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4 Abstract.

The resolution lim it of large ground based te lescopes is no t se t by 
th e ir  o p tic s , bu t by th e  "b lu rrin g "  of the image due to atm ospheric 
motions. Nevertheless such an im age, which has a speckled appearance , 
co n ta in s  d if f ra c tio n  lim ite d  in fo rm a tio n . S te lla r speckle in terfom etry 
is a technique which overcomes the  e ffects of atm ospheric tu rb u le n c e , 
and allow s th e  fu n d a m en ta l re so lu tio n  lim it of a te le sc o p e  to be 
achieved by the analysis of many short exposure images.

The f i r s t  th re e  c h a p te rs  of th is  thesis give a general overview of 
astronomical in terferom etry , d e sc r ib e  th e  th e o re tic a l  basis of s te l la r  
sp eck le  in te r fe ro m e try , and e x p la in  various a p p r o a c h e s  to  th e  
tech n o lo g ica l p rob lem s involved  in reco rd in g  a s tro n o m ica l sp eck le  
images. The rem aining c h a p te rs  d e ta i l  th e  re se a rc h  involved in th e  
a p p l ic a t io n  o f a h a rd w ire d  a u t o c o r r e l a t o r  and  a h a rd w ire d  
cross-correlator to the reduction of speckle data.

The ensem b le  a v e ra g e  a u to c o r re la t io n  of a se t of speckle images 
c o n ta in s  a broad  co m p o n en t, or "seeing p e d e s ta l" , due to  th e  
sta tistics of the seeing. A m ethod  of rem oving th is  a tm o sp h e ric a lly  
induced distortion has been proposed by Welter and Worden. It involves 
the  su b tra c tio n  of a su ita b ly  n o rm alised  av e rag e  c ro ss -c o rre la tio n  
from the a v e ra g e  a u to c o r re la t io n . The deve lopm en t of a hardw ired  
c ro s s -c o rre la to r  has a llow ed  th e  Welter and Worden seeing correction 
to be p e rfo rm ed  on th e  a u to c o r re la t io n s  p roduced  by th e  e x is tin g  
hardwired autocorrelator.

A wide variety  of astronom ical objects has been observed and results 
a re  p re se n te d  fo r b inary  s ta r s ,  p la n e ta ry  nebu lae  and nebulae. The 
analysis of d a ta  u n d e rta k e n  as p a r t  of th e  H ipparcos a s tro m e try  
program m e su g g ests  th a t 30% of astronomical sources are multiple a t 
the  d if f ra c tio n  lim it of a 3.9 m. te le sc o p e . The d ia m e te rs  of 
Magellanic Cloud and G alactic p lanetary  nebulae have also been derived 
and th e  m ass of a M agellan ic  Cloud p la n e ta ry  nebula  has been 
calculated.
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CHAPTER ONE - INTRODUCTION.

1.1 The Bounds Upon Telescopes.

The a tm o sp h e re  is no t s ta t io n a ry :  i t  is a tu rb u le n t medium with 
in h e ren tly  u n p re d ic ta b le  o p tic a l p ro p e r tie s . This in s ta b ility  is of 
g re a t im p o rta n c e  to  a s tro n o m e rs  using la rge  high q u a lity  o p tic a l 
te le sc o p e s , as it  cau ses s c in t i l la t io n  of th e  im age and b lu rs th e  
im age of a p o in t so u rce  in to  a "seeing" disc. The diam eter of this 
disc varies from 0.5 arcseconds to 10 arcseconds depending  upon th e  
p reva ilin g  a tm o sp h e ric  c o n d itio n s . D iffra c tio n  th eo ry  p re d ic ts  th a t  
the fu n d a m e n ta l resolution lim it of a telescope is approximately equal 
to the ratio  of the observational w avelength  to  th e  d ia m e te r  of th e  
a p e r tu re . T h e re fo re , a see in g  d isc  one a rcseco nd  across imposes an
optical re so lu tio n  lim it e q u iv a le n t to  th a t  of a te le sc o p e  w ith  an 
a p e r tu re  12 cm . in d ia m e te r .  This detrim ental e ffe c t of atm ospheric
turbulence was recognised by Newton as early as 1704. In O pticks [1] 
he writes:

"If the Theory of making Telescopes could a t length be fully brought 
in to  P ra c tic e , y e t th e re  would be c e r ta in  Bounds beyond w hich 
Telescopes could not perform . For the  Air through which we look upon 
th e  S ta rs , is in p e rp e tu a l Trem or; as may be seen by the tremulous 
Motion of Shadows cas t from  high Towers, and by the twinkling of the 
fix'd Stars."

Newton concludes with a s ta tem en t th a t predicted the need for s i te  
te s t in g  and th e  lo ca tio n  of m o st m odern o p tic a l o b se rv a to r ie s :

"The only Remedy is a most serene and quiet Air, such as may be
found on the tops of the highest tMountains above the  grosser C louds."

The s tead y  in c re a se  in th e  d ia m e te r  of telescopes since the 17th. 
Century has not increased their p ra c tic a lly  a t ta in a b le  re so lu tio n , and 
to  minimise the atm ospherically induce blurring of images most modern 
telescopes are now s i tu a te d  a t  high a lt i tu d e  in c lim a te s  th a t  have 
s t i l l  a ir . The u l tim a te  exam ple  of th is  p rin c ip le  of "getting above 
th e  a tm o sp h ere"  is th e  H ubble S pace T elescope  (HST). This is a
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2.4 m. telescope which is to  be placed in earth  orbit. Freed from the 
d is to r tio n  and absorption  e ffe c ts  of the atm osphere, and with suitable 
in s tru m e n ta t io n , th e  HST w ill have a re so lu tio n  lim it of 0.05 
a rcseco n d s and a m ag n itu d e  lim it of + 28 [2]. H ow ever, th e re  a re  
o b se rv a tio n a l te c h n iq u es  th a t  allow ground based telescopes to a tta in  
th e i r  fu n d a m e n ta l  re so lu tio n  lim it and thus co m p ete  w ith  th e  
resolution of any space based instrum ent.

1.2 High Resolution Observing Techniques.

A few determ ined physicists have shown th a t by the use of sp ec ia l 
observ ing  te c h n iq u es  i t  is p o ssib le  to  o b ta in  in fo rm atio n  on scales 
sm alle r th an  th e  d ia m e te r  of th e  seeing  d isc w ith  ground based 
in s tru m e n ts . These observational*  m e th o d s  f a l l  in to  tw o  b a s ic  
c a ta g o r ie s :  th ose  which o p e ra te  on a sing le  te le sc o p e  and give
re so lu tio n  down to  th e  d i f f r a c t io n  lim it of th e  o p tic s ; and those  
which re ly  on th e  concep ts of apertu re  synthesis to achieve baselines 
f a r  g r e a t e r  th a n  th e  d i a m e t e r  o f any  m o n o l i th ic  m ir r o r .

The id ea  of u tilis in g  in te r f e ro m e try  to  overcom e th e  e f f e c ts  of 
a tm o sp h eric  see in g  was f i r s t  su g g e ste d  by F izeau  [3] in 1868. He 
proposed to  observe Young's fringes in stellar im ages, bu t i t  was not 
u n til 1890 th a t  M ichelson [4] fu lly  developed  th is id ea  in to  a 
practical technique by th e  use of a p e r tu re  m asks. L a te r , M ichelson 
and Pease [5] increased the baseline of the in terferom eter to 6 m. by 
constructing separa te  optics to  be f itted  to  th e  m ount of th e  M ount
Wilson r e f le c to r .  O ver th e  n e x t ten  y e a rs , from  c a re fu l frin g e
contrast m easu rem en ts , th e  d ia m e te rs  of se v e ra l b rig h t g ian t s ta r s  
w ere deduced  and th e  s e p a ra tio n  of the binary Capelia found to be 
0.05 arcseconds. An a ttem p t by Pease to further increase th e  base lin e  
to  15 m. proved  u n su ccessfu l b e c a u s e  o f th e  d i f f i c u l t i e s  in 
maintaining the stability  of the two optical paths.

The n ex t advance  in ste lla r in terferom etry  came with the invention 
of the intensity in te r f e ro m e te r  by H anbury Brown and Twiss [6] in 
1958. Such an in s tru m e n t has been  c o n s tru c te d  a t  th e  N arrab ri 
O b serv a to ry  in A u s tra lia . I t  c o n s is ts  of tw o c o m p ara tiv e ly  poorly
figured 6.5 m. m irrors which can be moved on a circular track  300 m.
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in d ia m e te r . The lig h t g a th e re d  by each  m irro r is d e te c te d  by 
p h o to m u l t ip l ie r s  and  th e  am p litu d e  f lu c tu a tio n s  co n v e rte d  in to  
e lectrica l signals which a re  p ro p o rtio n a l to  th e  lig h t in te n s ity . The 
tw o c u r re n ts  a re  a m p lif ie d  and m ultiplied before their correlation is 
measured a t  a c e n tra l  s ta t io n . By m easuring  th is  c o rre la tio n  as a
fun c tio n  of th e  m irro r s e p a ra tio n , s te l la r  diam eters can be derived.

In te n s ity  in te r fe ro m e try  has se v e ra l a d v an tag es  over am p litu d e  
in te r f e ro m e tr y ;  i t  is in se n s it iv e  to  a tm o sp h eric  tu rb u le n c e , th e  
telescope figure and baseline in s tab ilitie s . The co h e re n c e  len g th  m ust 
be less th an  c /A f, w here  Af is th e  e le c t r ic a l  bandw idth  of th e  
a m p lif ie rs  used. T yp ica lly  Af = 108 Hz. and, h en ce , th e  lig h t p a th s  
must be m aintained within 3 m. o f each other. This is easily achieved. 
The major drawback of in tensity  in terferom etry  is th a t the c o rre la tio n  
depends on the energy received per unit spectral bandwidth. This means 
th a t  to  o b ta in  an s a t i s f a c to r y  signal to noise ratio long integrations 
must be made on bright sta rs . The magnitude lim it is approximately +2, 
but th e  N a rra b ri in te r f e ro m e te r  has been used to  m easu red  th e  
diam eters of 32 bright stars.

As a r e s u l t  of th e  p o o r l im i t in g  m a g n itu d e  o f in te n s ity  
in terferom eters in te rest in a m p litu d e  in te rfe ro m e try  has undergone a
ren a issa n c e  s in ce  th e  e a rly  1970s. One app roach  uses ap ertu res  of
smaller d iam eter than the ty p ic a l see ing  ce ll s ize  of 10 cm . T hese 
in s tru m e n ts  a re  s im ila r in c o n s tru c tio n  to  M ich e lso n 's  o r ig in a l  
in te r fe ro m e te r .  C u rrie  [7] d e sc rib e s  an "am plitude" in te r fe ro m e te r  
th a t  com bines the light from two apertures using a Koster prism. The 
resulting two output beams a re  de tec ted  and a digital c o r re la to r  used 
to calculate the fringe visibility.

As th e  angu lar re so lu tio n  of any  in te r fe ro m e te r  is approxim ately 
A/D, w here D is th e  b a se lin e  se p a ra tin g  th e  tw o a p e r tu re s , an 
in terferom eter constructed by masking a sing le  te le sc o p e  w ill have a 
m axim um  re so lu tio n  equal to  th e  d iff ra c tio n  lim it of the telescope 
optics. Therefore, a fu r th e r  e x te n s io n  of M ichelson 's in te r f e ro m e te r  
uses tw o te le sc o p e s  or s id e ro s ta ts  se p a ra te d  by a long b a se lin e . 
L abey rie  has been re sp o n s ile  fo r  th e  deve lopm en t of such a long 
baseline s te lla r  in te r f e ro m e te r  co n sis tin g  of tw o 25 cm . te le sc o p e s
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separated  by a 12 m. baseline a t  the C entre d 'E tudes e t  de Recherches 
Geodynamiques e t  Astronomiques (CERGA). Fringes have been observed  
during a study of the s ta r Vega [8]. Further research a t CERGA has led 
to the use of two mobile telescopes on a baseline variable from 6 to
67 m. This g ives a re so lu tio n  of 0.015 to  0.002 arcseconds [9]. In
Australia Davis and Tango [10] have constructed an in terferom eter w ith 
tw o s id e ro s ta ts  mounted on massive concrete supports separated by an
11.4 m. b a se lin e . The lim itin g  m ag n itu d e  is e s tim a te d  to  be +8.5. 
In te r fe re n c e  has been  o b se rv ed  w ith  s ta r l ig h t  and o b se rv a tio n s  on 
"s tan d a rd "  s ta r s  a re  p lan n ed . T h ere  is a p roposal fo r a second
generation instrum ent with a baseline range of 5 to  640 m. However, a 
m ajor problem  e n c o u n te re d  in - th e  use of such long b ase lin es  is 
m ain ta in in g  in s tru m e n ta l s ta b i l i ty .  A c tiv e  m echanism s a re  generally 
used to m aintain the c ritic a l condition of te m p o ra l co h e re n c e  a t  the  
focus w here  th e  beam s from  th e  s e p a ra te  o p tic a l com p onen ts  are 
combined. Also the use of a p e r tu re s  la rg e r  than  th e  av e ra g e  seeing  
c e l l  s iz e  m e a n s  t h a t  th e  in c o m in g  w a v e f r o n t  w ill c o n ta in
a tm o sp h e ric a lly  induced  d is to r t io n s . T hese can be partially  corrected  
by a control loop containing a w avefront sensor and active optics. The 
sensor d e te c ts  th e  w avefron t distortions and sends a signal through a 
servo system to  move or deform  th e  m irror in a manner which corrects 
for the observed distortion.

In p rin c ip le  i t  is p o ssib le  to  re c o n s tru c t  th e  o b je c t under study 
by measuring the complex degree of coherence using a pair of apertures 
of vary ing  se p a ra tio n . T his is im p lic i t  in th e  van C itte rt-Z e rn ic k e  
theorem  which s ta te s  th a t  th e  com plex  d eg ree  of co h e re n c e  is the  
no rm alised  F o u rie r  tra n s fo rm  of th e  b rig h tn ess  d is tr ib u tio n  of the 
object. H ow ever, a tm o sp h e r ic  * tu rb u le n c e  or m ech an ica l in s ta b il i t ie s  
can p roduce  random  phase shifts in the two interfering beams. If the 
integration tim e is short enough to ensure th a t the fringe movement is 
negligible th e  tru e  fr in g e  c o n tr a s t  can be m easu red . H ow ever, th e  
phase of th e  frin g e s  w ill be random which prevents the unambiguous 
r e c o n s t r u c t io n  of th e  o b je c t 's  b rig h tn ess  d is tr ib u tio n . Also the  
limited coverage of the Fourier plane by two apertu re  in te r fe ro m e te rs  
c o n stra in s  their perform ance to th e  estim ation of a lim ited number of 
geom etrical param eters, unless many consecutive observations a re  m ade 
with mobile apertures.
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Some p h y s ic is ts  and astronom ers are now suggesting the application, 
a t optical wavelengths, of the phase closure techniques ro u tin e ly  used 
in rad io  a s tro n o m y . T here is , how ever, a very  important'* difference 
between the proposed optical array  telescopes and th e ir  ex is tin g  rad io  
c o u n te rp a r ts . In rad io  astronom y it is possible to d e tec t the relative 
phase of the signal received a t  each antenna by comparison with a very 
s tab le  lo ca l o s c il la to r  or ’’c lock", and store the result. The recorded 
signal can then be amplified before  it  is m u ltip lied  w ith  th e  s igna ls 
from  th e  o th e r  a n te n n a e  to  p ro d u ce  th e  rad io  e q u iv a len t of an 
in terfererence pa tte rn . P hase  c lo su re  a lg o rith m s a re  im p lem en ted  to  
rec o v e r th e  phase  of th e  com plex degree of coherence and allow an 
image of the source to be made. This is the basis of radio heterodyne 
in te r f e r o m e t r y .  O p tica l h e te ro d y n e  in te rfe ro m e try  is a t  p re se n t 
severely lim ited by th e  lack  of su ita b le  a m p lif ie rs  and su ff ic ie n tly
s ta b le  la se rs  to  a c t  as lo c a l o s c il la to rs .  With th e se  considerations 
in mind consider an a rra y  of N te le sc o p e s . High angu lar re so lu tio n  
could be ach iev ed  and a la rg e  num ber of s p a t ia l  f r e q u e n c ie s  
s im ultaneously  m easured. The number of spatial frequencies depends on 
the redundancy of the array. If all beams are combined a t one de tecto r 
a com pletely redundant linear a rray  of N telescopes covers N -l spatial 
frequencies. For a to ta l ly  n o n -re d u n d an t lin e a r or tw o d im ensional
a rray  N (N -1)/2  sp a tia l  f re q u e n c ie s  a re  co v ered . H ow ever, in th is 
non -red u n d an t schem e th e  use o f a sing le  d e te c to r  red u ces  th e  
m agn itude l im it by 2.51og(N /2) [11] and i t  is adv isab le  to  use a 
highly redundant array. A lternatively  each pair of te le sc o p e s  could be 
equipped with their own d e tec to r, however, this would lim it the number 
of s im u ltan eo u sly  observed  fre q u e n c y  com ponents to the order of N 
instead of N2 as in radio astronom y.

Initial a ttem p ts a t optical phase closure have been made by Baldwin
[12]. He p laced  a m ask c o n ta in in g  be tw een  th ree  and six holes (of
sim ila r d ia m e te r  to  th e  see in g  c e lls )  in th e  a p e r tu re  of a single 
te le sc o p e . The se ts  of f r in g e  p a t te rn s ,  produced by the in terference 
of light from pairs of a p e r tu re s ,  w ere th en  F o u rie r tra n sfo rm e d  to 
derive  th e ir  am plitudes and phases. An example of an already existing 
phased a rra y  is th e  M ultip le  M irror T elescope  (MMT) [13]. This 
consists of six 1.8 m. m irrors arranged in a hexagonal c o n fig u ra tio n . 
All six m irrors may be co-phased by adjusting the optical path lengths
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of the six beams to give an e ffec tiv e  resolution d iam eter of 6.86 m. 
No a c t iv e  optics are available on the telescope to a ttem p t to co rrec t 
for the wavefront phase and t i l t  e rrors acro ss th e  ind iv idual m irro rs  
and sp eck le  in te r f e ro m e try  is used to  overcom e th e  e f f e c ts  of 
atm ospheric turbulence.

1.3 Speckle Techniques.

The te c h n iq u e  of s te l la r  sp e c k le  in te r fe ro m e try , as proposed  by 
Labeyrie in 1970 [14], is a generalised form of F izeau  in te r fe ro m e try  
which uses th e  fu ll a p e r tu re  o f a te le sc o p e . Many sh o rt exposure 
images are  recorded a t the  te le s c o p e  focus. These im ages a re  then  
analysed  to  o b ta in  d if f ra c t io n  lim ite d  in fo rm atio n  from  th e ir  two 
d im ensional v is ib ility  fu n c tio n  (C h a p te r  Two g iv e s  a d e ta i le d  
d iscussion  of th e  th e o r e t ic a l  b a sis  of sp eck le  in te rfe ro m e try ) . One 
v e ry  im p o rta n t p ro p e rty  of th e  sp eck le  in te r fe ro m e try  tra n s fe r  
function  is th a t  i t  is in se n s itiv e  to  te le sc o p e  a b e rra tio n s . Thus a 
te le sc o p e  of poor o p tic a l q u a lity  can  ach iev e  d if f ra c tio n  lim ited  
r e s o lu t io n  if  th e  a tm o sp h e r ic  see ing  is su ff ic ie n tly  poor [15].

The p rin c ip le  of d e te c t in g  th e  "double speck les"  p re se n t in the  
image of a binary s tar had already been used in a in tu it iv e  way by 
ex p e rien ced  b in ary  s ta r  observers [16]. Such astronom ers were able to 
recogn ise  th e  b inary  c h a r a c te r  o f th e  sp eck le  p a t te rn  in side  the  
w ider m odu la tion  of the seeing disc. However, it was not possible to 
r e c o r d  th e  p h e n o m e n o n  u n t i l  d e v ic e s  such as th e  L allem and  
electronographic cam era and the im age in te n s if ie r  w ere  d eve loped . In 
1972 G e za ri, L abey rie  and S tach n ick  [17] published the f irs t speckle 
observations of se v e ra l b in a ry  s ta r s  and th e  g ian t s ta r s  B e te lg eu se  
and M ira C e ti. T here  have now been numerous observations of binary 
stars by McAlister and Morgan; M cAlister has published a "C a ta lo g  of 
In te r fe ro m e tr ic  M easu rem en ts  o f B inary S ta rs "  a n d  M o rg an  is 
e lim in a tin g  b in a rie s  from  th e  H ipparcos a s tro m e try  p ro g ram m e. In 
principle, the fringe visibility can be used to e s t im a te  th e  m agn itude  
d iffe re n c e  of a b inary  s ta r ,  but this requires accurate  calibration of 
the system. Strenuous e ffo rts  are  now being made by several groups to 
compensate for the in s tru m e n ta l and a tm o sp h e ric  e f f e c ts  w hich can 
d is to r t  sp eck le  d a ta  and p re v e n t th e  d e riv a tio n  of p h o to m e tric
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inform ation (see Chapter E ight).

Speckle  o b se rv a tio n s  a re  n o t now confined  to  bright binary stars. 
The developm ent of photon counting d e te c to rs  and th e  a p p lica tio n  of 
pow erfu l com p uting  te c h n iq u e s  to  d a ta  red uction  have improved the 
magnitude lim it to a t  le a s t  +16. The a s tro n o m ica l o b jec ts  observed  
range from  g ia n t s ing le  s ta r s  to  a c tiv e  galactic  nuclei. The sources 
studied  in a sso c ia tio n  w ith  th is  w ork include  b inary  s ta rs ,  b ip o la r 
nebu lae , and p la n e ta ry  n ebu lae . The m easurem ent of the d iam eter of 
several planetary nebulae has led to  the derivation of nebulae m asses. 
When th is  in fo rm a tio n  is com b ined  w ith sp e c tra l  d a ta  c e r t a i n  
conclusions can  be draw n ab o u t th e  n a tu re  of the progenitor stars.

A r e c e n t  e x te n sio n  to  th e  te c h n iq u e  of co n v en tio n a l sp eck le  
in te rfe ro m e try  is B e c k e rs ’ d i f f e r e n t ia l  sp eck le  in te r fe ro m e try . This 
com bines high sp a tia l  and s p e c tr a l  re so lu tio n . Instead  of computing 
the power spectrum  of a single im age, the cross spectrum  is formed of 
tw o sp eck le  im ages ta k e n  a t  s lig h tly  d if fe re n t  w av elen g th s . The 
technique uses the fa c t th a t the spectrum  of th e  lig h t e m itte d  from  
an o b je c t o f te n  v a r ie s  s p a tia l ly  becau se  of D oppler shifts, changes 
in chem ical composition or Z eem an sp lit t in g . The d iffe re n c e s  in th e  
re la t iv e  po sitio n s of sp ec k le s  a t  d iffe rin g  w a v e len g th s  can  be 
a c c u ra te ly  measured and d iffe ren tia l speckle images of Betelgeuse have 
b e en  re p o r te d  by H ebden e t  a l. [18]. O th er a re a s  of possib le  
a p p l i c a t io n  in c lu d e  th e  s tudy  o f sp ec tro sc o p ic  b in a rie s , s te l la r  
rotation and peculiar A type sta rs .

S peck le  in te r fe ro m e try  has a lso  been ex ten d ed  in to  th e  n ea r 
in fra -re d  (2-5 ym .). A t a w av e len g th  of 0.5 ym . th e  d if f ra c tio n  
lim it of a 4 m. telescope is 0.03 arcseconds, ap p ro x im a te ly  30 tim e s  
sm alle r th an  th e  see ing  l im it .  H ow ever, a t  5 ym . th e  d if f ra c tio n  
lim it is 0.3 a rc seco n d s  and th e  see ing  lim it is 0.6 arcesconds [15]. 
Therefore, the potential resolution of a te le sc o p e  is only doubled by 
in fra -re d  sp eck le  in terferom etry . [Nevertheless, there  are  a g reat many 
potentially resolvable infra-red o b je c ts  and se v e ra l groups a re  a c tiv e  
in th is  a rea . Of course the technological problems associated with any 
infra-red observation must be overcom e. The detecto rs employed are one 
d im ensional and m ust be coo led  to  liquid  n itro g en  or liquid helium
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tem peratures. Careful calibration  of the background em ission  from  th e  
sky and th e  te le sc o p e  is a lso  n e c e ssa ry . D esp ite  th e se  a d d itio n a l 
d if f ic u lt ie s ,  w hich a re  no t p re s e n t in optical speckle in terferom etry , 
there are  many published resu lts. Some of the most im p o rtan t in c lude  
M cC arth y 's  m ea su re m e n t o f th e  trip le  nature of MonR 2-IRS 3 [19], 
C h e l l i 's  r e c o n s t r u c t io n  o f n C a rin a e  using th e  K nox-Thom pson 
algorithm and various observations o f M ira v a ria b le s , th e  dust sh e lls  
around W olf-Rayet stars and Betelgeuse. With the im minent availability 
of two dimensional de tecto rs sp ec k le  in te rfe ro m e try  in th e  in fra -re d  
should becom e an in c re a s in g ly  im p o rta n t a s tro n o m ica l te c h n iq u e .

1.4 The Reduction of Speckle Data.

The re d u c tio n  of sp eck le  in te r fe ro m e try  d a ta  is a s t a t i s t ic a l
p rocess involv ing th e  fo rm a tio n  o f ensem ble averages. To achieve a 
satisfactory  signal to noise r a t io  in a m easu rem en t, m any ind iv idual 
sh o rt exposure  im ages m u st be analysed. Therefore, a c ritica l aspect 
of any speckle system  is the speed a t which the data  can be processed.

The work presented here will describe the application of a hardwired 
autocorrelator and a hardw ired  c ro s s -c o r re la to r  to  th e  p rocessin g  of
astronom ical data . The data  is recorded on video tape and the speed of
th e se  h a rd w ired  d ev ices  a llo w s c o rre la tio n s  to  be c a lc u la te d  in
re a l- tim e . A detailed description of the design and perform ance of the 
autocorrelator and the c ro ss-corre la to r is given in C h ap te rs  Four and 
Five.

With the continued im provem ent in the speed of computing elem ents a 
new generation of devices to  a n a ly se  sp eck le  d a ta  can  be seriously  
p roposed . The d ev e lo p m en t of a rra y  p ro c e s so rs  a llo w s  F o u r ie r  
tra n sfo rm s to  be p e rfo rm ed  quickly on large quantities of data  while 
preserving the f le x ib ility  of a s o f tw a re  sy stem . H ow ever, th e  m ost 
ex c itin g  advance  could be th e  in tro d u c tio n  of p a ra lle l p rocessin g  
tech n iq u es  to  th e  problem  of im age  re c o n s tru c tio n . With such an 
approach  th e  now len g th y  c a lc u la tio n s  involved in c e r ta in  im age 
re c o n s tru c tio n  algorithm s becom e fa r less time consuming. These ideas 
are developed in Chapter Eight.
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1.5 Reconstruction of the Object Intensity.

Speckle in te r fe ro m e try  as  developed by Labeyrie, and as applied in 
most astronom ical observations, is used to  d e riv e  th e  o b je c t 's  energy  
sp ec tru m , or e q u iv a len tly  i ts  a u t o c o r r e l a t i o n .  H o w e v e r, i t  is  
im possib le , in g e n e ra l, to  r e c o n s tru c t  th e  o b je c t in tensity  from its 
energy spectrum  alone. Even the in tensity  of unequal magnitude b in ary  
s ta rs  c an n o t be uniquely  determ ined . To re trieve  the object intensity 
the phase of the object's Fourier transform  must be known. There a re  
c e r ta in  a lg o rith m s w hich use only the modulus of the object Fourier 
transform  to a ttem p t to reconstruc t the object, but they assume th a t a 
unique so lu tio n  e x is ts  and a re  n o t g u a ran te ed  to  converge  on th e  
c o r re c t  so lu tio n . O th e r m eth o d s use add itional inform ation contained 
in th e  sp eck le  im ages to  d e riv e  a unique so lu tio n . H ow ever, th e  
practical d ifficulties of im plem enting such a lg o rith m s on a s tro n o m ic a l 
d a ta  a re  n o t tr iv ia l .  B rie f d e sc rip tio n s  'o f  some re c o n s tru c t io n  
methods are  given in C hapter Eight.
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« CHAPTER TWO - THE THEORY OF STELLAR SPECKLE 
INTERFEROMETRY.

2.1 Introduction.

The fu n d a m e n ta l re so lu tio n  lim it of a te le sc o p e  is se t by th e  
d if f ra c tio n  of lig h t passing  th rou gh  th e  a p e r tu re . The re su ltin g  
im age of a point source has a bright central core of angular diam eter 
2.44 X/D (w here  X is w av e len g th  and D th e  d ia m e te r  of the  
a p e r tu re )  su rroun ded  by su cc ess iv e ly  la rg e r  bu t f a in te r  rings of 
lig h t. This F ra u n h o ffe r  d i f f r a c t io n  p a tte rn , known as th e  A iry  
fu n c tio n , c o n s tra in s  th e  m axim um  r e s o lu t io n ,  Act, to  a v a lu e  
co n v en tio n a lly  g iven by th e  Rayleigh Criterion: two point sources are 
said to be just resolved when the firs t dark ring of one image crosses 
the cen tra l maximum of the second  im age, as shown in F igu re  2.1. 
Therefore:

Act = 1.22 X/D. Eq. 2.1

For example, a t a wavelength of 500 nm. a telescope with a d iam eter of 
4 m. is th e o re t ic a l ly  c a p a b le  of reso lv ing  separations down to 0.03 
a rc seco n d s. U n fo r tu n a te ly , th is  l im it  is ra re ly  rea c h ed  by ground

Figure 2.1 The Rayleigh Criterion for the 
Resolution of Two Point Sources.
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based instrum ents because of atm ospheric turbulence.

2.2 The Seeing Problem.

The E a r th 's  a tm o sp h e re  is a tu rb u le n t flu id  co n ta in in g  m any
in h o m o g en e itie s  of te m p e r a tu r e ,  p re ssu re  and re f r a c t iv e  index. The 
e f f e c t  o f th e s e  v a r i a t i o n s  is to  produce a random  iso tro p ic
distribution of "seeing cells" th ro u g h o u t th e  a tm o sp h ere . These c e lls  
(w hich have a c h a r a c te r is t ic  s iz e  of 10 cm . [20,21]) a re  n o t
s ta t io n a ry  of co u rse , b u t c o n tin u a lly  change shape, merge with each 
other and d rift across the sky. T herefo re , any w av efro n t p ro p ag a tin g  
th rough  th e  a tm o sp h e re  is su b je c t to  random  fluctuations of phase. 
Figure 2.2 illustrates the e f fe c t  of these phase f lu c tu a tio n s  upon th e  
image formed by a telescope. For an unperturbed plane wave the image 
is an Airy d isc . H ow ever, in p ra c t ic e ,  th e  incom ing w a v e fro n t is

Telescope
Im age Plane

Vj

(

(

A tm osohere

Figure 2.2 A Schem atic R epresentation of the 
E ffects of A tm ospheric Turbulence.
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distorted by the atm osphere. The a p e r tu re  of th e  te le sc o p e  c o n ta in s  
many perturbing cells and a t  any instan t a random assortm ent of these  
ce lls  a re  in phase  and in te rfe rence  will occur. As the in phase cells 
a re  ra n d o m ly  d is tr ib u te d  a c ro ss  th e  a p e r tu re , th e  in te r f e re n c e  
fringes-, or sp ec k le s , have a s ize  c lo se  to  th e  d if f ra c tio n  lim it of 
th e  te le sc o p e  and a re  c o n ta in e d  w ithin  a broad seeing disc. F urther 
c a u s e s  o f a tm o s p h e r ic  im a g e  d e g r a d a t io n  a r e  th e  d i f f e r e n t  
p e r tu rb a t io n s  im posed on w a v e fro n ts  tra v e llin g  th rough s e p a ra te  
Columns of the atm osphere. The maximum angular separation between two 
po in t so u rces  fo r w hich th e  w a v e fro n t p e r tu rb a tio n s  a re  h ighly  
c o r re la te d  is known as the isoplanatic angle. Several m easurem ents of 
this angle  have been  p e rfo rm e d  and re su lts  rang ing  from  2 to  10 
a rcseco n d s o b ta in e d  [22 ,23]. This v a ria tio n  is p robab ly  due to  th e  
d i f f e r e n t  s e e in g  c o n d i t io n s  e n c o u n te r e d  'b y  th e  o b s e r v e r s .

I t is now useful to  define two param eters: the decorrelation tim e T 
as the in terval betw een s t a t i s t ic a l ly  in dep end en t a tm o sp h eric  s t a te s ;  
and th e  sp ec k le  l i fe t im e  t  as th e  period  over w hich a tm o sp h e ric  
changes a re  c o n sid e red  n eg lig ib le . Of course no definitive values can 
be assigned  to  th e se  tim e  s c a le s , bu t m ea su re m e n ts  p e rfo rm ed  by 
Scaddan and Walker [24], Dainty [25], and Ebersberger and Weigelt [22] 
suggest th a t  ty p ic a l v a lu e s  fo r  T and t  a re  100 ms. and 10 ms. 
re s p e c tiv e ly . F o r exposu re  tim e s  longer - th an  th e  decorrelation tim e 
the image produced by a telescope is made up of many speckle patterns 
random ly d isp laced  by a tm ospheric  turbulence. Because of this motion 
and in te g ra tio n  tim e  a "see in g  d isc" ap p ears  w ith  an in ten se  co re  
which becom es gradually dimm er towards the edges. The seeing seldom 
allows the angular d iam eter of th is disc to fall below  one a rc se co n d , 
which is 30 tim e s  g r e a te r  th an  th e  d if f ra c tio n  lim it of a 4 m. 
telescope. T h e re fo re , i t  is th e  p rev a ilin g  a tm o sp h e ric  seeing  w hich 
lim its  th e  p ra c t ic a l  r e s o lu t io n  o f an a s t r o n o m ic a l  t e l e s c o p e .

2.3 Speckle Images.

For an exposure tim e com parable to the speckle lifetim e, the image 
formed by a telescope will depend on the telescope's aperture function  
and one p a r t ic u la r  random  d is tr ib u tio n  of a tm o sp h e ric  seeing, cells; 
an y . a tm o sp h e ric  tu rb u le n c e  is e f fe c t iv e ly  fro z e n . T h e re fo re , th e
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in te n s ity  of each  s t a t i s t i c a l ly  in d ep en d en t q U a s i-m o n o c h ro m a tic  
sp eck le  im age, I (x ,y ) , can  be d e sc rib ed  by the following incoherent 
imaging equation:

This in te g ra l re p re se n ts  th e  con v o lu tio n  of th e  o b jec t in te n s ity  
0 (x ,y )  w ith  th e  in s ta n ta n e o u s  p o in t sp read  func tio n , P(x,y), of the 
combined atm osphere and telescope system , therefore:

where © denotes the convolution operator.

Consider the fo rm a tio n  o f an id e a lise d  sp eck le  im age of a po in t 
so u rce . L e t (u ,v ) be c o o rd in a te s  in th e  a p e r tu re  p lane , th en  the  
e f fe c t iv e  a p e r tu re  fu n c tio n , H (u ,v ), of th e  com bined telescope and 
atm osphere system  is m odelled  by a c irc u la r  a p e r tu re  of rad ius p 
co n ta in in g  s ta t io n a ry  see in g  c e lls  of rad ius r Q. As th is  fu n c tio n  
is rotationally sym m etric [26]:

The f irs t term  is a circular apertu re  with unit transm ission  o u t to  a 
rad ius of p and th e  second  te rm  is a c irc u la r  D irac  com b of 
se p a ra tio n  a w hich re p lic a te s  the  seeing cells over the full aperture. 
The in s tan tan eo u s im age in te n s i ty ,  I (x ,y ) , w ill a lso  be ro ta tio n a lly  
sym m etric and can, therefo re , be derived from a one dimensional Hankel 
transform :

09

Eq. 2.2
- 0 0

I(x,y) = Q(x,y) © P(x,y) Eq. 2.3

H(u,v) = H(w) where w2 = u2 + v2

=> H(w) = c irc(w /p ).U I(w /a) © c irc(w /rQ).

I(x,y) = I(r) where r 2 = x2 + y2.

The Hankel Transform gives:
00

0
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Plate 2.1 A Speckle Image of the Single Star a Centauri.
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w here J 0 (2uwr) is th e  z e ro  o rd e r B essel fu n c tio n  of the  f i r s t  
kind. As:

x
J J0( c ) .  C = x .J ^ x )

o
w here J ^ x )  is th e  f i r s t  o rd e r B essel fu n c tio n  of th e  f i r s t  kind,

=> I(r) = c o n s t.[J1(2npr)/r]2 © IH (ra).[31(2nr0r) /r]2

= CONST.jinc2(2npr) © IU (ra). jinc2(2rrr0r).

This is th e  re s u l ta n t  in te n s ity  po in t sp read  fu n c tio n  (PSF) of th e  
te le sc o p e  and atm osphere. T herefore, a point source I ( r ) appears as a 
se t of displaced d if f ra c tio n  lim ite d  im ages m odu la ted  by a b ro ad er 
Airy p a t te rn .  If r Q = 10 cm . th is  br-oad pattern  has a d iam eter of 
about 2.5 arcseconds. Actual speckle fram es are not m u ltip le  a p e r tu re  
in te rfe ro g ra m e s  bu t K orrf e t ai. [27] have shown th a t such individual 
speckles have a ch arac teris tic  size and shape s im ila r to  th a t  of the  
Airy d isc . A sp eck le  im age of a  sing le  star is shown in P late 2.1.

The long exposure image is the ensemble av e rag e  of th ese  sp eck le  
exposures. Therefore, denoting an ensemble average by < >, for M such 
exposures:

<I(x,y)> = 1/M ^  
m

= 0(x ,y ) © <P(x,y)>.

It is th e  long exposu re  PSF, <P(x,y)> , th a t determ ines the form  of 
the seeing disc.

2A  Data Reduction.

In stellar speckle in te rfe ro m etry  a la rg e  num ber of sh o rt-ex p o su re  
q u asi-m o n o ch ro m atic  im ages a re  analysed using Fourier techniques to 
e x tr a c t  d if f ra c tio n  lim ite d  in fo rm a tio n . The re su lt is th e  av e rag e  
energy spectrum , or equivalently th e  av e rag e  sp a tia l a u to c o rre la t io n ,
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of the object intensity.

L abey rie  [28] p io n eered  an o p tic a l p rocessing  m ethod in w hich 
c o h e re n t lig h t is passed  th rou gh  a sp eck le  im age recorded on cine 
film . The sp eck le  im age a c ts  as a "g ra ting"  and th e  re su ltin g  
d if f ra c tio n  p a t te rn  is th e  en erg y  sp ec tru m  of the  im age intensity. 
This is fo rm a lly  d e fin ed  as th e  squared  m odulus of the  im a g e 's  
F ou rie r tra n s fo rm , so if low er c a se  le t t e r s  a re  used to indicate a 
Fourier transform  and (u,v) are spatial frequency v a ria b le s  then  from  
equation 2.3:

• i(u,v) = o(u,v) .p(u,v)
=> |i(u,v)| 2 = |o (u ,v ) |2. |p (u ,v )|2.

By reco rd in g  m any such en erg y  s p e c tra  on th e  sam e p iec e  of 
photographic film the average energy or W iener sp e c tru m , W (u,v), of 
the image is found:

W(u,v) = < |i(u ,v )|2>
= |o(u,v)| 2. < |p(u ,v)|2>. Eq. 2A

In eq u a tio n  2 A  < |p (u ,v ) |2> is th e  s p e c k le  t r a n s f e r  f u n c t io n .  
K orrf [20] and D ainty [13] have shown th a t this is g reater than zero 
down to  th e  d if f ra c tio n  lim it of th e  te le sc o p e  and, th e re fo re , 
p re se rv e s  high sp a tia l  frequency  inform ation. If Ns is the number of 
speckles per fram e  and p (u ,v ) is th e  d if f ra c tio n  lim ite d  t r a n s fe r  
function:

< |p(u ,v)|2> = |<p(u,v)> |2 + ( l /N s) .p Q(u,v) Eq. 2.5

As an example, the Wiener spectrum  obtained from observations of a 
b inary  s ta r  appears as a se t of fringes on a Gaussian-like background. 
The origin of this m odulation  is analag ous to  Y oung's s l i ts  in th a t  
pa irs  of corresponding speckles a c t as double slits and the background 
is a consequence  of th e  long exposure  t ra n s fe r  fu n c tio n . I t  is 
possib le  to  e s t im a te  th e  sp ec k le  tr a n s fe r  function from observations 
of a nearby unresolved s ta r under s im ila r see ing  co n d itio n s . In th is  
case  th e  o b je c t in te n s ity  is a D ira c  d e l t a  f u n c t io n ,  <5(x,y):
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Plate 2.2. The Ensemble Averaged Energy Spectrum of the 
Binary Star y Lupi (separation = 0.36 arcsec. my = 2.8).
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I'(x,y) = <5(x,y) © P(x,y)
=> \V'(u,v) = < |i '(u ,v ) |2>

= < |p (u ,v )|2>.

Therefore, assuming the tran sfe r function to remain unchanged be tw een  
observations, from equation 2.4:

|o (u ,v )|2 = W (u,v)/W '(u,v).

The an g u lar se p a ra tio n  of th e  binary is inversely proportional to the 
frin g e  s e p a ra tio n  in th is  o b je c t en erg y  sp ec tru m  and th e  position  
angle is given by the fringe orientation . The average energy  sp ec tru m  
of a b inary  s ta r  d isp lay in g  such  frin g es  is shown in P la te  2 .2 . 
H ow ever, under u n s ta b le  see in g  cond itio ns th e  e s tim a tio n  of th e  
transfer function can introduce considerable errors.

A method of estim ating the  ob ject energy spectrum  without the need 
to observe a point source has been described by Granrath [29]. F or a 
s e t of tra n sfo rm e d  speckle fram es the most intense fringe in a given 
spatial frequency ran ge  is n o rm alised  by th e  in te n s ity  of th e  D .C . 
component in the spectrum  and then recorded. This process in repeated 
so th a t  a "maximum magnitude" Fourier transform  is built up. Such a 
transform  directly estim ates the combined object and te le sc o p e  energy  
spectrum .

