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ABSTRACT 

T i t l e  of thes i s :  Heter-wavelength observations o f  pulsars  
using very-long-baseline interferometry 

Nancy Ruth Vandenberg, Doctor of Philosophy, 1974 

Thesis directed by: Professor W i l l i a m  C. Ericksoa 

This t h e s i s  presents  t he  r e s u l t s  of an inves t iga t ion  of the  angular 

s t ruc tu re  imposed on pulsar r ad ia t ion  due t o  sca t t e r ing  in t h e  in t e r -  

stellar medium. 

(VLBI) w a s  used to obtain the  necessary high angular reso lu t ion  (4.1 

arcsec). 

and Sugar Grove (46 m) telescopes were w e d  a t  rad io  frequencies of 196, 

111, and 74 MHZ during seven separa te  observing sessions between 1971 

November and 1973 February. 

Crab nebula pulsar  (PSR 0531+21), 

pulsars  w e r e  a l s o  observed. 

The technique of very-long-baseline interferometry 

The interferometers  formed by t h e  Arecibo (305 pi), NRAO (92 m), 

The observations w e r e  concentrated on t he  

and several s t rong,  low-dispersion 

A crude v i s i b i l i t y  function f o r  the Crab nebular pulsar  w a s  obtained 

during a 144-MEz VLBI experiment in 1971March. 

Is consis tent  with a Gaussian brightness  d i s t r i b u t i o n  having a half-power 

diameter of O.Om.03 arcsec. 

(u,v) plane was sampled in t h e  later experiments, t he  f r inge  v i s i b i l i t i e s  

were also in te rpre ted  in terms of a Gaussian d e l ,  yielding half-power 

diameters of O.Ow.01, 0.07_+0.01, and O . l w . 0 1  arcsec a t  196, 111, and 

74 MHz, respect ively.  

apparent angular sires are caused by awl t ipa th  m a t t e r i n g  in  the In te r* te l la r  

medium.  The apparent sites obtained a t  all four  ftaquancle8 O c a h  U 

The v i s i b i l i t y  funct ion 

Since only a small  range of poin ts  in t h e  

A Gaussian d i s t r i b u t i o n  supports t h e  view t ha t  the  



wavelength t o  the  power 2.0.4, supporting theo re t i ca l  s c a t t e r i n g  laws which 

predict  a wavelength-squared scaling. 

with t h a t  derived from an independent interplanetary s c i n t i l l a t i o n  experi- 

ment. 

serving period. 

A t  7 4  MHz t h e  measured s i z e  agrees 

The angular s i z e s  were not observed t o  vary during the  e n t i r e  ob- 

The technique of d i f f e r e n t i a l  f r i n g e  phase was used t o  show t h a t  

the pulsar and the "compact source" i n  t h e  Crab nebula are conincident t o  

within 0.001arcsec which corresponds t o - 2  8.u. a t  t h e  dis tance t o  t h e  

nebula. The t o t a l  time-averaged f l u x  from the  compact source w a s  a l so  

obtained. The f luxes measured a t  74 MHz (105 Jy)  and 111 MHz (40 Jy) l i e  

on the  extrapolation from higher radio frequencies of t h e  spectrum of t he  

pulsing f lux,  and the  196-MHz f l u x  ( 8  Jy)  agrees with the  pulsar 's  f lux.  

Variations i n  the  t o t a l  f l u x  of up t o  25% were observed. 

The da ta  were a l so  analyzed t o  y i e l d  the  Fourier components of t h e  

Crab nebula pulsar ' s  pulse shape by coherently de-dispersing t h e  signal. 

To obtain the  correlated pulse  p ro f i l e ,  t h e  components (including t h e  n=O 

harmonic) were added i n  a Fourier sum. A t  196 MHz the reconstructed pulse  

shape is i d e n t i c a l  with t h e  single-telescope p r o f i l e s  observed a t  Arecibo. 

The 111-MHz pulse p r o f i l e  contains both pulsing and non-pulsing components, 

each of which contributes approximately equally t o  t h e  t o t a l  f lux.  

ieconstructed pulse shape agrees with the single-telescope pulse p r o f i l e  

observed a t  AreLibo. 

The 

No pulsing coinponent w a s  detected at 74 MHz. 

The r a t i o  of pulsing t o  t o t a l  f l u x  ($/IT) a t  111 MHz was found t o  

vary over t he  one and one-half years of observing. During t h e  winter of 

1971-2 there  was more pulsing than steady power (Ip/IT- 0.6) whereas i n  

the winter 1972-3 t he  steady power w a s  t h e  dominant component (Ip/'* 0 . 4 ) . ,  



Thc f r inge  v i s i b i l i t y  of the  time-averaged pulsing f l u x  and of each 

Fourier component is t h e  same as t h a t  of the t o t a l  f lux.  Both t h e  pulse 

shapes and r a t i o s  of  I /I 

resolved fluxes.  These stateme;lts show t h a t  there  is no dependence of 

f r inge  v i s i b i l i t y  on pulse  phase. This f a c t ,  and the  observed c a b i n -  

a t ion  of temporal and angular broadening, r u l e  out s ca t t e r ing  theor ies  

which employ a simple single-srreen model of the  i n t e r s t e l l a r  medium. 

A two-sc:reen model i n  which one screen is i n  the  Crab nebula improves 

the agreement, but  t he  model is s t i l l  not  consis tent  with a l l  aspects  

cf t h e  observations. 

broadening i s  dominated by sca t t e r ing  i n  the  small f i l anen t  which lies 

i n  t h e  nebula i n  f ront  of t he  pulsar ,  while t he  extended i n t e r s t e l l a r  

medium causes the  angular broadening. This model explains the  o thewise-  

discordant angular and temporal e f fec ts .  

2re s imi la r  fo r  t he  unresolved and p a r t i a l l y  P T  

A new model i s  proposed i n  which the  temporal 

Apparent angular s i z e s  were a l s o  measured, a t  111 MHz only, f o r  four 

o ther  pulsars:  PSR 0834i-06, C950i-08, 1133+16, and 1919+21. Each pulsar  

is  only s l i g h t l y  resolved, but within t h e  experimental uncertainty ibe 

apparent s i z e s  of these pulsars  and of t h e  Crab nebula pulsar  are consa.3- 

t e n t  with the  sca t t e r ing  s i z e  sca l ing  as t he  square root  of distance (cr 

dispersion measure). 
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CI'SIPTER I 

IKTRODUCTInN ANn "lJWOSX OF THESIS 

Pulsars  have provided theo re t i ca l  astropomers with objec ts  which e x i s t  

i n  a physical s t a t e  previ jdsly .mly postulaied.  

physical  laboratory f o r  the  study of highly conaased  matter,  extreme mag- 

n e t i c  f j e l d s ,  and high energy plasmas. Obsexvational radio astronomers 

have a l so  been provided with a new phenomenon: pulsars  are e s sen t i a l ly  

point  sources. 

sources which very elegant ly  turn  themselves off per iodica l ly  t o  allow 

2bservers, without ever moving t h e i r  telescopes,  : s  make ca l ib ra t ion  r u m  

and off-source meesurements. 

They o f fe r  a passive astro- 

But puisars  are not  only p o i n t  sources,  they are a l s o  

Many of t h e  spec t r a l ,  temporal, and spatial  f ea tu res  which have been 

observed in t h e  radio rad ia t ion  from p*ilsars are due t c  sr.;ttering i n  the  

media through which t h e  rad ia t ion  has passed. Narrowband s t ruc tu re  i n  

the  frequency domain has been s tudied by Rickett  (19/0), Huguenin k t  al. 

(1963), Ewing -- e t  al .  (1970), cnd Lang (1°71a>. TemForal var ia t ions  of 

t he  f l a x  densi ty  (due t o  d r i f t i n g  d i f f r ac t ion  pa t te rns)  have a l so  been 

s tudied by several observers: Lang anu P icke t t  (1970j, Galt and Lyne 

(1972), Rickett  and Lang (1973), and Slee et a l .  (1974). To inves t iga te  

t h e  angular s t r u c t u r e  imposed on the  rad ia t ion  Galt et al.  (19701 and 

Vandwberg -- e t  a l .  (1573) used the  techniqge of very-long-baseline ln te r -  

f erometry (VLBI) . The method of in te rp lane tary  s c i n t i l l a t i o n s  (IPS) has 

been used by Crcnyn (1970a), Zeiosig and Lovelace (1972), and Armstront; 

-- e t  al. (1973) t o  study t h e  angular s t ruc tu re ,  

was studied by many observers, e.g. Bel l  2nd H e w i s h  Il!?67), via IPS long 

before it was krlown t o  be a pulsar.  

Also,  the  Crab nebula pulsar 

1 
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The project  described i n  t h i s  t h e s i s  exploited the  VLBI  technique 

t o  achieve the high s p a t i a l  resolut ion (4.1 arcsec) necessary t o  study 

the  angular s t r u c t u r e  i n  the radiat ion from pulsars. This resolut ion is 

obtainable only with VLBI and IPS and has added another dimension t o  the  

understanding of pulsars and the  propagation media. 

t he  f i r s t  appl icat ion of t he  VLBI technique t o  pulsars  a f t e r  the ea r ly  ob- 

servations by :he Canadian VLBI group ( G a l t  -- et al. 1970). 

This project  represents 

A. I n t e r s t e l l a r  s ca t t e r ing  and interferometr ic  observations of pulsars 

This sec t ion  describes the  phenomena associated with a simple t h i n  

screen model f o r  i n t e r s t e l l a r  s ca t t e r ing ,  

i n  the next chapters provide tests of t h i s  model's predictions.  

ment ?f observations with t h e  model is discussed i n  Chapter V. 

The VLBI experiments described 

The agree- 

With an interferometer w e  can measure the  t o t a l  time-averaged power 

from a pulsar and obtain a c e r t a i n  amount of correlated flux. 

pulsing power w e  may also obtain what w e  call a "correlated pulse profile." 

The correlated p r o f i l e  might be expected t o  appear q u i t e  d i f f e r e n t  from 

t h a t  observed with a s ing le  telescope for t h e  reasons discussed below. 

From the  

1. Scatterinp;. The most important e f f e c t  on the  pulse p r o f i l e  is 

the f a c t  of sca t t e r ing  of t he  pulsar 's  r ad ia t ion  i n  the i n t e r s t e l l a r  medium. 

Assume fo r  s implici ty  t h a t  the density i r r e g u l a r i t i e s  which are responsi- 

b l e  for the  sca t t e r ing  are d i s t r ibu ted  uniformly along t h e  l i n e  of e igh t  

t o  the pulsar. For many purposes w e  can then represent the i n t e r s t e l l a r  

medium simply as a Two e f f e c t s  

of the sca t t e r ing  ahould be 

w i l l  be received fro.1 5, 

the i n t r i n s i c  s ize  of ;nc L,.i31i 4. Second, since t h e  r ad ia t ion  which is 

. in phase-changing screen (f igure 1-1). 

..: 'Qit'st, the r ad ia t ion  from t h e  pulsar 

e -, I -1br extent Be which is  much l a r g e r  than 
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received from the  edges of t he  

sca t t e r ing  cone has t rave l led  a 

longer path than the  r ad ia t ion  

which comes s t r a i g h t  through 

unscattered, a narrow pulse  

emitted a t  the  pulsar  (as i n  Figure 1-1. Thin screen 
s c a t t e r i n g  conf igurat ion.  

f i gu re  I-2a) w i l l  be broader when 

it is received a t  t h e  earth. As t he  time delay, K, approaches ( f igure  I-2b) 

and exceeds ( f igure  I-2c) the pulse period, P, t he  pulse shape 5rtadens and 

a base l ine  of continuous f l u x  

is added t o  the  p ro f i l e .  

Eventually an average con- 

tinuum value of the f lux is b. t- P 

reached. This phenomenon w a s  

f i r s t  proposed by Cronyn (1970b) 

as an explanation f o r  t h e  ap- 

t rw P 

Figure 1-2. Schematic pulse  
t r a i n s  for various time delays. 

parent decrease i n  the  amount of pulsing f l u x  which w a s  observed from t h e  

Crab nebula pulsar  a t  low frequencies. The amount of broadening is 

wavelength-dependent such t h a t  a t  longer wavelengths the  average time 

delay and s c a t t e r i n g  angle both increase. 

2. Interferometr ic  observations. Now i f  w e  observe the  pulsar with 

an interferometer which has a f r inge  spacing on t he  order  of t he  scatter- 

ing s i z e  Os, we would p a r t i a l l y  resolve the  apparent source and could then 

estimate its angular s i ze .  Cohen and Cronyn (1974) point  ou t  t h a t  i n  order  

t o  observe an apparent angulp? s i z e  of 8 

a bandwidth grea te r  than l / . r  o r  a time conetaat longer than the  character- 

r a the r  than $, w e  must also use 
S 

i s t i c  time f o r  t he  d r i f t i n g  d i f f r a c t i o n  pat tern.  E i ther  of these  two 
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c o n d i t i m s  insures t h a t  t h e  rays arr iving from various d i r ec t ions  within 

the sca t t e r ing  cone are incoherent. 

The pulse p r o f i l e  which the interferometer 3bserves would o r ig ina t e  

from the cen t r a l  area of t he  s c a t t e r i n g  d i sk  where the  r ad ia t ion  has not 

t ravel led as long a dis tance as i n  the outer par ts .  Therefore the pulse 

p r o f i l e  observed with an interferometer which p a r t i a l l y  resolves the  scat- 

t e r i n g  disk should be narrower than t h a t  observed with a s i n g l e  telescope. 

Another way of considering t h i s  phenomenon is t o  note  t h a t  t h e  appar- 

ent angular s i z e  of t he  source increases as t h e  pulse  progresses. At t h e  

star: of a pulse,  t h e  r ad ia t ion  comes from a point source; a t  a later phase 

i n  the pulse period the  r ad ia t ion  arrives from an annulus around t h e  center;  

f i n a l l y  near the end of t h e  period t h e  r ad ia t ion  comes from near t he  edges 

of tile s ca t t e r ing  cone and w e  observe a l a r g e  source. This changing appar- 

en t  source s i z e  means t h a t  t h e  f r inge  v i s i b i l i t y ,  y, should decrease as a 

function of pulse phase, and t h a t  t he  pulse from a p a r t i a l l y  resolved 

source should appear t o  be  narrower than t h a t  from an unresolved source. 

Figure 1-3 is a schematic drawing of an unresolved broad pulse  hid a 

p a r t i a l l y  resolved pulse (a), 

and t h e  f r inge  v i s i b i l i t y  as 

a function of pulse  phase (b). 

Using an interferometer with 

very high resolut ion and high 

s e n s i t i v i t y  the ttnscattered 

pulse shape could presumably 

be observed. The v i s i b i l i t y  

function f o r  pulsar r ad ia t ion  

UNRESOLVED 

PARTIALLY 

Figure 1-3. Pulse shapes (a) 
and f r inge  v i s i b i l i t y  func- 
t i o n  (b). 

is  discussed i n  more d e t a i l  by 

Cronyn (1974). 
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Another cause f o r  an expected difference between the  ?-orrfl;rted pulse 

p r o f i l e  and the  single-telescope p r o f i l e  is due t o  t h e  pu'ss bbse'Line o r  

zero l eve l .  Single-telescope observers usually choose a basel ive Level 

at the minimum of the  pulse p r o f i l e ,  thus assuming Lha t  the pulsar  actu- 

a l l y  "turns off" between pulses. 

and non-pulsing power (which may be due t o  sca t t e r ing ,  as desc.*ibed above, 

o r  t o  the i n t r i n s i c  r ad ia t ion  pa t t e rn  of t he  pulsar)  then t h i s  method ig- 

nores the continuous source. With single-telescope observations, a pro- 

cedure using on- and off-source measurements would be required t o  de t ec t  

the continuous component. However such an observation would r equ i r ,  hibh 

s e n s i t i v i t y  because most pulsars  are weak sources and any underlying con- 

tinuous component would be  s t i l l  weaker and more d i f f i c u l t  t o  detect .  

I f  t h e  pulse  p r o f i l e  has both pulsing 

With an interferometer, however, t he  large-scale s t r u c t u r e  of t h e  sky 

background is washed out. 

radiat ion,  including both non-pulsing and pulsing components, w i l l  be 

correlated over a long baseline. 

power i s  the t r u e  zero level of t h e  pulsar ' s  power. 

The pulsar  has a small angular s i z e  and its 

Hence t h e  l e v e l  of zero correlated 

I n  t he  case of the Crab nebula pulsar,  t he  nebula makes single- 

telescope observations even more d i f f i c u l t ,  

ometer has the  unique advaqtage of suppressing the  s t rong r ad ia t ion  from 

the s p a t i a l l y  l a rge  nebula and giving the  a b i l i t y  t o  observe only t h e  small 

compact source which is the  pulsar. 

A long-baseline in t e r f e r -  

B. Summary of t h e s i s  and t h e s i s  work 

This t h e s i s  is concerned with law-frequency (100- t o  2 O O - M k )  VLBI 

observations of several s t rong pulsars ,  concentrating on t h e  Crab nebula 

pulsar. The observed angular s t r u c t u r e  is Interpreted In terms qf a model 
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i n  which t2e s c a t t e r i n g  of t he  Crab nebula pulsar ' s  r ad ia t ion  occurs i n  

both the  nebula and the  i n t e r s t e l l a r  medium. The experimental techniques, 

from data-taking through processing to  ca l ibra t ion ,  are described id "hap- 

ter X I ;  a t t e n t i o n  is Focused on the  p e c u l i a r i t i e s  presente-! >y *-ls.Trrs as 

sources observed with an interferometer. 

t he  r e s u l t s  of t he  Crab nebula pulsar  observations: 

t o t a l  f l u x  (Chapter 111), and then t h e  pulse  p r o f i l e s  and pulsing power 

(Chapter IV). 

terstellar medium which have been proposed t o  explain t h e  observed phenom- 

ena is discussed i n  Chapter V. 

of t he  models and the  new results presented i n  t h i s  thes i s .  Chapter VI 

presents  t he  r e s u l t s  of observations of s eve ra l  otk?r  pulsars. F ina l ly  

Chapter V I 1  sumnarizes t h e  r e s u l t s  and presents  suggestions f o r  f u r t h e r  

work. 

The next two chapters discuss  

f i r s t  the average 

Each of t he  var ious models of t he  Crab nebula and the in- 

Comparisons are made between predict ions 

The series of experiments on which t h i s  thesis is based involved a 

multi tude of people: 

This j o i n t  p ro jec t  involved people at t h e  University of Maryland, Goddard 

Space F l ight  Center, Arecibo Observatory, and t h e  Naval Research Laboratory. 

It is d i f f i c u l t  t o  separa te  the  tasks of individuals  i n  a VLBI group, but  

I s h a l l  attempt t o  ou t l ine  the  areas i n  which I played an a c t i v e  role. 

Then, i n  the  i n t e r e s t  of coherence, t h e  remainder of t he  t h e s i s  w i l l  not 

d i s t inguish  my separa te  work. 

f i gu ra t ive ly ,  i f  not l i t e r a l l y ,  a cast of thousands. 

The o r i g i n a l  experiment w a s  conceived by T. A. Clark, W. C. Erickson, 

and J. J. Brodcrlck, and I entered the  pro jec t  a f t e r  t he  first observations 

had been analyzed (Erlckmn et al. 1972). 

every aspect of t he  planning, observing, processing, and analysis operations. 

From then on I w a s  Involved in  
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During the  thes i s  work, my "of f ic ia l"  advisor wa8 W. C. Erickson; my work w a s  

a l so  directed by T. A. Clark who acted as my "unofficial" advisor. 

During the  course of t he  experiments a wide va r i e ty  of ob jec ts  w a s  

observed: pulsars ,  compact galaxies  and quasars, and supernova remnants. 

The respons ib i l i ty  f o r  de t a i l ed  da ta  ana lys i s  f e l l  t o  one person f o r  each 

of t he  three  source categories. 

were s tudied by G. M. Resch and the  r e s u l t s  of t he  ana lys i s  are presented 

i n  h i s  t hes i s  (Resch 1974). Observations of t he  supernova remnant Cassi- 

opeia A were analyzed by L. K. Hutton (Hutton et al. 1974). The Crab nebula 

pulsar  and the  other  pulsar  observations were analyzed by me and t h e  r e s u l t s  

are contained i n  t h i s  thes i s .  

The observations of ext raga lac t ic  ob jec ts  

For pulsar  da ta  I made extensive modifications t o  t h e  main processing 

program (VLBI1) t o  include the  a b i l i t y  t o  ga t e  the  co r re l a t ion  routine. 

This a l s o  required t h a t  t he  normalization scheme of t h e  second processing 

program (=BIZ) be completely revamped which I also accomplished. 1 a l so  

made many addi t iona l  program innovations which were not d i r e c t l y  involved 

with pulsar  observations because I had a s swed  r e spons ib i l i t y  f o r  maintain- 

ing the  software system f o r  a l l  of t he  VLBI da t a  processing done at  Goddard. 

As an a id  t o  scheduling observations f o r  VLBI experiments, I wrote the  

PRESKED and SKED programs which are b r i e f l y  described i n  Appendix A. These 

two programs are now used by severa l  other  VLBI groups. After  observing 

p r i o r i t i e s  were agreed upon i n  group discussion, I did the  major p a r t  of 

a l l  t he  de ta i led  scheduling f o r  t h e  experiments diecussed i n  t h i s  thes i s .  

I par t ic ipa ted  i n  s e t t i n g  up the  equipment f o r  every experiment, and, during 

the  course of t he  seven observing 8eseion8, I as s i s t ed  in tape-hanging at 

each of t he  three  telescopes. 
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Once the da ta  tapes were returned t o  Goddard a f t e r  t he  recording ses- 

s ions ,  I took charge of t he  data  processing operation for  a l l  but one of 

t he  experiments. This work involved sor t ing  and pa i r ing  a l l  o t  the  da t a  

tapes,  preparing j o b s  f o r  the  computers, and f i n a l l y  examining the  output 

of VLBIl and VLBI2 t o  decide if re-processing w a s  necessary. 

experiment I a l s o  processed severa l  runs t o  search fo r  t he  proper clock 

se t t i ngs .  Normalization of the r a w  cor re la t ion  coef f ic ien ts  and f l u x  

ca l ibra t ion  schemes w e r e  agreed upon by the  group i n  meetings and discus- 

s ions i n  which I par t ic ipated.  Application of these schemes t o  the  da t a  

w a s  done by G. M. Resch and forms a p a r t  of h i s  thes i s .  

For each 

Analysis of the pulsar da ta  w a s  done e n t i r e l y  by m e  with suggestions, 

advice, and discussion by the  group. 

the  pulsar  data. 

This t hes i s  represents  my study of 

C. Other research- 

Before rn) t hes i s  work w a s  begun, I par t ic ipa ted  i n  other  VLBI p ro jec ts  

including the  many "Oktoberfest" r e l a t i v i t y  experiments and severa l  other  

experiments I n  what is now cal led the  "Quasar Patrol" project  (Knight e t  al .  

1971; Whitcey - e t  -0 a1 1971). 

During the  t i m e  t h a t  t h e  low-frequency experiments were being done, 

I began a series of VLBI experiments a t  2.3 GHz (13 cm) I n  order  t o  measure 

accurate posi t ions of pulsars  r e l a t i v e  t o  ext raga lac t ic  sources. 

laborators  were G.  S. Downs and P. E. Reichley of t he  Jet Propulsion Lab- 

oratory,  and T. A. Clark, W. C ,  E r i c u o n ?  and myself. One purpose of t he  

program was t o  compare posi t ions measure6 w i t h  comparable accuracy using 

VLBI and pulse timing techniques i n  an a t t empt  to  resolve some discrepant 

measurements. 

The col- 

Another purpose was to  examine the posi t ions derived from 
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experiments spaced severa l  months apar t  f o r  evidence of proper motion andlor 

para l lax  of pulsars.  Manchester -- et al. (1974) have observed proper motion 

of PSR 1133+16 using pulse  timing techniques. 

Two observing sessions were held i n  1972 using t h e  Goldstone antenna 

and the  NRAO 42-m telescope. 

mine f r inge  v ’ k i b i l i t i e s  of various sources. The Vela pulsar ,  PSR 0833-45, 

i s  found t o  be p a r t i a l l y  resolved. Its measured angular s i z e  is presumably 

due to  sca t t e r ing  along t h e  l i n e  of s igh t  through t h e  Gum nebula and t h e  

res t  of t he  i n t e r s t e l l a r  medium. Mare accurate  normalization f ac to r s  are 

being derived t o  improve t h e  estimate of f r inge  v i s i b i l i t y .  

a l so  be  analyzed t o  y i e ld  relative pos i t ion  measurements, which can hope- 

f u l l y  be combined with t h e  results of o ther  in te r fe rometr ic  s tud ies  of 

pulsars  now i n  progress a t  CalTeci- 2nd NRAO. 

The da ta  were reduced and analyzed t o  deter-  

The da ta  w i l l  



CHAPTER I1 

EXPERIMENTAL METHODS 

A. Description of experiments 

Since 1970 there have been seve ra l  meter-wavelength VLBI experiments 

using a va r i e ty  of baselines i n  the United States .  Clark and Erickson 

(1973) have summarized some of these experiments. Figure 11-1 is a map 

showing the  baselines f o r  t h e  

experiments discussed in t h i s  

t h e s i s  and t a b l e  11-1 lists 

t h e  dates ,  s t a t ions ,  obser- 

ving frequencies, and res- 

lu t ions  . 

Nl 

1. Earliest experiments. 

One ea r ly  meter-wavelength VLBI Figure 11-1. U.S. map sharing 

experiment ( i n  1970 January at t o  iden t i fy  s t a t ions .  
baselines.  Refer t o  t a b l e  11-1 

121 MHz from Maryland Point t o  NRAO) provided the  f i r s t  low-frequency VLBI 

da ta  on t he  Crab nebula pulsar. The technique f o r  obtaining t h t  Fourier 

components of a pulse shape was developed by W. C. Erickson and T. A. Clark 

and w a s  f i r s t  used f o r  these observations. The da ta  have been analyzed and 

published by Erickson et al. (1972). 

Another meter-wavelength experiment (1971 March a t  144 MEIZ between 

Owens Valley, Vermilion River, and Sugar Grove) used one partly-steerable 

and two f ully-steerar e telescopes which enabled extensive hour-angle cov- 

erage of several sources. Figure 11-2 shows the  (u,v)-plane coverage (for  

t h e  Crab nebula) of these th ree  baselines along with those of later experi- 

ments. The pulsar 's  s ca t t e r ing  d i sk  w a s  subs t an t i a l ly  reeolvcd with t h e  

10 
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longest baseline and t!ie range of f r inge  v i s i b i l i t i e s  gave some indicat ion 

of the brightness d i s t r ibu t ion .  

s te l la r  sca t t e r ing  does occur and t h a t  meter-wavelength VLBI  is technical ly  

feasible .  However, s ince a l l  sources except the Crab nebula pulsar  were 

p a r t i a l l y  resolved with the longest basel ine i t  w a s  a l so  shown t h a t  more 

s e n s i t i v i t y  was necessary i n  fu tu re  p ro jec t s ,  

The experiment demonstrated t h a t  i n t e r -  

2. Latest experiments. With t h e  r e s u l t s  of t he  ea r ly  experiments 

i n  mind, a multi-purpose meter-wavelength VLBI  program w a s  begun i n  la te  

1971 and spanned one and one-half years (see t a b l e  11-1). 

two- o r  three-day observing sessions monthly from 1971 November through 

1972 March, and week-long sessions i n  1971 December and 1973 February. 

The telescopes used were Arecibo (305 m), NRAO (92 m), and Sugar Grove 

(46 m). They form two long basel ines  (2550 km) axd one short  basel ine 

(50 km). 

There were f i v e  

a. Primary purpose of experiments. The o r ig ina l  purpose of 

t he  aonthly experiments was simply t o  monitor t h e  apparent angular s i z e  

of the Crab nebula pulsar and coupare any observed changes t o  the  varia- 

t i ons  i n  the pulse shape which were being observed a t  Arecibo. 

pulsz shape va r i a t ions  have been reported by Rankin and Counselman (1973). 

Comparisons between the  s i z e  va r i a t ions  and the d i f f e r e n t  pulse s h e p s  

could y i e ld  information on the  locat ion and dynamics of t he  sca t t e r ing  

medium. 

Crab nebula pulsar monitoring observations a t  Arecibo. 

These 

The VLBI experiments were done simultaneously with t h e  rclgular 

Another purpose of the experiments was t o  determine the  x v e -  

length dependence of . i n t e r s t e l l a r  s c a t t e r i n g  by observing several  s t rong 

pulsars ,  especial ly  t h e  Crab nebula pulser ,  a t  two frequencies, 196 and 

111 MHz. I n  the later experiments, t he  observing frequency of 74 MHz was 
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added and 196 Mlz was deleted becmse it turned out  :hat i n t e r s t e l l a r  

s ca t t e r ing  e f f e c t s  were not s t rong enough a t  the  higher frequency. 

other  aspects  of t he  Crab nebula pulsar  were a l so  invest igated.  

Fourier cLmponents were detected t o  allow reconstruct ion of pulse  shapes. 

Also of i n t e rep t  was the  polar iza t ion  of t he  pulsar  at l o w  frequencies 

Various 

Enough 

The Crab nebula pulsar  w a s  t he  prjmary source i n  a l l  of t h e  ex- 

periments, and i n  order t o  minimize ionospheric and Cnterplanetary prop- 

agation e f f ec t8  the  observations were scheduled i n  the  winter  when the  

Crab nebula is  near t he  ant i -solar  d i rec t ion .  

