vanaoie star. rtsell unusual since
-Ccs:suer Scars are ac Ow gaactc attubes e near the plane of the Milky Way According to
mvof re TV Com system s two sraU stars ortxting each other in a space smaller than our
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ra.es *c asootor ar accretor Ssk orbrtmg a wtirte dwarl star When the spot overflows with
-moroger tner atner—orudea* explosion occurs and the system bnghtens enormously, then
aoes sowr, over a lew days

CXrng "s seam- tor trans-Satumian planets. Clyde Tombaugh discovered this star in its outburst
of March 23. 1931 It was subsequently ignored until David Levy (of PSI and Jarnac Observatory)
uncovered Tombaugh's observation while doing research for his book Clyde Tombaugh:

Discoverer of Planet Pluto (University of Anzona Press, 1991). Levy then observed the star
visually in outburst on Marph 23, 1990 (coincidentally 59 years to day after Tombaugh; cf. IAUC.
4983) TV Com was then observed by the International Ultraviolet Explorer satellite during its next
outburst in June 1991. Levy has caught TV Corvi at its observed outbursts since then, including
one again on a March 23, in 2000. In 2005, TV Corvi's outburst happens a day belore what would
have been Tombaugh's 99th birthday.

The spiral galaxy to the left is ES0573-12. It is similar to our own Milky Way but 350 million light
years from us.
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MEDICAL TERMINOLOGY
For the Layman

Artery - The study of fine paintings.
Barium - What you do when CPR fails.
Cesarean Section - A district in- Rorrie. .
Colic - A sheep dog.

Coma - A punctuation mark.

Congenital - Friendly.
Dilate - To iive long. :
Fester - Quicker, "o

G.l. Series - Baseball games between teams of soldiers.
Grippe - A suitcase.

Hangnail - A coat hook.

Medical Staff - A doctor's cane.

Minor Operation - Coal;digging.

Morbid - A higher-offef-

Nitrate - Lower than the day rate.

Node - Was aware of.

Organic - Musical.

Outpatient - A person who has fainted.

Post-operative - A letter -carrier.

Protein In favor of young people.

Secretion - Hiding anything.

Serology - Study of English knighthood.

Tablet - A small table.

Tumor - An extra pair.

Urine - Opposite of you're-out.

Varicose Veins - Veins which are very close together.

—Author Unknown



Lowell Observatory

Fragstaff.Arizona

December
21
19 28

r.'r. Clyde W . Tombaugh,
Burdett, Kansas.

Dear Mr.. Tombaugh:

- -5 .

Your detailed letter of December 3, and the
planetary drawings have been examined with interest.
Evidently you have succeeded very well, both with the
telescope .and with observations with it..]|7/e have been,
and are still very busy with some special,! work and can-
not v/rite you in detail at this time.

We are obliged to you for giving us the names
of some of your teachers, one of whom, Mr. 7/aldrip, 1
know quite\well.

You expressed some fear that your plans for
driving west might fdll through and in that case you
might have to search about for some other”plan. IT you
find that you are not going to be able to drive west,
please let us know and we will see If we might make some
other plans. We are not able at present to make any
promise of employment but we are hopeful that something
might be arranged later. \f expect to have soon a new
photographic telescope for some special work and shall
need someone to operate i1t. We have at present nothing
planned definitely in this regard but vie shall need before
long to have plans perfected for carrying on that work.
It is perhaps possible that you might be able after some
instruction here to be able to make exposures with this ~ .
instrument, so we are thinking of you as $ possible #HHE FHH
assistant for that work. It would mean, as you can well
imagine, long nights at the telescope during the moonless
nights. Still this is something that one who undertakes
astronomical observations must expect.

7e shall appreciate your writing us concerning
your planned trip, at your early convenience.

Yours very truly,

V_M. Slirher/LF
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3ject: TV Crv, SS Cyg, CZ Ori, DI UMa, TW Vir No. 141
| April 25, 1997
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2 dwarf nova type cataclysmic variable TV Crv is in outburst, as indicted
the following observations:

AAVSO Observer

uT Mag .- Initials
R 24.1250 13.0: LVY
R 25.1667 13.1 LVY
R 25.4014 13 .5 TIN

wording to the AAVSO International Database this star is fainter than
sual magnitude 15.5 at minimum. The last outburst of TV Crv to be
corded the database was in April 1996.

CYGNI
lore—

2 dwarf nova type (SS Cyg subclass prototype) cataclysmic variable SS Cyg
pears to be in outburst, as indicted by the following observations:

| AAVSO Observer
uT Mag - Initials

R 22.92 12.1 GRL
R 24.090 12.0 PYG
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ABSTRACT

Models of the present-day intrinsic population of cataclysmic variables
predict that 99% of these systems should be of short orbital period Pab& 2.5
hr). The Galaxy is old enough so that ~ 70% of these stars will have already
reached their orbital period minimum (~ 80 min), and should be evolving back
toward longer periods. Mass transfer rates in these highly evolved binaries are
predicted to be £ 10-11 M® yr_1, leading to My s of ~ 10 or fainter, and the
secondaries would be degenerate, brown dwarf-like stars. Recent observations of
a group of low-luminosity dwarf novae (TOADs) provide observational evidence
for systems with very low intrinsic My's and possibly low-mass secondaries. We
have carried out population synthesis and evolution calculations for a range
of assumed ages of the Galaxy in order to study Porb and M distributions for
comparison with the TOAD observations. We speculate that at least some of the
TOADs are the predicted very low-luminosity post-period-minimum cataclysmic
variables containing degenerate (brown dwarf-like) secondaries having masses
between 0.02-0.06Mo and radii near O.1R0. We show that these low-luminosity
systems are additionally interesting in that they can be used to set a lower limit
on the age of the Galaxy. The TOAD with the longest orbital period currently

known (123 min), corresponds to a Galaxy age of at least 8.6 x 109 years.

Subject headings: Cataclysmic Variables, Binary Evolution, Age of Galaxy,

Brown Dwarfs



1. Introduction

Cataclysmic variables (CVs) are a class of interacting close binary stars with typical
orbital periods ranging from 80 min to ~ 10 hrs. The two stars, a more massive white
dwarf (WD) primary and a low-mass secondary, are typically separated by only a few solar
radii. CVs include dwarf novae (DN), novalikes, magnetic systems (AM and DQ Hers), and
classical novae. Comprehensive reviews of these systems and their evolution are given in

Patterson (1984), King (1988), and Warner (1995a).

In the dwarf novae, material transferred from the secondary (via Roche lobe overflow)
forms an accretion disk around the primary star that can extend all the way to the WD
surface. These stars show outbursts of 2-5 mags which are widely thought to occur when
material stored in the accretion disk is suddenly accreted onto the WD surface due to
angular momentum loss caused by thermally unstable viscous heating (cf., Cannizzo et al.
1988). Depending on the rate of mass transfer from the secondary, which is related to the
orbital period (e.g, Rappaport, Verbunt & Joss 1983 [hereafter RVJ]; Warner 1995a), the
disk can be the dominant light source from high energies to the IR. Typically determined
mean values of Mv for DN are 7.5 for systems with orbital periods » 3 hr, and 9.5 for
systems with orbital periods & 2 hr. CVs with orbital periods in the range of 2-3 hr are

uncommon, and this interval has been termed the “period gap.”

Warner (1995a) provides observational information on all CVs for which orbital periods
and other detailed information are known. Our current observational knowledge is severely
biased towards CVs with orbital periods ~ 2.5 hrs or those with high mass transfer rates
(i.e., intrinsically bright CVs). Even surveys which covered large areas of the sky searching
for UV excess or blue objects have fallen short of improving on this situation. For example,
the PG survey (Green et al. 1982) covered just over 10,000 square degrees and discovered

29 CVs (Ringwald 1993), but it had a average limiting magnitude of B[im ~ 16, so that it



discovered only intrinsically bright systems, most with long (> 3 hr) orbital periods. Our
current view of CVs is thus a very skewed one, as the majority of observed CVs are not

representative of the actual, or intrinsic, CV population (see Section 2).

During the past several years, Howell and collaborators (Howell & Szkody 1990; Howell,
Szkody, & Cannizzo 1995; and Sproats, Howell, & Mason 1996) have provided data to help
remedy the problem. They have obtained observations of CVs which are faint, including a
subgroup of DN which are intrinsically faint, having My’s of 10 to 14, and which show very
large amplitude outbursts (6-10 magnitudes). These tremendous outburst amplitude dwarf
novae, or TOADs, have the following properties: infrequent outbursts (months to decades),
very low inferred mass transfer rates (M ~ 10_I1Ao yr-1, implying optically thin disks),
very low viscosity disk material in the quiescent state, and short orbital periods (* 2.5 hrs).
The TOADs consist of stars such as WZ Sge and AL Com, two of the shortest period DN
known, but also contain systems such as TV Crv and EF Peg which have orbital periods

near 120 min, just below the period gap (see Howell et al., 1995 for a complete listing).

Absolute magnitudes and inferred mass transfer rates have been calculated for the
faint CVs mentioned above. The inferred mass transfer rates are based on Smak’s (1993)
relationship between My and M as shown in Warner (1995a; Figure 9.8) and do not
represent a detailed quantitative relationship (see section 3). These faint systems are shown
in Figure 1, along with those previously known and cataloged in Warner (1987; 1995a).
Two previously known faint systems are now known to be TOADs (WZ Sge and T Leo;
the two open squares near My = 11). The TOADs have calculated My’s of 10 to 14 and
inferred M’s in quiescence of 10-11 to 10 13Mo yr-1 (Sproats et al.,, 1996). From Fig. 1,
we see that the TOADs represent an interesting set of stars which have been found to be
intrinsically low-luminosity objects. Their observationally derived absolute magnitudes

and low M values (see section 4) indicate that these stars represent a class of objects that



are not fit well by the standard CV relations between Mv and orbital period (cf. Warner

1995a).

Several authors have discussed the existence of CVs with degenerate secondaries
(e.g., Paczyriski & Sienkiewicz 1981; Rappaport et al. 1982; Lamb & Melia 1987), and
theoretical models of the intrinsic CV population predict that the majority of CVs contain
degenerate secondaries (Kolb 1993; see also section 2). It has also been recently suggested
(for observational reasons related to photometric behavior during outburst) that TOADs
may contain low-mass, degenerate secondaries (Howell et al. 1995, Warner 1995b, Howell et
al. 1996). Using arguments based on the standard theory of CV formation and evolution,
and on the observational properties of the low-luminosity systems presented in Figure 1,
we explore the possibility that at least some TOADs may indeed be the oldest cataclysmic
variables in the Galaxy. If so, they (i) represent the first evidence of the predicted large
population of very low-luminosity CVs; (ii) have evolved past the orbital period minimum
and are evolving back to periods of ~ 2 hours; (in) should contain very low-mass degenerate
(brown dwarf-like) secondary stars; and (iv) may yield a useful constraint on the age of the

Galaxy.

2. The Intrinsic CV Population

The intrinsic population of CVs has been modeled in detail (e.g., Politano 1988, 1994,
1996; de Kool 1992; Kolb 1993), and a comparison with the observed population clearly
illustrates the under-representation of low-luminosity systems prevalent in our current
observational picture of CVs. The current percentage of observed CVs with orbital periods
greater than 3 hrs is ~ 55%, whereas in the intrinsic population this number is expected to
be ~1% (Kolb 1993), indicating a strong bias toward long-period (bright) systems. Also,

the mean WD mass in observed CVs is ~ 0.8Mo (Ritter & Kolb 1995), whereas the intrinsic



mean WD mass is predicted to be ~ 0.5M® (Politano 1988, 1996). Selection effects, such
as observing CVs with magnitudes of v = 16 or brighter, have been shown to introduce
a severe bias toward systems with high-mass WDs and/or high mass transfer rates (e.g.,
Ritter & Burkert 1986; Diinhuber 1993; Howell et al. 1995). The remedy to the current
skewed state of affairs in CVs is to reduce these selection effects by observing to fainter
(apparent and absolute) magnitudes, and thereby provide a more accurate picture of the

actual CV population.

The data in Figure 1 provides us with an observational sample of CVs that may
possibly represent systems belonging to the intrinsic CV population, especially at short
orbital periods, and therefore is a sample that can potentially provide meaningful tests
of theoretical models. Theoretical models of the intrinsic, present-day CV population
predict that ~ 99% of all CVs have orbital periods £ 2.5 hrs (Kolb 1993). These systems
are expected to be intrinsically faint (my ”~ 8), and to have low mass transfer rates M
A 10*1QMo yr-1. In addition, as a typical CV evolves, it reaches a minimum orbital
period near 80 min (see e.g., Paczyriski & Sienkiewicz 1981; Rappaport et al. 1982).
The Galaxy is old enough so that ~ 70% of all CVs are predicted to have reached this
period minimum and to be currently evolving towards longer orbital periods (Kolb 1993).
Cataclysmic variables in this latter 70% are predicted to have very low mass transfer rates
(M & 10_11M® yr-1, my " 10) and to contain very low mass (~ 0.06A/®), degenerate

(brown dwarf-like) secondaries (e.g. Rappaport et al. 1982, RVJ, & section 3).

The systems in Figure 1, taken at face value, can be used to begin to test the validity
of the above predictions. Of the 26 observed systems with orbital periods below 3 hrs, 14
of them, or 54%, have My's > 10 and estimated values of M <; 10_11M® yr-1. As the
sample of low-luminosity CVs is increased, and more quantitative determinations of the

observed and inferred parameters can be made, we will be able to provide important (and



long-awaited) constraints on theoretical models of the intrinsic CV population.

3. Secular Evolution and CVs with Degenerate Secondaries

In the conventional picture of CV evolution (see, e.g., RVJ; llameury et al. 1988), the
early phases are expected to be dominated by angular momentum losses due to magnetic
braking via a magnetically constrained stellar wind from the donor star. Mass transfer rates
are typically ~ 10-8 to 10_9Mo yr_1 for these systems and typical orbital periods range
from ~ 10 hrs to ~ 3 hrs, just at the upper edge of the period gap. At some point in the
evolution, the secondary becomes completely convective (at ~ 0.3MQ) and, in the currently
accepted view, magnetic braking is assumed to be greatly reduced. The near cessation of
magnetic braking reduces the mass transfer rate and allows the secondary to shrink toward
its thermal equilibrium radius. This causes a period of detachment (in which M drops to
essentially zero) which lasts until the Roche lobe shrinks sufficiently to bring the secondary
back into contact with it, at an orbital period of ~ 2 hrs. This is the commonly accepted

explanation for the observed period gap between 2-3 hrs in CVs (RVJ; Spruit & Ritter

1983).

When mass transfer recommences at Porb ~ 2 hrs, it is then driven largely by
gravitational radiation losses at rates of ~ 10-1o0Ao yr-1. As the orbit shrinks and the mass
of the donor star decreases, the mass-loss timescale increases, but the thermal timescale,
tKh, increases much faster, due to the ~ A -3 dependence of tKjj- Therefore, at some point
the thermal timescale grows larger than the mass transfer timescale. When this occurs, the
donor star is unable to adjust to the mass loss on its thermal timescale, and it therefore
starts to expand upon further mass loss, in accordance with its adiabatic response; i.e.,
[dIn(R)/dIn(M)\ad < 0. Somewhat before this point is reached, the orbital period begins to

increase with further mass transfer. The orbital period at this point is typically ~ 80 min



and the mass of the donor star is ~ OOs A/0. From this point on, the mass of the donor star
will continue to decrease (but with longer and longer timescales), the orbital period will
increase back up to periods approaching ~2 hrs (within a Hubble time), and electrons in

the interior of the donor star will become increasingly degenerate.

To make some of these evolutionary descriptions somewhat more quantitative, we show
in Figure 2 the secular evolution of a CV under the influence of magnetic braking and
gravitational radiation. The evolution code used to generate these results is very nearly
the same as was used by RV.J, except that the treatment of the secondary (donor star) has
been improved. To calculate the evolution of the secondary we used a version of our code
that has been used previously to follow the evolution of brown dwarfs and low-mass stars
(Nelson, Rappaport, & Joss 1986; 1993). The results of these brown dwarf calculations are
in excellent accord with those of Lunine, Hubbard, & Marley (1986), who utilized a more

sophisticated evolution code.

The initial constituent masses of the system whose evolution is shown in Fig. 2 were
MWD = 0.8 Mq and Mdonor = 0.5Mq. Figure 2a shows both the orbital period and the
mass transfer rate as functions of evolution time, for an assumed donor star with solar
composition. The calculations have been carried out beyond the oldest plausible age for
such a binary. All of the evolutionary phases and features discussed above are clearly
present in Fig. 2. We note that the value of Pm* is not substantially influenced by the

prior evolution either with or without magnetic braking.