An a l te rn a t iv e  ap p ro ach  to  sp eck le  d a ta  red u c tio n  calcu lates the 
o b je c t 's  sp a tia l  a u to c o r re la t io n . This is an even fu n c tio n  which 
d esc rib es  th e  d is ta n c e  over w hich 0 (x ,y )  is coherent and is defined 
by:

00

A(h,k) = J'J*O *{x,y). 0 (x  + h,y + k)dxdy Eq. 2.6
—  00

= 0(x ,y ) * 0 (x ,y ),

where denotes a com plex  c o n ju g a te  and * is th e  a u to c o rre la t io n
opera to r. The param eters of an astronom ical object can be equivalently 
measured from an energy spectrum  or an autocorrelation as th e se  tw o 
functions are related  by the A utocorrelation Theorem:
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Figure 2.3 The Basic Processes Involved in Binary Star 
Speckle In terferom etry .

i) The O bject Intensity, ii) The Instantaneous Image Intensity.
iii) The Wiener Spectrum of the Image.
iv) The A utocorrelation of the Image.

A(h,k) o (u ,v ) |2. exp(-2iii(uh + vk))dudv.

Therefore, the autocorrelation and the energy spectrum  form a F o u rie r  
tra n sfo rm  p a ir. For a b inary  s ta r  the object autocorrelation contains 
th ree co-Iinear maxima. The distance between the cen tra l maximum and 
e ith e r  one of th e  o u te r  m axim a is p ro p o rtio n a l to  th e  b in ary  
se p a ra tio n  and th e  position angle can be derived from the orientation 
of the th ree peaks. The basic steps and relationships involved in d a ta  
reduction are summarised in Figure 2.3.

The optical processing method can be used to find an autocorrelation 
by sim ply fo rm ing  th e  d if f r a c t io n  p a tte rn  of th e  energy  spectrum . 
However, this approach requires a second, and consequen tly  deg rad ing , 
pho tog raph ic  exposure and developm ent. Instead, the autocorrelation of

-32-



0(x)
A

1

1

;
i
i
i
i
i
»

A(h)

Figure 2A  The A nalogue-R epresentation of Autocorrelation.

Number of Vectors 

16'>

8

-2a
i i

-a  a 2a
*

Vector Length

Figure 2.5 The Vector A utocorrelation of a "Top Hat" Function.

-33-



Number of Vectors

Y Y
/ \|

[ |
\j /

28 r

21-

14-

7- 

0 ■
«

I ! 1 1 T TI T | I i| r < ! ■ u 1t T i X )
4 i i T T kA l_LLLI I T| 1 t 1i 1 |l ! . l/ il 1 i 1'sj 1 ! i L 1l M i r r ^  t -l— lI \ T T LJ j 1 t -Ll-LJ |

Figure 2.6 Vector A utocorrelations of an Annulus for Successively
Smaller Pixel Sizes.

-34-



an im age can be d ire c t ly  c a lc u la te d  by applying d ig ita l an a ly sis  
te ch n iq u es . Such an ap p ro ach  can  be im p lem en ted  in so ftw a re  or 
h a rd w a re  and  e l im in a te s  th e  n o n - l in e a r i t i e s  of p h o to g ra p h ic  
processing.

2.5 Digital Processing.

The "analogue" defin ition  of a u to c o r re la t io n , as given by eq u a tio n  
2.5, may be considered as the product of the overlapping areas between 
0 (x ,y )  and a displaced copy of 0 (x ,y ) as a function of their relative  
d i s p la c e m e n t .  F ig u re  2 A  i l l u s t r a t e s  th e  p rocess of analogue  
autocorrelation, in one d im ension , fo r a "top ha t"  fu n c tio n . As th e  
fu n c tio n  is m oved th rou gh  i t s  replica the product of the overlapping 
areas increases linearly until it reaches a maximum w here th e  o rig ins 
of th e  fu n c tio n s  coincide. Now consider an image having an origin a t  
its top left-hand corner, x c o o rd in a te s  in c reasin g  tow ards th e  r ig h t, 
y c o o rd in a te s  in c rea s in g  to w ard s  th e  bo ttom  of th e  im age and 
co n ta in in g  n pho ton  e v e n ts  a t  c o o rd in a te s  (x j,y j) . The ana logue  
a u to c o rre la t io n  is th en  e q u iv a le n t to  th e  d is tr ib u tio n  of v e c to rs  
between any event and every other event, given by:

A(h,k) = 2 3  2 3  (xj “ xi» Yj “ Yi)-
i j

The "v ec to r"  a u to c o r re la t io n  of th e  " top  ha t"  function  is shown in 
Figure 2.5. A coordinate system  is imposed on th e  fu n c tio n  and th en  
the  h o riz o n ta l v e c to rs  b e tw e en  th e  c e n tre s  of p ixels a re  counted. 
There are 16 vectors of zero length, 12 of length 1 pixel, S of length 
2 p ixels, 4 of len g th  3 p ix e ls  and none of len g th  4 p ix e ls . The
envelope of th is  v e c to r  a u to c o r re la t io n  is id e n tic a l to  th a t  of th e  
analogue autocorrelation shown in Figure 2A .

The m ost b a s ic  c o n s id e ra tio n  in th e  fo rm a tio n  of a v e c to r
a u to c o rre la t io n  is th e  s ize  of the picture elem ent, or pixel, between 
which vectors are to be measured. As an example consider the v e c to r
a u to c o rre la t io n s  of an annulus c a lc u la te d  w ith various p ixel s ize s  
shown in F igu re  2.6. Using only four pixels to cover the annulus, the
distribution of vectors in the +X' d ire c tio n  is: 4- of zero  len g th ; and 
and two each of length +1. Therefore, the vector autocorrelation has a
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tr ia n g u la r  enve lo p e . H ow ever, as th e  p ixel s ize  is red u ced  th e  
envelope of the vector a u to c o r re la t io n  develops th e  f e a tu re s  of th e  
analogue a u to c o r re la t io n  o f an annulus: a cen tra l maximum and local 
maxima in the region of +2a and -2a. In the lim it where the pixel size 
tends to  z e ro  th e  v e c to r  and analogue a u to c o rre la t io n s  becom e 
equivalent.

In any practical speckle system  the  photon events recorded have some 
f in ite  size  and th is  m ust be considered when choosing the pixel size. 
If the pixel size is larger than a sing le  photon ev en t tw o sp a tia l ly  
close events may be unresolved w ith a consequent loss in the number of 
vectors counted. Whereas, if the  pixel size is less than the s iz e  o f a 
photon even t the autocorrelation  will contain an ex tra  component from 
vectors within a single photon e v e n t; th is  is obviously p re fe ra b le  as 
no inform ation is lost.

2.6 The Vector Autocorrelation of Speckle Images.

A sp eck le  im age is m ade up o f a random distribution of speckles, 
which in tu rn  c o n s is ts  of one o r m ore photon e v en ts . T h e re fo re , 
vectors between speckles a re  random ly d is tr ib u te d  and form  th e  tw o 
d im ensional a u to c o r re la t io n  of th e  long exposure  seeing  lim ite d  
envelope . This "seeing  p e d e s ta l"  is analogous to  th e  G au ss ian -lik e  
background p re se n t in th e  im age's energy spectrum . However, vectors 
between events within the sam e speckle p roduce a com ponen t in th e  
a u to c o rre la t io n  w hich c o n ta in s  d i f f r a c t io n  l im i te d  in f o r m a t io n .

L et us re tu rn  to  th e  ex am p le  of a sp eck le  im age of an equal 
m agn itude b in ary  s ta r  with a separation sm aller than the d iam eter of 
the see ing  d isc . The sp ec k le s  w ill c o n sis t of tw o d is t in c t  sp eck le  
p a tte rn s  as each  co n ta in s  a n e a r -d if f ra c tio n - l im ite d  im age of th e  
b inary  [27]. T h e re fo re , v e c to rs  be tw een  p ixels w ith in  th e  sam e 
speckle will have sim ilar le n g th s  and o r ie n ta tio n s . This p roduces an 
a u to c o rre la t io n  con ta in in g  tw o peaks superim posed  on th e  see ing  
p e d e s ta l, one due to  p o s itiv e  vecto rs and the other due to  negative 
vectors. An a u to c o rre la tio n , as d e fin ed  in eq u a tio n  2 .6 , is an even 
function so th a t:
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A(h,k) = A(-hj-k).

Therefore, because of th is  sy m m etry  i t  is oniy n ecessa ry  to co u n t 
vectors in a single direction.

So fa r  a m e th o d  has b e e n  d e s c r ib e d  fo r  c a l c u la t in g  th e  
autocorrelation  of a speckle image. However, to draw conclusions about 
the morphology of an astronom ical o b je c t i t  is p re fe ra b le  to  o b ta in  
th e  o b je c t  a u t o c o r r e l a t i o n .  F o rm in g  th e  e n se m b le  a v e r a g e  
autocorrelation of equation 2.3 gives:

<I(x,y) * I(x,y)> = 0 (x ,y ) * 0 (x ,y ) e <P(x,y) * P(x,y)> Eq. 2.7

The a v e ra g e  im age a u to c o r re la t io n  is sim ply form ed by adding the 
a u to c o rre la t io n s  of m any s t a t i s t ic a l ly  in d ep en d en t sp eck le  fra m e s . 
But, to  c a lc u la te  th e  o b je c t a u to c o rre la tio n  requires the observation 
of a po in t so u rce  under s im ila r  see ing  cond itions and th en  a 
deconvolution o p e ra tio n . F o r tu n a te ly  eq u a tio n  2.7 can be s im p lified  
and th e  n e e d  fo r  a r e f e r e n c e  s t a r  o b s e r v a t io n  e l im in a te d .

2J  Cross-correlation.

The c ro s s -c o rre la tio n  of two. fu n c tio n s  f(x ,y )  and g(x,y) measures 
their mutual spatial coherence and is given by:

CO

C(h,k) = J J f*(x ,y).g(x  + h,y + k)dxdy Eq. 2.S
— co

= f(x,y) * g(x,y).

As with the a u to c o rre la tio n  fu n c tio n  a v e c to r  c ro s s -c o rre la tio n  can 
be d e fin ed . This is th e  d is tr ib u tio n  of v e c to rs  be tw een  p o in ts  
(xj,y^) in one fu n c tio n  an d  a l l  p o in ts  ( X j, Y j) in th e  o th e r  
function. Thus:

c (h ,k ) = £  23 (X j - X j,Y j - y j)

i j
Now consider tw o s ta tis tic a lly  independent speckle fram es. The vector 
cross-correlation of th e se  fra m e s  will only co n ta in  v e c to rs  be tw een
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sp a tia lly  u n c o rre la te d  sp e c k le s . T h e re fo re , if th e  s p e c k le s  a r e  
co n ta in ed  in G aussian  en v e lo p es , th is c ro s s -c o rre la tio n  w ill have a 
Gaussian envelope with a width g rea te r than th e  w id ths of e i th e r  of 
the ind iv idual envelopes [30]. In 1977 W elter and Worden suggested 
th a t  th e  d if fe re n c e  b e tw een  th e  av e rag e  a u to c o rre la t io n  and th e  
average  c ro s s -c o rre la tio n  of s t a t i s t ic a l ly  in d e p e n d e n t f r a m e s  is  
’’p ro p o rtio n a l to  th e  a u to c o r re la t io n  of th e  im a g e  e f f e c t i v e l y  
un in fluenced  by a tu rb u le n t atm osphere" [31]. Subsequently Bruck [32] 
and  W alker [33] have shown th a t  th is  s ta te m e n t is in c o r re c t .

Consider the difference betw een the average au toco rre la tion  and th e  
av erag e  c ro s s -c o rre la t io n  of a se t of speckle images, Q(h,k). For an 
o b je c t ,  0 ( x ,y ) ,  and  a p o in t  s p re a d  f u n c t io n ,  P (x ,y ), hav ing  
stationary s ta tis tic s  th e  im age , I (x ,y ) , is given by equa tio n  2 .3 . If 
I ' ( x , y ) is an  im a g e  s t a t i s t i c a l l y  in d e p e n d e n t  fro m  I ( x ,y ) :

Q(h,k) = <I(x,y) * I(x,y)> -  <I(x,y) * I'(x,y)> Eq. 2.9

If we now substitu te  equation 2.3 into equation 2.9 and for sim plicity 
remove the coordinates:

Q = <(0 © P) * (O © P)> - <(0 © P) * (O © P ’)> Eq. 2.10

Bruck [32] points out th a t th e  a v e ra g e  c ro ss -c o rre la tio n  is equal to 
the  a u to c o r re la t io n  of th e  a v e ra g e , or lo n g  e x p o s u re , im a g e . 
Therefore:

Q = <(0 © P) * (O © P)> - (<0 © P> * <0 © P »

At th is  p o in t is is c o n v e n ie n t to  ta k e  th e  F o u rie r tra n sfo rm  of 
equation 2.10 and work in frequency space, therefore:

q = < (o .p ).(o .p )*>  - (<o.p>.<o.p>*)
= (o . o*) • [<p . p*> - (<p> . <p>*)] Eq. 2.11

Now consider th e  sp eck le  t ra n s fe r  function as given in equation 2.5:

<p.p*> = <p>.<p>* + (1/Ns ) .p 0
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-K* -*■
P 0  «  < p . p  > -  ( < p > . < p >  ) Eq. 2.12

Therefore, substituting Eq. 2.12 into Eq. 2.11:

Eq. 2.13

F ina lly , tak in g  th e  F o u rie r  transform  of equation 2.13 we obtain the 
result:

T h is r e s u l t  does no t in v a l id a te  th e  W elter and Worden see in g  
correction, but does chage i ts  in te rp re ta t io n :  th e  d iffe re n c e  b e tw een  
th e  a v e ra g e  a u to c o r re la t io n  and th e  av e rag e  c ro s s -c o rre la tio n  has 
been shown to be proportional to  the diffraction lim ited image of the 
autocorrelation of the object in tensity .

In im p le m e n t in g  th e ir  see in g  c o rre c tio n , W elter and W orden 
n o rm alized  th e  in te n s ity  o f e a c h  fram e  so th a t  th e  sum of th e  
in te n s it ie s  was th e  sam e fo r any two fram es [34]. By this operation 
they made the  in tegral a rea  of th e  a u to c o rre la tio n  equal to  th a t  of 
th e  c ro s s -c o rre la t io n . H ow ever, as th e  a u to c o rre la t io n  c o n ta in s  a 
central peak and may contain  a sp ec k le  com ponen t ab sen t from  th e  
c ro s s -c o rre la tio n , a sim p le  d iffe re n c in g  of the two over-corrects for 
the seeing p ed esta l. S ev e ra l g roups have no ted  th is  o v e r-c o rre c tio n  
[33,36], and have p ropo sed  a m o d ifica tio n  to the original m ethod in 
w h ich  th e  m ean  c r o s s - c o r r e l a t io n  is no rm alised  to  th e  m ean 
a u to c o r r e l a t i o n  fo r  s e p a ra tio n s  o u ts id e  th e  sp eck le  com p onen t. 
Therefore:

w here N is som e a p p ro p r ia te  c o n s ta n t. Using B ru ck 's  a l te rn a t iv e  
formulation equation 2.14 becomes:

H ow ever, in th e  long exp o su re  im ag e , < I(x ,y )> , pho ton events may 
overlap  and lim it th e  v a lid ity  of th e  v e c to r  a u to c o rre la t io n . This

Q(h,k) « [0 (x ,y ) * 0 (x ,y )] © PQ(x,y)

Q(h,k) = <I(x,y) * I(x,y)> - N .<I(x,y) * I'(x,y)> Eq. 2.14

Q(h,k) = <I(x,y) * I(x,y)> - N.(<I(x,y)> * <I(x,y)>)
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photon pile-up problem has been reported by Hege e t al. [36]. In th is  
case  ana logue  p rocessin g  is desirab le . Other problems arise from the 
assumptions made in deriving Q(h,k). If there  are gross m ovem en ts of 
th e  see in g  d isc , th e  im age  w ill be d isp laced  from fram e to fram e. 
T h e r e f o r e ,  th e  c r o s s - c o r r e la t io n  w ill c o n ta in  some v e c to rs  a t  
separations g rea te r than the seeing disc d iam ete r. These w ill b roaden  
the  c ro s s -c o rre la t io n  r e la t iv e  to  th e  a u to c o r re la t io n . This problem  
can be elim inated by finding the cen tre  of gravity of each fram e and 
centring the images before processing.

A second l im ita tio n  of th e  W orden see ing  c o r r e c t io n  is i t s  
assum ption  th a t  th e  com plex  am p litu d e  of th e  w a v e fro n t in th e  
telescope apertu re  obeys a G aussian  p ro b a b ility  d en sity  and n o t th e  
m ore a c c u ra te  log no rm al m ode l. The result of this is to invalidate 
th e  see in g  c o r re c t io n  fo r f re q u e n c ie s  less than  th e  seeing  lim it. 
H ow ever, if  D /rQ > 10 say , th e  fre q u e n c ie s  below the seeing lim it 
make up only a small frac tion  of the frequency plane. T h e re fo re , for 
a te le sc o p e  such as th e  A n g io -A u stra lian  T e lescope  (AAT), w here  
D /rQ a 40, the Worden seeing correction  is satisfactory .

2.8 Signal to Noise Ratio.

The aim of speckle in te rfe rom etry  is to estim ate  some param eter of 
the observed object: a d iam eter, o rien ta tio n  or se p a ra tio n . The e rro r  
in th is  e s t im a te  is determ ined by the fluctuations of the atm ospheric 
seeing, the quantum  n a tu re  of l ig h t  and d e te c to r  induced no ise . A 
d esc rip tio n  of th is  e rro r  is given by the signal to noise ratio  (SNR) 
defined  as th e  ra t io  of th e  e x p e c te d  va lue , E, to  th e  s ta n d a rd  
deviation of the estim ate , (<E2> - <E>2)2;

SNR = E /(< E 2> - <E>2)^

The f i r s t  re s u lt  is th a t  fo r  M s ta t i s t ic a l ly  independen t fram es the 
SNR is simply given by:

SNR = SNR^M*

w here SN R1 is th e  signal to  no ise  ra t io  o b ta in ed  from  a sing le
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f ra m e . T h e re fo re , sp eck le  o b se rv a tio n s  usually  c o n sis t of a la rg e  
number of individual fram es. A fu rther analysis of SNR can be made in 
either the sp a tia l or f re q u e n c y  dom ains. I w ill c o n c e n tra te  on th e  
re su lts  o b ta in ed  by v a rio u s  a u th o rs  for the SNR associated with the 
autocorrelation function of a se t of im ages.

Dainty [37] and Walker [38] consider the autocorrelation of a photon 
coun ting  o b se rv a tio n  of a b in ary  s ta r .  The SNR is defined  as the 
height of the binary peak above the local background divided by the  
p robab le  e rro r  a s so c ia te d  w ith  th e  m easurement. If Poisson sta tistics 
a re  assum ed , th is  e rro r  is th e  sq u are  ro o t of th e  value of the  
a u to c o rre la t io n  a t  th e  p o in t considered . Walker's final expression for 
SNR is:

SNR = n . ( M . A ) i f  .q '/2 A s . ( l  + 2f + f 2) Eq. 2.15

where n = number of photons per fram e 
M = number of fram es 
A = area of de tecto r e lem ent 
As = area of the seeing disc 
f = (2.5)"Am

q' = mean square con trast of the speckle pattern .

W alker has d e riv ed  a s im ila r  r e s u l t  fo r th e  SNR a t ta in a b le  when 
estim ating the d iam eter of a giant s ta r  from  th e  "seeing c o rre c te d "  
a u to c o rre la t io n , Q (h ,k) [33]. T h e  d e p e n d e n c e  on o b s e r v a t io n a l  
p a ra m e te rs  is th e  sam e as in equation 2.15, but the f dependence is 
obviously absent and fo r a w ell re so lv ed  s ta r  th e  SNR is in v erse ly  
proportional to the ste llar d iam eter.

In speckle observations it is im portant to obtain the maxiumum SNR 
by choosing the optimum exposure param eters. The m ost easily  v a ried  
observ ing  cond itio ns a re  th e  f i l t e r  bandw idth , AX, and the exposure 
tim e, t .  Consider the e ffe c t of t  on SNR:

n t  and M « t -1 
=> SNR « t*
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However, the mean square speckle con trast is decreased as the exposure 
tim e is increased, and it is found th a t the maximum SNR is given when 
t = 1.6t (t is th e  sp eck le  l i f e t im e ) .  This cond itio n  co rrespo nds to  
"partial freezing" of the speckle im age.

The f i l t e r  bandw id th  a f f e c t s  tw o  fa c to rs  in eq u a tio n  2 .15: the 
number of photons per fram e and the  mean squared speckle con trast. In 
p ra c tic e  the bandwidth should be increased to maximise the number of 
photon events per fram e up to  the point where the SNR is compromised 
by th e  loss in sp eck le  c o n tr a s t .  W alker [33] s ta te s  th a t  th e  SNR 
initially scales linearly with th e  num ber of photon ev en ts  per fra m e  
and then tends asym ptotically to  a maximum value. He concludes th a t a t 
low lig h t lev e ls  sp eck le  in te r f e ro m e try  m ay be perform ed in white 
light.

The theory outlined in th is  c h a p te r  provides a s ta r t in g  po in t for 
th e  design of a p ra c t ic a l  sp ec k le  in te r f e ro m e tr y  s y s te m . The 
in te r f e ro m e te r  m ust c o n ta in  n e a r  d if f ra c tio n  lim ite d  m ag n ific a tio n  
o p tic s  and a high gain sensor. Because of the turbulent nature of the 
atm osphere there  is also a need for atm ospheric dispersion c o r re c t io n , 
sh u tte r in g  and w av e len g th  f i l te r in g .  These and o th e r  p r a c t i c a l  
considerations are  discussed m ore fully in Chapter Three.

-k2-



Chapter Three.

- i t  3 -



CHAPTER THREE - IMPLEMENTING SPECKLE INTERFEROMETRY..

3.1 Introduction.

This c h a p te r  sum m arises the developm ent of various speckle system s 
and h ig h lig h ts  th e  te c h n o lo g ic a l d if f ic u lt ie s  of reco rd in g  sp eck le  
images. The choice of observational param eters such as bandw idth  and 
exposure tim e are  also briefly  disscused.

3.2 Speckle Interferometers.

An in stru m en t used to obtain speckle images is refered to  as e ither 
a "speckle cam era" or a "speckle in te r fe ro m e te r" . L abey rie  [39] uses 
the  te rm  sp eck le  in te rfe rom ete r and his convention is adopted in this 
tex t. Since Gezari e t  a l 's .  f i r s t  p u b lica tio n  of a s tro n o m ica l sp eck le  
o b se rv a tio n s , a t  le a s t  th irteen  such, instrum ents have been constructed 
[39 to 49,35,17], but certa in  funadm ental e lem ents rem ain  com m on to  
all:

1) a shu tte r to re s tr ic t the  exposure tim es to a length com parable to  
the speckle lifetim e;
2) an in terference  filte r to define a sp e c tra l bandpass and m a in ta in  
coherence;
3) so m e  m e c h a n is m  to  c o r r e c t  fo r  a tm o s p h e r ic  d i s p e r s io n ;
4) a sy stem  of n e a r-d iffra c tio n -lim ite d  optics (typically a microscope 
objective) to  expand the im age scale of the  telescope;
5) an image intensifier and read out system.

3.3 Shuttering.

Speck le  in te r fe ro m e try  depends on th e  reco rd in g  of m any sh o rt 
exposures in which any atm ospheric motion is " fro zen ". As m en tio n ed  
in C h ap te r  Two, th is  is a ch iev ed  by constraining the exposure tim e, 
t, to  be co m p arab le  to  th e  sp eck le  l i fe t im e . The e x a c t exposure  
length adopted will also depend on the brightness of th e  o b je c t being 
observed  and th e  signal to  n o ise  ra t io  required in the final results.

The e ffec ts  of various e x p o su re  tim es  on th e  speck le  m odu lation



1.0

Figure 3.1. The E ffec t of Exposure Time on the Speckle MTF.

tra n s fe r  fu n c tio n  (MTF) a re  shown in Figure 3.1 [50]. The horizontal 
axis is th e  r a t io  of sp a tia l  fre q u e n c y  to th e  d if f ra c tio n  lim ited  
sp a tia l f re q u e n c y  (w /w ^  ^  ), and  th e  vertical axis gives the speckle 
MTF on a logarithm ic sc a le . As th e  sp eck le  l ife tim e  in c rea se s  the  
speckle MTF is lowered over the com plete frequency range, although the 
MTF still contains frequencies above the seeing lim it fo r  l ife tim e s  as 
long as 320 m sec . Therefore, the  transition between the speckle MTF 
and the long exposure MTF is gradual and experienced speckle observers 
often use exposure tim es g reate r than the speckle life tim e to maximise 
the signal to noise ratio  (see section 2.8).

Because of the large variations in the speckle lifetim e with w ea th e r 
cond itio ns, g e o g ra p h ic a l lo c a tio n  and th e  tim e  of o b se rv a tio n , a 
speck le  in terferom eter must be equipped with a controllable shutter. A 
synchronisation signal derived from the te lev ision  or c in e  c am era  can 
be used to  c o n tro l an e lec tro -m echan ica l shutter to provide exposure 
times from 1 to 100 msec. However, for most speckle systems an upper 
lim it to  th e  exposu re  tim e is se t by some characteris tic  fram e rate: 
for cine cam eras this is 62 msec, and for te lev is io n  cam eras  th is  is 
40 msec, in Britain and 33 m sec, in the U.5.A.

A novel approach to shuttering in a speckle system has been employed
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by H.A. McAlister in the Georgia S ta te  University Speckle Cam era [48]. 
The in s tru m e n t uses a d u a l m ic ro ch an n e l p la te  in te n s if ie r  and by 
gating the voltage on th e  p h o to c a th o d e  th e  need for a m ech an ica l 
shutter is elim inated. The gated  "on times" can be varied from 1 to 30 
msec.

3.4 Wavelength Filtering.

A q u asi-m o n o ch ro m atic  sp e c k le  im age is fo rm ed  w ith lig h t o f a 
bandw idth  AX c e n tre d  a t  a w av e len g th  X. This finite  bandwidth has 
two main e ffects: it  allows c h ro m a tic  d ispersion ; and causes a loss 
of sp eck le  c o n tr a s t  as th e  a tm o sp h e ric a lly  induced path differences 
approach the coherence length of th e  light.

L et us co nsider th e  e f f e c t  o f c h ro m a tic  d ispersion  f i r s t .  In a 
p o ly ch ro m a tic  sp eck le  p a t te r n ,  ind iv idual sp eck les w ill be ra d ia lly  
"sm eared"  th rou gh  an an g le  Au> [5 1 ]. T h is is s im i la r  to  th e  
d isp e rs iv e  e f f e c t  of a g ra tin g  [15]. H ence, F igu re  3.2 shows tw o 
po in ts on a g ra tin g  s e p a ra te d  by a d is ta n c e  Al. A ccord ing  to  
in te r fe re n c e  th eo ry  [52] a  s e t  of frin g es  (h e re  re p re se n tin g  th e  
speckles) will be formed where:

Al.sinco = nX n = 1,2,3,...

with n = 1 and assuming oj to  be a  small angle:

A I.oj -  X. Eq. 3.1

D ifferentiating equation 3.1 gives:

AI.Aoj -  AX. Eq. 3.2

Substituting from equation 3.1 into equation 3.2 gives:

X ~ a) .

AX Aw

Both K orff and D ain ty  suggest th a t a t the edge of a seeing disc of
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Figure 3.2 Points on a Grating.

angu lar d ia m e te r  oj = A/r , th e  rad ia l e long ation  of a sp eck le , 
Aoa, should be c o n s tra in e d  to  be less than  th e  sp eck le  d ia m e te r  
ojs = A/D. Hence:

with ul/Aoj > 1 and u = r^.A
Aoj D . AA

=> A_ > JD.
AA rQ

T h e re fo re , fo r good observ ing  co n d itio n s  w ith  r Q = 10 cm . and 
D = 4 m. th e  m axim um  w a v e le n g th  to  b a n d w id th  r a t i o  is:

A_ > AO.AA

With an in te r f e re n c e  f i l t e r  c e n tre d  a t 500 nm. this analysis gives a 
maximum bandwidth of 13 nm. To allow wider bandw idth o b serv a tio n s  
th e re  have been  a t te m p ts  to  design  o p tic s  to  c o r re c t  fo r th is 
dispersion [51,33-].

The loss of con trast due to path  length differences approach ing  the
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co h eren ce  length of the light is a less serious problem. The coherence 
length AL is given by [52]:

AL = _Xf. Eq. 3.3
AX

From  th e  K olm ogrov th e o ry  R odd ier [54] c a lc u la te s  th e  s ta n d a rd  
d ev ia tio n  of th e  o p tic a l p a th  le n g th  of lig h t propagating through a 
turbulent atm osphere to be:

a  = 2 .6 2 A .(D /rJ5/s
2tt

Eq. 3.4

T h e r e f o r e ,  su b s ti tu t in g  fo r X in  equa tio n  3.4 and if  AL > c 
then:

A >  0 .4 2 (D /r J 5/6. AX 0
With r0 = 10 cm. and D = 4 m. then — > 9. °  AX

Dainty and Scaddan [55] have m easu red  a and o b ta in ed  a v a lu e  of 
ap p ro x im a te ly  one w a v e len g th . By analogy with the A/10 figuring of 
conventional lenses this experim ental result gives:

A >  io.ax
This result supports the derivation im m ediately above.

When making speckle observations of fain t objects (say g re a te r  th an  
m agn itude  +10 w ith  a 4 m. te le sc o p e )  a compromise is often made 
between the need for a narrow bandwidth to elim inate radial dispersion 
and the bandwidth required to m axim ize the number of photon events in 
each  sh o rt exposure. An exam ple of this is Hege's observation of the 
quasar PG1115+08 (my = +16.2) [56] in which he uses an e f fe c t iv e  
bandwidth of 200 nm. centred  a t 600 nm.
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3.5 C orrection for A tm ospheric Dispersion.

For a ll observations away from the zenith the atm osphere acts as a 
dispersive prism. The dependence of this dispersion on w aveleng th  can 
be derived  from  S n e ll 's  Law . F igu re  3.3 shows the refraction  of a 
light ray a t the boundary betw een a vacuum and the atm osphere. Light 
is in c id en t a t  an angle  ® and p ro p ag a te s  from  a reg ion  with

Figure 3.3 R efraction of Light by the Atmosphere.

From Snell's Law sin(S + z) = n(A ).sin8.
If 8 is small 8 -  tanz.(n(A ) - 1).
Therefore: d8 -  dn(A ).tanz.

dA dA

This c h ro m a tic  d isp e rs io n  is a serious problem  because  o f its  
dependence on the zenith angle, z, and the high magnification used in 
speckle in te rfe rom etry . P la te  3.3 shows how indiv idual sp eck les  are 
rad ia lly  e lo n g a te d . T h e re fo re , m ost sp eck le  sy stem s c o n ta in  some 
optics to co rrec t for th is chrom atic abberation.

Two approaches to dispersion correction have been adopted. L abeyrie  
[39] and A rnold e t  a l. [35] em ploy a system  con ta in in g  a figured 
diffraction grating which also defines the wavelength and bandw idth  of 
the o b se rv a tio n s . By m oving th e  sensor along th e  o p tic a l ax is a 
position  can be found w here  th e  d isp laced  speck le  p a tte rn s  of
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P late  3.1. Radial Smearing of Speckles Due to 
Atmospheric Dispersion.
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d if f e re n t  w av e len g th s  o v e rla p . A t th is  p o in t  th e  a tm o s p h e r ic  
d ispersion  is corrected . However, a compromise must be made between 
th e  c h o se n  b a n d w id th  and th e  acc u rac y  of th e  co m p en sa tio n .

A m ore w idely ad o p ted  c o r re c t io n  m ethod uses a se t of R isley  
p rism s. Such a sy stem  c o n ta in s  tw o id e n tic a l double p rism s, each  
double prism consisting  of tw o g lass  w edges of d iffe rin g  re f r a c t iv e  
index. The prism  ang les and r e f r a c t iv e  ind ices a re  c h o se n  to  
com pensate for atm ospheric dispersion a t some optimum wavelength and 
it  is n ecessa ry  to  use d i f f e r e n t  se ts  of prism s in th e  v is ib le  and 
th e  n ea r u l t r a -v io le t .  By ro ta t in g  the  double prisms with respect to 
each  o th e r  th e  d isp e rs iv e  pow er can be v a ried  to  c o r re c t  for 
d ispers ion  as a fu n c tio n  of hour a n g le  and  d e c l in a t io n  [5 7 ].

The need  fo r a tm osph eric  dispersion correction can be elim inated if 
the observational bandwidth is sm a ll. An exam ple  of th is  is W ood's 
use of a 2 A  nm. bandw id th  f i l t e r  in his o b se rv a tio n s  of the OIII 
e m is s io n  l in e  o f M a g e lla n ic  C lo u d  p la n e ta r y  n e b u la e  [5 8 ].

3.6 Magnification Optics.

The angular size of a single speckle in the image of a point source 
is A/D. T h e re fo re , for a te le sc o p e  w ith  a fo c a l leng th  F | th e  
m axim um  s p a tia l  f re q u e n c y  p re s e n t in th e  im age ( th e  d if f ra c tio n  
limit) is:

vQ = D/A. Fj.

T h e re fo re , acco rd in g  to  S hannon 's  sam pling th eo re m , in o rd e r to* 
rec o v e r th e  im age i t  m ust be sam p led  a t  a freq u en cy  vs > 2vQ. 
If we now c o n s id e r  a te le s c o p e  w ith  an F /15  focus and an 
o b se rv a tio n a l w avelen g th  o f  500 nm . th e  sam pling  freq u en cy  v s > 
270 c y c le s /m m . This im p lies  a m inim um  d e te c to r  pixel size  of 
3.75 pm. However, for Charge Coupled Devices (C C D s) and te lev iso n  
type photon coun ting  d e te c to r s  th e  p ixel size  is ty p ic a lly  30 pm. 
This problem is overcome by m a g n if ic a tio n  o p tic s  which red u ce  th e  
required sampling frequency.
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For th e  Im p eria l C o lleg e  I n t e r f e r o m e te r  [4 4 ] th e  a v a i la b le  
ob jec tives range in focal length from 25 to  75 mm. and the image is 
focused onto th e  in te n s i f ie r 's  p h o to c a th o d e  by a re la y  lens w ith  a 
focal length of 600 mm. If the image tube does not a ffe c t the image
size , th e  m a g n if ic a tio n  is given by the ratio of the focal lengths of
the relay lens and the m icroscope o b je c tiv e . In f a c t  th e  four s ta g e  
EiMI ca sca d e  tu b e  used has a m easured magnification of 0.96 a t  an
operating voltage of 36 kV. [46]. Therefore, this system is c ap a b le  of 
m ag n ific a tio n s  rang ing  from  a p p ro x im a te ly  8 to  24. For a 50 mm. 
objective th e  m a g n if ic a tio n  is 11.52 and vs = 23 c y c le s /m m . This 
corresponds to a pixel size of 43 pm.

A secondary  c o n s id e ra tio n  to  m ag n ific a tio n  in th e  design of a 
speckle in terferom eter is th a t  of th e  f ie ld  of view . In g e n e ra l th e  
n a tu re  of speckle in te rferom etry  means th a t the observer is in terested  
in objects whose size is close to th a t of the seeing lim it. T h e re fo re , 
th e  f ie ld  of view , r ,  is n o rm ally  a sm all m u lt ip le  o f \ / r Q.
Assum ing a senso r d ia m e te r ,  Ds, of 15 mm. (using only the cen tra l 
p o r t io n  of th e  o u tp u t  phosphor of an EMI casca d e  tu b e ) , a 
m agnification, M', of 12 and a 3.8 m. F/15 telescope such as the AAT:

T = Ds/F j.M ’ =* 4.5 arcsecs.

3-7 The Image Intensifier and Read Out System.

The need for im age  in te n s if ic a tio n  is inherent in the technique of 
speckle in terferom etry : the short exposure times and narrow bandw idths 
lim it the number of photons in each speckle image. For a main sequence 
star of magnitude m:

log1QI = -  (1.43 + 0.4m).

w here I = pho ton  flux  p er un it bandw idth  a t  th e  e a r th  (u n its  of 
W/m2). The number of photons in each speckle image, n, is then given 
by:

n = Qe . I .D 2. it.A.AA.t/4 h .c ,
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where Qe = overall de tective  quantum efficiency (DQE),
D = telescope d iam eter,
X = wavelength of light,

AX = bandwidth, 
t = exposure tim e, 
h = Planck's constant, 
c = velocity of light.

For typical values m = 10, D = 4 m., AX = 20 nm ., X = 500 nm ., 
t = 20 m s., and Qe = 0.01 th e r e  a re  abou t 500 photons in each 
sp eck le  fram e  (Q e c o n ta in s  c o n tr ib u tio n s  from  th e  d e te c to r  .DQE 
(0.05) and from re f le c tio n  and tra n sm iss io n  lo sses in th e  te le sc o p e  
and in te r f e ro m e te r ) .  The m agnitude lim it of such observations can be 
eas ily  e s tim a te d . In o rd e r  to  d e te c t  an av e rag e  of a t  le a s t  tw o 
photons in each exposure the m agnitude of the object observed must be 
g re a te r  th an  +16. Of c o u rse , th is  'is  no t a d e f in itiv e  fig u re  and
fain ter objects may be observed w ith b e tte r detectors or if cond itio ns 
allow the extension of exposure tim e or bandwidth.

A f te r  L a b e y rie 's  in i t ia l  fo rm u la tio n  th e  developm en t of sp eck le
in terferom etry  has, to a large ex ten t, been limited by the perform ance 
of th e  d e te c to r  sy s te m s a v a ila b le . The firs t intensifier and read out 
combination used by G ezari [17] c o n s is te d  of tw o o p tic a lly  coup led , 
e le c t ro s ta t ic a l ly  focused  im age tu b e s  and a motorised film transport 
containing Kodak Tri-X film . Each stage of the in tensifie r p rov ided  a
gain of ab o u t 103, but the poor image quality of such tubes and the
cumbersome photographic developm ent imposed a magnitude lim it of +9. 
The fu r th e r  d ev e lo p m en t of senso r sy stem s is sum m arised  in th e  
following table.
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Name and Year Intensifier and Read Out
Gezari 1972 .....  Two ITT e lec trosta tica lly  focused tubes and Tri-X

film.
Labeyrie 1974.... Silicon intensified ta rg e t (SIT) videcon.
Lynds 1974........  RCA 3 stage m agnetically focused tube and Tri-X

film.
Beddoes 1976...... EMI 4 stage  m agnetically focused tube and Tri-X

cine film .
Schmidt 1976...... Linear digicon de tecto r.
Blazit 1977....... MicroChannel p la te  (MCP) intensifier and SIT

vidicon.
Scaddan 1979...... EMI 4 stage  tube with a Plumbicon T.V. cam era.
Arnold 1979....... IPCS, 4 stage  EMI tube with a Plumbicon T.V.

cam era.
Dudinov 1979...... UM-92 3 stage  m agnetically focused tube and T-22

flim.
Hubbard 1979.....  Varo 4 stage in tensifier and Plumbicon T.V. cam era.
Weigelt 1981.....  EMI or Varo intensifier and photographic film .
McAlister 1982... Dual MCP in tensifier and CCD cam era.
Papaliolios 1984. MCP in tensifier and photom ultiplier tube system

read out.

The senso rs im p lem en ted  by M cA lister and Papaliolios deserve some 
detailed consideration as they bo th  m ark s ig n if ic a n t d e p a rtu re s  from  
the previously adopted technologies.

The M cA lister sy stem  [48] (developed  a t  Georgia S ta te  University) 
consists of an ITT 18 mm. d iam eter dual m icrochanne l p la te  (MCP) 
in te n s if ie r  f ib re -o p tic a ly  coup led  to  a CCD cam era. The MCP tube 
provides a luminous gain  o f 10s , w hich co rresponds to  an e le c tro n  
gain of ap p ro x im a te ly  101* [59]. This a rra n g e m e n t is very compact, 
rugged and has l i t t l e  d is to r t io n  com pared  to  ca sca d e  in te n s if ie rs . 
Another advantage of the MCP tube over the cascage in tensifier is the 
shorter decay tim e of its o u tp u t phosphor; an EMI four s ta g e  tube 
co n ta in s  four phosphor sc re e n s  so th a t the persistence of the output 
phosphor is d e te rm in ed  by th e  convo lu tion  of four s e p a ra te  decay 
c h a ra c te r is t ic s .  When s p e c tra l ly  m atch ed  to  an appropriate phosphor 
the CCD read out of the Georgia S tate  Speckle Cam era offers a high
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responsive  quantum  e ff ic ie n c y  (re a ch in g  80% in th e  red). However, 
McAlister has compromised betw een spectral matching and resolution by 
em ploying a P-20 phosphor. This phosphor has a peak -em ission a t 
a p p ro x im a te ly  555 nm ., bu t a higher reso lu tio n  than  th e  "red  
phosphors" a v a ila b le . A CCD a lso  o ffe rs  a sa tu ra tio n  lim it of 10s 
coun ts per pixel, however, unlike Plumbicon or vidicon systems, it has 
some tim e in d ep en d en t rea d  o u t no ise . This G eorg ia  S ta te  S peck le  
C am era  is th e  lo g ica l a p p lic a tio n  of c u rre n t a s tro n o m ica l im aging 
techniques to speckle in te rfe ro m e try  and has obviously  evolved from  
ex istin g  sp eck le  in te r f e ro m e te r s .  In c o n tra s t  the  PAPA (p rec is io n  
analogue pho ton  a d d ress) sy s te m , developed  a t  H arvard  U niversity , 
adopts a novel approach to photon counting [49].

The optical arrangem ent of the PAPA detecto r is shown in Figure 3.4. 
The f i r s t  s tag e  is a high gain MCP image intensifier. Multiple images 
of the output phosphor are form ed by the collimating lens and an array 
of 21 v a riab le  fo c a l le n g th  le n se s . .E ach  im age then  fa lls  o n to  a 
separate Gray coded mask and the light transm itted  is registered by 2i 
photom ultiplier tu b es . One c h an n e l, co n ta in in g  no m ask, d e te rm in e s  
w he ther a pho ton  a rr iv e s  and tr ig g e rs  th e  d e te c tio n  process. O ther 
masks have succeedingiy f in e r  opaqu e  g ra tin g  periods to  d e fin e  th e  
various b its  of the x or y position of a photon event. In this way a 
19 bit Gray coded word from the photom ultipliers can resoive the image 
into 512 X 312 pixels.