- b. Other sources. A l a rge  number of ex t r aga lac t i c  sources 

suspected of having, or known t o  have, compact components were a l s o  p a r t  

of t he  progra.: About 120 sources were observed a t  least once. Several 

of t he  s t ronger  sources were a l so  used f o r  po lar iza t ion  and t o t a l  power 

ca l ib ra t ion  observations. 

information on the  compact components alone by resolving l a rge  s t ruc tu res  

such as halos. For many sources, t he  synchrotron self-absorbed region of 

t he  spectrum should occur near our obse rvhg  frequencies. 

of the  ex t raga lac t ic  source observations w a s  t o  compare the  VLbI-observed 

angular s i z e s  t o  those derived from in te rp lane tary  s c i n t i l l a t i o n  (IPS) 

techniques. 

t h i s  t hes i s  except as ca l ib ra t ion  sources. 

t ions  are presented by Resch (1974); 

The in t en t  was t o  obta in  low-frequency spec t r a l  

Another purpase 

The ex t raga lac t ic  sources w i l l  not be discussed fu r the r  i n  

The r e s u l t s  of t he  observa- 

In the  1972 December experiment, a se l ec t ion  of supernova remnants 

was observed i n  a search f o r  compact sources such a6 t he  pulsar  i n  the  Crab 

nebula. 

seen at centimeter wavelengths was found I n  Cassiopeia A. 

No such sources were found, although f i n e  s t r u c t u r e  s imi la r  t o  t h a t  

The r e s u l t s  of 
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these observations are ieported by Hutton et al. (1974), and are not dis-  

cussed i n  this thesis .  

c. Scheduling considerations. Due t , i  t h e  l imited hdc-angle  

coverage of t he  moveable feeds of the NRAO and Arecibo teles -opes, t h e  

amount of t i m e  a source w a s  xrjsible a t  a l l  th ree  s t a t i o n s  w a s  never -re 

than about LJe hour. Figure 11-2 showed tbe p i t t f u l l y  short  (u,v) tracks 

f o r  t he  Crab nebula cn these three basslinzs.  

Crab nebula pulsar,  f i v e  strong pulsars ,  and four ca i ib ra t ion  sources) 

were observed during t h e i r  e n t i r e  period af mutual v i s i b i l i t y  every day. 

Yor the  remainder of t he  ex t r aga lac t i c  sources, -.t least two runs were 

scheduled on each of two d i f f e r e n t  days. The rcdundancy was !.-s.jrance 

against  sporadic interrerence,  tapes with excessive e r ro r s ,  and '1 t h e  

possible  problems which plague L .  . i n  the heat  of b a t t l e .  Sched- 

ul ing programs and other preparation procedures are described i n  Appendix A. 

There is  as much da ta  from each G f  t he  last twc i  observing session8 

The primary sources (:- ? 

as from the f i r s t  f i v e  sessions combined. 

ist ics of the Crah nebula pulsar did not occur during t h e  f i r s c  winter. 

Normalization and c s l i b r a t i o n  procedureb were improved between the  tw6 

winters also.  

r e s u l t s  of t he  two "sets" of experimentc where t h e  first set comprises the 

f i r s t  f i v e  sessions i n  winter 1971-2 and the  second set comprises the  two 

seesioiis i n  winter 1972-3. 

Also, changes i n  the character- 

For these reasons, d i f f a e n c e s  w i l l  often be noted between 

- 3. Recording system. 

Mark I VLBI recording system was used. It has a 3501kHz bandwidth and 

records a clipped and sampled video s i g n a l  on standard computer tapes; 

one tape holds th ree  minutes of data. The d a t a  can be processed with 

e i t h e r  a general purpose computer or a s p e c i a l  purpose processor each 

For a l l  of t h e  low-frequency experiments the 
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as the one a t  Haystack Observatory. 

i n  Appendix A. 

It i s  known as the Mark I1 system (Clark 1973) and has a 2-MHz bandwidth. 

The data i s  clipped a.id sampled and recorded on video t ape ,  ,ne t ape  lasts 

from one t o  f i v e  hours. 

cessors. 

The system is described more completely 

Another recording s y s t e 9  is USPJ by many other VLBI groups. 

The data  m u s t  be processed on spec ia l  purpose pro- 

There w e r e  several  reasons fo r  choosing the  Mark I system over the  

Mark I1 system. The two major motivations were 1) the  ce r t a in ty  tha t  ac- 

curate  cor re la t ion  amplitudes could be extracted €rom the  raw data ,  and 

2) the sophis t icated software system ava i lab le  f o r  da ta  reduction. The 

accuracy 02 the  programs w a s  recent ly  tes ted  by recording a pa r t i a l ly -  

correlated “man-made” s igna l  on two recorders a t  the  same site. Normal. 

process ng of the  da ta  protsced cor re la t ion  amplitudes within 5% of t h e  

k n m  f r ac t ion  of correlated s ignal .  This assured us that the  recording 

and processing operations do in&& enzble us t o  recox7 the  t r u e  s ignal .  

The software aystem of t he  MITjGoddard reduction programs has been 

wr i t ten  with exhausting a t t en t ion  t o  d e t a i l  (Uhitney 1974; Einteregger 

1972). 

duction 80 t h a t  t h e  recovery of pulsar  Fourier coxponents is possible. 

The a b i l r t y  to  activate the  cor re la t ion  routine only when a pulsar  w a s  

“cd’ w a s  added to  the  program i o  order  t o  c%btain increased s e n s i t i v i t y  

on pulsar dObervations. 

system at the time t h i s  pro jec t  vas begun, and iL f a c t  severa l  approxi- 

mations a c h  make it frPpoesible t o  do these  types of da ta  reduction were 

b u i l t  into t he  Mark IT pre-processor 

In  pa r t i cu la r ,  the phase is ca re fu l ly  tracked throughout t he  re- 

None of these  f ea tu res  was avai lao le  w i t h  the  Mark I1 

The other  reaaon for wing Xark I w a s  t h a t  the in tegra t ion  time and 

banduidth advantages oi the Mark I1 system cculd not be exploited. At 
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frequencies between aboat 100 and 200 MHz mere are numerous bands with 

in t e r f e r ing  s igna l s  from rzidio and t e l ev i s ion  s t a t ions .  

width is  j u s t  narrow enough t o  f i t  between most of t he  interference,  but 

w e  probably could not have used the  e n t i r e  bandwidth of t he  Mark I1 system 

s ince  t h i s  requires  a clear band simultaneously a t  a l l  t he  s t a t ions .  Also 

at low frequencies phase f luctuat ions due t o  t h e  ionosphere and interplan- 

e t a ry  medium l i m i t  t he  coherent integrat ion time t o  a few hundred seconds 

o r  less so t h a t  w e  could not have made longer coherent observations with the 

hark 11 system, 

The Mark I band- 

B. Description of processing 

1. Program Vl.311. The da ta  tapes from a l l  t h e  experiments described 

i n  the  previous sec t ion  were ca r r i ed  or mailed t o  Goddard Space F l igh t  Cen- 

ter and processed on the IBM 360/91 and 360/75 computers using t h e  programs 

cal led VLBIl and VLBI2. 

eter and of t he  programs is show in f igu re  11-3, 

programs, t he  algorithms, approximations, and t h e  theory of processing can 

be  found ii t h e  theses  of Wh.ft-ney (1974) and Hinteregger (1972). The ideas 

and equations necessary t o  understand t h e  basic  processing and t h e  Fourier 

c.mponent method are consi3dred next. 

The ftmctiou of each component of t he  interferom- 

Details concerning t h e  

a. Ephemeris d-ta. A set of ephemeris d a t a  pecul iar  t o  t h e  

experiment being processed is provided t o  program VLBI l  ( f igure 11-3 at  

locat ion a). The da ta  set contains such information as t h e  posi t ion of 

each source observed, t he  iocat ions of t h e  telescopes, t h e  t o t a l  l o c a l  

o s c i l l a t o r  frequencies, any instrumental time delays, and t h e  individual 

s t a t i o n s ’  clock epochs. A t  low frequencies t h e  e f f e c t  of ionospheric 

r e f r ac t ion  is of ten important, and it acts as an addi t ional ,  but  unknown, 
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are referred to i n  the text of sections &1 and B-2. 

Block diagram of functions of recording systems 
Locations labelled (a) through ( f )  
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time delay. The a p r i o r i  values  of t he  parameters i n  the  da t a  set are as 

accurate  as possible, but small e r r o r s  i n  these values  or in instruments: 

or propagation e f f e c t s  are not critical because the  f i n a l  program searches 

for the  nraximu~a co r re l a t ion  over a range of values. 

b. Phase. It is most important t o  understand vhat  is meant by 

phase throughout t he  processing programs: 

culated, haw is t he  obnerved phase determined, and w h a t  information does 

the  r e s idua l  phase contain? 

how is the  a p r i o r i  phase cal- 

The expression which is used to  calculate the  a p r i o r i  phase I s  

derived i n  Appendix B and w e  w i l l  use t he  r e su l t :  

. (11-1) 

The f i r s t  term, I$,, is ca l led  the  "fundamental phase" which is due t o  the  

geometrical delay. 

of change of t he  geometrical delay as the  e a r t h  ro t a t e s ;  t he  t o t a l  f r inge  

rate is f and the  phase is counted during the  time elapsed, A t p ,  s i n c e  a 

reference t i m e  to. 

the  two l o c a l  o s c i l l a t o r s ,  A%; t he  phase is counted during the  t i m e  

elapsed, A b ,  s i nce  the  s tar t  of t he  o s c i l l a t o r  a t  b. 

The second term accounts for t h e  phase due t o  the  rate 

The last term includes any frequency o f f s e t  between 

C. Correlat ion process. The observed co r re l a t ion  function, 

which descr ibes  the  f r inges ,  is obtained by multiplying t h e  b i t  streams 

from two da ta  tapes ( f igure  11-3, at c) a f t e r  s h i f t i n g  by t h e  number of 

b i t s  corresponding t o  the  t o t a l  time delay ( f igure  11-3, at b). Because 

the  time delay "resolut ion function" has a width ~ ( 2 1 1  x bandwidth)-', a 

range of 23 b i t  delays centered on t he  nominal delay is used t o  def ine 

the  cor re la t ion  function. Then the  seven-point funct ion is mixed with 

"fake" f r inges  ( f igure  11-3, at d )  having the  a priori  calculated phase 



of equation 11-1. 

done t o  reduce the f r inge  frequency and t i m e  delay t o  s m a l l  values which 

are more e a s i l y  handled. 

This process i s  cal led " f a s t  f r inge  rotat ion" and is  

The phase, a f t e r  m!-Xing, is: 

(11-2) 

where f = residual  f r inge  rate, R 

R 

w = t o t a l  l o c a l  o s c i l l a t o r  frequency. 

T = residual  time delay, 

The quantity UT is a l s o  ca l l ed  the r e s idua l  phase, 4 iz.d i t  is -de R R' 

up of two terms: 

'R = "0 + ' ins t r  (11-3) 

where A$o = resicusl fundamental phase, 

= instrumental phase. ' instr  

The instrumental phase contains terms such as clock e r r o r s  and i n s t r m e x t a l  

t i m e  delays which chacge slowly o r  not a t  a l l  with time. The unknown iono- 

spheric delays a l so  en te r  i n  t h i s  tern. The instrumental phase is indeter- 

minate s ince i t  a l s o  includes the  absolute phase difference between the two 

l o c a l  o s c i l l a t o r s ;  i t  can be eliminated only by using d i f f e r m t i a l  measure- 

ments. 

The co r re l a t ion  function is next averaged ( f igu re  11-3, at e) 

over 0.2 s e c  (one record) which restricts the  r e s idua l  f r inge  rate t o  

k2.5 Hz. The r e su l t i ng  complex co r re l a t ion  functions for t he  nominally 

900 records i n  one run are wr i t t en  on an output tape (f igure 11-3, at f )  

along with a l l  the ephemeris information relevant t o  t h e  observation and 

many numbers calculated by the program. The f r inge  amplitudes and phases 
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w i l l  be manipulated and averaged by the next processing program to obtain 

the best estimates of the f r inge  r a t e ,  t i m e  delay, f r inge  phase, and f r inge  

amplitude. 

2. Program VLBI2. a. Residual parameters. The second processing 

program is cal led VLBI2. 

i n t o  an array which represents the complex observable space. 

array is Fourier transformed i r t o  the (residual  time-delay, res idual  fringe- 

rate) domain; t h i s  array extends lt4.5 usec i n  t h e  time-delay dimension and 

k2.5 Hz i n  the frequency dimension. 

i s  searched f o r  i n  t h i s  plane, and the  maximum is found at some value of 

T and fR. The b e s t - f i t  values of T~ and f are determined by interpolat ion 

using a finely-spaced Fourier t r a a f o r m  around t h e  preliminary value. 

It reads the  -900 complex co r re l a t ion  functions 

The da ta  

The peak of the co r re l a t ion  function 

I: R 

b. Fringe amplitude and phase. The seven points  i n  each cor- 

r e l a t i o n  function a r e  then averaged using the  b e s t - f i t t i n g  value f o r  T 

t o  adjust  t he  phase across the bandpass. 

are the amplitudes and phases of the f r inges  f o r  each record. 

coherent integrat ion t i m e  is one record (0.2 sec) and averages of f r inge  

amplitude and phase f o r  various longer coherent i n t eg ra t ion  times are a l s o  

calculated by the  program. 

is discussed i n  p a r t  C-3 of t h i s  chapter (page 40). 

R 

The r e s u l t i n g  complex numbers 

The shor t e s t  

The choice of an appropriate i n t eg ra t ion  time 

C. Uncertainties.  The maximum f r inge  amplitude is not a single 

point but  ra ther  an "island" surroundad by smaller i s l ands  which are the  

noise and sidelobes of t he  response pat tern.  Figure 11-4 is a schematic 

drawing of t h i s  island. 

function and the width, i.e. the extent of t h e  is land,  is an indicat ion 

of how w e l l  the  f r inge  amplitude and phase can be  determined. 

observation, the f r i n g e  rate can be estimated t ( J  an accuracy of at least 

The shape of t he  pa t t e rn  is approximately a sine 

For one 
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(2n X T set)-' where T is the  

coherent i n t eg ra t ion  t i m e .  For 

a 18Gsec  average, t he  uncer- 

t a i n t y  i n  f r inge  rate is 

-1 rn Hz. The 1 ime delay 

can be determined t o  at  

'R 

least (2n x 350 IdIz)-l 

-0.5 psec. These esti- 

Figure 11-4. Correlat ion peak 
in t he  (TR,fR) plane. 

mates can be improved if t he  s igna l  t o  noise  r a t i o  is very high. 

3. Pulsars: Fourier component method. This s ec t ion  discusses  how 

the  response of t he  interferometer  changes when the  source is a pulsar  

which has a c h a r a c t e r i s t i c  time signature. Then the  method used t o  re- 

cover the  Fourier components of t he  pulse  shape is described. 

used i n  this sec t ion  is d i f f e r e n t  from t h a t  presented i n  t h e  paper by 

Erickron et al. (1972). 

The approach 

-- 
a. Pulsar  in tens i ty .  We can spec i fy  the  pulsar ' s  i n t e n s i t y  

as a funct ion of time by 

= Is + I p ( t )  (11-4) 

where IT(t) = t o t a l  i n t ens i ty ,  

Is = steady o r  non-pulsing component of t he  t o t a l  i n t ens i ty ,  

Ip(t) = i n t ens i ty  in t he  pulse  train. 

W e  can fu r the r  represent  t h e  to ta l  in t ens i ty  as a Fourier sum, 

(11-5 ) 
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where An = amplitude of t he  n th  Fourier  component of t h e  pulse  shape 

[note that A. includes and ls t he  time average of I T ( t ) ] ,  

$n = phase of t he  n th  Fourier component, 

F = 1/P = pulse  r epe t i t i on  rate, 

A t R  = elapsed time s ince  the  reference time, to. 

The various components of t he  t o t a l  intensity are i l l u s t r a t e d  i n  f igu re  

11-5. 

This is  not  a complete 

descr ip t ion  of t he  source 

rad ia t ion  however, because 

a l l  pulsar  rad ia t ion  is dis- 

persed i n  i ts  passage through 

the  i n t e r s t e l l a r  medium. The 

t 4  

Figure 11-5. Components of t he  
t o t a l  i n t e n s i t y  of a pulsar. 

e f f e c t  of dispers ion is t o  s h i f t  t he  pulse  later i n  time by an amount de- 

pending on t h e  frequency and i n  such a way t h a t  pulses  a r r i v e  later a t  

lower frequencies. To illustrate t h i s ,  f i gu re  11-6 shows schematically 

some pulses  i n  the  ( t i m e ,  f re-  

quency) plane. The pulses  

sweep across  a given pass- 

band a t  a rate A w / A t ,  which, 

over a small range of f re-  

W 

U 

quency, can be approximated TIME - 
as a constant, Figure 11-6. Dispersed pulses  

i n  the  (time, frequency) plane. 



where D = dispersion constant, measured as the  difference i n  the t i u e  of 

arr ival  of the same pulse a t  two frequencies, 

3 1 / G  = spacing of t he  pulses i n  the  frequency domain (G = 2FD/w ), 

1 / F  = spacing of the pulses i n  the t i m e  domain (pulse perio;). 

Since the e n t i r e  pulse i s  delayed, t he  pulse  shape is not changed and each 

Fourier component is affected the same way, 

persion is 

The t i m e  delay due t o  dis- 

(11-7) 2 t,, = D A ( l / w  ) 

2 which can be represented as a phase s h i f t  of -2~inFD/w . 
fo r  t he  t o t a l  f l u x  including the e f f e c t s  of dispersion is 

The expression 

I T ( t )  = 2 An exp 2ai(nFAtR + nGu + $n) . (11-8) 
n=- a, 

b. Response of interferometer. The response of an interferom- 

eter is t he  product of the source i n t e n s i t y  and t h e  f r inge  pat tern,  

R(t)  = [Is + $ ( t ) ]  K exp 2 a i + ( t )  . 
When $ ( t )  is given by equations 11-2 and 11-3 f o r  t h e  residual  phase, w e  

have 

K(t) = f An ex-? 2ni [(A$, - nGw) + ( fR - nF)AtR + $instr + 
n=- ,,, 

(11-9) 

Notice t h a t  the residual  f r inge  rate is given by (fR - nF). This means 

tha t  fo r  a pulsar there  are many sets of f r inges,  one f o r  each value of 

n, i n  contrast  t o  only one peak for a steady source. 

separated from each other i n  f r i n h s  i.req,iency by the  pulse r e p e t i t i o n  rate 

The f r inges  are 
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and t h e i r  amplitudes are modulated by the amplitude of t h e  nth Fourier 

component, A . Also, s ince  the pulsar io d?spersed, t he re  is a phase 

change across the passband. 

n 

This is shown i n  equation 11-9 by the f a c t  

t h a t  the residual  fundamental phase is given by (A$o - nGu). 

transform domain a phase s h i f t  corresponds t o  a t i m e  delay, so  t h a t  each 

I n  the  

sec of f r inges occurs a t  a d i f f e r e n t  delay. 

plane f o r  a dispersed pulsar  

having F = 1 Hz and G = 1 vsec. 

Appendix C shows p i c t o r i a l l y  

the  various sets of fringes.  

Figure 11-7 shows the ( ~ ~ , f ~ )  

no  c. Recovery of An and $! - 
To obtain the amplitude and phase of 

t he  nth Fourier component, a t i m e  n = +2 

delay of nG and a f r inge  ;‘ate off-  

set of nF are i w e r t e d  during pro- 

Figure 11-7. Multiple sets 
of f r inges  f o r  a dispersed 
pulsar.  

cesslng so t h a t  t he  main response of t he  interferometer is centered on the  

nth set of f r inges  i n  the (TR, fR) plane. 

V L B I l  covers an area i n  the  (TR, fR) plane of about 9 Usec by 5 Hz, a l l  the  

f r inge  is lands which occur within t h i s  domain can be  found by searching with 

Since one processing pass through 

program VLBI2 a t  t h e  appropriate locations.  Additional processing passes 

are required f o r  f a s t  and/or highly dispersed pulsars  and f o r  higher order 

components (see t h e  p i c tu re s  in Appendix C). 

In  pract ice ,  obtaining An and +n is done i n  t h e  following way. 

Returning t o  equation 11-1 f o r  t he  calculated phase, w e  set AuLO = nF, 

i n s e r t  an instrumental t i m e  delay Ti = nG, and specify tLO as some UT near 

the  start of t he  tape. (The value of tLO actual ly  depends on the  exact 



26 

manner i n  which t i m e  is referenced i n  the  programs.) 

w e  obtain is then: 

The calculated phase 

'calc = 0 o + fAtR + nFAtLa . (11-10) 

The observed phase of t he  n th  Fourier component is: 

where t 

mum o r  epoch. 

nent : 

is the  time at  which the  s i n e  wave of frequency nF has its maxi- n 

The output of VLBIZ is the  res idua l  phase of the  n th  compo- 

and f o r  n = 0 the  res idua l  phase is given by equation 11-3. 

Dif fe ren t i a l  measurements between the  res idua l  phases f o r  n = 0 

and n f 0 allow the  instrumental  phase and t h e  r e s idua l  fundamental phase 

t o  be eliminated. The "d i f f e ren t i a l  r e s idua l  phase" of t h e  n th  component 

is 

= nF(tn - t W )  . (11-13) 

d. Pulse shape reconstruction. To reconstruct  the  pulse  shape 

the d i f f e r e n t i a l  phases of equation 11-13 and the  correeponding amplitude8 

are added i n  a Fourier sum. Since tLO is lsnm i n  UT, t h e  res idua l  phaeee 

contain information on the  epoch of each component with respect  t o  UT, and 

the  reconetructed pulse  containe information which can y i e ld  the  pulee 

time-of-arrival i n  'JT. 
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The Fourier components are sunned according t o  the  equqtion 

I T ( t )  = An exp ~ I T ~ ( A $ ~ ~  - nFt) 
n=- m 

(11-14) 

In  prac t ice ,  t he  number of Fourier components which were detected i n  the  

processing i s  f i n i t e  so t he  sum is a c t u a l l y  from -N t o  +N where N is  vari-  

able  but always less than 10. 

t he  r e su l t i ng  pulse  shape is smooth, although it  m a s t  be remembered t h a t  

there  a r e  only N + 1 independent points  i n  the  pulse  p ro f i l e .  

The funct ion IT(t) is in te rpola ted  so t h a t  

For the  

computer program which reconstructs  and p l o t s  a 100-point pulse, the sum 

is represented as 

+N 

where i = 0 t o  99. 

The pulse  shape which r e s u l t s  from t h i s  process I s  an average 

pulse  shape unsmoothed by dispers ion e f f ec t s .  

t o  t ha t  which would r e s u l t  from single-telescope observations of t he  aver- 

age pulse  shape over t h ree  minutes having no dispers ion  and having t h e  

s e n s i t i v i t y  of a 350-kHz bandwidth system. 

This p r o f i l e  is equilvant 

e. Zero-baseline interferometer. Because there  is frequency 

s t r u c t u r e  within the  Mark I passband, w e  can a l s o  obtain Information about 

the  pulsing power by auto-correlation. The da ta  I s  processed I n  the  same 

way PR fo r  cross-correlation i n  t h a t  time-delay and fr inge-rate  o f f s e t s  

are &;. ,$lied,  but  only one tape is used. The Fourier components n = 1, 2, 

... N a r e  obtained. Because t h i s  is an auto-correlation process the  n = 0 

componctat has a co r re l a t ion  coef f ic ien t  of uni ty  and t h e  amplitudes of t he  

+n and -n components are Iden t i ca l  and t h e  phases have oppoelte slgne. 

pulse  shape is reconstructed i n  the  same manner as for  the  cross-cotrelet ion 

The 



pro f i l e s ,  the  only exception being tha t  an a rb i t ra ry- leve l  n = 0 component 

must be added t o  r a i s e  the  base l iae  of t he  pulse. The components obtained 

t h i s  way and the  resu l t ing  p r o f i l e  are cal led "zero-base Line" rmponents 

and prof i les .  

baseline proctssing because the  sens i t i v i ty  w a s  the  highest  at t h i s  s t a t ion .  

Usually the  Arecibo Yark 1 date tape was used f o r  the zero- 

4. Pulsars:  gating method. a. Description of processing. From 

pulsar VLBI data  w e  can obtain e i t h e r  the  Fourier components, as j u s t  de- 

scr ibed,  o r  the time-averaged power. The i n t e r v a l  o-rer which t h e  average 

power i s  measured can be r e s t r i c t e d  by ''gating" the  cor re la t ion  rout ine so 

t h a t  i t  operates only when the  pulse is "on." This makes the  process more 

e f f i c i e n t  s ince  most pulsars  are "off" more thaa 90% of the  t i m e .  

The gate  used with the VLBI1 cor re la t ion  rout ine  is Rot a t r u e  box- 

car function but i s  ac tua l ly  "fuzzy." 

est segment of date fo r  which the  cor re la t ion  rout ine  is cal led,  and i f  a 

pulse begins anywhere within t h a t  segment the  cor re la t ion  is done; s i m i -  

l a r l y ,  t he  t r a i l i n g  edge of the  ga te  is only defined t o  within 2 msec. 

The record length,  0.2 sec,  is not comnensurate with any pulse period so  

t h a t  some p d s e s  may s t r add le  two records with the  r e su l t i ng  loss of about 

5 msec of data ,  the  length of the  inter-record gap. I f  the  pulse width is  

less than 5 msec, an e n t i r e  Dulse may be l o s t  i n  t he  gap. These contin- 

gencies are handled by the  si\broutine qhich opens and closes  the  ga te  

The observed cor re la t ion  function is normalized by the  ac tua l  amount of 

data  correl.eted so t he  duty cycle of the  pulsar  is automatically accourted 

fo r  i n  the  cor re la t ion  coef f jc ien t .  

thq saw as fo r  a continuum source, 

This is because 2 msec is the  short-  

The remainder of the  processing is  

b. Epoch measuremelit. The time-of-arrival (epcch) of one pulse  

must be kaown t o  an accuracy of about one millisecond so tha t  t he  ga te  can 
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be placed properly over the pulse. Althougk i t  is possible  t o  search f o r  

the c o r w c t  epoch by placing the  ga te  a t  d i f f e ren t  trFal epochs u n t i l  the  

mLximum corre la t ing  is  found, t h i s  i s  time-consuming and impracticei .  

To monitor t he  average pulse shape during the  observing sessions 

the I F  s igna l  was sen t  t o  a multi-channel s igna l  averager whlch WPB t r i g -  

gered by a clock running a t  the- p u l s e  r epe t i t i on  frequency. 

s igna l  was displayed cn an oscil loscope arid a Polaroid pic; .ure  was taken 

t o  record the  prof i le .  The t i m e  a t  which the  clock had bccn ;LaL..ed w a s  

recorded so t ha t  the  UI' of the  s ta r t  of the  t r ace  W a c ,  known. The epoch 

of ;he pulse  could be  read J f f  the  p i c tu re  i n  units of percentage of the  

pulse period, giving the  pulse epoch r e l a t - v e  t o  UT. This t i m e  was re- 

corded and later used i n  the  processing prcgram t a  ca l cu la t e  t he  t i m e  a t  

which the  ga te  should be opened. 

r'he s tored 

Besides knowi-g the  epoch of the  pulse,  another requirement f o r  

using the  gating method is th2t  t h e w  be only one pulse  i n  the  Mark 1 

passband a t  any one t i m e .  T h h  is the  case f o r  a l l  of the  LcrJ-dispersion 

pulsars  w e  observed. 

be  used fo r  the  Crab nebula pulsar  because i t s  disprxsion measure is so 

high and period sc shor t  tha t  several pulses (e.g. ..,,,5 a t  111 MHz) are 

present across the band simultaneously. iI w e  had :Yed the  giz- 'ng method 

f o r  t h j s  pulsar ,  w e  wodC add up "on" and "off" s igna l s  when w e  i n t eg ra t e  

across the  passbard, which is what the  method tries t o  avoid i n  the  f i r s t  

place. For the  Crab nebula pulsar ,  t he  pulsing power is recov-red by de- 

dispersing the  s igna l  as described i n  the  previous sect!.cn. 

However, the  gating m.thod a s  descr:5ed abovc carnot 

C. Sens i t iv i ty  and f l u x  me3surementz. The in t ens i ty  of pulsar  

rad ia t ion  is expressed i n  a var ie ty  of ways. 

presented as p lo t s  c 

Pulsar  spec t re  are usually 

log E VS. log w where E is t he  "average p u l s e  enerdy" 



-2 i n  un i t s  05 J m Hz-l. This quant i ty  i s  not dependent on the  d e t a i l s  of 

the pulse  shape, it is s imply  a measure of t he  average received energy. 

The in t ens i ty  is a l so  given i n  terms of the  "peak f l u x  density," S 

where v is the  equivalent pulse  p r o f i l e  width. 

the  "equivalent continuum f l u x  density," S 

period. 

which the  pulsar  would have i f  i t  were smeared i n t o  a non-pulsing contin- 

= E/re,  
P 

Y e t  another quant i ty  is 
C 

= E/P, where P is the  pulse  
C 

Sc is the  t o t a l  time-averaged f l u x  densi ty ,  t h a t  is, the  f l u x  

uum source. 

aged over the  gate width: 

most of t hep l l se  prof i le .  