As the system reaches the minimum period and evolves to longer orbital periods, M
decreases from ~ 10 1Mo to about ~ 10- 12Mo yr-1 and the orbital period increases from
its minimum value of ~ 80 min to ~ 2 hrs within an evolution time of ~ 1010 yrs. In Fig.
2b we show the corresponding evolution of the mass and the radius of the donor star. Note

that as the donor star becomes increasingly degenerate, for masses below ~ 0.0s MO, the



combination of adiabatic expansion with mass loss, and the loss of thermal energy from the
star, keep the radius nearly constant at about ~ 0.1RO. This is, in fact, very close to the
radius of a completely degenerate star of mass o.01 M© with a solar composition, and only

~ 40% larger than the radius of a degenerate 0.05M®© star.

While systems with such low M may, at first glance, appear to be unobservable, in
fact it appears that we may have already observed a number of such short-period systems
with M < 10_12Mo yr-1 (Mv ~ 12 —14; see Fig. 1). The data are consistent with these
systems having already reached their minimum period, evolving towards longer periods,

and containing substantially degenerate secondaries.

Thus, we see that in the lowest luminosity CVs, the secondary stars are brown
dwarf-like objects with masses equal to 20-60 Jupiter masses and radii that are all very
close to O.1R0, similar to “field” brown dwarfs. While they used to be normal hydrogen
burning stars (i.e., red dwarfs), they should now have similar effective temperatures to field
brown dwarfs. One difference, however, is that the optically thin accretion disk will not
effectively shield the secondary, and X-ray heating is likely to be important. We also would
not expect the presence of Li spectral features (as are expected in field brown dwarfs; e.g.,
Nelson, Rappaport, & Chiang 1993). The TOAD brown dwarfs will continue to lose mass,

and like “field” brown dwarfs, cool down and become increasingly degenerate.

To further investigate the expected distribution and properties of the systems we are
tentatively identifying with TOADs, we have carried out a population synthesis calculation
of CVs, with emphasis on systems below the period gap. (For earlier population synthesis
studies of CVs see, e.g., Politano 1996; de Kool 1992; Kolb 1993; Di Stefano & Rappaport
1993.) For the present study we utilized a Monte Carlo approach with most of the same
input assumptions as were used in the population synthesis study of supersoft X-ray

sources carried out by Rappaport, Di Stefano, & Smith (RDS; 1994). We briefly review the









procedure here, but refer the reader to RDS for more details. We start by assuming an age
for the Galaxy, tG. Then, 107 primordial binaries are chosen; for each, the primary mass,
secondary mass, and orbital period are chosen in accordance with the ‘standard model’
detailed in RDS (see their Table 2 and equation 1). The time of birth for each binary, t,
was chosen from a uniform random distribution in the range: 0 <t < tG. Each primordial
binary was ‘followed’ (see RDS for the prescriptions used) to see if mass transfer from the
primary to the secondary would occur, and if such mass transfer would result in a common
envelope phase - the end product of which would be a low-mass star in orbit with a white
dwarf. The assumed energetics that govern the end-point of the common envelope phase
are described by equation (2) of RDS. The evolution time, up to and including the common

envelope phase, was simply taken to be just the main-sequence lifetime of the primary.

If a particular primordial binary was ‘successful’ in evolving into a white-dwarf
main-sequence binary, then the subsequent evolution was followed in detail with the same
binary evolution code used to carry out the calculation shown in Figure 2. As in most other
related binary evolution calculations, we made the assumption that magnetic braking is
active when, and only when, the donor star has a radiative core (see RVJ; Spruit & Ritter
1983; Hameury et al. 1988). The magnetic braking was specified by the Verbunt & Zwaan
(1981) model with parameter values of 7 = 3 and f = 2 (see RVJ for definitions). The
evolution was stopped at the current epoch, i.e., when the sum of the time to form the
progenitor, the time for the binary to become a CV, and the subsequent evolutionary time
as a CV equals the present age of the Galaxy, tG- At the end of the evolution, we stored
the properties of the binary for subsequent statistical analyses. Many systems, especially
those with low mass main-sequence companions (potential donor stars which are completely
convective), never experience mass transfer because the orbit cannot shrink sufficiently by
the present epoch for the donor star to fill its Roche lobe. We find that of all the primordial

binaries that we start with, only ~ 2 x 10-4 of them become CVs with mass transfer.



The population synthesis calculations described above were repeated for a sequence
of assumed ages for the Galaxy; i.e., for t-c = 6, 8, 10, 12, 14, and 16 Gyr. The results
are shown in Figure 3 as a sequence of plots of M vs. porb for the simulated CVs. No
observational selection effects have been included; these results are taken directly from the
outputs of our population synthesis and evolution calculations, and thus describe properties
of the intrinsic CV population. Note first, that there are hardly any systems (<2%) above
the period gap (i.e., with porb > 3 hours). This is consistent with previous population
studies such as those of Kolb (1993), and is due to the relatively short lifetimes that CVs are
expected to have during this phase of their evolution (a result of the much higher rates of
mass transfer that are experienced for systems above the period gap). The relatively large
numbers of observed CVs above the period gap is largely due to selection effects stemming
from the much higher luminosities for these systems, and hence, their greater detectability
out to larger distances (Ritter & Burkert 1986; Diinhuber 1993). We also see that there are
a reduced, but finite, number of systems with orbital periods within the ‘gap’ region (i.e.,
with 2 < Pob < 3 hours). Again, we have made no attempt to correct for observational
selection effects in this region nor to statistically analyze the properties of the gap in our
population synthesis results, as this has been well studied in earlier works (see, e.g., Kolb

1993).

Below the period gap, the population synthesis results for all Galactic ages show the
same characteristic ‘elbow’ shaped region in the M - Por{ plane (see Fig. 3). The ensemble
of evolutionary tracks clearly show the migration to the minimum orbital period and back
up toward longer periods - with the concomitant dramatic decline in the mass transfer
rates. It is important to note that the evolutionary age of any given system (time since
the primordial binary was formed) in these plots is not uniquely specified by its position
along the evolutionary track. This is due to (i) the range of main-sequence lifetimes for the

progenitor primaries, (ii) the range of orbital separations of the systems that emerge from



the common envelope phase, and (Hi) the differences in mass of the donor star when the

CV phase commences.

For each assumed age of the Galaxy, the number of CVs in our population synthesis
sample is about 103. This is only a small fraction of the ~ 106 - 107 such systems that
are expected in the Galaxy at the present time; however, the statistical significance of the
results is sufficient to allow us to make the following statements. First, we find that for a
Galactic age of 1010 years, the numbers of systems above the period gap, in the gap, below
the gap but above orbital period minimum, and past orbital period minimum are in the
ratio of 2 : 30 : 100 : 200, respectively (with substantial statistical uncertainty in the first of
these). While these rates are model-dependent (especially in the choice of the initial mass
ratio distribution in primordial binaries), they do provide the reader with a rough sense of
the relative populations in the different phases of evolution. These numbers are in general
agreement with other population synthesis studies of CVs (e.g., Kolb 1993). From these
ratios, we conclude that there should be ~ 2 systems that we would associate with the
TOADs for every CV with more classical properties. Second, we find that there is a clear
trend in the maximum orbital period that can be attained in the post-period-minimum
evolution during the history of our Galaxy, which depends on the assumed age of the
Galaxy. Third, within the evolutionary sequences in Fig. 3 one can easily see two distinct
sets of tracks above the period minimum, and perhaps three sets for systems below period

minimum, especially among the oldest systems.

The most populous track is the one lying at the smallest values of M (for a given value

of Porb)- These are the systems with low-mass He white dwarfs (~0.45 Mq)l The track

XThe predicted existence of a significant population of CVs containing He white dwarfs
is not new, and has been discussed in several previous studies (Politano 1988;1996; de Kool

1992; Kolb 1993). However, these studies did not focus on the post-minimum period systems.



with the next highest values of M are systems with CO white dwarfs (*,0.55 Mq) which
started out with more massive donor stars (0.5 MO) and evolved through the period gap
in the manner shown in Fig. 2. Finally, the systems with the highest values of M, and which
reach the longest orbital periods, are systems with CO white dwarfs which started out with
less massive donor stars (*0.3 MO) in a relatively close orbit after the common envelope
phase (~6 hours), and were thus able to form (come into Roche-lobe contact) below the
period gap. These systems were thereby able to avoid the early part of the evolution shown
in Fig. 2, (as were the systems with He white dwarfs). The systems which reach the longest
orbital periods are therefore those (a) whose progenitor binaries were formed very early in
the Galaxy’s history, (b) that formed below the gap, relatively close to the orbital period
minimum, and (c) that had relatively massive progenitor primaries so that both the time
of white dwarf formation was short and the mass of the white dwarf is sufficient to allow

gravitational radiation losses to be competitive with systems that evolved through the gap.

In order to quantify the end points of the evolution tracks shown in Fig. 3, we adopted
the following statistical analysis. Our current sample of known TOADs is only ~ 20. We
therefore chose a random sample of 20 systems from our population synthesis results below
orbital period minimum, and found both the longest orbital period and the minimum value
of M in that sample. This was repeated 1000 times, and the distribution of Porbmex and
Mmjn was constructed. From these distributions we determined the 95% confidence limits
for Porbjmax and Mmin that are likely to be found in a sample of 20 low-luminosity CVs.
(No weighting for observational selection effects was included; thus, our 95% confidence
limits should be conservative, since the longest period systems should have the lowest
luminosities.) We can represent how this maximum period and minimum M depend on tg

with the following simple fitting formulae:

nor did they present M-Porb plots for their entire synthetic populations.



Porbmax » 81 + 4.8 (ic/Gyr) (mill) (1)

log,,(M/Mo yr-1) ~ -11.3 - 0.080(/c/Gyr). (2

Finally, we caution that the use of equation (1) to set a constraint on the age of the
Galaxy is based on the assumption that the only angular momentum loss mechanism in
post-period-minimum CVs is that due to gravitational radiation. The existence of significant
additional angular momentum loss mechanisms would obviously weaken the constraint set
by eq. (1). In future work we plan to investigate systematically the modifications to eq.
(1) that would result if, for example, magnetic braking does not cease when the donor star
becomes completely convective. A preliminary set of evolution runs that we have carried
out in this regard (i.e., continuous magnetic braking with parameters 7 = 4 and f= 1) for
a galactic age of 10 Gyr, yields a maximum orbital period of ~2.9 hours. This is to be
compared with the value of 2.2 hours obtained from eq. (1). However, such continuous
magnetic braking is at least inconsistent with the current conventional explanation for the
period ‘gap’ in CVs between 2 and 3 hours. We also expect that future refinements to
the population synthesis calculations described in this paper, that is, use of an improved
stability criterion for rapid mass loss, inclusion of mass loss due to winds on the giant
branches, and consideration of a pop Il composition (in light of the extreme age of the

longest period systems), may also affect the terminal values discussed here.

4. Discussion

The idea that TOADs may have very low mass transfer rates over long timescales

seems fairly compelling and has motivated us to consider their association wdth CVs that



have evolved past the orbital period minimum. However, a number of theoretical and
observational uncertainties remain before such an association can be made unambiguously.

We discuss the most significant of these uncertainties here.

First, we have assumed in this paper that the mass transfer rates inferred for the
TOADs are a long-term phenomenon and furthermore that they represent time-averaged
values of M. Taking into account the high accretion rates that may occur during outburst
along with the low M values that occur during the long interoutburst cycles, we recognize
that the TOAD mean mass transfer rates may be different than those discussed here.
Sproats et al. (1996) have shown, however, that for 3 or 4 TOADs with sufficient
observational data to yield an indication of their recurrence time and outburst duration,
the mean M values are not out of line with that expected for mass transfer driven by
gravitational radiation alone. We emphasize here that the type of observational information
used by Sproats et. al. is necessarily sparse since the needed long-term studies do not exist
at all for many of the TOADs (see Howell et al. 1995). It is also possible that our limited
“view” of the TOADs (i.e., during only the past 5-10 years) has indeed revealed systems
with low M and low-luminosity, but these properties may be transitory and occur only on

astrophysically short timescales.

Second, we also cannot be certain of the scaling of the my - ™ relations for the
TOADs. As yet, no accretion disk models have been calculated for mass transfer rates
lower than ~ 10- 11Mo yr_I and, as we mentioned above, our scaling is based only on an
approximate empirical calibration. Howell et al. (1995) discussed accretion disk models
which provided a good match to observational outburst data for the TOADs. However,
as with all such models published to date, the lowest mass transfer rates used were
~ 10 11Mo yr-1. If the my values of the TOADs are indeed even close to those shown in

Figure 1, the mass transfer rates during minimum are much lower than 10«1 Mo yr-1,



possibly lower than 10-12 Mo yr-1. At such low values of M, one may consider that these
systems would be permanently on the lower stable branch of the accretion disk limit cycle
and outbursts could never occur. Cannizzo, Shafter, & Wheeler (1988), in their work on
the accretion disk limit cycle and the relation between the local disk column density (£)
and M, show via analytic scaling arguments that the minimum M which can just produce
outbursts is about 10-13Mo yr-1. Thus, while actual models at these low rates have not
been produced (but are in progress), it appears that outbursts are still possible even at the
low rates inferred for some of the TOADs (Cannizzo 1996). Studies of the TOADs during
outburst and at minimum light are thus crucial to provide input for realistic accretion disk

modeling using the very low M values.

Lastly, mass determinations of secondary stars in TOADs are essentially non-existent.
This is due to the faintness of the TOADs, the existence of only one known partially
eclipsing system (allowing a fair determination of the system inclination), and the fact
that no spectral features from the secondary stars have been seen. Radial velocity studies
using optical emission lines (from the accretion disks) have been performed for a few
TOADs. However, when mass determinations have been attempted, they started with the
usual assumptions of choosing a secondary radius (based on a main-sequence Roche-lobe
filling secondary), assigning the secondary a mass (based on the same assumption), using
the measured value of K\ and guessing the orbital inclination to obtain a value for the
mass ratio, and then finally solving for the primary mass. Thus, in these cases, the
initial assumptions used to solve the problem nullified any efforts at determining the true

secondary mass.

For the one partially eclipsing TOAD mentioned above, WZ Sge, a relatively direct
determination of the secondary mass is possible. Smak (1993) found a value for M2 of

0.06 + 0.02Mg. WZ Sge has an orbital period of 81.6 min (near the bend in the elbow in



Fig 3), and its secondary star, if past the period minimum and degenerate, is predicted by
the results presented here to have a mass near 0.06M®. We note that it is also the case
that the secondary star in WZ Sge would be predicted to have nearly this same mass even
if still approaching the orbital period minimum near 80 min. We mention here that WZ
Sge has been deduced to have a relatively high mass transfer rate from observations of the
hot spot amplitude near the time of outbursts; however, Osaki (1994) and Howell et al.
(1995) have shown that the long-term outburst behavior can be reproduced by use of a low
mean mass transfer rate. WZ Sge represents a system in need of further detailed study due
to its partially eclipsing nature. Further observational work is badly needed in order to
determine secondary masses for the TOADs, particularly for systems with orbital periods
further from the period minimum (e.g., * 100 min), where clear evidence for or against the

brown dwarf-like nature of the secondary may be provided.

In spite of the above theoretical and observational uncertainties, it is nevertheless
interesting to speculate about the association of TOADs with post-minimum-period CVs
containing degenerate secondaries. If this idea is correct, it allows us to (i) confirm a
number of our theoretical understandings concerning the evolution of CVs, (ii) augment

our exploration of brown dwarfs, and (in) derive an interesting constraint on the age of the

Galaxy.

If the secondary stars in TOADs are indeed shown to be degenerates, then they would
represent an interesting complement to studies of brown dwarfs in open clusters (where
there is some age information), and those in wider binary orbits with nearby low-mass, high
proper motion stars. For brown dwarfs in low-luminosity CVs, there is potentially valuable
information to be gleaned about their properties: (i) the mass/radius relation obtained
from the Roche lobe filling criterion; (ii) the possibility of measuring the mass directly if

the system inclination and K\ and K2 can be determined; and (Hi) age information (or



limits thereon) that can be inferred from the evolutionary status of the binary (i.e., its

orbital period).

