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NON-LTE PROFILES OF STRONG SOLAR LINES

T. J. Schneeberger and H A Beebe
Department of Astronomy |

New Mexico State Un1vers1ty, Las Cruces, N M. 88003

Abstract
The complete Tinearization method is applied to the formation of

strong lines in the solar atmosphere. Transitions in Na I, Mg I, Ca I,

Mg II and Ca Il are computed with a standard atmosphere and microturbulent .=

velocity model. The computed profiles are compared to observations at

disk center.
Key Words: Solar Lines, Non-LTE
I.  Introduction

HomogenEDus'empirieaTImpﬁe1e pf'tne.§p1ar atﬁosphere show fn'iérmg""“"
of a spat1a11y averaged atmosphere a pos1t1ve temperature grad1ent in the
upper 1ayers, the solar chromosphere. The rad1a1 Tevel at wh1ch the A
_grad1ent reverses s1gn is by def1n1t1on the re910n of the so]ar temperature ,
m1n1mum, but the phys1ca1 cond1t1ons 1n that reg1on are not we11 determ1ned
:Papers descr1b1ng emp1r1ca1 mode1s such as the Harvard Sm1thson1an Reference o

N Atmosphere, hereafter ca1]ed the HSRA (G1nger1ch et a] 1971) refer o K fp.:
::th1s d1fficu1ty w1th respect.to modeT construct1on and ava11ab1e observa—

-tions In add1t1on, recent theoret1ca1 pred1ct1ons of core prof11es of

- strong spectra]_]1ne;,heve_shqwn_somenhetrponfljctjng.resujte, .Shtne,,kpi,;_;,pp,_

Milkey, and Mihalas (1974) in a study of the Ca IT H and K Tines using
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Non LTE theory and a photon red1str1but1on function which allows coherence ‘

ouLSIde of the Doppler core, show that ca]cuTated KT and H1 features can

be well matched with observations with a temperature m1n1mum severali

:hundred degrees abdvé the HSRA values. However, Altrock and Canf1e1d (1974)T

~are able to match Mg I strong 11ne core prof1Tes w1th a Non LTE approach

| app1y1ng compTete red1str1but1on of photons 1n the ]1ne w1th a temperature- .

| he1ght re]at1on very. 51m11ar to that of the HSRA.

R In this study we ca]cu]ate the core 1ntens1ty prof11es of six strong |

._11nes of four 1on1c spec1es us1ng N0n~LTE theory, comp1ete red1str1but10n

of photons in the ]1ne, and the HSRA The 1nvest1gat1on 15, 1n fact a

: standard1zat1on of a techn1que that we 1ntend to app]y to future work wh1ch

Cwill 1nc1ude the effects of 1nhomogen81t1es on the 11ne core prof11es Thus

we do not expect_the;palcq]ated_prof11es_to:match_thg_observat1ons:but ve

- do 1nténd to'dérive iﬁfohnatfon from thergtudy'éboﬁfithe atm@gﬁhérf¢ mode},

atomic models and_fhesapﬁlicabi1ity of the comp1ete}redistribution¢fungtiqn :_"

- to the fonnatioﬁ of'thé several lines. | . o
We describe the method of calcu]at1on 1n Sect1on I, and g1ve a.brief.

descr1pt10n of the mode] atmosphere and m1croturbu1ence mode1 adopted for

- -this study in Section III. -In Section IV we descr1be_the“quel_atomsg:;__ E

1ist1ng'wave1engths.of Tine centers, atomic paraméﬁers'and eTectroﬁ cd?li—,.‘

-sjonal and. photon crass-sections for the various: trans1t1ons USed in the

calcu]at1ons We discuss the resuits 1n Sect1on ¥.

I Méthod_of'CaTcuTation.
_ In thls study We app?y the comp]ete 11near1zation method ‘as app11ed
Jito Non—LTE transfer prabTems deve1opnd by Auar, HeasTey and M?Ikey (1972)ﬂ“: _

T



he method includes complete red1str1but1on of photons in bound bound
and bound free trans1t10ns where the prob]em is soTved "in deta11" that
is, where we solve the transfer equat1ons for the trans1t1on The
computer codes descr1bed by Auer Heas1ey and M11key, hereafter ca1]ed
AHM, and as revised at NMSU also a1Tow depth var1at1on of 1ine broad—
enTng parameters such as microturbutence and Van der Naa]s broaden1ng

as wel] as temperature dens1ty and continuous opacaties

| - The AHM a]lows trans1t1ons not done 1n deta11 to be 1nc1uded w1th |

the assumpt1on of deta11ed ba1ance or by d11ut1on. The second method
specifies a rad1at1on temperature TRAD for the g1ven trans1t1on, in wh1chh

the temperature is set equa1 to T the local e]ectron tamperature at

all depths or set equaT to a constant TRAD above po1nts optlonal1y e1ther" i

1n.the.photosphere or_chromosphere a_1:___',vhu:h__.“_f_e =-TRAD’ _The_options are
discussed further in AHM. o o | o

The physical formu]at1on of the Non- LTE method has heen d1SCUSSEd
1n'cons1derab]e detafl eTsewhere (Athay and Skuman1ch 1967) and briefly
- in an -earlier contribution of this series.(Beebe and5Holjars,_1973).

Intensities n the line are calculated independently by transferring

~ Tine -source functions, line center and continuum optical depths and Tine o

formationhoarameters;to~program'PRQFILEF Thiejprogram‘ca]eu]atesi1ine_“_

;afahsorptionicoeffiCientsTforvan;arbitrany_Set-of:anelengthsinear'1ine ORI

'-t,center'and'assumesdan'LTE-eourCe $UnctiOH*For'the'cbntinuum‘ PROFILE'hasi-‘-u

fsoTut1ons and»for se]f,cons1stency~W1th respect Loﬂdepth,po1nt spac1ng.,

12



ITI. The Model Atmosphere

In this study we have used the HSRA model exclusively. We
1nterp01ate356~ﬂepth points appropriate to the entire range of Tine
formation from the 95 wﬁich.characterize the @odei. The departure
Coefficients for the grouhd.statejof{hydrogenfare included as 1isted
in the HSRA.

* Microturbulent velocities are included in the model, derived -
~ from recent line profile ¢alculations. Vo vs. depth models are
'3p]ottéd11n-Fi§ufe'1 for sévera1'SUCééssfuT'apﬁliCatibns7(A1trockfand'_f=
Canfie]d,'1974; Lites,.1973, and Linsky and Avkeit, 1970). The
:'v31ues werefavéféges'of the-hﬁrizont&? and vertical components of
Vthe anisotropic models. The adopted model foﬁlows that of Lites
iﬁ ﬁhe bhofééph&ré énd'fhé'LihSkyaAv?étt'mddeT~Th thé~chfom65phére, -

and bears a close resemblance to the model proposed by Unno (1959).

IV. Atomic Data

- Atomic models and corresponding physical data fqrfﬂa:l?gMg_i?:ﬁ

‘*%;fcagl,fMgfII'andiCa<II:aregdgsgtibed(1n:the»fOITGWing‘pér&graphs,gﬁ~';~~*~'

A fmodel atom consisting of the 3s 251/2; 3p 2P°y /55 3p 2P°379, 3d T

"?*fahdfcdntinUQﬁtﬂéVéTsfhthbEEﬁTaddpfédffor’this‘Study;rJThe 3d"2Dg/p and L




—— Altrock and Canfield (1974)

3 ¥
e eAthay and Canfisld (1969) v
* *Linsky and Avrett (1970) i
-+ Lites (1973) . ‘o
s ®
- - adopted o °
: °
v 3. . o
{(km/sec) : 5
1. .‘
0 ]
5 100 0. 1500.

H{km)

Fig. 1. Microturbulence models, velocity (km/sec) vs. height (km). Height
is defined as in the HSRA. The adopted model follows Lites' in
the photosphere and low chromosphere, and is the joined via the

dashed Tine to the Linsky-Avrett model.
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3d 205/2 levels of Ma I have been represented here by an |
average Teve] dD w1th a stat15t1ca1 weight of 10 Athay
and Canfieid (1969) haVe prev1ous1y used this model atom.
We have computed the Dy, n,,_., and 8194.78 R Tine transitions
_ 1n detail.  The oscillator strengths for these and all other
' ]1nes d1scussed in thIS study were obta1ned from U1ese et. aT
(1969\, uriless otherw1se noted.  Fixed rates described by

radiation temperatures Tpap Were ‘used for all free-hound

.~ continua. We have used the radiation temperatures, colli- -

sional cross sections, and photoionization cross sections

| 11sted by -Athay and Canfﬁe]d (;969)

The abundance of Na re]at1ve to. hydr09en by number is
1,78 x 107°, From Allen (1973).. The Van:der Waals disper-

sion constant,'CH, was taken to be 7.3 x 10732 for the D;

-and Dy transitions. This value'of:CH was assumed for the = =~ - o

8194 R transition also.

) MgI

We have used the Mg I mode] atom descr1bed by A1trock and_u _

'7'Canf1e1d (1974) Th1s mode] con51sts of the 352 15 3p 3P1, .

o 1P°, 4s Sl, and cont1nuum TeVETS Deta1]ed ca1cu1at1ons

Were made for the forb1dden trans1t1on at 4571 1 A the reson- |

) ,ance tran51t1on at 2852 1 ﬁ and the bz trans1t1on at 5172 7 A:zn_ -

The osc111ator strength of the forb1dden 4571 ﬁ trans1t1on was

_ taken to be 4 3 X 10' F1xed rates descr1bed by rad1at10n

-,"115}_5¥:.T;,L
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temperatures have been used fbr all bound-free contTnua A]trock and
Canf1e1d (1974) g1ve ‘the va1ues of TRAnf c0111s10na1 Cross sect1ons, and

photo1on1zat1on Cross sect1ons and these were adopted for our ca]cuiations

" The Mg 1 bound free opac1t1es 1nc]uded as background opacntles in tﬁe '
_]1near code were deTeted unTess the opac1ty was not 1nc1uded in the mode]

atom ca1cu1at1ons

o The abundance of Mg relaf1ve to hydrogen by number is set at 3. ]0' :
fd]10w1ng ATtrock and Canf1e1d (1974} The Van der Wans d1spers1on o

| ___conatant for the 457] A and 2852 A trans1t10ns equa]s 5 5 x 107 "33 from
Weideman (1955) The w1ngs of the by 11ne requ1re a relat1ve]y 1arge value -

of CH to produce the observed prof11e and CH 3.0% 30“? Was found to_

be necessary in th1s work.
c) Ca I

A s1mp1e two 1eve1 p]us contTnuum representet1on was adop?ed fer the

neutral calcium atom Th1s-mode1 includes the 4s® s, 4p 1P", and . ..
. continuum levels.  The resonance 11ne 4226.7 Abwas calculated in det311

. and the bound-free continua - were calculated with fﬁxed rages set by rad1-

ation temperatures, We haye taken TRA 5550.°K For the 45 - continuum B

-;;jtransition;:enngRADA = 5000.°K: for the 4P -+ continuum transition. The - -

photoionization cross sections were both set at 1. x 10 cm? (Lites,

' 911973};~3The coilisﬁona}”rete:from'the3;4S,tq the__4Pgleyeﬁ;Waejcalcglated__;-'f~

from experimental data of Crandall et. al. (1974).
- The calcium abundance relative to hydrogen by numbér derived by

Lambert and Warner (1968),. 2.14 x 10-%, was adopted for this study. The ,

'7TVan'der”weaTS'diSperSionHCOnstant was inferred from the work of Lites: . -

(1973), CH 4% 10792,



d) Ca II

Three Tevels plus & continuum were included in the Ca II mode?, The
bound levels are 4s 251;2’ 3d 2D5/ and 4p 2P3/2 Detailed ca]cu]ations0
were made for the K Tine, 3933.0 A, the infrared triplet 1ine at 8452.1 A,
and the 4s 251/2 + continuum transition. A v-? dapendence was assumed
for the continuum transition, and the photoionization cross section at the
continuum head was taken to be 1.1 x 10~'® cm?. The remaining frse-bound
continua were computed with fixed rates, with Tpay = 5000°K. The photo-
fonization cross sections and collisional cross sections were adopted from
Auer, Heasley, and Milkey (1972). The Van der Waals dispersion constant
for both Tine traﬁsitions was set at 1.3 x 10732 (Weideman, 1955).

&) Mg II

The h and k 1ines of Mg II were calculated in detail utilizing the
model atom and atomic data of Milkey and Mihalas (1974). This model
inc1udes thé 3s 231/2, 3p 2';/2, 3p 2P°3[2 and continuum levels. Fixed
rates were used for the bound-free continua. Radiation temperatures, photo-
ionization cross sections and the collisional rate equations are from
Miikey éhd Mihalas (1974)."Dumont'{1967) gives a Van der Waals dﬁspefsion
constﬁnt, Cy = 5. x 107%%, and this value was adopted for the h and k Tines.