By using t h c  SRting method w e  measure the  flux dens i ty  aver- 

nominally w e  set 1.7 > w t o  include- S = E/wg; g e  P 

Gating increases  the  signal-to-noise r a t i o  i n  the following way. 

I f  w e  do not gate, then we must de tec t  a continuum source s igna l  S 

presence of a noise  l e v e l  uc. 

i n  the  
C 

With a gate, t he  in t eg ra t ion  time is de- 

creased by a f ac to r  w /P, so t he  noise  level is increased t o  (J = uc-, 

but now t he  s igna l  to  be detected is la rger ,  S = ScP/w . 
signal-to-noise ratio is enhanced by a f ac to r  fi if gat ing is used. 

Typically, P/w 

a fac tor  of 4.5 over the  case where pulsars  are t rea ted  as continuum sources. 

g P 
Therefore, t he  

P 8 

8 
2 20, so t he  signal-to-noise ra t io  improvement i ,  at least 

g 

We can recover the  co r re l a t ion  c c . f f i c i e n t  of a s i n g l e  pulse  pro- 

vided t h a t  the  pulse period is less than 0.2 sec, t he  sho r t e s t  coherent in- 

tegra t ion  t i m e .  

because the  in tegra t ion  time LS only w 

The de tec t ion  l i m i t  f o r  s i n g l e  pulses  is very high however 

8. 
d. Replication of f r inges.  In t he  previous sec t ion  on the  

Fourier component method it w a s  noted t h a t  f o r  a pulsar  there  are many 

sets of f r inges  spaced by t he  pulse r e p e t i t i o n  frequency. 

nebula pulsar  F - 30 Bz 80 t he  f r inges  are well-separated from the  axobi- 

gulties which occur due t o  sampling by the  Mark I reL*.ording system. 

For the  Crab 

However, 
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fo r  pulsars  with F -  1 H z  the  d i f f e ren t  sets of f r inges  are closely spaced 

i n  the  f r inge  rate spectrum and they could be  mistaken f o r  t h e  eero-order 

f r inges  i f  not properly taken i n t o  account. 

f r inges  is r e s t r i c t e d  to t he  range +F/2 so t h a t  these ambiguities are 

avoided. 

data ,  and the  corresponding f r inge  rate spectrum, t o  illustrate the r e p  

l i ca t ion .  

The search by program VLBI2 f o r  

Appendix C contains p i c t o r i a l  r e p r e s a t a t i o n s  of a sample of 

C. Cal ibrat ion procedtres and correct ion f ac to r s  

1, Flux scale. a. General opethod. A l l  of t he  data from t h e  

seven experiments w e r e  normalized by the  following general  method, 

the cor re la t ion  coef f ic ien t ,  p, is a f r ac t ion  of t he  mean t o t a l  system 

temperature it can be  ew.Jesse.1 as a temperwaxre. b? multiplying by the 

mean temperature: 

Since 

Tcorr ' P  JTsysl sys2 

Measurements of each anteana's eff ic iency,  e, expressed 

(11-16) 

in Kelvins per 

3ansky, can then be used t o  convert t he  temperature t o  f l u x  density: 

(11-17) 

For the  1971 March experiment at 144 MHz t he  co r re l a t ion  c e  

ef f i c i e n t s  have not been converted t o  f luxes because l i t t l e  information 

on system parameters and t o t a l  power records is available.  However, 

because each telescope i n  t h i s  experiment had approdmately t h e  same 

s e n s i t i v i t y  the  cor re la t ion  coef f ic ien ts ,  i n  cor re la t ion  un i t s ,  can be  

intercompared between the three  baselines.  
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The sys t em configuration at  each s t a t i o n  varied grea t ly  from one 

experiment t o  the next as improvements i n  receivers and observing techniques 

were gradually nede. 

t h i s  learning process is contained i n  Appendix A. 

F i r s t  set of experiments. 

A discussion of some of the  s i t ua t ions  encountered i n  

b. For the  f i r s t  set of experiments, 

sys t em temperatures were estimated by adding together t he  known contribu- 

t ions  t o  temperature: 

(11-18) 

A t  m e t e r  wavelengths, a l l  but a handful of sources are weaker than the  sky 

background so the source antenna temperature can usually be neglected. 

sky background temperature was estimated by reading the  contour level near 

the source posit ion from the  178-M€lz map of FJrtle and Baldwin (1962) and 

sca l ing  t o  our frequencies with a brightness temperature spec t r a l  index of 

-2.5. 

The e r ro r  a l s o  depends on frequency because t h e  sky background becomes 

smoother at lower frequencies and it a l so  forms a l a rge r  f r ac t ion  of the 

t o t a l  sys t em 9-emperature. 

The 

The random e r r o r  i n  estimating t h e  sky temperature is about 20%. 

The receiver temperature was accurately measured at NRAO and 

Sugar Grove only i n  March 1972. 

assumed t o  be similar enough each time t h a t  the  1972 March measurements 

were val id  fo r  every other month also. A t  Arecibo, t he  receiver system 

a lso  was changed every experiment but here the temperature was ueasured 

each t i m e ,  and these values were used. The receiver temperature has an 

uncertainty of about -20% due t o  these problems. 

For each s t a t ion ,  t he  receivers were 

The t o t a l  err01 i n  the system tenperatures w i l l  be due t o  random 

e r ro r s  i n  scaling the sky map f o r  background temperature, and t o  a systematic 
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e r r o r  from uncer ta in t ies  i n  receiver  temperature. Overall,  t he  estimate 

of the t o t a l  system temperature fo r  each s t a t i o n  is probably ac, -urate t o  

30% . 
The dish e f f ic iency  of t he  92-m NRAO telescope vas carefu l ly  

measured at 111 and 196 Mh i n  1972 March (Hutton 19721, and these  curves 

were adopted f o r  a l l  the  previous experiments. 

function of hour angle, and the  normalization from cor re l a t ion  units t o  

Janskys w i l l  thus be  dependent on the  hour angle of the source a t  NRAO. 

A t  111 and 196 HBz t h e  e f f ic iency  is a monotonically decreasing funct ion 

of hour angle, but at 74 MBe t h e  e f f ic iency  is a more complicated function. 

The adopted curves f o r  a l l  frequencies are sham schematically in f igu re  

11-8. A t  Arecibo, t h e  vari-  

a t ion  of eff ic iency with hour 

The ef f ic iency  is a s t rong  

I 
angle w a s  not  as severe as 

NRAO but  t he  e f f e c t s  were 

included. The ef f ic iency  

of t he  telescope at Sugar 

Grove did not vary with 

dis tance from zenith. The 

feed systems a t  a l l  th ree  

s t a t i o n s  were the  same each Figure 11-8 . Hour-angle dependence 

month so it was assumed tha t  
of e f f ic iency  f o r  NRAO 92-m telescope. 

the  antenna e f f i c i enc ie s  did not vary. 

The t o t a l  e r ro r  i n  normalization from cot re lac ' -  I un i t s  t o  

Janskys f o r  t h i s  set of experimenta is estimated t D  b; .- :UL 237. Table 

11-2 contains typ ica l  values of receiver  temperature and eff ic iency;  

tab le  A-1 lists the  individual values fo r  each te3.eecope and observing 
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A spec ia l  problem ex i s t s  fo r  the 1972 March experiment: the  

sens i t i v i ty  of the  Sugar Grove s t a t ion  w a s  reduced t o  below its usual 

value by about a factor  of three. The decrease i n  sens i t i v i ty  appears 

t o  vary randomly during the experiment, however, making a correction 

fac tor  d i f f i c u l t  t o  compute. For t h i s  reason only the  Arecibo-IURA0 base- 

l i n e  f lux  measurements w i l l  be presented fo r  t h i s  one experimeit. 

C. Second set of esperiacnts. During the  last set of experbents  

the  system temperatures were measured f o r  every run. This eliminates 

uncertaint ies  due t o  estimating background temperatures but introduces 

rel iance on a ca l ibra t ion  noise  source. The random e r ro r  i n  one estimate 

of system temperature is about 10%. 

t i on  of hour angle at NRAO and zenith angle at Arecibo were again measured 

The curves fo r  eff ic iency as a func- 

by tracking a source across the  sky and frequently moving t he  telescope 

beam on and off the source. This was done using V i r  A at Arecibo, and 

Cas A, Tau A and Cyg A at NRAO. 

resu l t s .  

The three  sources at NRAO gave consistent 

The e r ror  i n  normalization ac tua l ly  depends on the  t o t a l  s:item 

temperature because of the  measurement method we used; a typ ica l  e r ro r  2s 

estimated to  be about 8% f o r  a s ingle  observation on a weak source. 

e r ro r  is larger ,  about 12%, fo r  observations of the  Crab nebula pulsar  

because the nebula grea t ly  increases the  t o t a l  system temperature. 

The 

Sys- 

tematic er rors  occur due t o  uncertainty i n  the eff ic iencies;  these are 

estimated t o  be less than 10%. 

receiver temperature fo r  each experiment. 

ities calculated using the  values of tab le  11-2 and the equation 

Table 11-2 contains average values of 

Table 11-3 contains sensl t iv-  

(11-19) 
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Parameter 

receiver temp. (K) 

efficiency (K/Jp) 

receiver temp. (K) 

efficiency (K/Jy) 

Table 11-2 

196 me ll1 mt 74 m 
A N S A N S A N S  

350 350 375 600 170 675 - - - 
1.3 -93 .31 3.5 -96 -30 - - - 

- 400 200 900 600 400 750 - - 
- 2.6 1.0 035 4.6 -60 e35 - - 

\ 

Average System Parameters, by station 

Date 

Winter 1971-2 

Wintei 1972-3 

Table 11-3 

System sensitivity for weak sources, by baseline 

Winter 1971-2 
sensitivity (Jy) 

Winter 1972-3 
sensitivity (Jy ) 

Average sky 
temp. used (K) 

196 )Mz 
AN AS NS 

0.5 0.8 0.9 

150 

111 Mnz 
AN AS NS 

0.5 1.2 i .8  

0.5 1.3 1.8 

600 

74 Mflz 
AN As NS 

1.4 1.9 5.1 

1800 
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where B = 350 kHz, T = 180 sec  (one tape),  and Tsl and Ts2 were calculated 

from the receiver temperatures a t  each s t a t i o n  and average sky temperatures 

given i n  t a b l e  11-3. 

d. Flux scale. The f l u x  scale w a s  es tabl ished by assuming 

f lux  density values f o r  C a s  A, Cyg A, and Tau A at our observing f requew 

cies. The values were obtained by computing 

a b e s t  f i t ,  i n  t h e  least squares sense, t o  t he  ava i l ab le  absolute  measure- 

Table 11-4 lists the fluxes. 

ments a t  many frequencies. 

by Resch (1974). 

The d e t a i l s  of this procedure are discussed 

T a b l e  11-4 

Standard source f luxes 

Source 19il MHZ 111 m 74 mz 
' 

Cassiopeia A 10960 Jy 16680 Jy 22570 Jy 

(epoch 1972.9) 

Cygnus A 8955 13275 17210 

Taurus A 1525 1775 19 80 

Virgo A 1030 1575 2145 

Systematic e r r o r s  i n  flux measurements can only be evaluated 

through comparison with other independent observations . 
seven experiments w a s  normalized independently and then t h e  values of 

Each cf t he  

correlated f l u x  were inter-compared and a l s o  compared to source surveys 

made a t  frequencies near our observing frequencies. The procedures w e  

used are as follows. 

Since the two long basel ines  are of nearly equal length, t he  

correlated f l u x  of a source observed on both basel ines  should be  the  same. 

This was tected by computing the  r a t i o  of t he  two f luxes (AN/AS) f o r  runs 

i n  1973 February. The average r a t i o  w a s  less than 5% d i f f e r e n t  from unity 
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at both frequencies. 

c iencies  have the  correct  r a t io .  

sources which were expected t o  be  unresolved on the  sho r t  basel ine were 

compared t o  independent published f l u x  measurements. It was found t h a t  

the fluxes agreed within 10% at both frequencies, indicat ing t h a t  t he  

shor t  basel ine stations had been ca l ibra ted  correct ly .  Final ly ,  t he  r a t i o s  

of t he  f l u x  observed i n  1572 December t o  t h a t  i n  1973 February w a s  computed 

and the  average r a t i o  w a s  found t o  be  less than 5% d i f f e r e n t  from unity,  

This shows t h a t  both experiments were ca l ibra ted  the same. 

This ind ica tes  t ha t  t he  NRAO and Sugar Grove e f f i -  

Next, the  observed f luxes of about s i x  

Unfortunately, we have no way of determining the  systematic 

e r ro r s  involved with both long base l ines  because no independent measure- 

ments ex i s t .  

f l ux  fo r  the  Crab nebula pulsar (using zero-baseline pulse  p ro f i l e s )  with 

t h e  single-telescope measurements at  Arecibo supports t he  accuracy of t he  

Arecibo basel ines  ' cal ibrat ion.  

However, t he  agreement of our measurement of t he  pulsing 

These arguments e s t ab l i sh  t h a t  a l l  of t h e  f l u x  values presented 

here are indeed consis tent  and on the  same f l u x  scale. 

e r ro r s  may remain and t h e i r  magnitude is estimated t o  be 40%. 

tails on the  a n a l y i s  of systematic e r r o r s  are given by Resch (1974). 

Unknown systematic 

More de- 

2. Polarization. Polar izat ion observations with an interferometer 

a r e  more d i f f i c u l t  than with a s ing le  telescope because of t he  heightened 

instrumental e f fec ts .  

feeds results In an unwanted reeponse. 

feed responds t o  a f rac t ion ,  f ,  of t h e  l e f t  c i r cu la r ly  polarized (Le) 

component of t h e  signal, and a l so  to a f rac t ion ,  1 - f ,  of t he  RCP com- 

ponent, 

Incomplete i s o l a t i m  of t he  oppositely polarized 

A r igh t  c i r cu la r ly  polarized (RCP) 



The quant i ty  f is  ca l led  the  single-telescope instrumental polariza- 

tion. For t o t a l  power measurements with a s ing le  te lescope i t  makes no 

d i f fe rence  t h a t  f is not zero, unless  t he  source is polarized. However 

the  response of an interferometer is reduced because the  LCP and RCP c o w  

ponents of t he  s igna l  are not correlated.  

f o r  i f  t he  value of f (or some o ther  su i t ab ly  ca l ibra ted  quant i ty)  f o r  

each antenna is known. 

This effo,ct can be corrected 

When the  two s t a t i o n s  of an interferometer 'observe with opposi te ly  

c i r cu la r ly  polarized feeds, t he  interferometer  responds to  l i n e a r l y  polar- 

ized r ad ia t ion  of any pos i t ion  angle. However, due t o  the  f a c t  that the  

value of f f o r  each s t a t i o n  is not zero, t+.e response t o  an unpolarized 

source is not zero. 

mental polar izat ion" and it  is the  r a t i o  of t he  co r re l a t ion  coe f f i c i en t  

due to  an unpolarized source as observed with s imilar ly-  and oppositely- 

polarized feeds a t  t h e  two s t a t ions .  

approximately equal t o  the  square root  of t he  sum of t h e  individual  in- 

strumental po lar iza t ions ,  f l  and f 2  (see Appendix D). Since the  values 

of f are f rac t ions ,  the  instrumental po la r i za t ion  of t he  interferometer 

can be  considerably higher than e i t h e r  of t he  single-antenna instrumental 

polar izat ions.  For example, t o  achieve an interferometer  instrumental 

po lar iza t ion  of 15%, each antenna can have no worse than 1% instrumental 

polar izat ion.  

The quant i ty  a is ca l l ed  the  "interferometer ins t ru-  

The instrumental po lar iza t ion  is 

Values of a were obtained from observations of strong ex t r aga lac t i c  

sources which were assumed t o  b e  unpolarized (3C273, 3C286, 3C287, and 

3C298). 

rived values of f .  

of t he  experiments, and it  dominated moat of t he  attempts t o  measure l i n e a r  

Tables 11-5 and 11-6 g ive  the  observed values  of a and the  de- 

The instrumental po lar iza t ion  was very high f o r  a l l  
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poli:,..Lzation of pulsars .  The results of t he  observations are discussed 

J, the next chapters. One consequence of the  l a rge  instrumental polariza- 

t i on  is tha t  t he  correct ion fac tor  f o r  observations with s imi l a r  feeds a t  

both s t a t i o n s  i s  of t he  order  of f i v e  percent, comparable t o  other ca l i -  

b ra t ion  e f f ec t s .  

3. Noise f luc tua t ion  l e v e l  and in t eg ra t ion  times. The complex cor- 

r e l a t i o n  coef f i r  t a t  ( f r inge  amplitude and phase) can be  c o n s i d e r 4  as an 

observed vec tcr  (R) which is composed of a signal vector  (S) and a randomly 

or iented noise  vector (N) a s  shown i n  f igu re  11-9, where IS1 = p ,  IN1 = a, 

and IRI = PO. 

has a Rayleigh d i s t r ibu t ion  i n  

amplitude and a uniform dis- 

t r i bu t ion  i n  phase; t he  s igna l  

vector is a constar t .  The 

The noise  vector 

Ra . .- 

r e su l t an t  vector  then has a 

Rice d i s t r ibu t ion  which approaches 

Figure 11-9. Signal, noise, 
and r e su l t an t  vectors. 

a Gaussian d i s t r i b u t i o n  as the slgnal-to-noise r a t i o  increases. Because w e  

measure a normalized co r re l a t ion  coe f f i c i en t  with a clipped system, the  

noise  is a constant and does not depend on the  s igna l  level. The rme noise  

l e v e l  is defined as 

(11-20) 

For a ful l - tape coherent average, T = 180 sec ,  and with a bandwidth of 

B * 350 Wz, u = 1.4 x For a r e l i a b l e  de tec t ion  of f r inges ,  w e  

usually requi re  the  co r re l a t ion  t o  be above the  5G l eve l .  However, a 

small res idua l  f r inge  r a t e  and time delay can be  used t o  v e r i f y  s ignale  
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as weak as about 3a. 

tude we subt rac t  the noise 

To obtain an unbiased estimate of t he  f r inge  ampli- 

p P - a2]  (12-21) 

The rms uncertainty i n  the  phase is 

fo r  measurements with a noise  l eve l  of 6. More d e t a i l s  and der ivat ions 

can be found i n  Whitney (1974)  and Rogers (1970). 

For coherent in tegra t ion  times less than a f u l l  tape i n  length, 0 

increases as t h e  square root  of t he  time, and the  l e v e l  f o r  detect ing 

c o r r e l a t j m  is higher. 

is due ix non-random phase noise  such as o s c i l l a t o r  jumps, o r  r e f r ac t ion  

e f f e c t s ,  A coherent in tegra t ion  which Included these e f f e c t s  would give 

a f r inge  amplitude which is lower than the  t r u e  amplitude. 

The need fo r  shor te r  coherent in tegra t ion  times 

The phase per turbat ions with time sca les  of about one minute are 

e a s i l y  seen i n  the  p l o t s  of f r inge  phase versus time which are output by 

V-BI2, 

across the beam of one of t h e  telescopes. 

averaging should be done: 

for  which the  phase is f a i r l y  l inear .  

mate of f r inge  amplitude but increases t h e  uncertainty by reducing t h e  

i n t  egrat ion t i m e  , 

The deviat ions are probably due t o  Ionospheric l'blobs" moving 

In  such cases broken coherence 

the  da ta  I s  coherently averaged over segments 

This procedure gives a b e t t e r  esti- 

I f  incoherent averaging is employed, it is not necessary t o  have 

detected the  s igna l  i n  one shot: coherent in tegra t ion  time i n  order t o  

estimate the cor re la t ion  coef f ic ien t ,  Motan (1973) a to tee  t h a t  t he  op- 

timum estimator fo r  incoherent averaging, i n  the  weak signal case, i o  
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the  square root of t he  average of the  squares of t he  coherently averaged 

quant i t ies .  

the fourth root of t he  t o t a l  in tegra t ion  t i m e .  

The noise  l e v e l  fo r  t he  r e su l t i ng  t s t r m t e  decreases only as 

In  program VLBI2 t he  da t a  is coherently averaged over segments 2f 

lengths 0.2, 2, 20, and 180 sec  and then each set of averages is inco- 

herent ly  averaged. For observations of most sources, t he  20-sec averages 

were rout inely used unless examination of the  phase f o r  a par t i cu la r  ruQ 

indicated t h a t  e i t h e r  a longer o r  ;).a- :ter time was . a r e  appropriate. 

During a l l  of t he  experiments w e  were plagued with an additional ran- 

dom source of er ror :  

i n  the  tape dr ive  a t  Sugar Grovc. 

because pa r i ty  e r r o r s  occurred on nearly every record and the  f r inge  amplA- 

tudes were anomalously low. 

excessive tape erro-s which resutced from a f a u l t  

'kual ly  bad runs .:e e a s i l y  de tec tab le  

Such rms, when obvious, were culled. 

- 4. Interplanetary s c i n t i l l a t i o n  e f f ec t s .  Over a l l  time sca l e s  in- 

terplanetary s c i n t i l l a t i o n s  (IPS) cause phase per turbat ions i n  the  wave- 

f ron t  a r r iv ing  a t  the  ear th .  This e f f e c t  can be corrected f o r  by using 

a model of t he  s o l a r  wind, such ae chat proposed by Cronyn (1972). 

derived a formula f o r  t he  amount of phase deviat ion i n  the  wavefront, A$, 

as a funct ion of observing wavelength, so l a r  elo?gation, and coherent 

in tegra t ion  time. 

H e  

The Fringe amplitude w i l l  be reduced such t h a t  only 

2 a f rac t ion ,  exp <-A$ /2) ,  of the  t r u e  correlated power is detected, 88 

i f  t he  source were p a r t i a l l y  resolved, The amount of phase s h i f t  increases  

with longer wavelength, smaller elongation, and longer cohei-ent i n t eg ra t ion  

times. Table 11-7 l i e , t s ,  f o r  elongation 90°, values of Arb at  111 and 74 MHz 

f o r  various in tegra t ion  times. A t  180' elongation the  va.'uea of A9 would be 

smaller by a f r ac t ion  of 0.7; fo r  sources out of t he  e c l i p t i c  plane, A0 w i l l ,  

a l so  be  reduced. 
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Coherent integr.  time 
Records Seconds 

Table 11-7 

IPS phase d.eviatjons f o r  E - 90' 

111 MHZ 74 MHZ 

A 4  (rad) exp (-Arp2/ 2) A$ (rad) exp (-A4'/2) 

900 180 

100 20 

I? 2 

1 .2 

1.7 0.25 

0.68 0.79 

0.20 0.98 

0.03 2.9? 

1.0 0.57 

0.70 0.95 

0.05 0.99 

For sources i n  the  ec!.!?.ltic ,lane w e  should use not longer than 2-sec 

Alternatively,  w e  could correct  tbe arerages according t o  Cronyn's model. 

observed corrclat ion coe f f i c i en t s  by t h e  calculated factor .  

grat ion tbes  of 20 sec were rout inely used, but no correct ion f ac to r s  f o r  

t h e  s o l a r  wjsd were applied. Large phase deviations due t o  interplanetary 

s c i n t i l l a t i o n  of 3C48 were observel; when the  source was a t  a s o l a r  elon- 

gat ion of 60" i n  1973 February. 

r e l a t i o n  e f f e c t  was not nearly as severe as predicted by the  model. 

observations are discussed by Resch (1914). 

t i ons ,  s l i g h t  decorrelat ion was observed with longer in t eg ra t ion  times; 

t h i s  is discussed i n  the next chapter. 

Short inte-  

However, t he  da t a  showed t h a t  t he  decor- 

These 

For ,he Crab nebula observa- 

De Sunm~ry of Chapter 11 

The techniques involved i n  a VLBI experiment have tee.. discussed from 

,r t he  r e s u l t s  which are presented 

The focus in t h i s  chapter hm bpien on acquirir.6 

the point of view which is  most useful 

i n  the next. two chapters. 

and processing meter-wavelength pulmar da t a  with a tLBI bys tea .  Par;: A 

described the experiments and obsenratione; p a r t  B W&B concerned r i t h  t h e  

processing of interferometer da t a  to  obtain estimates of cor re l a t ion  
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coefficients. Finally part C presented the various cclibration xocedures 

adopted for these particular experiments. 

ing chapters has been through a l l  of the procedures outlined above co that 

the b e s t  estimates of correlated flux have been obtained. 

The data presented i n  the remain- 



CHAPTER 111 

CRAB NEBULA PULSAR: TOTAL FLUX RESULTS 

This chapter presents the  r e s u l t s  of our s tud ies  of the  so-called 

compact source" in the  Crab nebula (Hewish and Okoye 1965). The spectrum 0 

of the  compact source is very steep and its f lux  dominates the  nebular 

emission a t  very low frequencies. Fluxes measured a t  74, 111, and 196 MB2 

are reported here. The measurements were made v i t h  both long- and short- 

baseline in t e r f  eroneters so w e  have p a r t i a l l y  rssolved the  compact source 

and have made estimates of its angular s ize .  

In 1968 Stae l in  and Reifenstein (1968) discovered a pulsar  i n  the 

Crab nebula, and s ince then many arguments have been presented which point 

t o  the  ident i f ica t ion  of the  pulsar with the compact source. Most of t he  

d iscwsion  in  t h i s  chapter impl ic i t ly  assumes tha t  the compact source and 

pulsar are ident ica l ,  and some additional,  and very convincing, results 

are presented t o  support t h i s  view. 

A. Data presentation 

1. Definitions. There are two ways t o  consider the  s igna l  from the  

Crab nebula pulsar: e i t he r  as a per iodic  wayeform which can be analyzed 

'nto its FoJrier components, o r  as an average power. These quant i t ies  

were shown i n  f igure  11-5 and defined i n  equations 11-4 and 11-5 (pages 22-3). 

The time-averaged pulsing power is denoted as 5, the  non-pulsing o r  steady 

f l u x  as Is, and the i r  sum as the  t o t a l  time-averaged flux, IT. 

quencies above about 175 MIIz, a l l  of the  power from the  pidsar is pulsing 

A t  fre- 

Below about 70 W e ,  essent ia l ly  all of the  

Near 100 MHz the  nulsing 

IT' so that LS = 0 and Ip = 

power is non-pulsing, and I+ = 0 and Is = IT. 

45 
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and non-pulsing components contr ibute  about equal ly  t o  t h e  t o t a l  power and 

5 - Is and I - 1 4 2 .  P 
Considering the  pulsar  as a continuum source, i.e. the  compact source 

i n  the  Crab nebula, w e  process the  data  normally and obtain values f o r  

These results have the  highest  signal-to-noise r a t i o  because a l l  of t h e  

ava i lab le  power is being observed. 

be discussed i n  t h i s  chapter, and the  r e s u l t s  of t he  observations of Ip and Is 

a r e  in t he  next chapter. 

. IT 

The results of observations of IT w i l l  

Information on t h e  s i z e  and s p a t i a l  s t ruc tu re  of a source can be  ob- 

ta ined from t o t a l  f l u x  measurements. Normally, t he  f r inge  v i s i b i l i t y  of 

a source is calculated by comparing t h e  f l u x  observed with an interferom- 

eter t o  the t o t a l  f l u x  of t h e  source observed with a s ing le  telescope 

(zero-baseline interferometer).  For the  Crab nebula pulsar ,  t he  nebula 

provides a strong continuum background against  which it &s only possible,  

with a s ing le  telescope, t o  observe the  pulsing f lux ,  5. 
base l ine  interferometer t o  resolve the s p a t i a l l y  l a rge  nebula so t h a t  only 

f l u x  from the  compact source is correlated;  i n  t h i s  way w e  obtain a measure- 

We used a short-  

ment of IT which includes both continuous and pulsing components. 

f r i nge  v i s i b i l i t y ,  y, is defined as the  r a t i o  of t he  f luxes  observed w i t h  

The 

the  long basel ine and shor t  baseline.  

t o t a l l y  unresolved on the  sho r t  baseline.  

noted by a subscr ipt  R which m e a n s  P a r t i a l l y  resolved flux. 

This assumes t h a t  t h e  source is 

The long-baseline f l u x  is de- 

We then have 

Im = IpR + ISR a d  Y = Im/IT. 

2. Data lists and plots .  I n  t a b l e  111-1 are col lected the  one-day 

average f luxes f o r  each frequency, t he  values of f r ing 

the  over-all averages. 

were averaged together f o r  t h i s  table .  

v i s i b i l i t y ,  and 

The f luxes obsemed with the  two long basel ines  

Figure IIi-1 is a p lo t  of t h e  f lux  
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Table 111-1 

Total average fluxes of the  Crab nebula pulsar 

196.5 MIIZ 

No. y Notes Date $(JY) No. I&Y) - 
1971 Nov. 23-24 8.1k0.1 2 4.920.5 7 0.61k0.10 (a) 
1971 Dec. 19-20 7.320.7 6 6.221.5 14 0.8520.26 

0 ) )  1972 Jan. 23-24 - - 7.7k1.2 9 
1972 Feb. 27-28 10.0+0.4 4 6.521.0 14 0.6520.12 

( C )  1972 Mar. 22-25 I - 6.9k0.5 3 
averages 8.321.2 12 6.421.4 47 0.7920.27 

8.3k0.4 p.e. 6.220.2 p.e. 0.74k0.06 pee-  (e) 

- 
- 

111.5 me 
Date J p Y )  No . b ( J Y  1 y Notes - 

1971 Nov. 23-24 
1971 Dec.  19-20 
1972 Jan. 23-24 
1972 Feb. 27-28 
1972 Mar. 22-25 
1972 Dec.  8 
1972 Dec. 9 
1973 Feb. 25 
1973 Feb. 26 
1973 Feb. 27 

averages 
adjusted avg. 