Finally, we return to the idea that the longest period TOADs may provide information
about the age of the Galaxy. The TOAD with the longest known orbital period is EF Peg
(Pob = 123 min) and there are a number of others with periods near 110 min. The orbital
period of EF Peg in conjunction with equation (1) provides a tentative lower limit to the
age of the Galaxy ofs.6 x 109 yr. This corresponds to an upper limit to the Hubble constant
of 76 km s-1 Mpc-1 for assumed values of the cosmological parameters Q = 1 and A= 0.
The TOADs with orbital periods near 110 min yield less interesting limits on the age of
the Galaxy of ~ & x 109 yr. Clearly, a statistically enhanced orbital period distribution for

TOADs would be of great interest in this regard.

5. Summary

Theory predicts that, at the present epoch, ~ 99% of all CVs should have orbital
periods below the period gap. Of these, ~ 70% should have already reached the period
minimum near 80 min and be evolving back towards longer periods, the maximum of
which is given by equation 1 above. These low-luminosity CVs are likely to contain
degenerate secondaries of mass ~ 0.02 - OGs Mo (~ 20 - 60 Jupiter masses) and radii near
0.1Rg. Recognizing the uncertainties discussed above and the lack of detailed observational
information for the low-luminosity dwarf novae presented in Figure 1, we have discussed
the possibility that some of the TOADs may represent cataclysmic variables which are the
oldest members of their class. As such, they would be the observational counterpart of
the long sought after, theoretically-predicted systems containing degenerate (brown dwarf)
secondaries. Tf this idea can be verified, the TOADs can be used to set an interesting

constraint on the age of the Galaxy and provide an important complement to our knowledge



of brown dwarfs.

It is clear that further observations of low-luminosity CYs are needed. These should
include observations at minimum light, during outburst, and over long temporal scales.
The latter are needed in order to provide measures of the interoutburst timescale and the
outburst durations for a much larger sample of TOADs, thus allowing better estimates of
the overall M and My. These observations may also be expected to provide important and

much needed inputs and constraints on theoretical models of the intrinsic CV population

at short orbital periods.

The authors are grateful to J. Cannizzo, P. C. Joss, L. Nelson, and R. Webbink for
helpful discussions. We thank C. M. Becker for invaluable assistance with the evolution
code. We also wish to acknowledge the referee for several useful comments leading to an
improved paper. This work was partially supported by NSF grant AST-921971 to SBH and

NASA grants NAG5-2890 and NAG5-3011 to SAR.



(sinoy) poled [engio

(reop /| SossaN fejosS) ary Jojsuel] SN

10000

1000

Evolution time (Myr)



Mess ad Radius d Secondary (solar units)

Evolution time (Myr)



log dw/dT

loy dvidT

lay dvidT

QUL Ll et il

-12
6 GYr :
13 PELEEEEE™ 2012210
0 1 2 3 4 5
9L Tt r T
-10
-11
-12 -
8 GYr |

im o111 111 1111 1

Orbital Period Orbital Period



Man for Steve Howell Sat, 26 Apr 199702:22:01 +1000

L

From owner-vsnet-alert@kusastro.kyoto-u.ac.jp Fri Apr 25 13:31:28 1997
From: "Rod Stubbings" <stubbo@sympac.com.au>
To: "Dr Frank Bateson” <varstar@voyager.co.nz>,
"Alen Vsnet” <vsnet-alert@kusastro.kyoto-u.ac.jp>
Subject: [vsnet-alert 861] Outbursts
Date: Sat 26 Apr 1997 02:22:01 +1000

The following stars are in outburst.

TV Crv 20 April 1997 <12.8 Time(UT) Mag. (Visual)
25 April 9:16
9:39
10:03
10:26
12:02
12:19
14.41
AG Hya 16 April 1997 <14.1
25 April 9:10
9:36
BV Pup 20 April 1997 <14.1
25 April 9:30
9:55

BX Pup 20 April 1997 <14.2
25 April 9:31
9:56

CZ Ori 22 April 1997 <12.6
25 9:49

Rod Stubbings
Drouin,Victoria
Australia.

14.0
13.7
13.6
13.6
13.4
13.4
13.3

14.3
14.3

13.7
13.7

14.3
14.3

12.6

[vsnet-alert 861] Outbursts

A

J
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CROW JOKES AND PUNS
By Clyde W. Tombaugh

With whom does a crow associate?

Where do crows go to meet?

What do crows drink?

Who was the first man to seethe crow?

Where does a crow keep his money?

What makes a crow black in color?

What games do crows play?

What kind of sewing doew Mrs. Crow do?

What do crows use to tell time?
When a crow goes beserk, what does he become?
What kind of flowers do they lay onacrow"s coffin?
Where do crows hatch their eggs?
What do crow astronomers observe inthe sun?

14 . What to crows read?

15.
16.
17.
18.

What i1s the crow"s most useful metal?
Who is the crow"s favorite god?

What do crows like to eat?

To what culture does a crow belong?
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Mr. Wallace B. Alig

"The Separate™

MIlllbrook, Dutchess County
New York

Dear Mr. Alig:

Your letter of 15 March is in hand. 1am returning the
answered queetionaire. Also, enclosed is a photograph of me
examining planet search plates at the Blink-Microscope com-
parator, taken in April, 1938, when 1was 32 years old. This
is a typical manner in which 1 worked at this instrument (7000
hours of it), except that I am raising the eyepiece on the vertical
transport to the next horizontal strip to view with my right hand.
Then the work will be successive scanning of views along a
horizontal direction for 15 minutes to an hour, and that handwheel
1 operated with my left hand.

You may not get much of an enthusiastic cooperation for
your quest because considerable jealousy arose out of my success
in finding the planet even though it was my assigned task. This is
confidential for your own understanding of what may develop
or may not develop. Such things frequently happen in small re-
search groups of people, especially if the place of work is somewhat
isolated. Then later, my own observations and interpretations of
Mars clashed with Lowell* s traditional views, and that did not help
matters, either.

Sincerely yours,

CLYDE W. TOMBAUGH
Astronomer

Ends:
CWT/ Jr



Impeach Pluto? *
Say It aint so

“Do | dare disturb the universe?”

T.S. Eliot posed the question in his intriguing
poem, The Love Song of J. Alfred Prufrock.

And now scientists with the International As-
tronomical Union are answering the question —
and the answer is apparently yes.

News that Pluto, the ninth rock from the sun,
might be, well, impeached as an official planet is
disturbing to those of us who grew up with a cer-
tain comfortable view of the solar system. Some
scientists want to reclassify the erratic body as a
“minor planet,” take away its name and give it
the number 10,000. Others want it lumped in
with a new class of ice balls beyond the orbit of
Neptune. Pluto, whose eUiptical orbit often
brings it closer to the sun than Neptune, would
become TVans-Neptunian Object No. 1

Implausibly, astronomer Brian Marsden ar-
gues that taking away Pluto’s identity and issuing
it a number instead is not a demotion. “It’s an
honour.” Oh yeah? Who’s he kidding? How would
he like to be referred to as Astronomer #17 from
now on?

David Levy
Comet Chaser

Pluto — no matter its strange behaviour or
small size — should be left alone. The planet, dis-
covered in 1930, is now a part of our culture.
Pluto is the god of the underworld. Pluto is Mick-
ey’ dog. Pluto is much more fun with a name. So
please, folks, dont start taking the romance out
of science.









REMOTE SKY IMAGING INSTRUCTIONS

/~-C> Obxsb'aX -

Mercy College has access to a moderate-sized telescope
located in southern Arizona. See photo on left. Thanks to the
generosity of the National Sharing the Sky Foundation and
David Levy, students are able to log into this remote telescope
and take pictures with it! Instructions follow.

1 Make an appointment with Prof. Levy. The time must be during the evening hours-
- between 10 pm and 2 am Eastern Daylight Time, or between 9 pm and midnight
when we go back to Eastern Standard Time. To do that you may send him a message
through the course mail or write to him at observe@iarnac.oru.

2. Please be on time. You will be assigned a "time window" during which you ma\
take your observation.

3. Log into the telescope's website using the following information:

* Type
7<?2,S74m » N [j|lI7e7

into the address (URL) line of your browser

« Enter the following login information t ot
login name (all lowercase letters): .flaire - QjjCZSji GO-* ,
password: sharingthesky

The rest should be self-explanatory. Read the instructions on the website, and keep to the
default values for exposure time, etc. at first. Prof. Levy will be watching and able to
help. If you get into trouble, you can call him at 520-762-5685.

Please be careful not to choose objects that force the telescope to go to low. We don't
want to push the poor telescope into the floor!

Good luck! And congratulations to Mercy for winning the use of this wonderful
telescope!

Telescope Name: Flaire ... a Meade 14-inch Schmidt-Cassegrain firted
with a Starizona hyperstar lens which affords wide field images


mailto:observe@iarnac.oru
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A lifetime pressed to a telescope building an archive of epic
discoveries

By INGRID PERITZ
From Saturday's Globe and Mail

David Levy, discoverer of the 20th century's most celebrated comet, is being honoured for
a half century spent studying the skies, Ingrid Peritz reports.

The 11-year-old boy stood on a slope of Montreal's Mount Royal and gazed in wonder at the spectacular
sight in the heavens above: The moon hovering over a sliver of the daytime sun, causing an eclipse.

Others might have just stored the memory away. But the shy boy, David Levy, decided to jot down the
celestial show in his chunky schoolboy's writing.

"Partial Solar Eclipse. Just last part observed because of clouds.”

The anodyne observation in 1959 became entry No. 1 and the start of a lifetime's obsession. Over the
course of half a century, Mr. Levy grew from mildly autistic boy to man and followed up with more than
16,000 entries about sightings from novas to meteor storms; made discoveries of a near-record 23 comets,
notably Comet Shoemaker-Levy 9 that smashed into Jupiter in 1994 in the cosmic event of the 20th century;
and become one of the most famous amateur astronomers in the world.

His is a life spent pressed to a telescope eyepiece, at hours when most people are sanely asleep, in thrall to
the mysteries in the darkened vault above. And now, his entire observation archive has been posted online
by the Royal Astronomical Society of Canada, the first such recognition for any Canadian astronomer.

"If you don't write it down then you're not observing," Mr. Levy said from his home near Tucson this week,
after coming in from his backyard observatory to prepare entry No. 16,449 in his logbook.

"This," he says of his 23-volume archive, "just gives a sense of what one man's passion has led to, session
by session, night by night.”

There is sweet irony in the society choosing Mr. Levy for the honour. When he was 19, he ran afoul of brass
with the organization, an august group granted its royal charter by King Edward VII. There was a dispute
over a piece of equipment and a senior member in Montreal chewed him out.



"He told me | was persona non-grata and | would never amount to anything," Mr. Levy recalls.

He thought about abandoning astronomy but changed his mind, and went on exploring and discove'ng arc
writing it all down in his logs. The scribblings shape the legacy of an explorer of the cosmos: planets
constellations, eclipses, sunspots, moon craters, rainbows and solar halos, it's all in there. There s sone
poetry ("stars resembling friendly beacons in a lonely night”), pencil sketches of planets, shared
observations from stargazing friends like the late Clyde Tombaugh, discoverer of Pluto. Most of

consists of routine and methodical annotations.

Nothing motivated Mr. Levy or gave him as much notoriety as his hunt for comets, those wispsc ~ rrr t
night sky that are the "Holy Grail for amateur astronomers,” he says. The pursuit began as a teenager «nert
searching for an easy-to-say phrase for an upcoming Grade 10 French oral at Westmount High S:~:: ic
proclaimed, "Je veux decouvrir une comete."

He succeeded, though it took him 19 years - 928 hours, 17 minutes to be exact; astronomy does net
the impatient. Still, no comet would impact so significantly on his life than the one he co-discove'e: *
with Eugene and Carolyn Shoemaker. Its collision with Jupiter in July the following year was dubce: T e
biggest explosion ever witnessed in the solar system" by Time magazine. There were U.S. hetwexxsafc
shows, magazine covers, and a visit to the White House under former president Bill Clinton, thougr 1*
says it was vice-president Al Gore who asked all the probing questions.

"It was as if the comet grabbed the three of us," he says of himself and the Shoemakers, "anc :cc* js
orbit with it for a couple of years."

It was quite a feat for someone who failed undergraduate physics at McGill University and bypsss”r
for degrees in English literature at Acadia and Queen's universities, evidence that astronomy -e
the few fields of science where amateurs can make a difference.

"You can't be an amateur surgeon,” the 63-year-old Mr. Levy said, "but you can be an amateu
and accomplish a lot of things."

Roy Bishop, a past president of the Royal Astronomical Society of Canada who has known Mr. Lev*
more than 40 years, calls him "the most remarkable amateur astronomer of the modern era."”

"He's not only enthusiastic and dedicated but obviously has innate talent,” said Mr. Bishop. pro*e
emeritus of physics at Acadia.

Mr. Levy, who has authored 35 books, did his PhD on "Allusions to Celestial Events" in early ncoe- Er
literature, and collected honorary doctorates from five universities (including McGill, from which
out after two years), still lives in anticipation of what he might find in the velvet-black sky.

In entry No. 15,489 in his logbooks, he records a stargazing session in which the Milky Way s*=
and three meteors light up the sky. "One of the finest nights I've ever seen,"” he writes. "If | were ::
tomorrow, I'd have not lived better because | had this night."

It's all in the logbooks, along with hundreds of pages of observations and discoveries, there to ce
by 11-year-old boys and girls who might gaze up at the sky, and wonder.

The Globe and Mail, Inc.
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Detailfrom the 13-inch Lawrence Loweplate ofJanuary 10,
1931. uComet1931 A N f discovered by Tombaugh, is in the center.
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The Trapezium, BM Orionis, and

Don't forget about the online talk TODAY. Wednesday April 4 at 3pm eastern (19UT). Our special gues-
Robert Naeye, editor-in-chief of Sky & Telescope magazine.

Just over one year ago, a small spacecraft called MOST began a month-long observing run on one of tl
spectacular objects in Earth's skies, the beautiful Trapezium region at the heart of the Orion Nebula, M<
collaborators and | applied for and received this observing time to survey variability in this young stellar c
partly to study the eclipsing binary BM Ori (theta 01 Orionis B), but also to survey as many young stars that \
able to using the unique capabilities of MOST. Since then, | along with my collaborators -- our Director Arne

Bill Herbst of Wesleyan University, and Joyce Guzik of Los Alamos National Laboratory -- have been wc
reduce and analyze these data to study variability in the Trapezium, and the bulk of our work is now rea<
conclusion. The resulting data provide a fascinating look at young stellar variability, and a tantalizing hint

long-term, intensive observations might reveal. In the April 2012 Variable Star of the Season, I'll be talking a
project to observe the Trapezium region and the variability of Young Stellar Objects that makes them so inter*
astronomers, amateur and professional alike

Much of this article was written in January of this year while | was on an airplane headed to the A
Astronomical Society Meeting in Austin Texas to present our work. It provided me with some much-needed f
and perspective to write an overview of what we did, what we found, and most importantly, why we were look

Star formation and young open clusters

Stars form in groups out of large clouds of gas and dust that fragment and collapse into individual stars. Th*
of how exactly this process stars and proceeds is still being disentangled, but we know that when star clusl
form, the objects that form have a well-defined distribution of stellar masses called an initial mass function,

cluster will be made of a few very massive stars, and increasing numbers of lower-mass stars, eventually fc
great many low-mass stars Young clusters will appear very bright because of the massive, luminous, and sh
stars, but as the cluster gets progressively older, these massive stars die, leaving the rest of the clust



("I'" for irregular, and "NT for association with a nebula). Among the variables are several likely T Tauri star
with other interesting young stars like the FU Orionis (FUOR) and UX Orionis (UXOR) variables, and young,

rotating spotted stars. Stars in the process of forming -- those that are still accreting matter from sun
nebulae - are often variable because of this accretion process. Just as accretion powers variability in catj

variables, so too it can lead to variability in young stars as well. In these cases, the mass donor is the star

nebula itself rather than a secondary donor star. Stars can flare due to changes in the accretion rate, or ins
in the accretion disk. This is the cause of the bright state in the FUORs. The T Tauri stars and the FUC
powered by accretion, but the difference is the accretion rate: a T Tauri might accrete 10" solar masses per >
in FUORSs. this can temporarily exceed 10", creating both the bright disk and boundary layer and a powerfi

wind. Young stars can also flare because of magnetic activity, since young stars are frequently ver
magnetized and have rotation rates much faster than the' Sun. Rapidly changing morphology of star spots <
rise to complex light curves when the star rotates. Finally, some stars also have irregular fades, due

obscuration events They're embedded in nebular material, and so are often obscured by the very same dus
that they're accreting. This is how the UXORs vary. [Note: for more on the UXOR class, read Dr. Laszlo Kis:
on RR Taul]

It's not a given that a star in the field is necessarily a cluster member, but past work that examined the
motions of stars in the field suggested that a number of prominent named variables (like T Ori) are indeed n
of the same parent population as the Trapezium. Any variable can tell you something about itself thn
variability, but a bona fide cluster member will also tell you something about the cluster too. That's why var
clusters are important topics of study.