V. ResuTts and Discussion

The.Kitt'Peak'Soihh'ﬂt1és'(BfauTt and Tesférman, 1972) provides
observed prof11es at d1sk center for many of the 11nes 1nc1uded 1n th1s
‘study He have v1sua]1y smoothed over, absorpt1un Tines due to other trans-»

<1t1ons wh1ch occur 1n the obSEPVed prof1]es of. the 11nes of 1nterest

Figures 2 through 6 compare these observat1ons t@ the computed prof11es of
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Na I Ab8%0., Ca I A4227., Mg I A5172., Ca II A3933., and Ca II A8542.,
respectively, at disk center.

| The cores of the D,, A4227, and b, transitions are formed in the Tower
chromosphere. The 1ine center nptical depths, Ty become ecual to unity
for these transitions at temperatures and.heights above-the temparature

minimum. We have To(5890} =1atT = 5200°K 10(4227) 1 at T

HSRA HSRA
5000°K and T0(5172) = 1 at THSRA = 4700°K. The computed cores of these
Tines are darker than observed. It is well known that the microturbulent
velocity gfadieht can effect the cofe Brfghtness of 1ihe§ ahd:pré11ﬁ{nary
calculations with Ca I indicéte that a microturbulence model with a steep
gradient similar to that used by Altrock éndlﬁahfie1d (1974) (see ngure
1) will produce the observed core intensity of 24227, at u=1.0. The
computed Doppler cores are wide compared to observat10ns for both Ca I and
Mg I. _ _

The wings of Dz’ A4227., and b2 are in reasonable agreement with
observation. Tests with Mg I A5172 have shown that the agreement can be
improved_by-judicious-adjustment-of a single parameter, the Van der Waals .
constant. As found by Athay and Canfield (1969), the Mg I b lines require
a Yan der Waals constant:which_Ts.substantiaTTy:]arger than theoretigal1y-
predicted in order to match the broad wings of these lines.

Fidure 5 compares the computed and observed profiles-at disk center

for the Ca IT K line.  Except for satisfactory agreemeﬁtfat'KS, the profiles

are widely discrepant. This may?bé.duE-tO-thefneg]ettudf.coherency éffECtsf:"'

(see Shine, Mi]key,'andrmihaTas, (1975)) or to the neglect of the inhomo- -

geneous structure’ of the chromosphere (Beebe, 1971).
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Fig, 2. Qbserved (dashed) and computed (sotid) profiles of Ha I A5890., Fig. 3. Gbserved (dashed) and computed {selid} profiles of Ca 1 A4227.,
where I, 15 the ratio of Tine to continuum fntensity, at disk center. where I, 1s the ratio of line to continuum intensity, at disk center.
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Fig. 4. Observed {dashed) and computed (solid) profiles of Mg I A5172., Ah

whare I, 1s the ratio of Yine to continuum intensity. at disk center. Fig. 5. Obsorved {dashed} and computed (solid} proffles of Ca II A3933,,

where T, 15 the ratio of 11ne to continuum intensity, at disk center,
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Figure 6 displays the results for the A8542 transition of Ca II. This
1ine is not expected to show strong coherency effects. The Doppler core
is in good agreement with observation, but the wing is too bright. This
may be due to the collisional broadening parameters we have used.

We compare in Figure 7 our calculated Mg II A2795 profile to the
computed profile obtained by Milkey and Mihalas (1974) in the complete
redistribution case. Comparision with observations is, as with Ca II K,
poor but the comparison does provide a consistency check. The differences
between the two calculations are small, and are due mainly to the choice
of a microturbulence model. Again, as with Ca II, partial redistribution
effects may be important for the Mg II h and k Tines.

The transitions we have calculated in detail represent a wide range
in core formation heights and wavelength. The results of this study
provide a background for calculations which account explicitly for the
inhomogereous structure of the chromosphere. The resulting two component

chromosphere will then be restrained by this grid of Tine profiles.
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AA

Fig. 6. Observed {dashed} and computed (solid) profiles of Ca II A8542.,

where I, is the ratio of 1ine to continuum intensity, at disk center.
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Fig. 7. The results of Milkey and Mihalas (1974) with complete redistribution

(dashed) and the profile computed in this study (solid) for
Mg II A2852., where I is intensity x 107 in ergs/cm?/sec/ster/Hz

at disk center.
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EMISSIVITIES AND DETECTABILITY OF THE PURF RGTATIONAL
TRANSITIONS OF MOLECULAR HYDROGEN

TIMOTHY J. SCHNEEBERGER

Department of ﬁstronomy, New Mexico State University, Las Cruces

Abstract
The emissivities of the infrared rotational transitions of Hz are
calculated for temperatures from 10 °K to 6000 °K. The calculations are
made for several ratios, R, of Para ( J=0 } to Ortho ( J=1 ) Hy. The
possibility of detecting these transitions in interstellar molecular
clouds is discussed.

Subject headings: dinfrared - interstellar matter - spectra,
molecular

I. Introduction

Molecular hydrogen was first detected in the interstellar medium by
Carruthers (1970) with rocket UV observations of the resonant Lyman band.
Subsequent UV observations by Smith (1873) and Spitzer et. al. {1973)
qualitatively confirm the theory of Hollenbach, Werner, and Salpeter
(1971), whe predicted an increasing abundance of Hy with inpreasipg
optical depth in interstellar clouds. This predicfion is also sﬁpported
by the work of Garzoli and Varsavsky (1966) and Meszaros (1968), who
have shown that, in areas o large visual absorption, the column density
of atomic hydrogen is constant or decreases with increésing visual
absorption. This is interpreted as tha result of increasing H, formation.
Meszarcs (1968) concludes that 50% of the material in a dark cloud near

p Oph may be molecular hydrogen,
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Appreciable densities of Hy have also been inferred from observa-
tions of molecular emission in interstellar clouds. Heiles (1968) found
that H2 number densities up to 570/cm® were needed to explain the normal
OH emission 1in several dark clouds (see table 3). Penzias et. al. (1972)
Find that H, number densities of 103/cm® may be expected in dark clouds.
Penzias et. al. {1971) have pointed out the importance of Hz in the
formation of molecules with observed radio emission.

Thus, although H2 does not appear to be present in significant
amounts in the general interstellar medijum, it is 1ikely to be a major
constituent of cool clouds. Detection of H2 in such clouds then provides
a valuable probe in interpreting the nature of the galactic moiecular
clouds. The strong interstellar absorption in the UV 1imits the useful-
ness of the resonant electronic transitions of H2. Varsavsky (1966)
suggested‘that the infrared, (2u), vibration - rotation transitions from
the first excited vibrational level might be detectable; however, no clear
evidence of these transitions in molecular clouds has yet been made (Gull
and Hartwit 1971). The low excitation temperatures of the pure rotational
transitions make them 1ikely candidates for detection in cool clouds.
Despite the Tow transition probabilities and atmosp’.aric absorution due
to Hzo and COZ’ we show that several of these transitions should be
detectable with available equipment. To determine which transitions are
detectable we calculate the emissivity of the transitions at temperatures
appropriate to molecular clouds, and in addition, we must estimate the.H2

density, temperature, size, and distance of several molecular clouds.

II. Emissivity Calculations
Table 1 gives the Einstein transition probabilities, adopted from

Aannestad (1973), the wavelengths, and J values of the transitions
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included in these calculations. Para and ortho (triplet) transitions are
included up to the J = 15 rotational Tevel. ﬁe assume that collisions
dominate since the radiative transition probabilities are small. We also
assume no mixing of para and ortho states. Para to ortho radiative
transitions are forbidden, and Spitzer et al. (1973) point out that
collisional para to ortho transitions arerare.
We may then write the Boltzmann equation,
n{d)/n(3d) = (g(a)/g(dJ)) exp (-hav(J+JJ)/KT}),
where:
g(Jd) = 2J+1, para states
g(dJ)
Jd = J-2.

3(2J+1), ortho states

See Herzberg (1950) for a discussion of the statistical weights. We reduce
all number density ratios to the appropriate ground state, n(J,para)/n(0)}
and n{J,ortho)/n(1). We normalize to the total Hy density by writing

1= g n(J). By choosing a ratio of para to ortho Hys R = n{0}/n(1), we
may solve for the individual n(J's) and calculate the emissivity by:

EM(J+3d) = n(3) hav {J+Ja) A(J+Jd)

where:
n{dJ) = the number density per H, molecule in level J
Av(J+3d) = the transition frequency
A(d+JJ) = the Einstein probability in sec ~!
EM(J+dd) = the emissivity in ergs/sec/Hz.

Such calculations have been made by Bussoletti (1973) for para states
only, and by Dalgarno and Wright (1972) who choose the thermal equilibrium
value for R, R = 1/3. However Spitzer et al. (1973) found R = 1 in the
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Tahle 1

Transition Parameters

Transition Wavelength Einstein A

J+Jd Microns sec !
2-0 28.2174 2.9x10-11
3-1 17.0345 4.6x10-1°
4-2 12.2788 2.6x10-°
5-3 9.6651 9.3x10-®
6-4 8.0246 2.4x1078
7-5 6.9074 5.3x107®
8-6 6.1033 1.0x10-7
9-7 5.,5005 . 1.7x10~7
10-8 ‘ 5,0337 2.7x107
11-9 4.6617 4.0x10°7
12-10 4.3571 5.6x10~7
13-11 4.1004 7.7x10"7
14-12 3.8767 1.0x10"¢

15-13 3.6746 1.4x10°°

Timothy J. Schneeberger
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general interstellar medium in the direction of 13 stars from Copernicus
results. Field et. al. (1966) discuss the uncertainty in the value of R.
We have chosen to perform the calculations at several physically plausibie

values of R.

IIT. Results

Table 2 1ists the cases which were chosen for discussion. The
results are shown in Figures 1 through 7 for temperatures from 10 °K to
1000 °K, Calculations were also made for temperatures up to 6000 °K. Hy,
may form in interstellar shock waves at these high temperatures (Field
et. al 1968) but Heubner (1974) has pointed out that Boltzman statistics
are unlikely to hold in these conditions.

The results for R = 1/3 at low temperatures (T £ 200 °K) are in
excellent agreement with those of Dalgarno and Wright (1972), small
differences being due to the slightly different transition probabilities
chosen. The case where R = 1.x10'% was chesen to approach Bussoletti's
(1973) assumption of pure para H2‘ The results are in close agreement
up to the J = 4 Tevel, but the present results are systematically
higher for the higher Tevels.

In the following discussion the notation {J+JJ) refers to the
emissivity of the transition from the J lTevel to the JJ level. We first
consider the temperature range of 10 °K to 500 °K. For R = 1/3, the J =
(3+1) transition dominates from 100 °K to 370 °K; above 370 °K the J =
(4+2) and J = (5+3) transitions become larger. Below 100 °K the J = (2+0)
transition is dominant. For R =1, the J = (3+1) transition dominates
from 140 °K to 250 °K. Spitzer et, al. (1973) found H, rotational
temperatures between 150 °K and 200 °K. If such temperatures exist in

molecular clouds we may expect the 17y transition to be more easily
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detectable than the 28 p transition, for the values of R discussed above.
We can see that the emissivity is a strong function of temperature S0
that detection of two transitions would provide vaiuable temperature
information.

Higher values of R, R = 500 and R = 1x10'2, may occur if the Jd = 0
ground state is favored at formation of the molecule, or if the temperature
is Tow (20 °K) for a sufficient period of time after formation. In these
cases weé can see the suppression of the ortho transitions with the J =
(2+0), (4+2), and (6+4) transitions being the only significant ones.

From 500 °K to 1000 °K the ortho transitions J = (5+3) and J = (745}
dominate for R = 1/3. At the remaining values of R the para transitions
J = (4+2) and J = (6+4) dominate. From 1000 °K to 6000 °K ail the upper
Tevels become popuiated and the J = (2+0) and J = (3+1) transitions are
orders of magnitude below the higher transitions due to the increasing
population of the upper levels and the low transition probabilities of

the two transitions to the ground state.