IMAGE INTENSIFIER

THERMOELECTRIC
COOLER

LENS ARRAY MASKS FIELD
LENSES

COLLIMATOR FIELD-'
FLATTENING

PMT's

LENSES

Figure 3.4. The PAPA Detector.
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G ray coded ra th e r  th an  b in ary  coded masks a re  used to  m in in ize 
addressing  e rro rs  when a pho ton  e v en t fa lls  on the boundary of an 
opaque area and a transparen t a rea . Gray code has th e  p ro p e rty  th a t 
only one b it d if fe rs  b e tw e en  a d ja c e n t p ixels. The positions of the 
photon events are stored by in tegrating e le c tro n ic s  and th en  encoded 
onto a video carrier to be recorded on video tape. A developm ent of 
the PAPA de tec to r is now com m ercially available with a tim e resolution 
of 200ns. and a sp a tia l  re so lu tio n  of 512 X 512 p ixels. Such 
c h a ra c te r is t ic s  m ake i t  id ea lly  su ite d  for sp eck le  in te r fe ro m e try , 
however, every one of the 21 images must be correctly aligned with its 
co rrespo nd in g  m ask w hich im poses s tr in g e n t re q u ire m e n ts  on the 
m echanical stab ility  of the  optics.

3.8 The Imperial College Speckle Interferometer.

The Imperial College Speckle In terferom eter, described by Scaddan e t  
a l. [44], possesses all th e  f e a tu re s  req u ired  to  reco rd  sp e c k le  
im ages. I t  is a ro b u s t in s tru m e n t which has been used on many 
te lescopes: these include the Anglo-Australian Telescope (AAT); UKIRT; 
the 1.8 m. Perkins T e lescope  o f the  Low ell O b serv a to ry ; th e  Isaac  
N ew ton Telescope (INT); the  74 inch telescope a t  Mount Stromlo; and 
the 1.9 m. telescope a t  the SAAO. A diagram of the in te rferom eter is 
shown in Figure 3.5. Light from a telescope enters the in te rfe ro m e te r

Figure 3.5 The Imperial College Speckle Imterferometer.
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through a hole in its baseplate  and passes th rough  a ro ta tin g  s e c to r  
s h u tte r  which d e te rm in e s  th e  ex p o su re  tim e (typically 20 m sec.). A 
microscope objective then m agnifies the image. A fter passing through a 
se t of p rism s, to  c o r re c t  fo r a tm o sp h eric  dispersion, and an optical 
filter, the l ig h t is focused  on to  th e  p h o to ca th o d e  of an EMI fou r 
s tag e  c a sc a d e  tube. The in tensified image is then recorded onto video 
tape from a Plumbicon television cam era. The television p ic tu re  shows 
an area of sky approxim ately four arcseconds square.

The re s u lts  of observations m ade with the Im perial College Speckle 
In te r fe ro m e te r ,  and red u ce d  using hardw ired  p rocessin g  te c h n iq u es  
d e v e lo p e d  a t  I m p e r ia l  C o l le g e ,  a re  given in C h ap te r  Seven.
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CHAPTER FOUR -  DATA PROCESSING HARDWARE.

4.1 Approaches to Data Processing.

There are several approaches to  th e  p rocessin g  of sp eck le  im ages. 
The coherent optical method (as described in Chapter Two) produces an 
ensem ble  a v e ra g e  energy .spectrum , however, the data  analysis is slow 
and involves the non-linear process of photographic d eve lopm en t which 
imposes a m agnitude lim it of approxim ately +8. To remove photographic 
processing m ost speckle system s now employ a T.V. cam era and record
the speckle im ages on v ideo  ta p e . Such an approach  allow s bo th
analogue ( in te n s ity )  and d ig ita l  (photon  counting) observations to  be 
made. D ata reduction then consists of digitising the speckle f ra m e s  so 
th a t they can be analysed by a computing system.

The tim e  ta k e n  to  an a ly se  sp eck le  d a ta  is governed by the  
characteris tic  access tim e of the computing system  and th e  a lg o rith m
chosen . If th e re  is no need for rea l tim e data reduction a laboratory
based m ini-com puter can be used. This "software" approach  is f le x ib le  
as various reduction algorithm s can be adopted and compared. However,
the  d ig itis a tio n  of each  fram e with equipment such as the "Grinnell"
d ig itiser and th e  fo llow ing  c o m p u te r  an a ly sis  can s t i l l  be ted io u s. 
Hege e t  al. [60] note th a t th e  signal processing tim e can be 100 times 
longer th an  the actual observing tim e. This, coupled with the need to
analyse a large number of fram es to o b ta in  a s a t is fa c to ry  s ig n a l to
noise r a t io , is a se v e re  lim ita tio n  on the approach. With the advent 
of fa s t array processors th e  F o u rie r  tra n sfo rm  of ind iv idual sp eck le  
fram es can now be computed in rea l tim e, but before such computing 
e le m e n ts  w ere  read ily  a v a ila b le  various hardw ired  dev ices w ere  
constructed.

The a u to c o r re la t io n  m ethod  of ana lysis lends i ts e lf  to  re a l- t im e  
co m p u ta tio n  and is e q u iv a le n t to  the Fourier transform  method. One 
bit hardwired vector autocorrelators have been d esc rib ed  by B la z it e t  
al. [61] and H ebden e t  a l [62]. These devices work on the principle 
th a t the autocorrelation of a photon coun ting  im age is equal to  th e  
d is tr ib u tio n  of v e c to rs  b e tw e en  a ll possib le  p a irs  of photon events 
(see Chapter Two). However, when p resen ted  w ith a high lig h t leve l
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im age (a c la s s ic a l in te n s ity  d is tr ib u tio n ) , a one bit device can. only 
assign the value of one or zero to  a po in t in the  im age. Thus th e  
a u to c o r re la t io n  of a non -p h o to n  counting record will be distorted by 
th is  "c lipp ing". In fo rm a tio n  on se p a ra tio n s  and position  ang les is 
p re s e rv e d  in th e  " c l ip p e d "  a u t o c o r r e l a t i o n ,  b u t p h o to m e t r i c  
in fo rm atio n  is lo s t. A fo u r b it  (16 lev e ls) a u to c o rre la to r  has been 
described by Vocak [63]. This device is able to p ro cess tw o 64 x 64 
p ixel p ic tu re s  per second . This c h a p te r  b r ie f ly  d is c u s s e s  th e  
o p e ra tio n  and sp e c if ic a tio n s  of th e  Im p eria l C o llege  H a rd w ire d  
A u to c o rre la to r  and goes on to  describe the development and use of a 
com plem entary device, the Im perial College Hardwired C ro ss -c o rre la to r .

4.2 The Imperial College Hardwired Autocorrelator.

The h a rd w ired  a u to c o r re la to r ,  which was designed  and b u ilt by 
Mr. H.A. Vine (a Research O fficer in the Imperial College Astrophysics 
Group), produces two dimensional autocorrelations of te le v is io n  im ages 
in r e a l- t im e . The standard British television fram e is made up of two 
in te r la c e d  f ie ld s , each  c o n ta in in g  293 lines of im age in fo rm a tio n . 
The f ie ld  fre q u e n c y  is 50 H z. and th e  a u to c o r re la to r  p ro cesse s  
a lte rnate  fields by examining the cen tra l 256 lines in a sq uare  256 x 
256 p ix e ls . The co o rd in a te  system  imposed on each television field is 
as shown in- Figure 4.1. The origin is a t  the top left-hand corner. The 
x c o o rd in a te s  in c re a se  to w ard s  th e  r ig h t, up to  256, and th e  y

+■ X

0°___________________________________

'r

2561---------------------------------------------------------- ---------

Figure 4.1 The Coordinate System Imposed-on a Television Field.
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c o o rd in a te s  in c re a se  to w ard s  th e  bottom of the field,- again up to a 
maximum of 256. The processing of only odd or even fields relaxes the 
constraints on the operating speed of the au to co rre la to r, and a lth ough  
th is e f fe c t iv e ly  halves th e  re so lu tio n , l i t t l e  or no in fo rm a tio n  is 
lo st as each  photon e v e n t sp read s  ac ro ss  a t  le a s t tw o te le v is io n  
lines. The a u to c o rre la to r  contains two identical memories so th a t one 
field can be scanned, and th e  locations of the photon events reco rded , 
while th e  c o o rd in a te s  s to re d  from  the  p rev ious field are processed. 
Therefore, the processing of a single field m ust be co m p le ted  w ith in  
40 ms. If th e re  a re  n o ccu p ied  p ixels in each field the number of 
v e c to rs  b e tw een  a ll possib le  p a irs  of occup ied  p ixels is, n 2 - 0* 
However, due to  the even na tu re  of the autocorrelation func tio n  i t  is 
only n e ce ssa ry  to  co u n t v e c to rs  in one direction. The autocorrelator 
also counts "zero length" vectors: the  v e c to r  from  an occup ied  p ixel 
to  i t s e l f .  This allows the to ta l number of occupied pixels to be read 
fro m  th e  re su lt in g  a u to c o r re la t io n . So, th e  num ber of v e c to rs  
c a lc u la te d  fo r each  fie ld  is (n 2 + n )/2 . If n 2 >> n th e  num ber 
of vectors is approxim ately r\z/2 . The v e c to rs  co u n ted  b e tw een  th re e  
occup ied  p ixe ls  a re  shown in Figure 4.2. There are two vectors from 
pixel 1 to pixels 2 and 3, and th ere  is one v e c to r  coun ted  b e tw een  
pixel 2 and p ixel 3. In a d d itio n  to  th e se  v e c to rs  th e  th re e  zero  
leng th  v e c to rs  a re  also re c o rd e d  giving a to ta l  of six v e c to rs .

Figure 4.2 The Vectors Counted Between Three Occupied Pixels
in a Single Field.
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The v e c to r  d iffe re n c e  b e tw e en  any tw o p ixels is c a lc u la te d  by 
performing two eight bit sub tractions, one each between the x and the 
y * c o o rd in a te s  of the pixels, and then the result is stored in a 128 x 
64 x 20 bit in tegrating m emory. Only vectors with lengths less than or 
equal to 63 pixels a re  c a lc u la te d . T h e re fo re , if  th e  tim e  tak en  to 
c a lc u la te  and s to re  a s in g le  v e c to r  is T, fo r re a l- t im e  opera tion :

(n2/2 ) .T  < 40 ms. Eq. 4.1

The au tocorrelator was conceived in the la te  1970s and a t  th a t tim e 
the read-m odify-w rite tim e of a in tegrating  memory was app rox im ate ly  
300 ns. The A rith m e tic  L ogic  U n it (ALU) c a lc u la te s  th e  v e c to r  
differences which are stored in a buffer memory while the in te g ra tin g  
m em ory is a c c e sse d . T h e re fo re  the limiting fac to r on the operational 
speed of th e  a u to c o r re la to r  is th e  re a d -m o d ify -w rite  tim e  of th e  
memory. If T = 300 ns. then from  equation 4.1 we o b ta in  n = 516, 
so for convenience the maximum number of occupied pixels per fram e was 
chosen to  be 512. The read-m odify-w rite  tim e of the la te s t m emories is 
80 ns. and an a u to c o r re la to r  designed today would be correspondingly 
faster.

4-3 Features of the Autocorrelator's Operation.

Astronomical da ta  can be reduced in realtim e a t  the telescope or can 
be rec o rd e d  on v ideo ta p e  (using  a Sony AV-3620CE video ta p e  
re c o rd e r) . In p ra c t ic e  th e  d a ta  is alw ays reco rd ed  fo r fu r th e r  
red u c tio n  in th e  la b o ra to ry . The analogue  signal from the television 
cam era or video tape rec o rd e r u nd ergoes one b it d ig itisa tio n  w ith in  
th e  a u to c o r re la to r :  a v a r ia b le  th re sh o ld  lev e l is app lied  to  th e
video signal so th a t  n o n -p h o to n  coun ting  reco rd s  a re  "clipped" and 
th e  p o s i t io n s  of th e  sp ec k le s  s to re d . T here  is a lso  an upper 
th re sh o ld  above w hich any sig n a l is ignored , th is  d isc r im in a te s  
a g a in s t  any ion e v e n ts  on th e  re c o rd . Two f i l t e r s  have been 
in co rp o ra te d  in to  th e  a u to c o r re la to r  to  e lim in a te  so u rces of noise 
from  th e  a u t o c o r r e l a t i o n .  T h e  h igh  f r e q u e n c y  d i s c r im in a to r  
d is tin g u ish es be tw een  c a m e ra  n o ise , which persists for less than the 
tim e ta k e n  to  scan  one p ix e l, and pho ton  e v en ts , which ty p ic a lly  
cover se v e ra l p ix e ls , by d isco u n tin g  any signal th a t  p e rs is ts  over
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less than 80% of the pixel scan tim e. Tape drop-outs and damage to the 
video ta p e  can  produce brigh t lines across the television picture. The 
low freq u en cy  d isc r im in a to r  r e je c t s  any te le v is io n  line  in w hich a 
signal persists over tw enty tw o pixels.

As d esc rib ed  in S ec tio n  4.2 a single B ritish  te le v is io n  fra m e  
co n sis ts  of tw o in te r la c e d  f ie ld s . The te lev is io n  signal c o n ta in s  a 
se rie s  of sy n ch ro n isa tio n  pu lses on "odd" and "even" fields th a t are 
responsible for the accurate  in te rla c in g  of th e  f ie ld s . E ith e r  odd or 
even fie ld s  can be au tocorrelated  by setting a switch on the fro n t of 
the autocorrelator.

4.4 The Imperial College Hardwired Cross-correlator.

The cross-correlator was conceived as a com plementary instrum ent for 
the a u to c o rre la to r . I t is re q u ire d  to  p rocess te le v is io n  fie ld s  w ith  
th e  sam e c o n s tra in ts  as outlined for the autocorrelator, but to derive 
vectors between fie ld s  s e p a ra te d  by a p re d e te rm in e d  tim e  in te rv a l .  
This in te rv a l is a d ju s ta b le  from  2 to  998 f ie ld  periods in steps of 
tw o  f ie ld  p e r io d s .  P l a t e  4.1 sh ow s th e  a u t o c o r r e l a t o r  and 
cross-correlator.

At the s ta r t  of a c ro ss -c o rre la tio n  co m p u ta tio n  th e  fie ld  in te rv a l 
is s e le c te d  by s e tt in g  a th um b w hee l sw itch . A u to c o rre la tio n  and 
cross-correlation calcu lations can  be  c a rr ie d  ou t s im u ltan eo u sly . The 
a u to c o r re la to r  exam in es th e  te le v is io n  signal a t  each  p ixel and if 
this lies above the adjustable threshold th e  c o o rd in a te s  of th a t  p ixel 
are stored as 2 x 8 bits in one of the two 512 x 16 b it memories. The 
recorded coordinates are  th e n  used to  c a lc u la te  th e  a u to c o rre la t io n . 
These sam e c o o rd in a te s  a re  lo ad ed  in to  one of tw o 512 x 16 bit 
memories in th e  c ro s s -c o r r e la to r .  If a f ie ld  in te rv a l, F, is chosen 
the  c o o rd in a te s  a re  s to re d  fo r th e  f i r s t  available field and for the 
Fth. field. The c ro s s -c o rre la t io n  is com puted  fo r th e  f i r s t  and th e  
F th . fie ld s  and th en  th e  c o o rd in a te s  from  the (F + F )th . field are- 
w r i t te n  over th ose  of th e  f i r s t  f ie ld . The c ro s s -c o rre la tio n  is 
performed for th is new se t of coordinates and so on.
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Plate 4.1 The Autccorrelator
and Cross-correlator.
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4.5 The Cross-correlation Algorithm.

The vector c ro ss-c o rre la tio n  of tw o im ages, t(x ,y )  and I '( x ,y ) ,  is 
e q u iv a len t to  th e  tw o  d im en sio n a l h is tog ram  of v e c to r  d iffe ren ces  
between every event in one field and every other event in the second 
fie ld . As th e  tw o f ie ld s  w il l ,  in g e n e r a l ,  c o n ta in  d i f f e r e n t  
d is tr ib u tio n s  of pho ton  e v e n ts  th e  c ro s s -c o rre la tio n  of I (x ,y ) w ith  
I'(x,y) is not equal to  th e  c ro s s -c o rre la tio n  of I '(x ,y )  w ith  I(x ,y ) . 
Also th e  c ro s s -c o rre la tio n  fu n c tio n  is n e ith e r  an odd nor even 
function. These properties can be summarised thus:

I(x,y) * I '(x ,y ) I'(x ,y) * I(x,y) Eq. 4.2
and

I(x ,y) * I '(x ,y ) = I'(-x ,-y ) * I(-x,-y). Eq. 4.3

H ow ever, as th e  in d iv id u a l sp ec k le  im ages used to c a lc u la te  th e  
c ro s s -c o rre la tio n  a re  s t a t i s t ic a l ly  in d ep en d en t th e  ensem ble average 
cross-correlation is equal to  the au to co rre la tio n  of th e  long exposure  
image. Therefore:

<I(x,y) * I'(x,y)> = <I(x,y)> * <I(x,y)> Eq. 4.4

and as any a u to c o r re la t io n  is an  even fu n c tio n  th en  th e  ensemble 
average c ro ss-co rre la tio n  of s t a t i s t ic a l ly  in d ep en d en t sp eck le  im ages 
is a lso  an even  fu n c tio n . B ecau se  of th is  i t  is only n ecessa ry  to 
store half of the cross-correlation . H ow ever, as th e  c ro s s -c o rre la tio n  
of I(x ,y ) w ith  I '(x ,y )  is n o t g e n e ra lly  sy m m etric  ignoring one half 
completely would exclude some in fo rm atio n  and red uce  th e  sig n a l to  
noise of th e  a v e ra g e  cross-corre la tion . To obtain this inform ation use 
can be made of the property expressed in equation 4.3; the upper half 
of the cross-correlation of I (x ,y )  w ith  I '(x ,y )  equals th e  low er h a lf 
of th e  c ro s s -c o rre la tio n  o f I '(x ,y )  w ith  I(x ,y ) . The pho ton  ev en t 
coordinates of the f irs t field a re  subtracted  from those of th e  second 
fie ld  and th e  re s u lts  s to re d  in an  in c rem e n tin g  m em ory. Then the 
photon event coordinates of the second field are subtracted from those 
of th e  f i r s t  field and the corresponding memory locations increm ented. 
In th is  w ay i t  is only n e ce ssa ry  to  s to re  v e c to r  d iffe re n c e s  
containing positive y coordinates.
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There are several d istinct reasons why this particu lar a lg o rith m  was 
chosen to  c a lc u la te  th e  c ro ss-co rre la tion ; it  is a similar approach as 
adopted to the calcu late  the autocorrelation , thus reducing  th e  design  
and hardware costs; and it avoids th e  problem of "photon pile up" that- 
occu rs  when th e  c ro ss -c o rre la tio n  is calculated by autocorrelating the 
long exposure image.

4.6 The Operation of the Cross-correlator.

The c ro ss-c o rre la to r  c o m p u te s  th e  c ro ss -c o rre la tio n  of tw o fie ld s  
F | and F 2  from  th e  c o o r d in a t e s  t h a t  i t  o b ta in s  fro m  th e  
a u to c o r re la to r .  The c o o rd in a te s  o f th e  i th .  e v e n t  in F j  a r e
su b tra c te d  from  th o se  of th e  j th . event in F 2  (where j e i) and a
memory lo ca tio n  which has an ad d ress  given by th e  re s u lt  of th e  
su b tra c tio n  is in c re m e n te d . If  th e  y subtraction is less than zero i t  
is ignored  and th e  (j + l ) t h .  e v e n t in F 2  is co n sid e red . If th e  
result of the y subtraction is g rea te r th an  63 i t  too  is ignored  and 
since  a ll su b seq u en t y d ifferences will also exceed 63 the next value 
of i is considered. To avoid u n n ecessa ry  c a lcu la tio n s  fo r each  va lue  
of i th e  firs t value of j which gave y g reater than or equal to  zero
is recorded; then for the subsequent i in c re m e n t th is  j va lue  is th e
f i r s t  to  be c o n sid e red , s in c e  a ll  p rev ious y differences will be less 
than zero. When all the even t coordinates of F^ have been su b tra c te d ' 
from  th o se  of F 2 , th e  c o o rd in a te s  of e v en ts  in F 2  a re  subtracted  
from those of F^. In Figure 4.3 tw o fields have been superimposed to  
show th e  v e c to rs  th a t  a re  c a lc u la te d  fo r  F^ * F 2  an d  fo r  
F 2  * F j .  A f te r  a ll such fie ld s  have been p ro cessed  th e  num ber 
contained in the c ro ss-co rre la tio n  a rra y  (h ,k) re p re se n ts  th e  num ber 
of tim es  th a t  a p a r t ic u la r  v e c to r  difference has been recorded. The 
ex ten t of the c ro ss -c o rre la tio n  a r ra y , and hence  th e  e x te n t  of th e  
a u to c o rre la t io n  array, is shov/n in Figure 4.4. To lim it the number of 
operations and the amount of memory required, only vectors of lengths 
less th an  or equal to  63 a re  counted . Therefore, a "window" in the 
correlation is calculated; the  h coordinate ranges from -64 to +63 and 
the k coordinate runs from 0 to +63.

The minimum tim e required to calcu late  the cross-correlation of two 
fields is 80 ms. as the sm allest field se p a ra tio n  is tw o. If th e  tw o
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A B

O = Events in F j , Events in F 2 .

Figure 4.3 A) The Vectors Counted For F j * F 2 , 
B) The Vectors Counted For F 2  * F |.

+h
-  64.0______________________________________________________________________________________________________________________ OjO__________________________________________________________________________________________________________ 63,0

+ k

•r

- 64.63  63.63

F ig u re  4 .4  T he A u to c o r re la t io n  an d  C ro s s -c o r re la tio n  A rray .
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fie lds to  be c ro s s -c o rre la te d  co n ta in  n and n' occupied  p ixels, 
then the to tal number of vecto rs to  be c a lcu la ted  is n .p '*  Also if 
the rca d -m o d ify -w rite  tim e  of th e  c ro ss -c o rre la to r  is given by T 
then the following inequality must be satisfied:

(q .n '.T )  < 80 ms. Eq. 4.5

As sim ila r RAM chips a re  used in both th e  a u to c o rre la to r  and 
c ro ss -c o rre la to r  th e  read-m odify-w rite time of the two instrum ents is 
the sam e. Using c u rre n t techno logy  th e  o p e ra tio n a l speed of th e  
cross-correlator could have been in creased  by a t  le a s t a f a c to r  of 
th re e . H ow ever, to  m ake th e  tw o in stru m en ts  c o m p a t ib le  th e  
c ro ss -c o rre la to r  was designed and b u i l t  to  c o n fo rm  w ith  th e  
sp ec if ic a tio n s  of th e  a u to c o r re la to r . When equation 4.1 is compared 
with equation 4.5 it is seen th a t the maximum value of r | . p’ is equal 
to  th e  maximum value o f ri2. T h e re fo re , as for the autocorrelator, 
the cross-correlator is capable of s to ring  a maximum of 512 photon 
event coordinates from each field.

The c ro s s -c o rre la to r  co n ta in s  a 50 Hz. clock which is synchronised 
to the te lev is io n  sy nch ro n isa tion  signal from  th e  a u to c o rre la to r  a t  
the se le c te d  fie ld  in te rv a ls . This clock solves the  problem  of loss 
of video sy nch ro n isa tion  due to  video tape  drop outs or o th e r 
in te rfe re n c e  occuring  in th e  in te rv a ls  between the reading of fields. 
If the synchronisation were lost then, of course, no computation would 
be p e rfo rm ed  for th e  fie ld s  concerned. The cross-correlation array is 
a 128 x 64 x 20 bit integrating memory consisting of fo r ty  4K MOS 
static  RAM chips (these are the pale chips in Plate 4.2) and a 20 bit, 
p a ra lle l load ing , synchronous c o u n te r . The rem aining cross-correlator 
digital circuitry is implemented by Schottky, Low Power S cho ttky  and 
High Power CMOS integrated circuits.

F igure 4.5 shows a sc h e m a tic  diagram  of th e  au to co rre la to r and 
cross-correlator. The se p a ra te d  te lev is io n  synchron isa tion  signal and 
the d ig itised  co o rd in a tes  a re  fed  from  th e  a u to c o rre la to r  to  th e  
cross-correlator. The a rith m e tic  logic  un it (ALU) then p e rfo rm s th e  
a p p ro p ria te  subtractions. The com parator determines when the h and k 
limits are exceeded and in crem en ts  th e  ap p ro p ria te  address c o u n te r .
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F r om TV c a m e r a  
o r  V T R

• Figure 4.5 A Schem atic R epresentation of the A utocorrelator
and th e  C ro s s -c o r re la to r .
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If th e  c o m p a ra to r  de te rm in es th a t the result is within the 64 x 128 
v e c to r  w indow  th e  c o r r e s p o n d in g  lo c a tio n  in th e  m em ory is 
increm ented.

One major defficiency of the presen t c ro s s -c o rre la to r  is th a t  i t  is 
only ab le  to s to re  th e  pho ton  e v en t c o o rd in a tes  of tw o fie ld s 
sep a ra te d  by som e in te rv a l  ran g in g  from  1 to  496 fram e  periods . 
T h e re fo re , th e  f ie ld s  w ith in  th is  in te rv a l a re  no t c ro s s -c o rre la te d  
and as th e  f ie ld  se p a ra tio n  in c re a se s  th e  f ra c tio n  of th e  rec o rd  
processed d e c re ases . To ov erco m e  th is  problem  th e  sam e rec o rd  is 
c ro s s -c o rre la te d  se v e ra l tim e s , e a c h  tim e  s ta r t in g  a t  a d i f f e re n t  
fie ld . A t p re se n t th is  is a  r a th e r  "ad hoc" so lu tion  involv ing th e  
id e n tif ic a tio n  o f se v e ra l f ie ld s  a t  th e  beginning of th e  record and 
th e  m anual s ta r t in g  of th e  c ro s s -c o r re la to r .  A fa r  m ore e le g a n t 
app roach  would involve th e  id e n t if ic a t io n  of ind iv idual fie ld s  by 
in tro d u c in g  an a d d itio n a l v ideo  s igna l. Then th e  c ro s s -c o rre la to r  
could be modified so th a t operation would begin a t some predeterm ined 
video field. The com plete video record would then be c ro s s -c o rre la te d  
a f te r  a num ber of passes equal to  the field separation. The original 
cross-correlator design incorporated 25 separa te  512 x 16 b it m em ories 
in which the photon event coordinates of 25 fields could be w ritten  in 
a c y c lic  m ann er. Thus while the 25th. field is stored the 24th. field 
would be c ro s s -c o rre la te d  w ith  th e  f i r s t  f ie ld . This op tion  was 
re je c te d  on th e  b asis  of c o s t and th e  ex ten siv e  tim e  required for 
construction, considering the  lim ited m an-pow er a v a ila b le . Also i t  did 
not possess a v a ria b le  f ie ld  in te rv a l  so th a t  the e ffec ts  of various 
field separations on th e  c ro s s -c o rre la t io n  could no t be in v e s tig a te d .
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CHAPTER FIVE - THE COMPUTATION OF AUTOCORRELATIONS AND
CROSS-CORRELATIONS.

5.1 Operational Procedure.

Speckle  im ages can  be an a ly sed  a t  th e  te le sc o p e  to  p roduce  
autocorrelations and cross-co rre la tions in r e a l- t im e , b u t a video ta p e  
reco rd  of a ll o b se rv a tio n s  is a lw ays m ade so th a t  d e ta ile d  d a ta  
reduction can be undertaken in the laboratory. The video taped da ta  is 
r e d u c e d  s im u la ta n e o u s ly  by th e  a u to c o r r e l a t o r  and  by th e  
c ro s s -c o rre la to r .  A p a r t ic u la r  re c o rd  is generally analysed a t various 
video levels w ith  se v e ra l c o m b in a tio n s  of d isc r im in a to rs . P la te  5.1 
shows th e  v ideo signa l and  th e  sam pling lev e l as d isp layed  on an 
oscilloscope. The video s ig n a l is sam p led  above th e  h o riz o n ta l line  
which d e fin es  th e  sam p ling  th re sh o ld . A t any tim e the operation of 
e ither corre la tor can be in terupted  and th e  c u rre n t re s u lts  d isp layed  
on a s to ra g e  o sc illo sco p e , b e fo re  d a ta  re d u c tio n  is con tinued . The 
completed autocorrelation  and c ro s s -c o rre la tio n  a re  tra n s fe re d  to  th e  
memory of an Apple II m icro-com puter via two 6522 versatile in te rface  
a d a p te rs  (VIA) fo r s to ra g e  on floppy  disc, norm alisation, subtraction 
and display. The cross-correlation is no rm alised  to  a u to c o rre la t io n  a t  
s e p a ra tio n s  g re a te r  th an  th e  sp eck le  com ponen t and th e n  th i s  
n o rm alised  c ro s s -c o rre la t io n  is' subtracted  from the autocorrelation by 
a sh o rt m ach in e  code ro u tin e . The re s u lt  is p ro p o rtio n a l to  th e  
d i f f r a c t i o n  l im i te d  im a g e  o f th e  o b j e c t 's  a u to c o r r e l a t i o n .

5.2 The Effects of Sampling Level.

The sampling threshold imposed upon the video signal can be adjusted 
so th a t  i t  is only d e te c te d  above a c e r ta in  v o ltag e  le v e l. The 
m ajority of observational records contain d iscre te  pho ton  e v en ts  (they  
a re  pho ton  c o u n tin g ). T h e re fo re , as th e  sam pling  th re s h o ld  is 
d e c re a sed  th e  num ber of d e te c te d  events will increase in accordance 
with the Poissonian pulse height distribution of th e  photon ev en ts  on 
the o u tp u t phosphor of th e  im age  tube. Also because of the peaked 
in te n s ity  d is tr ib u tio n  w ith in  a sing le  photon e v en t th e  av e ra g e  
number of p ixels d e te c te d  per e v e n t w ill in crease .- T h e re fo re , th e  
se le c tio n  of the sampling threshold is a compromise between detecting
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Plate 5.1 Video Signal and Video Levels 
(The Two Bright Horizontal Lines Define the Sampling Window).
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as m any ev en ts  as p o ssib le  w hile  avoiding the 512 pixel per fram e 
saturation level. For high l ig h t  le v e l im ages each  b rig h t sp eck le  is 
"c lip p ed ” by th e  im p o sitio n  of a s a m p lin g  th re s h o ld  so t h a t
photom etric data  is lost.

The e f f e c ts  of tw o d if fe re n t  sampling levels on the autocorrelation 
,the cross-correlation  and th e  se e in g  c o r re c te d  a u to c o rre la t io n  o f a
high lig h t le v e l rec o rd  of a b in a ry  s ta r  a re  shown in Figures 5.1, 
5.2, and 5.3. The solid curves a re  data  derived a t the lower sam pling  
th re sh o ld . In Figure 5.1 th e  two autocorrelations have been normalised 
a t the f i f th  p ixel so th a t  th e  r e la t iv e  num ber of v e c to rs  can  be 
com p ared  a t  va rio u s p o in ts  in th e  p ro file s . Of co u rse , th e  to ta l
number of vectors counted is^ g re a te r  for the lower sampling th resho ld . 
As th e  sam pling  level is decreased the number of detected  pixels per 
speckle increases and more events are  detected  tow ards th e  p e rip h e ry  
of th e  im age . Therefore, th e  cen tra l component of the autocorrelation 
is broadened and the re la tiv e  number of vectors from the 10th. to the 
20th. pixels and from the 45th. to the 60 th . p ixels is in c rea se d . An 
im p o rta n t f e a tu re  is th a t  th e  positio n  of th e  b in a ry  p e a k  is  
independent of the sampling level.

In F ig u re  5.2 c ro s s -c o rre la t io n s  of th e  sam e im age, tak en  a t  
d i f fe re n t  sam pling  le v e ls , a re  n o rm alised  a t  th e  f i f th  p ixe l. By 
low ering  th e  sam pling  th re sh o ld  th e  re la t iv e  num ber of v e c to rs
counted increases a t  ev ery  p o in t o f th e  c ro s s -c o rre la tio n . H ow ever, 
th is  in c re a se  is m ost m ark ed  fo r  separa tions g reater than the 45th. 
pixel. This is because th e  in te n s i ty  of th e  im age fa l ls  o ff  tow ards 
th e  edge of the seeing disc, and as the sampling level is lowered the 
re la tiv e  in c re a se  in th e  num ber of c e n tra l  p ixels d e te c te d  is less 
th an  th e  re la t iv e  in c re a se  in th e  num ber of p e r ip h e ra l p ix e ls  
detected .

F igu re  5.3 shows th e  d if fe re n c e s  be tw een  th e  autocorrelation and 
cross-correlation for the tw o sam p ling  lev e ls ; bo th  c ro ss -c o rre la tio n s  
have been n o rm alised  to  th e  appropriate  autocorrelation a t the 50th. 
pixel. The maxima of both seeing corrected  autocorrelations are a t the  
35th . p ix e l, b u t th e  r e la t iv e  h e ig h t of the maximum for the higher 
sampling threshold is g r e a te r .  As th e  v ideo lev e l is in c rea se d , and
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Figure 5.1 A utocorrelations a t High and Low Sampling Levels. 
....... High Sampling Level, -------  Low Sampling Level.

Figure 5.2 C ross-correlations a t  High and Low Sampling Levels. 
....... High Sampling Level, -------  Low Sampling Level.
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Figure 5A  The Storage of C orrelations in the Apple Memory.
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th e  v ideo  signal is c lip p ed  a t  a low er v o ltag e , th e  sampled image 
becomes wider. Therefore, the  proportion o f v e c to rs  c o n ta in ed  in th e  
b inary  peak fa lls . This d e m o n s tra te s  th e  d if f ic u lty  in o b ta in in g  
photom etric inform ation from an analogue image th a t is clipped a t some 
leve l during p ro cess in g . H ow ever, th e  d e te rm in a tio n  of th e  b inary  
separation and position angle is n o t a f fe c te d  by th e  sam pling lev e l.

5.3 Calibration Records.

D uring each  observ ing  run i t  is norm al p ra c tic e  to  rec o rd  the  
m otion  of a s ta r  a c ro ss  th e  te le v is io n  sc ree n  as th e  te le sc o p e  is 
tracked from east to  w est and then from north to  so u th . T hese s ta r  
t r a i ls  in d ic a te  th e  o r ie n ta tio n  of th e  in terferom eter with respec t to 
th e  sky. The c ro s s -c o rre la t io n  o f such an im age w ill co n ta in  an 
e lo n g a tio n  in th e  d ire c t io n  of th e  telescope's motion. Therefore, any 
small rotation of the image, due to  misalignment of the optics or th e  
m ag n e tic  and e le c tr ic  field of the  image tube, will be apparent. Any 
rotation can then be taken in to  account when making m easurem ents of 
position angles.

Records a re  also taken of the  sky background and with the cam era cap 
on. By a u to c o r re la t in g  th e se  re c o rd s  i t  is possible to determ ine the 
sampling le v e l a t  w hich th e  sky background and c a m e ra  noise  a re  
detected .

F or each  o b je c t o b serv ed  an o b se rv a tio n  of a nearby  unresolved 
source is also made. N eutral density  f i l t e r s  a re  o f te n  p laced  in th e  
o p tic a l lig h t p a th  to  a t te n u a te  the light from the reference  s ta r  so 
th a t its image is of a sim ilar in te n s ity  to  th a t  of th e  o b je c t. The 
d a ta  an a ly sis  is then perform ed on the object and the reference star. 
Our c o n fid e n c e  in any r e s u l ts  is co nsiderab ly  in c rea se d  if  a f te r  
subtraction of the see in g  co m p o n en ts  from  th e  a u to c o rre la t io n s  the 
re fe re n c e  s ta r  g ives th e  r e s u lt  e x p e c te d  fo r  a p o in t  s o u rc e .

5A  Data Analysis Software.

In o rder to  m an ip u la te  and an a ly se  th e  a u to c o r re la t io n s  and 
c ro ss -c o rre la tio n s  derived by the da ta  processing hardware a com puter
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program , APLOT5, has been w ritten . Various options are displayed in a 
menu form at. The LOAD option allows correlations to be transfered from 
the data  processing hardw are to  the  Apple m icrocom puter. A m achine 
code routine configures the da ta  direction  registers of the VIA to ac t 
as either outputs or inputs and provides the handshaking n ecessa ry  for 
d a ta  t r a n s fe r .  E ach  tw e n ty  b it num ber of an a u to c o rre la t io n  or 
c ro ss-co rre la tio n  is read  and s to re d  in th re e  b y tes of th e  A pp le ’s 
random  a c c e ss  m em ory . A c o r re la t io n  occup ies 24 kbytes, of RAM 
starting  from memory location 16387 (or $4003 in h ex ad ec im a l) and 
fin ish ing  a t  lo c a tio n  40962 ($A 002). The data  is read and stored in 
horizontal lines. Therefore, a s  shown in F igu re  5 .4 , th e  c o n te n ts  of 
b y tes  16387, 16388 and 16389 rep resen t the value of a correlation a t 
pixel (-64,0) and the value a t  (63,63) is stored in bytes 40960, 40961 
and 40962. The number of vectors, N, present a t a particular pixel is 
easily found by "PEEKING" the appropriate bytes and im p lem en tin g  a 
simple algorithm :

N = PEEK(BYTE) + 256 x PEEK(BYTE + 1) + 2562 x PEEK(BYTE + 2)

When the com plete correlation  has been stored in the Apple a second 
m ach ine  code ro u tin e , SWAPMEM, is ca lled  which in terchanges the 
contents of the Main memory from 16387 to  40962 with the contents of 
an au x ilia ry  m em ory from  16387 to  40962. This auxiliary memory is 
held on a "Ramview" card and extends the memory of the Apple from  64 
kbytes, to  128 kbytes. This allow s tw o  24 k b y te , c o r re la tio n s  to  be 
s im u ltan eo u sly  s to re d  in th e  A pple. However, operations can only be 
perform ed on data  stored in the m ain m em ory as th is  is w here  th e  
program APLOT5 is held and run. As the  SWAPMEM routine operates each 
tim e a correlation  is loaded, th e  f i r s t  c o rre la tio n  tra n s fe re d  to  th e  
Apple w ill f in a lly  be s to re d  in th e  m ain m em ory and th e  second 
c o rre la tio n  to  be loaded  w ill be  held  in th e  a u x ilia ry  m em ory. 
W hether an a u to c o r re la t io n  or c ro s s -c o rre la tio n  is to  be transfered 
to the Apple is determ ined by se tting  a two way switch on the f ro n t 
panel of th e  a u to c o r re la to r .  I t  is a lso  possib le to load correlations 
th a t have been  p rev iously  s to re d  on floppy d isc . A t any tim e  the  
contents of these two memories may be interchanged via the program 's 
menu.
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The m achine code ro u tin e  SWAPMEM uses th e  in b u ilt su b ro u tin e  
AUXMOVE to copy blocks of data  from main memory to auxiliary memory 
or from auxiliary memory to  main memory. Before calling this ro u tin e  
th e  d a ta  addresses must be put into byte pairs in page zero and the 
carry bit se t to se lect the direction  of the block move. To copy d a ta  
from  m ain to  a u x ilia ry  m em ory  the carry bit is se t (SEC); to copy 
data from auxiliary to  main memory the carry b it is c le a re d  (C L C ). 
When the SWAPMEM routine is called th ree bytes of auxiliary memory 
are copied into page th ree  of main m em ory . Then th e  co rrespo nd in g  
b y tes  from  m ain m em ory o v e r -w r i te  th e ir  c o u n te rp a r ts  in auxiliary 
m em ory . F ina lly  th e  th re e  b y te s  s to re d  in page th re e  a re  cop ied  
into the appropriate memory lo c a tio n s  in m ain m em ory.. This s e t  of 
o p e ra tio n s  is p e rfo rm ed  fo r  m em ory  lo ca tio n s  $4003 to  $A000.

Via th e  PR O FILE  o p tio n  th e  c o n te n ts  of th e  aux iliary  and main 
memories may be interchanged and then the correlation present in th e  
m ain m em ory d isp layed . R ad ia l s e c tio n s  through the two dimensional 
correlation are  defined by th e  correlation  angle, A, measured from th e  
h o riz o n ta l ax is in a c lo ck w ise  direction. A single profile or a series 
of profiles separated  by an angle increm ent g re a te r  th an  or eq u a l to  
one m ay be displayed. The range of the horizontal axis can be varied 
within the lim it of O to  63 p ixels. The v e r t ic a l  ax is is d e fin ed  by
a d ju s ta b le  low er and upp er l im its .  O th e r p rog ram s allow  particu lar 
profiles to  be plotted by an H ew lett P ackard  7470A g rap h ics  p lo t te r  
and tw o  d im ensional c o n to u r  p lo ts  to  be p rin ted  on a d o t m atrix  
prin ter. The graphics p lo tte r o f fe r s  a reso lu tio n  of fo r ty  po in ts  per 
m illim e te r  and is g e n e ra lly  used to  p roduce the final hard copy of 
results for p a p e rs . The c o n to u r d isp lay  re p re se n ts  each  p ixel as a
b lack  or white* sq u are . The colour of each pixel is dependent on the 
value o f th e  c o r re la t io n  a t  th a t  p a r t ic u la r  p o in t. This m ethod  of 
d isp lay  is s im ila r  to  th a t  o f th e  s to ra g e  o sc illo sco pe , b u t w ith a
higher resolution.

The MEAN option is often used in the analysis of o b jec ts  th a t  a re  
assumed to be centro-sym m etric . The mean profile of a se t of profiles 
defined  over any ang le  ran g e  w ith in  th e  0 to  180° lim its  of th e  
c o rre la tio n  ang le  is c a lc u la te d . The value of the correlation a t  each 
pixel is stored in an array elem ent defined  by th e  d is ta n c e  of th a t
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pixel from  th e  o rig in  to  th e  n e a re s t  ha lf p ixe l. Then an av e ra g e  
p ro file  is c a lc u la te d  by d iv id ing  th e  value s to re d  in each  a rra y  
elem ent by the number of increm ents to th a t ''a r ra y  elem ent. Therefore, 

•a p ro file  is p lo tte d  in h a lf  p ixe l s tep s  th a t  possesses a g r e a te r  
signal to  noise ra tio  than any individual profile.