Although we've recently begun requesting more intensive observations of several YSOs, young stars hal
targets of the AAVSO for a long time. One of the most famous of these is T Tauri itself -- namesake of the
stars, and for which we now have observations dating back to the mid 19th Century. This famous star
outside the Orion nebula, but it is a part of the larger Taurus-Aurigae star forming region. Another famous |
does lie near the Trapezium is T Orionis, a star that undergoes much more rapid variations than do typical
stars. lIts variations are hard to understand unless you spend a lot of time looking at them carefully, whic
observers have done in the past. As an example, the light curve below shows half-day averages c
observations by David Levy during the 1979-1980 observing season. It's clear that the star shows wild da;
variations.  Understanding such variations is doubly challenging -- do you have enough data to catch al
variations, and if you do, what causes them?

T ORI (Observer LVY)

4160 4200 4220 4240 4260 42X0 43(H) 4320 4360
JD - 2440000

As with several other classes of rapidly-varying stars, the trick is to obtain as continuous a record of data
possibly can, with both rapid cadence and long-time spans of coverage. That's impossible for a single-site ¢
to do, and very challenging for even a well-organized network of observers. But, what if you had an oppor
observe such targets with a single telescope 24 hours a day for days at a time?

MOST: little satellite, big light curves
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MOST stands for Micro-Oscillations of STars. It's a sate te about the size of a large
f launched into low Earth orbit in 2003 by a Canadian-led consortium of astronomers i+
I in stellar pulsation and other kinds of stellar variability. MOST orbits the Barth abc
v B ¢ every 91 minutes and if the objects are in the right part of the sky given the Sun ar
i e m— ~3 constraints. MOST can observe continuously, all day, every day. for months at a tii
doing so. researchers can obtain a continuous span of data without having to deai
daly data gaps that single-site ground-based observations face. This can greatly a

..--<L detection of weak, periodic signals as might be caused by pulsations in a distant star.

MOST was des gned from the start to do continuous photometry -- and only continuous photometry. There
filter wheels and there is only a single camera with a 15-cm telescope. It is, for the most part, a flying tel
with only the Pare mnmjm of onboard instrumentation required for power, flight control, and communicatior
the years MOST nas observed a number of other stars, among them pulsators across the HR diagram, alone
number of other <mds of variable stars. Although MOST is primarily a Canadian project, the United States f
sore anra suoport and funding for the spacecraft operations in exchange for a limited amount of time
spacecraft Observing time was then awarded competitively through NASA's grant-making program.

In ate 200S. we applied for time to observe BM Ori, the Trapezium, and around 50 more variables w
re f-degree field of view around BM Ori. Although the project was focused squarely on BM Ori, we were h
ea™. more about variable stars in the Orion star forming region, including both young stellar objects and other
variables -- especially young pulsators like delta Scuti stars. Individual variable stars can tell you something a
phys.es behind that individual star, but a large sample of co-evolving variable stars with similar chemical comp

and ages would be a really great way to expand our knowledge of this particular cluster.

We were notified that we'd been granted time in April 2010, and the observations were made in late Dece
2010 into mid-January of 2011. We received our light curves in May 2011, and have since been working tc
the data and understand the variability that we see. We have data for 37 stars, measured once every 30 s
for over 27 days Aside from short gaps in coverage once per orbit, the light curves are nearly unbroke
ent re month. | show a few light curves from MOST in the next section.

The data from MOST are very exciting, but reduction of the data has been challenging, mainly because of
signals from scattered light from the Earth and Moon. The spacecraft design is such that it is sensitive to
light, and there are also light leaks that lead to transient signals. Further, since there are so many observat
star -- over 35,000 observations per light curve -- we've been working with the automated pipeline photometr
than the image frames themselves, and then working backwards to try and remove these "image defects" 1
photometry. Much of our upcoming paper on these observations will be devoted to how we dealt with many
signals, while future papers will deal with particularly important individual stars. It's been a challenging projec
the end all that work paid off, and we've succeeded in producing a wonderful new data set for these stars,
some of the remarkable variations that young stars undergo. We don't think we found conclusive evidence of p
(yet), but we have found more than a dozen stars showing all kinds of variability, and we hope to use this infc
to tell us more about star formation in M42, and the young lives of the stars that it is making.

Along with the MOST data, we also have ground-based data that we're working on, since AAVSO observers f
observations for the campaign announced in Alert Notice 427. We're in the process of interpreting those dat
with both the MOST photometry and photometry from AAVSOnet's Bright Star Monitor. We present some <
results below.

BM Ori
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MOST provided us with four light curves of stars in the central Trapezium, theta 01 Ori A. B. C, and D. O f'
only that of theta 01 Ori B, BM Orionis, shows clear evidence of intrinsic variability. Eclipses of the prin
clearly visible, and a secondary eclipse is also apparent. Like many eclipsing binaries, there's also a clear n
component present, where light from the primary reflects off of the secondary, meaning that the light curve vs
of eclipse as well as in eclipse itself. Bill Herbst at Wesleyan has been observing BM Ori and other youn
objects for many yea's and he and his students are leading the analysis of this star. What he's found s
intriguing. The duraton of totality of the primarily eclipse has changed since the last time-series observatio
made nearly two aecaces ago. This strongly suggests that the orbit of the stars about one another is changin

BM Orionis
125 1. 1 1 1 I I
05 , !, t 1».. i '
5540 5545 5550 5555 5560 5565 5570 5575

JD - 2450000

Whue we re doing a large survey paper discussing all of the observations, we're also working on a separat
just on the BM Ori results. There have been many speculations as to what BM Orionis really is -- simila
speculation surrounding epsilon Aurigae -- and we're hopeful that our analysis of the light curve will clarify
happening in this very, very young binary star. [l talk more about our results on this star in a future article c
work is done.

MWC 114, a rapidly-varying Be-star

One of the most fascinating serendipitous discoveries in our data set was the detection of multiperiodicity in
MWC 114. Although it was already known to be a Be-star, it was only a suspected variable until now. The
light curve for this star is truly remarkable, showing clear evidence of rapid multiperiodic variations. These v;
are at the level of about 0.01 magnitude in brightness, with a cluster of periods around four hours. The light
beautiful to look at; it shows the unmistakable signature of multiple modes, a beat pattern where the amplituc
primary variation is modulated over the span of several days.

MWC 114

5555 5556 5557 5558 5556 5560
JD - 2450000

We haven't yet determined what is causing the variations. They're very reminiscent of pulsations, and B s
known to pulsate. However, Be-stars are known to be rapidly rotating, very close to the breakup velocity. TI
rotation is the source of the disks and mass loss that characterize these stars. Rotational frequencies of 3«
per day would yield a rotation rate near the Keplerian breakup velocity for something the size of a Be-star.
frequencies come about from the star itself, or the disk, or an interaction between the two? We don't yet kr



we hope to understand this beautiful light curve better very soon.

T Orionis

Earlier | highlighted past observations of the star T Ori, and showed a single season of visual data. The vis
proved that T Oh ,s indeed highly variable but the MOST light curve really drives the point home. It new
constant but cr.anges constantly, continuously, and (apparently) smoothly, at least over the 27 days that we o
with MOST

T Orionis

JD - 2450000

These variations are similar in both magnitude and timing to what AAVSO observers have seen over the past

years that we've been monitoring this star, and it is clear that T Ori and other stars like it never stop varying,

on the timescales that we observe them. There are some tantalizing hints of coherence -- perhaps sc
quasiperiodic -- but during this "short" stretch of only 27 days, its clear that T Ori has a lot going on, and a f
search for short period variability showed nothing periodic or quasiperiodic. It's tantalizing to think what «
stretch of data might tell us about T Ori and other similar stars, but that will be a job for a network of groun

observers -- like you!

Other variables and variability

One disappointment we've had thus far with the data is that there's little evidence for pulsational variability an
sample. Other than MWC 114 (which is very exciting), only one star showed faint evidence for pulsation;
single period, and even that one star only shows a single weak period. Given the power that multiperiodic p
can have for telling us about the interior structure and composition of stars, we were hoping to find more,
digging more deeply into our reduced data to search for very low-amplitude pulsations in some of our consta
and even without pulsators, we have a fascinating sample of young stellar variables.

There are several other stars that show irregular variations like T Ori, including MX Ori, NV Ori, V361 Ori, V:
V566 Ori, V2149 Ori, and NSV 2184. The data show that their variations are irregular, rapid and large, all <
occurrences among YSO variables. Such stars mainly vary due to rapid changes in either the disk around the
the circumstellar environment. The stars can brighten rapidly if the the accretion rate around the star incre;
some reason, or if the star briefly peeks through any dust clouds that orbit around it; they can fade for preci
opposite reason -- often due to obscuration by dust, or by temporary decreases in the accretion rate.

Along with the irregular variables there are a handful of stars showing periodic or quasiperiodic variatior
eclipsing binary BM Ori and the Be-star MWC 114 are certainly the most obvious, but there are a number c
amplitude variables mixed in. Most are likely to be rotating stars of some kind, with periods on the order ¢
days. These include V1232 Ori, AN Ori, and two other stars not previously known to be variable. All four <
show quasiperiodic variations of between 5 and 20 percent. Their variations seem stable in period, but it's cli
light curve shapes change from cycle to cycle, suggestive of rotating stars with changing starspot patterns.



periodic star is LP Ori. a star of early spectral type (B1.5) with a period around four hours but much lower a
than is seen in MWC 114 It's hard to tell by looking at the data that it is varying, but both Fourier anar
autocorrelation show a single, low-amplitude signal (much less than 1% in amplitude, but very coherent) Tm
another star that we're looking at more closely to try and understand how and why it's varying.

AAVSO participation

In Alert Notice 427, we requested observations of a number of targets in and around the Orion Nebula
some interesting variables outside of Orion, like RY Tau and RW Aurigae. We received observations of 1
MOST sample, along with an uptick in the number of observations of stars in the wider field like T Tau.
instrumental observers have added these stars to their observing queues as well, and we're starting to se
V-band light curves along with the visual data. Our first priority was to use the AAVSO community data t<
magnitudes colors and provide a basic flux-to-magnitude calibration for the MOST data, which we've now don
soon be looking more deeply at the AAVSO data for these stars to see what other science is possible u
community data.

We also have some Bright Star Monitor photometry that remains to be reduced - they were already proces
subsequent analysis showed that there was a stray low-amplitude variable among the comparison star er
Arne Henden and | will be working together identify it and reanalyze the images; once we do, all of tl
photometry will enter the AID for community use. Getting a stray variable comparison star wasn't an es
surprising development. Mike Simonsen had to be very careful in setting up new sequences for star:
Trapezium region when he did so back in early 2010, since it's very hard to find non-variable stars of app
color in the field. Our sequences for this region are now better than they've ever been, but even so we ha
careful with these data. All of this will need to be taken into account when the AAVSO data are analyzed in th

More Young Stellar Object Science

The past few years have brought several new campaigns and programs to AAVSO observers, and our proj
MOST is just one of them. In 2010, Dr. Colin Aspin requested observations of two YSOs that entered activ
that year, the stars V2492 Cyg (= VSX J205126.1+440523) and V2493 Cyg (= HBC 722), and observations
stars are requested through the end of 2012 at least. More recently, Dr. Hans Moritz Guenther of |
Smithsonian Center for Astrophysics requested observations of SU Aur and AB Aur in support of his su
XMM-Newton observing run in mid-February 2012. We're hoping that these successful campaigns will lead
collaborations with the YSO research community, providing a new avenue for AAVSO observers to partic
cutting-edge research. The AAVSO archives also continue to be a rich source of research projects, with |
Percy publishing new analyses of many long-term light curves of T Tauri stars with his students. There are so
Pro-Am observing programs coming up in the next few seasons, and we look forward to announcing ther
AAVSO community when their programs are finalized.

More importantly than these specific campaigns however is the new community initiative on these fascinating
stars. Observer Michael Poxon recently launched the Young Stellar Object Section for the observer cor
geared to support observers interested in pursuing YSOs. The section is off to a very active start and h
drawn support from the professional research community -- Drs. Colin Aspin and William Herbst (the latter a
our MOST project) have been providing suggestions and scientific justifications for new observing projects, as
giving important background on the astrophysics of these important stars. We’re thrilled to see this new s
operation, and we encourage observers looking for new and exciting ways to participate in science to conside
in your observing planning. Be sure to stop by the YSO forum, too!

As for the MOST project itself, one of the clear results that is already apparent is how challenging the YSO
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observe, since many show little or no predictability. However, they also provide interesting new avenues for a
interested in carving out a unique niche for themselves. As an example, there is little calibrated, multicolor Ic
photometry for many of these sources. While single-filter or visual observations are useful for learning how st«
multicolor photometry can begin to tell you why they vary. We know some of the mechanisms involved, bu
little knowledge of individual stars, and a surprising number of objects have little or no detailed observationa
that would give a clue as to what they might be. And given that we found two new variables from a
continuous monitoring, careful photometry of stars in this region may reveal more new variables.

But don’t forget one of the more basic reasons to observe these stars, too. YSOs are often associai
prominent nebulae and star formation regions, and are often beautiful as well as productive targets for obser
The Orion Nebula is one of the lovelier sights of our nighttime skies, and one that's available to nearly all ot
around the world. It's a wonderful reminder that something as bright and beautiful as Orion still holds mysl
explore, and can still teach us new things about the universe that we live in. The next time you're showing Ori<
a budding new astronomer, you can point out that astronomy has both an intellectual and aesthetic appeal.
sure to make a few estimates while you're at it!
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747 Lost Part of Wing Slat, TWA Says

April 29,1989  From Associated Press
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LONDON —A TWA Boeing 747 flying from Los Angeles to London with more than 200 people on hoard
lost part of a wing slat as it prepared to land at Heathrow Airport, the airline said Friday.

The Department of Transport said officers from the Air Accident Investigation Bureau have launched an
inquiry into the April 20 incident, which a TWA spokesman called a "minor accident.”

ADS BY GOOGLE

Tempur-Pedic® Travel
Experience the Comfort of Home with Pillows, Sleep Masks, and More.

www [V-inpnrPeilic com

Free Online Quote
Aviation and Aircraft Insurance of all Types. Also airports and FBO's

www uimotohiii com/

Aviation experts said the loss of a slat may affect low-speed handling and might force an aircraft to land
at a faster speed.

The leading edge slats are 6 feet long and positioned along the front of each wing to increase lift. They
are operated hydraulically to change the air flow over the wing and allow the aircraft to land at a slower
speed.

A TWA spokesman, who demanded anonymity, said a 2-foot piece of the slat between the fuselage and
the No. 3 engine on the right wing fell off after a bolt broke. This forced up the flap, breaking off a
section of it, the spokesman said.

However, he said the damage did not cause any problems with the handling of the aircraft and denied
there had been any emergency.

The spokesman said the piece that fell off would have weighed about four pounds. He said authorities
were notified but the piece has not been found, he said.
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Circular No. 5045
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1990 MB
H. E. Holt reports his discovery of a fast-moving asteroidal
object, and the following observations have been reported:

1990 UT R..A. (1950) Decl. Mag . Obser

June 20.26631 16 51 35.45 - 232 05.7 17.0 Holt
20.30486 16 51 32.24 - 230 57.1 K
22.22014 16 49 08.53 - 135 30.4 17.0 K
22.26163 16 49 05.28 - 13 20.1 "
23.21111 16 47 57.07 - 107 54.2 17.0 v
23.26631 16 47 52.87 - 106 23.6 K
26.26163 16 44 31.75 + 0 12 07.5 16.2 Helin
26.28819 16 44 29.85 + 0 12 45.9 "

Holt and D. tevy (Palomar) 0..46-m Schmidt telescope.
Measured by C. M. OlImstead. Communicated by E. Bowell.
E. Helin, B. Roman, and K. Lawrence (Palomar). 0.46-m Schmidt
telescope. Measured by Roman.