1V. Detectability

Table 3 lists seven molecular clouds for which H, densities,
temperatures, sjzes and distances have been estimated. Objects 3 through
7 are from Heiles (1958), and use is made of the nomenclature used there-
in. The temperatures for objects 3 through 7 were taken as one half of
the upper 1imit to the spin temperature found by Heiles (1968). Data
for Sgr A and Sgr B2 are taken from Bussoletti (1973). We consider
transitions detectable if a flux of 1 x 10-1% ergs/cm®sec is incident
at the top of the atmosphere. This is a reasonable value for moderate

to large telescopes even if a total transmission of only 1% js found since
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Tahle 2

Parameters of the Emissivity Calcu1atibns

Temperature Figure
1/3 10 - 500 °K 1
10 - 500 °K 2
500 10 - 500 °K 3
1x10%2 10 ~ 500 °K 4
1/3 500 - 1000 °K 5
500 - 1000 °K 5
1x10%2 500 - 1000 °K 7
Table 3
Parameters of Molecular Clouds
1950 Dist Radius ,
No. Object RA Dec T°K (pc) {pc) HZ/Cma
1 Sgr A 18M5m  —g7° 30 10* 7.5 10°
2 Sgr B2 18 14 -28 150 10* .75 10°
3 1-1D 22 36 +75 150 500 1.5 220
4 1F 2215  +73 150 400 5 510
5 2 4 38 +25 170 113 7.8 42
6 4 1624  -24 130 77 .55 570
7 L134 -4 50 170 4,7

15 51

Nos. 1 and 2 from Bussoietti (1973)

Nos. 3 through 7 from Héiles {1968)
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the noise equivalent power of present infrared detectors is in the neigh-
borhood of 107** watts (Low 1961). If sufficient resolution js obtainable
we find that at least four of these clouds can be detected. Tables 4
through 6 give the expected flux for different values of R.

The calculations for temperatures up to 6000 °K which may occur in

“interstellar shock waves are not presented here since Non-LTE effects are

likely to be significant under these conditions. However, we may point

out that even in the most favorable conditions (Mach 20 collision with no
magnetic fie1d), the emission from H2 formed in these regions is not

detectable with available equipment (see Field et. al. 1968).

V. Conclusions

We have presented emissivity calculations for a range of para to
ortho ratios and have shown that several mclecular clouds not previously
considered may be detectable. We have pointéd out the strength of the
17u transition at Tow temperatures and 1u. values of R. It must be -
emphasized that these céTcu]ﬂtibns‘are strongly dependent on the tempera-
ture chosen for the molecular clouds. This fact, along with the strong
dependence of other observed interstellar molecules on the pbesence of
HZ’ under]ieé the importance of detecting H2 in the galactic molecular

¢louds.
Thié work was completed with the support of an N.S.F. Traineeship,

and computations were done at the NMSU Computer Center. I thank Drs.

R. F. Beebe and W. Heubner for their comments on this paper.
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Table 4

Expected Flux (ergs/émzsec), R ='1/3

Object Transition Flux
Sgr B2 2-0 3.52x10710 -
S 1.39x10-2
1-1D 2-0 _ 2.48x107%°
- 3-1 C9,79x10710
C4-2 © 3.66x107%°
1F . 31 1.32x10°10
2 2.0 2.14x10-9
3<1 1.08x10°8
| 42 - 7.96x1071°
4 2-0 '8.06x1072
3-1 2.31x107°
Table 5
Expected Flux (ergs/cm®sec), R =1
Obhject Transition Flux
Sqr B2 2-0 6.81x10°'°
3-1 8.97x10710
4-2 - 1.u2x10-0
1-1D- 2-0 £,77x10-°
31 6.31x10710
2 2-0 4.00x10-°
. .3_..[.- RN 6- 84;)(‘-]:01‘51 )
4-2

- Table 6

1.51x10-%:.

_EXpected,F1ﬂx (ergs/cm?sec),.R'¥ 1x10*2

TL9TKI0AR
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Object Transition
Sgr B2 2-0 1.27x107%
L 82
1-1D 2-0 8.94x1071% .
4-2 ©1.34x10°10
1F 240 < 1L20x10Y0 S
2 2-0 - 7.27x107°
4-2 2.73x10"°
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PHOTOMETRY OF R CORONAE BOREALIS

DENNIS W. DAWSON
and
EDWARD F. TEDESCO

Department of Astronomy, New Mexico State University

ABSTRACT

Visual and photoelectric observations of R Coronae Borealis
are presented, including a number of observations surrounding
the 1974 minimum. The recent visual history of the variable
is examined and the discrete cloud obscuration model is

considered.
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INTRODUCTION

R Coronae Borealis is the prototype of a group of stars that
exhibits relatively brief, but large, drops in brightness that may
be superimposed on much slower variations in the level of peak
brightness. O0ther stars in the group include p Cas, UV Cas and SU
Tau. However, R CrB has received themost attention because of its
brightness and, recently, because of the discovery of an infrared
excess (Stein et al. 1969). The infrared spectrum of R CrB indi-
cates that the star is embedded in what are probably graphite grains.

Spectra and photometry of R CrB at its normal maximum brightness
(V % 5.8) are consistent with an F8 Ib supergiant with about 0706
interstellar reddening. Fernie et al. (1971) found evidence for
Tow-amplitude pulsations (AV ~ O™M15) with a period of 44 days;
assuming a Cepheid-type period-mass-radius relation, they derived
Mz 2 MQ, R % 100 Ra’ and Mv = -5.5. Assuming that the Tevel of
peak brightness for R CrB represents freedom from circumstellar

reddening, the intrinsic colors are B-V = 0,53 and U-B = 0.01.

I. BRIGHTNESS OF R CORONAE BOREALIS, 1966-1975

Photoelectric and visual magnitude estimates were obtained from
various sources in the literature, specifically Forrest et al. (1971,
1972), Fernie et al. (1971), and various individual observations
reported in the IAU Circulars. The authors obtained photoelectric

photometry at the Blue Mesa and Tortugas Mountain sites during the 1974-75

135



observing season; some of these observations have been published elsewhere
{Dawson and Tedesco 1974, Dawson 1974, Tedesco and Dawson 1974). The
visual (V) Tight curve of R CrB is shown in Figure 1; the 1974 minimum is
shown in more detail in Figure 2.

Fernie et.al. (1971} discussed the prolonged suppression of the level
of maximum light (between 1963 and 1968) in terms of a large, slowly-
expanding shell of carbon particles, citing as evidence the siow drop in
B-V between 1966 and 1967 in contrast to its virtual constancy throughout
the 1966 minimum. Figure 1 indicates that the dissipation of this general
veiling was not really complete until Tate 1970; some of the infrared
results obtained during this period (for example, Forrest et.al. 1971) may
have to be modified because of the presence of this shell.

Figure 2 shows that the 1974 minimum was very asymmetric with the drop
in light much steeper than the subsequent rise; this is consistent with
the picture of a cloud being formed in the line of sight. Minimum 1ight
for R CrB accurred between Jb 2442083 and JD 2442088 (Feb. 4 and Feb, 9);

no photometry was available between these dates.

II. PHOTOMETRY FOLLOWING THE 1974 MINIMUM

UBYV photometry obtained during rising light is given in Table I. A
discordance between visual and photoelectric brightnesses near maximum Tight
was noted, leading us to examine the four brightest comparison stars on
the AAVSO "b" chart. Our results are listed in Table II and show that the
two brightest stars (SAQ 084005 and 084053) are, respectively, 0.24 and 0.21

magnitude fainter than their chart values. A1l visual estimates brighter
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TABLE 1
Photoelectric Observations of R CrB 1974-75

UT Date '} B-V U-B Telescope®
May  20.258 7.60 * .04 0.83 + .03 0.32 * .02 B
May 21.226 7.45 .03 0.83 .02 0.32 .03 B
May 22.303 7.56 .05 0.85 .02 0.29 .03 B
June 5.243 7.36 .07 0.78 .02 T
June 9,192 7.13 .06 0.86 .01 T
June 17.168 6.73 .05 0.81 .03 T
June 19.208 6.78 .02 0.77 .02 0.32 .03 B
June 20.253 6.71 .03 0.76 .03 0.34 .03 B
June 21.255 6.69 .02 0.76 02 0.34 .03 B8
July 17.155 6.28 .05 T
July 22.3 6.20 .03 0.78 .02 1
Oct. 2.139 6.03 .02 0.65 .02 0.23 .08 B
Oct. 3.079 .03 .01 0.61 .02 0.16 .02 B
Oct. 5.084 5.98 .03 0.64 .02 0.22 .02 B
Feb. 13.469 5.86 .04 0.59 .04 B
Mar. 2.394 5.93 .02 0.47 .02 0.18 .03 B
8 = Blue Mesa 61 cm reflector; T = Tortugas 41 cm reflector

TABLE II

Observaticns of AAVSO Comparison Stars

a Number
SAQ0 Number v B-V U-B - Telescope™ of nights
gbserved
084005 7.44 + .02 0.47 + .03 -0.01 + .03 B.T 5
083985 8.05 .03 0.60 .02 T 1
084053 7.8] .05 1.20 .02 T .. 4
(084057 8.32 .03 1.08 .02 T 1

43 = Blue Mesa 61 cm reflector; T = Tortugas 41 cm reflector
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than 875 were corrected by adding OWE; this, as can be seen from Figure 2,
results in better agreement between the visual and photoelectric observa-

tions.

ITI. DISCUSSION

Much of the non-periodic behavior of R CrB can be explained by
assuming that the spatial distribution of carbon particles is not uniform;
in particular, a model invoelving discrete, optically thick clouds can be
used to explain the lack of a distinct anticorrelation of visual and
infrared brightnesses that might be expected if the visual energy were
absorbed by the grains and reradiated at longer wavelergths (Forrest et.al.
1972). 1t is more difficult to explain the suppression of the level of
maximum in such a model unless a large, dissipating cloud were spreading
across the 1ine of sight.

If the discrete cloud modei is valid for members of the R Coronae
Borealis group, it will be difficult to predict future minima; continued
monitoring of these variables is therefore important. The short-term
pulsations of R CrB should also be studied in an effort to interpret the

graphite grain replenishment mechanism.
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INTERMEDIATE-BAND PHOTOMETRY OF
FAINT STANDARD STARS

N76-29089
- - Dennis W. Dawson

Department of Astronomy
New Mexico State University

ABSTRACT
Preliminary values of color indices in the DDO photometric system are

presented for sixteen stars of V 2 5, as an extension of faint standards Tists.

INTRODUCTION

The David Dunlap Ohservatory system uses six 1ntermedidte-band filters
whose central wavelengths were chosen to cover important features in the spectrum
of a Tate-type star. Calibrations of the color indices with physical parameters,
by Janes (1972) and Osborn (1971), allow one to estimate Teff’ log g, [Fe/HI,
Mv and reddening directly from the photometry. |

Although a number of standards Tists exist (for example. McClure and Van
den Bergh 1968, Janes 1972 and McClure 1974), only a small fraction of the stars
is fainter than V=6. It is desirable to add to the numbers of faint standards.

This work presents results of photometry of sixteen stars ebtained during
a program of variable~star photometry at Blue Mesa Observatory extending from

April, 1974 through October, 1975.

THE OBSERVATIONS
I used the abbreviated system, filter set "NMSU" as dascribed by dJanes
(1974), and an ultraviolet filter similar to that of Oshborn. A 23 arc-second
aperture and EMI 9502-B photocell (S-11 surface, cooled) were also used in the

photometry.
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Extinction coefficients for the color indices are low, near the level of
observational errors, because of the small central wavelength separations;
the use of mean extinction coefficients is adequate. I have gdopted values
from Kitt Peak (Janes 1971) for the abbreviated system and derived™a vatue For
the index C3841 by an extrapoiation of the wavelength dependence of extinction
(Figure 3, Hardie 1962); these values are: k[C4548]=0.051, k[C4245]=0.056,
k[C41421=0.023, K[C38411=0.055.

Nightly reductions use an average of thirteen standards (11-28), In
computing the average colors, I weighted each nightly value by [1/c] so that
nights with high transformation errors received proportionately Tow weights.

Table I 1ists the program stars by HD or BD numbers, or‘by their designa-
tions 1in the articles where finder charts are available. Following thé name
are a visual magnitude, the source of the V photometry or the finder chart,
the color indices and their standard errors, and the number of measures used
to form the indices.

These colors are to be regarded as provisional and the last digit taken
at Tow weight. Color residuals were improved by a cleaning of the filters in
October, 1975.