50 . Ok1.7 3 31.225.8 Y 0.6320. 12 (a) 

0 ) )  

(4 
(dl (a 

45.6-tO. 8 3 29.423.0 15 0.6420.07 

49.3+1.5 4 28.823.4 14 0.5820.07 

36.1k2.5 13 
34 . 653.8 11 
41.223.3 10 2' 7.8 20 0.64k0.10 
40.254.3 11 2: 3.0 17 0.7220.11 
44 . 222.6 11 30.ii2.4 23 0.69k0.07 

40.5k4.6 66 28.923.8 111 ? c?L3,13 
40.520.6 p.e. 31.221.2 p.e. 0.7220.03 p.e. (e) 

I -- - 28.923.3 9 

- - 23.25.1 4 - - - - - - - 

74.0 Mliz 

No. y Notes IT(Jy) No. ITR(JY) - Date 

(dl 
(d) 
(d) 

-- - - 1972 Dee. 5 105.3k19.4 11 
1972 Dee. 6 110.4212 . 1 11 
1972 Dee. 7 101.6211.1 11 
1973 Feb. 28 96.023 . 6 3 30.722.8 1 7  0.32+-0.03 
1973 Mar. 2 105.227.9 5 30.7k3.4 12 0.29k0.04 

averages 105.0~'  ' 5 41 30,723.0 29 0.29k0.05 
adjusted avg. 105.0k 2.1 p.e. 33.521.7 pee. 0.32k0.02 pee.  

Notes: 
(a) Strong Interference a t  Arecibo. 
(b) Sugar Grove not on the  air. 
(c) Sugar Grove sens i t iv i ty  law. 
(d) Areclbo not on the  air. 
(e) See discussion on p. 49 . 

- - __ _- - - 
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vs. t i m e  using the  values i n  t ab le  111-1. The average f luxes at 196 and 

111 MHz w e r e  computed from the  da ta  l i s t e d  i n  the  t ab le s  of Appendices E 

and F. 

deviation of t he  data  points  and should be t h e  random e r r o r  i n  a single 

estimate of t h e  flux. This is the  e r ro r  p lo t ted  in the  f igure.  Values 

f o r  f r inge  v i s i b i l i t y  were computed using t h e  l i s t e d  average fluxes. 

e r ro r s  w e r e  calculated as t he  quadrat ic  sum of the  percentage e r ro r  i n  each 

f lux  used i n  the  calculat ion.  The ove ra l l  average f l u x  and f r inge  visibil-  

i t y  at each frequency are weighted averages, and t h e  associated e r r o r  rep- 

resents  the  rms deviat ion of a l l  of t he  points.  The e r r o r  of t h e  "adjusted 

average" is t he  standard deviation of t he  mean value which takes  in to  

account the  t o t a l  number of da ta  points.  

next. 

The e r ro r  quoted following each f l u x  value i n  the  t ab le  is the  rms 

The 

The "adjusted" f l u x  is discussed 

A t  a l l  frequencies,  ful l - tape (180-sec) coherent in tegra t ion  times 

were used unless s ign i f i can t  phase per turbat ions or a phase discont inui ty  

w a s  noted and then a shor te r  time was used. 

l e v e l  w a s  subtracted from t h e  f r inge  amplitudes (equation 11-21), t h e  cor- 

ra ia ted  f luxes should be nearly equal fo r  any in t eg ra t ion  time i n  which 

the  s igna l  is detected. However, a ca lcu la t ion  at 111 and 74 MHz using 

2O-sec coherent in tegra t ion  times increased the  f r inge  v i s i b i l i t f e s  

(because the  long-baseline correlated f l u x  was higher) by an average of 

8+4%; t h i s  is within our estimated f l u x  error .  A t  both frequencies the  

long-baseline f luxes are usually detected at about 15 times the  rms noise  

l eve l  f o r  a PO-sec in tegra t ion  time. 

f r inge  v i s i b i l i t y  is increased by 19+8X a t  74 MHz and 13t6X a t  111 MHz, 

but ,  the  f l u x  is only a 

time. 

Since t h e  appropriate noise  

For 2-sec in tegra t ion  times the  

the  k detect ion l e v e l  f o r  t h i s  shor t  in tegra t ion  

It was decided t o  use tha  180-sec in tegra t ion  times in order t o  
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r e t a i n  a high confidence l e v e l  i n  the  cor re la ted  f l u x  and the  calculated 

v i s i b i l i t i e s .  Then, t o  remove the  known systematic e r r o r ,  t he  average 

long-baseline i l ux ,  t he  f r inge  v i s i b i l i t y ,  and the  e r r o r  were ra i sed  by the  f ac to r  

1.08, t o  y i e ld  the  "adjusted werages." 

probable e r r o r  is st i l l  qu i t e  small. 

Because there are many runs the  

This systematic  e f f e c t  is indica t ive  of a t r u e  decorre la t ion  e f f e c t  as 

predicted by Cronyn (1972), although the  decorre la t ion  is not as severe as 

h i s  model proposes. 

decorrelat ion as a function of so l a r  elongation. 

though, because our observations w e r e  made when the  Crab nebula w a s  be- 

tween 180' and 80' elongation and the  source w a s  never very near the  sun 

where s t ronger  e f f e c t s  are expected. 

There is a l s o  no d i f fe rence  between the  amount of 

This is not  unexpected, 

Figures 111-2 and 111-3 are p l o t s  of t he  individual-run f luxes  f o r  

They comprise our " v i s i b i l i t y  curves" 111 and 74 MHz i n  1973 February. 

fo r  t he  compact source. Most of t he  s c a t t e r  i n  the  da t a  poin ts  is attr i-  

buted t o  random e r r o r s  because the  standard deviat ion is usual ly  equal t o  

the  expected e r rors .  

at 111 MHz on 25 February ( in  f igu re  111-2) are cor re la ted  on t he  long 

and shor t  basel ines  so t h a t  t he  f r inge  v i s i b i l i t y  r emaas  approximately 

constant. 

a t t r i bu ted  t o  va r i a t ions  i n  the  t o t a l  f l u x  from the  pulsar  on a time scale 

of minutes. 

( f igure  111-3) t he  pulsar  was not "active" during the  hour we obselved it, 

and the  s c a t t e r  has the  expected value. 

However, w e  note  t h a t  t h e  l a rge  va r i a t ions  i n  f l u x  

Therefore, some of t he  scatter i n  the  averagz f luxes  can be 

On February 26 and 27 and f o r  a l l  of t he  74-MHz observations 

As i l l u s t r a t e d  i n  f igure  III-2,values f o r  t he  f r inge  v i s i b i l i t y  are 

~ i , , r p r i s i n g l y  c o n s t a t  i n  s p i t e  of t he  rapid and l w g e  va r i a t ions  in t o t a l  

flux. The unresolved and p a r t i a l l y  resolved f luxes  followed approximately 
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t he  same trends on a l l  times sca l e s  so as t o  keep the  f r inge  v i s i b i l i t y  

constant. Although some 

of the  f l u x  va r i a t ion  from month t o  month could be due t o  unknown system- 

a t i c  e r ro r s ,  t he  f a c t  t ha t  t he  long and shor t  base l ines  usually vary i n  

the  same way argues f o r  an in t e rp re t a t ion  of t he  changes which allows some 

i n t r i n s i c  v a r i a b i l i t y  i n  the  yitsar's flux. The v a r i a b i l i t y  is discussed 

i n  sec t ion  B-1 of t h i s  chapter when the  spectrum of the  compact source is 

considered. 

Figure 111-1 shows t h i s  on a year ly  time scale .  

3. Brightness d i s t r ibu t ion  and angular s ize .  The da ta  presented i n  

t a b l e  111-1 provide only a small range of po in ts  on the  v i s i b i l i t y  curve 

because the  sparse  hour-angle coverage allowed l i t t l e  foreshortening of 

t he  long baselines. 

can be done only by assuming a source br ightness  d i s t r ibu t ion .  

1971 March 144-MHz experiment t he  Crab nebula was observed a t  many d i f -  

f e r en t  hour angles so t h a t  each base l ine  was foreshortened, and a crude 

v i s i b i l i t y  curve is avai lable .  

The f r inge  v i s i b i l i t y  scale was set by normalizing each observed correla- 

t i o n  coef f ic ien t  t o  t he  co r re l a t ion  observed on the  sho r t e s t  baseline. 

In t e rp re t a t ion  of t he  v i s i b i l i t y  f o r  any of t he  da t a  

I n  the  

The da ta  poin ts  are p lo t ted  i n  f igu re  111-4. 

I f  the  apparent angular s i z e  of t he  Crab nebula pulsar  is due t o  in- 

terstellar sca t t e r ing ,  then according t o  the  theory w e  expect t he  s i z e  of 

t he  sca t t e r ing  d isk  t o  depend on the  observing frequency t o  some power. 

For ce r t a in  types of i r r e g u l a r i t y  spec t ra ,  w e  a l s o  expei t  t he  s,urce t o  

have a Gaussian br ightness  d i s t r i b u t i o n  at a l l  frequencies, 

the  144-MHz da ta  points  are consis tent  with many br ightness  d i s t r ibu t ions .  

Superimposed on the  da ta  of f igu re  111-4 are thLce visibility curves: 

GaussSdn (FWHM = 0.055 arcsec) ,  a unif6-m d i sk  hrightnesr d i s t r i b u t i o n  

(diameter 0.06 arcsec)  and a point  docble (Beparation 0.04 arcsec). 

Unfarr.unately, 

a 

The 
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Gaussian curve f i t s  as w e l l  as t he  other  two curves, so w e  can only say 

t h a t  the da t a  are consistent with a Gaussian brightness distribut!<m. 

The observed f r inge  v i s i b i l i t i e s  can be r e l a t ed  to  angular s i z e s  by 

considering the  Fourier transform re l a t ions .  

brightness d i s t r i b u t i o n  i b  given by 

Assume the  source's Gaussian 

(111-1) 

where BS = f u l l  width at half maximum (FWW) of t h e  Gaussian curve. 

two-dimensional Hankel transform of B(0) is the v i s i b i l i t y  function: 

The 

Y(bA) exp [=n 2 2 2  bA eS /4Pn2] ( I1 1-2) 

where bA - base1iv.e length i n  wav?Lengths. 

some bA and w e  can ca l cu la t e  0 

from a graph of equation 111-2 shown i n  f i g u r e  111-5. 

obtsined from the  f r inge  v i s i b i l l t i e s  i n  t a b l e  111-1 and f i g u r e  111-4 are 

l i s t e d  i n  t a b l e  111-2 and p lo t t ed  i n  f i g u r e  111-6, along with seve ra l  other  

measurements f o r  comparison. 

derived from the  measurement error i n  y by t h e  formula f o r  e r r o r  propagation. 

We observed a value of y a t  

from equation 111-2 o r  read its value 
S 

The values of BS 

The e r r o r s  i n  the  determination of BS are 

Table 111-2 

Apparent angular diameters of the Crab nebula pulsar  

Freq (MHz) Baseline \ *  L ~ s e l i n e  (MA) y 8, (arcsec) 

196.5 2550 1.7 0.74k0.06 0.03i0.01 

144.3 2700 1.3 0.6520. 15 0.05i0.03 

111 . 5 2550 0.94 0.7220.03 0.07i0.01 

74.0 2550 0.63 0.3220.02 0.18kO.01 
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The f r ac t iona l  e r r o r  is 

The value c -  O s  Is much b e t t e r  determined i f  y is very small even i f  i t  

has a large uncertabnty. 

A weighted least-squares f i t  t o  a power-law wavelength dependence was 

made f o r  the four values of 3 i n  t a b l e  111-2. An exponent of 2.0k0.4 

w a s  ob.-’rred, which is consis tent  with the  wavelength-squared dependence 

found d ~ y  sca t t e r ing  theories,  The wavelength dependence of i n t e r -  

stellar scatterir.g ts d i s c u s e d  i n  L x e  d e t a i l  by Mute1 e t  al. (1574). 

Tb-v have a l s o  c d l e c t e d  nany measurements of t h e  apparent angular s i z e  

of the compact source i n  t h e  Crab nebula,and a f i t  t o  a l l  of t h e  da t a  

yields  a power law 0: exponent 2-0520.25. 

S 

-- 

B. Discussjon 

1. Spectrum. The fluxes measured a t  our th ree  frequencies give a 

spec t r a l  index ;-f -2.920.4, which is the same value and e r r o r  quoted by 

Rsnkin -- e t  al. (1970) from observations of t h e  pulsar between 430 and 196 MHz* 

Our t o t a l  f l ux  measurement a t  196 MHz agrees with the Arecibo f l u x  measure- 

ment at t h a t  frequency, and our measured t o t a l  f luxes at the  lower fre- 

quenciec therefore  l i e  on the  extrapolat ion of t he  spectrum of t h e  pulsing 

flux. 

puA5Air IPS, and VLBI measurements. 

Figure 111-7 give- the soecttum of t h e  compact source, including 

The usefa..:ess of a spectral index f o r  t h i s  source can be questioned 

however, because of t he  v a r i a b i l i t y  observed i n  both the  pulsing and the  

t o t a l  flux. S5 Adtaneour, measuremepts a t  se.era1 frequencies ha-.-e s h m  

there  is no cor re l a t ion  between va r i a t ions  in t he  puls ing  power at 430 and 
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Figure 111-7. 
for the spectral points are: 61 Cronyn (1970a); 
and Hewlsh (19?4); 8 Armstrong et al. (1973); 9 Erlcbon et al.  (1972); 

Spectrum of Crab nebula compact source and pulsar. References 
[I] Harris (1973); 0 Readhead 

0 this  thesis; knkin  et a l .  (1970). -- 
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111 MHz (Rankin -- e t  al. 1974), which m e a n s  t h a t  even the  shape of t he  spectrum 

is var iable .  Changes i n  the  pulsing f l u x  of up t o  a f ac to r  of th ree  i n  a 

i w weeks time a.2 common a t  430 MHz where a l l  of t he  f l u x  is pulsing, while 

a t  &mer frequencies the  changes i n  pulsing f lux ,  though s t i l l  apparent, are 

not so dras t i c .  

The behavior of t he  pulsing f l u x  con t r a s t s  with our observations of 

t he  t o t a l  flux. 

111 MHz, and no s ign i f i can t  v a r i a t i m s  (<15X) a t  74 Mliz, This behavior 

also d i f f e r s  from t h a t  of other  pulsars  which s e e m  t o  be highly var iab le  

a t  meter wavelengths (Huguenin -- e t  al. 1973). 

f l u x  is required t o  be ab le  t o  der ive  statist ical  proper t ies  of t he  var i -  

a t ions  whicb. can be compared t o  the  va r i a t ions  in pulsing flux. 

W e  observed up t o  25% var i a t ions  i n  the  total  f l u x  a t  

More monitori-lg o t  t he  t o t a l  

2, Small s t r u c t u r e  i n  the ncbula. Several l i n e s  of evidence suggest 

t h a t  there  could be small-scale emission s t r u c t u r e  (other than the  pulsar)  

i n  the  Crab nebula at l o w  frequencies. 

i nd ica t e  the re  are two compact sources in t he  nebula. 

plrnetary s c i n t i l l a t i o n  observations Armstrong et al. (1973) suggest that 

chere may be seve ra l  s m a l l  sources i n  the  nebula. It is a l s o  possible  t h a t  

t he  wealth of d e t a i l  pre-ent in t h e  filaments, wisps, and continuum emis- 

s ion  at o p t i c a l  wavelengths might continue t o  l o w  frequencies. 

resolutfon maps a t  centimeter wavelengths (Wilson 1972) revea l  "ridges" 

- M c h  are coincident w i t h  t he  f i laments  and have s p e c t r a l  indices  approx- 

h t e l y  equal co t h a t  of t he  continuum radiat ion.  This iaformation h i n t s  

t h a t  these  s t ruc tu res  might a l so  be detec . B l e  at meter wavelengths. 

The observations of Matveeako (1968) 

Using recent  inter- 

U h -  

Although our coverage of the (u,v) plane is meager, we can draw some 

cmclusions about small-scale emission s t r u c t u r e  i n  the  nebula. A l ack  

of f i n e  s t r u c t u r e  r s  indicated by our f l a t  v i s i b i l i t y  curves at 111 and 
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74 MHz ( f igures  111-2 and 111-3). 

hour angle a t  111MHz does not vary except f o r  noise  f luctuat ions.  

there  is no systematic trend i n  the  time-delay and fr inge-rate  res idua ls  

which might ind ica te  the  presence of other  sources. 

spans two and one-half hours and again no changes in f r inge  v i s i b i l i t y  or 

res idua l  parameters are evident. 

The f r inge  v i s i b i l i t y  as a function of 

Also, 

A t  74 W z  t he  da ta  

If there  were f i n e  s t ruc tu re  besides the  pulsar  i n  the  nebula a t  our 

frequencies, t h a t  is, i f  t he re  were many small sources, t h e  v i s i b i l i t y  

curve should show l a rge  f luc tua t ions  with small changes i n  hour angle. 

Except fo r  a for tu i tous  arrangement of sources w e  conclude t h a t  there  is 

no st- acture  i n  the  nebula on an angular scale of t he  order of the  f r i n g e  

spacing (0.3 arcsec at 74 MHz) or  smaller. 

the short-baseline interferometer v i s i b i l i t y  curves alsc ind ica tes  a lack 

of s t ruc tu re  with angular s i z e s  smaller than 15  arcsec. 

observations at these  frequencies should b e  made i n  order  t o  consider t h i s  

problem i n  more dz t a i l .  

Similar ly  t h e  smoothness of 

nOrz extended 

Another argument which supports t he  absence of s t r u c t u r e  in t he  nebula 

Anticipating t h e  r e su l t s ,  w e  relies on data  presented i n  the  next chapter. 

observe tha t  a l l  of t h e  f l u x  a t  196 MHz is contained In t he  pulsing COP 

ponent, and t h a t  a t  111 M€Iz t h e  phase of t he  pulsar ' s  r ad ia t ion  agrees with 

tha t  of the compact source. This is evidence t h a t  t h e  pulsar  I s  t r u l y  t h e  

only small objec t  i n  the  nebula, because i f  w e  were observing t h e  coherent 

sum of rad ia t ion  from t h e  pulsar  p l u s  f i c r  s.ruccure o r  other  coolpact ob- 

jects, then pa r t  of t he  t o t a l  f l u x  vculd not be pulsing at 196 MBZ, and the  

continuous raciiation would have a d i f f e ren t  phase from t h a t  of the  pulsar. 

This is not the  case, and w e  conclude there  are no compact ob jec ts  or 

s t ruc tu re  i n  t)re nebula other  than the  pulsar. 
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3. Discrepancy with IPS flux. Interplanetary s c i n t i l l a t i o n  (IPS) 

observations of the compact source i n  the  Crab nebula a t  74 MHz have been 

reported by Armstroag -- e t  al. (1973). 

0.18k0.01 arcsec a t  l / e  which corresponds t o  a half-parer diameter of 0.15 and 

is consis tent  with our observations. 

which they quote is a f ac to r  of two higher than the  t o t a l  f l u x  observed 

with VLBI techniques, although t h e i r  value f o r  the f l u x  agrees with o ther  

IPS observations of t he  compact source by Harris (1973) and fieadhead and 

Hewish (1974). 

i l l u s t r a t e  t he  discrepancy between the  IPS and VLBI fluxes. 

They der ive  an angular diameter of 

The amount of s c i n t i l l a t i n g  f l u x  

The spectrum of f i g u i e  111-7 contains  severa l  po in ts  which 

Amstrong et al. suggest there  could be another source or sources i n  

the  nebula which could account f o r  t he  ex t r a  f l u x  they observe. 

s c i n t i l l a t i n g  f l u x  corLd come from any loca t ion  within the  te lescope beam, 

and they would observe an incoherent average of the various source fluxes. 

Even though our hour angle coverage is incomplete w e  have shown above that 

there  is no "structure" or other sources i n  the  nebula except f o r  a pos- 

s i b l e  coiucidental  arrangement. 

The 

If  there  is only t he  pulsar  which is  s m a l l  at 74 Mtiz they suggest we 

might be mfssing some of the  f l u x  due t o  decorre la t ion  or other  e f f ec t s ,  

but  w e  be l ieve  w e  have accounted for a l l  the  flux. Decorrelation due t o  

in te rp lane tcry  phase f luc tua t ions  over t he  sho r t  50-kin base l ine  could not 

have occurred, espec ia l ly  s ince  w e  *ere observing when the  Crab nebula 

w a s  near t he  ant i -solar  direct ion.  

accounted f o r  by broken coherence averaging when recessary. 

Tonospheric phase f luc tua t ions  were 

Accurate pos i t ion  measurements a t  l o w  frequercies  are impossible 

because of t h e  unknown phase s h i f t s  imposed by r.ie iondsphere, bu t  we 

never found a cor re la t ion  peak a t  .my pos i t ion  i n  the  nebula o ther  than 
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near the  pulsar. The sw1i res idua l  time delays and f r inge  rates serve 

t o  confine the  loca t ion  of t he  compact source t o  the  inner one-tenth of 

the  nebula. 

The discrepancy between the IPS and VLBI techniques may have been 

resolved recently.  

s c i n t i l l a t i o n  index vs. s o l a r  elongation by using new t heo re t i ca l  calcula- 

t i ons  and normalizing t h e i r  da t a  with t h e  VLBI-meas ired flux. They con- 

clude t h a t  they now agree with our results. Further comparisons between 

VLBI and IPS results have been made Dy Resch (1974) using the  da ta  from 

these  experiments and the  IPS survey by Readhead and Hewish (1974). 

Coles %&. (1974) obtain a good f i t  t o  the  curve of 

4. P Q J  The instrumental  po lar iza t ion  w a s  very high, as 

Thus the  shown in t ab l e s  11-5 and 11-6, and it  w a s  not w e l l  determined. 

wasured l i n e a r  po lar iza t ion  of the  pulsar ' s  rad ia t ion  has l a rge  uncertain- 

ties. 

the  t o t a l  f l u x  (5, f ron  the short-baseline observations) ami t he  p a r t i a l l y  

resolved f luxes (5, from t h e  long basel ines) .  The limits on the  l i nea r  

po lar iza t ion  a t  111 and 74 MHz are due t o  the  l a rge  e r r o r  associated with 

the  determination of t he  instr-tal polar izat ion.  

l i nea r  po lar iza t ion  was observed, which is cons is ten t  with t h e  observatfons 

by Manchester e t  al. (1972). 

45% a t  14: MHz and 55% a t  28iMHz. 

w i l l  be considered i n  the  next chapten. 

Table 111-3 lists the  f r ac t ion  of l i nea r ly  p o l a ~ i e e d  rad ia t ion  f o r  

A t  196 M H z ,  about 50% 

They observed a mean linear polar iza t ion  of 

Polar iza t ion  of t he  pulsing paver  alone 

Tab le  1x1-3 

Polar izat ion of t o t a l  average f l u x  

mTR m T Frequency -- 
196 MHz w.10 w.10 

0*40-o.30 9 - 5 0 - ~ . 2 ~  
111 MHZ c0.15 CO. 25 

74 MHZ ~ 0 . 1 5  <Or 25 
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C. S u m m a r y  of Chapter I11 

Values €or t he  t o t s  f l u x  of the  compact source i n  the  Crab nebula a t  

74, 111, and 196 MHz were presented i n  t h i s  chapter .  The source w a s  ob- 

served with both Short- and long=baoeline interferometers 80 that measure- 

ments of t he  fr: .e v i s i b i l i t y  allowed angular diameters t o  be estimated 

a t  each frequency. 

cons is ten t  with i n t e r s t e l l a r  s c a t t e r i n g  theories .  

The angular s i z e s  s c a l e  as frequency-squared which is 

An absence of small s t r u c t u r e  o ther  than t h e  pulsar  i n  t h e  Crab nebula 

is indicated bv the  lack  6f s t r u c t u r e  i n  our observed v i s i b i l i t y  functions. 

The r e s u l t s  of these  measuremznts combined with those of t he  next chapter 

w i l l  be  compared t o  predict ions of i n t e r s t e l l a r  s c a t t e r i n g  theor ies  i n  

Chapter V. 



CHAPTER IV 

CRAB NEBULA PULSAR: PULSING FLUX RESULTS 

The r e s u l t s  of our determinations of the  Crab nebula pulsar ' s  pulse  

shapes are discussed i n  t h i s  chapter. 

from the  Fourier components according t o  the  method out l ined i n  Chapter 11, 

The p ro f i l e s  were reconstructed 

and fur ther  analysis  is described i n  t h e  f i r s t  p a r t  of t h i s  chapter. Sample 

p ro f i l e s  are presented i n  the  second and th i rd  p a r t s  of t he  chapter, and 

the  implications of differences and similarities between the  correlated 

and single-telescope pulse p r o f i l e s  are discussed. 

The single-telescope pulse  shapes at several frequencies are shown 

i n  f igu re  IV-1. which is taken from the  paper by Rankin et al. (1970). 

The general  pulse  morphology 

changes with frequency because 

the  components of t he  p u l s e  

which are d i s t i n c t  at high 

frequencies become blended 

clw tc sca t te r ing .  There are 

I components of t he  pulse,  

a l l  of which contain COUP 

parable amunts  of energy. 

The precursor occurs jwt 

0 10 20 
MlLLlYCrJWDS 

Figure IV-1. S ing le t e l e scope  
pulse  shapes. 

before the  main pulse, and an In te rpulse  is located approximately half  

way through the pulse. Between the  main pulse  and in te rpulse  ia a base- 

l i n e  component. 

65 
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A. General discussion of Fourier component5 

1. Review of method. Besides the  t o t a l  time-averaged f l u x  from t h e  

compact source i n  the  Crab nebula, w e  a l s o  considered separately the  two 

components of t he  radiation: t he  pulsing (Ip) and non-pulsing o r  steady 

<Is) fluxes. 

appropriate time-delay and fringe-rate o f f s e t s  so as t o  make the i n t e r f e r o w  

As described i n  Chapter I1 t he  d a t a  tapes  are processed with 

eter respond t o  the  nth Fourier harmonic of t he  pulse shape. The tapes are 

processed 2N+1 times t o  y i e l d  values of f r i n g e  amplitude and phase f o r  n=O, 

21, 22, ... N, where N is the  highest  order harmonic which can be detected. 

The pulse shape is recovered by adding t h e  complex components, including 

n=O, i n  a Fourier sum, as discussed i n  d e t a i l  in Chapter I1 (pages 22-27). 

2. Number of components. For a simple s i n g l e  pulse  shape (ignoring 
\ 

t h e  Crab nebula pulsar 's  i n t e rpu l se  f o r  now) t h e  amplitude of each Fourier 

component decreases monotonically with increasing harmonic number, but  t he  

rate of decrease depends on the pulse  width. A sharp pulse (such as t h e  

196-MHz pulse) has a broad Fourier transform and high-order components 

have arpreciable  amplitude, whereas a broad pulse  (such as a t  111MHz) 

i.as a narrow Fpurier transform so t h a t  t he  amplitudes of t he  components 

f a l l  rapidly with higher h a m n i c  number. With comparable s e n s i t i v i t y  a t  

the  two frequencies, w e  therefore  expect t o  be a b l e  t o  detec - more com- 

ponents at 196 MHz than a t  111 MHz. In  p rac t i ce ,  w e  usually detected f i v e  

Fourier components i n  one run (one three-minute average) at 196 MHz. 

t he  pulses do not have simple shapes, a t  196 IWz t h e  amplitude of t he  n=2 

Since 

component is higher than t h a t  cf n=1 because of the  s t rong influence of 

t he  interpulse .  At 111 MHz three Fourier components b*2re usually detect- 

able i n  one run, a l thojgh the  ac tua l  number varied with changes i n  t h e  

pulse shape and l e v e l  of pulsing parer. 
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As discussed i n  Chapter I, w e  had expected t o  observe a narrower 

pulse with the  long-baseline interferometer than with t h e  sho r t  basel ine 

because of t h e  s c a t t e r i n g  geometry. 

more Fourier components i n  the  higher resolut ion data. 

might have observed a pulse similar i n  shape t o  the  196-MHz pulse  when 

w e  observed with the  long-baseline interf&rometer at 111 HHz. 

out = t o  be the case, as the pulse shapes on a l l  baselines are similar. 

This f a c t  and its implications are discussed i n  later sections.  

This means w e  should have detected 

For example, w e  

This turned 

Because the pulse waveform is a real quantity,  w e  expect the +n and 

-n components t o  have equal amplitudes and opposite phases. 

presence of noise,  t h i s  is not always the case. Corresponding components 

hardly ever have equal amplitudes, and the phase noise  is t yp ica l ly  about 

one-half radian. Occasionally, f o r  high values of n, one o r  the other of 

a component p a i r  w i l l  not  be detected. 

up t o  n=8 a t  196 MHz could be detected, but t o  prevent waste of computer 

time w e  processed t h e  tapes f o r  only f i v e  components. 

ence showed t h a t  n=3 w a s  t he  highest  component number t o  be used a t  13 !4Hz 

becawe higher order componexts were r a re ly  detectable.  