Preliminary orbital elements from the above observations:

T = 1990 Oct. 29.359 ET Peri. = 97.323
e = 0.07064 Node 244.170 1950.0
q = 1.40345 AU Incl. = 19.559
a = 1,.51012 AU n = 0.531112 P 1.86 years
1990 ET R.A. (1950) Decl. Delta r Vv
June 18 16 54.59 - 3 41.0 0. 492 1.482 16.1
23 16 48.20 -1 13.6
28 16 42.76 + 0545 0.518 1.472 16.4
July 3 16 38.48 + 2 41.9
8 16 35.45 + 4 09.2 0.557 1.463 16.7
13 16 33.70 + 5 17.4
18 16 33.20 + 6 08.5 0. 606 1.454 17.0
23 16 33.94 + 6 44 .3
28 16 35.86 + 7 07.0 0.661 1.446 17.3
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1990 MB
H. E. Holt reports his discovery of a fast-moving asteroidal
object, and the following observations have been reported:

1990 UT R A. (1950) Decl Mag . Observe

June 20.26631 16 51 35.45 - 2 32 05.7 17.0 Holt
20.30486 16 51 32.24 - 230 57.1 i
22.22014 16 49 08.53 - 135 30.4 17.0 !
22.26163 16 49 05.28 - 13 20.1 .
23.21111 16 47 57.07 - 107 4.2 17.0 "
23.26631 16 47 52.87 - 106 23.6 i
26.26163 16 44 31.75 + 0 12 07.5 16.2 Helin
26.28819 16 44 29.85 + 0 12 45.9 i

Holt and D. Levy Palomar). O 46-m Schmidt telescope.
Measured by C. M. Olmstead. Communicated by E. Bowell.
E. Helin, B. Roman, and K. Lawrence (Palomar). 0.46-m Schmidt
telescope. Measured by Roman.

Preliminary orbital elements from the above observations:

T = 1990 Oct. 29.359 ET Peri. = 97.323
e = 0.07064 Node = 244 .170 1950.0
q = 1.40345 AU Incl. = 19.559
a = 1.51012 AU n = 0.531112 P 1.86 years
1990 ET P:.A. (1950) Decl. Delta r \
June 18 16 54.59 - 3 41.0 0.492 1.482 16.1
23 16 48.20 -1 13.6
28 16 42.76 + 0545 0.518 1.472 16.4
July 3 16 38.48 + 2 41.9
8 16 35.45 + 4 09.2 0.557 1.463 16.7
13 16 33.70 + 5 17.4
18 16 33.20 + 6 08.5 0. 606 1.454 17.0
23 16 33.94 + 6 44.3
28 16 35.86 + 7 07.0 0. 661 1.446 17.3
Aug. 2 16 38.88 + 7 18.8
7 16 42. 91 + 7 21.4 0.719 1. 438 17.5

1990 June 29 (5045) Daniel W. E. Green
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SUPERNOVA 1990N IN NGC 4639

G. Sonneborn, Goddard Space Flight Center; and R. Kirshner,
Center for Astrophysics, report: "Low-dispersion ultraviolet spectra
(range 200-335 nm, resolution 0.6 nm) of SN 1990N have been obtained
with the IUE satellite on June 26.8, 28.3, 30.6 and July 2.7 UT. SN
1990N was detected longward of 250 nm on each date. The mean flux in
the range 300 +/- 15 nm was 1.9**10-14 erg cm-2 s-1 A-1 on July 2.
The ultraviolet flux has approximately doubled every two days during
this period, while the shape of the spectrum has changed very little.
The spectrum resembles IUE spectra of other type la supernovae: it has
the pronounced flux maximum at 310 nm. However, the secondary maximum
usually seen at 290 nm (e.g-, in SN 1981B) is not present in SN 1990N.
The following visual magnitude estimates were obtained with the IUE
Fine Error Sensor (400-700 nm) on the dates given above: 14.4, 14.0,
13.4 and 13.2, indicating that the ultraviolet has been rising at about
twice the rate of the optical brightness. Detection of a large
ultraviolet flux increase in a type la supernova is unprecedented.
Photometry and spectroscopy are needed in other wavelength regions, in
particular optical coverage extending shortward of 400 nm."

V3890 SAGITTARII

K. Sekiguchi, South African Astronomical Observatory reports:
"The spectral evolution of V3890 Sgr has been monitored using the
1.9-m telescope at Sutherland since May 5. The overall development of
the spectrum closely resembles that of the 1985 outburst of RS Oph.
The red-region spectrum (range 560-760 nm, resolution about 0.35 nm
FWHM) taken on June 22 shows the emerging TiO bands of an M4 11l star.
Strong coronal Fe VII 608.6-nm emission, which was absent on May 14
(IAUC 5015), and the Fe X 637.4-nm line are present. The star at the
Duerbeck and Williams positions (6" east and 10" north of V3890 Sgr)
was also observed. No detectable emission line was seen in its
spectrum. This suggests that the star observed by Williams (1983,
Ap.J. Suppl. 53, 523) was in fact V3890 Sgr = N Sgr 1962 in quiescent
state and that his finding chart was incorrect."

1990 MB

Corrigendum. E. Bowell informs us that this object (cf.
IAUC 5045) was actually discovered by David H. Levy. Both Levy
and H. E. Holt were involved with the Palomar observations.

1990 July 5 (G047 Brian G. Marsden
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1990 MB

Several contributors, initially E. Bowell, Lowell Observatory,
have remarked on the possibility that this object might be a "Mars
Trojan"--the first of its kind. Further astrometric and physical
observations of it would therefore be particularly desirable. The
orbit below, from MPC 16700, is still based on only a 24-day arc.
Numerical integration of this orbit over an interval of 60 000 days
shows the distance between 1990 MB and Mars to vary over a range of
0.3 AU during each revolution period P. There is essentially a secular
(long period?) trend to the distances, however, diminishing from
1.9-2.2 AU around 1860 to 1.2-1.5 AU around 2020. Minimum distances
from the earth, Venus and Jupiter are rather consistently 0.5, 0.8
and 3.5 AU, respectively.

T = 1990 Oct. 29.2403ET Peri. = 95.4805
e = 0.065461 Node = 244.4378 1950.0
q = 1.422997 AU Incl. = 20.2267
a = 1.522672 AU n = 0.5245594 P = 1.879 years
1990 ET R.A. (1950) Decl. Delta r \Y
July 28 16 35.65 08.4 0. 681 1.461 17.3
Aug. 7 16 42.55 23.9
17 16 53.14 09.2 0.802 1.447 17.8
27 17 06.93 34.6
Sept 6 17 23.50 48.6 0.921 1.436 18.1
16 17 42.43 57.5
26 18 03.50 1.034 1.428 18.4

Oct. 6 18 26.44
16 18 51.00
26 19 16.99
Nov. 5 19 44.18
15 20 12.32
25 20 41.21

1.144 1.424 18.6
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1.367 1.426 18.9

COMET LEVY (1990c)

Total visual magnitudes: July 24.90 UT, 6.5 (A. Pearce,
Scarborough, Western Australia, 20 x 80 binoculars; 25.30, 6.8
@. V. Scotti, Tucson, AZ, 10 x 50 binoculars); 26.30, 6.6 (J. E.
Bortle, Stormville, NY, 10 x 50 binoculars); 27.31, 6.3
(Scotti); 27.85, 6.3 (Pearce; 0.75-deg tail iIn p.a. 231 deg).

1990 July 28 (5067) Brian G . Marsden



1990 MB

With reference to IAUC 5067, H. Kinoshita, National Astronomical
Observatory, Tokyo, writes that a 10 000-year integration by
M. Yoshikawa using the orbital elements given there "clearly shows
this minor planet is a stable Martian Trojan'; and K. A. Innanen,
York University, Toronto, notes in the abstract of a very recent
paper by S. Mikkola and himself that "contrary to intuition, there
is clear empirical evidence for the stability of motion around the
L4 and L5 points of all the terrestrial planets over a timeframe
of several million years".

E. Bowell, Lowell Observatory, provides the improved orbital
elements below from observations that ndw cover a 40-day arc.
These new figures indeed suggest greater stability than do the set
on IAUC 5067, and a computation by B. G. Marsden, Center for
Astrophysics, shows the object®s distance from Mars to change only
from 1.5-1.8 AU around 1850 to 1.3-1.6 AU around 2400.

Epoch =1990 Nov. 5.0 ET

T = 1990 Oct. 29.1464 ET Peri. = 95.2727
e = 0.064820 Node =244.4595 1950.0
q = 1.424769 AU Incl. = 20.2806

a = 1.523524 AU n = 0.5241192 P = 1.881 years

COMET LEVY (1990c)

Total visual magnitude estimates (cf. IAUC 5Q7Q); Aug. 7.05 UT,
5.4 (@B. H. Granslo, Fjellhamar, Norway, 7x35 binoculars); 9.14, 5.5
(A. Pereira, Linda-a-Velha, Portugal, 9x34 binoculars); 11.20, 4.5
(C. S. Morris, Pine Mountain Club, CA, naked eye); 13.71, 4.6 (.
Ohkuma, Tokyo, Japan, 11x80 binoculars); 15.17, 4.3 (G. Kronk, Troy,
IL, naked eye).

1990 August 15 (5075) Daniel W. E. Green
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V1521 CYGNI

E. B. Waltman, R. L. Fiedler, and K. J. Johnston, Naval
Research Laboratory; and F. CGhigo, National Radio Astronomy Observatory,
report that the source Cygnus X-3 (V1521 Cyg) is flaring at
radio frequencies. The NRL-Green Bank Interferometer Monitoring
Program observed intensities of 8 Jy at 8.3 GHz and 7 Jy at 2.2
GHz on Aug. 15.0 UT.

1990 MB

With reference to IAUC 5067, H. Kinoshita, National Astronomical
Observatory, Tokyo, writes that a 10 000-year integration by
M. Yoshikawa using the orbital elements given there "clearly shows
this minor planet is a stable Martian Trojan™; and K. A. Innanen,
York University, Toronto, notes in the abstract of a very recent
paper by S. Mikkola and himself that "contrary to intuition, there
is clear empirical evidence for the stability of motion around the
L4 and L5 points of all the terrestrial planets over a timeframe
of several million years".

E. Bowell, Lowell Observatory, provides the improved orbital
elements below from observations that now cover a 40-day arc.
These new figures indeed suggest greater stability than do the set
on IAUC 5067, and a computation by B. G. Marsden, Center for
Astrophysics, shows the object®"s distance from Mars to change only
from 1.5-1.8 AU around 1850 to 1.3-1.6 AU around 2400.

Epoch =1990 Nov. 5.0 ET

T = 1990 Oct. 29.1464 ET Peri. = 95.2727
e = 0.064820 Node =244.4595 1950.0
q = 1.424769 AU Incl. = 20.2806

a = 1.523524 AU n = 0.5241192 P = 1.881 years

COMET LEVY (1990c)
Total visual magnitude estimates (cf. 1AUC 5070): Aug. 7.05 UT,
5.4 (B. H. Granslo, Fjellhamar, Norway, 7x35 binoculars); 9.14, 5.5



OBSERVING RUNS WITH DAVID LEVY

1988 Dec 13-14 E.M. & C.S. Shoemaker, D.H. Levy (40 cm Bigelow Schmidt)
1989 Aug 29-30 C.S. Shoemaker, D.H. Levy
1989 Oct 30-Nov 5 E.M. & C.S. Shoemaker, D.H. Levy

1989 Nov 6 D.H. Levy

1989 Nov 22-28 E.M. & C.S. Shoemaker, H.E. Holt, D.H. Levy
1990 Feb 20-24 E.M. & C.S. Shoemaker, D.H. Levy
1990 Mar 26-1 Apr E.M. & C.S. Shoemaker, D.H. Levy
1990 Apr 20-22 E.M. & C.S. Shoemaker, D.H. Levy
1990 Oct 2-26 E.M. & C.S. Shoemaker, D.H. Levy
1990 Nov 11-17 E.M. & C.S. Shoemaker, D.H. Levy
1991 Jan 16 E.M. & C.S. Shoemaker, D.H. Levy
1991 Jan 17-19 C.S. Shoemaker, D.H. Levy

1991 Jan 20-22 E.M. & C.S. Shoemaker, D.H. Levy
1991 Feb 7-13 E.M. & C.S. Shoemaker, D.H. Levy
1991 Mar 9-13 E.M. & C.S. Shoemaker, D.H. Levy
1991 Apr 14-20 E.M. & C.S. Shoemaker, D.H. Levy
1991 Oct 2-8 E.M. & C.S. Shoemaker, D.H. Levy
1991 Nov 7-13 E.M. & C.S. Shoemaker, D.H. Levy

1991 Nov 30-Dec 6 E.M. & C.S. Shoemaker, D.H. Levy
1991 Dec 31-Jan4  E.M. & C.S. Shoemaker, D.H. Levy

1992 Feb 4-5 E.M. & C.S. Shoemaker, D. H. Levy

1992 Feb 8-9 C.S. Shoemaker, D.H. Levy

1992 Feb 25-Marl E.M. & C.S. Shoemaker, D.H. Levy

1992 Apr 2-8 E.M. & C.S. Shoemaker, D.H. Levy

1992 Apr 26-30 C.S. Shoemaker, H.E. Holt, D.H. Levy

1992 Jun 3-8 E.M. & C.S. Shoemaker, G.J. Leonard, D.H.Levy
1992 Oct 22-26 E.M. & C.S. Shoemaker, H.E. Holt, D.H. Levy
1992 Nov 25-Dec 1 E.M. & C.S. Shoemaker, D.H. Levy

1993 Jan 23-29 E.M. & C.S. Shoemaker, D.H. Levy

1993 Feb 15-18 E.M. & C.S. Shoemaker, D.H. Levy

1993 Mar 23-29 E.M. & C.S. Shoemaker, P. Benjoya, D.H. Levy
1993 May 21-24 E.M. & C.S. Shoemaker, D.H. Levy

1993 May 25 E.M. & C.S. Shoemaker, D.H. Levy, D.K. Williams
1993 May 26-27 E.M. & C.S. Shoemaker, D.H. Levy

1993 Jul 21-27 E.M. & C.S. Shoemaker, D.H. Levy

1993 Aug 12-19 E.M. & C.S. Shoemaker, D.H. Levy

1993 Nov 15-20 E.M. & C.S. Shoemaker, D.H. Levy, T. Melis
1993 Dec 7-13 E.M. & C.S. Shoemaker, D.H. Levy

1994 Jan 3-9 E.M. & C.S. Shoemaker, D.H. Levy

1994 Mar 12-13 C.S. Shoemaker, P. Jedicke, D.H. Levy

1994 Mar 14 C.S. Shoemaker, D.H. Levy, D.K. Williams

1994 Mar 15 C.S. Shoemaker, T. Dickinson, D.H. Levy, D.K. Williams

1994 Apr 2 C.S. Shoemaker, D.H. Levy



1994 Apr 3-8

1994 May 11-16
1994 Jun 2-8

1994 Sep 7-12
1994 Sep 30-Oct 1
1994 Oct 2-3

1994 Nov 27-Dec 4

C.S. Shoemaker, H.E. Holt, D.H. Levy

E.M. & C.S. Shoemaker, D.H. Levy, T. Spahr
E.M. & C.S. Shoemaker, D.H. Levy, T.Spahr
C.S. Shoemaker, S.J. Edberg, D.H. Levy

C.S. Shoemaker, D.H. Levy

E.M. & C.S. Shoemaker, D.H. Levy
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Obiect

89 AZ
89AQ1
89 AR1
89 AU1
89 AL2
89 AM2
89 AN2
89 A02
89 AV2
89 AP9
89 AB10
89 BL
89 BW
89 BX
89 BB1
89 CK1
89 CQ1L
89 CH2
89 CJ2
89 CK2
89 CB9
89 CC9
89CD9
89 CE9
89 CF9
89 CG9
89 CH9
89 EV1
89 EX4
89 EY4
89 EE6
89 EOII
89 NX
89 OB
89 OW
89 OX
89 OKI -
89 ONI
89 PA
89 PU
89 QF

/89 QH1

Discovery

890108
890109
890108
890114
890108
890111
890109
890109
890111
890114
890111
890131
890131
890131
890130
890202
890202
890201
890201
890201

890304

890307
890307
890309

890729
890729
890729
890729
890309
890802
890802
890831
890829

PACS DISCOVERALIST 1989

Number

4007
5258
4833
4834
4902
5244
7119

5123
5283
5025
5259
4836
4543
5126
5041
5284

6545

5285
5211
9172

6901
13937
6259
5427

Name Magnitude
195
9.0
Euryalos 10.0
Not ours 10.0
Meges 94
Thoas 9.2

Thessandrus 9.5
(Van Houten’s) 9.9

Hiera 9.8
18.0
11.5
(Oshima’s) 99
Pyhrrus 93
9.9
Epeigeus 10.3
Medon 95
Phoinix 9.9
Achaemenides 10.1
10.5
Orsilocus 9.9
16.8
(Antal) 10.0
18.1
Krethon 9.9
Stevenson Wl ./
Abhramu 16.0
16.5
16.8
17.2
17.9