At the heart of the W elter and Worden seeing correction is the idea 
of n o rm a l is in g  th e  a v e r a g e  c r o s s - c o r r e la t io n  to  th e  a v e ra g e  
a u to c o rre la t io n  of a sp ec k le  re c o rd . A c ro ss -c o rre la tio n  s to re d  in 
the main memory can be m ultiplied by any constan t. The no rm alising  
c o n s ta n t is c a lc u la te d  as the ra tio  of the number of vectors present 
in the a u to c o rre la t io n  and c ro s s -c o rre la tio n  fo r se p a ra tio n s  g re a te r  
th an  th e  sp eck le  co m p o n en t. F o r centro-sym m etric  objects it is also 
possible to  norm alise the azim uthally averaged c ro ss -c o rre la tio n  to  an 
a z im u th a lly  a v e ra g e d  a u to c o r r e l a t i o n .  A f te r  n o r m a l i s a t io n  th e  
c ro s s -c o rre la tio n  can be s u b tra c te d  from  th e  a u to c o rre la t io n  by 
choosing the SUBTRACT option. This subtracts the value a t each p ixe l 
of th e  n o r m a l is e d  c r o s s - c o r r e l a t i o n  fro m  th e  v a lu e  a t  th e  
co rrespo nd in g  p ixel of th e  au to co rre la tio n . To perform  this operation 
th e  a u to c o r re la t io n  m ust be held  in th e  m ain m em ory and th e  
c ro ss-co rre la tio n  in th e  a u x ilia ry  m em ory. A fte r  th e  su b tra c tio n  is 
c o m p le te  th e  see ing  c o r re c te d  a u to c o rre la tio n  is stored in the main 
memory and the  a u to c o r re la t io n  is  s to re d  in th e  au x ilia ry  m em ory . 
U n fo rtu n a te ly  th e  p re se n t m em ory  available does not allow th ree  2^ 
k b y te ,  c o r re la t io n s  to  be s im u ltan eo u sly  s to re d , so b e fo re  th e  
su b tra c tio n  is p e rfo rm e d  th e  c ro s s -c o rre la tio n  is s to re d  on floppy 
disc using the SAVE option. Upto five correlations may be stored on a 
double density, single sided five inch floppy disc.
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CHAPTER SIX - THE ANALYSIS OF AUTOCORRELATIONS AND
CROSS-CORRELATIONS.

6.1 Introduction.

In L a b e y rie 's  o rig in a l fo rm u la tio n  of sp eck le  in te rfe ro m e try  th e  
ensemble average energy spectrum  of a se t of short exposure images is 
c a lc u la te d . To rec o v e r th e  o b je c t 's  energy  sp ec tru m , | o ( u , v ) |2, 
th e  a v e ra g e  energy  sp ec tru m  of th e  im age, < |i ( u ,v ) |2>, is d iv ided  
by the speckle transfer function, < |p (u ,v )|2>:

|o(u,v) | 2 = < |i(u,v)| 2>/<|p(u,v)| 2>.

In p r a c t i c e  th e  s p e c k le  t r a n s f e r  fu n c tio n  is e s tim a te d  from  
observations of a re fe re n c e  s ta r  assum ing  s im ila r see ing  c o n d itio n s . 
U n fo rtu n a te ly , as described in C hapter Two, the quality of the seeing 
depends upon se v e ra l a tm o sp h e r ic  p a ra m e te rs  th a t  vary  w ith t im e . 
T h e re fo re , under ty p ic a lly  v a r ia b le  a tm o s p h e r ic  c o n d i t io n s  th e  
a p p lica tio n  o f th e  above e q u a tio n  can lead to considerable errors in 
the estim ation of the ob jec t's  energy spectrum . In the  sp a tia l dom ain  
th e  form  of the autocorrelation function will depend on the seeing. In 
the case of poor seeing the seeing pedestal is broad and shallow while 
in good see ing  i t  is s te e p  and quick ly  fa lls  to  ze ro  o u ts id e  th e  
speckle component.

Two separa te  approaches to  seeing compensation have been suggested. 
The f i r s t  invo lves m easu rin g  th e  seeing  ce ll s ize , r Q, and th en  
c a lc u la tin g  th e  sp eck le  t r a n s f e r  func tion . Korff [20] has derived the 
speckle transfer function assum ing  th a t  th e  com plex am p litu d e  of a 
w a v e fro n t p ro p a g a tin g  th ro u g h  th e  a tm o sp h ere  can be described by 
log-normal s ta tis tic s: the log of the  am plitude and phase of th e  w ave 
have G aussian  s t a t i s t ic s .  This is a more satisfactory  model than the 
Gaussian model. Good agreem ent has been obtained between observed and 
th e o re t ic a l  tr a n s fe r  fu n c tio n s  by Aime e t  al. [64] and by Chelli e t  
al. [65], but the e ffec ts  of fin ite  bandw idth  and exposure  tim e  m ay 
lim it the use of this method.

H ebden [66] has in v e s tig a te d  sim p le  seeing component modelling in
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the spatial domain. He s ta r ts  from an expression fo r th e  a tm o sp h e ric  
t r a n s fe r  fu n c tio n  derived assuming atm ospheric turbulence to possess a 
Kolmogorov spectrum :

p (u ,v ) = exp[-3 .44(A  . w /rQ) ^3], Eq. 6.1

where w2 = u2 + v2.

The long exposure  im age  of a p o in t source is given by the Fourier 
transform  of p(u,v). Both near-G au ssian  (5 /3  expon en t) and G aussian  
m odels have been  f i t t e d  to  th e  profiles of long exposure im ages by 
King [67], and as th e  a u to c o r re la t io n  of a G aussian d is tr ib u tio n  is 
also G aussian , one of th e  m odels adopted by Hebden for the seeing 
component in an autocorrelation  has a G aussian fo rm . A no ther m odel 
ad o p ted  was th e  n ea r-G au ssian  distribution. This model stem s directly  
from the form of equation 6.1 and Roddier's sta tem en t [54] th a t since  
th e  5 /3  ex p o n en t is a lm o s t G aussian  its  Fourier transform  will also 
be c lo se  to  a G aussian  d is tr ib u tio n . In ap p ro x im a tin g  th e  sp eck le  
transfer function by these simple functions no a ttem p t has been m ade 
to  m odel th e  com p onen t p ropo rtiona l to  the transfer function of the 
telescope. However, the seeing com pensation should be adequate for all 
bu t th e  h ig h e s t s p a tia l  f re q u e n c ie s . In p rac tice , the validity of the 
seeing com ponent modelling for the au to co rre la tio n  of a g iven o b je c t 
can be su p p o rted  by co m p ariso n  w ith  th e  m odelling  of th e  seeing 
component of a reference s ta r . H ebden finds th a t  th e  n ea r-G au ss ian  
m odel f i t s  th e  a u to c o r re la t io n  of a r e f e re n c e  s t a r  b e t t e r  a t  
in te rm e d ia te  vector lengths while the Gaussian model is preferable for 
separations g rea te r than 0.5 arcseconds.

The second method of seeing compensation is im m ediately a p p lica b le  
in th e  sp a tia l  dom ain and in vo lv es th e  ca lcu la tio n  of the ensemble 
average cross-correlation of many speckle images.

6.2 Application of the Welter and Worden Seeing Correction.

The Welter and Worden seeing correction consists of e s tim a tin g  the  
d iffe re n c e  b e tw een  th e  a v e ra g e  a u to c o rre la t io n  and cross-correlation 
fu n c tio n s  of a sp eck le  re c o rd . The m ethod  has been su ccessfu lly
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im plem ented by Hege e t al. [36], Worden and Stein [3*f], Arnold e t  a l. 
[35], Wood [58] and Morgan e t al. [68]. As previously shown in . Chapter 
Two, assum ing  G aussian  s ta tis tic s  for any wavefront perturbations and 
negligible image movement betw een cross-correlated fram es, th e  see ing  
co m p en sa tio n  p roduces a fu n c tio n , Q(h,k), th a t is proportional to the 
d i f f r a c t i o n  l im ite d  im age  of th e  o b je c t 's  a u to c o rre la t io n . This 
s e c t io n  d e s c r ib e s  th e  s e e in g  co m p en sa tio n  as app lied  to  th e  
observation of a binary s ta r.

The determ ination of binary s ta r  separations and position ang les a re  
perhaps th e  s im p le s t and m o st w idely  pubilished m easurem ents made 
using ste llar speckle in te rferom etry . M cA lister has re p o rte d  over one 
thousand m easurem ents and th e  groups of Morgan, Labeyrie and Weigelt 
have pub lished  se v e ra l h u n d red  o b se rv a tio n s  of b inary  s y s te m s .  
Speckle  in te r fe ro m e try  is so su cc essfu l in this area of observational 
astronomy for a variety  of re a so n s : th e  m easu rem en ts  can be m ade 
rap id ly  on th e  b r ig h te r  o b je c ts  and yield an accuracy far in excess 
of v isua l o b se rv a tio n s . I t  is possib le  to  d e te rm in e  se p a ra tio n s  to  
±1 p ixel ( ty p ic a lly  th is  c o rre sp o n d s  to  ±0.015 a rcseco n d s fo r th e  
Imperial College speckle sy s te m ) and position  ang les to  ±2 d e g re e s . 
In m ost cases  i t  is possib le  to  d e te c t  th e  ch a ra c te ris tic  secondary 
p e ak  in  th e  a u t o c o r r e l a t i o n  of a b inary  s ta r  w ith o u t see ing  
com pensation. H ow ever, to  m ake  an a c c u ra te  d e te rm in a tio n  of th e  
separation and to have any hope of obtaining magnitude differences the 
e f f e c t  of a tm o sp h e ric  see in g  m u st be  c a l i b r a t e d  o u t o f th e  
autocorrelation.

F ig u re  6.1 shows th e  tw o dimensional autocorrelation of the binary 
star ADS1123 (m = 6.7 , Am = 0 .2 ) o b ta in ed  from  2500 te le v is io n  
f ie ld s . The sy stem  was o b se rv ed  a t  th e  Coude focus of the 3.9 m. 
Anglo-Australian T e lesco p e  using a 50 mm. o b je c tiv e . This g ives a 
pixel s ize  of 0.01 a rc se c o n d s . The a u to c o rre la t io n  has a secondary 
peak superimposed on a seeing pedestal a t an au tocorrelation  an g le  of 
159° w ith  a m axim um  va lue  a t  a se p a ra tio n  of 0.35 arcesconds. As 
e x p la in e d  in C h a p te r  Two th e  secondary  peak p re se n t in th e  
autocorrelation of a binary s ta r  is com posed of v e c to rs  be tw een  th e  
tw o com p onen ts  p re se n t in each speckle. If the secondary peak is as 
large as th a t present in F ig u re  6.1 then  id e n tif ic a tio n  is e x tre m e ly
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Figure 6.1 A utocorrelation of the Binary Star ADS 1123. 
Scale -  0.01 arcseconds/pixel.
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Figure 6.2 C ross-correlation of ADS1123 (Field Interval = 8).
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Figure 6.4 Radial Profile Through the Autocorrelation 
of ADS1123 a t 139°.

Figure 6.3 Radial P rofile  Through the Cross-correlation 
of ADS 1123 a t 139°.
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Figure 6.6 Radial Profile Through the Seeing C orrected 
A utocorrelation of ADS1123 a t 159°.
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Figure 6.7 Radial Profile Through the Cross-correlation 
of ADS1123 a t  139° (Field Interval = 2).
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easy . F igu re  6 A  shows a radial profile through the autocorrelation of 
ADS 1123 a t an a u to c o rre la t io n  an g le  of 159°. For b inary  s ta r s  of 
low er v isual m agnitude the  height of the peak above the local seeing 
background will be decreased as the  number of vectors counted between 
the binary components becomes a sm a lle r f ra c tio n  of th e  num ber of 
v e c to rs  in th e  c o m p le te  a u to c o r re la t io n . Also th e  peak height will 
decrease as the m agnitude d if fe re n c e  of th e  b inary  in c re a se s . From  
p ra c tic a l  e x p e rie n c e  b in a rie s  can  be d e te c t e d  w ith  m a g n itu d e  
d iffe re n c e s  of a t  least four. The secondary peak extends over several 
pixels because of the f in i te  s iz e  of th e  b inary  com ponen ts in each  
sp eck le . T h e re fo re , even  v e ry  sm a ll secondary  peaks will produce a 
change in the gradient of a  radial profile through th e  a u to c o rre la t io n  
which e x ten d s  over a num ber of consecutive pixels. This allows such 
peaks to  be d is tin g u ish ed  from  random  flu c tu a tio n s  in th e  d a ta .

The position  an g le , P, of th e  b inary  is found by displaying many 
radial profiles through the a u to c o r re la t io n . The ang le  of th e  p ro file  
th a t  b ise c ts  th e  b inary  peak is term ed the autoccorrelation angle, A, 
and from this P can be easily calcu lated . The c ro ss -c o rre la tio n  o f a 
s ta r  t r a i l  reco rd  a llow s us to  d e te rm in e  th e  o r ie n ta tio n  of th e  
te le v is io n  im age w ith  r e s p e c t  to  th e  sky and c a lc u la te  any sm all 
rotational correction . When looking a t  th e  te le v is io n  im age, if e a s t  
is to  th e  r ig h t-h a n d  sid e , * th e n  fro m  th e  conven tion  fo r measuring 
position angle as shown in Figure 6.8:

P = A +■  90° + 180°. Eq. 6.2

The only method of removing th e  180° ambiguity in the m easurem ent of 
p o s itio n  an g le , w ith o u t p h ase  r e t r ie v a l ,  involves id en tify in g  th e  
b r ig h te s t com p onen t in in d iv id u a l sp eck les . This is possib le  fo r 
b rig h t ana logue  re c o rd s , bu t the  m ethod cannot be applied to  photon 
counting records.

The seeing correction is achieved by th e  su b tra c tio n  of a su ita b ly  
no rm alised  c ro s s -c o rre la t io n  fro m  th e  a u to c o r r e la t io n .  T he tw o  
c o r re la t io n s  a r e  d e r iv e d  w ith  i d e n t i c a l  s a m p lin g  le v e ls  and  
d isc r im in a to r  s e t t in g s . One variable param eter is -the interval between 
c ro s s -c o rre la te d  f ie ld s . F ig u re  6.2 shows th e  c ro ss -c o rre la tio n  of

-89-



s

Figure 6.8 The Convention for Measuring Position Angle.

ADS 1123 c a lc u la te d  w ith  a f ie ld  in te rv a l of e igh t. At present no 
image centring is perform ed, th e r e f o r e ,  the  cho ice  of f ie ld  in te rv a l  
is a com prom ise  b e tw een  m in im ising  any im age m otion b e tw een  
c ro s s -c o rre la te d  f ie ld s  w h ile  m a in ta in in g  s ta t i s t ic a l  in d ep en d en ce . 
It is hoped th a t in the fu tu re  th e  c ro s s -c o rre la to r  w ill be m od ified  
to  find  th e  c e n t re  of gravity of each field and then add a constan t 
"centring v ec to r"  to  th e  p o s itio n  of th e  e v en ts  in each  f ie ld . The 
c ro s s -c o rre la tio n  c o n ta in s  see in g  in fo rm a tio n  and is extended in the 
direction of the im age's elongation, but the binary peak  is a b se n t. A 
rad ia l p ro file  th ro u g h  th is  fu n c tio n  a t  an angle of 159° is -shown in 
Figure 6.3. There is no photon spike p re se n t in th e  c ro s s -c o rre la tio n  
as v e c to rs  a re  m easu red  b e tw e e n  individual pixels in separate  fields 
and not within photon events. To perform  the seeing com pensation th e  
c ro s s -c o rre la tio n  is n o rm alised  to  th e  a u to c o r re la t io n  a t  la r g e  
se p a ra tio n s  w here  no d if f ra c tio n  lim ite d  signal is expected and then 
subtracted from the autocorrelation . When observ ing  c e n tro -sy m m e tr ic  
o b jec ts  th a t  a re  f a in te r  th an  th e  ex am ple  of the binary s ta r given 
here, the mean profiles of th e  c ro s s -c o rre la t io n  and a u to c o rre la t io n  
a re  c a lc u la te d  to  im prove th e  signal to  noise ratio. Then the seeing 
c o r r e c t io n  is p e r f o r m e d  by s u b t r a c t i n g  th e  no rm alised  m ean 
c r o s s - c o r r e la t io n  p ro file  from  th e  m ean a u to c o rre la t io n  p ro file .
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Figure 6.3 shows the see in g  c o r re c te d  a u to c o r re la t io n . The b inary  
peak is now m ore p ro m in e n t, b u t th e  c e n tra l  pho ton spike is still 
p re sen t. I t w as found th a t  fo r f ie ld  in te rv a ls  g re a te r  th an  8 th e  
a p p lica tio n  of th e  W elte r and W orden m ethod o v e r -c o r re c te d  the  
a u to c o rre la t io n  in th e  ran g e  0° to  90°. This can  be a t t r ib u te d  to 
d isp la c em en ts  of th e  im age betw een cross-correlated fields on a scale 
co m p arab le  to  th e  d ia m e te r  o f th e  seeing  d isc . A rad ia l p ro file  
th rough  th e  see in g  c o r re c te d  a u to c o rre la tio n  is shown in Figure 6.6. 
It is obvious th a t the co n trast of th e  b inary  peak is in c rea se d  and 
th e  positio n  of i ts  maximum is shifted from 0.33 to 0.36 arcseconds. 
Such a s h if t  would be e x p e c te d  on su b tra c tin g  a G aussian see ing  
pedestal model.

For a b inary  s ta r  th e  s ig n a l, S, in th e  a u to c o rre la t io n  m ay be 
defined  as th e  h e ig h t of th e  b inary  peak above th e  th e  lo ca l 
background , B [69]. A ssum ing Poisson sta tis tics , the probable e rro r in 
the m easurem ent of the au tocorrelation , N, is the sq uare  ro o t o f th e  
sum of the signal and the background then:

SNR = 5/(S + B)t Eq. 6.3

A pplying eq u a tio n  6.3 to  th e  a u to c o r re la t io n  of ADS1123 S = 6150 
vectors N = 188 v ec to rs  and , th e r e f o r e ,  SNR = 33; fo r  th e  see in g  
c o r re c te d  a u to c o rre la t io n  th e  normalising constant M = 2, S = 14280, 
N = 219 and SNR = 65. T herefore, by applying th e  c ro s s -c o rre la tio n  
seeing correction the SNR has been increased by a fac to r of order two.

Having derived th e  c ro s s -c o r re la t io n  i t  is in te re s tin g  to  com p are  
i t  w ith  th e  G aussian  and n e a r-G a u ss ia n  see ing  p e d e s ta l models. In 
Figure 6.9 these two models have been fitted  to a profile through th e  
c ro s s -c o rre la tio n  using a le a s t  sq u a re s  a lg o rith m . A t high sp a tia l  
f r e q u e n c ie s  th e  G aussian  m odel is m ore s a tis fa c to ry  th an  th e  
near-Gaussian. The root mean squared (rms) deviation of th e  G aussian  
m odel is 29 vectors and the  rms deviation of the near-Gaussian model 
is 50 vectors.

The consequences of reducing the in te rv a l be tw een  c ro s s -c o rre la te d  
fie ld s is shown in Figure 6.7. For a field interval of two, the fields
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Figure 6.9 Near Gaussian (------ ) and Gaussian (------- ) Seeing
Pedestal Models Compared w ith the C ross-correlation (............).

a re  no longer s t a t i s t ic a l ly  in d ep en d en t and a "b inary  peak" is  
a p p a re n t in th e  c ro s s -c o rre la t io n . The tim e  r e s o lu t io n  o f th e  
c ro s s -c o r re la to r  is tw o te le v is io n  f ie ld s  (40 m sec .) . As no peak is 
apparent in the c ro ss-co rre la tio n  c a lc u la te d  w ith  a f ie ld  in te rv a l  of 
fou r, th e  sp eck le  im ages d e c o r re la te  a t  some tim e greater than 40 
msec, and less than SO msec. This is entirely expected as for a fram e 
of zero th e re  would be to ta l  c o r re la t io n  and th e  c ro s s -c o rre la tio n  
would equal the autocorrelation .

The v a lid ity  of th e  c ro s s -c o rre la t io n  see ing  c o rre c tio n  is usually 
checked by perform ing the correction  on an observation of a re fe ren ce  
s ta r .  This is n o t s t r i c t ly  n e c e ssa ry , b u t if th e  resu lt is consistent 
with th a t expected for a p o in t so u rce  we c a n ' be c o n fid e n t of our 
re su lts  fo r ex te n d e d  o b je c ts . R e su lts  o b ta ined  w ith th is method of 
seeing correction are  presented in C hapter Seven.

6.3 The Photon Spike and Detector Response Function.

The photon events th a t appear on the output phosphor of th e  im age 
in tensifier tube are imaged onto a Plumbicon television cam era so th a t 
they typically cover an area of several square pixels. V ecto rs coun ted
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be tw een  p ixels w ith in  a pho ton  event contribute to a fea tu re  in the 
autocorrelation called the photon spike. F igu re  6.10 shows th e  see ing  
c o r re c te d  autocorrelation  of a point source observed on the AAT. The 
photon spike extends out to  the 3rd. pixel. However, the form of th is  
seeing  c o r re c te d  a u to c o rre la tio n  is not th a t predicted by the analysis 
of Chapter Two, where the seeing corrected  autocorrelation, Q (h ,k ), is 
shown to be:

Q(h,k) = [ 0 (x ,y ) * 0(x ,y ) ] © PQ.

If the object is a point source 0 (x ,y ) = 5(x,y) and:

Q(h,k) cc PQ.

T hat is, th e  seeing corrected  autocorrelation  of a point source is the 
Airy p a tte rn  of the te lescope . So, th e  av e rag e  a u to c o rre la t io n  o f a 
po in t so u rce  w ill have th e  A iry p a tte rn  superim posed  on a broad  
G aussian -like  background . T hese  re s u lts  are valid when the s ta tis tic s  
of the seeing are  assumed to  be complex Gaussian. In physical te rm s  
th is m eans th a t  th ey  apply  in bad seeing, D /rQ > 10. Goodman [70] 
and L ow enthal and A rse n a u lt [71] have derived  s im ila r re su lts  for 
la se r sp eck le  p a t te rn s ,  and Bonneau e t  a l. [72] have pub lished
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astronom ical resu lts  in w hich th e  a u to c o rre la t io n  of a po in t sou rce  
v a rie s  b e tw een  an Airy p a t te r n  and th e  au toco rre la tion  of an Airy 
p a t te rn ,  depend ing  on th e  q u a li ty  of th e  see ing . For th e  AAT 
D /rQ -  40 and, th e r e f o r e ,  th e  d a ta  po in ts in F igu re  6.10 should 
show an A iry fu n c tio n . The d isc re p e n cy  be tw een  th e  e x p e rim e n ta l 
observations and the th e o re tic a l p re d ic tio n s  can be exp la ined  if the 
e ffe c t of the d e tec to r impulse function is considered.

For each  pho ton  e v e n t th e  num ber of p ixels d e te c te d  by the  
au to co rre la to r depends on the  video sampling threshold and the size of 
the photon event on the output phosphor of the image tube. Therefore, 
the impluse response of the  system , 5(x,y), may vary  b e tw een  pho ton  
e v en ts  in th e  same im age. However, a net impulse response, <S(x,y)>, 
can be defined as th e  a v e ra g e  o f th e  ind iv idual response  fu n c tio n s  
[73]. The m easu red  im age  in te n s ity , I s (x ,y ), is th en  g iven by:

Is (x,y) = I(x,y) © <S(x,y)> Eq. 6.4

The m easu red  see in g  c o r re c te d  au tocorrelation , Qs (h,k), is now given 
by:.

Qs = <!s * I s> '  <!s * Eq-

where the coordinates have been om itted  for convenience. S u b s titu tin g
equation 6.4 into equation 6.3 gives:

Qs = [ <S> * <S> J © [ <1 * I> - <1 * I'> ]
= [ <S> * <S> ] © Q.

The m easu red  see ing  c o r re c te d  a u to c o r re la t io n  is th e  actual seeing 
corrected a u to c o rre la tio n  conv o lv ed  w ith  th e  a u to c o rre la t io n  of the 
im pulse resp o n se . So, F ig u re  6.10 shows th e  au to co rre la tio n  of the 
impulse response, convolved with th e  Airy pattern . The solid cu rv e  in
F igure  6.10 is th e  a u to c o r re la t io n  of a disc of rad ius 2 pixels
convolved w ith  th e  A iry p a t te r n .  This is a good f i t  to  th e
e x p e rim e n ta l d a ta  o u ts id e  th e  pho ton  spike, which suggests th a t the 
im pulse response  of th e  sy stem  can  be m odelled  by such a disc.
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T he im p u ls e  r e s p o n s e  o f th e  s y s te m  w ill b lur th e  a c tu a l  
autocorrelation, but it will not ch an g e  th e  position  of any peaks in 
a u to c o r re la t io n  so th e  a n g u la r  d ia m e te r  of o b je c ts  can s t i l l  be 
determ ined. However, if accu ra te  photom etric data is to be derived the 
e ffects of the impulse response m ust be removed from any observation, 
and se v e ra l ap p ro ach es  to  c o r re c t in g  for th e  d e te c to r  response  
function are  discussed in C hapter Eight. At present no a ttem p t is made 
to deconvolve the measured autocorrelations and th e  consequences fo r 
various results a re  considered in C hapter Seven.

6A  The Modelling of Speckle Components.

S ev era l im age  re c o n s tru c tio n  a lg o rith m s e x i s t  w h ich  c an  be  
im p lem en ted  on sp eck le  d a ta , bu t some can be susceptible to photon 
noise and th ey  have , so f a r ,  p ro d u ced  no n o n -tr iv ia l a s tro n o m ic a l 
re s u lts . T h e re fo re , e x te n s iv e  re s e a rc h  is underw ay in th e  f ie ld  of 
image reconstruction te c h n iq u es  (se e  C h ap te r  E ig h t) . The su ccessfu l 
a p p lica tio n  of th e se  w ould a llo w  bo th  s p a tia l  and p h o to m e t r i c  
in fo rm a tio n  to  be d e riv e d . However, the various algorithms for phase 
retrieval re q u ire  e x te n s iv e  c o m p u ta tio n a l f a c i l i t ie s  and w ith  a  few  
sim ple  assu m p tio n s a g r e a t  d e a l of information can be derived from 
th e  see ing  c o r re c te d  a u to c o r re la t io n . The f i r s t  assum ption  is th a t  
the complex am plitude in th e  p u p il of th e  te le sc o p e  obeys com plex  
G aussian s t a t i s t i c s .  This is a s a t i s f a c to ry  m odel under poor seeing 
conditions ie. when D /rQ > 10. For a 4 m. te le sc o p e  th is  in eq u a lity  
is no rm ally  s a tis f ie d  and th e n  th e  seeing  c o r re c te d  au tocorrelation  
of a speckle record is p roportional to  th e  d if f ra c tio n  lim ite d  im age  
of th e  a u to c o r re la t io n  of th e  o b je c t  under s tu d y . F u r th e r  if  th e  
o b je c t is assum ed  to  be c e n tro -s y m m e tr ic  i t  is possible to  uniquely 
determ ine the ob ject's  in tensity  ditribution.

A program named NEW MOD has been w ritten  in the FORTRAN programming 
language on a VAX 11/750 to  ca lcu la te  the two dim ensional im age of 
th e  a u to c o r re la t io n  of a g iven  c e n tro -sy m m e tr ic  object assuming an 
unabberated telescope. This function is given by:

Q(h,k) = [ 0 (x ,y ) * 0(x ,y ) ] © PQ(x,y),
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where 0(x ,y) = object in tensity  distribution,
PQ(x,y) = point spread function of the telescope.

The p o in t sp re ad  fu n c tio n  of a d if f ra c tio n  lim ite d  te le sc o p e  is 
known as th e  A iry p a t te r n  and is a fu n c tio n  of th e  observational 
param eters given by:

U(cu) = U .[2 J0(z )/z  - 2 e .J 0 (e .z ) /z ]2/ ( l  - e 2)2,

where U = peak intensity,
e = obscuration ratio  of a c ircu lar aperture, 
z = tt. oj.D/X,

D = apertu re  of the telescope,
u> = sine of the angle subtended by a point in the image plane,
X = wavelength,

JQ = firs t order Bessel function.

The program prom pts the en try  o f the o b se rv a tio n a l p a ra m e te rs  of 
w av e len g th , te le sc o p e  a p e r tu re ,  obscuration  ratio  and pixel size. The 
value of the Airy p a tte rn  is  c a lc u la te d  a t  every  q u a r te r  p ix e l and 
s to re d  in a tw o d im ensional array . The Bessel functions are accessed 
from the  extensive Num erical A lg o rith m s (NAG) lib ra ry  a v a ila b le  on 
th e  VAX. The one d im e n s io n a l p r o f i l e  o f  th e  o b je c t  to  be 
a u to c o r re la te d  can  th en  be  e n te re d  in quarter pixel steps in one of 
two ways. If the object under study is a  p la n e ta ry  nebula  an op tion  
can be chosen  th a t  c a lc u la te s  th e  ra d ia l b rig h tn ess  d is tr ib u tio n  
a c c o r d in g  to  th e  e q u a tio n s  o u tlin e d  by H arrin g to n  [74]. T hese 
equations and th e  m odelling  of p la n e ta ry  nebu lae  a re  d iscu ssed  in 
S ec tion  6.5.' Any o th e r  o b je c t  p ro f ile  is entered from the keyboard. 
The one d im ensiona l o b je c t  p ro f ile  is th en  expanded  in to  a tw o 
d im ensional cen tro -sym m etric  array assuming linearity between any two 
adjacent points in the original profile.

Autocorrelation can  be c o n s id e re d  as fo rm ing  th e  p ro d u c t o f th e  
ove rlapp ing  a re a s  of a fu n c tio n  and its  replica as a function of the 
r e l a t i v e  d isp la c e m e n t of th e ir  o rig in s . As th e  o b je c t a rra y  is 
centro-sym m etric its  au tocorrelation  will also be c e n tro -sy m m e tr ic  and 
i t  is only n e ce ssa ry  to  p re fo rm  any c a lc u la tio n s  in one dimension.
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Figure 6.11 Q(h,k) (-----) and Q '(h,k) (------ ) for 0(x ,y) = 6(x,y)

The x axes of th e  ob jec t array and its replica are superimposed and
the products of each pair of overlapping quarter pixels are summed as
th e  o rig in s of th e  tw o d istrib u tio n s are displaced in the x direction.
This process continues until th e  tw o orig ins o verlap  and p rodu ces a
one d im ensiona l p ro file  th ro u g h  th e  a u to c o rre la t io n  of th e  o b je c t

»a rra y . This profile is then expanded into the com plete two dimensional 
autocorrelation of the object.

The convolution of two functions is perform ed in a s im ila r m ann er 
to  a u to c o r re la t io n . A f te r  re v e rs in g  th e  signs of th e  coordinates of 
one function the convolution is found by c a lc u la tin g  th e  o v e rlap p in g
a re a s  of th e  tw o d is tr ib u tio n s  as a fu n c tio n  of th e ir  r e la t iv e  
displacem ent. As the object array  and the Airy pa ttern  array are bo th  
sy m m etric  reversing the signs of any coordinates has no e ffe c t and is 
therefore  not required in th is case. The x axes of the a u to c o rre la tio n  
and th e  Airy p a tte rn  array are  superimposed and the products of each
pair of quarter pixels summed as one array is d isp laced  w ith  r e s p e c t  
to  th e  o th e r . This p rodu ces a one d im ensional p ro file  through the 
d i f f r a c t i o n  l im i te d  im a g e  o f th e  o b j c e t 's  a u to c o r r e l a t i o n .

L et th e  im age of an o b je c t 's  autocorrelation be denoted by Q(h,k) 
and the a u to c o r re la t io n  of th e  im age of an o b je c t be den o ted  by
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Figure 6.12 Q(h,k) (------ ) and Q '(h,k) (----- ) for an Annulus of
Inner Radius 8 Pixels and Outer Radius 9 Pixels.

Q '(h ,k ). In F ig u re  6.11 the dashed line shows the function Q(h,k) for 
a 6-function for AAT o b se rv a tio n s  a t  500 nm. and a p ixel s iz e  of 
0.012 a rc se c o n d s . The so lid  line  in d ic a te s  th e  fu n c tio n  Q '(h,k) for 
the sam e o b je c t, as w ould hav e  been c a lc u la te d  in th e  o rig in a l 
in te rp re ta tio n  of the W elter and Worden seeing correction (see Section 
2.7). The relative  forms of these functions are easily understood w hen 
the  m a th e m a tic a l ex p ress io n s  fo r  Q (h ,k) and Q '(h ,k ) are examined:

Q(h,k) = [0 (x ,y ) * 0 (x ,y )] © P0 (x,y),
and

Q '(h,k) = [0(x ,y) © PQ(x,y)] * CO(x,y) © PQ(x,y)].

Because of th e  tw o co n v o lu tio n s  w ith  an A iry p a tte rn  involved  in 
c a lc u la tin g  Q '(h ,k )  th e  a u to c o r re la t io n  of th e  5 -fu n c tio n 's  im ag e  
has a w ider h a lf -w id th  th a n  th e  im a g e  of th e  6 - f u n c t i o n 's  
autocorrelation.

F igu re  6.12 shows p ro file s  through the functions Q(h,k) and Q '(h,k) 
calculated for an annulus of inner radius 8 pixels and o u te r  rad iu s  9 
pixels. The Airy pa ttern  used is the same as in the calculation of the 
p ro files  in F ig u re  6.11. T here  a re  sev e ra l im portant features to  be
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noted in Figure 6.12:

1) for h = 16 dQ(h,k) = 0 and d2Q(h,k) < 0 
dh dir2"

and dQ '(h,k) = 0 and dfQ '(h,k) < 0 
dh dh2

ie. the maxima in Q(h,k) and Q '(h,k) both o ccu r a t  th e  16th. p ixe l;

2) for h = 16 and h' = 12 Q(h,k) > Q '(h,k)
Q (h',k) Q '(h ',k)

ie . th e  peak  to  back ground  r a t io  is g re a te r  for Q (h,k) th an  fo r 
Q '(h,k);

3) a t  h = 23 Q(h,k) = 0 and a t h = 27 Q '(h,k) = 0.

The s im ila r i t ie s  and d if fe re n c e s  b e tw een  Q (h ,k) and Q '(h ,k ) a re  
im p o rta n t when m odelling  o b je c t d is tr ib u tio n s  by com parison  w ith  
seeing co rrec ted  sp eck le  d a ta .  Any o b je c t d is tr ib u tio n  derived  w ith  
th e  o rig in a l in te rp re ta tio n  of the Welter and Worden seeing correction  
w ill be s lig h tly  too  n a rro w , b u t th e  positio n  of any peaks in 
intensity will be correct.

6-5 The Derivation of Angular Diameters.

If th e  o b j e c t  u n d e r  s tu d y  c a n  be c o n s id e re d  to  h a v e  a 
c e n tro -s y m m e tr ic  in te n s ity  d is tr ib u tio n  th e  s igna l to  noi-se ra tio  in 
the autocorrelation can be im proved by tak ing  an az im u th a l a v e ra g e . 
The see in g  correction  is then m ade for both the object and reference 
star autocorrelations by subtracting  a norm alised az im u th a lly  a v e ra g e d  
c ro s s -c o rre la tio n . I t  is n o t s tric tly  necessary to  analyse data from  a 
reference s ta r, but it ac ts  as a useful comparison with object d a ta  to 
show th e  d ifference betw een a point source speckle component and an 
extended source speckle component. Once the object's speckle component 
has been derived the th eo re tica l speckle component produced by various 
models can be calculated with the NEWMOD program and compared with the
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Figure 6.13 Radial Em issivity (------ ) and Radial Brightness ( ........ )
Models for a P lanetary Nebula.

observed  d a ta . F or o b je c ts  such  as astero ids, nebulae and resolvable 
stars, simple discs of uniform in tensity  have produced give good f i ts  
to  th e  observed  sp eck le  c o m p o n e n ts . The m odelling p ro ced u re  for 
planetary nebulae is som ewhat m ore com plicated.

Many p la n e ta ry  n ebu lae  exhibit a high degree of circular sym m etry 
and a ring  s t ru c tu re .  T h e re fo re , i t  is co n v en ien t to  m odel th e ir  
ra d ia l e m iss iv ity  and b r ig h tn e ss  d is tr ib u tio n s  by functions sim ilar to 
those proposed by Harrington and F eibe lm an  [74]. The em iss iv ity  per 
unit volume is modelled by:

K N
e<r) = E Z aM ' (r/Hk)2"exP[- (r/Hk)2]

k=l n=0

where r = radial distance from  the cen tre ,
H = distance scale constan t, 
a = constant.

Then th e  p ro je c te d  b r ig h tn e ss  d is tr ib u tio n  along th e  line of s ig h t
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whose line of closest approach to  the cen tre  is R is:

I (R) = ( 1 / 2 tt) /  e (r) . r. d r /( r2 - R 2)2 
* r  

K N
= I ] l ] bM - ( R/ Hk)2- exP[-(R/ Hk)2]

k=l n=0

N
where bj^n = (H ^/4#) ^ T ^ l! . (1 - n)H. 2n'!aj<j|/ ( l  - n)!.n!

l=n

Here (0)!! = 1 and ml! = 1 .3 .5  ...... (2m - 1) for m £ 1

In F ig u re  6.8 th e  m odel e m iss iv ity , e ( r ) ,  and b rig h tn e ss , I (R ),
d is tr ib u tio n s  fo r p la n e ta ry  n eb u la  a re  shown. These m odels w ere
derived with a112 = 1, a212 = 0.25, H112= 0.072 arcseconds and H212= 0.132 
arcseconds. Im p o rta n t f e a tu r e s  of th e se  cu rv es include th e  c e n tra l  
in fillin g  p re se n t in b rig h tn ess  and the reduction in the radius of the 
peaks when th e  e m iss iv ity  is in te g ra te d  to  produce th e  b rig h tn e ss  
d is tr ib u tio n . R esu lts  using such m odels fo r p la n e ta ry  n ebu lae  a re
presented in C hapter Seven.

6.6 Sources of Error.

Any resu lt obtained with speckle in te rfe ro m e try  w ill be a e s t im a te  
of som e q u a n tity  such as a d ia m e te r  or separation. As explained in 
S ec tion  6.3 pho ton e v e n ts  ty p ic a lly  cover se v e ra l p ixels and the  
m easured  a u to c o rre la t io n  is , in f a c t ,  th e  a c tu a l a u to c o rre la t io n  
b lu rred  by th e  im pulse  re sp o n se  o f th e  system. Initial investigations 
suggest th a t  th is  response  fu n c tio n  can  be m odelled  by a d isc  of
rad ius tw o p ix e ls . H ence, the derived diam eters of uniform brightness 
o b jec ts  w ill be a p p ro x im a te ly  tw o p ixels too  la rg e . A rnold has 
p rev iously  n o ted  th is  p roblem  in his o b serv a tio n s  of Pluto [35]. In 
contrast, the positions of any peaks in th e  m easured  a u to c o rre la t io n  
w ill be u n e ffe c te d  by a deconvolution with a uniform disc. Therefore, 
binary separations and th e  d ia m e te rs  of o b je c ts  possessing peaks in 
intensity can be determ ined to  ±1 pixel.
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The presence of ion events, cam era  noise and sky background photons 
on a rec o rd  w ill, of c o u rse , in troduce spurious signals. However, the 
use of d iscrim inators and th e  c a re fu l  cho ice  of sam pling lev e l can 
ex c lu id e  th e  e f f e c ts  of th e se  noise sources from the autocorrelation. 
It is of g reat im portance to  obtain the maximum signal to noise ra tio  
in th e  a u to c o rre la t io n  of o b se rv a tio n a l r e c o r d s .  F a in t  o b je c ts  
( fa in te r  th an  magnitude 10 say) a re  usually observed for half an hour 
so t h a t  a la rg e  num ber of te le v is io n  fie ld s  can be an a ly sed .

A considerable im provem ent in th e  accuracy of seeing  co m p en sa tio n  
has been  possib le  s in ce  th e  in tro d u c tio n  of th e  c ro s s -c o r re la to r .  
B efo re  th e  adop tion  of th e  W elte r and W orden see ing  c o rre c t io n , 
v a r ia tio n s  in th e  q u a lity  of th e  seeing  would p roduce  a see ing

9p e d e s ta l w ith  tw o d is t in c t  g ra d ie n ts . The re su ltin g  "kink" could be 
mistaken for an extended speckle co m p o n en t. The lim ita tio n s  of th e  
present form of the W elter and Worden method have been discussed and 
the e ffe c t of image motion betw een cross-correlated fram es noted. The 
a p p lica tio n  of th e  m eth o d s d e sc rib ed  in this chapter to astronom ical 
data  is described in C hapter Seven.
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CHAPTER SEVEN -  ASTRONOMICAL OBSERVATIONS.

7.1 Introduction.

The Imperial College speckle system  has been used to observe a wide 
range  of a s tro n o m ic a l o b je c ts .  T hese  include b inary  s ta rs , nebulae, 
asteroids, a c t iv e  g a la x ie s  and  g a la c t ic  and e x tr a -g a la c t ic  p la n e ta ry  
neb u lae . The c a th o lic  n a tu re  o f th e se  observations dem onstrates the 
im provements in magnitude lim it and d a ta  red u c tio n  tech n iq u es  s in ce  
the firs t speckle observations of bright binary stars.

S ev era l co llabo rative  observing programm es have produced the results 
presented in this chapter: th e  se a rc h  fo r s t ru c tu re  in o b je c ts  to  be 
observed  by th e  H ip parcos A s tro m e try  S a te l l i te  is undertaken  with 
Dr. Noel Argue of Cam bridge University; the study of planetary nebulae 
is in collaboration with Dr. Mike Barlow of University College London; 
and the observations of NGC 2346 were undertaken in collaboration with 
Dr. John Meaburn of M anchester University.

7.2 Hipparcos Link Stars.

The Hipparcos S atellite  of the European Space Agency will e s ta b lish  
a s te l la r  r e fe re n c e  fra m e  b ased  on 100000 s ta rs  b r ig h te r  than  
magnitude +13. Such a fram e should be inertial to the best ach ievable  
a c c u ra c y . T h e re fo re , it is hoped to  assign coordinates to very d istant 
quasi-motionless galaxies and quasars. H ow ever, to o  few  e x tra g a la c t ic  
o b je c ts  b r ig h te r  th an  13th. m agnitude are  known which can provide a 
d irect link between the Hipparcos fram e and an extragalactic  fram e. To 
overcome this problem it  is proposed to observe a number of stars with 
both the Space Telescope and the Hipparcos Satellite.