Photometry on these and other faint stars is continuing and will be

reported in a forthcoming edition of the Publications.
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Table I. Results of Phetometry

Star Ident. y Source C4548 o Ca245 ¢ C4142 -& +. €38471 .o~ ° - -ﬁ

¢ Cas 5.00 P1 1.081 011 0.479 .014 0.048 .007 3
BD -902086 6.57 PKSW 1.375 .009 1.366 .024 0.225 .023 -0.020 .017 4
HD 116817 6.98 DD 1.225 .076 0.809 .024 0.153 .026 -0.537 .024 6
HD 10494 7.32 DD 1.243 .017 0.628 .018 0.112..019 5
BD +6002532 8.31 P2 1.193 .024 0.686 .015 0.130 .020 -0.580 .06 4+
BD +2590734 8.60 DD 0.995 ,005 0Q.561 .004 0.012 .006 -0.914 .015 3
BD +2594301 8.80 DD 1.197 .011 0.890 .007 0.205 .012 -0.526 .012 2
BD +210345] 8.81 DD 1.257 .001 0.902 .001 0.270 .007 -0.439 .007 2
BD +200521 8.83 DD 1.007 .020 0.568 .005 0.044 .017 -0.875 .024 4
BD +390453 9.20 bD 0.781 .024 0.342 .015 0.043 .006 -0.924 .025 3
CT Ori comp. 9.36 DP 0.764 .022 0.279 .007 0.023 .014 -1.137 .031 3*
EI Peg comp. 9.92 DP 1.020 .006 0.615 .024 0.055 .005 -0.750 .074 3
DF Cyg comp. 10.21  PKSW 0.980 .020 0.564 .028 0.033 .020 -0.828 .028 3
TW Cam comp. 11.25 DP 1.063 .024 0.632 .015 0.005 .016 -0.816 .030 4
V360 Cyg comp. 11.33 PKSHW (.969 .002 0.558 .018 0,062 .033 -0.843 .035 3
EQ Cas comp. 11.47 PKSW 1.305 .011 0.979 .025 0.140 .012 -0.382 .001 3

* For these objects, C3841 is based on only one measure but it is included for
completeness. The error of the color transformation for the night is given.

Source Key

DD — V photometry by the author
PT — P.Pesch 1959, Astrophysical Journal, 130, 764
P2 — P.Pesch 1960, ibid. , 132, 689
DP —D.L. DuPuy 1973, ibid. , 185, 597
PKSW — G.W.Preston,W.Krzeminski,J.Smak and J.A.Williams 1963, ibid., 137, 401
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SEYFERT GALAXIES--A STUDY OF
BRIGHTNESS VARIATION AND STELLAR

5’ - - - CONCENTRATION
I'N76-29090 )

Dennis W. Dawson
Department of Astronomy
New Mexico State University

ABSTRACT

UBV photometry of Seyfert galaxies is analyzed for variations in nuclear
magnitude. Using multiple apertures permits one also to estimate the stellar
concentration; four Seyfert and two normal spiral galaxies are compared.

INTRODUCTION

A galaxy may be regarded as a member of the Seyfert group when it displays:
1) a bright compact nuclear region; 2) broad emission lines from permitted and
forbidden transitions: 3) nuclear continuum emission; 4) multiple velocity systems
of absorption Tines; 5) a large nuclear ultraviolet excess; and/or 6) time varia-
tion of the nuclear brightness, particularly in the level of the UV continuum.

Although Pacholcyzk (1971) has identified a possible five-year variation for
NGC 4151, Seyfert galaxies do not, in general, exhibit any regular changes in
brightness. OQutbursts occur on a scale of weeks (for example, MacPherson 1972),
and fluctuations in the UV continuum strength appear to be their source.

OBSERVATIONS

UBY photometry of the Seyfert galaxies NGC 4051, 4151, 6814 and 1068, and of
the normal galaxies NGC 7331 and 224, was taken at the Blue Mesa site between May
and December, 1974. I used a cooled EMI 9502 B photocell, a Teledyne 4701 voltage-
to-frequency converter, and five diaphragms subtending 123, 91, 63, 32 and 23 arc-
seconds.

Fach galaxy was optically centered in the largest aperture, but I corrected
its position in the smaller ones when necessary, the twenty-three arc-second aper-
ture appeared to be the smallest that I could use and stiil obtain a reasonable
repetition of counts in a given filter; excursion effects became noticeable for
smaller diaphragms.

Every count for a particular filter was the mean of at least three ten-second
integrations. The faintest Seyfert studied, NGC 6814, had six or more integrations
per filter.

Use of an average of fifteen secondary UBY standards per night insured an
adequate reduction of the data; mean transformation errors {g) were 07018 in B-V,
01024 in U-B, and less than 0M03 in V. Standards were taken from the Tist of
Iriarte et. al. (1965). '

Table 1 Tists the program objects, dates observed, aperture ratio (to be
defined), and the UBYV magnitudes. The results of similar photometry by Zasov and
Lyutyi (1923) show good agreement with the present data.
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Table 1
The Observations

Galaxy Date X v B .. U
NGC 4051 19 May 1974 49 11.30 11.98 11.92
36 11.65 12.34 12.30
20 12.12 12.87 12.86
-.10 12.82 13.58 13.63
-.24 13510 13.87 13.96:
NGC 4151 22 May 1974 64 11.02 11.70 11.26
51 11.20 11.85 ¥i1.37
35 11.36 12.00. 11.48
05 11.66 12.25 11.59
-.09 11.84 12.36 11.65
18 June 1974 64 10.92 11.55 11.08
51 11.09 11.64 11.14
35 11.24 11.76 11.20
05 115 11.95 11.26
-.09 11.62 12.01 11.29
NGC 6814 21 June 1974 75 11.64 12.48 12.91
62 11.80 12.70 12.89
46 12.26 13.18 13.37
16 1312 14.15: 14.54:
17 October 1974 .75 10.88 12.01 12.29
62 11.27 12.17 12.41
46 11.63 12.55 12.84
16 12.81 13.50 13.78
NGC 1068 17 October 1974 .40 9.14 9.90 10.01
27 9.27 10.00 10.10
11 9.49 10.23 10.32
-.19 9.90 10.70 10.81
-.33 10.15 10.98 11.19
NGC 7331 16 October 1974 .29 11.57
.16 11.73
.00 12.04
-.30 12.66
-.44 13.04
NGC 224 -.91 8.39
-1.04 8.80
-1.20 9.36
-1.50 10.49
-1.64 11.05
Table 2
Coefficients of the Quadratic Fits
Galaxy o aB B(0) Type
NGC 4151* -0.26 0.63 12.13 Sab
NGC 1068 0.84 1.55 10.38 Sb
NGC 7331 0.99 1.86 12.02 Sb
NGC 224 0.68 1.91 6.08 Sb
NGC 4051 -0.96 2.36 13.36 Sbec
NGC 6814* 1.98 4.51 14.50 Sbc

* Mean of two nights
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MULTIPLE APERTURE PHOTOMETRY

Diaphragm sizes are scaled to a galaxy's angular extent by use of the
APERTURE RATIO, X, and a value of the face-on diameter, D{(0}, tabulated in
De Vaucouleurs (1964); specifically, X=log A - Tog D(0) where A and D(0) are
in arc-seconds.

Let B{X) be the integrated magnitude within an aperture that scales to X for
the particular galaxy. De Vaucouleurs (1964) found that B(X) may be expressed as a
quadratic function of X for ordinary galaxies, viz.

B(X) = B(0) - aX(B-X)

If the stellar populations outside the nucleus are the same for a Seyfert and
an ordinary galaxy of similar development, the brightness functions will differ in
a predictable fashion. Treating the quasi-stellar nucleus of a Seyfert galaxy as
a point source of magnitude Bn leads to an intensity at X=0 of

II(o) = 10‘0-4B(0) g ]0-0-4Bn

and a composite brightness function (disk plus core) of

B'(X) = -2.5 Tog I'(0) - aX(B-X)

Now suppose the nuclear magnitude and the magnitude B(0) differ by a constant,
k. The composite hrightness function may be written

B'(X,x) = -2.5 log [1070-4B(0)4q0-0-4(B(ON) | xipx)

B(0) values are tabulated in De Vaucouleurs (1964)., One compares the observed data
[Bf(X)] with curves of B'(X,k) for various x, and the value giving the best fit
Teads to the nuclear magnitude: B, = B(0) + k.

A guantity of interest in examining the similarity of the extranuclear
stellar populations is the concentration parameter AB(X) defined by Zasov and
Lyutyi (1973):

AB(X) = B(-1) - B(X)

This quantity should be free from effects caused by an abnormal nucleus and relate
directly to the population outside jt.

STELLAR COMCENTRATIONS
I assumed a quadratic brightness Taw could be used to describe the brightness
functions of Seyfert as well as ordinary galaxies and formed AB{Y¥) for all the
program objects. The quadratic assumption allows an extrapolation to X=-1, which

is necessary since none of the apertures used was small enough to measure B(-1)
directly. If [w,-0B,B(0)] are the fit coefficients it follows that

B(-1) =o + of + B(0)
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Table Two 1ists the coefficients of the quadratic fits for the program galaxies, and
those with AB < 5 are shown in Figure One with a de Vaucouleurs empirical relation
for early-type galaxies.

Figure One indicates that NGC 4157 tends to have a steeper brightness gradient than
an ordinary early-type galaxy. Both NGC 4057 and NGC 6814 display Tittie central con-
centration while NGC 1068 appears to have a nearly ordinary extranuclear population,

Zasov and Lyuty! (1973) found that except for NGC 4057 (6814 was not studied) most
Seyfert galaxies have 7,5<n<2 for a brightnass power Taw Ib r)=1/.n, in contrast to
0.8<n<1.4 for ordinary galaxies. NGC 4051 has n=0.5, -and “the curbent data indicate a
similar brightness Taw for NGC 6814,

The "quasi-observable" quantity AB(0) = a{1+B) can be related to the values of the
radial brightness exponent n. Figure Two, which combines the present data with that
of Zasov and Lyutyi, shows this relation which has the rough 1inear form n ~ 3 = 3/4 4B(0).:
It 1s difficult to argue whether the steeper b»ightness gradients of the more active %
Seyfert galaxies are prereguisites for the Seyfert behavior or are the result of it.

The gradient does diminish with Hubble type, as shown by the concentrations of NGC 4151
(Sab?, NGC 1068 (Sb) and NGC 4051 (Shc) and the Tack of Seyfert activity in Sc galaxies.
This is alsc shown by the correlation of «f with Hubble type as shown in Table Twe.

TIME VARIATIONS OF BRIGHTNESS

The galaxies NGC 4157 and NGC 6814 were examined on two different occasions, and
both had varied significantly in brightness and color. The brightness functions are
shown in Figures Three and Four.

Note the large ultraviclet excess of NGC 4157. As U-B changed Tittle but B-V
changed by roughly 0715, we must assume that the brightness changes occurred at nearly
equal Tevels in U and B but much Tess in V; this 1s consistent with a change in the
level of the ultraviolet continuum,

NGC 6814 displays a brightress change that suggests equal rise in V and B rather
than in U, However, the galaxy was faint enough in U that the U~B colors are open to
soTe question. The work of MacPherson (1972) confirms the constancy of B~V for this
galaxy.

Variations in the U filter amount to OM36 for NGC 4151 and 0777, for NGC 6814,

DISCUSSION
Photometry of the four Seyfert and two ordinary galaxies has shown that differences
exist between them, not only in the nucleus but also in the stellar population outside
it. The concentration of this population appears correlated with aztivity.

Two of the Seyfert galaxies showed time variation of brightness, consistent with
previous results in the 1iterature.
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TESTING OF A PHOTOELECTRIC PHOTOMETER
I. Determination of Operational Parameters

Dennis W. Dawson and Edward F. Tedesco
Department of Astronomy
_ . . New Mexico State University
N96-20091
ABSTRACT
Observations over four months are used to evaiuate magnitude and color
transformations, extinction coefficients and a gain table for the photoelectric

photometer of the 41 cm. -reflector at the Tortugas Mountain site. We discuss
ways of increasing the efficiency and accuracy of this system.

INTRODUCTION

To obtain consistent and accurate results from a photoelectric system it must
be calibrated against some standard photometry such as the UBV system, which now
has an extensive Tist of secondary standard stars.

The 41 cm. Rhodes reflector (f/34 at the time of this study, subsequently
altered to f/12) is equipped with a photometer designed by Dr. James Cuffey,
which uses an RCA TP21 photomultiplier tube and dry-ice cooling (optional).
Cooling was not employed in the present work.

Also in the system are: 1) a set of standard UBV filters, plus red-leak and
dark; 2) a radium star for gain calibration; 3) eighteen half-magnitude gain steps,
labeled A-6 and 0-10 by increasing sensitivity; and 4) four apertures subtending
20, 30 40 and 60 arc-seconds. The filter and aperture options are controlled at
the telescope; a sliding prism sends incident 1ight through a viewing eyepiece or
onto the photocathode. A Mosely Model 680 strip chart recorder is used.

We used the 60 arc-second aperture for the calibration. A carbon star (19 Psc)
produced negligible red Teak deflections in all filters. The amplifier was zeroed
by adjusting the voltage to produce minimum drift at the recorder as the gain steps
were traversed, and the recorder was then manually zeroed at gain A. The photoceil
was run routinely at 870 volts.

CALIBRATION PROCEDIRE

We observed forty-two bright stars in the Arizona-Tonantzintla (Iriarte et.al.,
1965) from October, 1973 through February, 1974 to obtain color and gain calibrations;
observations made in June, 1974 augmented the extincticn data obtained earlier. We
took deflections at various hour angles and at a number of different gain steps:
signals above 32% full scale were considered usable {the figure was estabiished
by examining the maximum tolerabie errors in the final transformations).