Roybishop 14.0
Roberthargraves 13.5
Minos 18.1
(Brorfelde’s)  13.2

Type

Apollo
Trojan
Trojan
Trojan
Trojan
Trojan
Trojan
Trojan
Trojan

Trojan
Trojan
Trojan
Trojan
Trojan
Trojan
Trojan
Trojan
Trojan
Trojan

Trojan

Trojan
Phocaea
Amor

MarsX |
High i
Apollo
High i



89 RV1
89 RJ2
89 R02
89 Sz
89 SA1
89 ST5
89 SC7
89 S07
89 SP7
89 SQ7
89 SR7
89 SS7
89 ST7
89 SU7
89 SV7
89 SW7
89 SX7
89 SY7
89 SZ7
89 SAS8
89 SB8
89 SC8
89 SD8
89 SE8
89 SF8
89 SG8
89 SH8
89SW13
>/&9 VA
i/189 VB
189 VN5
' 89 WM
89 WN
89 WF2

890901
890902
890903
890927
890927
890930
890801
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928
890928

891102
891101

891128
891122
891122

19140
8356
4867

5130

d_u"W;o o®

o- 'S

"ei-ilie

22294

, 16452

8358
4503

19980

Jansmit
Wadhwa
Polites

LI

oj-.a

AVA I

Simmons

Goldfinger

RN @ Bl

. K

16.0
14.0
12.5
9.4

18.0
11.5
9.8

175

17.5
18.0
17.8
17.0
17.5
*n 179
13.4

miA 173

17.7
17.9
17.2
145
17.9
17.6
17.2
yr.. 172

*JO
175

5 e »20.0
Richblakley

Cleobulus

Barrysimon

15.5
14.3

i\14p

;G-COi o-;"

< vJO

Trojan
AL

MarsX Phoc
MarsX Phoc
Trojan

Hilda

Main belt

Main belt

Ik

Aten
Apollo

Amor
Phocaea
Phocaea
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13 7P/Shoemaker-Levy
2

Past, Present, and Future Orbits by Kazuo Kinoshita

Copyright ? 1999 by Akimasa Nakamura (Kuma Kogen Astronomical Observatory,
Japan)

The CCD image was taken on 1999 July 8.68, using a 0.60-m f/6
Ritchey-Chretien telescope.

Discovery

During the last half of November of 1990 Carolyn S. Shoemaker
(Palomar Observatory, California, USA) discovered images of an
asteroidal object on plates taken on October 25, November 13, and 15.
The magnitude was estimated as 17 on October 25 and 17.7 on November
13. The plates were obtained by Eugene M Shoemaker, David H. Levy,
and herself.

Prediscovery images were then located on plates exposed at Palomar
Observatory by H. E. Holt, H. R. Holt, C. M. Olmstead, and J. A. Brown
on September 17 and 20. The magnitude was determined as 17.6.

Gareth V. Williams took the available positions and computed an
elliptical orbit with a perihelion date of 1990 September 25 and an orbital
period of 9.27 years. He said the orbit indicated this was a
Jupiter-crossing object. The object was given the minor planet designation
of 1990 UL3.

Brian Skiff (LowelK”bsefvatory. Arizona. USA) announced that CCD
images obtajjied-xCTtffa 1.1-m reflector on December 7 revealed a straight
taiLextenSing 29 arc seconds toward PA 67°. Before this announcement,
S. Larson and Levy (University of Arizona) obtained CCD images of the
comet with the Catalina 1.5-telescope on December 19 and detected a tail



extending 28 are seconds toward PA 583. Thus, the "minor planet" proved
to be a comet.

Historical Highlights

e During the discover) apparition the comet was only followed until 1991
January 15. when astronomers at the Anderson Mesa station of Lowell
Observ atory detected it. They determined the nuclear magnitude as 18.2.

» After acquiring all available positions, S. Nakano determined a revised
orbit which indicated the comet would next reach perihelion in February
0f 2000. Searches actually began in 1998, and on May 19 and 20 C. W.
Hergenrother recovered the comet with the 1.2-m reflector at Mt.
Hopkins. His precise positions indicated Nakano's prediction required a
correction of only -0.5 day. Hergenrother said the comet appeared stellar
in appearance and had a magnitude of 21.0.

C&MS Home | cometography.com |
Current | Periodic | Sungrazers | Links | Comet Information
Media Inquiries
If you have any questions, please email me

Sponsored by SpaceWeather.com



129P/Shoemaker-Levy
3

Past, Present, and Future Orbits by Kazuo Kinoshita

Copyright?1997 by Akimasa Nakamura (Kuma Kogen Astronomical Observatory,
Japan)

This CCD image was taken on 1997 December 4.74, using a 0.60-m
f/6 Ritchey-Chretien telescope.

Discovery

Caroline S. Shoemaker, Eugene M. Shoemaker, and David H. Levy
(Palomar Observatory) reported discovering this comet on images
obtained with a 0.46-m Schmidt telescope on 1991 February 7.34 and
February 8.26. The magnitude was estimated as 16.5 and the comet was
described as "moderately diffuse, with hint of a tail to the northwest.”

Historical Highlights

 Following the acquisition of images up through 1991 February 11, Brian
G. Marsden (Central Bureau for Astronomical Telegrams) computed the
first orbit which inicated the comet was moving in a short-period orbit.
This preliminary orbit indicated a perihelion date of 1991 February 26 and
an orbital period of 7.26 years. The comet was ignored in the weeks that
followed, and new observations did not become available until April. At
that time Marsden was able to revise the orbit, which indicated a
perihelion date of 1990 December 26.8 and a period of 7.25 years. Final
orbits following the acquisition of additional observations indicated a



perihelion date of December 12.8.

* As noted above, the comet was largely ignored during its discovery
apparition. Since it was already passed perihelion, the magnitude faded
from 16.5 at discovery to 17.5 in mid-April. The comet was last seen on
May 5. when the magnitude had dropped to 19.

* S. Nakano provided a prediction for the 1998 return, but. before
searches could be made for a recovery, word came that A. Maury, M.
Lundstrom. and G. Hahn had accidentally recovered the comet on minor
planet survey plates obtained with the 0.9-m Schmidt telescope at
Caussols on 1996 October 17.99. The comet was described as diffuse,
with a magnitude of 19.3. The position indicated Nakano's prediction
required a correction of-0.1 day. Revised computations indicated the
comet would arrive at perihelion on 1998 March 4.9. With a perihelion
distance of 2.82 AU, it was not expected to become brighter than
magnitude 16, although this was based on the incomplete coverage of the
1991 apparition. During late January of 1998, some observers were
estimating a brightness greater than 15.

C&MS Home | cometography.com |
Current | Periodic | Sungrazers | Links | Comet Information
4
Media Inquiries

Ifyou have any questions, please email me

Sponsored by SpaceWeather.com



118P/Shoemaker-Levy

Past, Present, and Future Orbits by Kazuo Kinoshita

Copyright ? 1997 by Akimasa Nakamura (Kuma Kogen Astronomical Observatory,
Japan)

The CCD image was taken on 1997 January 11, using a 0.60-m f/6
Ritchey-Chretien telescope.

Discovery

C. S. Shoemaker, E. M. Shoemaker, and D. H. Levy (Palomar
Observatory, California, USA) discovered this comet in Virgo on films
exposed on February 9.46 with the 0.46-m Schmidt telescope. The comet
was described as diffuse and magnitude 17. There was also a short tail
extending toward the west.

Historical Highlights

» Daniel W. E. Green published the first parabolic orbit for this comet on
February 13, using positions obtained at Palomar and other observatories.
It indicated a perihelion date of 1990 October 8. After the arrival of
further observations during the next couple of weeks, the comet was
officially announced as a short-period comet on February' 26, with Brian
G. Marsden having computed an elliptical orbit with a perihelion date of
1990 July 19 and an orbital period of 6.82 years.

» With the comet having passed perihelion seven months prior to



discovery, it steadily faded after February. The final observation was
obtained on April 19 at Oak Ridge Observatory. Shortly thereafter a
revised orbit indicated a period of 6.53 years.

» S. Nakano predicted the comet would next arrive at perihelion on 1997
January 12. The prediction enabled James V. Scotti to recover the comet
on 1995 June 22.45. Scotti used the 0.9-m Spacewatch telescope at Kitt
Peak. The comet was described as stellar with a magnitude of 21.9. The
Scotti's position indicated the predicted perihelion date was only in error
by 0.6 day.

» The 1997 apparition was rather favorable as the comet became brighter
than magnitude 13 from 1996 November through 1997 March.
C&MS Home | cometography.com |
Current | Periodic | Sungrazers | Links | Comet Information
Media Inquiries
Ifyou have any questions, please email me

Sponsored by SpaceWeather.com



181P/Shoemaker-Levy 6 (2006)

Profile N Pictures

Designation 181P/2006 U4
Recovery Date October 26, 2006

Magnitude 18.2 mag % v el
Recoverer R. H. McNaught and D. M. Burton (Siding Spring)
%
Orbital Elements
Epoch = 2006 Dec. 11.0 TT

T = 2006 Nov. 25.0013 TT Peri = 333.5580

e = 0.706643 Node = 37.8728 2000.0

g = 1.127551 AU Incl = 16.9267

a = 3.843617 AU n = 0.1307959 P 7.535 years






1S1P/2006 U4 ( ShoemakerLevv 6)

13 -

14 -

M fim ov m°

The orbital elements are calculated by Dr. Brian G. Marsden and printed on 1A1JC 8767.
The charts are made with StellaNavigator Ver.2.0 for Windows (AstroArU / ASCII).
The magnitudes graphs are made with Comet for Windows.

Copyright(C) Seiichi Yoshida (cmnetM.aerith.uei). All rights reserved.



145P/Shoemaker-Levy 5 (2000)

Japanese version

Lpdated on November 1, 2009
Home page

N Profile

Designation 145P/2000 R1

Recovery Date September 6, 2000

Magnitude 18.5 mag

Recoverer Lincoln Laboratory Near-Earth Asteroid Research project

Orbital Elements

Epoch = 2000 Aug. 4.0 TT

T = 2000 Aug. 17.0846 TT Peri = 6.2331
e = 0.529360 Node = 29.6904 2000.0
g = 1.988623 AU Incl. = 11.7706

a = 4.225360 AU n = 0.1134772 P 8.686 years



138P/Shoemaker-Levy

Past, Present, and Future Orbits by Kazuo Kinoshita

Discovery

This comet was discovered by Carolyn S. and Eugene M. Shoemaker
and David H. Levy on photographic plates exposed with the 0.46-m
Schmidt telescope at Palomar Observatory (California, USA) on 1991
November 13. It was described as diffuse, with a condensation and was
estimated as magnitude 16.5. An image on the 15th acted as an additional
confirmation.

Historical Highlights

» Daniel W. E. Green (Central Bureau for Astronomical Telegrams)
computed the first orbit which was published on November 25. It was a
parabolic orbit with a perihelion date of 1991 September 15, a perihelion
distance of 1.23 AU, and an inclination of 10 degrees. He added, "This
may be a short-period comet." This suggestion was confirmed by Green's
colleague B. G. Marsden, who used additional positions obtained into
December and published a short-period orbit on December 5. It indicated
the perihelion date was October 27, the perihelion distance was 1.63 AU,
and the orbital period was 6.72 years. Eventually the orbital period was
refined to 6.73 years.

« J. V. Scotti (Lunar and Planetary Laboratory, Arizona, USA) recovered
this comet on CCD images obtained on 1998 July 25.43. The comet was
described as magntiude 20.7 with a coma 6 arc seconds across. There was
a tail extending 0.5 arc minute in PA 264 degrees. Precise positions
indicated the prediction published by Marsden required a correction of
-0.7 day.

C&MS Home | cometography.com |
Current | Periodic | Sungrazers | Links | Comet Information

Media Inquiries

Ifyou have any questions, please email me



135P/Shoemaker-Levy

Past, Present, and Future Orbits by Kazuo Kinoshita

Discovery

This comet was discovered by Carolyn S. and Eugene M. Shoemaker
and David H. Levy on photographic plates exposed with the 0.46-m
Schmidt telescope at Palomar Observatory on 1992 April 5. The
magnitude was determined as 17.0 and there was possibly a very' faint tail
towards the west. This team obtained confirming images on April 7 and 8.

A few days after the discovery announcement, A. Savage (Siding
Spring, Australia) found a prediscovery image obtained on a plate
exposed with the 1.2-m U.K. Schmidt on March 30. It revealed a tail
extending 30 arc seconds to the northwest.

Historical Highlights

» The comet was officially announced by the Central Bureau for
Astronomical Telegrams on April 9. The Palomar group had obtained
enough positions to enable B. G. Marsden to compute a parabolic orbit
with a perihelion date of 1992 October 28, a perihelion distance of 1.44
AU, and an inclination of 8 degrees. Marsden added, "It is quite likely that
the comet is a short-period one."” Following the acquisition of additional
positions, including the prediscovery one from March 30, S. Nakano
confirmed Marsden's suspicion by computing a short-period orbit with a
perihelion date of 1992 May 21, a perihelion distance 0of 2.72 AU, and an
orbital period of 7.59 years. Although the orbit was generally correct, the
large perihelion distance made these early computations somewhat
uncertain. Following the comet's final observations on 1993 September 16
revisions in the orbit revealed a perihelion date of June 13 and an orbital
period of 7.47 years.

» This comet was recovered on 1998 January 22 by C. W. Hergenrother.
He was using the Smithsonian Astrophysical Observatory's 1.2-m
reflector at Mt. Hopkins. The magnitude was given as between 21.7 and
22.0. The precise positions indicated the prediction required a correction
of *0.03 day. Hergenrother confirmed the comet with the Lunar and
Planetary Laboratory's 1.5-m reflector at the Catalina station on January'



28. He said the coma appeared moderately diffuse and 5 arc seconds
across.

C&MS Home cometography.com |
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GARY W KRONK'S COMETOGRAPHY

D/1993 F2
Shoemaker-Levy 9

Copyright ? 1994 by H. A. Weaver and T. E. Smith (Space Telescope Science
Institute), and NASA

A NASA Hubble Space Telescope (HST) image of comet
P/Shoemaker-Levy 9, taken on May 17, 1994, with the Wide Field
Planetary Camera-2 (WFPC-2) in wide field mode. This required 6
WFPC exposures spaced along the comet train to include all the
nuclei. The image was taken in red light.

Discovery

Carolyn S. and Eugene M. Shoemaker and David H. Levy (Palomar
Observatory in California) examined a®otographekposed on 1993
March 24.36 as part of a routine asteroid survey. Although the team had
already discovered numerous comets during the previous few years, this
photograph held a most unusual object. As the plate was slowly scanned a
comet was found which resembled a dense linear bar, with a faint, wispy
tail. At a later date, they said their initial reaction was that the comet
appeared "squashed." The comet was reported to the appropriate
authorities, and was named Shoemaker-Levy. A more formal name of
periodic comet Shoemaker-Levy 9 was later given to the comet when
astronomers realized it completed one orbit around the sun every 17 years
and was therefore classed as a short period comet. This was the ninth
short-period comet discovered together by the Shoemakers and Levy.
While the comet’s initial appearance was certainly something new and
unusual, the comet's location was also of interest. Brian G. Marsden's
announcement of the comet on IAU Circular 5725 included his remark
that "The comet is located some 4 degrees from Jupiter, and the motion
suggests that it may be near Jupiter's distance.” As orbits were computed it
was soon realised that the comet was actually in orbit around Jupiter. An
independent discovery was reported by O. Naranjo (Merida), who found



a? oxrjet on a p'hocograph exposed on March 26.2.

In -be days following the comet’s discovery. additional images of the
co~r: ~ere fbtnc on earlier piaies taken elsewhere. K. Endate (Kitami)
find mimigr ona photograph exposed on March 15.6. S. Otomo
(Olorao Ohscnaon ) photographed it on March 17.6. The team of E.
Ifclin K. Lawrence. and C. Brewer (Palomar Observatory) found images
exposed on March 19.4.