A se le c tio n  of 75 e x t r a g a la c t ic  rad io  so u rces w ill p rov ide  the 
basis of the inertial refe rence  fram e [75]. The Space T e le sco p e 's  F ine 
Guidance System (FGS) has a m agnitude lim it of +17 and is capable of 
m easuring  th e  se p a ra tio n  b e tw e en  an e x tra g a ia c tic  so u rce  and a 
H ipparcos link s ta r  as long as th is  does no t exceed 18 arcminutes 
(the field of the FGS). T h e re fo re , each  rad io  so u rce  m ust have an 
unreso lved  s ta r  b r ig h te r  th a n  13th . m agn itu de  within 18 arcm inutes.
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The FGS w ill be ab le  to  m ea su re  this separation to an accuracy of 
±0.002 arcseconds.

To achieve th e  re q u ire d  a c c u ra c y  of m easu rem en t i t  is e s se n tia l  
th a t  none of th e  o b je c ts  o b serv ed  display structu re  above the Space 
Telescope's resolution l im it of 0 .05  a rc seco n d s . Also th e re  m ust be 
no com panion p re se n t w ith in  the range 0.3 to 15 arcseconds. Such a 
companion would be p re sen t in th e  f ie ld  of th e  H ipparcos S a te l l i te  
and would p e r tu rb  any m easurem en t made unless it was a t least 3.5 
magnitudes fa in te r. An in i t ia l  s e t  o f link s ta rs  has been  chosen  by 
exam in ing  sky su rvey  p la tes , however these can only confirm  th a t no 
companion exists down to  th e  2 arcsecond resolution of the p la te . F or 
se p a ra tio n s  b e tw een  0.05 and ap p ro x im a te ly  0.7 a rceco n d s i t  was 
decided  to  use sp eck le  in te r f e ro m e try  to  e lim in a te  any o b je c ts  
po ssessin g  m u ltip le  s t ru c tu re .  The an a ly sis  of o b je c ts  over the  
remaining separations betw een 0.7 and 2 arcseconds is the topic of an 
investigation by de Vegt a t  th e  Hamburger S ternw arte.

The o b se rv a tio n  of H ip parcos lin k  s ta rs  by speckle in terferom etry  
has been u n d e rta k e n  by tw o  g roups: in th e  N o rth ern  H em isphere  
M cA lister is p e rfo rm in g  o b se rv a tio n s  a t  th e  Lowell Observatory and 
for Southern Hemisphere objects Morgan's group, in c o lla b o ra tio n  w ith  
Dr. Noel Argue, has observed using the AAT and the 1.9 m. telescope a t  
M ount S trom lo . The a b il i ty  to  re d u c e  d a ta  in rea l-tim e has proved 
extrem ely useful during this program m e and the observing run conducted 
in 1984 m ade p a r t ic u la r ly  e f f ic ie n t  use of tw o m ajor te le sc o p e s . 
Initially as many link sta rs  as possible were observed with the 1.9 m. 
te le sc o p e  a t  Mount Stromlo. Im m ediately the autocorrelator allowed us 
to identify 16 of the objects to  have multiple s tru c tu re  in th e  range 
0.07 to  1.0 a rc se c o n d s . N in e ty  fo u r s ta r s  w ere  un reso lved  by the
1.9 m. telescope. Of these 94 s ta rs , 29 were observed w ith  th e  AAT 
over the range 0.03 to 0.7 arcseconds and 6 of them were resolved as 
m u ltip le  o b jec ts . On returning to  Imperial College the en tire  da ta  set 
was re-analysed by the a u th o r  and th e  123 s ta rs  w ere  d ivided into
th re e  c a te g o r ie s :  th o se  w hich show ed no ev idence  of m u lt ip le
s t ru c tu re ;  th o se  w hich d isp lay ed  som e ev id en ce  of possible multiple
s t ru c tu re ;  and th o se  w hich show ed stro ng  ev idence  of m u ltip le
s tru c tu re . A c o m p le te  l is t  of th e se  re s u lts  has been published by
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Figure 7.1 Radial Profile Through the Autocorrelation of 
AGK+0°2717 a t an A utocorrelation Angle of 105° Showing a 

Binary Peak a t  0.59 Arcseconds.

Argue e t  al. [76] and the  paper appears in the Publications Section of
th is  th e s is . An exam ple  of th e  b inary  s t ru c tu re  observed  in a
Hipparcos link star is given in Figure 7.1. During th e  d a ta  red u c tio n
no a t te m p t  w as made to co rrec t for the seeing pedestal as the main 
o b je c tiv e  of th e  su rvey  was m ere ly  to  id en tify  any o b je c ts  w ith
structu re  above 0.05 arcseconds.

To date  160 c a n d id a te  s ta r s  h av e  been observed  in th e  Southern  
Hemisphere [76,77]. It is found th a t 30% of the stars chosen from sky 
survey  p la te s  as su ita b le  link s ta r s  a re  resolved as m ultiple objects 
by the Im perial College speckle system  used on the AAT. This severely 
lim its  th e  num ber o f s ta r s  a v a ila b le  to  link th e  H ipparcos and 
ex tragalactic  reference  fram es, and there  may be long periods of tim e 
during which an object has no suitable guide star.

7.3 The Magellanic Cloud Planetary Nebula SMC N2.

A know ledge of the shell masses of planetary nebulae is of in terest 
for th ree d is tin c t rea so n s. F irs t ly  to  q u an tify  th e  e x te n t  to  which
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low to  in te rm e d ia te  mass s ta rs  contribute to the chem ical enrichm ent 
of th e  in te r s te l la r  m edium . Secondly  from  th e  shell m ass i t  is 
possible derive the properties of th e  p ro g e n ito r  s ta r .  The m asses of 
th e  c e n tra l  w h ite  dwarf s ta rs  in planetary nebulae can be determ ined 
by f i t t in g  m odel e v o lu tio n a ry  p a th s  th rough  th e ir  positio n  in th e  
H ertzsprung-R ussell (H R) d iag ram . Then th e  m asses o f th e se  w h ite  
dw arfs can be re la te d  to  th o se  of th e  p ro g e n ito r  s ta rs  on th e
a sy m p to tic  g iant branch (AGB) of the HR diagram, and eventually the
m asses of th e  w h ite  d w a rfs  can  be re la te d  to  th e  o rig in a l m ain
sequence s te l la r  m asses. F in a lly  a know ledge of p la n e ta ry  n eb u lae  
sh e ll m asses as a fu n c tio n  of th e  central ste lla r masses will aid in 
determ ining the physical processes involved in the e jec tio n  m echan ism .

In o rd e r to  determ ine th e  shell mass of a planetary nebula the ion 
num ber d e n sity  m ust be c a lc u la te d  as a fu n c tio n  of th e  n e b u la 's
radius. However, to o b ta in  th e  d a ta  req u ired  fo r th is  c a lc u la tio n  a
well reso lv ed  p lanetary  nebula a t  a known distance must be observed. 
The planetary nebulae in our own g a laxy  a re  indeed  e as ily  re so lv e d , 
but their distances are only known to  an accuracy of approximately 50% 
[78] and it  is necessary to  look outside the Galaxy.

The M agellanic Clouds, which a re  visible in the Southern Hem isphere, 
a re  tw o dw arf irregular galaxies lying some 60 kiloparsecs (kpc) from
our own galaxy. Their d is ta n c e s  a re  known to  an a cc u rac y  o f 15%
because  each  galaxy  c o n ta in s  a num ber of in d ep en d en t d is ta n c e
c a l ib ra to rs  [79]. A t th is  p o in t i t  is useful to introduce the concept 
of distance m odulus. This is  a m easu re  of d is ta n c e  o f te n  used  on 
galactic  scales. The d ifference betw een the apparent magnitude, m, and 
th e  a b so lu te  m ag n itu d e , M, of an  o b je c t is re la te d  to its  distance 
from us in parsecs, d, by:

m - M = 5 . ( log1Qd - 1 )

The Magellanic Clouds have an approxim ate distance modulus of 18.9 and 
th e  like ly  u n c e r ta in ty  in th is  is ±0.3. The rem o te n e ss  of th e  
Magellanic Clouds has lim ited the number of planetary nebulae th a t can 
be reso lved  by s ta n d a rd  im aging techniques [80], and the m ajority of 
them  a re  e x p e c te d  to  have  d ia m e te rs  of less th an  one a rc seco n d
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[81,82]. The te c h n iq u e  of sp ec k le  in te r fe ro m e try  has been used to 
observe  th e se  p la n e ta ry  n eb u lae , and angu lar d ia m e te rs  and rad ial 
b r ig h tn e s s  d is tr ib u tio n s  have  b een  d e rived . In -* th is  se c tio n  the 
results lo r  SMC N2 are  presented.

During November 1983 and October 1984 Dr. M. Barlow, of University 
C o llege , and Mr. H. V ine, of Im p e ria l C o llege , co n d u c ted  speckle  
observations of M agellanic Cloud planetary nebulae with th e  A AT. The 
o b se rv a tio n s  w ere  m ade th ro u g h  'n a rro w  band f ilte rs  and the ta rg e t 
planetary nebulae were chosen from  those best observed a t  optical and 
u l tr a v io le t  w av e len g th s  in p rev io u s  su rveys [81 ,82 ,83 ,84]. A second 
consideration in our choice of nebulae was th a t they be op tica lly  th in  
in th e  hydrogem  Lyman continuum  so th a t the ionised nebula mass is 
equal to  the to ta l shell mass.

The observations of SMC N2 w ere made through a 75 mm. objective 
lens and w ith  th e  in te rferom eter a t  the f / 15 focus of the AAT. This 
gives a pixel size of 0.018 a rc se c o n d s  and allow s th e  d e te c t io n  of 
se p a ra tio n s  up to  1.1 a rc se c o n d s . The f i l t e r  used had a 5 nm. 
bandpass c e n tre d  on th e  0111 (300.7 nm .) em ission l in e .  T h is
p a r t ic u la r  f i l t e r  w as chosen  to  supp ress th e  s te l la r  background ; 
because its strength  is typically ten  tim es th a t  ’of th e  H3 lin e ; and 
b ecau se  th e  b rig h tn ess  distributions of most planetary nebulae in OIII 
line a re  v ery  s im ila r  to  th o se  in th e  HB line  [88]. SMC N2 was 
observed  fo r 60 m in u tes  and im m e d ia te ly  a f te rw a rd s  an unresolved 
re fe re n c e  s ta r ,  SAO 235683, w as observed  fo r 30 m in u tes . The 
azim uthally averaged a u to c o r re la t io n s  of th e se  o b jec ts  a re  shown in 
F igu res 7.2 an d  7 .3  r e s p e c t i v e l y .  T he a z im u th a l ly  a v e r a g e d  
c ro s s -c o rre la tio n s  of th e se  re c o rd s  a re  shown as th e  so ild  cu rv es  
no rm alised  to  th e  co rre sp o n d in g  a u to c o rre la t io n  a t  low  s p a t i a l  
f re q u e n c ie s . The r e fe re n c e  s ta r  autocorrelation in Figure 7.3 displays 
the smooth seeing pedestal of an unresolved object and th e  d if fe re n c e  
be tw een  th e  a u to c o rre la tio n  and the  cross-correlation falls to zero a t  
1.8 arcseconds. This is c o n s is te n t  w ith  a po in t so u rce  as shown in 
S ec tion  6.3. The seeing co rrected  autocorrelation of SMC N2, displayed 
as the dashed line in Figure 7 .2 , possesses an ex ten sio n  ou t to  0.3 
arcseconds.
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Figure 7.2 The Azim uthally Averaged Autocorrelation (............ ),
C ross-correlation (----------) and Seeing C orrected

A utocorrelation ( -------- ) of SMC N2.

ARCSECONOS

Figure 7.3 The Azim uthally Averaged Autocorrelation ( .........
C ross-correlation (---------- ) and Seeing C orrected

A utocorrealtion ( --------- ) of a Reference Star.
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Figure 7 A  The Radial Emissivity (----------) and
Brightness (---------- ) Models for SMC N2.
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Figure 7.5 The Seeing C orrected  A utocorrelation ( • • « ) of SMC N2 
Normalised to the D iffraction Limited Image of the Brightness 

Model's A utocorrelation (--------- ).
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With the im plem entation o f the W elter and Worden seeing correction , 
and no ting  th a t  the speckle com ponent in Figure 7.2 lies well outside 
the photon spike, it  is possib le  to  m odel th e  b rig h tn ess  d is tr ib u tio n  
of SMC N2 assuming azim uthal sym m etry. This assumption can be made as 
no g ro ss  f e a t u r e s  o c cu re d  a t '  sp e c if ic  angles w ith in  the  .180° 
a u to c o r r e l a t io n .  To d e riv e  th e  p la n e ta ry  n eb u la 's  d ia m e te r  and 
b r ig h tn e s s  d is tr ib u tio n  v a rio u s  m odels w ere  a u to c o r re la te d . This 
a u to c o r re la t io n  was th en  convo lved  w ith th e  A iry p a tte rn  of th e  
telescope and the resulting d is tr ib u tio n  was com p ared  to  th e  see in g  
c o r re c te d  a u to c o r re la t io n  d e riv e d  from  our observations. Uniform or 
centrally  peaked distributions yielded fu n c tio n s  th a t  did no t re sem b le  
th e  e x p e rim e n ta l d a ta . When th e s e  functions were normalised to  the 
seeing corrected  a u to c o rre la tio n  th e i r  in te n s ity  b e tw een  0.1 and 0.2 
a rc seco n d s w as found to  be  too  g re a t .  T herefore , as many galactic  
planetary nebulae exhibit a sym m etrical ring or shell s t ru c tu re  i t  was 
decided  to  e x p e rim e n t w ith  m odels having such peaks in th e ir  
brightness distributions. These models w ere  d e riv ed  from  fu n c tio n s  of 
th e  type  described by H arrington and Fiebelman [74] (see Section 6.5).

One half of th e  ra d ia l b r ig h tn e s s  d is tr ib u tio n  of th e  b e s t - f i t t in g  
m odel is shown in F igu re  7 .4 . This co n sis ts  of an edge brightened 
disc; the peak intensity occuring a t  a rad iu s  of 0.1 a rc seco n d s . The 
dashed cu rv e  in F igu re  7 .4  is th e  em issiv ity  model which has been 
p r o je c te d  a lo n g  th e  l in e  o f s ig h t  to  p roduce  th e  b rig h tn e ss  
distribution. The im age  of th e  b r ig h tn e ss  m o d e l's  a u to c o r re la t io n  is 
shown in F ig u re  7.5 n o rm a lise d  to  th e  observed  seeing  c o r re c te d  
a u to c o r re la t io n . T here  is good agreem ent between this model and the 
s e e in g  c o r r e c t e d  a u to c o r r e l a t io n  down to  0.1 a rc seco n d s . For 
se p a ra tio n s  less than  0.1 a rc se c o n d s  th e  "photon spike" d o m in a tes  
th e  s e e in g  c o r r e c t e d  a u t o c o r r e l a t i o n .  As th is  "photon sp ike" 
contam ination is n o t m odelled  th e  d if f ra c tio n  lim ite d  im age o f th e  
b r ig h tn e s s  m o d e l 's  a u t o c o r r e l a t i o n  and  th e  s e e in g  c o r e c te d  
au toco rre la tion  d iv e rg e . H ow ever, any deconvo lu tion  of th e  derived  
model w ith the impulse response of the speckle system (as described in 
S ec tion  6.3) w ill no t a l te r  th e  position  of th e  b rig h tn ess  peak .
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7.4 The Mass of SMC N2.

The O il I brightness distribution of SMC N2 can be assumed to be the 
sam e as th a t  for HB [85,86]. Then the to ta l H8 flux em itted by the 
nebula a t a distance D is given by:

4tt.D 2. I(H 6) = Y.ae f f (H B ) .h .v 0 . J  4 <T.£.nH2(r). r 2dr Eq. 7.1

where I(H8) = the de-reddened HB flux a t the earth ,
a e ff(H 8) = partia l recom bination coefficient of hydrogen, 
c = the filling fac to r,
Y = ( 1 + n(He+)/n(H + ) +■  2 n . (He2+)/n(H +) ),
n( ) = the local density of th e  designated species,
nH(r) = the density o f hydrogen as a function of radius, r.

In a sim ilar manner th e  e m iss iv ity  d is tr ib u tio n , e ( r ) ,  as a fu n c tio n  
of radius is:

e (r) = K .y .a e f f (H 6 ) .h .V g .E .n H2(r) Eq. 7.2

w here K is som e c o n s ta n t. S u b s titu tin g  from  eq u a tio n  7.2 in to  
equation 7.1 leads to an equation for K:

K = ( 1 /  I (H 6 ) .D 2 ) . /  e ( r ) .r !d r Eq. 7.3

The integral in equation 7.3 can be numerically ev a lu a ted  using the  
fu n c tio n  d e riv ed  fo r e ( r )  w hich is shown as th e  dashed cu rv e  in 
F igu re  7 .4 . H ence, K can  be c a lc u la te d  and  u sed  to  d e r iv e  
nj_j(r).eT as:

nH2(r) .c  = e (r) /  ( K .y .a e f f (H 8) . h .Vg ) Eq. 7.4

In c a lc u la tin g  e ( r )  from  the equations described in Section 6.4 the 
param eters used were: k = 1, n = 10, and h = 0.036 a rc se co n d s . To 
allow  th e  e v a lu a t io n  o f n ^ ( r )  . z 1 an  o b s e rv e d  HB f lu x  of 
F (H 0 ) = 1.7 x 10 -1 3 e rg s /c m 2/s  [87,88] and a to ta l  reddening of 
0.06 [89,90] w ere  ad o p ted . This g ives a d e -red d en ed  HB flux  of 
I(H8)~ = 2.07 x 1 0 -13 e rg s /c m 2/s .  The 0111 e le c tro n  te m p e ra tu re
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used in c a lc u la tin g  a e £^(H 8) w as tak en  as 13400 K. and the value 
of y  adopted was 1.13 [83]. Finally, the value of D adopted was 57.5 
kpc. [91,92].

H aving derived  the radial density distribution of SMC N2, it is now 
possible to calcu late  the ionised nebula mass given by:

. 47T.r2dr, Eq. 7.5

where m ^  = mass of the hydrogen atom , 
y = ( 1 + 4n .(H e)/n (H ) ).

The integral in equation 7.5 has been numerically evaluated , and from  
the work of Aller [83] y = 1.43. This gives:

M(PN) = 0.107. e iM 0.

M(PN) = y ..mj_j .e 2./nj_j(r). e

To d e te rm in e  th e  nebula  mass all th a t now remains is to derive a 
value for the filling fac to r. ‘As th e  mean nebu lar e le c tro n  d e n s ity  is 
a m easu re  of th e  lo ca l e le c tro n  d en sity  w eigh ted  by th e  lo ca l 
em iss iv ity  a v e ra g e d  over th e  e n t i r e  nebu la , i t  is possible to  w rite:

<ne> = e .n ; . r 2dr / / v ,nj. r .dr

where n  ̂ = local ion density,
n£ = local electron density.

Eq. 7.6

As ne = Y ,.nj and if w e assum e n  ̂ « nj_j, th en  eq u a tio n  7.6 
becomes:

<ne> .e2 = ( r) .e  2. r 2dr / / nH2( r ) .£ . r 2dr Eq. 7.7

The n u m e rica l e v a lu a tio n  of e q u a tio n  7.7 leads to  a va lue  for 
<ne > . e1 of 1.13 x lO V c m 3. From  o b serv a tio n s  of th e  e le c tro n  
d en sity  s e n s i t iv e  O il  (3 7 2 .6  n m ., 372 .9  n m .) d o u b le t  r a t io  
<ne> = 2850/cm 3. This gives:

e = 15.86.
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4 This is c le a r ly  an u np hysica l r e s u l t  as th e  fillin g  fa c to r  can n o t 
exceed  u n ity . T here  are tw o possible explanations for this; either the 
v a lu e  of <ne > is i n c o r r e c t  ( th i s  is u n lik e ly  as in dep end en t 
observers have obtained very sim ilar va lues); or th e  assum ption  of a 
un ifo rm  fillin g  f a c to r  o v e r th e  nebu la  is too  great a simplification 
of the actual s itu a tio n . In th e  a b se n c e  of a m ore a c c u ra te  nebu la  
model the value of z = 0.7 used by Wood [93] has been adopted. This 
gives a nebula mass of:

M(PN) = 0.09. M0.

The d e riv ed  nebu la  m ass is su rp ris in g ly  insensitive to the position
and form of the em issivity in Figure 7A .  The nebula  m ass g iven by 
eq u a tio n  7.5 is p ro p o rtio n a l to  th e  in te g ra l of n ^ ( r )  . z 2 . r 2.d r

i  iand to  e 2. The va lue  of z 2 is  g iven by equa tio n  7.7 which has
a c o n s ta n t d en o m in a to r fo r  a f ix e d  value  of th e  H3 flux , I (H 3) 
( s e e  e q u a t io n  7 .1 ) .  T h e r e f o r e ,  i f '  we su b s ti tu te  for z 2 fro m  
e q u a t io n  7 .7  in to  e q u a t io n  7 .5 , th en  s u b s ti tu te  fo r nj_j(r) . e 2
from equation 7A  and finally substitu te  for K from eq u a tio n  7.3, th e  
following result is obtained:

f e  /z(r),  r 2d r . fe*{r) . r 2dr
M(PN) * — - ------------------ - --------------------  Eq. 7.8

(J e ( r ) . r 2.dr . ( f e ( r ) .r? d r  )*

For th e  G aussian  fu n c tio n s  used  to  c a lc u la te  the emissivity, e (r) , 
the ratios of th e  in te g ra ls  in e q u a t io n .  7.8 rem ain  c o n s ta n t if  th e
h a lf w id th  of th e  d e riv ed  em issivity is changed. For example, if the
half width of the em issivity peak in Figure 7A  is in c rea se d  by 50%,
th e  d e riv ed  f ill in g  f a c to r  d e c re a s e s  from  15.86 to  12.93, b u t th e  
derived nebula mass is unchanged. From equa tio n  7.8 i t  can be seen  
th a t  th e  nebula  m ass is a lso  in d ep en d en t of th e  rad ius of th e
e m iss iv ity  peak . T h e re fo re , th e  ±1 pixel a c c u ra c y  to  which th e
position of the peak can be found, and any deconvolution of the model 
with the impulse response of the system  do not introduce an e r ro r  in 
the derived nebula mass.

In conclusion  i t  is th e  f ill in g  fa c to r ,  e, th a t  is sen s itiv e  to 
any u n c e r ta in tie s  in th e  m odelling  of th e  b rig h tn ess  distribution of
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SMC N2. The value of e d e riv e d  from  th e  b e s t f i t t in g  m odel was 
g re a te r  th an  u n ity . Therefore, e = 0.7 was adopted as this value has 
been used by both Wood e t  al. [93] and Harrington and Fiebelman [74]. 
The most im portant source of erro r in the nebula mass estim ate  is the 
uncertainty with which the d istance to the planetary nebula is known. 
If th e  d is ta n c e  m odulus is ta k e n  as 18.8 ±0.3 this leads to a error 
in th e  nebu la  m ass of 30% . T h e re fo re , M (PN) = 0 .0 9 ± 0 .0 2 7  M^.

The d a ta  fo r  SMC N2 w a s  o r ig in a l ly  ana ly sed  b e fo re  th e  
cross-correlator was in operation and the re s u lts  of th is  an a ly sis  a re  
p re se n te d  in a p ap er in th e  Publications Section. The seeing pedestal 
was m odelled  by a sm oo th  G aussian  fu n c tio n . The derived  see in g  
corrected  autocorrelation p o ssessed  se v e ra l f e a tu re s  ab se n t from  th e  
see ing  c o r re c te d  a u to c o rre la tio n  calculated  by the Welter and Worden 
method. These spurious fea tu res can be a ttribu ted  to varia tions in th e  
see ing  w hich p roduced  changes in the gradient of the autocorrelation. 
The c ro s s -c o rre la t io n  also  c o n ta in s  th e se  f e a tu re s  and, th e re fo re ,  
when th e  c ro ss-c o rre la tio n  is subtracted  from the autocorrelation they 
a re  do no t ap p e a r in th e  see in g  c o r re c te d  a u to c o rre la t io n . This 
re -in te rp re ta tion  of the resu lts fo r SMC N2 shows th e  value  of th e
cross-correlator.

7.5 The Galactic Planetary Nebula VY 2-2.

To c o n firm  th e  v a lid ity  of th e  modelling procedure adopted in the 
analysis of the Magellanic Cloud Planetary nebulae i t  was dec id ed  to 
observe  a c o m p ac t g a la c t ic  p la n e ta ry  nebu la  w h o se  b r ig h tn e s s  
d is tr ib u tio n  had been in d e p e n d e n tly  determ ined. The planetary nebula 
VY 2-2 is a suitable candidate as i t  has been observed by Seaquist and 
Davis [94] with the Very Large Array (VLA). The 15 GHz. map of VY 2-2 
is shown in F ig u re  7 .6 . The dom inent fea tu re  is the sym m etric ring 
structu re  with a radius of 0.2 a rc se co n d s . As th e  rad io  flux  is due
to  hydrogen  f r e e - f r e e  em ission  th e  rad io  "brightness” should be the
same as the H8 brightness distribution.

VY 2-2 was observed  w ith  th e  AAT th rough  th e  0111 f i l t e r  and 
th rough  a ln m . bandpass HB f i l t e r .  F igu res 7.7 and 7.10 show the 
a z im u th a lly  av e ra g e d  a u to c o r re la t io n s  of o b serv a tio n s  m ade in th e
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Figure 7.6 Seaquist and Davis' 15 GHz. VLA Map of VY 2-2.

F ig u re  7 .7  T he A z im u th a lly  A v e ra g e d  A u to c o rre la tio n  (.............. ),
C ro s s -c o r re la t io n  (-----------) and  S eeing  C o r re c te d  •

A u to c o r re la t io n  (----------- ) o f VY 2-2  in O III .
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Figure 7.8 The Radial O il I Brightness Model of VY 2-2.

F ig u re  7.9 T he S ee in g  C o r r e c te d  A u to c o r re la t io n  ( • • • ) o f VY 2-2  in
O il  I N o rm a lise d  to  th e  D if f r a c t io n  L im ite d  Im a g e  o f  th e  B rig h tn e ss

M o d el's  A u to c o r re la t io n  (-----------).
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Figure 7.10 The Azim uthally Averaged Autocorrelation (••
C ross-correlation (--------- ) and Seeing C orrected

A utocorrelation (----------) of VY 2-2 in H3-

*),

ARCSECONOS

F ig u re  7.11 T he A z im u th a lly  A v e ra g e d  A u to c o r re la tio n  (.............. ),
C ro s s -c o r re la t io n  ( -----------) and Seeing  C o r re c te d

A u to c o rre c a l t io n  (-----------) of a  R e fe re n c e  S ta r .
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Figure 7.12 The Radial H8 Brightness Model (--------- ) of VY 2-2
and North South Profile  Through Seaquist and Davis' 15 GHz.

VLA Radio Map of VY 2-2 ( •  • • ).
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Figure 7.13 The Seeing C orrected  Autocorrelation (• • •) of VY 2-2 
in HB Normalised to the D iffraction Limited Image of the 

Brightness Model's A utocorrelation (--------- ).
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0111 and H8 lin es  r e s p e c tiv e ly . A fte r  s u b tra c t io n  of s u i ta b ly  
n o rm alised  c ro s s -c o rre la t io n s  b o th  see ing  c o r re c te d  au to c o rre la tio n s  
show  a f e a t u r e  a t  a b o u t  0.4 a rc seco n d s . F igu re  7.11 is the  
autocorrelation of a re fe rence  s ta r, SAO 104799, and a fte r  su b tra c tio n  
of th e  c ro ss-c o rre la tio n  . the  speckle component is consistent with that 
of a point source, falling to  zero  a t  0.2 a rcseco n d s. The b rig h tn e ss  
d is tr ib u tio n s  c o n s tru c te d  fo r VY 2-2 a re  shown in F igures 7.8 and 
7.12. The d iffraction lim ited im ages of th e  a u to c o rre la t io n s  of th e se  
b rig h tn e ss  d is tr ib u tio n s , n o rm a lise d  to  th e  0111 and H8 se e in g  
c o r re c te d  a u to c o r re la t io n s , a re  shown in F igures 7 .9  and  7 .1 3  
re s p e c tiv e ly . The O il I d is tr ib u tio n  is a single azim uthally sym m etric 
ring with a peak in tensity  a t  a radius of 0.205 arcseconds, w hile th e  
H6 d a ta  is b e s t modelled by a ring which peaks a t  a radius of 0.22 
arcseconds and a second ring of sm aller amplitude a t a radius of 0.43 
a rc se co n d s . The d o tte d  c u rv e  in F igure 7.12 is a north-south profile 
through the 15 GHz. VLA radio map. There is good agreem ent between the 
p o sitio n  of th e  peaks in th e  m odel H8 b rig h tn ess  d is trib u tio n  and 
th o se  in th e  rad io  b r ig h tn e ss  d is tr ib u tio n . H ow ever, th e  m odels 
derived  from  sp eck le  observa tions do not contain the cen tral infilling 
present in Sequist and Davis' r e s u l t .  A possib le  ex p lan a tio n  fo r th is  
is re v e a lle d  in a s tudy  o f d eco n v o lu tio n  tech n iq u es  by Cobb and 
McCarthy [95]. This showns th a t the CLEAN algorithm , used to resto re  
VLA d a ta , is n o t e ffe c tiv e  in resolving closely spaced delta  functions 
as it  produces s ign ifican t in f illin g . H ow ever, i t  was found th a t  th e  
Maximum Entropy deconvolution algorithm  is able to resolve such de lta  
functions. Rodriguez [96] has used the  Maximum E ntropy  a lg o rith m  to  
deconvolve recent VLA observations of VY 2-2. The resulting image is a 
ring of radius 0.2 arcseconds which is broken in th ree p laces and has 
no v isib le  c e n tra l  in fillin g . T h e re  is a lso  ev idence  of an extended 
gas cloud beyond the inner ring. This is in very good a g ree m e n t w ith  
th e  H8 b rig h tn e ss  d is tr ib u tio n  d e riv ed  from the speckle observations 
and confirms the validity of the da ta  reduction methods. The signal to 
no ise  ra t io  of ind iv idual p ro f ile s  th rou gh  th e  a u to c o rre la t io n  of 
VY 2-2 is no t su ffic ien t to  allow the detection of the breaks in the 
inner ring, but from the c ircu lar averages taken the dimensions of th e  
planetary nebula have been determ ined.
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7.6 The Planetary Nebula IC 4997.

IC 4997 is a young G a la c t ic  p la n e ta ry  nebu la . I t  is of in te re s t 
because it is a t the beg inn ing  of th e  p la n e ta ry  nebula e v o lu tio n a ry  
sequence  and its  em ission  line  in te n s it ie s  a re  v a riab le  [97]. The 
OIII/Hy ratio  s tead ily  d e c lin e d  from  1895 to  1962 [98], A re v e rsa l 
of th is  tre n d  began  in 1962 and has continued to the present. The 
presence of the H ell emission line suggests a cen tral star te m p e ra tu re  
of a t  le a s t 65000 K. E lectron densities have been given by Flower e t 
al. [99] and updated by Feibelm an [100]. An accurate  d e te rm in a tio n  of 
i ts  an g u lar d ia m e te r  will allow an estim ate  of its linear d iam eter to 
be m ade and com bin ing  th is  r e s u l t  w ith  th e  sp e c tro p h o to m e tr ic  
o b se rv a tio n s  a llow s th e  c h a r a c te r is t ic s  of the nebula and its cen tra l 
s tar to  be derived.

Observations of IC 4997 w ere made on 13th. October 1984 using the 
AAT. A 75 mm. objective was used, the in terferom eter was placed a t  the 
f /1 5  c a sse g ra in  focus and th e  p rev io u sly  d esc rib ed  H$ f i l t e r  was 
em p loyed . A u to c o rre la tio n  and c ro s s -c o rre la tio n  of a 10 m in u te  
photon-counting observation produced the  az im utha lly  av erag ed  p ro f ile s  
shown in F ig u re  7 .14. The see in g  c o r re c te d  a u to c o r r e la t io n  is 
c o n sise n t w ith  th a t  of an u n reso lv ed  so u rce , falling to zero a t  0.2 
arcseconds. The seeing co rre c ted  a u to c o r re la t io n  of a r e fe re n c e  s ta r  
is shown in F igu re  7.15 and th is too falls to zero a t  0.2 arcseconds. 
H o w e v e r , t h e r e  is a n o th e r  p o ss ib le  m odel for th e  b r ig h tn e ss  
distribution of the planetary nebula; a disc of un ifo rm  in te n s ity  w ith  
a d ia m e te r  g r e a te r  th an  th e  a u to c o r r e la to r 's  fie ld  of view. In this 
case the speckle com ponent occupies th e  whole a u to c o rre la t io n  fie ld . 
T h e re fo re , the point a t which the speckle component departs from the 
see ing  p e d e s ta l is n o t known and th e  W elter and Worden seeing  
c o rre c tio n  c an n o t be c o r re c t ly  im p lem en ted . If the cross-correlation 
is norm alised  to  th e  a u to c o r re la t io n  a t  low sp a tia l f re q u e n c ie s  no 
ex ten sio n  w ill be a p p a re n t in the  seeing corrected  autocorrelation. In 
fac t the transfer function of a photon detecto r can be determ ined from 
observations of uniform low intensity  light.

A 75 mm. m icroscope objective was used to observe IC 4997 and this 
g ives an a u to c o r re la t io n  f ie ld  of 1.1 arcseconds. Therefore, the two
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Figure 7.14 The Azimuthally Averaged Autocorrelation (--------- ),
C ross-correlation (----------) and Seeing C orrected

A utocorrelation (--------- ) of IC 4997.

ARCSECONOS

F ig u re  7 .15 T he A z im u th a ily  A v e ra g e d  A u to c o rre la tio n  (.............. ),
C ro s s -c o r re la t io n  ( -----------) and  S eeing  C o r re c te d

A u to c o rre la t io n  (-----------) o f a R e fe re n c e  S ta r .
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possible m odels fo r th e  p la n e ta ry  nebula  a re  e i th e r  an un reso lved  
so u rce  or a disc of d iam eter g rea te r than 1.1 arcseconds. In a survey 
of stellar planetary uniform nebulae [101], K ohoutek and M artin  g ive 
th e  an g u lar d ia m e te r  of IC  4997 as 1.6 ± 0.4 arcseconds. This was 
determ ined from observations with a photoelectric area scanner on th e
1.2 m. telescope a t  the Hamburg Observatory. This result supports the 
uniform disc m odel of IC 4997. An a c c u ra te  d e te rm in a tio n  of th e  
angu lar d ia m e te r  by sp ec k le  in te r f e r o m e t r y  r e q u ir e s  a l a r g e r  
a u to c o r re la t io n  f ie ld . To a ch iev e  th is  th e  fo ca l leng th  o f th e  
o b je c tiv e  used can  be in c re a se d  or th e  o b se rv a tio n s  m ade on a 
telescope with a larger plate  scale.

7.7 The Bipolar Nebula NGC 2346.

NGC 2346 is a bipolar nebula w ith a cen tral cool A5V star [102], but 
th e  su rround ing  nebu la  e x h ib its  th e  ty p ic a l high excitation emission 
lines of a planetary nebula [103]. This suggests the presence of a ho t 
com panion  s ta r ,  indeed, Mendez [104] has confirmed this binary nature 
by observing a 16 day p e rio d  in th e  ra d ia l v e lo c ity  of th e  s te l la r  
lin e s . From  photom etric observations Kohoutek [105] concludes th a t the 
s te l la r  sy stem  is a c lo se  b in a ry , bu t th a t  th e  cond itio ns fo r th e  
eclipses are  rapidly changing. H ow ever, th e  problem  of how a sm all 
b lue s ta r  could  e c lip se  a la rg e r  A5V star still remained. Mendez e t 
al. [106] has made fu rther photom etric  observations which con firm  th e  
behav iou r of th e  lig h t c u rv e s  and he suggests th a t this is consistent 
w ith  an e c lip se  of th e  c e n t r a l  b in ary  system  by a dust c loud  of 
varying opacity.

To in v e s tig a te  th e  s t ru c tu re  o f th e  c e n tra l  so u rce  in NGC 2346 
speckle in te rferom etric  observations were made on 11th. November 1981 
using the AAT. An in te re feren ce  f ilte r  with a 55 nm. bandpass, centred  
on 500 min., iso la te d  a reg io n  of th e  sp ec tru m  dom inated  by th e  
continuous light fron the A5V s ta r .  P re lim in a ry  re su lts  have a lrea d y  
been  pub lished  [107] and the  model derived for the cen tra l region of 
NGC 2346 has a cen tra l, b r ig h t, un reso lved  source  su rrounded  by a 
un ifo rm  disc of lig h t 0 .54 a rc seco n d s  in d ia m e te r . The o rig in a l 
sp eck le  data  has now been re-analysed with the autocorrelator and the

-1 2 3 -



NU
MB

ER 
OF 

VE
CT

OR
S 

X 
100

0 
NU

MB
ER 

OF 
VE

CT
OR

S 
X 

100
0

Figure 7.16 The Azim uthally Averaged Autocorrelation ( ............),
C ross-correlation (--------- ) and Seeing C orrected

A utocorrelation (--------- ) of NGC 2346.

F ig u re  7 .17 T he A z im u th a lly  A v e ra g e d  A u to c o rre la tio n  ( .............. ),
C ro s s -c o r re la t io n  (-----------) and  Seeing  C o r re c te d

A u to c o rre la t io n  ( -----------) o f a  R e fe re n c e  S ta r .
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Figure 7.18 The Radial Brightness Model of NGC 2346.

Figure 7.19 The Seeing C orrected  Autocorrelation (•  • •) of 
NGC 2346' Normalised to  the D iffraction Limited Image of the 

Brightness Model's A utocorrelation (--------- ).
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c ro s s -c o rre la to r  to  im prove  th e  a cc u rac y  of th e  seeing  p e d e s ta l 
subtraction.

The a z im u th a lly  a v e ra g e d  a u to c o r re la t io n  and c ro ss-co rre la tio n  of 
NGC 2346 are  shown in Figure 7.16 together with the seeing corrected  
autocorrelation. Figure 7.17 shows the  same functions fo r a re fe re n c e  
s ta r .  The speckle com ponent presen t in Figure 7.16 extends out to 0.3 
arcseconds and comparisons have been made be tw een  th is  p ro file  and 
se v e ra l m odel s p e c k le  c o m p o n e n ts .  The e s t im a te d  b r ig h tn e s s  
d is tr ib u tio n  shown in Figure 7.18 is a uniform disc 0.62 arcseconds in 
diam eter. The speckle component calculated  from th is  m odel is shown 
n o rm alised  to  th e  see ing  c o r r e c te d  a u to c o rre la t io n  in F igu re  7.19. 
However, as d iscu ssed  in S ec tio n  6.3 th e  derived  b rig h tn e ss  m odel 
should be deconvolved with the  im pulse response of the speckle system . 
Such a deconvolution will reduce th e  derived diam eter by approximately 
th e  w id th  of th e  im pulse  re sp o n se . This im pulse response  has a 
d iam ete r of fou r p ix e ls , o r 0 .056 a rc se ca n d s . T h e re fo re , th e  f in a l 
e s t im a te  fo r th e  d ia m e te r  of th e  c e n tra l  reg ion of NGC 2346 is 
0.564 ± 0.028 arcseconds.

The e x te n d e d  d isc  of l ig h t p ropo sed  is p robably  produced by the 
light of the cen tra l A5V sta r sac tte red  by dust. P o tta sc h  [108] g ives 
th e  d is ta n c e  to NGC 2346 to  be 640 to 900 pc. If adopt a value of 
800 pc. then the d iam eter of the disc of dust w ill be ap p ro x im a te ly  
451 AU. This is very much g re a te r  than the disc diam eter of 60 RQ 
p re d ic te d  by M endez e t  a l. [106] from  o c c u lta tio n  o b se rv a tio n s . 
However, such sm aller dusty condensations could be contained w ith in  a 
la rg e r  dust c loud . The a u to c o r re la t io n  of NGC 2346 co n ta in s  no 
evidence of the cen tra l binary, b u t if  th e  b inary  se p a ra tio n  is 0.03 
AU (as suggested by Kohoutek [109]) a t  a distance of 800 pc. the orbit 
would su b tend  only 3 x 10 ~5 a rc se c o n d s . This se p a ra tio n  is 1000 
tim es smaller than the d iffraction  lim it of th e  AAT. A disc of dust 
0.564 a rc seco n d s  in d ia m e te r  is c o n s is te n t w ith  th e  p red ic tio ns of 
M endez [110] th a t  a ro ta t in g  d u s t cloud of d ia m e te r  less th an  2 
arcseconds must be present to explain th e  v a riab le  redden ing  of th e  
central star.
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CHAPTER EIGHT - CONCLUSIONS AND FUTURE WORK.

8.1 Improvements to the Hardware.

S in c e  th e  o r ig in a l  d e s ig n  o f  th e  Im p e ria l C o llege  Speck le  
In terferom eter there  have been several developments in the  techno logy  
a s so c ia te d  w ith  pho ton  co u n tin g  sy s te m s. The high gain EMI image 
in tensifiers used require a bulky, so len o id  fo r m ag n etic  focussing  and 
a re  no longer re a d ily  a v a ila b le . A lternative  image intensifiers, which 
may be used in the fu ture , contain microchannel p la te s  (M C Ps). Such 
in te n s if ie r s  a re  c o m p a c t, re q u ire  no m ag n e tic  focussing , can  be
driven  in to  a s a tu ra te d  s t a t e  w hich has a peaked  pulse  h e ig h t
d is tr ib u tio n  and allow  fa r  m ore f le x ib ili ty  in th e  design of th e  
sp eck le  in te r f e ro m e te r 's  o p t ic a l la y o u t. A high gain dual MCP 
in tensifie r with an active a rea  of 40 mm. is currently being developed 
by the Photon Counting Group a t  Im perial College, the Royal Greenwich 
Observatory and Instrum ent Technology Lim ited. An 18 mm. diam eter MCP 
i n t e n s i f i e r  is  u se d  in M c A l i s t e r 's  sp ec k le  c am era  [48]. This
in s tru m e n t a lso  em ploys m ic ro p ro ce sso r  c o n tro l of th e  d ispers ion  
correction prism s, th e  f i l t e r  w heel and th e  v ideo re c o rd e r  used  to 
rec o rd  sp eck le  im ag es . The rem ote control achieved allows the prism 
settings to  be c o n tin u a lly  a d ju s te d  to  g ive th e  optim um  d ispers ion
correction.