Due t o  the  

On some tapes,  perhaps, components 

Similarly,  experi- 

Tests were made in which : .& compcnent amplitudes and phases were 

perturbed by various amounts i n  q,,-der t o  inves t iga t e  the e f f e c t  on the  

prof i le .  I t  was found e m p i r i c d l y  t h a t  the phase could be perturbed by 

up t o  one-half radian and ;he amplitudes could be adjusted by about 50% 

without dis tor t j t lg  the o r i g i n a l  p r o f i l e s  beyond recognition. 

amplitudes but c ):responding random phases do not r e s u l t  i n  a "believable" 

p ro f i l e .  

nebula pulsar survei l lanr  I: program are analyzed i n t o  six Fourier harmon- 

i c s  (Counselman and rtankin 3 72); twice as many as we could detect .  T h l e  

, 

Correct 

The waveforms a t  111 MHz observed st Arecibo under the Crab 
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is presumably due to the fact that the components with n > 3 are only 

marginally detectable. Since these components are very weak, their 

presence or absence does not nffect the pulse profile significantly. 

3. Lack of components at 74 MHz. At 74 MHz we never detected any 

Fourier components with the long-or short-baseline interferometers, al- 

though the single-telescope waveforms observed at Arecibo can usually be 

analyzed into at least one Fourier component. This discrepancy is not 

readily understandable; it could possibly be due to several effects which 

aie cog qidered next. 

One difference between the two observing methods is the relative 

sensitivities of the Mark I system and the Arecibo receivers. Table IV-1 

gives the parameters for the two systems; the Arecibo parameters were 

Table IV-1 

System parameters for Crab nebula pulsar observations 

Freq . Bandwidth Integr. time 
system (MHZ) (WZ) (min . ) 

VLBI Mark I all 350 3 
Arecibo 196 4-10 18 
Arecibo 111 2-10 18 
Arecibo 74 1- 5 18 

taken from the paper by Rankin et al. (1970). These and other system 

parameters from cables 11-2 and 11-4 were used to calculate the sensi- 

tivity, when observing the Crab nebula, for Lecibo (A) and for each 

interferometer (double letters). Table IV-2 presents these numbers. 

The zero-length baseline (AA) is formed by "auto-correlating" and de- 

dispersing the Arecibo Mark I data tape. 

in Chapter 11, section B-3 (page 27). 

Thie procedure was discumed 
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Table IV-2 

System s e n s i t i v i t i e s  i n  Jy 

f o r  observations of +he Crab nebula 

Frequency 
(m) A AA AN As 'NS 

19 6 2.8 1.7 '..7 2.3 2.3 
111 4.1 2.0 L.2 3.0 3.4 

74 5.1 2.4 3.6 4.5 7.0 

Our short-baseline s e n s i t i v i t y  is nearly the  same as t h a t  of Arecibo 

but no Fourier compcnents were detected on a few test runs. 

of detect ion is e due t o  the  f l u x  being beloii t he  detect ion l i m i t  s i nce  

This lack 

on these runs the Arecibo system recorded between 15 and 25 Jy of pulsing 

f lux  (Rankin -- et al. 1974). 

p a r t i a l l y  resolved the  t o t a l  f l u -  and the amplitxdes of t h e  Fourier c o w  

With the long basel inep,  t he  interferometer 

ponents are reduced by t h i s  fac tor  also becauee the  efAact o€ a sharper 

pulse w4th high reso lu t ion  does not  occur. This puts  even the  n-1 COP 

ponent we13 below the  detect ion limit on t he  long baseline.  

Table IV-2 shows tl:it the  zero-baseline interferometer Eormed usiag 

the  Arecibo data  is  the  most sens i t ive ;  t h i s  is due t o  the  r e l a t i v i '  ' 5  

Mark I bandwidth. We did de tec t  ;he f i r s t  Four-er component - 0 - i  A rrll 

amplitude of about 3+1 Jy on one da ta  tape from 1973 February 28. On t h a t  

day the Arecibo system detected 15+6 Jy of pulsing f1 .u (Rankin et al. 

1974). Even considering the  l a rge  e r rors ,  out markind detec t ion  is not  

en t i r e ly  consis tent  with the  Arecibo observations. 

One possible  prohl.em involves curvature of t he  P U - L . + B  18s our 

passband s tnce,  a R  ehown i n  Chapter 11, w e  approximato, t hc  dispers ion of 

the  pulses as a s t r a i g h t  l ine .  The e f f e c t  of t he  curved pulpe was estimated 
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by ca l iu l a t ing  the difference between the pulse time-of-arrival a t  t he  

top and bottom of t h e  passband ueing both the  s t r a igh t - l i ne  approximation 

and the t r u e  dispersion relat ion.  A t  74 MHz the  difference between these 

two t i m e s  is about 3 msec. 

phase difference when w e  i n t e g r a t e  across the passband, r e su l t i ng  i n  a 

s igna l  degradation by 

basel ine interferometer 's  s e n s i t i v i t y  but only t o  about t h a t  of t he  Arecibo 

system. 

This corresponds t o  about one-half radian of 

f ac to r  about 0.7. This would decrease the  eero- 

Several runs were processed i n  searches f o r  'mrier components, but 

no general prodaction runs were made because of tile low s i g n a l  level. In 

order t o  draw b e t t e r  conclusions about possible  d i f f i c u l t i e s  with the de- 

dispersinq method a t  very low frequencies more runs should be processed t o  

confirm t h e  lack of detect ion;  t h i s  processing i_: i n  progresa. 

4. Epoch determination. The phase of each Fourier aponent is 

referenced t o  the time at which hie o f f s e t  o s c i l l a t o r  used i n  the  pro- 

cessing was s t a r t ed .  This 

means t h a t  t he  peak of the reconstructed pulses occurs a t  a phase which 

can be referred t o  UT. 

t h i s  way t o  those measured a t  Arecibo and the  epochs agree t o  within a 

few percent of the ptlse period. an be  coherently aver- 

aged using the  epoch information i f  accurate times-of-arrival can be 

predicted. 

Illis t i m e  was tha  same f o r  a l l  values of n. 

We have compared pulse a r r i v a l  times obtained 

Pulse shapes 

B. Results a t  196 MHz 

1. S a w l e  p r o f i l e s  and Fourier components. The f i v e  Fourier com- 

ponent amplitudes and phases f o r  each three-miqute run a t  196 MHz were 

added i n  Fourier s u m ,  interpolated,  and the rr .eult ing smooth p r o f i l e  was 
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plotted.  Figure IV-2(a) shows typica l  pulses from the  shor t  dnd long 

basel ines  and Arecibo. The component amplitude” And phases I o r  the  pro- 

f i l e s  are i n  the  next two diagrams: 

Fourier component amplitudes, normalizsd t o  the  n=O component amplit-ide, 

against  hnrmonic number; f igure  I7-2(c) is y l a r  p l o t  of t h e  phases, 

r e l a t i v e  t o  the  phase of n=O, fo r  t h e  sho;r-bs.:ellzx prof i le .  

Fl2ur.e IV-2(b) is 2 p lo t  ui t he  

The phases 

of each component p a i r  (+n and -n) ale syminetricel ,:bout t he  phase of n=O 

w2.th an rms deviation of 9 f 4  fo r  t h i s  ru  Appendix E contains a catalogue 

of 196-MHz average pxlse  shapes and a l i s t i n g  of t h e  Fourier cornponeus and 

other  re levant  quant i t ies .  

2. Discussicn. Both of t he  interferometer p r o f i l e s  and the Arecibo 

p r o f i l e  are similar and the  amolrnt of resolutior, is s l i g h t .  

f l u x  is pulsing (IT = $1, and t h e  basel ine l e v e l  set ay the i n t c r f e r o w  

eter is the  same a8 t h a t  of the  Ang le - t e l e swpe  observation. 

All of Lhe 

The re&son 

f o r  not u d n g  196 YHz f o r  t h e  second set of experfments was chat the  Sn- 

terferometer pruvided, rio unique information compared t o  a single telescope. 

Since a l l  of t he  Dower I s  contained i n  thd p t i s iny  codonent ,  t he  

l inear  po1,Qrization of the toti-1 f l u x  ss the  same is8 that of the  pulsing 

flux. The f r ac t ion  of l i n e a r  pol :riz&Ttion, rn, i e  -.150%, ai; i n  Table 111-3. 

We have not attempted tc. determine m separately f o r  t he  main pule:. and 

in te rpulse  because of t h e  high instrumental  polar izat ion.  

C. Results - at 111 MHz 

1. Sample p r o f i l e s  m d  va r i a t ion  of &/IT, A t  111 MHz t b @  pulsing 

Y 

($1 and steady (I,) components of t he  pulse  uhape contribti te about equally 

t o  the  t o t a l  f l u x  from the  compact source (1. - I, - IT/2). Thus the  r a t l o  

$/IT is approxlrnately equal t o  one-half ,  although i t  was found t o  vary vith 
A 



72 

NWUW Arecibo - Short baseline (NRAO- Sugar Gme) 
40 A _ _ _ _  Long baseline (Amcibo -NRAO) 

TIME (msoc) 

oShort bowline 

1 1 r 1 1  l l l l J  

-5 -4-3 -2 -I 0 I 2 3 4 5 
HARMONIC NUMBER 

+go' 

3u 

* 0' 
n=O 

Figure IV-2. (a) Typical pulse profiles,  196 MHz. (b) Amplitudes, 
relative to n=O, of Fourier component8 of the pulses in  (a). 
relative to n-0, of Fourier component, of the short-baseline pulse i n  (a). 
Vector length indicates component strength. 

(c) Phases, 
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t i m e .  In t he  da ta  from the  f i r s t  f i v e  experiments, Fourier compor;.nts 

up t o  n=3 were usually detected. The r e su l t i ng  pulse  shapes are DL -3t- 

than the  1 9 6 % ~  pulse  shapes and they also have an o f f s e t  b a s d i n e  b i a s  

and continuous non-pulsing paver. Pulses  from a typ ica l  run in 1971 No- 

vember are shown i n  f igu re  IV-3(a). The comparison Arecibo pulse  has been 

ra i sed  above the base l ine  t o  coincide with the  short-baseline interfcrom- 

eter pulse. 

harmonic number; f i gu re  IV-3(c) is  a polar  p l o t  of t he  phases. The aver- 

Figure IV-3(b) is a p l o t  of Fourier component amplitude VS. 

age (signed) deviat ion of t he  phases from syuunetry around n=O is 9% and 

the  m s  deviat ion is 24:6. 

,The value of Is is taken as the  minimum of the  pulse  p ro f i l e .  The 

t o t a l  f l ux  5 is the  amplitude of t he  n=O component (Ao), and 5 is calculated 

as #, = IT - Is. 
Fourier harmonics is expected and the  minimum of t h e  p r o f i l e  may be  b e h u  

This ucderestimates Is because some "ringing" of the 

the  t r u e  base leve l .  

amplitude is sometimes negative. 

(1971-2) the  average value of Ip/$ w a s  0.6 f o r  both l o w  and short-base- 

l i n e  pulse  prof i les .  

p r o f i l e  of f f q u r e  IV-3. 

This is evident on the 196MHz p r o f i l e s  where the  

For the  f i r s t  set of f i v e  experiments 

The ratio of 5/$ is 0.72 f o r  t h e  short-baseline 

For the  last two experiments most of t he  da ta  revealed only two 

Fourier componeats, and $/%- 0.4 f o r  a l l  the  prof i les .  

is a reconstructed pulse  observed i n  February 1973. 

c l ea r ly  broader than t h a t  i n  f igu re  IV-3. 

g ive the  component amplitudes and phases r e l a t i v e  t o  n=O. 

a catalogue of 111-MHz average pulse  shapes from a l l  experiments, and a 

list of t he  components and values of $/IT. 

Figure IV-4(a) 

The pulse  shape is 

Figures IV-4(b) and IV-4(c) 

Appendix F I s  
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Figure IV-3. 
(b) Amplitudes, re la t ive  to  n-0, of Fourier components of the pulses 
i n  (a).  
short-baseline pulse i n  (a). Vector length h d i c a t e e  component strength. 

(a) Typical pulse prof i l e s ,  111 MHz, 1971 November. 

(c) Phases, re la t ive  to n=O, of Fourier components of the 
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60 

IO IS 20 25 30 5 TIME (msec) 

0 Short boseline 
0 Long baseline 

lSO0 

HARMONIC NUMBER 

0. 
n =O 

- 2  

-goo 

Figure I V - 4 ,  (a) Typical pulse prof i l e s ,  111 MHz, 1973 February. 
(b) Amplitudes, re la t ive  to n-0, of Fourier components of the pulses 
i n  (a) .  (c) Phases, re lat ive  to  n=O, of Fourier components of the 
short-baseline pulse i n  (a).  Vector length indicates component 
strength. 
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Figure IV-5 i s  a p l o t  of t he  average value of 5 f o r  each observing 

day, and a l so  the  average value of $/IT. 

i n  the  p l o t  and the  f r inge  v i s i b i l i t y  of t he  puls ing flux, y 

pected uncertainty i n  5 is q u i t e  la rge ,  about k15X, because 5 is de- 

Table IV-3 lists the  values 

The ex- 
P. 

rived from a sum of 2N+1 amplitudes and phases which each have an er ror .  

The s c a t t e r  about t he  mean value of I+ is  about +20%, only s l i g h t l y  higher 

than the  predicted value. 

The t o t a l  amount of pulsing power was  determined i n  a va r i e ty  of 

ways : with the  short-baseline cross-correlation interferometer  , by auto- 

cor re la t ing  the  Arecibo tape t o  form a zero-baseline interferometer, and 

from the  single-telescope observations made a t  Arecibo. The results of 

each method a r e  p lo t ted  i n  f igu re  IV-5. A l l  these  methods give approxi- 

mately the same value of 5, although the  short-baseline cor re la ted  f l u x  

is systematical ly  lowest by about 20%. This is  somewhat d i s turb ing  s i n c e  

it  occurs only f o r  t he  cross-correlation observations. However the  l a r g e  

e r ro r  ba r s  allow the  severa l  f l u x  values  t o  be  consis tent .  The Mark I 

auto-correlation da ta  agrees w e l l  with the  Arecibo f luxes  which were ob- 

served simultaneously w i t h  t he  VLBI experiment. 

2. Polar izat ion.  The polar iza t ion  of t he  t o t a l  f l u x  a t  111 MHz 

w a s  presented i n  t ab le  111-3. With the  pulse  p r o f i l e s  i n  hand w e  can 

separate  the pulsing and non-pulsing f l u x  and determine the  polar iza t ion  

of each component separately.  

po lar iza t ion  in t he  pulsing power) and 9 ( f r ac t ion  i n  the  t o t a l  power, 

from t a b l e  111-3). 

Manchester -- et al. (1972)  who observed “p = 35% at  114 MXz. There is a 

formal d i f fe rence  between the  value of t he  polar iza t ion  of t he  puls ing 

Table IV-4 lists “p (the f r ac t ion  of linear 

The values  f o r  mp are cons is ten t  with the  r e s u l t s  of 

and t o t a l  Iluxes, but  within experimental uncertainty the  two polar iza t ions  

a r e  the  same. 
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Table IV-4 

Polar izat ion of t o t a l  

and pulsing f l u x  a t  111 MHz 

Fraction Total  f l u x  Resolved f l u x  

to.10 -4-0.15 
5 0-27-~.2~ O *22-o. 20 

<O .15 <O . 25 "T 

3. Dependence of v i s i b i l i t y  on pulse phase. The predicted de- 

pendence of f r inge  v i s i b i l i t y  on pulse phase, i l l u s t r a t e d  i n  f igu re  1-3, 

w a s  not observed. The pulse  shapes observed on both long and shor t  base- 

l i n e s  appear t o  be similar, i n  tha t  the pglse derived from the  p a r t i a l l y  

resolved f l u x  is uniformly reduced i n  amplitude but not changed i n  shape. 

Values of $/IT were calculated separately f o r  t he  pulses observed with 

long and shor t  basel ines  and, t o  within the  r a t h e r  l a rge  e r r o r  limits, 

are equal. Also, f igu res  IV-2b, 3b, and 4b i n d i c a t e  the re  is no system- 

atic trend toward having y increase (approach uni ty)  f o r  higher Fourier 

components. 

A quan t i t a t ive  test was made by computing t h e  mean values f o r  t he  

(The In- 

Then the  f r inge  

f l u x  of each Fourier component using a l l  the avai lable  data. 

dividual  components are tabulated i n  Appendices E and F.) 

v i s i b i l i t y  w a s  calculated f o r  each component a t  both 111 and 196 MHz, and 

the  r e s u l t s  are p lo t t ed  i n  f igu re  IV-6. The e r r o r  bars  represent the 

standard deviation of Y as calculated from the  standard deviations of 

the mean fluxes. The f igu res  show t h a t  each component has approximately 

the same v i s i b i l i t y  as the no0 component, and within the e r r o r s  there  I s  

no trend toward unity. A l l  of the phenomena mentioned i n  t h i s  sect ion 

are of course inter-related,  and they a l l  give useful  ways of indicat ing 
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Figure IV-6. 
number for (a) 111 MHz and (b) 196 MHz. 

Figure v i s i b i l i t y  vs. harmonic 

the  lack of strong evidence for a source which expands with pulse  

phase. 

4. Iden t i f i ca t ion  of pulsar with compact scurce. The arguments 

which support the iden t i f i ca t ion  of the low-frequency compact source with 

the  pulsar i n  the Crab nebula were sumnarized by Erickson 2~ &. (1972) 

and also by Lang (1971b). 

nebula can be used t o  dis t inguish between the  compact source and t k e  pul- 

sar i f  the phases of the r ad ia t ion  are known. 

High-resolution VLBI observations of the Crah 

The correlated f lux obtained 

through processing the  da t a  as for a continuum aource is  due t o  the compact 

source, and the  phase of these fr inges provides the  posi t ion of t he  com- 

pact source. 

are due t o  t h e  pulsar ,  and the average phase of t h e  +n and -n components 

w i l l  give the posi t ion of t he  pulsar. 

The f r inge  Amplitudes and phases obtained f o r  n 0 obviously 

Only i f  t he  compact source is i n  

the same posi t ion as the  pulsar w i l l  t h e  f r i n g e  phases be the  same. The 
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phases of the Fourier components which were detected a t  121 MHz w e r e  used 

by Erickson -- et al. (1972) t o  iden t i fy  the  pulsar with the compact source. 

The da ta  presented i n  t h i s  t hes i s  extend t h e i r  r e s u l t s  and t ighten the  

limits on the iden t i f i ca t ion .  

The method they used, and which is used here,  is the  measurement of 

d i f f e r e n t i a l  phase, which is a powerful t o o l  f o r  determining accurate 

r e l a t i v e  source posit ions.  I f  the sources on which the  d i f f e r e n t i a l  mea- 

surement i s  t o  be made are i n  the  beam of t h e  tclescopes at t h e  same t i m e  

then a l l  instrumental phase deviations,  including differences between l i n e s  

of s igh t  through the  atmosphere and ionsophere, are g rea t ly  reduced. 

difference i n  f r inge  phase between the sources is then a d i r e c t  measure of 

t h e i r  posi t ion difference.  The test is very s e n s i t i v e  because w e  can mea- 

sure  a difference i n  phase t o  a f r a c t i o n  of a fringe.  

The 

The problem is formulated as a n u l l  test: the  signed deviations of 

t he  average phase c?f ea.:; p a i r  (+n and -n) of components from the phase 

of the corresponding n=O component are summed and averaged t o  y i e ld  <5$>. 

I f  <64> = 0, then the pulsar would occupy t h e  same posi t ion i n  the sky as 

the compact source. The values of (64) are l i s t e d  i n  the  t ab le s  of Ap- 

pendices E and F, f o r  iridividual runs, and were averaged f o l  t he  values 

l i s t e d  i n  t a b l e  IV-5. The averages were formed for l o t h  frequencies. The 

Table XV-5 

Average phase differences between pulsar and compact source 

Total  no. <s 4> 
Frequency (degrees) ( m i l l  i-arcs ec) No. run8 of components 

196 MHz 2.5k4 . 0 0.8i1.3 41 205 

111 MHZ -1.4k3.6 0.8k2.0 98 241 
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values were computed using a l l  the long-baseline data ,  3 f:ioted 

e r r o r  is the  standard deviation of the mean. A t  111 ,:z the  e rage phase 

difference implies t h a t  the pulsar and compact source a;e coincident t o  

about 0.8 mill i-arcsec i n  a posi t ion angle along the  baseline.  

responds t o  a l i n e a r  dis tance l i m i t  of-2 a.u., assuming 2 kpc f o r  the 

dis tance t o  t he  Crab nebula (Trimble 1973). 

This cor- 

As a test  of t he  method, t he  same procedure was followed using the  

196-MHz Fourier components. 

power is p d s i n g  because the  basel ine l e v e l  of t h e  pulse p r o f i l e s  is  a t  

zero, so <SC> must be  zero. 

As the  numbers i n  t ab le  IV-5 show, the r e s u l t  and e r r o r  are approximately 

the same as a t  111 MHz. These r e s u l t s  were used i n  Chapter 111, p a r t  B-2 

as evidence against  small s t r u c t u r e  i n  the Crab nebula other  than t h e  

pulsar. 

A t  t h i s  frequency w e  know t h a t  a l l  of t he  

The e r r o r  gives an idea of t he  noise level .  

D. Summary of Chapter I V  

The body of data presented i n  t h i s  chapter cons i s t s  of t he  Fourier 

components of the Crab nebula pu l sa r ' s  r ad ia t ion  at  196 and 111 MHz. 

Analysis of t he  amplitudes, phases, and pulse shapes has shown t h a t  t he  

shap. changes with t i m e  and t h a t  the basel ine o f f s e t  contains a va r i ab le  

f r ac t ion  of the t o t a l  f lux.  

a l l  components of the radiat ion i s ' n o t  a function of pulse  phase. Final ly  

the pulsar has been undoubtedly iden t i f i ed  with the  compact source, and is 

coincident with i t  t o  within 2 a.u. a t  the dis tance of t he  nebula. The 

next chilt? t.er w i l l  u8e these r e s u l t s  and those of the previous chapter t o  

examine v d i a u s  models and theories.  

We have seen t h a t  the f r inge  v i s i b i l i t y  of 



CHAPTER V 

NODELS FOR THE CRAB NEBULA AND TETERSTELLAR MEDIUM 

A. Review of observed phenomena 

Many of t he  s p a t i a l ,  temporal, and spec t r a l  fea tures  which w e  observe 

i n  the  rad ia t ion  from the  Crab nebula pulsar  are due t o  the  influence of 

the media through which the  rad ia t ion  passed. Models f o r  t he  rad ia t ing  

mechanism, and of the ne i J l a r ,  i n t e r s t e l l a r ,  and interplanetary media 

should account fo r  a l l  t he  observed phenomena, a b r i e f  review of which 

follows. 

1. Spat ia l  features.  As described i n  the  previous two chapters, 

the  spa t ia l  features  a r e  uniquely observed v i a  VLBI at%j T * *  This thes i s  

presents consis tent  observations of apparent angular si. . a function 

of frequency. 

quency (144 MHz) and is consis tent  w j L  a Gaussian. 

The brightness d i s t r ibu t ion  has been observed a t  one fre- 

The f r inge  v i s i b i l -  

i t ies which w e  measured have been interpreted i n  teims of Gaussian bright- 

ness d i s t r ibu t ions  and y i e ld  t h e  angular s i z e s  l i s t e d  i n  t a b l e  111-2 

(page 55) .  

t o  all. t he  components of t he  radiat ion:  

of f r inge  v i s i b i l i t y  nn pulse phase, and the  pulsing f l u x  has the  same 

The f r inge  v i s i b i l i t i e s  meawtred f o r  t he  t o t a l  f l u x  apply 

the re  is no systematic dependence 

v i s i b i l i t y  as the t o t a l  f lux.  'The tcchnique of in te rp lane tary  s c i n t i l -  

l a t i ons  can a l so  be used t o  study angular s t ruc tu re  of radio sources. 

Early IPS observations a t  81 MHz (Bell end Hewish 1967) were used t o  

estimate a s i z e  which i s  consis tent  T.-ith our observations and recent 

IPS observations a t  74 MHz (Armstrong e t  ai. 1973) der ive the  same s?.ze 

as was measured with our VLBT. experiments. 

83 
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2. Temporal featuizs .  Many aspects of t he  temporal features  of 

the radiat ion are being mocitored with the twice-weekly observing program 

a t  Arecibo. 

parapeter appears * vary i n  a non-systematic way. The pulcz shape, dis- 

persion measure, amount of pulsing power, pulse period, and the  period 

time-derivative a l l  vary (Rankin and Counselman 1973). I n  the seven VLBI 

experiments, w e  observed i n  addi t ion t h a t  t he  t o t a l  f l u x  and the  r a t i o  of 

pulsing t o  t o t a l  f l u x  are a l s o  variable.  No tenporal changes were obser- 

ved i n  the angular s t r u c t u r e  of the radiation. 

3. Spectral  features.  Narrow-band spectral f e l t u r e s  have not been 

During time i n t e r v a l s  from weeks t o  mcnths every observable 

observed f o r  the Crab nebula pulsar,  probably because the  s c i n t i l l a t i o n  

bandwidth 

is only about 10 Hz a t  111 MHz. 

would be d i f f i c u l t  t o  achieve an adequate signal-to-noise r a t i o .  

&her pulsars ,  Rickett  (1970) observed a r e l a t i o n  between the dispersion 

measure and the maximum bandwidth over which s c i n t i l l a t i o n s  are correlated.  

This implies an associat ion between the  "dispersing" electrons a-d :he 

"scattering" electrons.  

e lectron density i r r e g u l a r i t i e s  occur wherever t he re  are electrons.  

is the b a s i s  f o r  the be l i e f  t h a t  t he  sca t t e r ing  is  t r u l y  an i n t e r e t e l l a r  

phenomenoil and t h a t  i t  occurs al; along the  path. 

of t he  features ,  predicted from the  pulse  broadening (-15 msec), 

If  a f i l t e r  t h i s  narrow could be  made it  

For 

They may be the  same electrons,  meming t h a t  

This 

Several models have been proposed which attempt t o  explain these ob- 

served spat ia l ,  temporal, and s p e c t r a l  features ,  but so far none has RUC- 

ceeded i n  p r e d i c t i i g  a l l  of the observationa. 

pects  of eac.L theory which, considering especial ly  the  new da ta  presented 

i n  t h i s  t hes i s ,  do not agree with the observations. 

E which follow, w e  discuss four models and point  out t h e i r  v i r t u e s  and 

There are one o r  more as- 

In  sect ions B through 
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deficiencies.  

model into yet  another model which does i n  fact explain the  observations. 

More refined observations i n  the fu ture  w i l l  require  a l t e r a t ions  t o  these 

theories. 

In sect ion F, w e  have combined the  bes t  features  of each 

B. Thin screen model 

The f i r s t  attempt t o  ucplain what happens i n  the  i n t e r s t e l l a r  medium 

This model w a s  t o  a f f ec t  pulsars '  radiat ion w a s  the  "thin screen model." 

b r i e f ly  discussed i n  the introduction and now w i l l  be considered i n  more 

de ta i l .  

and b)  , and Lovelace (1970). 

The discussion draws upon the work of Lang t1971a), Cronyn (1970a 

1. Assumptions. (a) The a r t i f i c e  of the  th in  screen can be used 

i f  it is assumed tha t  the density i r r e g u l a r i t i e s  i n  the  medium are iso- 

t ropic  and homogeneous; i n  view of Rickett 's  work t h i s  may be a f a i r  

assumption. 

midway between observer and source; the screen i n  t h i n  enough t h a t  it 

produces only phase deviations i n  the  wavefront while the  amplitude reaains 

unchanged. 

approximation so t ha t  ray t rac ing  can be used. 

lays  caused by var ia t ions in t he  group veloci ty  through the  densi ty  ir- 

regu la r i t i e s  are ignored because they are much smaller than the  delays 

due to  geometrical effects .  

Gaussian and shallow power-law spectra  of i r r egu la r i ty  siees, however, 

Cronyn (1973) spec i f ica l ly  discards t h i s  assumption and proposes t h a t  

the group delays a r e  as l a rge  as.geometrical delays i f  a s teep power-law 

spectrum of sizes is wed. 

Jokip i i  (1973) notes tha t  t h e  th in  screen is really only a convenient 

contrivance and not the  liorit of a more r igorom tbaory. 

The i r r e g u l a r i t i e s  are collapsed onto a plane approximately 

(b) Another assumption is tha t  geometrical op t ics  is a va l id  

(c) Final ly  the  time de- 

This last  assumption is va l id  only for 

This important model w i l l  be discueeed later. 
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2. Theory, The theoret ical  predict ions which can be compared t o  

our observations are derived next. 

t i m e  delay and apparent angular diameter f o r  the t h i n  screen model is 

F i r s t  the r e l a t i o n  bstween s c a t t e r i n g  

s ta ted.  

p u l s e  shape, is used t o  predict  the observable ratio %/IT. 

Then the  impulse response of t h e  model, convolved with a model 

Figure V-1 
u 

is a drawing of t he  t h i n  screen 

configuration. The difference 

i n  the  l ight- t ravel  t i m e  be- 

tween rays which arrive from 

the edges of the  sca t t e r ing  

cone and those which a r r i v e  

from the center is 

/ 

Figure V-1. Thin screen configuration. 

T = (61 + 62)/c. The r e l a t i o n  between To and eo can be  derived from the 
0 

geometry assuming t n a t  8 is a small angle: 
0 

where q = L/(Z - L) , (V-2) 

2 = t o t a l  path length from source t o  observer, 

L = distance of observer from t h e  screen. 