Historical Highlights

e The Orbit: IAU Circular 5726 (1993 March 27) contained the first
orbits determined for this comet. B. G. Marsden used 9 positions obtained
on March 24. 26. and 27, and computed a parabolic and an elliptical orbit.
Both orbits indicated rather close approaches to Jupiter, with the parabolic
indicating a close distance of 0.31 AU on 1993 March 30 and the elliptical
indicating a distance of 0.04 AU on 1992 July 28. With the help of the
March 15 prediscovery position and further observations up to April 1,
Marsden announced on IAUC 5744 (1993 April 3) that the parabolic
solution "was no longer viable" and provided a revised elliptical solution
indicating a close approach of 0.007 AU from Jupiter on 1992 May 16. He
added that a tidal breakup presumably required an approach to 0.001 AU.
After another month and a half of positions had been obtained, Marsden
provided a greatly improved orbit on IAUC 5800 (1993 May 22). This
indicated the comet passed 0.0008 AU from Jupiter on 1992 July 8.8 UT,
at which time it was torn to pieces. Even more interesting was that the
comet would collide with Jupiter during July of 1994. Later calculations
revealed the 21 pieces of this comet would strike Jupiter during the period
of 1994 July 16 to 22.

» Perhaps the best set of observations obtained during this comet's
apparition was that provided by Akimasa Nakamura (Kuma Kogen
Astronomical Observatory, Japan). Using a 0.60-m telescope he
determined the total magnitude, measured the length of the comet, and
provided magnitude estimates of several of the nuclei. A small sample
includes the following observations obtained during the first six months of
1994,

January 8.85: The total magnitude was estimated as 15.1 and the
coma length was 2.8 arc minutes. He said the fragments were oriented
on a line extending from PA 64° to PA 244°. Nuclear magnitude
estimates: G=18.8. H=19.1, K=18.8. L=19.0, Q=18.7. R=19.3,
S=19.6.

April 13.73: The total magnitude was estimated as 15.2 and the
coma length was 5.2 are minutes. He said the fragments were oriented
on a line extending from PA 63° to PA 243°. Nuclear magnitude



estimates: G=18.7, H=19.0. K=18.8. L=19.1. Q=18.4. R=19.6.
S=19J.

June 1.55: The total magnitude was estimated as 15.0 and the
coma length was 6.8 arc minutes. He said the fragments were oriented
on a line extending from PA 64=to PA 244°. Nuclear magnitude
estimates: F=19.6. G=18.7. H=19.0. K=18.9. Q=18.3, R=19.1,
S=18.7, W=19.7.

* Some Interesting Impact Results: Here are a few of the most
interesting announcements.

--The Kuiper Airborne Observatory detected water within the
"splash phase” of Fragments G and K.

—Near-infrared Spectroscopy was obtained at the United Kingdom
Infrared Telescope at Mauna Kea, Hawaii. In a paper by T. .
Brooke, G. S. Orton, D. Crisp, A. J. Friedson, and G. Bjoraker it was
revealed that carbon monoxide was detected at the site of the L event
about four hours after impact.

—PDetection of sodium, iron, magnesium, calcium, and manganese
was made during the impact of fragment L, while sodium D was

found during the impact of Q1.

—Observations of the impacts of A, H. and Q were made at the
Serra La Nave Station of the Catalina Astrophysical Observatory by
C. Blanco, G. Leto, and D. Riccioli. Photometric monitoring of
Europa and lo revealed slight brightenings at the time ofthe A and Q
events.
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Remnants of 1994 Comet Impact Leave Puzzle at
Jupiter

by Robert Roy Britt, Senior Science Writer
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Jupiter's atmosphere still contains remnants of a comet impact from a decade ago, but scientists said last week they are
puzzled by how two substances have spread into different bcations.

The new study also discovered two previously undetected chemicals in Jupiter's air.

Grasping what chemical compounds are inand above the Jovian clouds and how they move about could help scientists
understand planets outside our solar system, too, said the researchers who produced the work.
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From July 16 through July 22, 1994, more than 20 fragments ol Comet P/Shoemaker-Levy 9 collided with the gaseous



pfanet al cornrt; ki ai about the same latitude. 45 degrees south. Fragments up to 1.2 mDes (2 kilometers) sen pkrres
hot gas nto the Jo\nr atmosphere. Dark scars lasted lor weeks.

N —Shocks ctfaird by the knpacts fed to high-temperature chemical reactions that produced hydrogen cyanide, which rem
the ar but has been spread around a bit inthe >ears sixe. The comet also delivered carbon monoxide and water, w3
through an interaction with sinfighL scientists suspecL was converted to carbon dioxide.

The Cassini spacecraft, now at Saturn, examined Jupiter as it swung by. The new study draw” on infrared data from
Cassini collected in 2000 and 2001.

The hydrogen cyanide has diffused some both north and south, mixed by wave activity, explained Michael Flasar of
NASA's Goddard Space Flight Center. Jupiter's cloud bands carry material around the planet swiftly, but the bands dc
not mix easily. Not surprisingly, hydrogen cyanide is most abundant ina belt at the latitude where the comet was absort
At five degrees of latitude change in both directions, its presence drops off sharply.

The highest concentration of carbon dioxide, however, has shifted away from the latitude of the impact. It is most pre\c
poleward of 60 degrees south and decreases abruptly, toward the equator, north of 50 degrees south. Another smaller
spike in its presence occurs at high northern latitudes, around 70 to 90 degrees north.

Perhaps the two chemicals got distributed at different altitudes, and are being moved around by different currents, Flas<
told SPACE.com. Or maybe the formation of the carbon dioxide was more complex than thought. He said it might ha\
involved carbon monoxide first moving away from the impact area and then interacting with other substances at higher
latitudes before being converted to carbon dioxide.

"At high latitudes, precipitation of energetic oxygen ions probably occurs, associated with Jupiter's magnetically inducec
AMights, known as aurora,” Flasar explained. "These energetic ions could react with Jupiter's atmosphere to produce
hydroxyl, which can oxidize carbon monoxide to produce carbon dioxide."

If all that sounds complicated, you're not alone in wondering what's going on.

"We're scratching our heads, and we need to work through these, and perhaps other, scenarios,” said Flasar, who is
principal investigator for Cassini's Composite Infrared Spectrometer.

The study, led by Virgil G. Kunde of the University of Maryland, was published Thursday inthe online version of the
journal Science.

The work also uncovered two new compounds, diacetylene and a so-called methyl radical, which are products ol the
breakup of methane by ultraviolet radiation from the Sun. These were expected but had not been observed at Jupiter
before.

So far as astronomers know, the more than 100 giant planets found outside our solar system might be something like
Jupiter. Only one has had its atmosphere probed. Better knowledge of the substances in Jupiter, and how things move
around, should help set the stage for grasping the formation and evolution ol gaseous extrasolar planets, the researchers
say.

"An understanding of the processes governing the composition and distribution of chemical species in Jupiter's atmospb
AN s required to successfully understand the chemical composition of extrasolar planets,” they write in the journal.

e Comet's Scars on Jupiter

This article ispart ofSPACE.com'sweekly Mystery Monday series.
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Digital Comet Hunting with POTUS.

Begun early in 2010

Using POTUS, the telescope that Dean
Koenig set up at the White House, as a
part of what might have been the first
star party held with the President of the
United States.
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PHOTO RELEASE NO.: STScl-PR94-21 FOR RELEASE: Wednesday, May 18, 1994

COMET P/SHOEMAKER-LEVY 9 "GANG OF FOUR" HST IMAGE

This is a composite HST image taken in visible light showing the temporal evolution of the
brightest region of comet P/Shoemaker-Levy 9. In this false-color representation, different
shades of red color are used to display different intensities of light.

[top panel] - This shows data taken on 1 July 1993, prior to the HST servicing mission. The
separation of the two brightest fragments is only 0.3", so ground-based telescopes could not
resolve this pair. The other two fragments just to the right of the closely-spaced pair are only
barely detectable due to HST's spherical aberration.

[middle panel] - This shows the first HST observation after the successful servicing mission
and was taken on 24 January 1994. The two brightest fragments are now about 1" apart,
and the two fainter fragments are much more clearly seen. The light near the faintest
fragment is not as concentrated as the light from the others and is elongated in the direction

of the comet's tail.

[bottom panel] - The latest HST observation, taken on 30 March 1994, shows that the
faintest fragment has become a barely discernible "puff." Also, the second faintest fragment
has clearly split into two distinct fragments by March. Continued splitting events, such as
those depicted here, will decrease the explosive power of any single impact into Jupiter's
atmosphere as the comet makes its fiery plunge into this giant planet during the period 16-22
July 1994. Fortunately, most of the fragments of P/S-L 9 have apparently been stable for at
least a year and have NOT shown any evidence for further break-up.

Credit: Dr. Hal Weaver and T. Ed Smith (STScl), and NASA

Photo Release
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COMET SHOEMAKER-LEVY 9 COLLISION WITH JUPITER IN 1994

Comet Shoemaker-Levy 9, tom into pieces as a result of a close approach to Jupiter in July 1992
will collide with Jupiter during the third week of July 1994. Of tremendous scientific importance, the
impacts of the cometary fragments will release more energy into Jupiter’'s atmosphere than that c*
the world’s combined nuclear arsenals. Because the impact will occur on the night side of Jupite'
the explosions will not be directly observable from Earth. However, professional and amateur
astronomers may observe the impact light flashes reflected off the inner satellites of Jupiter. Any
lasting effects on Jupiter, such as atmospheric clouds, ejecta plumes, or seismic thermal distur-
bances, may be observable an hour or so later when the rotation of Jupiter brings the impact sites
into the Earth’s view.

Analysis of high resolution images of the comet taken by the Hubble Space Telescope in July 1992
suggests that the major cometary fragments range in size from one to a few kilometers. The large
fragments are embedded in a cloud of debris with material ranging in size from boulder-sized to
microscopic particles. Although comet-like outgassing of the fragments has not been observed, the
fragile nature of the object suggests that it is indeed a comet rather than a more compact asteroic

Comet Shoemaker-Levy 9 was the ninth short-periodic comet discovered by Eugene and Carolyn
Shoemaker and David Levy. It was first detected on a photograph taken on the night of March 24.
1993 with the 0.4 meter Schmidt telescope located on Palomar mountain in California. Subseque”:
observations were forthcoming from observers at the University of Hawaii, the Spacewatch tele-
scope on Kitt Peak in Arizona, and McDonald Observatory in Texas. These observations were usee
to demonstrate that the comet was in orbit about Jupiter, and has made a very close approach
(within 1.4 Jupiter radii from Jupiter’s center) on July 7,1992. During this close approach, the
unequal Jupiter gravitational attractions on the comet’s near and far side broke apart the fragile
object. The disruption of a comet into multiple fragments is an unusual event, the capture of a
comet into an orbit about Jupiter is even more unusual, and the collision of a large comet with a
plant is an extraordinary, millennial event.

This color depiction of comet Shoemaker-Levy 9 impacting Jupiter is shown from several perspec-
tives. Image A is shown from the perspective of Earth-based observers. Image B shows the per-
spective from the Galileo spacecraft which can observe the impact point directly. Image C is sbo.".~
from the Voyager 2 spacecraft, which may observe the event from its unique position at the outer
reaches of the solar system. Image D depicts a generic view from Jupiter’s south pole. For visua
appeal, most of the large cometary fragments are shown close to one another in this image. At the
time of Jupiter impact, the fragments will be separated from one another by several times the
distances shown. This image was created by D.A. Seal of JPL’s Mission Design Section using
orbital computations provided by P.W. Chodas and D.K. Yeomans of JPL’s Navigation Section.

JPL









We show a mosaic of four images of the impact of Comet Shoemaker-Levy 9 fragment
R into Jupiter. The upper images were taken with the ROKCAM infrared camera on
the McDonald Observatory 2.7m telescope in a filter which isolates absorption by.
molecular hydrogen at 2.12 microns. The lower images were taken at the same times
as the upper images, but are CCD frames taken with the 0.8m telescope in a filter
which isolates absorption by methane gas at 0.893 microns. The left two images
were taken on 1994 July 21 05:41 UT, and the two right images were taken at
05:43UT. The upper right infrared image shows the brightening due to the impact of
fragment R. This flash saturated the detector, and the actual increase in brightness
is more than can be shown in this image. Our data show that the flash increased by
a factor of 2 in consecutive images taken 18 seconds apart. This brightening is NOT
soon in the CCD image in the lower right. This is because the fireball was not hot
enough to produce significant flux at the shorter wavelength of the CCD image.
MOKCAM Imagos woro takon by Dr. Yongha Kim (Univ. Maryland), Dr Beth Clark and Dr.
wiiiinm cochmn (Univ. lox.n) CCD imagos were taken by Dr. Wayne Pryor (Univ.

m, fSoulhwnut Hnrmarch Institute) and Dr. Anita Cochran (Univ.
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Hubble Space Telescope Views Comet Fragment Impacts

This color image shows the impact sites of fragments D/G and L, with a smudge
along the planet’s left edge where the impact site from fragment Q is just
rotating into view. The image was taken with the Hubble Space Telescope’s
Wide Field Planetary Camera 2, in its high resolution mode (planetary camera
mode). Data were obtained shortly after the Q fragment hit the planet at about
4:00 pm EDT on July 20, 1994.

Comet Shoemaker-Levy 9 broke up into 21 fragments during a close passage
by Jupiter in July of 1992. As of early morning, July 22, 1994, all comet
fragments have impacted the planet. Pre-encounter estimates of the energy of
the combined impacts are highly uncertain, and range up to that of a million
hydrogen bombs (a million megatons of TNT).

Jupiter was approximately 477 million miles (767 million kilometers) from Earth
when the image was taken.

Credit: Dr. Heidi Hammel, Massachusetts Institute of Technology, Dr. Reta
Beebe, New Mexico State University, NASA HST.

Hubble Space Telescope Science Institute
3700 San Martin Drive

Baltimore, MD 21218
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HUBBLE ULTRAVIOLET IMAGE OF MULTIPLE COMET IMPACTS ON JUPITER

Ultraviolet image of Jupiter taken by the Wide Field Camera of NASA's Hubble Space
Telescope. The image shows Jupiter's atmosphere at a wavelength of 2550 Angstroms after
many impacts by fragments of comet Shoemaker-Levy 9. The most recent impactor is
fragment R which is below the center of Jupiter (third dark spot from the right). This photo
was taken 3:55 EDT on July 21, about 2.5 hours after R's impact. A large, dark patch from
the impact of fragment H is visible rising on the morning (left) side. Proceeding to the right,
other dark spots were caused by impacts of fragments QI, R, D and G (how one large spot),
and L, with L covering the largest area of any seen thus far. Small dark spots from B, N,
and Q2 are visible with careful inspection of the image. The spots are very dark in the
ultraviolet because a large quantity of dust is being deposited high in Jupiter's stratosphere,
and the dust absorbs sunlight. Scientists will be able to track winds in the stratosphere by
watching the evolution of these features. Jupiter's moon, lo, is the dark spot just above the

center of the planet. - ., MmMm
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PHOTO RELEASE NO STScl-PRC94-34 FOR RELEASE: July 22, 1994

COLOR HUBBLE IMAGE OF MULTIPLE COMET IMPACTS ON JUPITER

Image of Jupiter with NASA's Hubble Space Telescope's Planetary Camera. Eight impact
sites are visible. From left to right are the E/F complex (barely visible on the edge of the
planet), the star-shaped H site, the impact sites for tiny N, QI, small Q2, and R, and on the
far right limb the D/G complex. The D/G complex also shows extended haze at the edge of
the planet. The features are rapidly evolving on timescales of days. The smallest features in
this image are less than 200 kilometers across. This image is a color composite from three
filters at 9530, 5550, and 4100 Angstroms.

Credit: Hubble Space Telescope Comet Team
and NASA
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STScl-PR94-26a

PHOTO ILLUSTRATION OF COMET P/SHOEMAKER-LEVY 9 & PLANET JUPITER

This is a composite photo, assembled from separate images of Jupiter and Comet P S*'" -
maker-Levy 9, as imaged by the Wide Field & Planetary Camera-2 (WFPC-2), aboard
NASA's Hubble Space Telescope (HST).

Jupiter was imaged on May 18,1994, when the giant planet was at a distance of 420 mil-
lion miles (670 million km) from Earth. This "true-color" picture was assembled from sepa-
rate HST exposures in red, blue, and green light. Jupiter's rotation between exposures
creates the blue and red fringe on either side of the disk. HST can resolve details in
Jupiter's magnificent cloud belts and zones as small as 200 miles (320 km) across (wide
field mode). This detailed view is only surpassed by images from spacecraft that have
traveled to Jupiter.