As p rev iou sly  d e sc rib e d  in C h a p te r  T hree a novel photon counting 
cam era has been developed by Papaliolios e t  al. [49]. This uses an MCP 
in te n s if ie r ,  b u t e lim in a te s  th e  c o n s tra in ts  im posed by the recording 
of conventional television im ages. The device provides a tim e  o rd e re d  
list of photon positions a t count ra te s  up to 200 kHz. with 512 x 512 
sp a tia l  re so lu tio n . The b in ary  coded data  is a convenient form at for 
com puter processing and the da ta  ra te  is se t by the number of photons 
d e te c te d , no t th e  num ber of re so lv a b le  p ixels. A dd itiona lly  th e  
a rr iv a l tim e  of each  pho ton  can be specified to a precision of less 
than a microsecond.

The Sony reel to  reel video recorders used in the Im p eria l C o llege  
sp eck le  system  p rov ide  rec o rd in g s  of good q u a lity , however-, th e ir  
p e rfo rm am c e  has now been  eq u a lled , or superseded, by more modern
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"U-m atic" recorders. Such recorders use a conveinient c a s s e t te  fo rm a t 
and have e d itin g  fa c it i t ie s  th a t would be useful in removing damaged 
television fields from observational records.

The use of the cross-correlator has greatly enhanced th e  co n fid en ce  
w ith  w hich we a re  ab le  to  c o r r e c t  fo r th e  e f f e c ts  of atm ospheric 
s e e in g  p r e s e n t  in a u to c o r re la t io n s . H ow ever, th e re  a re  se v e ra l 
improvements th a t could be made to the c ro ss-co rre la to r. E ach im age 
should be centred before processing to remove any distortion from the 
resulting c ro s s -c o rre la t io n , and th e  a b ility  to  c ro s s -c o rre la te  every  
pa ir o f fie ld s  s e p a ra te d  by a given interval would be very desirable. 
An interim  solution to  the  second problem would involve the numbering 
of each field so th a t  th e  c ro s s -c o r re la to r  could id e n tify  th e  fie ld s  
p ro cessed . Then each  tim e  th e  reco rd  is cross-correlated a d ifferen t 
s e t  o f f ie ld s  could  be an a ly sed  u n til every  f ie ld  w ere p ro cessed .

When autocorrelating  a record it  is im portant to not to  sam ple  any 
spurious s ig n a ls . The v a rio u s  f i l t e r s  d esc rib ed  in C h ap te r  F o u r 
co n sid e rab ly  red u ce  th e  e f f e c t s  of th is  noise and by examining the 
video signal on an o sc illo sco p e  i t  is possib le  to  c ru dely  judge th e  
sam pling  le v e l. We now propose to. include in the system a real-tim e 
te le v is io n  d isp lay  of th e  p o s itio n s  a t  which th e  a u to c o r re la to r  
d e tec ts  a photon e v e n t. By com p arin g  th e se  te le v is io n  im ages w ith  
th o se  analy sed  by th e  au to co rre la to r it will be possible to determ ine 
the level of sampled noise.

With the advent of new com puter arch itec tu res it is now possible to  
env isag e  f le x ib le , c o s t e f f e c t iv e  sy stem s th a t  w ill p ro cess speckle 
images in rea l-tim e . T hese new a rc h i te c tu re s  use se v e ra l ind iv idual 
p ro cesso rs  in p a ra lle l .  F u tu re  system s could contain a combination of 
d e d ic a te d  signa l p ro cess in g  e le m e n ts  (to  perfo rm  c o rre la tio n s  and 
F o u rie r  tra n s fo rm s) and p ro c e sso rs  th a t  could be p rogram m ed  to  
im p lem en t vario u s im age re c o n s tru c tio n  a lg o rith m s. Many com puter 
m a n u f a c tu r e r s  now m a rk e t p a ra lle l  p rocessin g  sy stem s and th e  
application of this technology to the reduction of speck le  d a ta  would 
be a significant advance.
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8.2 Improvements to the Processing of Data.

The ad v an tag e  of r e a l- t im e  o p e ra tio n  o ffe re d  by hardw ired  d a ta  
p ro cessin g  is o f f s e t  by th e  lack  of f le x ib ility  in h e re n t in such an 
approach to  th e  an a ly sis  of sp ec k le  im ages. To allow  so p h is tc a te d
m an ip u la tio n s  of th e  c o r re la t io n s  produced by the autocorrelator and 
cross-correlator it is proposed to  ̂ s e t 'u p  a data  link to a VAX 11/750. 
The speed, memory capacity  and softw are a v a ilab le  on th e  VAX w ill 
a llow  us to  p e rfo rm  data  analys is in both the spatial and frequency 
dom ains and in v e s tig a te  pho ton  sp ike rem oval and various im age
reconstruction algorithm s (see Section 8.3).

It was mentioned in C hapter F ive th a t photon events generally cover 
more than one pixel. This gives rise  to an anomolous "photon spike" in 
th e  reg ion  of th e  o rig in . This pho ton  spike lim its  th e  an g u la r 
resolution  of th e  sy stem  and m akes th e  e s tim a tio n  of b inary  s ta r
m agn itu de  d if fe re n c e s  im p o ss ib le , as th is  req u ire s  th e  ratio  of the 
secondary peak h e ig h t to  th e  h e ig h t of th e  a u to c o rre la t io n  a t  th e
orig in  to  be known. We intend to investigate methods of photon spike 
compensation.

In frequency space the rem oval of the photon spike co rrespo nds to  
c o r re c t in g  fo r th e  d e c te c to r  t r a n s f e r  fu n c tio n  and then subtracting 
the resulting noise bias [73]. It can be shown [111] th a t for an id ea l 
d e te c to r  (one th a t de tec ts  each photon event as a de lta  function) the 
m e a s u re d  e n s e m b le  a v e r a g e  e n e rg y  s p e c tru m  is g iv e n  by:

< | i ( u , v ) |2>m = n 2 .< | i ( u ,v ) |2> + n Eq. 8.1

where n = average number of photons per fram e,
|i(u ,v )|2 = energy spectrum  of th e  classical intensity,

normalised to unity a t  zero angular frequency.

It follows th a t the energy spectrum  of the photon lim ited data is a 
b iased estim ate  of the energy spectrum  of the classical image. In this 
case the autocorrelation would contain a delta  fu n c tio n  a t  th e  orig in  
w ith  a h e ig h t p ro p o rtio n a l to  n. In th e  m ore re a l i s t ic  case  of a 
d e te c to r  w ith  a tr a n s fe r  fu n c tio n , |g ( u ,v ) |2, no t equal to  unity
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equation 8.1 becomes:

<|i(u,v)| 2>m = [ n2. < |i(u,v)| 2> + n ] . |g (u ,v ) |2 Eq. 8.2

The de tec to r transfer function can  be d e te rm in ed  in tw o w ays. I t  
can be d ire c tly  m easu red , or i t  can  be m odelled . For a d i re c t
ca lib ra tio n , th e  d e te c to r  is  il lu m in a te d  w ith  un ifo rm  low in te n s ity  
lig h t. F or th e s e  u n c o r r e l a t e d  e v e n ts  e q u a t io n  8 .2  b e c o m e s :

< |i(u ,v)|2>m = [ n2 + n ] . |g (u ,v ) |2 Eq. 8.3

The m odelling  approach requires a two dimensional least-squares f it  
to be made to  the average energy spectrum  a t spatial frequencies above 
th e  te le sc o p e  c u t-o f f .  The ensemble average energy spectrum  is then 
divided a t  all frequencies by th e  d e riv e d  d e te c to r  tr a n s fe r  fu n c tio n .
This o p e ra tio n  m akes th e  no ise  b ias te rm  c o n s ta n t over all spatial 
frequencies. A fter subtraction of the constant noise b ias th e  d e te c to r  
t r a n s fe r  fu n c tio n  and . n o ise  b ia s  c o m p e n s a t io n  a r e  c o m p le te .

In th e  au tocorrelation  domain compensation for the de tecto r transfer 
function causes the photon sp ike  to  co llap se  to  a d e lta  fu n c tio n  a t  
th e  o rig in . This delta  function is removed by subtraction of the noise 
bias.

8.3 Solving the Phase Problem.

The energy  sp e c tru m , o r e q u iv a le n tly  th e  a u to c o rre la t io n , of an 
o b je c t c o n ta in s  no obvious in fo rm a tio n  ab o u t th e  phase of object's 
Fourier transform . T herefo re , i t  is g e n e ra lly  im possib le  to  c a lc u la te  
th e  o b je c t in te n s ity  from  i t 's  en erg y  sp ec tru m  a lo n e  an d  th e
re c o n s tru c tio n  of th e  o b je c t  in te n s ity  is o f te n  re fe r re d  to  as the 
"phase problem". The solution of the two dimensional phase problem  is 
th e  sub ject of much curren t research  and reviews are given by Dainty
[15] and by Bates [112].

T here  a re  th re e  b as ic  a p p ro a ch e s  to  th e  so lu tion  of th e  phase 
problem as it  is encountered in sp eck le  in te r fe ro m e try . The f i r s t  is

-1 3 1 -



the most simple and assumes some knowledge of the object. For' example, 
if th e  o b jec t has a sy m m e tric  in te n s ity  i t 's  F o u rie r tra n sfo rm  is 
purely  real and from continuity argum ents it can be deduced from the 
a u to c o r re la t io n . This is th e  m ethod  used to deduce th e  o b je c t
in te n s it ie s  of th e  p la n e ta ry  n eb u lae  p resen ted  in this thesis. In the 
second approach it  is assumed th a t the two dimensional phase problem  
"a lm o st alw ays" has a unique solution. If this is the case the object
intensity can then be recovered from  modulus inform ation alone. T here
is much re se a rc h  in to  th e  un iqueness of so lu tions to th e  phase 
p rob lem . N apier and Bates [113] have shown th a t a unique solution is 
m ore like ly  in th e  tw o d im en sio n a l case  than  in one d im ension . 
H ow ever, th e  co n v e rg en ce  of th e  various modulus only reconstruction 
algorithm s is the subject of much debate. The third approach e x tr a c ts  
a d d itio n a l in fo rm a tio n  f ro m  s p e c k le  im a g e s  to  u n a m b ig u o u s ly
re c o n s tru c t  th e  o b je c t in te n s ity . The fo llow ing p a rag rap h s d iscuss 
various image reconstruction algorithm s.

S peck le  hologrophy is a r e c o n s tru c tio n  m ethod  th a t  relies on the 
presence of a re fe re n c e  s t a r  in th e  sam e iso p la n a tic  p a tch  as th e  
o b je c t under s tu d y . Then th e  a u to c o r re la t io n  of the object and the 
reference star contains a te rm  equal to the o b je c t in te n s ity . W eigelt 
[114] has ap p lied  th is  m eth o d  to  re c o n s tru c t  m ultiple star systems, 
but the need for a refe rence  s ta r close to the object sev e re ly  lim its  
the application of speckle holography.

F ienup [115,116] has su g g e s te d  various i te r a t iv e  a lg o rith m s for 
com puting  th e  o b je c t in te n s i ty  from  th e  m odulus of its  F o u rie r  
tra n s f ro m . The a lg o rith m s only d iffe r  in the way in ’ which the next 
input estim ate  is de rived  from  th e  p receed in g  o u tp u t e s t im a te . An 
in itia l  e s t im a te  of th e  o b je c t in te n s ity  is m ade and its  F o u rie r  
transform  calculated . Then th e  modulus of th is  tra n s fo rm  is re p la c e d  
by the known modulus and the  resu lt is inverse Fourier transform ed to 
produce a new estim ate  of the  ob ject in tensity . The m odulus of th is  
e s t im a te  is s e t  to  ze ro  w h ere  i t  is known to  be ze ro  and where 
negative values occur. This o u tp u t e s t im a te  prov ides th e  new inpu t 
e s t im a te  fo r th e  next ite ra tio n . This algorithm can reconstruct simple 
non-sym m etric  o b je c ts , bu t i t  to  fa ils  to  converge  to  th e  c o r re c t  
so lu tion  fo r c o m p lic a te d  o b je c ts  [115]. B ates [117] has suggested a
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phase c lo su re  a lg o rith m  th a t  invo lves ca lcu la ting  the phase of each 
point ip the Fourier transform  of an object and se ttin g  th e  phase  a t  
th e  o rig in  to  z e ro . This can  be  used to  find  th e  in itia l  o b je c t 
estim ate  for a Fienup solution or an improved version may be valuable 
on its own.

The ambiguity of the phase problem can be elim inated in a number of 
w ays. W alker [118] su g g e s ts  a m ethod  in which the speckle da ta  is 
multiplied by a tw o  d im en sio n a l e x p o n en tia l d is tr ib u tio n . I t  can  be 
shown th a t  th e  en erg y  s p e c tr a  o f th e  original speckle data  and the 
exponentially modified speckle d a ta  c o n ta in  s u ff ic ie n t in fo rm a tio n  to  
g ive a unique so lu tion  to the phase problem. It then remains to  find 
an ite ra tiv e  a lg o rith m  to  u n ique ly  re c o n s tru c t  th e  o b jec t in te n s ity . 
W alker [119] uses a v a r ia n t of the Fienup algorithm which constrains 
the solution to be com patible with the energy  s p e c tra  of th e  o b je c t 
and th e  e x p o n en tia lly  m o d ified  o b je c t. T here  is only one so lu tion  
th a t  s a t is f ie s  both  s e ts  of F o u rie r  c o n s tra in ts  and th e re fo re  a 
unique solution is guaranteed.

An in tu i t iv e ly , sim ple  ap p ro ach  to  im age re c o n s tru c tio n  has been 
deve loped  by Lynds, H arv ey  and Worden [120]. It supposes th a t each 
speckle is a distorted image of the  object. To produce an "im age" a 
few bright speckles are  chosen from  each fram e and superimposed. Bates 
and Cady [121] have extended this approach and developed th e  " sh ift 
and add" te c h n iq u e . This in v o lv es  sh if tin g  each  im age so th a t the 
brigh test speckle is a t th e  o rig in  and th en  adding a ll such im ages. 
The p ro c ess  is pe rfo rm ed  for the object under study and a reference 
star. An image of the ob ject is deconvolved using th e  re fe re n c e  s ta r  
image and a standard deconvolution algorithm  such as CLEAN. Recently 
D avey e t  a l. [122] and C h ris to u  e t  al. [123] have developed further 
extensions to shift and add called "zero and add" and "w eigh ted  sh if t 
and add" re s p e c tiv e ly . Z ero  and add relies on the fac t th a t speckle 
images may be characterised  by maps of th e ir  zero s in th e  com plex 
Fourier or z plane. The zeros a re  isolated when the zero maps of many 
speckle images are superim posed  and th e  im age is re c o n s tru c te d  by 
tak in g  th e  inverse z transform . Computer simulations suggest th a t this 
imaging technique is in sen sitive  to  noise  c o n ta m in a tio n . ' In w eigh ted  
sh if t  and add a ll th e  lo c a l m axim a in a s p e c k le  im a g e  a re
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c h a r a c te r is e d  by a w e ig h te d  im p u lse  f u n c t io n .  The a v e r a g e  
c ro ss-sp e c tru m  of th e  sp eck le  im age  w ith th e  w eigh ted  im pulse
d is tr ib u tio n  is fo rm ed  and th en  deconvolved  by a division by th e  
energy  s p e c tru m  o f th e  w e ig h te d  im p u lse  d i s t r ib u t io n .  T h is  
deco nvo lu tion  method avoids the problems caused by the zeros present 
in the energy spectrum  of a reference  star.

The Knox Thompson reco n s tru c tio n  a lgo rithm  [124] involves find ing
th e  a v e ra g e  a u to c o r re la t io n  of th e  F ou rie r tra n sfo rm  of sp eck le
im ages. As th e  phase  of th e  av e rag e  autocorrelation of the transfer 
function 's Fourier transform  is ap p ro x im a te ly  z e ro  [15] i t  is possib le  
to  co m p u te  th e  phase  d if fe re n c e s  be tw een  a d ja c e n t po in ts in th e  
s p a tia l  f re q u e n c y  dom ain . The p h ase  of a po in t in th e  F o u rie r
tra n s fo rm  of th e  o b je c t in te n s i ty  is th en  given by the sum of the 
phase differences from the origin to  the point. Hence the modulus and
phase  can be e s t im a te d  a t  e ac h  sam pled p o in t and th e  o b je c t
reco n s tru c ted . N isenson and  P ap a lio lio s  [125] have in v e s tig a te d  th e  
perform ance of the Knox Thompson algorithm and i t  is found th a t i t  is 
se n s itiv e  to  th e  p re se n c e  of n o ise  and to  m ovem ent of the image 
w ith in  th e  f ie ld  of v iew . P h o to n  noise in tro d u c e s  a freq u en cy  
d e p e n d e n t  b ia s  w h ich  m u s t b e  re m o v e d  to  a llow  su ccessfu l
reconstruction.

The final reconstruc tion  a lg o r ith m  d isscussed  h e re  is th e  "speck le
m asking" te c h n iq u e  d ev e loped  by W eigelt and W irn itze r [126,127], 
R ather th an  c a lc u la tin g  an a u to c o r re la t io n  (a  c o rre la tio n  of o rd e r 
tw o) th e  m ethod  requires a th ird  order trip le-correlation  to  be found. 
The average trip le-correla tion  of a se t of speckle images is given by:

<T(x + x*)> = <[ I(x).I(x  + x*) ] * I(x)>. Eq. 8.8

E ach  sp eck le  im age is m ultiplied by a version of itself shifted by a 
vector x \ The shift v e c to r  is chosen  so th a t  th e  re su ltin g  p ro d u c t 
m ask c o n ta in s  a s e t  of d e l ta  fu n c tio n s . For photon limited da ta  a 
suitable product mask is p ro d u ced  fo r th e  se p a ra tio n s  be tw een  each  
pho ton  ev en t and every other photon event in the image. The product 
mask is th en  c ro s s -c o r re la te d  w ith  then  o rig in a l speck le  im age to 
p roduce  th e  four d im e n s io n a l  t r i p l e - c o r r e l a t i o n .  T he a v e r a g e



t r ip le -c o r r e la t io n  is F o u r ie r  tra n s fo rm e d  to produce th e  a v e ra g e  
bispectrum  and a fte r  com p ensa tion  fo r th e  speck le  m asking tr a n s fe r  
fu n c tio n , th e  phase  of th e  o b je c t 's  F o u rie r  tran sfro m  is calculated 
with a recursive a lg o r ith m . The phase  is com bined w ith  th e  known 
m odulus and th e  r e s u lt  in v e rse  F o u rie r tra n sfo rm e d  to  y ield  th e  
d i f f r a c t i o n  l im i te d  o b j e c t  i n t e n s i t y .  Such a tr ip le -c o r re la t io n  
method has several ad v an tag es  ov e r o th e r  re c o n s tru c tio n  a lg o rith m s: 
no assum ptions a re  made about the  uniqueness of the solution; it can 
be readily applied to  photon lim ited data  [128], unlike sh if t and add 
m ethods which re q u ire  b r ig h t speckles [121]; the bispectrum  is highly 
redundant and th e re fo re  th e  p h ases  can be c a lc u la te d  w ith  a good 
signal to  no ise  r a t io  [129]; and th e  tr ip le -c o r re la t io n  is insensitive 
to noise [130]. All these advantages must be weighed against the la rge  
am oun t of da ta  processing an m emory required. A recen t study of the 
requirem ents for a trip le -co rre la to r has be u n d ertak en  by M atch e r a t  
Im p e ria l College [131]. He concludes th a t for a maximum vector sh ift 
of 64 pixels the tr ip le -co rre la tio n  re q u ire s  an a rra y  w ith  (2 x 6 4 )4 
e le m e n ts . • A ssum ing 2 b y te s  p er e lem en t (this allows 65535 identical 
bivectors, to  be counted) a c o m p le te  tr ip le -c o r re la t io n  would occupy  
512 M bytes. The redundency p resen t in the bispectrum  may allow this 
f ig u re  to  be red u ced . H ow ever, w ith  th e  in tro d u c tio n  of a rra y  
p ro cesso rs  and th e  fa llin g  c o s t o f la rg e  q u a n titie s  of memory the 
g e n e r a l  a p p l i c a t io n  o f th i s  a lg o r i th m  m ay soon be possib le .

As yet image resto ra tion  techinques have only been app lied  to  th e  
s im p le s t of a s tro n o m ic a l o b je c ts .  To turn diffraction lim ited imaging 
into a technique th a t is generally applicable th e  p e rfo rm an ce s  o f th e  
various a lg o rith m s a v a ila b le  m u st be rigorously  in v e s tig a te d  and 
compared.

8.4 Observing Programmes.

There are se v e ra l o b serv ing  p ro g ram m es being u n d ertak en  by th e  
Speck le  In te rfe ro m e try  Group a t  Im perial College. The observations of 
Magellanic Cloud planetary nebulae have been extended to  a long te rm  
program m e on th e  A n g lo -A u stra lian  T e lescope ; 8 nights for speckle 
in terferom etry  and 6 nights for sp ec tro sco p y . This is a c o lla b a ra tiv e  
p rogram m e w ith  Dr. Mike B arlow  and Dr. Robin Clegg of University

-1 3 5 -



College London. F urther observations of Hipparcos link s ta rs  m ay also 
be carried out in the near fu tu re .

. v

A study' of Northern Hemisphere novae and nova-like systems has been 
u n d e r ta k e n  in c o n ju n c t io n  w ith  Dr. Mike Bode of L an cash ire  
Polytechnic. R ecent VLA and VLBI studies of such objects have shown 
th e  p re sen ce  of high v e lo c ity  je ts  and structu re  on scales of a few 
tenths of an a rc se co n d . O p tic a l sp ec k le  o b serv a tio n s  w ere  m ade in 
September 1986 using the 2.5 m. Isaac Newton Telescope and the results 
of these observations will be com pared w ith ex is tin g  rad io  d a ta .  The 
value of comparing optical and radio data  has been dem onstrated by the 
study of the galactic  p lanetary  n eb u la  VY 2-2 p re se n te d  in C h a p te r  
Seven.

8.5 Conclusions.

The an a ly sis  of sp eck le  in te rfe ro m e try  data  is a s ta tis tica l process 
w hich re q u ire s  th e  re d u c tio n  o f m any ind iv idual sp eck le  im ages. 
Therefore, a highly e ffic ien t approach to d a ta  p rocessin g  is re q u ire d . 
The ap p ro ach  d e sc rib e d  in th is  w ork involves th e  a p p lic a tio n  of 
real-tim e, hardwired co rre la to rs and i t  has produced many a s tro n o m ica l 
re s u lts  (see C hapter Seven). However, with the increased com putational 
speed offered by modern com puters and a rra y  p ro cesso rs , a so ftw a re  
based  re a l- t im e  sp ec k le  d a ta  re d u c tio n  system  can now be seriously 
considered.

To date  most published s te lla r  sp ec k le  in te r fe ro m e try  re su lts  have 
been o b ta in e d  from  the analysis of autocorrelations or energy spectra. 
With the post processing of speckle im ages th e  te c h n iq u e ’s p o te n tia l  
fo r d i f f ra c tio n  lim ite d  imaging may soon be fully realised. When this 
is achieved the im aging re so lu tio n  of o p tic a l te le sc o p e s  w ill b e t t e r  
th a t  of d ilu te  a p e r tu re  radio telescopes, such as the VLA, and allow 
the d irect com p arison  of high re so lu tio n  rad io  and o p tic a l im ages.

Speckle in te r fe ro m e try  im p le m e n te d  on a sing le  te le sc o p e  is an 
a t t r a c t iv e  te c h n iq u e  b e ca u se  of i t s  a b ility  to  yield  d i f f r a c t io n  
lim ite d  in fo rm a tio n , i t s  high m ag n itu d e  lim it and its good coverage 
of the Fourier p lane . H ow ever, th e  d ia m e te r  of a single  m irro r is
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l im ite d  and m u ltip le  a p e r tu re  in s tru m en ts  such as the National New 
Technology Telescope a n d . th e  Very Large Telescope have been recen tly  
p roposed  as th e  n e x t s te p  in th e  evolution of the optical telescope. 
The feasibility  of these designs has been proven by th e  c o n s tru c tio n  
of th e  MMT. Such te le sc o p e  a rra y s  provide large effective  apertures 
and hence the poten tial for very high angular re so lu tio n . H ebden [18] 
has a lre a d y  used th e  MMT as a phased  a rra y  and app lied  speckle 
techniques to overcome any aberations and provide d if f ra c tio n  lim ite d  
images.

S peck le  in terferom etry  is not lim ited to  overcoming only atm ospheric 
d i s t o r t i o n s .  W e ig e lt [1 3 2 ]  h a s  p ro p o se d  an Im a g in g  S peck le  
I n te r fe ro m e te r  in S pace (IS IS ). The a t t r a c t io n s  of ISIS a re  i ts  
lim iting magnitude of +24 and high resolution, 0.001 a rc seco n d s fo r a 
20 m. b a se lin e . This m u ltip le  m irro r instrum ent will produce speckle 
images because of deform ations in the structu re  and other a b e rra tio n s . 
An im age  re c o n s tru c tio n  te c h n iq u e  such as speckle masking could be 
applied to obtain d iffraction  lim ite d  im ages. H ow ever, th e  re so lu tio n  
of ISIS can be achieved and b e tte red  by ground based telescope arrays 
(p robab ly  a t  c o n sid e rab ly  le ss  c o s t) ,  and th e  lim iting  m agnitude of 
proposed te rre s tria l instrum ents, such as ESO's Very L arge  T e lesco p e , 
is c a lc u la te d  to  be +20 [133]. T h e re fo re , either in space or on the 
g ro u n d  s p e c k le  i n t e r f e r o m e t r y  w ill c o n tin u e  to  be a u se fu l 
astronom ical te c h n iq u e , and i t  w ill, no doub t, be app lied  w henever 
imaging through a turbulent medium is required.
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Summary. The core of the bipolar nebula NGC 2346 has been observed with 
the Imperial College Speckle Interferometer combined with the 3.9-m Anglo- 
Australian telescope. A disc of light 0.54arcsec in diameter surrounds an 
inner, bright, unresolved source. It is suggested that this extended region may 
be light from the central A5V star scattered off a cloud of dust =420au in 
diameter.

1 Introduction
NGC 2346 is a distinctly bipolar nebula which has a dominant cool A5V centrai star (Mendez 
1978) but the radiativelv ionized nebulosity exhibits a fairly high excitation emission-line 
spectrum (Fiebelman & Aller 1983). The presence of a hot companion is therefore suggested 
and the binary nature is confirmed by the 16-dav period in the radial velocities of steilar lines 
which has been observed by Mendez & Niemela (1981). First evidence of an eclipse of the 
A5V star was found on 1981 November 29 by Kohoutek (1982) after which several deep, 
broad, minima were observed. (Kohoutek 1983) with a 17.2±0.4 day period. Kohoutek 
concluded that the central stellar system is a semi-detached close binary having a semi-major 
axis of the relative orbit of =0.03 a u , and that the conditions for eclipses are changing rapidly. 
The problem of how a small blue star could eclipse a much larger A5V star remained 
unanswered. Mendez. Gathier & Niemela (1982) have confirmed this extraordinary behaviour 
in the light curves but suggest that these results are consistent with an eclipse of the binary 
system by a rotating dust cloud of varying opacity. The colour of the A5V star changes during 
an eclipse and there is possibly an anomalous value of the ratio of total to selective extinction 
(Kohoutek 1983).

Previously Wallerstein (1978) had suggested that the apparently binary companion of the M 
supergiant, VY Cma AB, couid in fact be a consequence of a ‘holey’ rotating dust cloud. This 
was also one of the possibilities considered for the binary component of the central star in the
'Now with Ando-Australiun Observatory. Epping. NSW 2121, Australia.
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bipolar Red Rectangle (Meaburn et al. 1983). From their observations of variable reddening 
Mendez et al. (1985) have even more recently suggested that an inhomogeneous dust cloud of 
:£2 arcsec diameter exists around the central binary system of NGC2346.

The aim of the present work was to detect any structure that may exist in the central source 
of NGC 2346 with angular dimensions between 0.03 and 0.9arcsec.

2 Observations and results
For this purpose the speckle interferometer of Imperial College of Science and Technology 
was combined with the 3.9-m Angio-Austraiian Telescope on 1981 November 1 1 . The results 
were then analysed with the hard-wired autocorrelator. Tne technical details of these 
observations are exactly the same as for previous work on the Red Rectangle (Meaburn et al.
1983) and will not be repeated here.

An interference Filter of 550 A bandwidth, centred on 5000 A, isolated a region of the 
spectrum. From a low-dispersion spectrum of the central star the emission-line contribution 
within this 550 A bandwidth is only =8 per cent of the total flux in a 4x1.8 arcsec2 aperture 
centred on the star. Therefore the speckle interferogram is expected to be dominated by the 
continuous light from the central A5V star.

Light was accepted in a 3-arcsec-square aperture, containing the central object, and the 
two-dimensional autocorrelations reveai any image structure with separations between 0.03 
and 0.9arcsec. No information is obtained for separations outside this range.

No secondary maximum in the autocorrelations which could have been interpreted as a 
binary component is detected at any position angle within this range of separation. However 
when the autocorrelations at all position angles are added together some interesting structure 
is revealed. This may be seen by comparing Fig. 1(a), which shows the integrated 
autocorrelation of the central source of NGC 2346, with Fig. 1(b) which shows the integrated 
autocorrelation of the reference star. First, it should be appreciated that the integrated 
autocorrelation of the reference star has all the characteristics of an unresolved source; the 
wing of the central photon spike merges with the Gaussian seeing pedestal at a separation of 
around 0.16arcsec. In Fig. 1(a) the corresponding curve for NGC 2346 deviates significantly 
from this shape and shows a distinct ‘kink’ for a separation of 0.54±Q.02arcsec which makes it 
impossible to fit a single convincing Gaussian to the seeing pedestal.

Model autocorrelations of a variety of sources, each with different structure can reproduce 
this behaviour. However, the simplest and most likely interpretation is that a central, bright, 
unresolved (<0.03 arcsec) source is surrounded by a reasonably uniform disc of light 
=0.54 arcsec in diameter.

3 Conclusions
A disc of continuous light at a wavelength of 5000 A. could have two origins. It is possible that 
it could be a consequence of the atomic recombination continuum from an ionized gas. 
However this seems unlikely since Walsh (1983) did not find a corresponding intense 
unresolved central peak to the Ha distribution as was seen in the comparable bipolar Mz-3 by 
Lopez & Meaburn (1983). More likely this extended disc is produced predominantly by the 
light of the central A5V star scattered by dust.

Pottasch (1983) gives a distance of between 640-900 pc to NGC 2346. Here we will adopt 
SOOpc in which case this dust disc will be =432 a u  diameter for an angular diameter of 
0.54 arcsec. This is massively larger than the 60 RQ predicted by Mendez et al. (1982) for the 
diameter of the dust concentration which would cause the occultations they observe. However
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Figure 1. (a) The mean autocorrelation for all position angles for the core of NGC 2346. A distant kink in the 
curve at 0.54arcsec prevents a single Gaussian (solid line) being fitted to the whole-seeing pedestal. A residual 
speckle component is indicated, (b) As for Fig. 1(a) but for the reference star. The Gaussian seeing pedestal is 
shown as a solid line.

the presence of a dusty core to NGC 2346 which is suggested by the present observations 
strengthens the possibility that such smail dusty condensations could exist within this larger 
volume. (Incidentally, if the binary system is separated by 0.03 a u  as suggested by Kohoutek 
(1982) then, for a distance of S00 pc, the orbit would subtend only 3x 10“5 arcsec which is 1000
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times smaller than the resolution of the speckle interferometer.) This conclusion is remarkably 
consistent with the predictions of Mendez et al. (1984) that a rotating dust cloud of <2arcsec 
must be present to explain their observations of the variable reddening of the central star.

Several further observations could be useful. For instance it would be interesting to speckle 
the core through a narrow-band Filter centred on H e r to completely eliminate the possibility 
that the disc is an ionized gas. Also, if the extended source is a stellar continuum scattered off 
dust, it should be enhanced in blue continuum light (<4000 A) and far less intense in the red 
(>6000 A). Speckle observations at these wavelengths are therefore desirable.

Longer integrations to achieve higher signal-to-noise ratios in the autocorrelation may also 
permit any change in shape of the extended cloud of dust, as a function of position angle, to 
be measured. Many bipolar nebulae have their central stars embedded in elongated discs of 
dense dust which could have been ejected from the central star in the early stages of the 
formation of a planetary nebula.

A hard-wired device is being constructed (Hebden, Morgan & Vine 1983) to cross-correlate 
sequential speckle frames (each 1/25 s in duration). When this is working the seeing pedestal 
will be subtracted automatically from the final autocorrelation; consequently the shape of the 
component of the autocorrelation in Fig. 1 produced by the extended disc will be revealed 
more precisely.

38 p
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Summary. We extend our earlier list of stars tested by speckle interferometry for 
their suitability to act as links between Hipparcos and the Space Telescope. We 
used the Imperial College, London, speckle interferometer and autocorrelator, 
first on the 1.9-m telescope of the Mt Stromlo and Siding Spring Observatories, 
then, after discarding 16 stars showing evidence of binary nature, on the Anglo- 
Australian 3.9-m telescope. We give results for 123 stars. Combined with our 1984 
list we estimate that 29 per cent of our original selection of ‘clean looking’ stars 
(on sky survey prints) are expected to be multiple at the resolution of'the 3.9-ni 
telescope, 0.03-0.7 arcsec.

1 Introduction
We present here a second list of stars which we have tested for their suitability as astrometric links 
between Hipparcos and the Space Telescope. There is a difference from the first list (Ague et al.
1984): here we initially tested as many stars as we could on the 1.9-m telescope of the Mt Stromlo 
and Siding Spring Observatories. A quick but, as it turned out, very reliable reduction of the 
video tapes enabled us to discard 16 of the objects as definitely multiple at the 0.07-1.0 arcsev 
level. The remaining objects could then be tested at the higher resolution (0.03-0.7 arcsec) 
attainable using the 3.9-m Anglo-Australian Telescope. In this way the efficiency of our use of 
the AAT was enhanced (although a few of the stars were reobserved as a check). Finally, in 
London, the entire video data from both telescopes were reduced or re-reduced.

2 Observations
At Mt Stromlo we had four consecutive nights commencing 1984 May 28/29. The weather was 
good enough for substantial progress only on the last two. The Imperial College speckle inter­
ferometer (Hebden, Morgan & Vine 1983) was mounted at the//18 Cassegrain focus, and the
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heavier parts of its equipment and the observers were on the movable platform while another 
observer selected the objects and identified them on the TV monitor in the comfort of the control 
room. The starlight was observed through filters of bandwidth 22 or 55 nm both centred at 
500 nm. In most cases the speckle exposures were of duration 0.04 s, but this was reduced to 
0.02 s or even 0.01 s as brightness or seeing demanded. The filters and exposure times are 
specified in the tables.

On the AAT we had three nights commencing 1984 June 15/16 with favourable weather only 
on the first. The interferometer was mounted at the//15 R-C focus and operated there by the 
same two observers. The filters and exposure times were the same as on the 1.9-m telescope.

A .  N . A r g u e et al. •

3 Results
Our results are given in Tables 1, 3 and 4, where the column UT specifies the time of start of the 
observation, ‘Exp’ the speckle exposure and FWHM the filter bandwidth.

4 Proportion of resolved stars
On the 1.9-m telescope we found 16 stars that had probably or possibly been resolved (Tables 3 
and 4) and 94 unresolved. Of these 94, we tested 29 at the higher resolution of the 3.9-m telescope 
and found six of them to be resolved: therefore, if we had been able to test all 94, we would have 
expected 19 to have been resolved on the larger telescope, and we would have had to transfer 
(19-6) stars from Table 1 to Tables 3 or 4, so reducing Table 1 to 88 stars and increasing Tables 3 
and 4 to a total of 35. Adding in the numbers from our previous paper, namely 27 unresolved by 
the 3.9-m telescope and 10 resolved, and allowing for the fact that SAO 231636 and 
CD-41°14398 are common to both papers, we expect 29 per cent of our candidate link stars, that

Table 1. Stars that showed no indication of multiplicity. The May measure­
ments were made on the Mt Stromlo 1.9-m telescope, those of June on the 
Angio-Australian 3.9-m telescope. The objects arc listed in order of 
increasing RA. Equatorial coordinates for stars not identified in standard 
catalogues are given in Table 2.
Star Oate UT Exp FVHH Scale

(h m) (s) (nm) (arcesc)

SAO 249926 84 May 31 03 25 0.02 55 0.1 -1 .0
SAO 249941 84 Hay 31 08 34 0.02 55 0.1 -1 .0
SAO 199266 84 May 30 08 11 0.04 55 0.1 -1 .0
SAO 154848 84 May 31 08 56 0.04 55 Q.1 -1 .0
BO-13°2746 84 May 30 08 23 0.04 55 0.1 -1 .0
SAO 179004 84 Hay 31 09 15 0.04 22 0.1 -1 .0
SAO 179028 84 May 31 09 23 0.04 22 0.1 -1 .0
SAO 179060 84 Jun 15 09 05 0.02 22 0 .0 3 -0 .7
AGK+6°1340 84 Jun 15 09 15 0 .04 22 0 .0 3 -0 .7
SAO 222592 34 May 31 09 40 0.04 55 0.1 -1 .0
BO-14°3331 84 Jun 15 09 29 0 .04 55 0 .0 3 -0 .7
BO-13°3381 84 Jun 15 09 22 0.04 22 0 .0 3 -0 .7
AGX+0°1486 84 Hay 28 09 42 0.04 22 0.1 -1 .0
SAO 180169 84 Hay 31 10 19 0 .02 55 0.1 -1 .0
SAO 180172 84 Jun 15 09 39 0.04 22 Q.0 3 -0 .7
SAO 180174 84 May 30 10 06 0.04 22 0.1 -1 .0
SAO 202795 84 Jun 15 09 44 0.01 22 0 .0 3 -0 .7
CD-37°7473 •84 May 31 10 44 0.04 22 0.1 -1 .0
BCMD°2845 34 Hay 28 09 54 0.04 55 0.1 -1 .0
AGK+C°1515 84 May 28 10 24 0.04 22 0.1 -1 .0
1222+037(1) 84 Jun 15 Q9 59 0.04 55 a .0 3 -0 .7
AGK+2°1579 84 May 28 10 10 0.04 22 0.1 -1 .0
CO-25°9428 84 Hay 31 10 53 0.04 55 0.1 -1 .0
CD-24°10532 84 May 31 11 01 0.04 55 0.1 -1 .0
SAO 181097 84 Jun 15 10 24 0.04 22 0 .0 3 -0 .7
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Table 1 -  continued
S tar Oate ur Cx0 HiHM Scale

(h m) (3 ) (rvn) (a rccac)