The quantity q is a proport ional i ty  f a c t o r  which ind ica t e s  t he  loca t ion  

of the screen. It is the  r a t i o  of t h e  dis tances  of observer and source 

from the screen, and i f  the screen is halfway between observer and source 

q = 1. 

very large,  thus allowing a l a rge  t i m e  delay t o  be associated with a very 

small angular s i z e  simply due t o  t he  geometrical configuration. 

Note t h a t  as the screen is moved closer  t o  the  source q becomes 
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The rms sca t t e r ing  angle is 0 defined through the  two-dimensional 
0' 

brightness  d is t r ibu t ion:  

e is re la ted  t o  measured 0 by 
0 S 

es = 2(211n2) (V-4)  

The t i m e  delay T~ is the  e-folding time of the  exponential decay o f  

t he  impulse response of t he  t h i n  screen. The impulse response is a l so  

ca l led  the "probabi l i ty  densi ty  function" (pdf) f o r  t he  sca t t e r ing  time 

delay T. 

p lo t ted  i n  f igu re  V-2. 

For a s i n g l e  t h i n  screen, t he  pdf has the  form e'x which is 

The convolution of t he  

impulse response with the  

emitted pulse  shape y ie lds  the 
I I I 

predicted pulse  shape. For t he  1.0 20 30 

10 

ca lcu la t ions  which w e r e  made Figure V-2. Impulse response of 

here, t he  emitted pulse  w a s  
t h i n  screen. 

represented as two d e l t a  functions: one f o r  t he  combined main pulse, 

precursor, and base l ine  component; and one f o r  t he  interpulse .  

second d e l t a  function followed the  f i r s t  by 13 msec and had one-third 

The 

of t he  t o t a l  energy. 

taken from Cronyn (1970a). 

The period was taken as 33 msec. This model is 

A d i f f e r e n t  model i n  which the  d e l t a  func- 

t i ons  had equal energies and were separated by 10  msec (combining the  

main pulse with the  precursor and the  in te rpulse  with t h e  base l ine  com- 

ponent) gave the  same r e s u l t s  to within a few percent f o r  the ca lcu la t ion  

06 the  f r ac t ion  of pulsing flux. A mote complicated model which would 
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include a l l  four components separately vas not  t r i e d ,  but  f o r  t he  purpose 

of ca lcu la t ing  $/IT such a model would probably not change the  results 

s ign i f i can t ly ,  

mSec at 1 1 2  ?Mz. 

Figure V-3 is the  predicted pulse  shape assuming T~ ... 15 

The convolution of t he  pdf 

with a t r a i n  of pulses  y i e lds  

the  "steady state" observed 

paver as a funct ion of t i m e ,  

including any f l u x  which is 

delayed enough t o  appear as 

10 m m 
I ( a b  

Figure V-3. Predicted pulse  shape 
f o r  t h i n  screen. 

unpulsed radiat ion.  Evaluating t h i s  funct ion a t  the  p u l s e  period (the 

minimum of the  curve) gives the amount of f l u x w h i c h  is in  the  steady 

source, thus accounting f o r  t he  contr ibut ions from t h e  exponential tails 

of a l l  previous pulses. For the  t h i n  screen Ael, f igu re  V-4 is a p l o t  

of t he  f r a c t i o n o f  the  to ta l  

f l u x  which is st i l l  contpined 

i n  the  pulsing component, as 

a function of t he  character- 

ac 

a4 
r 

\ is t ic  time delay. A t  a time 

delay approximately equal t o  

the pulse  period only about 
ao a21 10 ~ 3 0 ~ ~  W 

r,lmacl 

Figure V-4. Predicted Ip/IT f o r  
t h i n  screen model. one-third of t h e  f l u x  is st i l l  

pulsing. 

3. Comparison t o  observations. The pulse  shape of f i g u r e  V-3 is 

obviously not in good agreement with the  observed pulse  shape because of 

t h e  d iscont inui t ies .  The exponential decay in t he  latter p a r t  uf the 

pulse  is observed however. 
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We observed 5/IT - 0.6 i n  1971-2; from the graph of f igure  V-4 t h i s  

corresponds t o  a t i m e  delay of 15k3 msec. 

and take the dis tance t o  the Crab nebula (2) as 2 kpc (Trimble 1973) w e  

calculate  eS = 0.18k0.02 arcsec. 

than the s i z e  which w e  observed, 0.07+-0.01 arcsec. Alternatively,  the  

observed angular s i z e  implies a time delay of only 2.3 msec. 

I f  w e  l e t  q = 1 i n  equation V-1 

This is more than a fac tor  of two l a rger  

The calculated eS could be chaaged by making q - 6 and thus placing 

the screen a t  a dis tance L - 1.7 kpc from the  earth. 

gestions tha t  sca t te r ing  may occur primarily i n  s p i r a l  arms which would 

cons t i tu te  s ing le  screens. There is no st rong s p i r a l  fea ture  a t  1.7 ~ Q L  

i n  the ant icenter  direct ion,  although the  s t ruc ture  i n  t h i s  pa r t  of t he  

Galaxy is not w e l l  known. 

There have been sug- 

Before our measurement of 0 at 111 MHz, the  s i ze  most of ten  quoted 
S 

was that derived from 8l-m~ IPS observations by B e l l  and Hewish (1967) 

of eS = 0.220.1 arcsec which scales as wavelength-squared t o  0.11+0.05 arc- 

sec  at 111 MHz. 

half-power diameter, w e  obtain 0.09t0.05 which is consis tent  with 

our observations but, again, not with the  observed pulse broadening. 

More recently Readhead and Hewish (1974) published an angular diameter of 

0.25+-0.1 arcsec, which is close t o  the  previous value. 

from other IPS observations by Armstrong et al. (1973) a t  74 MHz also 

agrees with our observations. 

I f  w e  assume t h i s  is a diameter a t  l / e  and convert t o  a 

The s i z e  derived 

Another problem with the  th in  screen treatment Is tha t ,  t o  within 

our e r rors ,  w e  observed no change of v i s i b i l i t y  acrose the pulse. 

i s  no way t o  avoid t h i s  phenomenon with the  t h i n  screen model since it is 

due t o  geometrical e f f ec t s  and derives fro= the  aeeumptlons mentioned 

There 
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above. 

made before t h i s  e f f e c t  can be ruled out completely, however. 

More accurate observations of correlated pulse shapes should be 

Besides the discrepancy between t h e  temporal and angular broadening, 

a major problem with the t h i n  screen theory is the  concept: 

simple. 

many parsecs of i n t e r s t e l l a r  matter, and it  seems unlikely t h a t  the ef- 

fecrs along the  e n t i r e  path can be represented by a s i n g l e  t h i n  screen. 

In f a c t  t he  bas i c  assumption of the t h i n  screen approximation, t h a t  t h e  

medium is i so t rop ic  and homogeneous, is undoubtedly false .  However, t h i s  

approach w a s  u se fu l  f o r  t h e  Crab nebula pulsar  as a f i r s t  s t e p  toward 

explaining the  observations. 

i t  is too 

We know t h a t  between the e a r t h  and t h e  Crab nebula the re  are 

For other pulsars  t he  t h i n  screen approximation a l so  appeared t o  

work w e l l .  

with the t h i n  screen theory are generally q u i t e  good. 

s i t i v e  da t a  on these same pulsars,  though,Counselman (1974) showed t h a t  

the residuals  from a f i t  t o  t he  predicted pulse shapes f o r  two pulsars  

are small but s ign i f i can t .  

vations of pulse  shapes and angular sizes are ava i l ab le  a more sophis- 

t i ca t ed  theory than the  single-screen model is warranted, 

Lang (1971~)  showed t h a t  f i t s  t o  t h e  pulse shape predicted 

Using more sen- 

Now t h a t  more accurate and extensive obser- 

C. Two-screen model 

1. The mod&. The next s t e p  toward improving agreement between ob- 

servat ions and theory w a s  made by Counselman and Fiankin (1972) who pro- 

posed t h a t  % s c a t t e r i n g  screens a f f e c t  t he  r ad ia t ion  of the Crab nebula 

pulsar:  

paper, Rankin and Counselman(l973; he rea f t e r  cal led MC) suggested t h a t  

the nebular screen is variable  i n  t h a t  sometimes it  would be a stronger 

the Crab nebula i t s e l f  and t h e  interstvllar medium. In a later 
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s c a t t e r e r  than t h e  i n t e r s t e l l a r  medium, other times i t s  e f f e c t s  would 

disappear, and o f t en  it would be comparable i n  s c a t t e r i n g  s t r eng th  t o  

the i n t e r s t e l l a r  medium. R6C point out t h a t  t he  average electron den- 

s i t y  and number of density i r r e g u l a r i t i e s  i n  the  2-kpc path between the  

ea r th  and the nebula should be x n s t a n t  i n  t i m e ,  and they a t t r i b u t e  the  

observed teuporal va r i a t ions  i n  dispersion and pulsa shape t o  changes 

taking place within the nebula. 

The i d e n t i f i c a t i o n  of the nebula as a s c a t t e r i n g  screen w a s  made 

because of other a c t i v i t y  associated with t h e  nebula and pulsar.  About 

the t i m e  of t he  f i r s t  observed l a rge  increase i n  dispers ion measure (1969 

September), a major timing i r r e g u l a r i t y  ("glitch") a l s o  occurred. This 

a c t i v i t y  was also accompanied by movement of t he  optically-observed wisps 

near the pulsar (Scargle and Harlan 1970). No such correspondence of 

these phenonema has occurred again, and it  is l i k e l y  t h a t  t he  1969 Sep- 

tember events were chance coincidences. Nevertheless the concept of 

the  nebula as a s c a t t e r i n g  screen is  attractive. The nebula surrounding 

the  pulsar must have some unique e f f e c t  on t h e  pulsar ' s  radiat ion,  and 

the influence of the  nebula should be assessed even i f  i t  can be shown 

t o  be negligible.  This question is considered i n  sec t ion  F. 

2. Theory. Functions similar t o  those p lo t t ed  f o r  t h e  single- 

screen model w i l l  be developed now so t h a t  w e  can compare our observa- 

t i ons  t o  t h e  predict ions of t he  two-screen model. The model of RLC is 

shown i n  f igu re  V-5. They assigned 6.2 msec of t i m e  delay ( a t  100 MHz) 

t o  each screen, thus choosing 
NfiBULA 

an epoch when the nebula and EARTH 

i n t e r s t e l l a r  medium were of 
INTERSTELLAR 
SERErN 

c 1 - u -  
comparable strength.  The 

Scat ter ing pdf for two t h i n  Figure V-5. Two-screen model 
configuration. 



92 

screens with equal time delays (T N o  = T ) is shown i n  f igu re  V-6; it  is 

a function of t he  form xemX, 

which r e s u l t s  from the  con- 

volut ion of two exponential n 

functions. 

- 0 c . - 
co 

J 
The pulse  shape resu l t -  2.0 4.0 6.0 

lJ To 

ing from the  convolution of Figure V-6. Impulse response 

t h i s  pdf with the  model e m i t -  
of two-screen model. 

ted p u l s e  i s  shown i n  f igu re  V-7, f o r  a frequency near 100 MHz with 

T = 6.2 msec. This predicted 

pulse  shape is i n  much b e t t e r  

agreement with observations 

0 

than the  shape predicted using 

a s i n g l e  th in  screen ( f igu re  

v-3). 

The relative amount of 

1F m 30 
t lnnrl 

Figure V-7. Predicted pulse  
shape f o r  two-screen model. 

pulsing power as a funct ion of T~ is plo t ted  i n  f i g u r e  V-8. 

equal t i m e  delays was used 

f o r  s implici ty .  Comparison 

The pdf f o r  

0 1  '"n 
0.6 

t o  f igu re  V-4 shows t h a t  t he  

pulsat ing component is cu t  

off  more e f f i c i e n t l y  with 

two screens than with one 

screen. Note tha t  each of 

the  two screens i n  the two- 

screen model has a time delay 

r,(nrrl 

Figure V-8. P r e d k t e d  $/IT f o r  
two-screen model. 

t 

approximately a f ac to r  of two. 

80 t h a t  t he  sca l e s  f o r  comparing f igures  V-4 and V-8 are d i f f e ren t  by 
0 
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I f  each screen has a Gaussian i r r e g u l a r i t y  spectrum the re  should a lso  

be a decrease of v i s i b i l i t y  across  the pulse  as i n  the  single-screen case, 

although the  e f f e c t  is not as pronounced here  because the  pulse  i s  already 

p a r t i a l l y  broadened when i t  reaches the  i n t e r s t e l l a r  screen. The v i s i b i l -  

i t y  function f o r  pulsar  rad ia t ion  sca t t e red  by two t h i n  screens is dis- 

cussed i n  more d e t a i l  by Cronyn (1974). 

3. Comparison t o  observations. During a l l  of our observations the  

time delays of t he  two screens were almost certainly never equal. 

t i n e  delay -c0 which 

was usually much l a rge r  than t 2 t i m e  delay T~ which is associated with the  

nebula (J. M. Rankin, p r i v a t e  comunication).  

of the nebular screen was s m a l l  enough t h a t  t he  da t a  are consis tent  with 

s c a t t e r i n g  i n  a s ing le  screen having ‘c - 10 msec a t  100 MHz. 

The 

is associated with the  stable i n t e r s t e l l a r  medium 

This means t h a t  t he  e f f e c t  

0 

The angular s i z e  observed a t  the  e a r t h  due t o  s c a t t e r i n g  i n  a single 

screen with T 

2 = 2 kpc i n  equation V-1. 

t o  0.10 arcsec a t  111 MHz. 

f o r  the single-screen model only because the  value of ‘c0 is smaller. 

pretiicted angular s i z e  is st i l l  50 percent l a rge r  than our observed value. 

Since our e r ro r s  a r e  only 15  percent, t h i s  is a s i g n i f i c a n t  difference.  

Our observations of changes i n  $/IT are i n  q u a l i t a t i v e  agreement 

- 10 msec is predicted t o  be  0.15 arcsec a t  100 MHz, t s i n g  
0 

This angular s i z e  scales as frequency-squared 

The agreement with observations is b e t t e r  than 

The 

with the  t rends i n  the  dispers ion measure and s c a t t e r i n g  var ia t ions.  

Betveen the  winters of 1971-2 and 1972-3 w e  observed t h a t  t he  value of 

Ip/IT decreased from -0.6 t o  -0.4 , while during t h i s  period the  disper- 

s ion  measure showed a dramatic increase and t h e  s c a t t e r i n g  ce r t a in ly  

increased also.  Quant i ta t ively though, t he  observed angular size I s  

associated with a smaller i n t e r s t e l l a r  t i m e  delay than t h e  model, whet- 
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the observed value of $/IT (as i n  the  single-screen case) predicts  a 

l a rge r  t i m e  delay than the model. 

not var iable ,  t h i s  is a basic  discrepancy of the observations with the  

model. Finally,  t he  predicted decrease of f r inge  v i s i b i l i t y  with pulse  

phase is not observed, although the experimental uncertainty is high. 

Since the i n t e r s t e l l a r  time delay is  

D. Extended medium model 

From the  discussion of the last  two sect ions,  i t  is  spparent t h a t  

e i t h e r  the t h i n  screen a?proximation o r  t he  Gaussian i r r e g u l a r i t y  spec- 

trum, o r  perhaps both, must be abandoned. Williamson (1972) derived 

probabili ty density functions f o r  t he  case of an extended medium i n  which 

the source’s r ad ia t ion  executes a random walk along the  e n t i r e  path length. 

Figure V-9 shows the  impulse response as computed by Williamson. The 

rounded peak and long rise 

t i m e  are ref lected i n  the  

prr.ficted pulse shapes. Both 

feacures are due t o  t h e  f a c t  

t ha t  with an extended medium 

there is very l i t t l e  “straight-  

I P 
5 
bo 
0 

through” radiat ion;  the rays 

which a r r i v e  near t he  s t a r t  of 

the pulse may come from any p a r t  

of the sca t t e r ing  disk,  and the 

rays which a r r i v e  from exactly Figure V-9. Impulse response of 

the source d i r ec t ion  may not have 
extended medium. 

suffered the smallest delay. This a l s o  r e s u l t s  i n  an absence of f r inge  

v i s i b i l i t y  dependence on pulse phase. 
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On t h i s  model the t i m e  delay associated with a given angular diameter 

2 is IT / 3  - 3.3 times smaller than tha t  f o r  the  th in  screen model. There- 

fore  our observed angular s i z e  of 0.07 arcsec a t  111 MHz corresponds 

t o  less than l m s e c  of time delay, implying t h a t  most of the  pulse  broad- 

ening must occur elsewhere than i n  the  "extended medium." 

the observed pulse broadening of 10 t o  15 m e c  implies an angular s i z e  

which is much l a rge r  than t h a t  observed. 

Alternat ively 

The pulse  shapes predicted using t h i s  model have rise times which 

are too long t o  agree with observations. 

the Crab nebula pulsar  has a s teep  i n i t i a l  rise, about 4 t o  5 msec from 

basel ine t o  peak, whereas the  predicted shape using t h i s  model has a rise 

t i m e  of about 9 msec. After comparing t h e  theore t ica l  and observed pulse  

shapes, Williamson (1974) concludes t h a t  t he  extended medium approach is 

de f in i t e ly  excluded and tha t  the  sca t t e r ing  medium must be concentrated 

i n  a few locat ions along the  path. 

The observed 111-MHz pulse  from 

E. Square-law s t ruc tu re  function 

Cronyn (1974) proposed t h a t  the  "s t ructure  function" of t he  inter-  

s te l lar  dispersion measure have the  form DN(b) = Dob2 where DN is t h e  

variance (mean square) o f - t h e  difference i n  e lec t ron  densi ty  between two 

l i n e s  of s igh t  separated by a basel ine b, and Do is a constant.  

Gaussian s i z e  spectrum is re jected i n  favor of a more r e a l i s t i c  power 

law spectrum. 

a power l a w  s i z e  spectrum probably ex i s t s ,  and the  same proposal f o r  the  

i n t e r s t e l l a r  medium is a na tura l  extension of t h f s  idea. 

Thus a 

It has been establ ished tha t  f o r  t he  in te rp lane tary  medium 

For a square-law s t ruc tu re  function the  group delays,  due t o  a slower 

propagation speed through the l a rges t  i r r e g u l a r i t y  sizes, are comparable 
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t o  t he  geometrical delays. 

t r i bu ted  about t h e i r  mean, and they e f f ec r ive ly  randomize the  dependence 

of Jr inge v i s i b i l i t y  on pulse  epoch. 

The addi t ional  group delays are randomly dis- 

This theory does not require  the Crab nebula t o  be s c a t t e r i n g  screen. 

Indeed the  nebula carnot be important f o r  s c a t t e r i n g  and, i n  pa r t i cu la r ,  

i t  cannot be the cause of the va r i ab le  dispersion measure and pulse  shapes. 

According t o  Cronyn, these Variations are simply manifestations of statis- 

t i c a l  f luctuat ions i n  the  line-of-sight e lectron column density. 

s'imes impl i c i t l y  t h a t  dispersion measure and s c a t t e r i n g  are intimately 

r e l a t ed  as suggested by Rickett  (1970). 

theory is t h a t  i t  p red ic t s  t h e  occurrence of dispersion measure fluctu- 

a t ions  f o r  a l l  pulsars.  

r e l a t i v e  ve loc i t i e s ,  and length of observing period. 

other  than f o r  t he  Crab nebula pulsar  have been observed but  dispers ion 

measures are being monitored a t  several  observatories.  

H e  as- 

Another f e a t u r e  of Cronyn's 

The r m s  va r i a t ions  should depend on distance,  

To d a t e  no changes 

Due t o  the  group delays the re  is  very l i t t le  "straight-through'' 

radiat ion,  as i n  the extended medium case, and t h e  predicted pulse  shapes 

again have too-round peaks and too-slow rise times. The impulse response 

is t h e  convolution of an exponential function (for  t h e  t h i n  screen) w i t h  

a Gaussian (for  t he  random delays);  i t  is p lo t t ed  i n  f i g u r e  V-10. 

predicted pulse shapes cannot be 

act-ially compared t o  c h e r v a t i o n s ,  

however, because the essence of 

The 

0 
c 
2 
a 
0 I. 

t h i s  theory is the  statist ical  

nature  of t he  s c a t t e r i n g  medium. 

Therefore the predicted pulse 

shape is the  average, over as 1.0 2.0 3.0 *a 1.0 

Figure V-10. Impulse response 
f o r  square-law s t r u c t u r e  function. 

T o  
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long a t i m e  as possible ,  of a l l  t he  pulses which are observed. 

var ia t ion  i n  pulse shapes w i l l  continue t o  grow u n t i l  w e  have observed 

the  l a r g e s t  deviations from the  average value; u n t i l  a su i t ab ly  l a rge  

body of da t a  is  i n  hand adequate cornpariaons cannot be made. 

The nus 

F. The Crab nebula as sca t t e r ing  scr 

This sect ion addresses the  questiou; 1s t he  Crab nebula a scat'.ering 

screen which has a major e f f e c t  on t he  pulsar ' s  rtididlation? 

s t i t u t e s  a screen is c e r t a i n  because the re  must be some thermal e lec t rons  

which are i n  some way i r r egu la r ly  d i s t r ibu ted ;  but t he  screen's effect ive-  

ness depends on t he  magnitude of t he  density f luc tua t ions .  We w i l l  assume 

t h a t  t he  nebula is responsible f o r  most of t he  observed pulse  broadening 

and see what t h i s  implies abou.  t he  densi ty  f luc tua t ions  and scale s izes .  

Then considering what is ham about t he  nebula w e  can decide whether t h i s  

model i s  reasonable. 

That i t  con- 

1. Values f o r  'tN, ON, .%id scale s izes .  The di. -.ussAim t n  t h i s  

sec t ion  concerns only t h e  sca t t e r ing  phenomena which OCC'T i n  t he  nebula; 

t he  e f f e c t  of t he  i n t e r s t e l l a r  medium is considered separately.  

adopt a value f o r  t he  cha rac t e r i s t i c  time delay of T~ = 15  msec at 

11.1 MHz, where the  subscr ip t  N r e f e r s  t o  t h e  nebula. 

length through the  nebula as 1 pc and let  the  srreen be e f f ec t ive ly  0.5 

pc from the  pulsar. 

q -4000 from equaticn V-2. 

fo r  T 

t he  half-power diameter of the  angular spectrum (equivalent t o  Be of 

equation V-4). 

nebula? 

We 

We take the  path 

Then with the  t o t a l  path as 2 = 2 kpc wr have 

Thus from equation V-1 and t h e  above values  

2, and q, w e  obtain BN = 2.8 milli-arcsec. The angle BN is N' 

What does the value of ON imply about s t r u c t u r e  in t he  

Following &hen and Cronyn (1974) w e  can consider t h ree  charac- 
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t e r i s t i c  l i n e a r  s i z e s  i n  the  screen which a r e  importarc f o r  scat ter ing.  

The smallest s i g n i f i c a i t  s ize 

tance across which one radian of phase s h i 3  occurs. 

- 2/28,, - l o l o  cm, t h e  l i n e a r  dis- 
l9 % 

Sizes smaLer than 

R proc 2 too small a ph,i:;e s h t f t  t o  influence the  angular broadening. 

The Fresnel zone s i z e ,  fi -10 cm, i s  the largest s i z e  which is  sig- 

n i f  i can t  f o r  angular s ca t t e r ing ;  s i z e s  large; than E cause r e f r ac t ion  

0 
12 

and have l i t t l e  e f f e c t  on source broadening. Final ly ,  tire sca t t e r ing  

d i sk  s i ze :  

radiat ion from the  source. 

14 10 cm, def ines  the dig-ance over which w e  can rece:'v? 29h 

Such a wide range of s i z e s  (four orders of magnitude) m2ght be rep- 

resented by a power l a w  spectrum of i r r e g u l a r i t y  s i z c s  i n  the nebula. 

The small and l a rge  lengths are equal t o  the  gyroradii  

i n  a 100-pG f i e l d  with energies of 100 and 10 MeV, rebDeCriVely. IO 

of e l ec t r cns  

6 

the  nebula there  are electrons between these extreme energies; they would 

produce synchrotron r ad ia t ion  between 6 Wz and o p t i c a l  frequencies. 

Could these s i z e s  become thermal e l ec t ron  densi ty  i r r e g u l a r i t i e s ?  Wsntzel 

(1969) suggested a way f o r  t h i s  t o  happen by noting chat since streirming 

cosmic rays are sca t t e red  by t h e i r  own Alfven waves, they i n t e r a c t  mcst 

strongly when they t r a v e l  through one wavelength i n  me gyro-period. An 

invest igat ion of the  possible hydromagnetic waves i n  the  nebular ?lama 

would be in t e re s t ing  Cn t h a t  i t  could provide information bdout possible 

density i r r e g u l a r i t y  s i zes .  

would bd the  thermal e lectron density i n  the  nebula since t h i s  inflrlenczo 

both the  exc i t a t ion  and damping of t he  waves (Scheuer and Tsytovich 1970). 

One important parameter f o r  such a study 

The various deternAnations of the electron densi ty  are considered next. 

2. TtLrrma3 e lec t ron  density. a. ?vans ion .  A f i r m  l i m i t  can 

be set on the  thermal e l ec t ron  density along t h e  l i n e  of s i g h t  t o  the  
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pulsar from the  lack of an observed tempma1 monotonic decrease i n  the 

dispersion measure. Since the nebula is expanding, the volume density 

systematically decreases with t i m e .  Using the  known expansion rate, the 

f r ac t iona l  change i n  the dispersion measure of the nebula is calculated 

t o  be-0.2% per year. 

(i.e. column density) has been observed t o  a l i m i t  of about AN < 10l6 

-3 per year, the average volume density of e lectrons must be  ne 

along t h e  l i n e  of s igh t  t o  the pulsar. 

the t o t a l  dispersion measure is then <1 pc cm-3 i f  w e  take 1 pc as t h e  

path length through the nebula. This argument was f i r s t  used by Drake 

(1969) t o  e s t ab l i sh  an upper l i m i t  t o  t he  mass of t he  nebula. 

Since no monotonic decrease i n  dispersion measure 

1 c m  

The contribution of th- nebula t o  

b. Comparison with PSR 0525. Other ways of determining t h e  

electron density involve comparisons between the Crab nebula pulsar 

(PSR 0531+21) and the  nearby pulsar PSR 0525+21. 

the sky by about 1z5 and have similar dispersion measures and r o t a t i o n  

They are separated on 

measures. The dispersion measures and ro t a t ion  measures are l i s t e d  i n  

t a b l e  V-1 f o r  both pulsars  and t h e  nebula; these values are given by 

Table V-1 

Dispersion and r o t a t i o n  measures 

f o r  pulsars and nebula 

Dispersion Rotation 

-3 (rad m-2) Object (pc c m  ) 

PSP. 0531 56.8 -42.2 

PSR 50.9 -39 6 

<1 -25.6 

Manchester (1971). The near equal i ty  of t he  r o t a t i o n  measures of t he  

two pulsars l e d  Wilma (1974) t o  conclude t h a t  t h e  r ad ia t ion  from 



100 

PSR 0531+21 is not Faraday-rotated i n  the  nebula; r a the r  he postulates  t h a t  

the ro ta t ion  measures of both pulsars  are due en t i r e ly  t o  the  i n t e r s t e l l a r  

medium. In f a c t  he used the  difference i n  t h e i r  ro t a t ion  measures e 2  rad 

m-2) as an upper l i m i t  to the  e f f ec t  of the  nebula and derived ne < 0.01 

along the  l i n e  of s i g h t  t o  the  pulsar within the  nebula. 

notes, however, t ha t  the s imi la r i ty  of the tvo ro t a t ion  measures could be 

coincidental  and tha t  a small filament i n  f ron t  of the  pulsar  i n  the  nebula 

could account for the  difference between the  nebular and pulsar  ro t a t ion  

measures. 

Manchester (1971) 

Wilson's t reatPent  assumes t h a t  t he  interstellar magnetic f i e l d  

and electron density a r z  the same along the  path to both pulsars ,  and that 

both pulsars  are at approximately the  same distance.  Consequently w e  mst 

also be ab le  t o  say tha t  the  difference in t h e  dispers ion -ures of the  

pulsars  indicates  the contribution of the  nebula to PSB 0531+21's dispersion 

-3 measure. The difference is -6 pc cm , giving ne = 6 averaged through 

the nebula. 

the expansion but also with the value j u s t  derived from comparing t h e  

ro t a t ion  measures of the two pulsars. 

s t e l l a r  medium is not the  same along t he  two paths t o  the  two pulsars,  

and look f o r  other  means of determicing ne. 

But t h i s  is i n  conf l i c t  not only with the  l i m i t  on ne set by 

W e  must conclude that the inter- 

C. Optic& obeervations. F i laaents  of a l l  s i z e s  thread the  

nebula and it would seem tha t  my one l i n e  of s i g h t  should encounter at 

least one. 

the pulsar. 

veloci ty  of -162 km/sec meam it ought t o  l i e  on our s i d e  of the  pulsar 

and be about 0.2 pc in f ront  of it. 

probably has an electron density of about 100 an-3, derived from photo- 

metric observations. 