Most of the stars observed near the meridian iie between the celestial equator
and zenith; we assumed the extinction of a unit air mass for stars within one hour
of the meridian so that color transformations could be obtained in terms of a zenith
color value, This procedure is entirely adequate for general transformations;
extinction corrections will be discussed in the last section.
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COLOR TRANSFORMATIONS

Transformations of the observed meridian (B-V) and (U-B) colors to the standard
system were first obtained by the procedure outlined above; enough stars were
available to allow U,B,V deflections on the same gain (or any two on the same
gain) , and a gain calibration was not needed at this point. The majority of stars
used actually lay within 1/2 hour of the meridian. ~

The best fits to the data are:

(B-V) 4y = 1-17 (B-V) + 0.89 (f0Mo1)  n=21
(U-B)

ot = 099 (U-B) - 1.70 (f0T07) n=12

The (B-V) transformation is accurate enough to be used directly, if desired,
since the largest error in the fit is only 0W04 (see Figure 1). The (U-B) data
have more scatter because of fewer points and the generally Tower signal through
the U filter; the two largest deviations at one end suggest the importance of a
(B-V) color term.

THE GAIN CALIBRATION

Stars and the radium source were used for gain calibration on several occasions.
Comparison of nightly results was generally poor, but we finally attributed this to
using data at deflections too Tow Tor adequate reading accuracy. We therefore
reworked the gain calibration using high deflection data only and adopted this
as the correct one (it is listed in Table I); its accuracy was tested by taking
readings for one star at two different gains and reducing them to an arbitrary
gaiﬁ wiﬁh the table. The magnitudes thus obtained were normally within OT03 of
each other,

We also tested the gain calibration on stars at Oh, ¥2.5h and i5h hour angle
to determine whether tube magnetization had affected the original results. No such
effects were found.

MAGNITUDE CALIBRATIONS

UBV deflections at various gains were reduced to an arbitrary gain with the
gain table and then related to the Arjzona magnitudes. We Ehose gain 0 as the
arbitrary gain since it was used most often during the work.

The REDUCED MAGNITUDE (the magnitude in a given filter in terms of its
value at gain 0) is definad so that
n
- 7 Am;
m., 2.5 Tog Df Ty

where n is the number of gain steps above zero (plus sign) or below zero (gains
A-G, minus sign), and Df is the deflection at the given gain in filter f.

Linear least-squares fits of the reduced and Arizona magnitudes, shown in
Figure 2, yield the following transformations:

149



Vggq = 0.995 V +7.54 (£0"05)

st

Beyq * 0-964 B, + 8.21 (£0™1)

st

_ A

The fits are reasonably tight though uncorrected for extinction, mean errors being
Qmo5, 0T07 and OM04 respectively. The small scatter in V reflects the accuracy of
the gain calibration, while the Tlarger B,U scatter may result from the larger
extinction through these filters,

The colors derived from this independent approach agree fairly well with those
of Figure 1, especially in the U-B color. The (B-V) transformations differ, but the
B magnitude calibration has a Targe scatter; we therefore feel that use of the
first (B-V) calibration will lead to more consistent results.

EXTINCTION CORRECTIONS

Some scatter n the previous results is due to Tack of an explicit correction
for extinction.

To determine extinction coefficients, a number of program stars (red-blue pairs)
were observed nightly over many hour angles. A program written by one of us (E.Tedesco)
computed magnitudes, sec Z and air mass using the sec Z poiynomial of Bemporad
(see Hardie, 1965). We also took extinction measures at the Rhodes telascope during
June, 1974 and at the Blue Mesa 61 cm. telescope during four nights in May, 1974 ,
to supplement this data. Table II 1ists the coefficients so obtained; weights were
assigned on the basis of internal consistency and the number of measurements taken
per star per night.

There 1s excellent agreement among the different determinations. We have adopted
the weighted mean values k.= 0.150 , ky_,= 0.112 and k.= 0.215 magnitude/air mass.

Applying the "correction” term ~k(X-1) to the observed meridian coiors (assumed
to be zenith values) Teads to an estimate of the effect of including extinetion on
the color transformations. That 1s, the true zenith (X=1) colors are derived using
the extinction explicitly and this determination {is compared with the uncorrected
transformation for tightness of fit. Using fifteen of the stars in the original
(B-V) transformation, we derive the following transformation coefficients, correlations,
and average and standard deviations:

(B-V)std = 1,184(B-V)

copp * 0+899 r=69.98% AD=0T009 sD=0T011 EXPLICIT CORRECTION

(B-V) yq = 1-185(B-Y)  +0.883 r=09.97% AD=0T010 $§D=07013 NO CORRECTION

Neglecting differential extinction near the meridian has 1ittle effect on the color
transformation. ,
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Table I

Gain Calibration

GAIN STEP RATIO MAGNITUDE DIFFERENCE

B/A 1,595 0.507

C;B 1,608 .216

D/C 1,642 .538

E/D 1.685 .266

F/E 1,563 485

G/F 1,778 625

0/G 1,540 469

1/0 1,692 558

2/1 1.820 .650

3/2 1,743 . 603

72
6/ 1,672 .558

/6 1,589 «503

A e g

10/9 3.800 11&9

Table II
Mean Extinction Coefficlents
UT Dates Ky Kp_v Ku-p n
5 June 197 130 100 201 11
19-22 May 1974 152 127 225 30
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CONCLUSION

The Rhodes telescope and photometer are a stable and accurate system well-
suited to observatio.al projects. In uncooled 870-volt operation, stars of 7th
magnitude gave signals Targer than 32% full scale on gain 8 (gains 9 and 10 were
not used as they suffer from thermal noise and non-linearity) using the f/34
configuration. Initial investigation of the f/12 system shows that 8th magnitude
may be reached routinely on gain 8 (uncooled}; cooling will certainly extend this
Timit by Towering dark noise and allowing the tube to be operated at higher voitages.
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TESTING OF A PHOTOELECTRIC PHOTOMETER

IT. Observational Testing

DENNIS W. DAWSON
and
EDWARD F. TEDESCO

Department of Astronomy, New Mexico State University

ABSTRACT

We demonstrate the versatility of the 41 cm. Tortugas
reflector's photoelectric system through observations of V566
Oph and R CrB with four associated AAVSO comparison stars,

these observations having been made between May and October, 1974,
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INTRODUCTION

In a previous paper (Dawson and Tedesco, 1976) we evaluated the
photoelectric system of the 41 cm. Tortugas reflector. The testing
included forming a gain calibration and observing standard stars to
obtain extinction coefficients and color transformations to the standard
UBY system.

The present work expliores observational uses of the system
during the 1974 observing season. The photocell, operated at -870

volts, was used uncooled except for the observations of V566 Oph.

I. V566 OPHIUCHI

On July 24, 1974 we explored the capability of the Tortugas
system for real-time photometry through differential photometry of
the short-period W Ursae Majoris-type binary VY566 Oph (P = .4096 day,
mpg = 7.60-8.09). Observations extended from Sh to Bh Universal time.

Measures of the variable alternated with those of a nearby
comparison star (BD +4°3558) and sky. We used a Hewlett-Packard
Model 405c digital voltmeter and paper-tape output from a Hewlett-
Packard 561B digital recorder. Samples were taken every five seconds
and a dozen samples averaged to yield about %1 minute time resolution.

Results of the sbservations are displayed in Figure 1, which is
a two-point smooth of the dozen-samplie averages. The photometry

indicates that V566 Oph reached maximum 1ight at 6h45m (iEm) Universal

time.
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It is very unlikely that differential extinction could cause the
observed maximum as most of the data were obtained when V566 Oph was
already west of the meridian. A brightening in sky Tevel due to the
city lights of Las Cruces was noticed at 8h, but the trend in the

variable data was toward fainter magnitudes.

IT. R CORONAE BOREALIS

We carried out UBV photometry of R CrB at the Tortugas and Blue
Mesa sites between May and October 1974, as the star emerged from a
February minimum. An average of 5 standard stars was observed each
night and the usual reduction techniques were appiied. The color
transformation errors were normally below a"os.

We compared the Tortugas data with determinations from Blue Mesa
to test theijr reliability. Figure 2 shows V magnitudes from both
sites: squares represent the Blue Mesa data and circles the Tortugas
observations. Inter-agreement js good; there appear to be no systematic

dijfferences.

ITI, COMPARISON STAR MAGNITUDES

Magnitudes of several comparison stars on the AAVSO charts for
R Coronae Borealis were obtained during the photometry of that
variable. Initial results showed discrepancies between AAVSO magnitudes
and the photoelectric values, and a more extensive investigation was

begun.
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Reductions of data from the Tortugas and Blue Mesa sites indicate

'j~%T@f=thﬁﬁﬂo brightest comparison stars (SAQ 084005 and SAQ 084053,

. 4y
v EAE I~

mégnitudes 7.2 and 7.6 respectively on the AAVSO charts) are actually
0"24 and 0"21 fainter than the chart values; therefore, visual observa-
tions using these comparison stars (when R CrB is bright) will tend to
overestimate the magnitude of the variable.

An effect of this sort appears in comparing visual and photo-
electric data for the 1974 minimum; it was corrected by adding o™ to
all visual observations brighter than V = 8.5. The corrected 1ight

curve shows better agreement between the types of observation.

IV. CONCLUSION

The projects outlined above demonstrate that the Tortugas photo-
electric system is well-suited to work on objects of interwediate
brightness. Accessibility of the facility and ease of operation make

it ideal for instructional and patrol work.
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PHOTOMETRIC CALIBRATION OF PLANETARY PHOTOGRAPHS

Reta F. Beebe - -
N?6-290g%9

Department of Astronomy

New Mexico State University, Las Cruces, New Mexico

This article summarizes the basic data and approach for calibrating
photographic plates obtained with the 6l-cm telescope at the Tortugas
Mountain Station of New Mexico State University Observatory. Since
this is the fundamental calibration of our planetary data it is of
use to all in-house users as well as other individuals who use our

data.

BASIC CALIBRATION

A1l photographic plates taken at the 61-cm telescope at the
Tortugas Mountain Station are calibrated by fimprinting a sensitometric
strip on them. The printer, constructed at the Lowell Observatory in
1967, utilizes a rapidly rotating sector wheel to produce the exposure
steps in the calibration strip. The sector wheel contains a slotted
pattern in the outer twenty percent of its radius, arranged so that
at a given radius the number of slots and their angular extent determine
the time-averaged illumination for a given step in the wedge. The
pattern, which repeats itself every 180° rotation of the wheel, has
been chosen so that the exposures increase in sieps of v¥2 as the
radius increases, ending with tﬁe darkest step suffering no inter-

mittency.
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The sector wheel is ilTuminated by a quartz-iodide lamp, and a combina-
tion of variable s1it jaws and time exposures are utilized to obtain the
correct exposure for a specific plate-filter combination. The filter is
inserted into the Tight path between the sector wheel and the plate, and
eleven rectangular steps are exposed along one end of the plate (see
Figure 1). This approach takes advantage of the geometric properties
of the sector wheel to assure repeatability of the calibration from
plate to plate. Table 1 contains the calibrated values for iog]O of

the exposure for each step in the calibration strip.

TABLE 1

Calibrated values for the Sensitometric Strip

Step 10910 E

1 0.0000
2 -0.1480
3 -0.2999
4 -0.4514
5 -0.6027
6 -0.7500
7 -0.9031
8 -1.0511
g -1.2088
0 ~-1.3528
1

1
1 ~-1.5089

A possible disadvantage of this technique is the presence of
intermittency effects. 1In this case, the sector wheel rotates at
3600 rpm with each step receiving at least two flashes per rotation.

This yields at least 120 flashes per second. Since all our exposures
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Fig. 1. A schematic of a standard 3 1/4" by 4 1/4" plate. With the
emulsion side down the sensitometric strip is located on
the Teft of the plate with the darkest step indicated by
the black arrow and the 1ightest by the open arrow. Fiducial
lines registered on the plate by the camera for geometric
calibration are indicated by the thin arrows. The numbers
indicate the sequence for photographing the planetary images.
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are for more than one second, intermittency effects should be minimized
due to the fact that the number of flashes far exceeds the number of
photons absorbed by any single grain, thus the grain will not detect
any non-randomness in the arrival of photons.

A standard developing technique using vertical plate hangers and
the nitrogen burst technigue results in a relatively homogeneous plate
background; hence,any selected image on the 3 1/4 by 4 1/4 plate may be
calibrated by simuitaneously scanning the image and s*trip and applying

the foliowing procedure.

TRANSMISSION-TO-INTENSITY CONVERSION

The conversion of transmission (T) or density (D = -10910 T} to
relative intensity is accomplished in a two-step procedure. First,
the scanned image is searched to ascertain that the values Tie within
the range of che strip and the maximum and minimum densities or trans-
missions are determined. Once these values are established, average
densities or transmissions of those steps on the calibration strip
which bracket the maximum and minimum values and the average plate
background are obtained. In the case where the image is more heavily
exposed than the densest step in the calibration strip, the densest
step is used and the image is truncated, as explained in the latier
part of this section. Average values for each step are converted to
transmissions and normalized so that the plate background is equal

to 1.0.