SAO 157525 84 Jun 15 10 31 0.01 22 0 .0 3 -0 .7
1251-055(1) 84 Hay 31 11 19 0 .04 55 0.1 -1 .0
CD-31“9972 84 Hay 30 10 48 0 .04 22 0.1 -1 .0
SAO 203990 34 Hay 23 10 51 0 .04 22 0.1 -1 .0
80-9°3615 84 Hay 30 11 09 0.04 55 ' 0.1 -1 .0
SAO 157711 84 Jun 15 10 48 0.04 22 0 .0 3 -0 .7
CD-32°9235 84 Jun I 5 11 31 0 .04 55 0 .0 3 -0 .7
CD-33“ 8944 84 Hay 30 '• 11 13 0 .04 55 0.1 -1 .0
CD-43“ 6312 . 84 Jun 15 11 03 0 .04 22 0 .0 3 -0 .7
SAO 224510 34 Jun 15 11 24 0 .04 55 0 .0 3 -0 .7
SAO 158248 34 Jun 15 11 14 0 .04 22 0 .0 3 -0 .7
SAO 158625 84 Hay 23 11 53 0 .0 4 22 0.1 -1 .0
CD-37°9770 84 Hay 31 11 42 0 .0 4 55 0.1 -1 .0
CD-37 °9771 84 Jun 15 11 40 0 .0 4 55 0 .0 3 -0 .7
BO-5 °4Q27 84 Jun 15 11 52 0 .04 55 0 .0 3 -0 .7
SAO 140372 84 Hay 31 13 18 0 .0 4 22 0.1 -1 .0
CD-23 “12184 84 Hay 31 13 58 0 .0 4 55 0.1  -1 .0
SAO 133344 84 Jun 16 12 15 0 .0 4 55 0 .0 3 -0 .7
CD-23°12192 84 Hay 31 14 09 0 .0 4 55 0.1 -1 .0
SAO 183357 84 Jun 16 12 08 0 .0 4 22 0 .0 3 -0 .7
SAO 183404 84 Hay 30 12 34 , 0 .0 4 55 0.1  -1 .0
SAO 133418 34 Hay 30 12 41 0 .04 55 0.1 -1 .0
SAO 121210 84 Hay 30 12 50 0 .04 22 0.1 -1 .0
SAO 121283 84 Hay 30 13 17 0 .04 55 0.1 -1 .0
SAO 257377 84 Hay 30 13 34 0 .04 22 0.1  -1 .0
1656-053(1) 34 Hay 31 14 20 0 .0 4 55 0.1 -1 .0
AGX*5“2203 84 Jun 16 13 19 0 .04 55 0 .0 3 -0 .7
1656-053(2) 84 Hay 31 14 33 0 .04 55 0.1 -1 .0
SAO 122400 84 Hay 30 14 03 0 .04 55 0.1 -1 .0
AGX-4°2133 84 Hay 31 14 47 0 .0 4 55 0.1 -1 .0
SAO 122404 84 Hay 30 14 15 0 .0 2 55 0.1 -1 .0
8 0 -1 3°4642 84 Hay 30 14 23 0 .04 55 0.1 -1 .0
8 0 -1 3°4650 84 May 31 15 04 0 .0 4 55 0.1 -1 .0
SAO 160626 84 May 30 14 30 0 .04 55 0.1 -1 .0
SAO 141833 84 May 30 15 01 0 .0 2 55 0.1 -1 .0
SAO 141841 84 May 30 14 48 0 .0 4 55 0.1  -1 .0
30-3°4165 84 Hay 30 14 40 0 .04 55 0.1 -1 .0
SAO 185880 84 Mav 30 15 45 0 .04 55 0.1  -1 .0
SAO 103673 84 May 31 15 15 0 .0 4 22 0.1 -1 .0
SAO 103677 84 May 31 15 27 0 .0 4 22 0.1 -1 .0
AGX-10°2225 34 May 31 15 36 0 .04 22 0.1 -1 .0
SAO 187783 84 May 31 15 58 0 .0 4 22 0.1 -1 .0
SAO 187789 84 May 31 16 06 0 .0 4 22 0.1 -1 .0
SAO 187802 84 May 31 15 49 0 .0 4 22 0.1 -1 .0
SAO 187804 84 May 31 16 13 0 .0 4 22 0.1 -1 .0
SAO 188093 84 Mav 30 16 14 0.01 22 0.1 -1 .0
SAO 254609 84 May 30 16 42 0.01 55 0.1 -1 .0
SAO 211415 84 May 31 17 21 0 .0 4 22 0.1 -1 .0
CD-63 “4536 84 May 30 16 56 0 .0 4 55 0.1 -1 .0
SAO 162858 84 May 30 17 20 0 .0 4 55 0.1 -1 .Q
SAO 162862 84 May 31 17 47 0.01 22 0.1  -1 .0
AGX>7“2758 34 May 31 18 05 0 .0 4 22 0.1 -1 .0
BD-16°5523 34 Jun 15 17 40 0 .04 55 0 .G 3-0 .7
8 0 -7 “ 5199 84 Jun 15 17 30 0 .02 22 0 .0 3 -0 .7
80-17°6080 84 May 31 18 29 0 .0 4 55 0.1 -1 .0
8 0 -1 7°6085 84 Jun 15 17 53 0 .0 4 22 0 .0 3 -0 .7
SAO 163888 84 Jun 15 18 02 0.01 22 0 .0 3 -0 .7
CD-41014398 84 Jun 15 18 09 0 .0 4 55 0 .0 3 -0 .7
CD-41“14402 84 Jun 15 18 15 0 .04 55 0 .0 3 -0 .7
AGK+4“2915 84 Jun 15 18 26 0.01 22 0 .0 3 -0 .7
AGX+4“2916 84 Jun 15 18 34 0.01 22 0 .0 3 -0 .7
SAO 145482 84 May 30 18 58 0 .04 55 0.1  -1 .0
SAO 145490 84 Jun 15 18 41 0 .0 4 22 0 .0 3 -0 .7
80-2°5563 84 May 31 18 58 0 .0 4 55 0.1 -1 .0
SAO 145504 84 Jun 15 18 46 0 .0 4 22 0 .0 3 -0 .7
AGX+0°2713 84 Jun 15 18 54 0 .04 22 0 .0 3 -0 .7
SAO 164768 84 May 31 19 23 0.01 22 0.1 -1 .0
SAO 164774 84 May 30 19 29 0 .04 22 0.1 -1 .0
SAO 164854 84 Jun 15 19 22 0.01 22 0 .0 3 -0 .7
SAO 146122 84 May 30 19 54 0 .0 4 22 0.1 -1 .0
SAO 231182 84 May 30 20 03 0 .04 22 0.1 -1 .0
CD-48“14514 84 Jun 15 19 51 0 .0 4 55 0 .0 3 -0 .7
SAO 231636 84 Jun 15 19 36 0.01 22 0 .0 3 -0 .7
CD-48“10901 84 Jun 15 19 43 0 .04 22 0 .0 3 -0 .7
SAO 165730 84 Jun 15 19 59 0 .02 22 • 0 .0 3 -0 .7
SAO 191999 84 Jun 15 20 06 0.04 22 0 .0 3 -0 .7
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Table 2. Equatorial coordinates and approximate mag­
nitudes for those stars in Table l that we failed to iden­
tify in standard catalogues. These coordinates were 
measured from sky survey prints taking as reference the 
AGK3 or, for fields south of -2°, the SAO positions for 
five or six nearby stars updated to the epoch of the 
survey print. The magnitudes were estimated from 
image diameters. The accuracy is about ±1 arcscc for

A .  N .  A r g u e  ec al.

each coordinate and ±:0.5 for the magnitudes.
Star RA (8 1 9 5 0 .0 ) Oec(h m 3 ) ( 9 ' ’*)
1222+037(1) 12 22 54 .2 +03 50 03 11.5
1253-055(1) 12 53 01.1 -05 22 22 11.1
1656+053(1) 16 55 0 4 .3 +05 21 03 11.1
1656+053(2) 16 56 11 .2 +05 07 31 11.0

Table 3. Stars that showed some evidence of possible binary or multiple nature, 
listed in order of increasing RA. Tne May measurements were made with the 
MtStromlo 1.9-m telescope with scaleO.1-1.0 arcsec, the June with the Anglo- 
Australian 3.9-m telescope with scale 0.03-0.7 arcsec. The position angle (PA) 
is measured from north through cast (with ambiguity 180°) at the epoch of date.
S tar Oate UT • Exo FVHH S eparation PA

(h m) ( 3 ) (nm) ( ’*)

SAO 177329 84 Jun 15 08 55 0.01 22 0 .46 225
SAO 118598 84 Hay 28 09 32 0 .04 22
SAO 202788 84 Jun 17 10 14 0 .0 4 55
AGK+0°1513 84 Jun 15 10 14 0 .0 4 22 0 .4 0 230
CD-31°9988 84 Hay 30 11 30 0 .04 55 0 .34 128
BO-8°3919 84 Jun 15 12 00 0 .04 55
AGK+2°1869 34 Hay 30 13 04 0 .0 4 22 0 .3 2 140
SAO 121281 84 Jun 16 14 44 0 .04 22
AGX+10°2219 84 Hay 30 15 56 0 .0 4 55 0 .4 4 151
80-15°5413 84 Hay 30 17 28 0 .02 55 0.71 185
AGX+8°2629 84 Hay 31 17 56 0 .0 4 22 0 .4 2 202
SAO 163176 84 Hay 30 17 36 0 .0 2 55 0 .36 94
80-18°5570 84 Hay 30 17 44 0 .0 2 55 0 .38 159
SAO 144138 84 Hay 31 18 20 0 .04 55 0 .4 8 138

Table 4. Stars that showed stronger evidence for binary nature than those in 
Table 3.
S tar Date UT

(h m)
Exp
(s )

EWHM
(nm)

Separation
(a rcsec)

PA
( ° )

CD-37°4708 84 Hay 31 08 44 0 .0 2 55 0 .4 6 165
AGX+1°1168 34 Hay 30 08 32 0 .0 4 55 0 .4 4 240
80-5°3598 84 Hay 30 10 36 0 .0 4 22 0 .5 5 243
SAO 204292 84 Jun 15 10 55 0 .0 4 22 0 .38 116
SAO 103672 84 Hay 30 16 02 0 .0 4 55 0 .4 2 246
SAO 163324 84 Jun 15 17 47 0 .0 4 55 0 .16 174
AGK+0°2717 84 Hay 30 19 10 0 .04 55 0 .59 195
SA0-146083 84 Hay 31 19 57 0 .04 22 0 .63 219

had been selected on account of their clean appearance on the sky survey prints, in fact to be 
resolvable at the resolution of the 3.9-m telescope (0.03-0.7 arcsec). This result confirms the 
conclusion in our 1984 paper, that about 30 per cent are resolvable.
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The President. We now come to the programme as advertised on that purple 
thing [laughter]. Dr. Barlow of University College, London, is going to tell us 
about speckle interferometry of planetary nebulae.

Dr. M. J .  Barlow. One can list at least three important reasons for determining 
the masses of shells of planetary nebulae. The first reason is to be able to quantify 
the recycling and enrichment of the interstellar medium by the low-to-inter- 
mediate mass stars which are responsible for planetary nebulae. The second is to 
be able to link the masses of the resulting white dwarfs to the masses of the 
progenitor red-giant stars, such as carbon stars and Mira variables, and eventually, 
right back to the masses of the original main-sequence stars. The third reason is to 
be able to diagnose the planetary-nebula ejection mechanism itself. The work I 
shall describe was carried out in collaboration with the speckle interferometry 
group of B. Morgan, C. Standley and H. Vine at Imperial College, London, to 
determine the masses of a significant sample of planetary nebulae in the Magellanic 
Clouds. To derive the mass of a planetary shell, one needs to determine the 
number-density distribution of hydrogen as a function of radius. This requires that 
the nebula be well-resolved and that its distance be accurately known. Planetary 
nebulae in our Galaxy sadsfy the first requirement but unfortunately their 
distances are usually uncertain by at least 50 per cent, since no good-quality 
intrinsic distance calibrauon exists. This distance uncertainty translates into a 
factor of three uncertainty in the nebular masses. By contrast, a 15 per cent 
uncertainty in the distances of Magellanic Cloud nebulae, whose distances are 
independently known, translates into a much smaller uncertainty of 40 per cent in 
the derived nebular masses. However, since good angular-diameter esumates are 
required and since almost all Magellanic Cloud nebulae have angular diameters of 
less than one arcsecond, little use has been made of them thus far. Although 
observations of Magellanic Cloud nebulae consutute high priority objccuves for
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two of the core teams of the Hubble Space Telescope, we have been able to 
demonstrate that the use of standard speckle interferometric techniques at the 
A A T  allows us to derive angular diameters, brightness distributions and masses for 
these objects. We have imaged the nebula with a 50 angstrom wide [OIII] X5007 
dngstrom filter, using typical exposure times of 1500 seconds and frame-rates of 
25 hertz. The [OIII] line, as the dominant coolant, is by far the strongest line 
emitted by most nebulae, for which its intensity distribution closely matches that 
of the hydrogen emission line. We have chosen to observe nebulae which 
independent diagnostics indicate are optically thin in the hydrogen Lyman 
conunuum, so that the ionized mass should represent the enure mass of each 
nebula. The autocorrelauon diagram for the nebula SMC N 2 clearly shows three 
peaks, at o* 16, 0*44 and o*6o arcseconds. We have been able to match this with a 
model consisung of a spherical double-shell nebula with an inner-ring radius of 
0*22 arcseconds and an outer-ring radius of 0*38 arcseconds. We have modelled 
the intensity distriburion as a funcrion of radius by a double-Gaussian, and the 
intensity is proporuonal to the product of the proton and electron number-density 
distribudons, times the nebular filling factor (the fracrion of nebular volume 
occupied by gas). Since we know the absolute H\3 fiux emitted by the nebula, we 
can solve to obtain the run of electron density umes the root of the filling factor. In 
order to derive the filling factor, we have obtained A A T  service observauons of the 
[O il] doublet ratio, which is proporuonal to the local electron density times the 
local emissivity, averaged overthe enure nebuia. The observed doublet rauo yields 
a mean electron density of 2850 per cubic cendmetre for SMC N 2, whereas the fit 
to our speckle observauons yields 1360 per cubic cendmetre times the root of the 
filling factor for this quanuty. Therefore we find the filling factor to be 0*23 and 
the ionized mass of the nebula to be 0/27 solar masses. In order to confirm our 
technique we have also obtained speckle interferograms of the compact Galacdc 
nebula Vy 2- 2, which VLA  radio observauons have shown to consist of a single 
ring of diameter 0*4 arcseconds. Our speckle observarions, in both [O III] and //{3, 
have yielded a single autocorrelauon peak at 0-4 arcseconds, in agreement with a 
model fitted to the VLA  data. We have used the Manchester echelle spectrograph 
on the A A T  to derive an expansion velocity of 17 kilometres per second for SMC 
N 2, by observauons 6f the [O III] X5007 angstrom linewidth. In conjuncuon with 
the outer nebular radius of 0*105 parsecs yielded by the speckle observauons, this 
implies an age of 6000 years for SMC N 2. We have recently obtained speckle 
observauons of 20 more Magellanic Cloud nebulae at the AAT, which is the only 
telescope available to UK astronomers which has the requisite light-collecung 
power, angular resoluuon, and ability to look at the Magellanic Clouds. From our 
analysis of these observauons it is hoped to derive the mass of the ejected nebula as 
a function of central-star mass and thereby as a funcuon of the mass of the 
progenitor red giant star.

The President. You assumed in modelling the linewidths in the spectra that the 
nebula was of uniform surface brightness. Couldn’t you have used the structure 
inferred from the speckle interferometry?

Dr. Barlow. We did in fact use the speckle results, but since the nebuia was 
endrely within the slit of the spectrograph, the exact brightness profile turns out 
not to matter.

Dr. R . C. Smith. How many planetary nebulae in the Magellanic Clouds are 
accessible by .this technique?

Dr. Barlow. We have observed about 20 so far. The total luminosity range is 
about a factor of 200— we can certainly observe the first 2!^ to 3 magnitudes of this 
luminosity range.
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Speckle interferometry at Imperial College
3.J.. Morgan, C. Standlev and H.A. Vine

3lackett Laboratory, Imperial College of Science and Technology, 
Prince Consort Road, London SW7 232, England.

Abstract
' The design and performance of the Imperial College hard-wired cross-correlator is 

described. Its use in conjunction with the Imperial College hard-wired aucocorrsiator is 
detailed and illustrated by a comparison of data reduced with and without 
cross-correlation.

Introduction
The Imperial Collage speckle interferometer and hard-wired autocorreiator (previously 

described by Hebden et al.1) are routinely used to study binary stars, active galaxies and 
planetary nebulae. The ensemble average vector autocorrelation function of a set of short 
exposure images is calculated in real time. For an image having an origin in its bottom 
right-hand comer and containing m photon events at coordinates (x.; ,y^) , this vector 
autocorrelation, A^(h,k), is given by the distribution of vectors between each event and 
every other event,"hence: m ra

(h,k) = " xj/ “ Yj). (1)
i j

The addition of a hard-wired cross-correlator has allowed us to implement the Welter, and 
Worden method2 for calculating the seeing corrected autocorrelation function A0 (h,k).

The seeinc corrected autocorrelation
The cross-correlation of two functions f(x,y) and g(x,y) measures their mutual spatial 

coherence- and is given by:
C(h,k) f*(x,y).g(x + h, y + k)dxdy, ( 2 )

For two images comprising individual photon events with coordinates 
this "analogue" cross-correlation is equivalent to the distribution 
every event, in one image and every other event in -the second image.

and ( X j , Y j )  
of-vectors between 
Thus:

m, su
C (h,k) = 2 I ] r (x L - Xj, yL - Yj). (3)

i 3
The vector cross-correlation of two statistically independent frames will only contain 
vectors between spatially uncorrelated speckles. Therefore, if the speckles are contained 
in a Gaussian envelope their cross-correlation will also have a Gaussian envelope with a 
width greater than either of the individual widths.

In 1977 Welter and Worden proposed that the difference between the average 
autocorrelation and the average cross-correlation of statistically independent frames was 
proportional to the autocorrelation of the object intensity. Therefore, denoting an 
ensemble average by < > :

Aq (h ,k ) = < At (h,k) > - < C(h,k) >. (4)

In imo1emsnting this seeing correction, Welter and Worden normalized the intensity of each 
frame so that the sum of the intensities was the same for any two frames.- 3y this 
operation they made the integral area of the autocorrelation equal to that of the 
cross-correlation. However, as the autocorrelation contains a central peak and may contain 
a speckle component absent from the cross-correlation, a simple differencing of the two 
over-corrects for the seeing pedestal. Several groups have noted this over-correction1*' 
and have proposed a modification to the original method in which the average 
cross-correlation is normalized to the average autocorrelation for separations outside the 
speckle component:
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< A^Chjk) > - M. < C(h,k) > (5)AQ (h,k)

where M is some appropriate constant. An alternative formulation of equation 5 has been 
given by 3ruck and Sodin.5 They point out that for statistically independent speckle inaces 
the average cross-correlation is equal to the autocorrelation of the Long exposure image, 
however, in such an image photon events may overlap and limit the validity of the vector 
autocorrelation. This photon "pile up" problem has been reported by Hege." A second 
problem arises from gross movements of the seeing disc. If this is displaced from frame to 
frame, the average cross-correlation will contain some vectors at separations greater tham 
the seeing disc diameter. These will broaden the cross-correlation relative to the 
autocorrelaticn. This problem can be eliminated by either centring each frame before 
processing or by choosing the temporal separation between processed frames so that any 
motion is minimised, while maintaining statistical independence.

The hard-wired cross-correlator
Oesicn requirements

The standard 3ritish T.V. system uses pictures consisting of two interlaced fields, 
each containing 293 lines of image information. The field frequency is 50 Hz. and the 
autocorrelator processes alternate fields by examining the central 256 lines in a square 
of 255 x 256 pixels, A maximum of 512 occupied pixels per field is allowed and the vectors 
within a 64 x 128 pixel window are recorded.

The cross-correlator was conceived as a complementary instrument for the autocorrelator. 
It is required to process T.V. fields with the same constraints as outlined for the 
autocorrelator, but to derive vectors between fields separated by a predetermined time 
interval. This interval is adjustable from 2 to 998 field periods.
Performance

At the start of a cross-correlation computation the field interval is selected by 
setting a thumbwheel switch. Autocorrelation and cross-correlation calculations can be 
carried out simultaneously. The autocorralator examines the T.V. signal at each pixel and 
if this lies above an adjustable detection threshold the coordinates of that pixel are 
stored as 2 x 3 bits in one of two 512 x 16 bit memories. If signals are detected in 512 
pixels subsequent signals within the field are ignored. The recorded coordinates are then 
used to calculate the autocorrelation.

These same coordinates are loaded into one of two 512 x 16 bit memories in the 
cross-correlator. If a field interval, f, is chosen, the coordinates are stored for the 
first available field and for the fth. field. The cross-correlation is computed for the 
first and for the fth. fields and then the coordinates from the (f+f)th. field are written 
over those of the first field. The cross-correlation is performed for this new set of 
coordinates and so on.

The cross-correlator computes the cross-correlation of two fields F, and F . The 
coordinates of the ith. event in F are subtracted from those of the jth. event in F2 
(where j C i) and a memory location which has an address given by the result of the 
subtraction is incremented. If the y subtraction is < 0, it is ignored and the (j+l)th. 
event in r2 considered. If the result of the y subtraction is > 63 it too is ignored and 
since all subsequent y differences will also exceed 63 the next value of i is considered. 
To avoid unnecessary calculations for each value of i the first value of j which gave 
y > 0 is recorded; then for the subsequent i increment this j vaiue is the first to be 
considered, since ail previous y differences will be < 0. when all the event coordinates 
of Fj have been subtracted from those of F2 the coordinates of events in F, are subtracted 
from those in Fj.

The number contained in the cross-correlation array pixel (h,k) represents the number of 
times that particular vector difference has been recorded.

The cross-correlator contains a 50 Hz. clock which is synchronised to the T.V. 
synchronisation signal from the autocorrelator at the selected field intervals. This clock 
solves the problem of loss of video synchronisation due to video tape drop outs or other 
interference occuring in the intervals between the reading of fields. If synchronisation 
were lost then, of course, no computation would be performed for those fields concerned.

The cross-correlaticn array is a 128 x 64 x 20 bit integrating memory consisting of 
forty 4K MOS static RAM chips and a 20 bit, parallel loading, synchronous counter. The
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remaining cross-correlator digital circuitry is implemented by Schottky, Low Power Schottky 
and Kick Power CM.CS integrated circuits.

Figure 1 skews a schematic diagram of the cross-correlator. The separated T.V. 
synchronisation signal and the digitised coordinates are fad from the autocorreiatcr to the 
cross-correlator. The arithmetic Logic unit (ADC) then performs the appropriate 
subtractions. The comparator determines when the h and k limits are exceeded and increments 
the appropriate address counter. If the comparator determines that the result is virhin the 
6-4 x 123 vector window the corresponding location in the integrating memory is incremented.

Operational procedure
Video taped data is reduced simultaneously by the autocorrelator and cross-correlator-. 

At any time the operation of either instrument can be interrupted and the current results 
displayed on a storage oscilloscope, before data reduction is continued.

Autocorrelations and cross-correlations are transferred to an Apple microcomputer via 
two 5322 versatile interface adapters (VIA) for storage on floppy disc, normalisation, 
subtraction and display. The cross-correlation is normalized to the autocorrelation at 
separations greater than the speckle component and then this normalized cross-correlation 
is subtracted from the autocorrelation by a short machine code routine. The result is the 
seeing corrected autocorrelation function.

Results
Examples of the autocorrelation, cross-correlation and seeing corrected autocorrelation 

for the binary star AOS 1123 (m - 5.7, dm = 0.2) are shown in Figures 2-4. The system was 
observed on the 3.3m. Angic-Austrailan Telescope. Figure 2 is the autocorrelation obtained 
from 2 SCO T.V. fields and Figure 3 is the cross-correlation derived, with an eight frame 
separation, from the same record. The autocorrelation has a binary peak superimposed cn 
a "seeing pedestal" at an autocorrelation angle of 159 decrees with a maximum value at 
a separation of 0.35 arcseconds (see Figure 5). The cross-correlator contains seeing 
information and is extended in the direction of the image's elongation, but the binary 
peak is absent (see Figure 5). The seeing corrected autocorrelation as given by equation 5 
is shown in Figure 4, and Figure 7 is a radial profile through this function at 159 
•degrees. The seeing correction enhances the contrast of the binary peak and shifts the 
position of its maximum to 0.36 arrseconds. Such a shift would be expected or. subtracting 
a Gaussian seeing pedestal medei.

It was found that for frame intervals > 3 applying equation 5 over-corrected the 
autocorrelation in the range of autocorrelation angles 0 to 90 decrees. We attribute this 
to gross image movement between T.V. frames; at the present we do r.ot perform any image 
centring before processing. Also for a separation of two frames the statistical 
independence of the frames is predictably lest and a "binary’ peak" is apparent ir. the 
cross-correlation (see Figure 3).
Slcr.al to noise ratio (SNR)

For a-binary star the signal, S, in the autocorrelation may be defined as the height of 
the binary peak above the local backgrounds. 7 Assuming the probable error in the 
measurement of the autocorrelation, N, to be the square root of the sum of the signal and 
the background then: 3SNR = --------  . (6)/(S r 3)
Applying equation 5 to the autocorrelation of .ADS 1123 S = 5150 vectors, M =133 vectors 
and, therefore, SNR = 33; for the seeing corrected autocorrelation the normalizing constant, 
M = 2, S = 142CO, M = 219 and SNR = 65. Therefore, in this example, by applying the 
cross-correlation seeing correction the SNR has bean increased bv a factor of order two.

Future work
The cross-correlator '.•.’ill be used in conjunction with the autooorreiator to analyse 

recent speckle observations of planetary nebulae in the Magellanic Clouds and other records 
of binary stars, active galaxies, asteroids and nebulae. The statistics of atmospheric 
turbulence will be studied and speckle lifetimes derived.
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Figure 2. Autocorrelation of the binary star ADS 1123 (m = 6.7 Am =» 0.2) 
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Figure 4 Seeing corrected autocor: iation of AOS 1123.
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Figure 5. Radial profile through the autocorrelation of ADS 1123 at 159°.
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Figure 7. Radial profile through the seeing corrected autocorrelation 
of ADS 1123 at 159°.

aaa

20 -

IQ -

.1 .2 .3 .4 .3
ARCScCDNQS
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Summary. We have resolved a Magellanic Cloud planetary nebula by speckle 
interferometry for the first time. Our observations of SMCN2 show it to have a 
double-ring structure, the rings having angular radii of 0.22 and 0.38arcsec, 
corresponding to absolute radii of 0.06 and 0.10 pc. Our speckle observations of 
the galactic planetary nebula Vy 2—2 show a ring of angular diameter 0.4 arcsec, 
in agreement with previous VLA radio data. We have determined the radial 
hydrogen density profile for SMCN2 and have derived masses of 0.09 Mq and 
0.27 M q  for the inner and outer shells respectively, so that the total mass of this 
optically thin nebula is 0.36 M q . The nebular expansion velocity of SMCN2 
has been derived from a high-resolution spectrum of the [Om] 5007 A line and 
expansion ages of between 5000 and 12 000 yr have been derived for the shells. A 
reanalysis of the available nebular data leads us to derive a central star effective 
temperature of 110 000 K and a luminosity of 4340 L q , corresponding to a stellar 
mass of 0.59 M q , from a comparison with published evolutionary tracks. The 
stellar evolutionary age since leaving the AGB is about 8000 yr, consistent with 
the nebular expansion age.

1 Introduction
The masses of planetary nebula shells are of interest for at least three distinct reasons, (i) A 
knowledge of the shell masses can allow a quantification of the contribution which is made to the 
recycling and chemical enrichment of the interstellar medium by the low-to intermediate-mass 
stars which are responsible for planetary nebulae (PN). (ii) The central stars of PN evolve to 
become white dwarfs. Since the masses of central stars can be determined by fitting theoretical 
evolutionary tracks through their observed L, Teff positions in the H -R  diagram, the 
determination of nebular masses will allow the masses of white dwarfs to be linked to those of the 
progenitor asymptotic giant branch (AGB) stars. With a subsequent understanding of the 
mass-loss processes which occur prior to the planetary nebula formation stage of AGB stars, the
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masses of white dwarfs may eventually be linked back to the original main-sequence stellar 
masses, (iii) The physical processes responsible for planetary nebula formation are of interest in 
their own right. A determination of the masses of planetary nebula shells as a function of stellar 
core mass may help to diagnose the PN ejection mechanism itself.

In order to derive the mass of a planetary nebula, one needs to determine the ion number 
density as a function of absolute radius. This requires that the nebula be well resolved and that its 
distance be accurately known. The first requirement is satisfied by PN in our own Galaxy but 
unfortunately their distances are usually uncertain by at least 50 per cent (see Gathier et al. 1983) 
because no good intrinsic calibrator exists. To illustrate the effect of this degree of distance 
uncertainty on mass determinations, consider a PN at distance D, with absolute radius R, mean 
ion density n, and a filling factor s, where s is the fraction of the nebular volume which is 
occupied by ions of mean density n. The mass of the PN, A/(PN), is proportional to snB^D3, 
where d—R/D  is the nebular angular radius. The observed H/? flux, by recombination theory, is 
proportional to sn2R3/ D 2, or £n2d2D. For a nebula with a measured angular radius and H/3 flux 
we have n a (£ 0 )"1/2, so that we obtain M(PN)«£1/2DS/2. If the value of n is known 
independently, then, since l /n 2D, we obtain A/(PN)« Dz/n. Thus a 50 per cent uncertainty in 
D translates into a factor of 2.3 uncertainty in M(PN).

Gathier et al. (1983) have carried out a radio interferometric study of PN in the direction of the 
central bulge region of our Galaxy and have derived the nebular masses from their measured 
radio fluxes and diameters, under the assumption that they had filling factors of unity and that 
they were close to the Galactic Centre, for which a distance of 9 kpc was adopted. However, the 
PN towards the Galactic Centre are heavily obscured and so their properties are difficult to study 
at other wavelengths.

The PN in the Magellanic Clouds are very lightly obscured, and so their spectroscopic 
properties are relatively easy to study. Their distances are known relatively accurately because of 
the existence of a sufficient number of independent distance calibrators in each galaxy. A likely 
distance modulus uncertainty of 0.3 mag translates into an uncertainty of only 30 per cent in the 
derived nebular masses. However, good angular diameter estimates are required. Standard 
imaging techniques have only managed to reso'lve about half a dozen relatively old and faint PN in 
the Magellanic Clouds (Jacoby 1980). and the majority of the currently known PN are expected to 
have angular diameters of < 1 arcsec (see Webster 1969,1976). Although spaceborne imaging will 
undoubtedly be of benefit for the study of Magellanic Cloud PN, we will show that the use of 
standard speckle interferometric techniques at the 3.9-m Anglo-Australian Telescope has 
allowed us to derive angular diameters, radial brightness distributions and nebular masses for 
these objects. We present here our first speckle observations to resolve a Magellanic Cloud 
planetary nebula, SMCN2, obtained on 1983 November 18 when weather conditions only 
permitted observations of this PN. A second observing run in 1984 October yielded speckle 
interferometric data on 20 more Magellanic Cloud PN and those data will be described in a 
subsequent publication. As a check on our techniques,-we also obtained speckle observations in 
1984 October of the bright compact galactic PNVy2-2, whose subarcscc structure had been 
previously determined at VLA radio wavelengths (Seaquist & Davis 1983). Our observations and 
analysis of Vy2—2 are included in Section 3.

2 Observations
The Imperial College speckle interferometer was operated in photon counting mode at the //15 
focus of the 3.9-m Anglo-Australian Telescope. The results were analysed with a hard-wired 
autocorrelator. A detailed description of these instruments is given by Hebden, Morgan & Vine 
(1983). A 75-mm objective was used for the observations of SMCN2, yielding a 4.6-arcsec field of
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view and a pixel size of 0.01S arcsec. With this plate-scale, the maximum observable structural 
separation corresponds to about l . 1 arcscc, while the limit to the smallest measurable structural 
separation is determined by the width of the central photon spike in the autocorrelation plot; this 
spike corresponds to vectors between pixels within the same photon event. At the plate-scale 
used here, the base radius of the photon spike was about 0.14 arcsec.

We imaged through a 50 A bandpass filter centred on the [Oiu] 5007 A line. This filter was 
chosen because: (i) the narrow filter strongly suppresses the dense Magellanic Cloud stellar 
background and background photons from the moonlit sky. (ii) Hie (O in] 5007 A line is usually 
the strongest line emitted by PN. Its strength is typically 10 times that of H/5, allowing nebulae to 
be speckled which are too faint for H/f observations, (iii) Ionization structure models of PN 
predict (e.g. figs 2.5 and 2.6 of Osterbrock 1974), and images of galactic PN confirm (e.g. 
Atherton at al. 197S), that the brightness distribution of a PN in the [O in] line is very similar to 
that in the H/5 line, for central star temperatures in excess of about 40000 K. This encompasses 
the majority of PN. Nebulae with central star temperatures below this value can be easily 
recognized by their low-excitation spectra. Confirming this, our speckle data for the galactic 
PN Vy2—2 (Section 3) show near agreement between the (O in] and H/3 structures.

In the selection of PN, it is important to choose objects which are likely to be optically thin ia 
the hydrogen Lyman continuum, in order that the ionized nebular mass be equal to the total mass 
of the ejected shell. The best indicator of this is if the stellar Hen Zanstra temperature is 
significantly larger than the Hi Zanstra temperature but, in the absence of data on the central 
star, other selection criteria can be utilized, such as the presence of relatively weak lines from low 
ion stages. In general we preferred the lower density (nc<5000cm-J) and/or the high-excitation 
PN, since by evolutionary arguments these are more likely to be optically thin. We chose to 
observe SMCN2 (Henize 1956) because of the very high luminosity, 3xl04Lo, that had been 
derived for its central star by Stecherera/. (1982). However, as will be seen in Section 6 and in the 
Appendix, our reanalysis of the available data leads us to derive a much lowerstellar luminosity.

SMCN2 was imaged in the (O in] line for 60 min at a frame-rate of 25 Hz. Two-dimensional 
spatial autocorrelations over all azimuthal angles were produced between all pixel events on each 
frame and the results were summed to yield the dotted plot in Fig. 1(a). This plot can be seen to 
exhibit significant structure, most noticeably three broad peaks, corresponding to vectors 
between points separated by 12 pixels (0.22 arcsec), 23 pixels (0.41arcsec) and 32 pixels 
(0.59arcsec). A nearby unresolved reference star, SAO 255683, was also observed for 30 min 
immediately after the SMCN2 observation, through an additional neutral density filter, and the 
autocorrelation plot in Fig. 1(b) was produced. In addition to the central photon spike, the 
autocorrelation plot for SAO 255683 exhibits the normal extended seeing pedestal, which can be 
approximated by a near-Gaussian fit [i.e. exp—(x/a)5/2, see Roddier 1981]. The slope of the 
outer seeing pedestal of SMCN2 in Fig. 1(a) is not the same as that of the reference star in Fig. 
1(b), presumably due to changes in the seeing during the period of 2hr over which both 
observations were made. A number of near-Gaussian curves (e.g. the solid line in Fig. 1(a)] were 
normalized to the outer part of the SMCN2 autocorrelation and then subtracted to yield the 
speckle component. While the resulting speckle components (e.g. the dashed curve in Fig. 1(a)] 
thus showed different absolute amplitudes at the peaks, the positions of the peaks were of course 
invariant and the relative amplitudes of the peaks (which along with the positions are modelled in 
Section 3) varied much more slowly than their absolute levels.

In order to investigate the significance of the peaks and troughs present in the SMCN2 
autocorrelation shown in Fig. 1(a), we also fitted a near-Gaussian to the dotted points and then 
compared the positive and negative excursions from this near-Gaussian, at separations larger 
than 0.2 arcsec, with the deviations expected on the basis of counting statistics alone. The ratio of 
the observed to expected deviations was found to range up to 25 for SMC N2, whereas for the case
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Figure 1. (a) and (b) The dotted plot in (a) (upper) shows the mean autocorrelation of a 60 min observation, made in 
1983 November, of SMCN2 in the (O in) line. Tnc dotted plot in (b) (lower) shows the mean autocorrelation of a 
30 min observation, made through a neutral density filter and [0  ntj filter, of the nearby unresolved reference star 
SAO 255683. The solid curve in (b) is a ncar-Gaussian fit (see text) to the seeing pedestal of the SAO 255683 
autocorrelation plot. The solid curve in (a), which is also a ncar-Gaussian fit to the seeing pedestal, has been 
normalized at 0.9 and 1.01 arcscc to the SMCN2 autocorrelation and subtracted to yield the speckle component, 
shown as a dashed curve in (a), (c) The mean autocorrelation of a 6 min observation of SMCN2 in the [O in] line, 
made in 1984 October.
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of the near-Guussian fitted to the reference star autocorrelation in Fig. 1(b), the ratio of observed 
to expected deviations did not exceed 10.

During our 1984 October AAT observing run, SMCN2 was reobserved with the same 
instrumental set-up as described above but, due to a recording equipment failure, only 6 min of 
useful data were obtained. Fig. 1(c) shows the resulting autocorrelation. Although the overall 
signal is much lower than for the 1983 data shown in Fig. 1(a), the peaks at 0.41 and 0.59 arcsec in 
the 1983 data can be clearly seen in the 1984 data as well.
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.3 Autocorrelation models
The presence of more than one peak in the autocorrelation function for SMCN2 suggests the 
presence of more than one peak in its brightness distribution. In order to model the intrinsic 
brightness distribution, we assumed azimuthal symmetry for SMCN2. The total number of 
counts which we obtained prevents us making detailed statements about the degree of symmetry.

Our approach was to autocorrelate a range of azimuthally symmetric input-model angular 
brightness distributions over all azimuthal angles and to compare the resulting plots with the 
speckle component in Fig. 1(a). Uniform, edge-brightened, or centrally peaked discs were found 
not to yield autocorrelation functions which resembled it in any way. Since many galactic PN 
exhibit ring structure, we therefore experimented with models having such peaks in their radial 
brightness distributions. We found it convenient to construct the distributions using functions of 
the type described by Harrington & Feibelman (1983). The angular intensity distribution of the 
best-fitting azimuthally symmetric model is shown in Fig. 2(a) and its autocorrelation is shown in 
Fig. 2(b), along with the observed speckle component. The model has a double-ring structure, 
with peaks at angular distances of 0.22 and 0.38 arcsec from the centre. The positions of the peaks 
in the autocorrelation plot are sensitive to the separation of the peaks in the radial-intensity 
model, allowing the positions of the latter to be determined to ±1 pixel (±0.018 arcsec). The 
feature at 0.22 arcsec in the autocorrelation plot corresponds to vectors between points on the 
inner ring and points on the outer ring at the same side of the nebuia. The feature at 0.41 arcsec 
corresponds to vectors between points on the inner ring which are at opposite sides of the nebula, 
while the feature at 0.59 arcsec corresponds to vectors between points on the inner ring and points 
on the outer ring which are at opposite sides of the nebula. The position of the first 
autocorrelation peak is redundantly specified by the positions of the second and third peaks and 
its presence provides a valuable confirmation of the validity of the model. A fourth peak is 
expected to be present at about 0.76 arcsec, corresponding to vectors between points on the outer 
ring at opposite sides of the nebula, but our signal is too low at that separation to easily reveal it.

The relative strengths of the two peaks in the model intensity distribution determines the 
contrast of the features in the autocorrelation. A decrease in the relative intensity of the outer 
ring leads to a reduction in the contrast of the autocorrelation features at 0.22 and 0.59 arcsec, 
while an increase in the relative intensity of the outer ring causes them to become increasingly 
prominent relative to the feature at 0.41 arcsec. The closest fit to the observed contrast of the 
autocorrelation features was obtained with a double-ring model with an intensity ratio of 3:1 at 
the peaks [Fig. 2(a)].

The formulation of Harrington & Feibelman (1983) predicts a certain degree of central infilling 
for the projected intensity distribution of any spherically symmetric shell-like PN, due to the 
projection of emission from the outer regions on to the centre. However, we are able to set an 
upper limit to the brightness of any central infilling in SMCN2 of less than 20 per cent of the 
intensity at the peak of the inner ring, since any central infilling will contribute vectors which will 
tend to wash out the contrast of the features which correspond to vectors between the intensity 
peaks. In this respect, SMCN2 appears to resemble galactic PN such as the Ring Nebula NGC
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Figure 2. (a) (upper) shows the best-fitting model angular intensity distribution for SMCN2 in the (O m ] line, the 
autocorrelation of which yields the solid curve in (b) (lower). For comparison, the speckle component of SMCN2 
[dashed plot in (b)J has been normalized to the model autocorrelation at a separation of 0.36arcscc. The observed 
speckle component and the model autocorrelation arc not plotted for separations less than 0.2 arcscc, because of the 
presence of the central photon spike in the former.

6720 (Atherton et al. 1978), which also exhibit a very low degree of central infilling. A toroidal 
structure, rather than a spherical shell, seen in projection, as assumed here, might provide an 
explanation for this behaviour. In converting our derived azimuthally symmetric angular 
intensity distribution into a spherically symmetric radial-density distribution (Section 4), we have 
assumed that Fig. 2(a) gives a good Fit to the spherically symmetric radial cmissivity distribution 
of the nebula as well as to the projected angular brightness distribution. Since the predicted 
differences between these two functions occur mainly in the central region (sec fig. 5 of 
Harrington & Feibelman 1983), where little mass is contained, this seems a reasonable 
assumption.

In order to further confirm the validity of our modelling procedure, it appeared useful to us to 
obtain speckle observations of a compact PN whose subarcscc brightness distribution had been 
independently determined by other means. Very few such objects exist, but fortunately the VLA 
radio study of the galactic PN Vy2—2, by Seaquist & Davis (1983), showed it to be a suitable 
comparison object. Their 15-GHz radio map shows Vy2—2 to be dominated by a symmetric
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Figure 3. As for Fig. 1, but for an 11 min H/9 observation of Vy 2—2, shown as the dotted plot in (a) (upper); and for a 
6 min Hfi observation of the nearby unresolved reference star SAO 104799. shown in (b) (lower). The fit to the seeing 
pedestal in (a) (solid curve) has been normalized to the mean autocorrelation of the observations at 0.79 and 
l.OOarcsec and subtracted to yield the speckle component (dashed plot in (a)J.

single-ring structure, with the peak of its intensity distribution at an angular radius of about 
0.2 arcsec. Such a structure should give rise to a speckle interferometric autocorrelation piot with 
a single peak at about 0.4 arcsec, corresponding to vectors between points on the ring at opposite 
sides of the nebula. Since the VLA radio flux is due to hydrogen free-free emission, the H/3 
brightness profile should be the same as that found in the radio, provided no differential 
reddening exists across the face of the nebula. Following our arguments in Section 2, the [O in] 
brightness distribution should also be similar to that of H/3. The biackbody hydrogen Zanstra 
temperature found by Shaw & Kaler (1985) for this optically thick PN was 41 000 K, putting it just 
above the minimum stellar effective temperature required for the [O hi] brightness distribution to 
extend out to nearly the same radius as that of H/3 (Section 2).

We observed Vy 2-2  with the AAT on 1984 October 12 and 13, imaging it through the [O hi] 
filter and through a 10 A bandpass H/3 filter. Two different objectives were used to obtain two 
independent plate-scales. The dotted curve in Fig. 3(a) shows the autocorrelation of an 11-min
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Figure 4. As for Fig. 1. but for a 6.5 min [OmJ observation of V y2-2 , shown in (a) (upper): and a 6 min [Oin] 
observation of SAO 104799, made through a neutral density filter and shown in (b) (lower). The fit to the seeing 
pedestal in (a) (solid curve) has been normalized to the mean autocorrelation of the observations at 0.53 and 
0.68 arcscc and subtracted to yield the speckle component (dashed plot in (a)J. These observations were made using a 
50-mm objective, whereas all other observations were made using a 75-mm objective.

observation in the H/5 line using a 75-mm objective, from which we have subtracted a fit to the 
seeing pedestal (solid line) to yield the speckle component (dashed line). The fit to the seeing 
pedestal was derived from observations, made immediately afterwards, of the nearby unrevolved 
reference star SAO 104799 (Fig. 3(b)]. The dotted plot in Fig. 4(a) shows the autocorrelation of a 
6.5-min observation of Vy2—2 in the [Out] line using a 50-mm objective, from which we have 
similarly subtracted a fit to the seeing pedestal derived from the adjacent observations of SAO 
104799 which arc shown in Fig. 4(b). The speckle components in Figs 3(a) and 4(b) both show a 
feature at about 0.4 arcscc, in agreement with expectations, with the fOm] feature at a slightly 
smaller separation than the Hj3 feature.