In fact there  is a small filament which appears t o  ove r l i e  

In Trimble's (1968) system it  is number 159; its r a d i a l  

The filament is very f a i n t ,  and 

It is unresolved on photographs with resolut ions 
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of one arcsec and so i t  must be s a l e r  than 0.01 pc. 

t o  the dispersion measure of the  pulsar is thus <1 pc 

Its contribution 

I f  there 

were no other e lectrons along t h e  l i n e  of s igh t  through the  nebula, the  

average electron density over t he  1 pc path would be n Corn- 

bined with the l i m i t  set by the  expansion, the  t o t a l  average electron 

density along the  l i n e  of s igh t  to the  pulsar is ne < 2 am 

-3 < 1 cm . e 

-3 . 
For the  region near the  center of the  nebula, Scargle (1969) 

derived ne - 
fur ther  from the pulsar. 

cm-3 and suggested that the densi ty  might increase 

The discussion of this sect ion has shown that the the& e lec t ron  

density of the Crab nebula along the  line of s i g h t  to the pulsar is not vell 

known. -3 However an upper l i m i t  of ne < 2 cm can be set confidently. 

3. P i l a r e n t  159. The d l  filament mentioned in the  previous sec- 

t ion  which lies between us and the  pulsar could be, l i t e r a l l y ,  a t h i n  

sca t t e r ing  screen. 

sect ion some consequences of 

t he  locat ion of this f i l i r e n t  C R M I B U U  

are explored. W e  specify 8- RIyenm ,‘#I 

i r r egu la r i ty  scale s i z e s  and 

ve loc i t i e s  and a t teq t  t o  

The configuration is sham i n  f igu re  V-ll. In this 

/‘ 
/ 

d.(.tR - ..1b 

j u s t i f y  them as physically * e  

reasonable. We begin by 

assuming, as s t a t ed  at the 

beginning of sec t ion  F, 

Figure V-ll. F i l t  159 
configuration in Crab nebula. 

that  most of the  temporal broadening occurs in the nebula. 

a. NWrIcal quantities. For the  f l a t  in the locat ion 

shown in f igure  V-11, w e  have q - loo00 from equation V-2. With the adopted 
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t i m e  delay of T~ = 15 msec a t  111 MHz, w e  ca l cu la t e  t he  appnrent Angular 

s i z e  of t he  pulsar  as observed a t  the  e a r t h  t o  be ON = 1.1 mLlli-;?rc- 

sec. To proceed, w e  need a r e l a t i o n  between the  rms sca t t e r in :  angle and 

the  i r r e g u l a r i t y  scale s i z e s  and densi ty  f luc tua t ions .  

been given by Cronyn (1970a) and Lovelace (1970) and the  result I s :  

Derivations have 

2 
(V-5) 

where re = classical e lec t ron  radius  (2.8 x an), 

= rms deviat ion from average e lec t ron  densi ty ,  

a = t yp ica l  "scale size" of i r r e g u l a r i t i e s ,  

d = thickness of screen. 

We have assumed t h a t  the  i r r e g u l a r i t i e s  have a typ ica l  scale s ize  a, and 

t h a t  they are Gailssian-distributed. This may not be t h e  gpos t  physical ly  

reasonable assumption, but  for ease of ca lca la t ions  and f o r  s impl ic i ty ,  

let us continue with the  Gaussian spectrum. 

W e  take the  scale s i le  as the  l i n e a r  d i s tance  over which one 

radian of phase s h i f t  0ccurs:a .. lo1' cm ( t h i s  w a s  defined as 11 

t i on  F-1). 

tua t ions  which could account f o r  ON. 

w e  used d = 0.01 pc and the  values of a and 0 

ment is ac tua l ly  thinner  than 0.01 pc, t he  required rms densi ty  f l c t u -  

a t ions  would be larger .  These ca lcu la t ions  have ignored the  regions of 

the  nebula outs ide the  filament because nothing is known of possible  

thermal e lec t ron  densi ty  i r r e g u l a r i t i e s  there. 

i n  sec- 

From equation V-5 we can then ca l cu la t e  t he  rms dens i ty  fluc- 

0 

This y i e lds  he- 4 x 

given above. 

~ m - ~ , . v h e r e  

I f  t he  f i l e -  N 

-3 I f  t he  average e lec t ron  densi ty  in t he  f i l a a e n t  is ne 100 cm , 
t he  value of Ane Implies <0.01% densi ty  f luc tua t ions  would be requirbd 

t o  occur over a length scale of l o l o  an. Such deviat ions from the  average 
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e lec t ron  densi ty  are reasonable, and could r e f l e c t  s p a t i a l  va r i a t ions  i n  

the  ion iza t ion  and recombination occurring i n  the  filament. 

fo re  explain a l l  of t he  temporal broadening as a r e s u l t  of densi ty  fluc- 

tua t ions  i n  t h e  filament. 

W e  can there- 

b. Time delay variaS&???-. Another reauirement of t he  model is 

t h a t  changes i n  T~ which are h p i : ~ d  by our observations of changes in 

t he  r a t i o  %/I 

From t he  graph of f igu re  V-4, t he  change i n  the  value of Ip/IT from 0.6 

(observed i n  1971-2) t o  0.4 (observed i n  1972-3) implies a change i n  T~ 

from 15 t o  25 msec over a t i m e  i n t e x a l  of one year (3  X 10 

i n  turn  y ie lds  a cfiange i n  8 

var i a t ion  of An from 4 t a  6 x cm . e 

should a l s o  follow from physical ly  reasonable var ia t ions .  T 

7 sec) .  This 

of a f ac to r  of -1.3, and a corresponding N 
-3 

The pulsar ' s  proper motion is -100 h / s  (Trimble 1968) and t h e  

filament a l so  has a proper motion of -30 b / s  (Trimble 1968) i n  a d i r ec t ion  

ap,xoximately perpendicular t o  tha t  of t he  pulsar. 

t o  suppose t h a t  r e l a t i v e  motion of t he  pulsar ,  f i lament ,  and observer 

could carry the  l i n e  of s i g h t  through regions of t he  filament where the  

ion iza t ion  is more or less patchy. These qu i t e  minor var i a t ions  In t h e  

mean e lec t ron  densi ty  of t he  filament can e a s i l y  account f o r  t h e  observed 

va r i a t ions  i n  sca t t e r ing  parameters. 

It is not unreasonable 

C. Changes i n  dispers ion measure. Can i r r e g u l a r i t i e s  in t he  

filament a l so  be used t o  explain the  observed va r i a t ions  i n  dispersion? 

The var i a t i cns  reported by Rankin and Counselman (1973) can be viewed as 

random, overlapping "events" which r e s u l t  i n  increases  and decreases in 

the  cclumn densi ty  of thermal e lectrons.  

be due t o  "clouds" of appropriate  s i z e ,  ve loc i ty ,  and thermal e lec t ron  

densi ty  umving across  the  l i n e  of s ight .  Rough values  of the required 

These changes could conceivably 
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cloud parameters were estimated by Rankin and Roberts (1971) based on 

"typical" magnitudes and durations f o r  the  "events." Subsequent obser- 

vat ions revealed tha t  t he  var ia t ions  are much more complicated, as shown 

i n  the  two-year span of data  presented by Rankin and Counselman (1973). 

It is  possible  tha t  within the  filament there  exist large-scale 

i r r e g u l a r i t i e s  which are responsible f o r  t he  changes i n  dispersion. These 

irregularities would be of t he  order of ,or la rger  than,the l i n e a r  diameter 

of the  sca t t e r ing  d isk  i n  s ize .  

as many w i l l  move i n t o  as out of t he  area of the  d i sk  and no changes i n  

dispers ion measure due t o  these would be observed. 

are clouds of s i z e  5 - 2 8.u. i n  t h e  fi lament,  and l e t  each have an aver- 

age densi ty  of ne - 200 

duce the  observed emission measure of 200 pc 

average densi ty  of n - 100 ~ r n - ~ .  

V -  100 kmds (which could be due t o  the  proper motion of t he  pulsar  and 

fi lament),  one "cloud" would pars  across  the sca t t e r ing  d i sk  i n  a time 

t = %/v = 3 x 10 sec -1 month, and its passage would cause a change i n  

e lec t ron  co lum densi ty  of AN = ne% = 6 x 1015 cmo2. The observed dis- 

persion var ia t ions  have approximately these  time scales and magnitudes. 

Smaller s i z e s  w i l l  be numerous enough t h a t  

L e t  us suppose there  

Then with a 50% f i l l i n g  f ac to r  we can pro- 

and t h e  limit on t h e  

I f  t he  clouds have v e l o c i t i e s  of e 

6 

Unt i l  =re extensive observations are ava i lab le  so t h a t  statis- 

t ical  methods can be used, these simple calcult i t ions must remain suspect 

because there  are too many unknown and a r b i t r a r y  parameters. 

d. Sc in t i l l a t i ons .  Temporal var ia t ions  i n  the  pulsar ' s  in- 

t ens i ty  are also predicted due t o  i r r e g u l a r i t i e s  i n  the  filament. 

f r ac t ion  pa t te rn  would be formed by in te r fe rence  between Yarioue 

sca t te red  rays. 
10 R - 10 cm. The s c i n t i l l a t l o n s  would exhib i t  a time sca le  of 

A di f -  

The scala of the  pa t t e rn  w i l l  be on t he  order of 

0 
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3 a d v  - 10 sec and be correlated over a bandwidth of 1 / 2 5  - 10 Hz at 

111 MHz. The observable var ia t ions w i l l  be discussed i n  the  nextsec- 

tion. 

e. I n t e r s t e l l a r  s c a t t e r i q .  On the  model described above, t he  

source which appears at the edge of t he  nebula at 111 Mi€z has been broaden- 

ed in to  an apparent angular s i z e  which, viewed from the  e a r t h ,  is a 

few milli-seconds af arc; the pulse shape has been broadened t o  display 

a characcer is t ic  time delay of -15 msec; and in tens i ty  s c i n t i l l a t i o n s  have 

been b u i l t  up i n  the  radiation. 

The source is - la rger  than the  critical s i z e  required fo r  

i n t e r s t e l l a r  in tens i ty  s c i n t i l l a t i o n s  (Cohen and Cronyn 1974), though its 

passage through the i n t e r s t e l l a r  medium w i l l  not alter the  already-present 

variations.  I n t e r s t e l l a r  sca t te r ing  w i l l  addi t ional ly  broaden the  angular 

s i z e  and pulse shape of the  source, however. 

model for an extended medium (described i n  sect ion D) we can achieve an 

angular diameter of 0.07 arcsec while convolving only 0.7msec of temporal 

broadening i n t o  the  pulse shape. 

ceive a source which has the  r equ i s i t e  combiaation of temporal and angular 

broadening. 

If w e  adopt Williamson's 

An earth-based observer would then per- 

On t h i s  model, or  any model i n  which appreciable temporal broad- 

ening occurs in the  nebula, nar ra rband structure observed in t he  pulsar 's  

spectrum w i l l  be indicat ive only of the  nebular time delay. 

therefore predicts  t ha t  the  t o t a l  observed t i m e  delay (to) and the  width 

of the  frequency s t ruc ture  (fD) w i l l  not be in the  r e l a t ion  2n-rofD = 1 

as was obrerved fo r  the  Vela pulsar by Backer (1974).  

This model 

A t  111 EMZ, where T~ - 15 meec, the  decorrelation bandwidth is 

only fD  -10 Ile. A t  higher frgquenc5ee fD  approaches a f e s s ib l e  observing 
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bandwidth and t h i s  prediction is tes table .  

t h i s  pulsar at 151 MHz and observed no frequency s t r u c t u r e  i n  the radiation. 

However they used a passband of 0.1 MHz which woild have blurred any scin- 

t i l l a t i o n s .  

Hugu,.nin -- et al .  (1969) observed 

G. Summary of models 

The f i v e  models presented above a l l  attempt t o  explain t h e  observed 

features  i n  the radio r ad ia t ion  from t h e  Crab nebula pulsar. 

observation which any model must explain is  t h e  combination of angular 

and temporal broadening which have both been observed a t  111 MHz. 

on the  temporal broadening, t h e  simplest model, a s i n g l e  t h i n  screen, 

predicts  an angular s i z e  which is about a f ac to r  of two l a rge r  than t h e  

s i z e  measured with VLBI. 

model. 

wtth pulse phase is not observed. 

again predicts  an angular s i ze  which is much too l a r g e  t o  agree with t h e  

VLBI observations. 

observations of other pulsars  are st i l l  needed. 

which nearly a11 of the temporal broadening occurs i n  the nebula and only 

a few milliseconds are added i n  t h e  i n t e r s t e l l a r  medium does predict  t he  

observed combination of temporal and angular broadening. 

The major 

Based 

A similar discrepancy exists f o r  t he  two-screen 

Also f o r  both models, the predicted decrease of f r inge  v i s i b i l i t y  

The extended medium model of Williamson 

To evaluate the  s t r u c t u r e  function of Cronyn, mre 

Finally,  the model i n  



CHAPTER V I  

OBSERVATIONS OF OTHER PULSARS 

This chapter discusses the  observations of pulsars  other  than the 

Crab nebula pulsar. 

the r e s u l t s  and t h e i r  implications. 

various i n t e r s t e l l a r  s c a t t e r i n g  e f f ec t s .  

The f i r s t  p a r t  of the  chapter is a presentation of 

The second p a r t  is a discussion of 

A. Results and implications 

1. Strong pulsars.  a. Observations and processing. Four strong, 

low-dispersion pulsars  were observed during each session; t a b l e  V I - 1  lists 

t h e  pulsars '  parameters. Although many tapes on each pulsar were recorded 

Table V I - 1  

Low-dispers ion pulsar  par meters 

Gate Dispersion 

width (msec) -3 Period Equivalent Duty cycle 
PSR (sec) width (msec) x measure (pc cm ) 

0834i-06 1.274 20 4 12.9 50 

095M.08 0.253 10 4 3.0 10 

1133t16 1.188 20 4 4.8 50 

1919-l-21 1.337 25 2 12.4 25 

during every observing session, r e s u l t s  are reported he re  f o r  only a few 

runs. One reason f o r  t h e  small number of run8 is t h a t  s ince  a l l  pulsars  

are highly 

i n  a three-minute i t i tegratlon. 

individual pulses were usually q u i t e  e a s i l y  v i s i b l e  on t h e  t o t a l  power 

records. 

i r i a b l e  sources, many times they were too weak t o  be detected 

I f  t he  correlated s i g n a l  could b e  detected,  

Due t o  t h e  complexity of having th ree  s t a t i o n s  on t h e  air 

10 7 
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simultaneously, it w a s  not possible  to  rev ise  the  schedule when i t  appehred 

tha t  a pulsar happened to be weak at the  t i m e  w e  observed. 

The other reason f o r  t he  few runs is t h a t  w e  consider here  only 

tnose observations f o r  which f luxes on a l l  t h ree  base l ines  a r e  avai lable .  

This is  again because pulsars  are highly var iab le  sources, and the  f r inge  

v i s i b i l i t y  on the  long base l ine  can be  calculated only if a simultaneous 

measurement of the t o t a l  f l u x  w a s  made using the  shor t  baseline. 

excludes the  1972 January, March, and December da ta  when only one base- 

l i n e  w a s  act ive.  As i n  t he  case of t h e  Crab nebula pulsar ,  t he  f r inge  

v i s i b i l i t y ,  y ,  is defined as the  r a t i o  of long-baseline (SpR) t o  short- 

base l ine  (Sp) flux. 

s ince  the  gate  width w a s  t he  same f o r  a l l  basel ines .  Final ly ,  only t h e  

111-MHz observations of pu lsars  are reported here. A t  196 MHz few three- 

base l ine  observations are ava i lab le ,  and a t  74 MHz t he  spec t ra  of most of 

the  pulsars  have turned over making the  pulsars  too weak t o  detect .  

This 

y is a l so  the  f r inge  v i s i b i l i t y  of t h e  pulse  energy, 

The gat ing method w a s  used f o r  a l l  t he  pulsars  l i s t e d  i n  t a b l e  

VI-1. 

searches f o r  t he  correct  epoch were not made because of the  l a rge  amount 

of computer time involved. 

observation because the  enhancement of t he  signal-to-noise r a t i o  meant t h e  

d i f fe rence  between de tec t ion  and non-detection. Several rune were proces- 

sed both without a ga te  ( t r ea t ing  the  pulsar  as a continuum source) and with 

a ga te ,  and only those runs processed with the  ga t e  showed fr inges.  

VI-2 gives the  detect ion l i m i t s  a t  111 MHz f o r  each pulsar ,  both f o r  a 

fu l l - tape  in tegra t ion  and f o r  a s i n g l e  pulse. 

I f ,  through an e r r o r  or mishap, t he  pulse  epoch w a s  not determined, 

The ga t ing  method was necessary on every pulsar  

Table 

b. Average f luxes and f r i n g e  v i s i b i i i t i ~ .  Table VI-3 lists 

the  average f luxes,  f r inge  v i s l b i l i t i e e ,  and angular sizes a t  111 MHz f o r  
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Table VI -2  

System s e n s i t i v i t y  (50 l eve l )  f o r  pulsar 

a t  111 MHz, by base l ine  

No. pulses f o r  f u l l  tape f o r  one pulse 
Pulsar per tape Tsky (K) AN AS NS AN AS NS 

0834i-06 141  380 1.4 2.6 3.7 17  31 44 

09504-08 711 47 0 1.6 2.9 4.2 42 76 112 

1133+16 151 540 1.7 3.0 4.4 20 37 55 

1919+21 134 1500 8.9 8.9 14.6 61 103 170 

a l l  three-baseline runs. 

base l ine) ,  and the  partially-resolved f l u x  is SpR (observed with the  

long basel ines) .  

b i l i t i e s  by using f igu re  111-5 (page 56). 

The t o t a l  f l u x  is Sp (observed with t h e  sho r t  

The angular s i z e s  were obtained from t h e  f r inge  v i s i -  

The v a r i a b i l i t y  of t he  average f l u x  is readi ly  apparent. The 

f r inge  v i s i b i l i t y  va r i e s  a l so ,  though t h i s  e f f e c t  is only evident f o r  

da i ly ,  o r  longer, t i m e  differences.  

(run-to-run) the  f l u x  may vary considerably but the f r i n g e  v i s i b i l i t y  

On t i m e  scales of several minutes 

remains approximately constant. 

t he  Crab nebula pulsar  (see f igu re  III-2). 

This behavior was a l s o  exhibi ted by 

C. Strong-pulse f luxes  and fringe v i s i b i l i t i e s ,  Individual 

pulse i n t e n s i t i e s  of ten  exceed many times the  mean In t ens i ty ,  and during 

each three-minute run there occur pulses  which have etrengthe which are 

severa l  standard deviat ions above the  average f lux ,  For each run the  

pulse amplitudes which zere above the  413 l e v e l  on both long and shor t  

basel ines  were used t o  ca l cu la t e  indivldual-pulee f r inge  v i e i b i l i t i e s .  

Because the  nolee l e v e l  for detect ing a s i n g l e  pulse  L high, only t h e  
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strongest pulses could be use-, there  were typipal ly  a dozen o r  so pulses 

i n  each run. 

It w a s  found t h a t  t he re  is no difference between the  v i s i b i l i t i e s  

deri..?d from the  s i n g l e  pulses and those derived from the  average fluxes.  

This is  i n  con t r a s t  with the predictions of Cronyn (1972) t h a t  thr f r inge  

v i s i b i l i t y  should decrease f o r  longer coherent i n t eg ra t ion  times, and in- 

d i ca t e s  t h a t  decorrelat ion across the  long basel ine due t o  interplanetary 

s c i n t i l l a t i o n s  w a s  not as severe as indicated by t h e  rms phase deviations 

presented i n  t ab le  11-7. None of t he  pulsars  l ies i n  the e c l i p t i c  plane, 

the c loses t  being PSR 0 9 5 0 8  which is 5' above t h e  plane, so t h a t  a de- 

crease of s c i n t i l l a t i o n s  away from the  plane might explain t h e  lack of an 

appreciab ? e f f e c t  on these pulsars.  Also, most of the  observations were 

made at  s o l a r  elongations greater  then 90' which could account f o r  a reduced 

s o l a r  wind e f f ec t .  

d. Single-pulse amplitude and phase plots .  A l l  of t he  pulsars  

w e  observed have pulse widths less than 0.2  sec ( the length of one record) 

so t h a t  the co r re l a t ion  amplitude of a s i n g l e  record r e f l e c t s  t h e  pulse  

intensi ty .  

l i n e ,  the single-pulse f r inge  amplitudes were plot ted as a function of 

t i m e  or pulse number. The amplitudes observed on all three basel ines  

were superimposed and the pulse-energy measurements made a t  Arecibo were 

a l so  plot ted when they were available.  

pulse amplitudes and phases f o r  an observation of PSR 1919+21 i n  1971 

December. The 

dramatic increase i n  f l u x  during the l a t te r  half  of t he  run i l l u s t r a t e s  

the v a r i a b i l i t y  of t he  pulsar f lux  and a l s o  shows t h a t  both the unresolved 

To show t h a t  the same amplitudes were o'bservec' 03 each base- 

Figure V I - 1  shows the  pulse-to- 

The da ta  were smoothed by a five-pulse running average. 
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and partially-resolved f luxes exhib i t  the  same variat ions.  

pl i tudes p lo t ted  in f igure  VI-2 o f f e r  a be t - .= r  example of t he  closeness 

of the  var ia t ions  on a l l  baselines. This da t a  w a s  obtained f o r  PSR 0834+06 

i n  1973 February; although Arecibo pulse-energy measur- A t s  were recorded 

they a re  not y e t  ava i lab le  f o r  comparison with the interferometer data. 

The amplitudes and phases w e r e  smoothed with a five-pulse-uide f i l t e r  t o  

narrow the  noise  spectrum. 

The pulse   an^ 

The presence of very st rong pulses d i s t o r t s  t h e  d i s t A b u t i o n  of 

f r inge  amplitudes: 

long high-amplitude tails i n  cont ras t  d t h  the  d i s t r ibu t ions  f o r  continuum 

sources which are Kicean. 

f r inge  amplitude and phase f o r  the  quasar 3C286 and f o r  t h e  pulsar  PSR 095M8.  

The a tp l i t ude  d i s t r ibu t ion  fox X R  0950+08 is similar t o  o the r  histograms pub- 

l ished f o r  t h i s  pulsar (Smith 1973). 

approximately Gaussian. 

tudes have the  same cha rac t e r i s t i c s  as those observed with a single tele- 

s c o p  . 

pulsars  display amplitude d i s t r ibu t ions  which have 

Figure VI-3 is a p l o t  of t he  d i s t r ibu t ions  of 

The two phase d i s t r ibu t ions  are both 

This illustrates t h a t  t he  cor re la ted  pulse  ampli- 

e. Polarization. Most pulsars  are highly polarized, so t h a t  

even though our instrumental po lar iza t ion  w a s  very high, w e  could m e a s u r e  

the l i nea r  po lar iza t ion  of pulsars .  

w e  made several  observations in l i n e a r  po lar iza t ion  on PSR 0834W6 and 

095W-08. 

ing t o  the  equations derived in Appendix I). 

l i nea r  po lar iza t ion  f o r  PSR 0834i-06, and 90k20X linear polar iza t ion  for  

PSR 095ocO8; these n-zrs are derived from the  average of t he  f l u x  ob- 

served during three  runs on each pulsar. 

During t h e  1973 February experiment 

The fluxes were corrected f o r  imtrumental polar iza t ion  accord-. 

We observed less than 15% 
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Figure VX-3. 
and 3C286. 
are a total  of 710 pulses for the pulsar and 900 samples for the 
quasar. 
The phase distribution is wider for the pulsar because the signal- 
to-noise rr,tio is lower (see equation 11-22, page 41). 

Distribution of amplitude and phase for PSR 095W-08 
Both runs were made at 111 MHz i n  1973 February. 

The amplitude scale i s  i n  units of the mean amplitude. 

There 
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Manchester et  al. (1973) collected polar izat ion measurements fo r  

20 pulsars at many frequencies and concluded tha t  amst pulsars exhibi t  a 

constant f ract ional  linear polarization below some critical frequency 

while the polarization decrease above tha t  frequency. 

m m t  for  PSR 09504-08 is consistent with the l imit ing polar izat ion of 65% 

Although our measure- 

assigned by Manchester et  al., it may be t h a t  t h i s  pulsar does not reach 

the l imiting polarization unt i l  belaw 100 naZ. Our measurement fo r  

PSR 0834+06 is not consistent with t t e  measu rmnts  of Manchester et al. 

They find -25% polarization at  151HtIz and believe that the lidti- 

polarization has not been reached. Accordjng t o  this ,  w e  should have 

oberved about 25% polarization; hawever, the  high instrumental polar- 

i za t ion  precluded more accurate 1~easurement8. 

2. Weak pulsars. W e  hoped t o  observe subs tan t ia l  resolution and 

t o  m u r e  an apparent angular s i z e  fo r  d i s t an t  pulsars  other than the 

Crab nebula pulsar t o  es tab l i sh  a dependence of angular s ize  on distance. 

For t h i s  reasoo, ue observed four weak ,  high-dispersion pulsars a t  ll1 

and 74 Mlz during 1972 December d 1973 February. Table VI-4 lists the 

pulsars '  parameters, as given by Lang (1971~). These pulsars were pro- 

cessed as continuum sources because they a l l  have l i t t l e  f lux  which is 

pulsing at low frequencies. 

the pulsars on e i ther  the long o r  short  baseline. 

No correlated f lux  w a s  detected f o r  any of 

Table VI-4 

Ugh-dispersion pulsar parameters 

Period Dispersion measure 
PSR (sec) (PC a b 

1858+03 0.655 402 37:2 -0:6 
1933t16 0.359 158 
1946+35 0.73.7 129 
2003+31 2.111 225 

52.4 -2.1 
70.6 5.0 
69 .O 0.0 
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There are many reasons f o r  not observing f r inges ,  bu t  ruling out  

e r ro r s  i n  recording or processing leaves only two poss ib le  reasons. F i r s t ,  

t he  source s i z e  may be comparable to  t h e  f r i n g e  spacing and therefore  the  

source is p a r t i a l l y  resolved by the  interferometer. This p o s s i b i l i t y  could 

obtain f o r  these  four  pulsars  s ince  t h e i r  asynmetrically broadened pulse  

shapes (Lang 1971c) ind ica t e  t h a t  interstellar s c a t t e r i n g  should a l so  pro- 

duce a broad angular s ize .  Second, t h e  source may b e  ac tua l ly  smaller than 

the f r inge  s i z e  but  too weak t o  detect .  This could occur i f  the emitted 

spectra of these  pulsars  t u rn  over at frequencies above about 100 nBE;'then 

the  f l u x  probably would have been below our de tec t ion  limits on a l l b a s e -  

l i n e s  . 
Seiber (1973) compiled dL1 the  ava i l ab le  f l u x  measurements f o r  PSR 

1933+16 and published a spectrum which exhibf t s  a turnover near 300 MXz. 

Therefore t h e  f l u x  was w e l l  below our de tec t ion  l i m i t  on al l  baselines. 

In su f f i c i en t  f l u x  measurements have been published f o r  t he  other  three 

pulsars  t o  enable t h i s  same statement t o  be  made, bu t  some limits can be  

established. Recently McI;e;an (1973) published s p e c t r a l  ind ices  f o r  PSR 

1 8 5 W 3  and 1946t35 using observations a t  922 and 408 MtIe. Ektrapolating 

to  our frequencies w e  ob ta in  t h e  f luxes  listed in t a b l e  VI-5. O u r  upper 

limits on the  f l u x  ind ica t e  t h a t  t he  spec t ra  of these  two pulsars  could 

turn  over below 408 Mb. Alternat ively,  t he  pulsars  could have been weak 

at the  times w e  observed. 
T a b l e  VI-5 

Fluxes of PSR 1858tQ3 and 1946+35 

Spec t ra l  Requency Extrapolated Observed No. of 
PSR Index (Erne) Flux (Jy) Flux (Jy) rms 

1858+03 -2.9 111 3.3 <4&2 ' 4  
74 10.6 <10&5 2 

1946+35 -2.7 111 4.0 e1 . 9k l  8 
74 11.9 4 . 5*2 5 
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Without b e t t e r  knowledge of t he  spec t r a  w e  cannot i n t e r p r e t  t h e  lack 

of detect ion on the  long baselines quant i ta t ively.  

s i z e s  of these pulsars  are probably p a r t i a l l y  resolved but a c t u a l  t o t a l  

f l ux  measurements r a t h e r  than l i m i t s  are needed t o  ca l cu la t e  even a limit 

on the  f r inge  v i s i b i l i t y .  

The apparent angular 

B. Discussion of i n t e r s t e l l a r  scatcer ing e f f e c t s  

The plane wave which starts out from the  pulsar  and propagates toward 

the observer is perturbed during its passage through t h e  i r r e g u l a r  inter-  

stellar medium. Both amplitude and phase f luc tua t ions  are imposed on the  

wave, and each manifests i t s e l f  i n  a d i f f e r e n t  way. Amplitude va r i a t ions  

(due t o  interference e f f e c t s )  are the  b a s i s  f o r  t he  observed s c i n t i l l a t i o n  

phenomena, and phase perturbations i n  the  wave give rise t o  predicted,  but  

not y e t  observed, apparent source motim. The multipath s c a t t e r i n g  a l s o  

produces angular and temporal broadening of t he  radiat ion;  t h i s  aspect w a s  

discussed i n  Chapter V. 

regard t o  the  pulsar observations. 