162



The coefficients in the following relationship

Tog I =€y + ¢ Togjg T+ Cyllogyy T2 + Cg Tog(1-T) + ¢, 771, (1)

0 1

are determined by a Teast-squares method. Here T is the normalized
transmission of each step in the strip. The second-order term in
10910 T was added to the expression proposed by Honeycutt and Chaidu
(1970) to improve the fit near the sky background. For high-quality
nlates this equation yields fits to within two percent accuracy,

where the accuracy s defined as

I, -1
() =2 ¢

Iy

x 100 (2)

and I0 is the observed intensity and IC the caficulated value.

In applying equation 1 to the calibration of the image, since the
fourth term becomes undefined if T is greater than 1.0, the value of
the intensity is automatically set to zero in this case. 0On the other
hand, if the transmission of the data point in question is Tess than
the darkest calibration step the intensity is set to 1.0, hence allowing
no extrapolation.

This system has been utilized for the past three years by the
planetary group and appears to be an adequate procedure for obtaining
a calibration technique that is readily adaptable to computerized

data reduction and is accurate to the T1imit of our photographic process.
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IMPROVEMENT OF THE RHODES 16-INCH TELESCOPE ON TORTUGAS MOUNTAIN
by Clyde W. Tombaugh
Department of Astronomy
New Mexico State University
Las Cruces, New Mexico

The New Mexico State University lé6-inch telescope, £3.3 primary, was
purchased from Mr. Wm. Rhodes of Phoenix in 1961. Originally, it was a motor-
focussing f£15 Gregorian, fork mounting on a mobile trailer. It was used for
seeing tests at a site a few miles north of Clouderoft, New Mexico at about
8500 feet above sea-level,

The mounting was unsatisfactory for serious research work. Considerable
modification was necessary. A number of gusset plates were welded on the inside
of the fork to achieve greater rigidity. Worm wheel drives were installed on the
polar and declination axes, and the base of the fork was bolted to a massive
concrete pier in a dome.

The immediate need was for planetary photography. The author then designed,
ground, polished and figured an £34 Gregorian, which gave excellent definitiom.
It was little used for this purpose after 1967, when NASA provided our planetary
project with an excellent 24-inch, £40 and £75 Cassegrain telescope. Tor a
number of years, the l6-inch was used oz brief spectrographic, visual, polarimetric
and photo-electric projects. The tube structure resembled the Hale 200-~inch
telescope, except that it had an 18<inch diameter solid cylinder of thin steel,
28 inches long, which was annoyingly buffeted by gusts of wind.

The favorite program consisted of photoelectric observations with Dr.
James Cuffey's photometer. The 1l6-inch was attractive in that it could be

reached in a 15-minute drive from the campus, and several graduate students
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observed variable stars, variable asteroids, and occultations of Jupiter's
satellitas on each other.

It became apparent that two major changes were required to better adapt
the instrument for photo—eleetric observations: (1) To shorten the equiva-
lent focal length and focal ratio, and (2) To get rid of the "wind-catcher"
section at the upper end of the tube.

The author, having become Professor of Astronomy Emeritus, had more time
than others in the Deﬁartment, undertook the optical and machine alteratiomns,
with the assistance of Dr. Cuffey and some of the graduate students.

The author figured a 5-inch dia Cassegrainian mirror to give an f12 ratio,
fabricated a new web support system to carry the motor-focussing mechanism,
on which he mounted the new secondary mirrcr. The upper solid section of the
tube was totally removed. Fortunately, the author found a number of arc-shaped
lead weights that fit perfectly on the inside 1lip of the tube's upper ring to
re-balan-e the telescope. Then the optics were carefully re-coliimated.
Preliminary checks indicate that now the 16-inch is quite satisfactory for

photc—electric observing programs. This work was completed in April 1975.
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THE NASA-NMSU AUTOMATED METEOR OBSERVATORY
. Gale A. Harvey _
NASA Langley Research Center
James Cuffey
New Mexico State University

ABSTRACT

A new observatory for meteor research, recently completed at
New Mexico State University is providing data for study of meteor
heights, Velocities, orbits, and meteoroid abundances. The relatively
clear desert skies of New Mexico are well suited for research of this -
kind. The observing equipment is sﬁitably automated to take advantage
of the long periocds of favorable observing weather common to the:fegion.
Equipment for the observatory and funding are provided by NASA Langley
Research Center. The main observing site;'tonstruction,-and'oBgérVéré’f
are provided by New Mexico State University. A secqnd observing site
is located at Corralitos Station of Northwestern UnivérSiEy‘s Déérbofﬁ'
Observatory. Four K-24 cameras, clectricallf operated, provide the
triangulation observations; and four Maksutov £/1.3 béméraé witﬁ'blazéd B
transmission grating provide spectral coverage. The patrol cameras have
operated for a year and a half and approximately 6,000 framés'ﬁavé been
exposed by 9 March 1975. Meteor trails appear on 260 of these frames.
Sixty-eight trails are of meteors photogfaphed from two ldcatibns and.'
thus allow trajectory and orbit determinations for 34 meteors. The
spectrograph installation is largeiy'automafed. bhotoélectric'éehéoré
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initiate the 2-second spectrograph exposures and ekegtr;éagEcantroks )
MOAUE B T

LRF RS

open and close the observatory at preset times. The meteor spectro-
graphs have become fully operational only recently (May 1975) and

no spectra have yet been obtained.
INTRODUCTION

The NASA-Langley Research Center (LaRC) has an on-going research
program in meteor physics to better determine element abundances of
meteoroids, and indirectly of certain comets {Harvey 1973a, 1973b,

1974, 1975). This relates not only to a hetter understanding of the
near-earth particulate space environment, but is also an independent
source of data for study of the early evolution of the solar system
(Alfven 1971). LaRC, in cooperation with the Astronomy Department

at New Mexico State University (NMSU), has established and is directing
the operation of a two-station direct-camera meteor patrol at NMSU.

The two-station patrol is now yielding about ten two-station meteor
pairs per month. The two-station patrol provides data for meteor
trajectory and orbit determinations. Trajectory data is needed to
determine the effects of velocity and altitude on observed spectra,

and to aid in understanding meteor radiation processes. Trajectory
data is also necded for phocometry of the meteors. Orbit data is needed
to correlate composition with parent objects, sources of origin, and
dynamics within the solar svstem.

Hetcor spectra are needed for abundance determinations and definition
of the meteor plasma. A highly automated battery of spectrographs has

been added to the patrol.

RIGINAL PAGE 1§ 167
v« POOR QUALITY]



o

The purpose of this paper is to describe the LaRC-NMSI! meteor

observatory facilities, instrumentation, and observing procedures.
THE METEOR TRAJECTORY AND ORBIT OBSERVATORIES

At Tortugas mountain near Las Cruces, N.M., and at the Corralitos
station of Northwestern University's Dearborn Observatory, four cameras
of the K-24 electrically-operated, roll-film type were set up, and
aligned so that their lines of sight intersect at a height of %0 km
above two peoints on the perpendicular bisector of the line between
the two stations. The elevations of the optical axes of the four
cameras are 56°5 above the hovizon, and the azimuths, using the
abbreviations T for Tortugas, C for Corralitos, N for north and
S for south are:

TN  360°2 N 03322
TS 21 .2 cs 18092

The coordinates of the observatory sites are:

Tortugas Lat 32° 17' 31946 N  Corralitos Lat 32° 22' 513 N
Long 106° 41' 50v13 W Long 107° 02' 27" W
Alt 1505 meters Alt 1454 meters

The bearing line through the two stations runs along the true
azimuth 106°712. Their separation is 33.73 km.

The K-24 cameras located on top of the observatory on Tortugas
mountain may be seen in Figure 1. The cameras are protected from the
elements by the white camera covers. Cables from the cameras lead to
the power supplies and control systems located inside the silo. The K-24
cameras have Kodak Aeroc Ektar £/2.5 lenses of 7 inches focal length,

in front of which are mounted two-bladed choppers rotating at 600 rpm,
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driven by Globe Industries hysteresis synchronous motors. Meteor
trails are, therefore, broken twenty times per second into segments
of one fortieth of a second exposure. No attempt has been mads to
synchronize the choppers. The cameras use Kodak 2475 roll film 5 1/2
inches wide and 56 feet long. With magazines in proper adjustment,
each roll gives 116 one hour exposures. Thus, with approximately *en
exposures per night, the cameras need reloading only once every ten
days. A square area of sky 40° on a side appears in each frame.

The Universal Time at the end of each exposure is recorded by a
Simplex time recorder, and by an Accutron watch photographed at a corner
of each frame. A photoelectric sensor which scans a nominal 30° diameter
area of sky centered at altitude 5675 and azimuth 36092 is also comnected

to a time recorder, to record more accurately the times of occurance

of meteors in the fields of view of the north-looking cameras.

After a year and a half of operation (November 1973 to March 1975)
the cameras have exposed 75 rolls of film, with approximately 80 frames per
roll. Of the total 6,000 exposed frames, 250 have meteor trails, 68 of which
form pairs suitable for the triangulation of 34 meteors. Measurement and
trajectory reduction of the two-station meteor pairs have been performed at
the Physical Science Laboratory at NMSU, using standard reduction routines
developed for missile trajectory studies. Meteor heights and velocities

thus obtained then furnish orbital elements through additional programs.
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THE METEOR SPECTROGRAPHIC OBSERVATORY

Four meteor spectrographs, consisting of 6-inch aperture £/1.3
Maksutov cameras with blazed first order transmission diffraction gratings
are installed at Tortugas Mountain. Al: transmission optical components
are transparent to near-ultra violet light (> A3100). The cameras look
at the sky through a 3 foot square opening in the roof of the Tortugas
silo, Three of the spectrographs are shown in Figure 2. The square rcof
opening has an electricaiiy operated sliding door. Each camera's field
is circular and 21° in diameter. The spectrograms have inverse disper-
sions of about 120 A/mm. The fields of view of the spectrographs are
in the central parts of the fields covered by the K-24 patrol cameras.

The optical axes of the spectrographs are aligned as follows:

Spectrograph Azimuth Altitude
A 345.4 56.5
B 015.0 56.5
c 198.4 56.5
D 228.0 56.5

Since the slitless spectrographs are optimized for the near-ultra violet
region of the spectrum, the azimuths actually in use are corrected for

the differing deviation angles of the individual gratings, which are, for
cameras A and B, 977, and for cameras C and D, 1470. Final azimuth and
altitude pointings for the spectrograph cameras, allowing for the differing

gratings and the spherical trigonometry involved are:

Spectrograph Grating Azimuth Altitude
A 9.7°R 002.9 5705
B 9.7°R 032.5 5725
C 14.0°R 223.7 5815
D 14.0°R 253.3 5875
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Photoelectric sensors using RCA 6199 photomultiplier tubes contin-
wously monitor the areas of sky seen by each spectrograph. Ultra violet
filters eliminate much of the background sky light without lessening
the sensitivity to meteors. When a meteor appears, radiation from
the meteor is detected by the photomultiplier tube which is used to
trigger the spectrograph shutter, opening it for a two-second exposure,
and recording the time. Photomultiplier tube sensitivity must be
carefully adjusted for the brightness of the sky on various nights.

In practice, other sources of light often trigger spurious exposures.
Passage of the moon, or of clouds illuminated by the moon often cause
trouble, as do lightning flashes, even those remote from the field.

A sliding door electrically controlled is used to open and close the
observing aperture in the roof., A timer switch provides for automatic
opening at a suitable time at the end of evening twilight. Push buttoms
and relays provide manual open and manual close. A second timer switch
always closes the roof aperture before dawn. Thus, once the film is
loaded into the spectrographs, the installation can operate itself
repeatedly. In practice, however, the need to readjust the sensitivity
of the photoelectric sensors to allow for changing sky brightness
limits the automatic observing periods to two or three nights when
the moon is in the sky, and to seven nights when the moon is incon-
spicuous. Obviously the possibility of unexpected rain or snow requires
careful attention on the part of the operator, who may sometimes find it
necessary to make hurried trips to close up the observatory. Luckily

rain snd snow are not often encountsred in southern New Mexico.
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Each spectrograph field covers 314. square dsgrees, or 1.5% of
the visible hemisphere. The battery of four spectrographs cover 6.%
of the hemisphere. Although the hourly rate for visual meteors is
&, most of these are much too faint to record as spectra. In fact,
from previous operation of these spectrographs (Harvey 1971) we may
expect about four spectra per month from the use of the four spectro-
graphs. Thus, one spectrum requires approximately eight nights of
continuous exposure to the sky, and hencethe observatory must be
largely automated for efficient work on the part of the observer.
Therefore, the observatory is programmed by electrical timer toO
automatically perform the following actions.