The dark spot on the disk of Jupiter is the shadow of the inner moon lo. This volcanic
moon appears as an orange and yellow disk just to the upper right of the shadow. Thougr
lo is approximately the size of Earth's Moon (but 2,000 times farther away), HST can re-
solve surface details.

When the comet was observed on May 17, its train of 21 icy fragments stretched across
710 thousand miles (1.1 million km) of space, or 3 times the distance between Earth and
the Moon. This required six WFPC exposures along the comet train to include all the
nuclei. The image was taken in red light.

The apparent angular size of Jupiter relative to the comet, and its angular separation from
the comet when the images were taken, have been modified for illustration purposes.

Credit: H.A. Weaver, |.E . Smith (Space Telescope Science Institute) and J.T.
Trauger, R.W. Evans (Jet Propulsion Laboratory), and NASA.
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PHOTO RELEASE NO.: STScl-PR94-28 FOR RELEASE: July 17, 1994
i

HUBBLE IMAGE OF COMET SHOEMAKER-LEVY FIRST FRAGMENT IMPACT WITH JUPITER

This NASA Hubble Space Telescope image of Jupiter's cloudtops was taken at 5:32 EDT on July 16, 1994, shortly after the
impact of the first fragment (A) of Comet Shoemaker-Levy 9. A violet (410 nanometer) filter of the Wide Field Planetary
Camera 2 was used to make the image 1.5 hours after the impact.

The impact site is visible as a dark streak and crescent-shaped feature in the lower left of the image, and is several thousand
kilometers across. The comet entered the atmosphere from the south in the direction of the streak at an angle of about 45 degrees
from the vertical. The crescent-shaped feature may be the remains of the plume that was ejected back along the entry path of the
projectile. The features are probably dark particles from the comet, or possibly condensates dredged up from Jupiter's deep
atmosphere.

Comet Shoemaker-Levy 9 broke up during a close passage by Jupiter in July of 1992. The fragments will continue to impact the
planet through 22 July 1994. Pre-encounter estimates of the energy of the combined impacts are highly uncertain, and range up to
that of a million hydrogen bombs (a million megatons of TNT).

Jupiter was approximately 477 million miles (767 million kilometers) from Earth when the image was taken.

Credit: H. Hammel, MIT
and NASA
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JUPITt K'S COMET COLLISION SITES AS SEEN IN VISIBLE AND ULTRAVIOLET LIGHT

I his comparison of visible light (blue) and far-ultraviolet (FUV) images of Jupiter taken with the Wide Field Planetary Camera-2 (WFPC-2) on
NASA’s Hubble Space Telescope show how the appearance of the planet and of comet Shoemaker-Levy-9 impact sites differ at these two
wavelengths (1400-2100 and 3100-3600 Angstroms). The images, taken 20 minutes apart on July 17,1994 (around 19:00 UT), show the impact
sites on the south hemisphere, from left to right, of comet fragments C, A and E, about 12, 23, and 4 hours after each collision. Jupiter's satellite lo is
seen crossing above the center of the disk, and the famous Great Red Spot is near the eastern limb.

While visible light reflects off top of Jupiter's cloud decks, ultraviolet light doesn't penetrate any deeper than Jupiter's stratosphere and higher
altitude levels (100's of kilometers above the cloud tops). (The grainy appearance of Jupiter in the FUV is due to the darkness of the planet at this
wavelength.) Jupiter's aurora can be seen around the north and south poles where the atmosphere appears dark due the presence of hazes These
emissions are produced when energetic charged particles from Jupiter's magnetic field collide with molecular hydrogen in the upper atmosphere.

In the visible image, the impact sites appear as localized dark spots with diffuse halos. Inthe ultraviolet image the impact regions appear darker and
more extended, because the FUV is more sensitive to smaller amounts of particles, and/or that the horizontal winds in the upper atmospheric levels
may be faster. The dark appearance is due to presence of enhanced amounts UV absorbing molecules, scattering hazes and dust. This material
should be a combination of gases from Jupiter's lower atmosphere as well as comet volatiles and impact by-products that were carried up from

deeper in Jupiter's atmosphere and deposited into the stratosphere and thermosphere. Material should also have been deposited from ablation of
the fragments and dust during entry.

Tracking the motions with WFPC-2 FUV images of the dark comet fragment "clouds” throughout the impact period should reveal for the first time the
magnitude and direction of the high altitude winds on Jupiter. The Jovian auroral emissions will also be monitored with both WFPC-2 and the Faint
Object Camera (FOC) to determine if the associated processes are affected by the comet's passage through the magnetosphere or changes in the
upper atmosphere. V,OLET ULTRAVIOLET

Credit: John Clarke, University of Michigan
and NASA 10
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PHOTO RELEASE NO STScl-PRC94-36 FOR RELEASE: July 23, 1994

FLAT PROJECTION OF LARGE COMET IMPACT ON JUPITER

This is a NASA's Hubble Space Telescope image of the impact sites of fragments "D" and
"G" from Comet Shoemaker-Levy 9 which collided with the giant planet Jupiter. The picture
has been image processed to correct for the curvature of the disk of Jupiter, so that the spot
appears flat, as if the viewer were hovering directly overhead.

The large feature was created by the impact of comet fragment "G" which impacted Jupiter
on July 18, 1994. The smaller feature to the left was created on July 17, by the impact of
comet fragment "D".

The dark crescent, nearly 7,460 miles (12,000 km) across, was produced by material thrown
high into Jupiter's stratosphere by the explosion created by the "G" impact. The material
might be fine sulfur particles produced as a result of the heat of the explosion. The inner
ring might be a sound wave expanding from the site of the explosion. This thin dark ring had
a radius of 2,330 miles (3,750 km) across when this image was taken 90 minutes after the
explosion.

The smallest features in the image are less than 200 kilometers across. This image is a color
composite from three separate exposures taken with the Wide Field and Planetary Camera
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The splash of the Impact of Fragment G of Comet Shoemaker-Levy 9 on Jupitel
The ring of hot gas Is 33000 km wide, and It was expanding at 4 km/s. I

The colour coding Is 3.09 pm (B), 3.42 pm (G) and 3.99 pm (R)

I
(Images from Peter McGregor and Mark Allen, ANU 2.3m telescope at Siding Spring) I
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Hubble Space Telescope View of Comet Fragment G Impact Zone

This image shows the impact zone on Jupiter of fragment G of Comet
Shoemaker-Levy 9. The image was made in green light with the Planetary
Camera channel of the Wide Field Planetary Camera 2 (WFPC2). Data for the
image were obtained in the early morning hours of July 18, 1994.

\
The impact site is visible a complex pattern of nimles seen in the.lower left of
the partial planetiimage. ’

Comet Shoemaker-Levy 9 broke up into 21 fragments during a close passage
by Jupiter in July of 1992. Fragment G was one of the brightest and likely the
largest of the 21 fragments. Fragments A-H have impacted the planet.
Remaining fragments will continue to impact Jupiter through July 22, 1994. Pre-
encounter estimates of the energy of the combined impacts are highly
uncertain, and range up to that of a million hydrogen bombs (a million
megatons of TNT).

Jupiter was approximately 477 million miles (767 million kilometers) from Earth
when the image was taken.

Credit: Dr. Heidi Hammel, Massachusetts Institute of Technology, NASA HST.
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Hubble Space Telescope Views of Comet Fragment G Impact Zone

This image shows two views of the impact zone on Jupiter of fragment G of
Comet Shoemaker-Levy 9. The image on the left was made in green light with
the Planetary Camera channel of the Wide Field Planetary Camera 2 (WFPC?2).
The image on the right is the same field taken through the WFPC2 methane
filter. Data for the images were obtained in the early morning hours of July 18,
1994.

The impact site is visible as a complex pattern of circles seen in the lower left of
the partial planet image. The small dark feature to the left of the pattern of
circles is the impact site of fragment D. The dark, sharp ring at the site of the
fragment G impact is 80% of the size of the Earth.

Comet Shoemaker-Levy 9 broke up into 21 fragments during a close passage
by Jupiter in July of 1992. Fragment G was one of the brightest and likely the
largest of the 21 fragments. The remaining fragments will continue to impact
Jupiter through July 22, 1994. Scientists estimate that the combined energy
from all of the impacts will approach the equivalent of 40 million megatons of
TNT.

Jupiter was approximately 477 million miles (767 million kilometers) from Earth
when the image was taken.
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Hubble Space Telescope Views of Comet Fragment G Impact Zone

This image shows two views of the impact zone on Jupiter of fragment G of
Comet Shoemaker-Levy 9. The image on the left was made in green light with
the Planetary Camera channel of the Wide Field Planetary Camera 2 (WFPC2).
The image on the right is the same field taken through the WFPC2 methane
filter. Data for the images were obtained in the early morning hours of July 18,
1994.

The impact site is visible as a complex pattern of circles seen in the lower left of
the partial planet image. The small dark feature to the left of the pattern of
circles is the impact site of fragment D. The dark, sharp ring at the site of the
fragment G impact is 80% of the size of the Earth.

Comet Shoemaker-Levy 9 broke up into 21 fragments during a close passage
by Jupiter in July of 1992. Fragment G was one of the brightest and likely the
largest of the 21 fragments. The remaining fragments will continue to impact
Jupiter through July 22, 1994. Scientists estimate that the combined energy
from all of the impacts will approach the equivalent of 40 million megatons of
TNT.

Jupiter was approximately 477 million miles (767 million kilometers) from Earth
when the image was taken.

Credit: Dr. Heidi Flammel, Massachusetts Institute of Technology, NASA HST.
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Fragment L Collides with Jupiter

SPIREX - South Pole Infrared Explorer
The University of Chicago
Center for Astrophysical Research in Antarctica (CARA)
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Photo Release

July 21, 1994

Infrared Telescope at South Pole Captures Fragment L Impact

This time sequence (upper left to lower right) reveals the impact of fragment L of Comet Shoemaker-Levy 9 with
the planet Jupiter. The images were made in infrared light, which is sensitive to the heat produced by the release

of energy during the comet's plunge through the atmosphere.

Observers at the South Pole have the unique advantage of being able to image the comet and Jupiter constantly
due to fact that Jupiter does not set but remains in view 24 hours a day.

The South Pole Infrared Explorer telescope is operated by the University of Chicago's Center for Astrophysical
Research in Antarctica (CARA) and is funded by the National Science Foundation.

Credit: Dr. Hien Nguyen, University of Chicago, South Pole Explorer.
University of Chicago

Chicago, lllinois 60637
312-702-8203
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HUBBLE SHOWS EVOLUTION OF EJECTA FROM THE "A" COMET IMPACT SITE

This series of images, which spans more than five days beginning at 5:33 p.m. EDT
on July 16, 1994, was obtained with Hubble Space Telescope's Wide Field Planetary
Camera-2 using the methane filter that reveals details in Jupiter's higher atmosphere.
These images show the development of the ejecta from site A, formed by the impact
of the first fragment of comet Shoemaker-Levy 9. Frames b-f were obtained 19.5,

59.6, 90.4, 109.5, and 129.5 hours later than frame a respectively. Frames a, c, and
e are seen near the edge of the planet where the viewing angle enhances bright cloud

structure, while frames b, d, and f are viewed more face on

Credit: Hubble Space Telescope Comet Team, and NASA
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'BRUISED" JUPITER AS SEEN ON LAST DAY OF COMET IMPACTS

[right]

A natural color NASA Hubble Space Telescope view of the full disk of the giant planet
Jupiter shows numerous comet Shoemaker-Levy impact sites as seen on July 22,
1994. The A impact site on the lower left limb. From left to right the features are: the

A site; the E-F complex near the white oval southwest of the Red Spot; the dispersing
H site to the southeast of the Red Spot; and the site of Q, near the eastern edge.
Comet fragment A impacted on July 16, E and F on July 17, H on July 18 and Q on
July 20. the image was taken with the Wide Field & Planetary Camera-2 (WFPC2) in

wide-field mode.

[left]

A close-up view of the dissipating A site taken in the higher resolution planetary
camera mode of the WFPC2. This image was obtained one orbit later (about 47

minutes), when the planet had rotated about 50 degrees.

The Hubble detail in both images shows how the impact sites are evolving with time.

Credit: Hubble Space Telescope Comet Team, and NASA
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FORENSIC SLEUTHING TIES RING RIPPLES TO IMPACTS

Like forensic scientists examining fingerprints at a cosmic crime

scene, scientists working with data from NASAa€™s Cassini, Galileo, and
New Horizons missions have traced telltale ripples in the rings of

Saturn and Jupiter back to collisions with cometary fragments dating

back more than 10 years ago.

The ripple-producing culprit, in the case of Jupiter, was comet
Snoemaker-Levy 9, whose debris cloud hurtled through the thin Jupiter
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ring system during a kamikaze course into the planet in July 1994.
Scientists attribute Satuma€™s ripples to a similar object — likely
another cloud ofcomet debris — plunging through the inner rings in
the second halfof 1983. The findings are detailed in a pair of papers
published online today in the journal Science.

a€oeWhata€™s cool is wea€™re finding evidence that aplaneta€™s rings can be
affected by specific, traceable events that happened in the last 30

years, rather than a hundred million years ago,a€0 said Matthew Hedman,

a Cassini imaging team associate, lead author of one ofthe papers,

and aresearch associate at Cornell University, Ithaca, N.Y. a€ceThe

solar system is a much more dynamic place than we gave it credit for.

From Galileoa€™s visit to Jupiter, scientists have known since the late
1990s about patchy patterns in the Jovian ring. But the Galileo images
were a little fuzzy, and scientists didna€™t understand why such
patterns would occur. The trail was cold until Cassini entered orbit
around Saturn in 2004 and started sending back thousands ofimages. A
2007 paper by Hedman and colleagues first noted corrugations in
Satuma€™s innermost ring, dubbed the D ring.

A group including Hedman and Mark Showalter, a Cassini co-investigator
based atthe SETI Institute in Mountain View, Calif., then realized

that the grooves in the D ring appeared to wind together more tightly

over time. Playing the process backward, Hedman then demonstrated the
pattern originated when something tilted the D ring o ff its axis by

about 100 meters (300 feet) in late 1983. The scientists found the
influence of Satuma€™s gravity on the tilted area warped the ring into

a tightening spiral.

Cassini imaging scientists got another clue when the Sun shone

directly along Satuma€™s equator and lit the rings edge-on in August
2009. The unique lighting conditions highlighted ripples not

previously seen in another part ofthe ring system. Whatever happened
in 1983 was not a small, localized event; it was big. The collision

had tilted a region more than 19,000 kilometers (12,000 miles) wide,
co'. erlng part ofthe D ring and the next outermost ring, called the C
ring. Unfortunately spacecraft were not visiting Saturn at that time,

and the planet was on the far side ofthe Sun, hidden from telescopes

or. or orbiting Earth, so whatever happened in 1983 passed unnoticed by

astronomers.

Hedman and Showalter, the lead author on the second paper, began to
«order whether the long-forgotten pattern in Jupitera€™s ring system



might illuminate the mystery. Using Galileo images from 1996 and 2000,
Showalter confirmed a similar winding spiral pattern. They applied the
same math they had applied to Saturn — but now with Jupitera€™s
gravitational influence factored in. Unwinding the spiral pinpointed

the date when Jupitera€™s ring was tilted o ff its axis: between June and
September 1994. Shoemaker-Levy plunged into the Jovian atmosphere
during late July 1994. The estimated size ofthe nucleus was also
consistent with the amount of material needed to disturb Jupitera€™s
ring.

The Galileo images also revealed a second spiral, which was calculated
to have originated in 1990. Images taken by New Horizons in 2007, when
the spacecraft flew by Jupiter on its way to Pluto, showed two newer
ripple patterns, in addition to the fading echo ofthe Shoemaker-Levy
impact.

a€oeWe now know that collisions into the rings are very common — a few
times per decade for Jupiter and a few times per century for Saturn,a€0
Showalter said. a€oeNow scientists know that the rings record these
impacts like grooves in avinyl record, and we can play back their

history later.a€D

The ripples also give scientists clues to the size ofthe clouds of
cometary debris that hit the rings. In each ofthese cases, the nuclei
ofthe comets — before they likely broke apart — were a few
kilometers wide.

a€ceFinding these fingerprints still in the rings is amazing and helps us

better understand impact processes in our solar system,a€0 said Linda
Spilker. Cassini project scientist, based at NASAa€™s Jet Propulsion
Laboratory, Pasadena, Calif. a€ceCassinia€™s long sojourn around Saturn has
helped us tease out subtle clues that tell us about the history ofour

origins.a€l]
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