Model-brightness distributions have been constructed to fit the HJ3 and (O in] autocorrelations 
and are shown in Figs 5 and 6, respectively. The [Om] speckle component can be fitted by the 
autocorrelation of a single azimuthally symmetric ring peaking at a radius of 0.20 arcsec, while the 
radius at which the model H/? brightness distribution peaks is 0.22 arcsec. The degree of central
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Figure 5. The solid curve in (a) (upper) is the best-fitting model angular intensity distribution for the H0 observations 
of Vy 2 -2 . Its autocorrelation is shown by the solid curve in (b), where it is compared with the speckle component of 
the mean autocorrelation of the Vy 2 -2  observations, shown by the dashed plot. The dotted curve in (a) shows the 
free-free angular brightness distribution which Seaquist & Davis (1983) derived from their 15-GHz.VLA radio 
observations of V y2—2.

infilling in H/? and [O hi] is constrained by our data to be less than about 10 per cent of the peal: 
brightness -  this is significantly lower than implied by the 15-GHz radio map in fig. 3 of Seaquist 
& Davis (1983): the dotted curve in Fig. 5(a) shows the north-south radial brightness distribution 
found by the VLA. Cobb & McCarthy (1986), in a comparative study of deconvolution 
techniques for infrared speckle interferometry, have found that the ‘CLEAN’ algorithm, used for 
restoring VLA data, is not good for resolving closely spaced delta functions, since it tends to 
produce significant infilling. In other respects our model H(3 brightness distribution shows 
encouraging agreement with the VLA data. For example, it was found that a weak feature is 
present in our H/? autocorrelation plot at a separation of about 0.6arcsec and required a weak 
secondary peak in the model brightness distribution at a radius of about 0.4 arcsec [Fig. 5(a), solid 
curve]. This weak secondary peak is also present in the VLA cross-cut [Fig. 5(a), dotted curve], 
although at a lower amplitude.
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Figure 6. As for Fig. 5. but for the [Oni] observations of V y2-2.

4 The mass of SMC N2
We shall assume that the [O m] brightness profile for SMCN2 (Fig. 2(b)] is the same as that for 
Hj3. Our nebular ionization structure model for SMCN2 (Appendix) shows this to be a good 
approximation. The volume emissivitiesof both [O m] and Hfi are proportional to£7ic/ij, where n: 
is the local electron density. nt is the local ion density and <ris the filling factor. The total H/? flux 
emitted by a nebula at distance D is given by

4>T02/(H/?) = yacff(H^)/n^ j £n}{(r)A,rr2 dr (1)

where /(H/7) is the dereddened \ \/S flux observed at Earth, acf{(H/?) is the partial recombination 
coefficient of hydrogen for the emission of Hj3 photons of energy hvp (from Brocklchurst 1971), 
and nc = yn(H *) where y=(l+/r(He + )//r(H+)-f-2/r(He2+)//r(H't')]. Similarly, /(r), the line 
emissivity distribution as a function of radius r, is given by
I { r ) = K y a f i ) h v 0£nu(r) {2 \
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whore AT is a constant. Substituting from (2) into (1) gives
K=\l(Hfi)02 1 — I I{r)r2 dr. (3)

Using the function which generated I(r) in Fig. 2(a), we can numerically evaluate 2  l(r)r2 Arand 
thereby determine the value of K using equation (3). We can then derive nji(r)v£since, by (2). we 
have
n u (r)^£

Hr) -11/2

(4)

In Fig. 7 we plot nn\£  as a function of both the angular radius 6 and the absolute radius r. For 
the numerical evaluation of from /(H/3’) , we have used the functions defined in the appendix 
of Harrington & Feibelman (1983). The coefficients, defined there, which yield the functions 
shown in Figs 2(a) and 7 are k =2, /i=25, /;l==0.043, /t2=0.076, a(.2s= 1.0, 25=0.32, all other
£/*.„ = 0, and tV0=3.3x 10“9cm“3. For the evaluation of nHy-£ we adopted an observed 
£(H/?) = i.70x 10“ 13 erg cm"2 s-1, from the fluxes measured by Osmer (1976) and Webster 
(1983). We adopted a reddening of E{B-V) = Q.Q6, corresponding to £(£-V)=0.02 by galactic 
foreground reddening (McNamara &. Feltz 1980) plus £(£-V')=0.04 from dust within the SMC 
(Caldwell & Coulson 1985). The dereddened H/f flux is thus 7(H/?)=2.07x 10“ 13ergciri_2s“ *. 
We used Tc= 13 400 K, the [O m] electron temperature from the work of Aller etal. (1981), for the 
evaluation of acff(H/5). From their results we also obtained y=1.13. Finally, we adopted a 
distance of 57.5 kpc for the SMC, corresponding to a distance modulus of 18.8 (Rich, Da Costa 
Mould 1984; Reid & Strugnell 1986).

The mass of the ionized nebula is given by

M (PN) =///77{-j cnH(r)4jrr2 dr

—4mim H yje nH(r)yjer2 dr, (5)

PARSECS
.02 . 0* .06 .08 .1 .12 . U  .15 .18

Figure 7. A plot of the derived density distribution of SMCN2, (see text), as a function of angular radius
(lower abscissa) and absolute radius (upper abscissa).
6
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where //in is the mass of a hydrogen atom and// = [l+4/i(He)//i(H)]. The results of Alter cr al. 
(1981) yield // = 1.43 for SMCN2. We have numerically evaluated the integral in (5) to obtain
/W(PN)=0.53y^V/o . (6)
We find that 76 per cent of the mass (versus 64 per cent of the emission) is located in the outer 
shell.

In order to determine the nebular mass, it now remains to derive the value of the filling factor 
for SMC N2. To do this we have made use of observations of the electron-density-sensitive (O u] 
3726, 3729 A doublet ratio. The mean nebular electron density (ne) yielded by this ratio is a 
measure of the local electron density in the nebula averaged over the entire nebula. In a manner 
similar to equation (3) of Harrington & Feibelman (1983), we can write

n cEt\\r2 d r

£ i i \ r d r
(7)

This can be written as

f  , , .mjj£T d r
(/ic)v'f=y ----------------- (8)J  /in<f l /2r 2 d r

if we assume that the filling factor is the same throughout the nebula and that 0 + has the same 
radial distribution in the nebula as H + . Since we know /ihn/£ as a function of r (Fig. 7), we can 
evaluate the integral in (8). We obtain (/ic)y£=1970cm-3. The value of (nc) for SMCN2 was 
derived from the [On] doublet ratio which was measured as part of PATT service observations at 
the AAT on 1985 January 4 of a number of Magellanic Cloud PN (Barlow & Walsh, in 
preparation). The 3726.0/372S.7 line intensity ratio was found to be 1.69, in agreement with the 
value of 1.7 measured by Webster (1976). A ratio of 1.69, in conjunction with an electron 
temperature of 13 400 K, gives </ie)=2S50cm“\  using the collision strengths of Pradhan (1976) 
and the transition probabilities of Zeippen (19S2). Thus we obtain £=0.48 and /V/(PN) = 0.37 Mq, 
when assuming that 0 + has the same distribution as H + . A better estimate of £can be obtained 
from an ionization structure model constructed to reproduce the observed absolute emission-line 
fluxes from SMCN2. Such a model is described in the Appendix, where it is shown that the 
observed [On] 3726/3729 ratio of 1.69 implies £=0.45.

Wc therefore have for SMCN2
£=0.45
A/(PN)=0.36 A/0 . (9)
The inner nebular shell contains 0.09 A/©, while the outer shell contains 0.27 M q .

Wc now consider, how sensitive the derived nebular mass is to uncertainties in the input 
parameters and assumptions.

(i) Our speckle observations arc fitted by a double-ring structure. We have made the standard
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assumption that these rings correspond to spherical shells seen in projection on the sky. We may 
also consider the case where the observed rings are instead due to tori whose planes happen to lie 
perpendicular to our line-of-sight. Such structures might arise, for example, as a result of 
equatorial rather than spherical ejection by the central star. If qj is the solid angle occupied by the 
tori, as seen from the central star, then we may repeat the previous analysis by substituting co for 
4,t on the right-hand side of equation (1). Equation (2) is unchanged, while the right-hand side of 
equation (3) is multiplied by tu/4,r. Since the other parameters arc unchanged, the value of K 
derived from equation (3) will be a factor of aj/Arvsmaller than for the spherical case and /«n(r)\A 
given by equation (4), will be a factor of {Ajx/(o){12 larger. Since its numerator is fixed by the H/3 
flux, equation (S) implies that (/rc)y£ changes by the inverse of the product of oj/4jT and n u(r)\'e, 
i.e. (nc)\js is proportional to (4,t/to)l/2. Since (/tc) is fixed by the (O u] observations, this implies 
that the value of /tn(r’) is the same for both the spherical shell and the torus cases, and that only £ 
changes, being proportional to 4,t/&>. Since the filling factor £ cannot exceed unity and since the 
spherical case gave £=0.45, we see that the smallest covered fraction of the sky that is allowed for 
the torus case is equal to 0.45. The mass of the PN for the torus case is given by equation (5) with a 
reduction in the solid angle from 4,t to to, which is exactly balanced by the increase in £ by 4rc/co. 
The derived nebular mass is therefore the same for both geometries.

(ii) The quantities best determined by the speckle observations are the angular radii of the 
radial intensity peaks shown in Fig. 2(a). With these radii fixed, we have investigated the effects 
of varying the widths and relative intensities of the two peaks. The nebular mass given by 
equation (5) is proportional to the product of y£ and the integral of fenH{r)r2 dr. The former 
quantity is given by equation (8) which, for a fixed H/5 flux, has a fixed numerator, from equation 
(1). We can therefore substitute for ^from  equation (8) into equation (5), to see that iV/(PN) is 
invariant for a fixed value of (/ic). For example, when the FWHM’s of the radial intensity peaks in 
Fig. 2(a) are both increased by 25 per cent, the autocorrelation that results is smoother and gives a 
significantly poorer fit to the observed speckle component in Fig. 2(b), while the derived filling 
factor decreases from 0.45 to 0.36, and the total nebular mass remains unchanged. If, on the other 
hand, the ratio of the areas of the two radial intensity peaks is changed from the value of 2.2 
shown in Fig. 2(a) to 1.0 (i.e. identical peaks but unchanged positions), the autocorrelation that 
results gives a significantly poorer fit to the speckle component in Fig. 2(b), the derived filling 
factor increases to 0.64, but the derived nebular mass is again unchanged.

(iii) The derived nebular mass is also insensitive to the radii of the intensity peaks. From 
equations (3) and (4), changing the radii by a factor of y leads to a change y “3/2 in nH\js at the new 
radius yr, relative to the previous value of nH at radius r. The integral of nHel/2r2 dr therefore 
changes by a factor of y3/ y z/1. Since the numerator of equation (8) is unchanged, the value of fs 
changes by y-3/2. Because the terms outside and inside the integral in equation (5) for the nebular 
mass change by factors of y_3/2 and y3/2, the nebular mass remains the same. This result holds 
even if the radii of the two peaks are changed by different factors. However, the radii of the shells 
cannot be reduced by more than 30 per cent or eise the derived filling factor will exceed unity. Our 
observations in fact constrain the radii of the peaks of the shells to ±6 per cent.

(iv) Finally, the formal uncertainty of ±0.08, from counting statistics, for our [On] doublet 
’ ratio translates into an uncertainty of ±15 per cent in the derived nebula mass.

We conclude that it is primarily the filling factor £ which is sensitive to the uncertainties in our 
fitting procedures, our best estimate for £ being 0.45. The total nebular mass, on the other hand, is 
surprisingly insensitive to these uncertainties. The uncertainty in the distance modulus of the 
SMC is probably the most important source of error in the mass estimate. As discussed in Section 
1, a distance modulus uncertainty of ±0.3 mag translates into a mass uncertainty of ±30 per cent, 
giving us M(PN) =0.36±0.12 Mq for SMCN2.
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5 The expansion age of SMC N2
Having determined an absolute radius for SMCN2, we are in a position to derive an expansion 
age for the nebula from its measured expansion velocity. The spectrum illustrated in Fig. 8 is the 
profile of the [O m] 5007 A line emitted by SMC N2. It was obtained for us by Dr J. Meaburn 
using the University of Manchester Echelle Spectrometer (Meaburn etal. 1984) on the AAT. The 
projected slit width was 1 arcsec and the exposure time was 350 s. The instrumental resolution, as 
determined from the FWHM of comparison arc lines, was 12.9 kms"1. The observed profile of 
the [O in] line in Fig. 8 is due to a convolution of the intrinsic line profile with the instrumental 

. profile, so the FWHM of 36.9 km s"1 found for the observed profile using a single Gaussian fit 
(dashed curve in Fig. 8) implies an intrinsic line profile FWHM of 34.6kms"1 after 
deconvolution. We may attribute the observed profile to a superposition of the effects of the 
expansion of the nebula along with the thermal line broadening. The latter depends on the mass 
of the ion and for 7^(0 m )=13 400 K the predicted thermal line broadening corresponds to a 
Gaussian with a FWHM of 6.1 kms” 1. After deconvolution we thus obtain a FWHM of
34.1 kms"1 which can be attributed to the effects of nebular expansion alone. Robinson et al, 
(1982) have shown that a spherically symmetric nebula with an expansion velocity proportional to 
radius (as seems to be implied by data on other PN, see below) will yield a line profile whose 
FWHM is nearly equal to twice the nebular expansion velocity at the radius of peak emission, if 
the nebula is observed with an aperture larger than the nebular diameter. On this basis we derive 
an expansion velocity of 17 kms"1 which, with the outer shell radius of 0.105 pc derived in Section 
4, implies an expansion age of 6000 yr for SMC N2, provided the velocity has been constant with 
time.

Since our speckle observations have shown that SMCN2 possesses two shells, we have also 
fitted the observed [O m] profile with two Gaussians, whose relative intensities, central positions 
and FWHM’s were allowed to vary until the residuals between the observed and computed 
profiles were minimized (to do this we used the line fitting program e l f , written by Dr P. J. 
Storey, within the STARLINK package d ip s o  of Howarth & Maslen 1984). The best fit was 
obtained with components which were offset by 4 kms"1 and whose FWHM’s were 29.6 and
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Figure 8. The profile of the [Om | 5007 A line emitted by SMCN2, obtained with the University of Manchester 
Echcllc Spectrometer on 19S3 November 17 (sec text). The dashed curve shows a single-Gaussian fit to the observed 
profile and has a FV/HM of 36.9km s” 1. The centroid of the Gaussian fit yields a heliocentric radial velocity of 
+ 164.8km s” 1 for SMCN2.
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44.1 kms"1, respectively contributing 42 and 58 per cent of the total emission. After correction 
for the effects of instrumental and thermal line broadening, these widths translate into expansion 
velocities of 13 and 20.8 k m s '1 for the two components. Since our speckle results (Section 4) gave 
similar relative intensities for the inner and outer nebular shells (36 and 64 per cent), we 
respectively identify the losver and higher expansion velocities with the inner and outer shells. 
This identification is supported by the fact that the ratio of the expansion velocities of the two 
components is nearly equal to the ratio of the radii of the two shells -  velocity mappings of many 
galactic PN have shown that the expansion velocity within a nebula usually increases linearly with 
angular radius (Osterbrock 1974, p. 156).

Observational studies (e.g. Smith 1971; Robinson, Reay & Atherton 1982) have also shosvn 
that for a sample of galactic PN with some assumed common distance scale, the measured 
expansion velocity for each PN appears to be proportional to its absolute outer nebular radius. 
We can derive expansion ages for the two shells of SMC N2 on the basis of this model if we assume 
that each shell was initially ejected with the same constant expansion velocity, tt, and thereafter 
attained a velocity at radius r given by v { r )  = u +k ( r - R ) , where k is a constant (different for each 
shell) and R is the radius at which acceleration first occurred [i/(r) = u for If we adopt
n = 10kms-1, representative of AGB wind expansion velocities (Knapp &. Morris 1985), we 
derive expansion ages of 5000 and 7000 yr for the inner and ou-ter shells, respectively, if we assume 
that both shells started accelerating at r = R  =0, If we assume that both shells started accelerating 
at the time that the second shell was ejected then we derive expansion ages of 5000 and 8000 yr for 
the inner and outer shells. If we adopt an initial velocity of u — 5 kms-1, which is at the lower end 
of measured AGB wind expansion velocities, then the assumption of acceleration starting at r ~  0 
leads to ages of 7000 and 9000 yr for the inner and outer shells, while the assumption that the 
acceleration commenced when the second shell was ejected leads to ages of 7000 and 12 000 yr for 
the two shells. Finally, the assumption that the outer shell at 0.105 pc has always had its current 
expansion velocity of 20.8 kms-1 leads to a lower limit of 5000yr for the expansion age of the 
nebula, while constant velocity expansion of the 0.06 pc radius inner shell at its current velocity of 
13 kms-1 would imply a minimum expansion age of 4500yr.
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6 Discussion
SMCN2 is one of three Magellanic Cloud PN for which Stecher et al. (1982) derived stellar 
luminosities, from IUE data, which were close to the theoretical maximum for core masses below 
the Chandrasekhar limit. For SMC N2, the central star mass of 0.9 /VfG, which they obtained from 
their derived luminosity of 33 000LG, is so high that the time-scale for a decline of the initial 
stellar luminosity by a factor of 10 should only be a few hundred years (T « M~9'6, Iben Sc Renzini 
1983). Such a time-scale is incompatible with the nebular expansion age of greater than 5000yr 
which is implied by our data. Tylenda (1984) has also argued, on independent grounds, that the 
stellar luminosities and masses were overestimated by Stecher et al.

In the Appendix we describe how we have analysed the available data on SMC N2 in order to 
derive the nebular ionization structure and the central star parameters. We used the Stoy energy 
balance method, and the stellar He u Lyman continuum photon flux implied by the nebular He ii 
4686 A recombination line flux, in order to define the range of allowable central star 
temperatures and luminosities, and then constructed nebular ionization structure models using 
the code described by Harrington etal. (1982), so as to find the best-fitting case. We found that no 
stellar blackbody model could satisfy the observations. The best-fitting model was produced by a 
central star with an NLTE energy distribution corresponding to Tc,f=110000 K and logg = 5.75, 
and a luminosity of 4340 LG. Neglecting distance modulus uncertainties, the uncertainty in the 
derived luminosity is ±400 LG. Our derived luminosity of 4340 LG is a factor of 7.6 smaller than
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Figure 9. The observed IUE  low-resolution spectrum of SMC N2, formed by merging the spectra from SWP 20454 
and SWP 20527. Gaps in the spectrum indicate the positions of rcscaux. The dashed curve shows the predicted 
reddened continuum, formed by adding the theoretical nebular continuum to the continuum of the NLTE stellar 
model which provides the best fit to the nebular observations (see Appendix).

that derived by Stecher ct al., of which only a factor of 1.3 can be attributed to the slightly smaller 
distance modulus adopted here. We attribute most of the discrepancy to the fact that Stecher tt 
al.'s luminosity was based on a He ii Zanstra temperature determination at 1640 A. As is apparent 
from Fig. 9, the continuum signal-to-noise level in the IUE SWP spectra of SMC N2 is sufficiently 
low that very large uncertainties can arise from this method.

The central star mass can be derived by plotting its luminosity and temperature on an H-R 
diagram and interpolating between the central star evolutionary tracks which have been 
published for a range of core masses. Interpolation between the hydrogen-burning tracks 
calculated by Schonberner (1981, 1983) yielded a central star mass of 0.593 Af© and an 
evolutionary age since Tc({ was equal to 5000 K of 8100 yr. A comparison with the 
hydrogen-burning tracks calculated by Wood & Faulkner (1984) yielded a central star mass of 
0.60 Mq and an evolutionary age since Te{{ was equal to 10 000 K of about 12 000yr. The 
alternative Wood &. Faulkner case of PN ejection during a helium shell flash, followed by 
evolution while helium-burning, gives a central star mass of 0.64-0.65 A/© and an evolutionary 
age of only 3000 yr. The L, Tcff position of SMCN2 implies that it has reached the 
high-temperature edge of its evolutionary track and begun to slowly decline in luminosity, so that 
the Paczynski (1971) relation for steady hydrogen-shell burning cannot be used to derive the core 
mass. The luminosity just after leaving the AGB would have been A/&oi = ~ 4.65 for a 0.593 Mq 
core, according to the Schonberncr hydrogen-burning evolutionary tracks, and A/tX3l = -5.2 
according to the Wood &. Faulkner helium-burning tracks. The hydrogen-burning central star 
evolutionary age of SOOO-12 000 yr since leaving the AGB region is compatible with the nebular 
expansion ages derived in Section 5, whereas the helium-burning evolutionary age of 3000yr is 
uncomfortably short compared to the minimum nebular expansion age of 5000 yr estimated in 
Section 5.

Our derived mass of 0.59 Af© and radius of 0.181 /?© for the central star of SMC N2 imply an 
effective gravity corresponding to logg = 5.7, consistent with the central star surface gravity of 
logg = 5.75 used for our nebular ionization structure modelling (Appendix). The C/O abundance 
ratio found from our nebular ionization structure modelling was 4.5± 1 (Maran ci al. 19S2 found 
C /0=2). Maran et al. concluded that the AGB progenitor was a Carbon star, but the luminosity
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of Mho,= -6.6 which Stecher et al. (1982) derived for the central star was considerably brighter 
than the highest luminosity found for Magellanic Cloud Carbon stars: Mhoi= - 6 (e.g. Cohen etal 
1981; Wood, Bessell & Fox 1983; Iben 1984), The initial luminosity of AYh(),= -4.7 to -5.2 
derived here for SMCN2 instead puts it squarely within the A/hol = —4 to -6  range found for 
Magellanic Cloud Carbon stars. The derived luminosity is insensitive to the assumed radial 
structure of the nebula, although both the present luminosity, and that of Steelier etal. (1982), arc 
based on the assumption of a spherically symmetric nebula. In the event of a toroidal geometry, 
our analysis in Section 4 showed that the smallest fraction of the sky that could be occupied by the 
nebula, as seen from the star, is 0.45. The maximum stellar luminosity for the case of toroidal 
geometry is therefore 4340/0.45 =  9640 L q  (/V/h0i= “ 5.2), corresponding to a core mass of 
0.67A/q for hydrogen-burning and an evolutionary age of 2000yr. Since this is significantly 
shorter than (he minimum nebular expansion age and since the increase in stellar luminosity 
would lead to a higher degree of ionization in the nebula than observed, we prefer the results of 
the spherically symmetric analysis.

An AGB progenitor star mass of about 1 M q  is implied by the hydrogen-burning stellar core 
mass of 0.59 M q and the nebular shell mass of 0.36 Mq which we have derived. The shell mass is 
significantly larger than the 0.11 Mq predicted for a 0.59 A/Ocore by Wood etal. (1983) from their 
derivation of AGB star puisational masses assuming first overtone pulsation and core masses 
assuming hydrogen-shell burning. Their analysis did predict a shell mass of 0.36 Mq for a 
hydrogen-shell burning core mass at the tip of the AGB of0.64A/o , which, if the star had since 
switched to helium-shell burning, would be consistent with our nebular mass of 0.36 Mq  and our 
core mass of 0.64 M q derived for the case of helium-burning. However, as discussed above, the 
helium-burning stellar evolutionary age of 3000 yr is rather short compared to the minimum 
nebular expansion age of 5000 yr or the most likely expansion age of 8000 yr. Another possibility 
comes from the alternative analysis by Wood et al. of their AGB star data for the case of 
fundamental mode pulsation (and hydrogen-shell burning as before). This yielded a total 
puisational mass of just under 1.0 M q for a core mass of 0.60 Mq , i.e. a shell mass of about 
0.4 Mq, which appears to be consistent with our results. Their analysis predicts that a small 
change in core mass should be accompanied by a large change in sheil mass, so it will be of interest 
to see if this is confirmed by the extension of the type of analysis presented here to a larger sample 
of planetary nebulae.

S p e c k le  in te r fe r o m e tr y  o f  a M a g e lla n ic  C lo u d  P N

Acknowledgments
We thank Dr John Meaburn for obtaining the [O hi] spectrum of SMC N2 for us and for the loan 
of the 5007 A filter. We also thank Dr Ken Reay for the loan of the H/? filter and Dr Neill Reid for 
discussions of the distance scale for the Magellanic Clouds. We are particularly grateful to Dt 
Robin Clegg for the use of his programmes and unpublished data. We are grateful to Dr J. P. 
Harrington for the use of his nebular photoionization code. We acknowledge an award of AAT 
time by PATT and we would like to thank Dr Jeremy Walsh for obtaining the [O ii] spectrum for 
us during AAT PATT service time. We also thank David Monk for help with the preparation of 
the paper. This work has been generously supported by the SERC and in particular CS is grateful 
for a SERC studentship and an ICI grant, and HV for SERC support as an Assistant Research 
Officer.

References
Aller. L. H., Keyes, C. D., Ross, J. E. & 0 ’Mara, B. J., 1981. Mon. Not. R. astr. Soc., 194, 613.
Atherton, P. D., Hicks, T. R., Reay, N. K., Worswick, S. P. & Hayden Smith, W., 1978. Asrr. Asirophys., 66, 297.

-1 7 5 -



168 M . J . B a r lo w  e t  al.

Auer, L. H. & Mihnlas, D., 1972. Astrophys. J. Suppl., 24, 193.
Barker, T ., 19S3. Astrophys. J., 267, 630.
Brocklchurst, M., 1971. Mon. Not. R. astr. Soc., 153, 471.
Caldwell, J. A. R. &. Coulson. 1. M., 1985. Mon. Not. R. astr. Soc., 212, 879.
Clegg, R. E. S., Harrington, J. P., Barlow, M. J. & Walsh, J. R., 1986. Astrophys. J., submitted.
Cobb, M. L. & McCarthy, E. W., 1986. SPIE Proc. Vol. 627, Instrumentation in Astronomy VI.
Cohen, J. G., Frogcl, J. A .. Persson, S. E. &. Elias, J. H., 1981. Astrophys. J., 249, 481.
Gathicr, R., Pottasch, S. R., Goss, W. M. & Van Gorkom, J. H., 1983. Astr. Astrophys.. 128, 325. 
Harrington, J. P., Seaton, M. J.. Adams, S. &. Lutz, J. H., 1982. Mon. Not. R. astr. Soc., 199, 517. 
Harrington, J. P. & Fcibciman, W. A., 1983. Astrophys. J., 265, 258.
Hebden, J. C., Morgan, B. L. &• Vine. H ., 1983. Proc. Soc. Photo-opt. Instr. Eng., 445, 477.
Henize, K. G., 1956. Astrophys. J. Suppl., 2, 315.
Howarth, I. D., 1983. Mon. Not. R. astr. Soc., 203, 301.
Howarth, I. D. & Maslcn, D., 1984. Starlink User Note 50.
Iben, I. Jr, 1984. Observational Tests o f the Stellar Evolution Theory, IAU Symp. No. 105, p. 3, cds Maeder, A. & 

Renzini. A ., Rcidcl, Dordrecht, Holland.
Iben, I. Jr & Renzini, A ., 1983. Ann. Rev. Astr. Astrophys., 21, 271.
Jacoby, G. H., 1980. Astrophys. J. Suppl., 42, l.
Knapp, G. R. & Morris, M., 1985. Astrophys. J., 292, 640.
Maran, S. P., Allcr, L. H., Gull, T. R. &. Stcchcr, T . P., 1982. Astrophys. J., 253, L43.
McNamara, D. H. &. Fcltz. K. A. Jr, 1980. Pubis astr. Soc. Pacif., 92, 5S7.
Mendoza, C., 1983. Planetary Nebulae, IA USymp. No. 103, p. 143. cd. Flower. D. R., Rcidcl, Dordrecht. Holland. 
Mcaburn, J., Blundell. B., Carling. R.. Grceory. D. F., Keir, D. & Wynne. C. G.. 1984. Mon. Not. R. astr. Soc., 

210, 463.
Osmer, P., 1976. Astrophys. J., 203, 352.
Ostcrbrock, D. E., 1974. Astrophysics o f Caseous Nebulae, W. H. Freeman. San Francisco.
Paezynski, B., 1971. Acta Astr., 21, 417.
Pradhan, A. K., 1976. Mon. Not. R. astr. Soc., 177, 31.
Prcitc-Martincz. A. & Pottasch. S. R., 1983. Astr. Astrophys., 126, 31.
Reid, N. & Strugncll, P., 1986. Mon. Not. R. astr. Soc.. in press.
Rich, R. M., Da Costa, F. S. & Mould. J. R.. 1984. Astrophys. J., 286, 517.
Robinson, G. J., Rcay, N. K. &. Atherton. P. D., 19S2. Mon. Not. R. astr. Soc., 199 , 649.
Roddicr, F., 1981. Prog. Opts, 19, 281.
Schonberner, D., 1981. Astr. Astrophys., 103, 119.
Schonbcrncr, D., 1983. Astrophys. J., 272, 708.
Scaquist, E. R. & Davis. L. E.. 1983. Astrophys. J.. 274. 659.
Shaw. R. A. & Kaicr. J. B.. 1985. Astrophys. J.. 295, 537.
Smith, H. Jr. 1971. Astr. J.. 76, 193.
Stcchcr, T. P.. Maran, S. P.. Gull, T. R., Allcr. L. H. & Savedoff. M. P.. 1982. Astrophys. J., 262, L41. 
Tylcnda, R., 1984. Astr. Astrophys.. 138, 317'
Webster. B. L., 1969. Mon. Not. R. astr. Soc., 143, 79.
Webster. B. L., 1976. Mon. Not. R. astr. Soc.. 174, 513.
Webster, B. L., 1983. Pubis astr. Soc. Pacif., 95, 610.
Wood. P. R„ Bcsscll, M. S. & Fox. M. W., 19S3. Astrophys. J.. 272,,99.
Wood, P. R. &. Faulkner. D. J., 1984. Observational Tests o f the Steller Evolution Theory, p. 179. cds Maeder, A. & 

Renzini. A., Rcidcl, Dordrecht. Holland. ^
Zeippen. C. J., 19S2. Mon. Not. R. astr. Soc., 198, 111.

Appendix: An ionization structure model for SMC N2
In order to determine more accurately the filling factor in SMCN2, and thus the nebular mass, 
and secondly to determine the central star parameters, we have produced a spherically symmetric 
ionization structure model for the nebula using the code written by Dr J. P. Harrington (see 
Harrington et al. 19S2, and Clegg ct al. 1986 for a description) and implemented on the UCL 
STARLINK node by Dr R. E. S. Clegg.
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Column 3 of Table A1 lists the relative intensities of the emission lines which have been 
observed from SMCN2, on a scale where H//=100. The fluxes of the lines between 1200 and 
2000 A were obtained from the merged IUE spectrum resulting from SWP 20454 (lOOmin) and 
SWP 20527 (90 min). These images, from the programme of Maran etal. , were obtained from the 
IUE data-bank. The fluxes of the lines between 3000 and 4000 A were obtained from the AAT 
service spectrum of Barlow & Walsh, described in Section 4, while the fluxes of the lines 
longwards of 4000 A are from Aller et al. (1981). The [Ne v] 3426 A line is blended with the O in 
3429 A Bowen line, with about one half of the total flux estimated to be due to [Nev]. As 
discussed in Section 4, we have adopted a total extinction of £‘(B-V')=0.06 to SMCN2, with 
E(/?-V/ )=0.02 due to foreground galactic extinction and £(Z?-V')=0.04 due to extinction within

S p e c k le  in te r fe r o m e tr y  o f  ci M a g e lla n ic  C lo u d  P N

Table A l. Observed, dereddened and model fluxes for SMCN2.
I o n x < £ ) O b s e r v e d D e r e d . M o d e l(  < s-0 . -

o r v 1 4 0 1 <4 0 <58 3 . 2

C IV 1 5 4 9 9 2 9 1293 9 8 9

H e l l 1 6 4 0 1 3 9 . 4 1 8 9 . 4 1 9 8 . 0

c m ] 1908 7 5 3 993 1 2 9 0

C N e V ] , o r i I 3 4 2 6 , 2 9 7 . 2 7 . 6 (N e V  3 . 8 ) 2 . 4( N eV )

[ O i l ] 3 7 2 6 1 7 . 5 1 8 . 7 1 8 . 9

[ o n ] 3 7 2 9 1 0 . 4 1 1 . 1 1 1 . 2

[ N e i l l ] 3 8 6 8 7 0 . 5 7 4 . 4 7 3 . 1

[ N e i l l ] 3 9 6 7 2 0 . 1 2 1 . 0 2 2 . 6

t o r n ] 4 3 6 3 1 2 . 8 1 3 . 1 1 3 . 1

H e ! 4 4 7 1 3 . 7 3 . 8 4 . 0

H e l l 4 6 8 6 2 8 . 4 2 8 . 6 2 8 . 3

m 4 8 6 1 1 0 0 100 100

C o r n ] 4 9 5 9 2 9 7 29 6 2 9 7

C o n i ] 5 0 0 7 ( 8 5 5 ) ( 8 5 3 ) 8 5 4

He I 5 8 7 6 1 1 . 5 1 1 . 1 1 0 . 5

[ s i n ] 6 3 1 2 0 . 8 0 . 8 0 . 8

tia 6 5 6 3 3 1 0 29 2 28 8

CNIX] 6 5 8 4 8 . 8 8 . 3 8 . 3

C S I I ] 6 7 1 7 , 3 1 ' 4 , 0 3 . 8 1 .1 .

C o n ] 7 3 2 5 5 . 3 4 . 9 2 . 6

N e b u l a r a b u n d a n c e s r e l a t i v e t o  h y d r o g e n ( b y  n u m b e r )
He : 0 . 1 0 9
C : 6 . 7 5 x 1 0  
N i 2 . OOxlO 
O r 1 . 4 8 x 1 0 ~ 
Ne : 2 . 6 0 x 1 0  
S  : 1 . 9 O X 1 0 - 6
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the SMC. Column 4 of Table Al lists the dereddened relative line intensities, where we have 
assumed that the fit to the LMC reddening law presented by Howarth (1983) provides a 
reasonable approximation to the less well determined SMC extinction law. Inspection of Table 
Al shows that with this dereddening the relative intensities of Heii/LU640 and 4686 are 
consistent with the theoretical ratio (Column 5).

The starting values of the elemental abundances used in the models were derived from an 
empirical analysis of the dereddened line intensities. For this we adopted Te = 13 400K, the [0 in] 
electron temperature, and ne^2850cm-3, the [On] electron density (Section 4) along with the 
collision strengths tabulated by Mendoza (1983) and the empirical ionization correction factors 
listed by Barker (1983). We obtained the following abundances (by number relative to 
hydrogen): He:0.109; C :6.5xl0"4; N :2.7xl(T5; O:1.75xl0"4; Ne:2.6xl0_s; and
S:2.0xl0"6.

In order to determine the parameters of the central star, we used the Stoy energy-balance 
method as developed by Preite-Martinez & Pottasch (1983). The available dereddened line 
intensities give £>=36.0, where g is the ratio of the flux in collisionally excited lines to the flux in 
the H/? recombination line. To this, we added a contribution of g -S .l  from unobserved 
collisionally excited lines (e.g. Cm 977A, Hei 10830 A, and the infrared fine structure lines), 
which we derived by normalizing the predicted relative intensities of observed and unobserved 
lines from the same ion to the fluxes of the observed lines. For the case of a central star with a 
blackbody energy distribution, the final value of p=41.7 implies an effective temperature of 
128 000 K. Case II of Preite-Martinez & Pottasch (1983) was assumed, corresponding to a nebula 
which is optically thick in the He n Lyman continuum and optically thin in the hydrogen Lyman 
continuum (these assumptions are supported by the observed He*/He2+ ratio of 3.4 and were 
confirmed by the ionization structure modelling). The stellar radius is given by the requirement 
that the star emit the number of Hen Lyman continuum photons implied by the nebular Hen 
4686A flux. For a distance of 57.5kpc, the dereddened Hen 4686A flux of 
5.92xlO_l4ergcm"2s“ I yields 4 x R \N(He+)=2.64x 1046s“*, the total number of photons 
emitted by the star shortwards of 228 A. A btackbody temperature of 128 000 K implies a stellar 
radius of 0.112/?© and a luminosity of 3030 L©.

The nebular radial density distribution that was used in the ionization structure modelling is 
that shown in Fig. 7, with the filling factor s as a free parameter to be derived. It was found that a 
blackbody model was unable to maintain the observed degree of ionization in the nebula, for any 
value of the filling factor. The ratio of the predicted line fluxes from low-ionization stages to those 
from higher ionization stages was much larger than observed. By lowering the blackbody stellar 
temperature, the overall stellar luminosity required to provide the Hen ionizing flux could be 
raised, thereby increasing the degree of ionization in the nebula, but such models then produced 
values for the electron temperature and g which were too low.

We therefore turned to NLTE stellar energy distributions to power the nebula. Because of the 
energy redistribution around the He n edge at 22SA, NLTE atmospheres can produce more 
nebular heating (higherg) than blackbodics of the same temperature, since relatively more 
stellar photons are emitted just longwards of 228 A, producing significant heating after ionizing 
hydrogen, and fewer photons are available for ionizing He*. In order to supply the same number 
of He ii Lyman continuum photons as a blackbody giving the same value of g, an NLTE model 
atmosphere with a Hen absorption edge must be more luminous, and so a higher degree of 
ionization in the nebula can be expected.

A grid of Auer & Mihaias (1972) hydrogen and helium blanketed NLTE model-atmosphere 
energy distributions, calculated on the University of London CRAY-1S, have been analysed 
(Clegg, work to be published) in order to obtain the appropriate values o f /, the energy gain 
coefficients defined by Preite-Martinez &. Pottasch (1983): along with values for /'/(He*) and
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/V(H), the fluxes of stellar photons emitted per unit surface area shortwards of 228 and 912 A, 
respectively. Grids of increasing Tcff were calculated for several values of logg, all models having 
/i(He)//i(M)=0.1. It was found that the observed g of 41.7 required an NLTE effective 
temperature in the region of 110000K, the exact value being a function of surface gravity.

In order to derive the appropriate gravity for the central star of SMCN2, we have made use of 
the following technique, which relies on the known distance of the nebula. The stellar radius and 
effective temperature which are required at a given Iogg in order to give the correct He n Lyman 
continuum flux, determine the stellar luminosity. The luminosity and the effective temperature 
can be used to derive the stellar mass, by comparison with theoretical evolutionary tracks such as 
those of Schonberner (1981, 1983). The surface gravity implied by this mass and by the stellar 
radius can then be checked for consistency with the surface gravity of the model atmosphere. As 
an example, an NLTE model atmosphere with r eff=i 10000K and Iogg=6.5 would require a 
stellar radius of 0.2S/?G in order to maintain the nebular Hen ionization in SMCN2. The 
resulting luminosity of 104 LG and the effective temperature imply a stellar mass of 0.675 Mq, 
This mass and the stellar radius of 0.28 Rq give logg=5.4, inconsistent with the logg=6.5 of the 
model atmosphere. As the surface gravity of a model atmosphere is lowered and the He ii 22S A 
absorption jump decreases, the stellar radius required for the necessary Hen ionizing flux also 
decreases. When 7"Cff=110 000 K and log g=5.7, the required stellar radius is 0.176 Rq , yielding a 
luminosity of 4095 LG, a stellar mass of 0.59/V/G and logg=5.73, which is consistent with the 
surface gravity of the model atmosphere. In order to test the validity of this technique, we have 
calculated a grid of nebular ionization structure models for SMCN2 using central stars with 
NLTE effective temperatures ranging from 100000 to 130000 K and Iogg's ranging from 5.2 to 
6.7. The model atmosphere which produced the best fit to the observed Tc(0  hi) and p, and to the 
observed level of ionization in the nebula, had r cff=110000K and log^=5.75. The required 
stellar radius was 0.181 Rq and so the stellar luminosity was 4340 LG. The effective temperature 
and the luminosity give a stellar mass of 0.593 Mq, upon comparison with the Schonberner 
evolutionary tracks, and the radius and mass give logg=5.69, consistent with the surface gravity 
of the model atmosphere.

This model atmosphere energy distribution and luminosity was used for our nebular ionization 
structure modelling, with the elemental abundances and the filling factor as adjustable 
parameters. As mentioned earlier, the radial hydrogen density distribution that was used is that 
shown in Fig. 7. Our philosophy for judging the goodness of fit of a model to the observations 
was to try to match, (i) the fluxes of the electron-temperature-sensitive [O hi] lines224363, 4959, 
5007; (ii) the fluxes of the electron-density-sensitive [O n] 3726 and 3729 A lines; and (iii) the total 
flux in the strong coolant lines of C iv 1549 A and C iii] 1908 A. The final values of the O and C 
abundances were determined by (i) and (ii), respectively, while the final N, Ne and S abundances 
were those that gave the best fits to the fluxes in [N ii]26584, [Ne iii]223868,3967 and [S iii]26312, 
respectively. The final abundances are listed at the foot of Table 1 and are close to the starting 
values obtained from the empirical abundance analysis.

It was found that although the overall flux in the [O n] 223726, 3729 lines was sensitive to the 
stellar luminosity, the 3726/3729 flux ratio was sensitive only to the filling factors’. The observed 
3726/3729 ratio was matched by £•=0.45. Column 5 of Table A1 lists the predicted relative 
fluxes from our final best-fit model with £•=0.45. The main discrepancy with the observations 
exhibited by the final model is that the predicted fluxes in Civ 21549 and Cm] 21908 are 
respectively 30 per cent too low and 30 per cent too high, although their combined cooling flux is 
equal to that observed. Models with the inner nebular hole (Fig. 7) filled to a maximum density of 
40 per cent of that at the peak of the inner shell, as allowed by the speckle observations, produced 
no significant changes in the predicted fluxes since very little mass is contained in the central 
regions. A nebular model with s= 1.0 produced the correct ratio of C r/21549 to C m]21908, since

S p e c k le  in te r fe r o m e tr y  o f  a M a g e lla n ic  C lo u d  P N

-1 7 9 -



172 M . J . B a r lo w  et al.

the lower mean density implied by a higher filling factor gave a higher degree of ionization in the 
nebula. However, the 3726/3729 ratio of 1.43 predicted by the e= 1.0 model was inconsistent with 
the observed ratio of 1.69, while the overall [O n] 3726, 3729 A flux was a factor of 2 too low.

The nebular mass corresponding to the best-fit model with £“=0.45 is 0.36 /WQ and the nebula is 
optically thin in the hydrogen Lyman continuum. The unreddened apparent central star 
magnitude at V (5500 A) is predicted to be 21.4, while the unreddened stellar flux at 1308 A is 
predicted to be 2.25 x 10~15 erg cm"2 s-1 A -1. In Fig. 9 we have plotted the observed 1200-2000 A 
spectrum of SMCN2, which results from merging SWP 20454 and SWP 20527. The spectra were 
extracted using the STARLINK package i u e d r , written by J. R. Giddings. Also plotted in Fig. 9 
is the continuum which results from reddening the sum of the theoretical nebular continuum and 
the model central star continuum. The galactic and SMC extinctions and reddening laws which 
were used are those described at the beginning of the Appendix. It can be seen that there is 
satisfactory agreement between the predicted and observed continuum levels.
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