1. Open the slit at the end of twilight.

2. Turn on the high voltage to the sensors.

3. Watch for meteors.

4. Open the spectrograph shutter when a meteor appears,

5. Control the spectrograph exposure times.

6. Turn off the high voltage to the sensors.

7. Close the slit before dawn.
CONCLUDING REMARKS

&y Although the observatary has been in use only a limited time, it
is apparent that automated coperation is vital to the project. Meteor
spectra should be obtained at a rate of one per camera—spectrograph per
30 nights of observing time. With four spectrographs, the rate becomes
one per eight nights of observation. Thus, the ability to operate only
four nights in a row automatically increases the probability of acquisition

of a meteor spectrum to an even chance. Savings in film consumption,
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in travel, film processing, and film searching are significant aspects

of this highly automated meteor spectra patrol.
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FIGURE 2, METEOR SPECTROGRAPHS, TORTUGAS STATION.
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MEASUREMENTS OF JUPITER'S LONG-LIVED FEATURES AND CURRENTS

E. J. Reese and R. F. Beebe
Department of Astronomy

New Mexico State University, Las Cruces, New Mexico

Recent longitudinal measurements of Jupiter's Red Spot are presented
to illustrate the constancy of the 90-day oscillation. Observational
parameters of the Red Spot, the three south temperate ovals, and a summary
of the zenographic latitudes of the belts are tabulated for the time
interval from 1972 to 1975. Drift rates and the mean latitudes of the

atmospheric currents for the 1874-75 apparition are presented.

INTRODUCTION

Since we have not published detailed apparitional reports during the
interval from 1972 to 1976, this report summarizes the general parameters
of the Jovian atmosphere for that time interval. The current efforts of
the NMSU group are directed toward a much more extensive measuring pragram,
with the goal of obtaining detailed information on growth and drift rates
of short-lived features as well as continuing analysis of the Tong-1ived
features.

During the period from 1972 to 1976 an automated measuring program
has been implemented, resulting in the capacity to obtain positional
information on all observed features in the Jovian atmosphere. Requests
concerning detailed results of this program should be directed to the

authors.
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The data reduction procedure utilized in this reﬁogt fﬁuﬁiséusséa by
Solberg (1969). The automation has led to few changes in the procedure
but has greatly enhanced the speed and accuracy with which the data are
recorded and reduced from plate coordinates to planetographic coordinates.
The reduction procedure is an interactive approach, which allows for
considerable Togical decision on the part of the user.

The following sections discuss the observational aspects and motions
of the Red Spot and south temperate ovals, as well as the rotational rates

of the atmospheric currents and the latitudinal dependence of the belts.

THE CHANGING ASPECT OF JUPITER'S GREAT RED SPOT

Historically, Jupiter's great Red Spot has displayed two characteristic
aspects: the Red Spot or dark aspect, and the Red Spot Hollow or bright
aspect. The Red Spot achieved maximum darkness in 1878-1882, 1927, 1936-1937,
1961-1966, and 19689~1974; while the Red Spot Hollow was bright in 18371,

1897, 1930, 1938, 1944, 1947-1948, 1950, 1953-1954, and 1958-1959. Occasionally
this famous region assumes an intermediate aspect in which a diffuse, dusky

Red Spot is visible within a rather dull Hollow. Such an aspect persisted
during 1967 and early 1968,

Prior to 1962, the outbreak of a major SEB disturbance invariably was
followed in two or three months by a fading of the Red Spot and the formation
of the Hollow. The SEB disturbances of 1962, 1964, and 1971, however, were
not followed by a great loss in the intensity of the Red Spot. Perhaps the
unusual darkpess of the Red Spot during those years enabled it to survive;
or, perhaps, much of the energy of the disturbances was diverted into the
Fquatorial Zone which was unusually dark and orange in color subsequent to

each of these disturbances.
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The latest SEB disturbance erupted in early July 1975. This time
the Red Spot appears to be fading and changing into the Red Spot Hollow
aspect. Prior to July, the Red Spot was very dark orange in color and
well-defined, contrasting strongly with the briliiant blue-white South
Tropical Zone--a typical pre-disturbance aspect. Dark material, which
had been moving away from the center of the SEB disturbance a]bng the
SEBs, arrived at the preceding end of the Red Spot on 13 September.
Thereafter, the Red Spot gradually faded and became more diffuse until

by mid-December it had dwindled to half its former area. Its aspect
was then similar to that observed in 1967. 1In blue and green Tight the

Red Spot was visible as a diffuse, dusky patch inside the dark border
of the developing Hollow; while in red 1ight the interior of the Hollow
was bright and had a well-defined dark border.

Prior to mid-July 1975 the Red Spot had a Tength of 27,000 km and a
width of 14,300 km. By mid-December the dimensions of the faded Red Spot
were only 20,500 km by 9,300 km, while the bright interior of the Hollow
as photographed in red 1ight was 24,500 km by 13,300 km.

In early February 1976 it became apparent that the disturbance in
the SEB was weakening and the Red Spot was recovering some of its former

intensity and size.

RED SPOT'S MOTION IN LONGITUDE
After a sudden acceleration in the rotational velocity of the
Red Spot in Tate December 1970 (Reese, 1972a), a graduai deceleration
characterized the Tong-term motion of this famous feature until the
end of 1973. The velocity waé cbnstént, except for thé éffeéfs of

the 90-day oscillation, during'the apparition of 1974-75. The Red
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Spot was accelerating again during the apparition of 1875-76. The

8 m/sec2 were -3.16

ohserved accelerations expressed in units of 10~
in 1971, -2.42 1in 1972, -1.03 in 1973, zero in 1974-75, and +4.10

in 1975-76. Fig. 1 shows the Red Spot's motion in longitude from

1970 to 1975.

The 80-day oscillation in the Tongitude of the Red Spot (Solberg,
1969) continued throughout the jnterval covered by this report {Fig. 2
and Table I). Fifty-four complete oscillations have been observed (or
extrapolated between the maxima of 16 August 1962 and 1 December 1975.

A Teast squares analysis gives the oscillation a mean period of 89.85

+0,06 days and an amplitude of 0%8.

MEASUREMENT OF THE RED SPOT AND THE THREE S. TEMPERATE QVALS

Some values obtained from our measurements of the size and position
of the Red Spot and three bright south temperate ovals during the Tast
four apparitions are summarized in Tables IT through V. The results
for 1975-76 are preliminary since the apparition was still in progress
when this report was being prepared.

A11 of the measurements of the Red Sput and the three south temperate
ovals reported here were made on plates taken in blue Tight. Measurements
of plates taken in red light make the Tengths of the south temperate ovals

about 194 greater at that wavelength.

ATHOSPHERIC CURRENTS IN 1974-75
The zenographic coqrdinates_of.thg.precedjng,_folTowing, north and_
south éﬁgés-ﬁf 3,664 sﬁots 6ﬁ 736 b1ates have beén measured For the appari-
tién of 1974-75. A_preliminary,analysis_of thgse_measunements_has bgqn

completed and a catalog giving basic information concerning 184 iQEntified
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from a least squares fit for each of the five apparitions.

The apparition of 1974-75 required

only a linear solution; the apparitions of 1971, 1972, 1973-74 and 1975-76 required second degree

solutions.
of daca from-August 1962 to September 1970.

The bottom curve shows the predicted oscillation based on a least squares analysis
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TABLE I

OBSERVED MAXIMA AND MINIMA OF
SPOT'S OSCILLATION IN LONGITUDE

Observed Observed Computed

Event calendar Julian Julian

number date date* date* AX
69 6 Feb 72 1354 1344 -0°8
70 11 Mar 72 1388 1389 +0.6
71 15 Apr 72 1423 1434 -0.7
72 25 May 72 1463 1479 +1.0
73 22 Jul 72 1521 1524 ~0.4
74 8 Sep 72 1568 1569 +0.3
75 16 Oct 72 1607 1674 -0.8
76 7 Dec 72 1659 1659 +0.9
78 13 Mar 73 1755 1749 +0.9
79 19 Apr 73 1792 1793 -1.0
80 3 Jun 73 1837 1838 +0.5
81 10 Jul 73 1874 1883 -0.7
82 26 Aug 73  192] 1928 +0.6
83 19 Oct 73 1975 1973 -1.0
84 7 Dec 73 2024 2018 +0.6
87 9 Apr 74 2147 2153 -0.8
88 2 dun 74 2201 2198 +0.,7
.89 15 Jul 74 2244 2243 -0.8
90 21 Aug 74 2281 2288 +0.8
91 8 Oct 74 2329 2333 -0.8
g2 30 Nov 74 2382 2377 +0.4
93 14 Jan 75 2427 2422 -0.5
94 28 Feb 75 2472 2467 +0.8
96 10 Apr 75 2543 2557 +0.7
97 7 Jul 75 2607 2602 -0.7
98 24 Aug 75 2649 2647  +0.6
99 17 Oct 75 2703 2692 -0.6
100 1 Dec 75 2748 2737 +0,5

*Add 2,440,000
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TABLE II
RED SPOT AND SOUTH TEMPERATE OVALS, 1972

Date of Opposition: 24 Jun 72
Red Spot:

Mean rotation period during apparition = 9"55740%10 & 0504
Mean drift rate = -0.0130 + 0.0010°/day (Sys II) = -3.41 + 0.02 m/sec {Sys III-65)
Equation of position for axis of oscillation:

A, = 6.987 - 0.04438 x + 0.0000764 x? [YJ = JD 2441293]

Acceleration = -2.4 x 107% m/sec?

Longitude of center at opposition = 192 (Sys II)

Mean Tatitude of center = -22°67 + 0°07 (50 dates)
Mean length = 23937 + 0°15 = 27,182 + 174 km (78 dates)
Mean width = 11992 + 0911 = 13,321 + 123 km (50 dates)

FA:

Mean rotation period = 9h55m]7?38 + 0507

Mean drift rate = -0.5666 t 0.0018°/day (Sys II) = 43.71
Longi. :«de of center at opposition = 343°3 (Sys II)

Mean Tatitude of center = -32980 (10 dates)

Mean Tength = 12%36 % 0°19 = 13,221 + 210 km (52 dates)
Mean width = 6280 = 7,960 km (9 dates)

I4

0.02 m/sec (Sys III-65}

BC:

Mean rotation period = 9"55™5%18 + 0506

Mean drift rate = -0.6202 & 0.0014°/day (Sys II) = +4.37
Longitude of center at opposition = 55%2 {Sys II)

Mean latitude of center = -32°64 (5 dates)

Mean Tength = 12973 = 0219 = 13,636 + 206 km (49 dates)
Mean width = 7°25 = 8,359 km (5 dates)

I+

0.92 m/sec (Sys III-65)

DE:

fean rotation period = 9h55m]6§4] + 0%12

Mean drift rate = -0.5903 * 0.0028°/day (Sys II) = +4.00
Longitude of center at oppositicn = 19399 (Sys II)

Mean latitude of center = -32292 (4 dates)

Mean length = 12996 = 0°24 = 13,846 * 264 km (30 dates)
Mean width = 7272 = 8,909 km (4 dates)

&

0.03 m/sec (Sys III-65)

271
076

Conjunction of FA and RS: 1972, May 22.2, A,

i

Conjunction of BC and RS. 1972, Sep 20.5, A,
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TABLE JII
RED SPOT AND SOUTH TEMPERATE OVALS, 1973-74

Date of Opposition: 30 Jul 73
Red Spot:

Mean rotation period during apparition = 9h55 477 58 + 0503
Mean drift rate = 40,0230 0.008°/day (Sys 11} = -3.89 «
Equation of position for axis of oscillation:

A, = 2.777 + 0.008623 x + 0.0000331 x2 [x, = JD 2441694]

Acceleration = -1.03 x 10°® m/sec?

Longitude of center at opposition = 5°9 (Sys II)

Mean latitude of center = -22224 =+ 0°06 (26 dates)

Mean Tength = 21°73 + 0°09 = 25,345 & 1171 km (97 dates)
Mean width = 12°02 + 0°09 = 13,420 + 101 km (26 dates)

0.01 m/sec (Sys I1I-65)

FA:

Mean rotation period during apparition = 9h55m16§28 + 0709

Mean drift rate = -0.5933 £ 0.0021°/day (Sys’'1I)} = +4.04 + 0.03 m/sec (Sys I1I-65)
Longitude of center at opposition = 11295 (Sys II)

Mean latitude of center = -32984 * 0211 (8 dates)

Mean length = 1098 =+ 0 2 = 11,548 = 171 km (32 dates)

Mean width = 697 + 023 = 7,730 = 378 km (8 dates)

BC:
Mean rotation period = 9"55™6%30 + 0507
Mean drift rate = -0.5929 + 0.0016°/day {Sys II) = +4.03
Longitude of center at opposition = 17524 (Sys II)
Mean Tatitude of center = -32°80 + 0°16 (12 dates)
Mean Tength = 1193 2 092 = 12,088 + 172 km (38 dates)
Mean width = 793 * 092 = 8,421 = 186 km (12 dates)

14

0.02 m/sec (Sys 1II-65)

DE:
Mean rotation period = 9h55m15§07 £ 0517
Mean drift rate = -0.6229 + 0.0028°/day (Sys II) = +4.40
Longitude of center at opposition = 31299 (Sys II}
Mean latitude of center = -32943 % 0°21
Mean Tength = 12°0 + 094 = 12,886 = 481 km (24 dates)
Mean width = 790 + 0%2 = 8, 065 + 237 km (9 dates)

I+

0.03 m/sec (Sys I1I-65)

Conjunction of DE and RS: 1973, May 9.6, X, = 471
Conjunction of FA and RS: 1974, Jan 17.7, A, = 1074
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TABLE IV
RED SPOT AND SOUTH TEMPERATE OVALS, 1974-75

Da

Re

te of Opposition: 5 Sep 74

d Spot:

Mean rotation period during apparition = 9h55m42§49 £ 0703

Mean drift rate = +0.0453 £ 0.0008°/day (Sys II) = -4.20 + 0.01 m/sec (Sys III-65)

Equation of position for axis of oscillation:
A, =12.421 + 0.045329 x  [x, = JD 2442096]

Longitude of center at opposition = 21%6 (Sys II)
Mean latitude of center = -21°94 * 0°03 (163 dates)
Mean Tength = 22268 = 0210 = 26,218 + 117 km

Mean width = 12274 + 0°%06 = 14,208 & 67 km

FA:

Mean rotation period = 9h55m17?7 £ 031

Mean drift rate = -0.5690 + 0.0017°/day (Sys II) = +3.73 = 0.02 m/sec (Sys III-65)
Longitude of center at opposition = 23894 (Sys II)

Mean latitude of center = -33°16 % 0°07 (105 dates)

Mean Tength = 12978 + 0917 = 13,615 * 181 km

Mean width = 7962 + 0%08 = 8,802 % 93 km

+

BC:

DE

Co
Co

Mean rotation period = 9551652 x 051

Mean drift rate = -0.5945 & 0.0011°/day (Sys II) = +4.05
Longitude of center at opposition = 2951 (Sys II) ,
Mean latitude of center = -33%29 = 0206 (124 dates)

Mean length = 13908 + 0214 = 13,920 * 149 km

Mean width = 7990 z 0908 = 9,128 £ 92 km

I+

0.02 m/sec (Sys III-65)

-
-

Mean rotation period = 9h55m]5§7 + 0%

Mean drift rate = -0.6081 = 0.0011°/day (Sys II) = +4.22
Longitude of center at opposition = 6826 (Sys 1I)

Mean latitude of center = -33726 + 0°06 (123 dates)

Mean Tength = 13933 + 0213 = 14,186 + 138 km

Mean width = 7977 + 0%09 = 8,678 + 104 km

4+

0.02 m/sec {Sys 1I1-65)

njunction of BC and RS: 1974, Apr 23.4, X, = 1573

njunction of DE and RS: 1974, Nov 15.4, A, = 2476
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TABLE V
RED SPOT AND SOQUTH TEMPERATE OVALS, 1975-76

Date of Opposition: 13 October 75
Red Spot:

Mean rotation period during apparition = 9h55 42560 +
Mean drift rate = +0.0478 + 0.0015°/day {Sys II) = -4.
Equation of position for axis of oscillation:

A, = 30.898 + 0.09259 x - 0.0001339 x* [x, = JD 2442499]

Acceleration = +4.2 X 1078 m/sec?

Longitude of center at opposition = 43°%6 (Sys II)

Mean latitude of center = -21°80 + 0°04

Mean length = 21989 * 0209 = 25,603 + 105 km (92 plates)
Mean width = 12°13 £ 0207 = 13,524 = 78 km (92 plates)

0 06
23 + 0.02 m/sec (Sys III-65)

FA:

Mean rotation period = 9h55m16§12 + 0°13

Mean drift rate = -0.5973 * 0.0031°/day ESys II} = +4.09
Longitude of center at opposition = 0%3 (Sys II

Mean latitude of center = -33928 % 0°08 (69 plates)

Mean Tength = 12954 + 0°16 = 13,345 * 170 km (69 plates)
Mean width = 6965 + 0°09 = 7, 684 + 104 km (69 plates)

+

0.04 m/sec (Sys III-65)

BC:

Mean rotation period = 9h55m16§55 £ 0310

Mean drift rate = -0.5865 * 0.0025°/day {Sys II) = +3.95
Longitude of center at opposition = 5793 (Sys II)

Mean latitude of center = -32°53 + 0.07 (76 plates)

Mean length = 12°65 % 0°16 = 13,541 = 172 km (76 plates)
Mean width = 6°50 = 0.08 = 7,491 % 92 km (76 plates)

I+

0.03 m/sec (Sys III-65)

DE:
Mean rotation period = 9h55 15297 + 0312
Mean drift rate = -0.6009 = 0. 0029°/day (Sys II) = +4.13
Longitude of center at opposition = 1890 (Sys II)
Mean latitude of center = -33200 % 0710 (47 plates)
Mean Tength = 12°29 0917 = 13,120 % 181 km (47 plates)
Mean width = 6°34 + 0°11 = 7,318 = 127 km (47 plates)

1+

0.04 m/sec (Sys III-65)

Conjunction of FA and RS: 1975, Aug 7.2, A, = 40°8
44°7

]

Conjunction of BC and RS: 1975, Nov 3.8, A,
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spots distributed in twenty atmospheric currents is now available. The
mean latitude and rotation period of the spots in each current is given
in Table VI. The total number of spots indicated in Table VI exceeds 184
because in several cases the rotational velocity of a feature changed
suddenly and the drift was divided into two sections, each section being
more Tinear than the whole.

Fourteen spots observed near the middie of the North Equatorial Belt
are especially interesting since they appeared to originate near a common
source having a rotational velocity somewhat greater than System ITI-B5%.
This apparent source was still active during the apparition of 1975-76.

It is rather interesting to note that the three long-lived south
temperate ovals are now rotating about 1 m/sec faster than the mean of
five other spots in the S. Temperate Current. It may be very significant
that the five spots in the S. Temperate Current have a mean rotation

h55m20§] which was a typical value for this current prior

perijod of 9
to 1940 when the three long-1ived ovals made their first appearance.

A decided correlation between the Tatitude of spots and their
rotational velocity was apparent in the S.S. Temperate Current. Thirteen
spots near zenographic latitude -3897 had a mean rotation period of

9h55m3§9 while eleven spots near latitude -40°6 had a mean period of

h

9"'55"6%6, The spots in the higher latitude were rotating about 1 m/sec

more slowly than those in the lower latitude.

4

System I1I-65, as proposed at IAU Collequium 30, has a daily motion
of 8702536.

187



TABLE VI
JUPITER, 1974-75
ATMOSPHERIC CURRENTS

Eg' Mean | Sys. I or 11| 9"+ | sys. IIT (65)
Current Sys. | spots| B" Drift (°/d) | Period | Drift (m/sec)
N. Polar Current 2 3 | +50°9{ +0.0693 | 55™a3%5! - 3.18
N.N.N. Temp. Current 2 6 +44 .4 -0.5978 55 16.1 + 3.53
N.N. Temp. Current-A P 9 +40.1 -0.1765 55 33.4 - 1.02
N.N. Temp. Current-B 2 4 +35.3 -2.6623 53 51.6 + 28.84
N. Temp. Current-A 2 10 +32.4 +0.8396 56 15.1 - 13.72
N. Trop. Current-A 2 18 +18.5 -0.3819 55 25.0 + 1.60
N. Trop. Current-B 2 7 +18.4 -0.8087 55 7.5 + 7.48
mid-NEB 2 14 +12.5 -3.5517 53 15.4 + 46.4
N. Equatorial Current-A| 1 31 + 5.5 -0.0480 50 28.1 +106.4
N. Equatorial Current-B{ 1 17 + 5.1 +0.5201 50 51.0 +98.4
N. Equatorial Current-C{ 1 27 + 5.7 -0.4916 50 10.2 +112.8

Central Equat. Current 1 11 + 1.2 -0.2851] 50 18.5 +110.3

S. Equatorijal Current-A| 1 1 - 5.3 -0.0109 50 29.6 +106.0

S. Equatorial Current-B| 1 2 - 5,2 +0.4952 50 50.0 + 98.7

Red Spot 2 1 -21.9 +0.0453 55 42.5 - 4.20
S. Temp. Belt 2 6 -30.2 -0.5716 55 17.2 + 3.87
S. Temp. Current 2 5 -32.4 -0.4994 55 20.1 + 2.90
S. Temp. Ovals:FA,BC,DE| 2 3 -33.3 -0.5872 55 16.5 + 3.95
S.S. Temp. Current 2 24 -39.6 -0.8658 55 5.1 + 6.85
S.S. Temp. Zone 2 2 | -50.6 | -0.0779 55 37.4 - 1.79
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ZENOGRAPHIC LATITUDES OF JUPITER'S BELTS

The measured Tatitudes of Jupiter's belts for the apparitions of
1972, 1973, and 1974-75 are summarized in Table VII. A comparison of
these measurements with those reported for the apparition of 1971 (Reese,
1971) and the interval from 1960 to 1970 (Reese, 1972b) clearly demonstrates
the rather narrow range in Tatitudes of Jupiter's belts.

The north edge of the North Equatorial Belt and both edges of the
North Temperate Belt attained maximum displacements towards the equator
during 1971.

We usuaily measure the latitudes of the belts on photographs taken
in blue 1ight; however, a consjderable number of measurements are made
on photographs taken in red Tight for comparison purposes. Usually there
is 1ittle difference between the measured latitudes at these wavelengths;
however, the extremely faint south component of the South Equatorial Belt
was a notable exception to this ruie in 1974-75. 1In blue light there was
one faint belt extending from -17°6 to -21%2, while in red light there
were two faint belts with one extending from -15%1 to -1795 and the other

from -20°5 to -22%9.

SUMMARY
This report is directed toward updating information of the form
previously presented by Reese (1972a, 1972b). More detailed analysis
of various aspects of the data 1s underway and will be published as
individual articles in various journals. In the future a bibliography

of articles utilizing our data will be included in this publication.
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TABLE VIT
ZENOGRAPHIC LATITUDES OF JUPITER'S BELTS

19 Feb 72 - 30 Apr 72 | 26 dun 73 - 16 Oct 73| 14 Jul 74 - 19 dan 75
g" N gY o N a" o . N
NFB +5398 —— 1 +5723 +0%4 Ti
NNNTB +45°9 3 +44.7  :0°3 3 +44.2 0.1 23
NNTB $37.5 17 $37.5 0.6 7 +36.1 0.2 23
N. edge NTB +30.2 2 +32.0 0.3 7 +30.7 0.2 23
N. edge NTBs +27.2 21 +27.0 0.1 5 +25.5 0.4 16
S. edge NTB +22.6 21 +23.8 0.1 7 +24.7 0.3 30
N. edge NEB +17.7 15 +18.4 0.2 7 +18.5 0.2 24
S. edge NEB + 5.6 10 +7.5 0.2 7 +7.3 0.3 25
N. edge EB + 0.3 7 +0.7 0.1 6 0.0 0.2 24
S. edge EB - 3.4 7 - 3.2 0.1 & - 3.8 0.2 24
N. edge SEBn - 6.4 8 - 6.8 0.2 7 - 7.2 0.1 24
S. edge SEBn -10.1 8 -10.7 0.1 7 ~10.4 0.1 24
N. edge SEBs -15.9 12 -16.1 0.2 7 -17.7 0.4 31
S. edge SEBs -20.0 16 -20.3 0.2 7 -20.7 0.3 31
N. edge STB -26.7 18 -25.9 0.2 7 ~27.1 0.2 25
STB -29.9 18 -29.4 0.1 7 -30.1 0.2 25
S. edge STB -33.0 18 -32.8 0.2 7 ~33.0 0.2 25
STe7B -37.2 3 -37.3 0.7 3 -37.6 0.2 16
SSTB -44.8 11 -44.6 0.9 4 -45,2 0.4 19
35STB -56.1 3 -55.4 0.2 3 -55.9 0.4 18
SPBn -60.8 72 — — - -62.9 1.6 3
SPBs -65.9 3 -64.9 0.2 4 -65.7 0.2 10
N. edge
bright S.Cap]  ===-- - -68.3 0.5 & -68.5 0.2 13
N. edge
dark EZ +9.5 13
S. edge
dark EZ -9.7 13
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