Each of these phenomena w i l l  be  discussed with 

1. Sc in t i l l a t ions .  The c h a r a c t e r i s t i c  t i m e  delay discussed i n  

Chapter V a l s o  implies a c h a r a c t e r i s t i c  frequency width, 1 / 2 a ~ ~  = fD, 

over which i n t e n s i t y  f luctuat ions are correlated.  The quantity fD is 

ca l l ed  t h e  "decorrelation bandwidth," and i n  order f o r  i n t e n s i t y  s c i n t i l -  

l z t i o n s  t o  be observable the  instrumental bandwidth must be smaller than 

f,, so t ha t  the frequency-dependent d i f f r a c t i o n  pa t t e rn  is not blurred o r  

"decorrelated." A t  111 MHz, estimates f o r  f, are 1 t o  2 k€lz f o r  a l l  the  

low-dispersion pulnars w e  observed except PSR 0 9 5 0 8  which has fD- 100 WIz. 

The Mark I bsndwidth of 350 WIz is thus many times wider than f D  and f o r  

t h i s  reason it i e  ufilikely t h a t  the observed v a r i a b i l i t y  is due t o  



119 

i n t e r s t e l l a r  s c i n t i l l a t i o n s .  

probably not t h e  cause of t he  f l u x  va r i a t ions  e i t h e r ,  because the time 

scales f o r  IPS are very short .  Instead, w e  a t t r i b u t e  all f l u x  changes 

t o  i n t r i n s i c  source v a r i a b i l i t y .  Possibly f o r  PSR 095oto8 some va r i a t ions  

are due t o  s c i n t i l l a t i o n s  s ince the observing and s c i n t i l l a t i o n  bandwidths 

were qu i t e  close. 

Interplanetary s c i n t i l l a t i o n s  are a l s o  

The observed f luctuat ions i n  i n t e n s i t y  occurred over t-he scales from 

J pulses t o  over one year. ,c 

pulse energies measured at Arecibo and the  single-pulse correlated f luxes 

(figure V I - I )  implies t h a t  t he  v a r i a b i l i t y  observed with the i n t e r f  e r o w  

eter r e f l e c t s  t h e  t r u e  pulse-to-pulse f luctuat ion.  

the f l u x  changes are a l s o  probably i n t r i n s i c  t o  t h e  source. 

(1973) note  t h a t  changes of up t o  a f ac to r  of 10 occur on c h a r a c t e r i s t i c  

time scales which are d i f f e r e n t  f o r  each pulsar. Over several months w e  

observed l a r g e  changes i n  f lux,  but  from day-to-day within an observing 

session the average f l u x  stayed approximately the  same. 

The s i m i l a r i t y  between the individual 

Over monthly i n t e r v a l s  

Huguenin et  al. 

2. Source motion. The p o s s i b i l i t y  of apparent posi t ion variation-,  

due t o  i n t e r s t e l l a r  F l a t t e r ing  is  discussed by Lovelace (1970). 

phenomenon is analagous t o  t h e  e f f e c t  cal led "seeing" by o p t i c a l  obser- 

vers. ?,ovelace notes t h a t  the apparent posi t ion changes should usual ly  

be caused by the l a r g e s t  i r r e g u l a r i t y  s i z e s  i n  the  medium. For a Gaussian 

i r r e g u l a r i t y  spectrum the re  is no predicted apparent source motion because 

only f o r  a s teep power law spectrum (with s p e c t r a l  index >2) are t he re  

su f f i c i en t ly  l a rge  i r r e g u l a r i t y  sizes t o  produce the e f f ec t .  It is dif-  

f i c u l t  t o  predict  t he  magnitude and t i m e  male of t h e  va r i a t ions  without 

knowledge of the i r r e g u l a r i t y  size spectrum. 

This 

We would expect, however, 
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t h a t  observable pos i t ion  va r i a t ions  would be at least severa l  times la rger  

than the  sca t t e r ing  s i z e ,  Os, and t h a t  the time scale would depend on t h e  

l i n e a r  s i z e  and relative transverse ve loc i ty  of the i r r e g u l a r i t y  which 

produces the  e f f ec t s .  

s i z e  i n  one in t ens i ty  s c i n t i l l a t i o n  t i m e .  

Typically, we  expect an excursion of one sca t t e r ing  

Since our interferometer f r inges  are on the  order  of t he  apparent 

angular s i z e  of the pulsars ,  w e  would observe phase excursions of a t  least 

severa l  tu rns  over time i n t e r v a l s  of up t o  seve ra l  years  depending on the  

physical parameters of t he  i r r e g u l a r i t i e s .  

spec i f ica t ions ,  t h i s  e f f e c t  of i n t e r s t e l l a r  s c a t t e r i n g  is hopelessly en- 

tangled with ionospheric r e f r ac t ion  e f f ec t s .  

ionospheric s c i n t i l l a t i o n s  are completely decorrelated and a t  111 MtIz we 

could observe changes i n  the  source's apparent d i r ec t ion  of several hun- 

dred f r inges  (equiualent t o  about one minute of a rc )  due t o  t h e  ionosphere. 

Such deviat ions are within the  interferometer's response pa t t e rn  but  changes 

t h i s  l a r g e  could completely mask source pos i t ion  f luc tua t io2s  which are due 

t o  i n t e r s t e l l a r  sca t te r ing .  

Without any more prec ise  

Over our long base l ine  (2500 km) 

Our observations of pu lsars  show no pos i t ion  va r i a t ions  which cannot 

be a t t r i bu ted  t o  the  ionosphere. 

d i f f e r e n t i a l  techniques should be used i n  which one measures the  phase 

d i f fe rence  between the pulsar  and another source also i n  the  telescope 

beam. 

t i on  d i f fe rence  between the  Crab nebula pulsar  and compact source (Chap- 

ter IV, sec t ion  (2-4). 

To properly inves t iga t e  source motion, 

Such a technique w a s  successful ly  used t o  put a l i m i t  on t he  posi- 

3. Angular broadening. Apparent augular sizes a t  111 Mtiz f o r  a 

t o t a l  of f i v e  pulsars  were measured during the experiment. 

equation V-5 (page103, w e  see tha t  (apar t  from wavlength) t he  angular 

I f  w e  look a t  



s i z e  depends d i r ec t ly  on t h e  source dis tance (2) and the  rms e lec t ron  

density var ia t ions  (Ane) , and inversely on t he  i r r e g u l a r i t y  s i z e  (a). 

w e  assume t ha t  the  i r r e g u l a r i t i e s  are associated with the  electrons res- 

ponsible fo r  the  dispers ion (D) and t h a t  the  i n t e r s t e l l a r  mzdium is  similar 

alopg l i n e s  of s igh t  t o  a l l  pulsars ,  then the  observed angular s i z e s  should 

If 

scale as the  square root  of t he  dispersion. The observed angular s i z e s  a t  

111MHz are p lo t ted  against  dispers ion measure i n  f igu re  VI-4, and t h e  

values f o r  Os, D, and 2 are l i s t e d  in t ab l e  VI-6. The dis tances  are those 

assigned by Prent ice  and ter b a r  (1969) who todc account of t he  .known HI1 

Table VI-6 

Pulsar sizes ( a t  111 MEz) and dis tances  

2 (PC) 
-3 S 

0 

PSR (arcsec) D(pc cm ) 

0531+21 0.07+0.01 56 2000 

08 34+0 6 0.06*0.01 13  400 

0950tO8 0.05k0.03 3 60 

1133t16 0.0620 . 04 5 130 

1919+21 0.06kO. 03 13  250 

regions and early-type stars along t h e  l i n e  of si& t o  the  pulsars.  In 

f igu re  VI-4 a l i n e  of s lope one-half is drawn for both 111 and 74 MHz. 

The l i n e  f o r  111 MHz passes through the  point  for t h e  Crab nebula pulsar  

s ince  t h i s  is the  best-determined s ize .  The nearby pulsars  appear t o  be 

too la rge  at 111 MHz, but t he  la rge  e r r o r  bars  do include the  predicted 

values. 

What do the  changing angular s i z e s  ( t ab le  VI-3) ind ica te?  A de- 

crease i n  angular s ize  means t h a t  t he  rme densi ty  f luc tua t ions  along t h e  

l i n e  of s igh t  have smoothed out,  or t h a t  l a rge r  scale sizes d r i f t e d  i n t o  
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the l i n e  of s igh t .  For the  pulsar  observations i n  1973 February, D. C. 

Backer and G. A. Zeissig recorded individual pulse i n t e n s i t i e s  simultan- 

eously with our experiment a t  Arecibo and NRAO so  t h a t  t he  d r i f t i n g  dif-  

f r ac t ion  pat terns  could be observed. The da ta  have not y e t  been analy .ed, 

but i t  w i l l  be in t e re s t ing  t o  see i f  t he  pa t t e rns  are d i f f e r e n t  during the  

two days when d i f f e r e n t  values f o r  t he  angular s i z e  were measured. 

predict  t h a t  the observed pat terns  should be l a rge r  on the day when the  

pulsar was smaller. 

We 

The question remains, what i n  the i n t e r s t e l l a r  medium causes the 

scat ter ing? 

myriad i r r e g u l a r i t i e s  with l i n e a r  s i z e s  R - 10 cm, the dis tance over 

which one radian of phase s h i f t  occurs. 

measurements (Slee et al. 1974) ind ica t e  a similar i r r e g u l a r i t y  s i ze .  

Such s i z e s  are much too small t o  be observed with t h e  conventional tech- 

niques used f o r  s tud ie s  of t he  i n t e r s t e l l a r  medium. 

prevalence of small scale s i z e s  are strongly indicated by various obser- 

vations of pulsars  using q u i t e  d i spa ra t e  techniques, and new theo r i e s  

concerning t h e  i n t e r s t e l l a r  plasma need t o  consider t h i s  fact. 

The evidence from the  angular broadening is t h a t  t he re  are 

+ 
The la tes t  d i f f r a c t i o n  p a t t e r n  

9 

The existence and 



CHAPTER VI1 

SUMMARY, CONCLUSIONS, AND SUGGESTIONS FOR FURTHER WORK 

This t h e s i s  presented angular s i z e  measurements f o r  f i v e  pulsars ,  

with the  body of data heavily weighted toward the  Crab nebula pulsar.  

v i s i b i l i t y  function for( t h e  Crab nebula pulsar which is consis tent  with a 

Gaussian brightness di . , t r ibut ion w a s  measured i n  an ea r ly  144-MHz experi- 

ment. Assuming a Gaussian d i s t r fuu t ion  a t  a l l  frequencies, w e  have a l s o  

made estimates of apparent angular s i z e s  a t  196, 111, and 74 MHz. These 

s i z e s  scale 88 wavelength-squared i n  accordance with i n t e r s t e l l a r  scatter- 

A 

ing theories ,  and the angular s i z e s  f o r  a l l  f i v e  pulsars  show a dep5ndence 

on the square root  of d i s h n c e  (or dispersion measure) which is consis tent  

with t h e a r e t i c a l  predictions.  

We have also measured the  f l u x  of t he  compact source i n  t h e  Crab neb- 

u l a  at 196, 111, and 74 MHz, and f ind  t h a t  t he  f luxes l i e  on t h e  exttapo- 

l a t i o n  from high frequencies of t he  pulsing flux. 

phase measurements w e  have tightened t h e  l i m i t  on t h e  coincidence of the 

pulsar and compact source t o  a separat ion of -2  a.u. a t  t h e  dis tance of 

t he  nebula. 

Using d i f f e r e n t i a l  f r inge  

We have shown t h a t  t he  apparent angular s i z e  and temporal broadening 

of the Crab nebula pulsar cannot both be  explained with a single chin 

screen model f o r  i n t e r s t e l l a r  m a t t e r i n g .  A two-screen model Improves 

the s i t ua t ion ,  but equal-strength screens predict  r e s u l t s  inconsis tent  

with observatione. It appears t h a t  f o r  t h i s  pulsar ,  t he  obeerved com- 

binat ion of angular and temporal broadening may be int imately r e l a t ed  t o  

the presence of the nebula. A model i n  which t h e  emall filament lying i n  
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f ron t  of the pulsar  is responsible f o r  t he  t e q o r a l  \Jw&9f.-qhg while t h e  

extended i n t e r s t e l l a r  medium causes the  angular i..:o..Jer.L 8 ;  does enable 

the otherwise-discordant angular and temporal e f f w  P i  3 be explained. 

Further observations of t h i s  pulsar,  and Compariwmj t.0 observations of 

other pulsars,  would help t o  determine i f  t he  Crsb r?.**bula does indeed have 

a unique effect .  

The r e s u l t s  presented i n  t h e  previous chayters na tu ra l ly  lead us t o  

ask many more questions about t he  irc5 nebula, &out i n t e r s t e l l a r  scatter- 

ing e f f e c t s ,  and about interplanetary s c i n t i l l a t i o n s .  Possible  fu tu re  

projects  involving the  study of these medir; i,iclude the  following. 

1. 

predict  t ha t  t he  narrow-band frequency s t r u c t u r e  i n  the r ad ia t ion  of t h e  

pulsar w i l l  not follow the  r e l a t i o n  ZnTf = 1. 

tested with observations made near 400 MHz with 8 frequency resolut ion of 

3 kHz or less. I f  s c i n t i l l a t i o n s  are observed which are not i n  accord 

The theories  which propose the Crab nebula as a s c a t t e r i n g  screen 

This predict ion could b e  

w i t h  t he  t i m e  delay then w e  could conclude t h a t  the Crab nebula does play 

an important r o l e  as a s c a t t e r i n g  screen. 

2. The t o t a l  f l u x  of the pulsqr (i.e. the compact source) a t  111 MHz 

does not appear t o  vary as subs t an t i a l ly  as t h e  pulsing f lux,  although w e  

were ab le  t o  observe only Once p a  month. 

pact source over short  tisie i n t e r v a l s  with an interferometer could de, 

mine i f  the variatioarc i n  u;ntal f l u x  and pulsing f l u x  are correlated.  

would help determinr. how much of t he  v a r i a b i l i t y  is a t t r i b u t a b l e  t o  scat- 

t e r ing  and how much 1s i n t r i n s i c .  

A program t o  monitor t h e  c@m- 

- 
This 

3. The phsence of small-scale s t r u c t u r e  i n  t h e  Crab nebula other  

than the pulsar was inferred through argumeries concerning our f l a t  v i s i -  

b i l i t y  curves, the t o t a l  f l u x  agreement between pulsar and compact source 
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a t  196 MHz, and the  posi t ion agreement letween pulsar  and colnpact source 

a t  . i l l  MHz. 

would pro;id: a good test of our inferences,  and a l s o  of our assimptioti 

t h a t  t h e  br ightness  d is t r i i iu t ion  of t he  sca t t e r ing  d isk  is  Gaussjan. A 

VLBI  experiment employing ful ly-s teerable  telescopes and bsse l ines  a t  

least  as long as those used i n  t h i s  pro jec t  would he needed. 

Another wa:- of invest igat ing t h e  small-scale s t ruc tu re  i n  the nebula 

More complete coverage of t he  (u,v) plane a t  these  frequencies 

would be t o  determine the  spec t ra  of t he  radi.?:ion frdm -he Lilaments by 

obtaining high-resolution synthesis  maps of the  nebula a t  severa l  fre- 

i,uencles between 1 and 10 GHz. 

Wilson's (1972) wcrk t o  higher resolut ions and more frequencies and could 

be done using the  35-km interferometer at NRAO or  t h e  proposed Very Large 

Array (VL1). 

4. 

Such a projec t  would be an extension of 

l'he dispers ion measures of man3 pulsars  are being monitored a t  

severa l  observatories.  Getect : en of var ia t ions  i n  t h i s  qaant i ty  would 

support Cronyn's (1973) theory of a power law spectrum bf i r r egu la r i ty  

s izes .  I f  var ia t ions  are detected,  moiitoring of ot i  ir pulsars '  i i spzr -  

sior, measures could provide more statist ical  information on t h e  dynamics 

of l a rge  i r r e g u l a r i t y  s izes  i n  ,he i n t e r s t e l l a r  .nedium. 

of dispers ion measure var ia t ions  i n  pulsars  ot5er  than t' 

p u l s a r  vould alsb ind ica t e  a neea f o r  re-examination of t h e  models which 

;>roposs t h a t  t he  nebula is re spms ib le  fo r  t he  var ia t ions.  

Also, a de tec t ion  

Crab nebu'.a 

5. A concentrated program t o  perforin simultaneous Ybservations of 

d r i f t i n g  d i f f r ac t ion  patterris and angillar s i z e s  f o r  many pulsars  iJould 

y ie ld  much-needed s t a t i s t i ca l  d a m  on the a a l l e r  i r r e g u l a r i t y  s i zes ,  

'I%-. observations presented here have shown t h a t  i n t e r sLe l l a r  angular 
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sca t t e r ing  is an observable, and possibly changing, phenomenon. There is 

a need f o r  simultaneous observations of every possible observable paramete- 

of pulsars because of t h e i r  great  va r i ab i l i t y .  

6 .  An invest igat ion of the  angular extent,  time scale, and wavelength 

dependence of predicted apparent source motion could be done using an inter-  

ferometer and d i f f e r e n t i a l  phase techciques. 

formation on the s i z e s  and ve loc i t i e s  of the l a r g e s t  i r r e g u l a r i t i e s  i n  the 

i n t e r s t e l l a r  medium. 

This a l s o  would provide in- 

One should ask hcw o r  i f  t he  experiments and tezhniques used f o r  t he  

present work could be improved upon t o  f a c i l i t a t e  fu tu re  investigations.  

Unfortunately, a consideration of l imi t ing  instrumental e f f e c t s  shows t h a t  

no order-of magnitude increase i n  s e n s i t i v i t y  or accuracy can be made in 

t he  study of pulsars '  angular s t r u c t u r e  f o r  t he  follawing reasons. 

To measure the  apparent angular diameters more accurately,  w e  can in- 

crease the interferometer's s e n s i t i v i t y  o r  its angular resolution. 

b e t t e r  s e n s i t i v i t y  w e  require  a wider bandwidth, a longer in'egration time, 

o r  a reduced systen temperature. None of these can be achieved a t  l o w  fre- 

quencies, however. Wide bandwidths caT?ot be used because of interference 

Froblems; the integrat ion t i m e  cannot be  increased because of ionospheric 

and interplanetary phase f luctuat ions which decorrelate  t he  s ignal ;  and 

the sy,rtem temperature ca-not be  reduced because it is  domicated by the 

ga l ac t i c  background a t  frequencies below about 200 MUz. 

observations of the Crab nebula pulsar the nebula dominates the  system 

temperature a t  a l l  frequencies. 

t i v i t y  do not work a t  low frequencies f o r  interferometry. 

For 

Even worse, f o r  

Conventional means of increasing sensi- 
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Instead of reducing the  noise  level, w e  could pcrhaps increase the  

reso lu t ion  so t h a t  t h e  r e l a t i v e  error i n  f r inge  v i s i b i l i t y  is smaller. 

I n  r a i s ing  the  observing frequency, we must r e a l i z e  that the  interstellar 

angular s ca t t e r ing  e f f e c t  decreases as A while the f r inge  spacing of an 

in te r fe ro=ter  only increases  as A/D where D is t h e  base l ine  length. 

t he  relevant  parameter f o r  in te r fe rometr ic  observations of interstellar 

sca t t e r ing  e f f e c t s  is AD. 

tance is a l s o  important but  t he  e f f e c t  is smaller.) 

numbers involved, table V I I - 1  lists t h e  parameters for our observations 

2 

Thus, 

(The dependence of angular scattering on dis-  

To illustrate the  

Table V I I - 1  

Observing parameters f o r  Crab nebula pulsar  

2 Freq . Wavelength Y AD(m ) 

196 HfIz 1.5 m 0.85 3.8 x io6 
111 m 2.7 1p 0.68 6.9 x 10 

74 Htiz 4.0 m 0.27 10.2 * lo6 

6 

of the  Crab nebula pulsar. 

reso lu t ion  of a pulsar ,  w e  requi re  AD 10 m and t o  achieve p a r t i a l  

resp lu t ion  we need AD 2 10 m . 
6 2  of 5 x 10 m requires  a basel ine D - 6700 h. 

the  diameter of t he  ear th ,  and more reasonably t o  an ea r th  radius  so t h a t  

mutual v i s i b i l i t y  of sources is possible. 

l i n e  is therefore  D s 6400 km. 

l u t i o n  of the  apparent sizes only of the  most d i s t a n t  pulsars. 

From t h i s  t a b l e  we  see t h a t  to  avoid complete 

7 2  

6 2  A t  a frequency near 400 M H z ,  a AD product 

Any base l ine  is l imited t o  

A fundamental limit t o  t he  base- 

We can hope t o  observe subs t an t i a l  reso- 

The possible  pro jec ts  mentioned above which requi re  VLBI techniques 

could be done using ex i s t ing  telescopes which have low-frequency capab i l i t i e s .  
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Table VIS-2 lists a feu possible  baselines using such telescopes at  200 MJ3z. 

The advantage of having ful ly-s teerable  dishes t o  provide good (u,v)-plane 

Table VII-2 

Possible basel ines  at 200 HEz 

AD product 
2 1 Sta t ions  (b) (n ) 

Baseline length 

6 Jod re l l  Bank - Arecibo 6400 4.2 9.6 *; 10 

6 Jodre l l  Bank - NBho 5720 3.8 8.6 10 

Arecibo - Oweas Valley 5260 3.5 8.0 x lo6 
NRAO - Owens Valley 3320 2.2 5.0 x lo6 

6 Arecibo - NIUO 2550 1 .7  3.8 x 10 

coverage ind ica tes  t h a t  t he  Jod re l l  BaFk t o  NRAO baser ine may be  t h e  bes t  

f o r  the  experiments proposed. 

the  s e n s i t i a i t y  of each basel ine should also be taken i n t o  account. 

when more d e f i n i t e  programs are designed, 

The work presented in t h i s  t h e s i s  has oaly begun t o  untangle the  many 

e f f e c t s  imposed on pulsars '  rad ia t ion  by the  irregular interstellar medium. 

There are many more inqui r ies  to be fo t ru la ted  and invest igat ions t o  be 

undertaken which w i l l  shed l i g h t  ou the  s t r u c t u r e  and d-cs of t he  in- 

terstellar medium. 



APPENDIX A 

SCHEDULING AND PREPARATION PROCEDURES 

A. Pre-scheduling proRram 

Obtaining observing time at mre than one s t a t i o n  simultaneously re- 

qui res  cooperation and coordination betveen the  experimenters and te lescope 

schedulers. Once cime has been al located,  t he  experimenters m u s t  schedule 

observations such t h a t  a l l  s t a t i o n s  can point  t h e i r  telescopes t o  the  same 

sources at the  same time, and t h a t  there  is ample time allowed t o  move each 

telescope from source t o  source. 

We use a computer program ca l led  PRESKED which has as input  a list 

of sources, s ta t im locat ions,  and telescopo- linit stops.  It ca l cu la t e s  

t he  t i m e s  a t  which each source rises and sets a t  the  se lec ted  s t a t ions .  

"Rise" and "set" def ine the  t i m e  i n t e r v a l  when t h e  source is within t h e  

telescope's l i m i t s .  

is a l so  calculated. 

times f o r  each source a t  each telescope, accompanied by a bar graph where 

the  mutual v i s i b i l i t y  time is blocked out  i n  UT. This f a c i l i t a t e s  sched- 

ul ing indivlidual observations by shawing at  a glance which sources are "up" 

a t  which t i m e s  . 

The mutual v i s i b i l i t y  of a source a t  a l l  the  s t a t i o n s  

The program output is a list of t he  r i s i n g  and s e t t i n g  

B. Scheduling program 

We employ computer programs for scheduling purposes a lso.  The main 

program examines a proposed observing schedule and checks each run agains t  

each telescope's hour angle and e leva t ion  l i m i t s  and s h  LS. Tt f l a g s  

runs which cannot be made and a l so  ind ica tes  t he  e r r o r ,  e.$. e le*- - t lon  

130 
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l i m i t  or azimuth slew rate. 

is t r i e d .  

is f inal ized.  The program produces a copy of an observing schedule f o r  each 

s t a t i o n ,  which lists f o r  each observation the s t a r t i n g  time and source posi- 

t i o n  and other  information. The same program p r i n t s  a l a b e l  f o r  each tape 

which is scheduled t o  be  recorded and also punches t h e  input cards f o r  the 

processing program. Because communication between the  s t a t i o n s  i s  not always 

possible,  changes t o  the schedule are r a r e l y  made during the course of t he  

experiment. Notes are added ta t h e  schedule during t h e  experiment, such 

as which tapes s t a r t e d  late, interference l eve l s ,  and clock d r i f t  rates. 

The annotated schedule then serves as a s t a t i o n  log. 

Based on t h i s  program's output, a new schedule 

After several  i t e r a t i o n s  a schedule acceptable a t  a l l  s t a t i o n s  

C. S t a t ion  set-ug 

Each s t a t i o n  i n  t h e  experiment has its own pecul iar  set-up which de- 

pends on ava i l ab le  equipment and normal operating procedures a t  t h a t  tele- 

scope. Figure A-1 is a block diagram of a typ ica l  s t a t i o n  which 13 set up 

f o r  pulsar VLBI Mark I observations. Usually a 3o-MHz IF s i g n a l  is avail- 

ab le  from the  i r o n t  end of t he  telescope and is delivered t o  the  Mark I 

c o n x o l l e r .  

ings. Pulse epochs are measured (several  millisecond accuracy) a t  one or 

more s t a t i o n s  and individual pulse intensities are recorded simultaneously 

with the Mark I recording. 

monitored and system c a l i b r a t i o n  observations are made per iodical ly  t o  

measure receiver temperature and dish efficiency. Table A-1 lists the  

adopted system parameters f o r  each observing session. 

Extra equipment is necessary f o r  pulsar and t o t a l  paver record- 

The t o t a l  power i n  t h e  Mark I bandwidth is a l s o  
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Figure A-1. 
data. 
the text. 
priately dressed. 

Typical station set  up for Mark I recording of pulsar 

The tape hanger is not drawn to scale and I s  not appro- 
Several of the eleme!nts in this  diagram are discussed i n  
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Station Parameter 
I 

Table A-1 

Freq Nov 71 Dec 71 Jan 72 Peb 72 Mar 72 Dec 72 Feb 73 

Adopted system parameters for lov-frequency experiments 

196 
111 
74 

196 
111 
74 

196 
111 
74 

- - 500 280 300 200 350 
700 650 600 600 500 400 400 - -- - 600 600 -- - 

-- - 1.3 1.3 1.3 1.3 1.3 
3.5 3.5 3.5 305 3.5 2.6 2.6 - - - 4.6 4.6 _- - 

- - 350 350 350 350 350 
170 170 170 170 170 200 200 - - - 400 400 - - 

Receiver 
temp. (K) 

Arecibo 
Efficiency 
(K/ JY 1 

c 

.'O6 

Receiver 
temp. ot) 

NR40 
Efficiency 
(WJy 1 

Receiver 
temp. (K) 

- 093 093 093 093 093 - 
.96 . 96 -96 -96 .96 1.0 1.0 - -- - - -60 0 6 0  - 

- - 375 375 375 375 37 5 

Sugar 
Grove 

196 
111 
74 

Efficiency 
(K/ JY) 

-- .31 -31 . 31 . 31 .31 - 
-30 30 . 30 .30 . 30 . 35 35 - - - - UI . 35 .37 

196 
111 
74 
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The receiver  configuration and observing techniques varied substan- 

t i a l l y  from one experiment t o  the next. As we gradually learned b e t t e r  

ways of handling the many po ten t i a l  problems involved i n  low-frequency 

VLBI observations, w e  a l t e r ed  the  o r ig ina l  receivers  and other  equipment 

and made changes i n  ca l ib ra t ion  procedures. Some of t h e  items shown i n  

f igu re  A-1 should be mentioned as examples of the spec ia l  circumstances 

encountered. 

The feeds a t  NRAO and Arecibo were the standard low-frequency feeds; 

a t  Sugar Grove a s p e c i a l  74-MHz feed was b u i l t  by A. Youmans f o r  our ex- 

periments. 

i n t e rac t ion  between p a r t s  of t he  feed and feed-support l egs  can r e s u l t  i n  

an unusual antenna response. 

74-MHz eff ic iency curve a t  NRAO (see f igu re  11-8, page 33). 

A t  l o w  frequencies the  s i z e  of t he  feed can be  q u i t e  l a r g e  and 

This is probably the  cause of the asymmetric 

Tunable RF f i l t e r s  were used to  r e j e c t  as many i n t e r f e r i n g  s igna l s  

as possible before mixing. An interference survey w a s  done at each s t a t i o n  

i n  the  f a l l  of 1972 t o  iden t i fy  the  exact band near our nominal frequencies 

which had the least interference.  As a consequence of interference s igna l s  

which did get  throu.:., t he  c l ippe r  would o f t en  s a t u r a t e  making some da ta  

meaningless. Big, 250-nilli-watt I F  amplif iers  w e r e  obtained f o r  me at 

each s t a t i o n  t o  insure l i n e a r i t y  of t h e  system even when strong interference 

was present. 

The g a l a c t i c  background temperature is very i r r e g u l a r  over t he  sky, and 

s ince  it forms a subs t an t i a l  f r a c t i o n  of t he  t o t a l  system temperature a t  low 

frequencies, measurement of t he  t o t a l  system 

very important. 

v? r i a t ion  of the "Y-factor" method. 

emperature during each run I s  

Calibration of t he  l a s t  two experiments wae done using a 

To determine t h e  system temperature, 
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w e  measured the amount of a t tenuat ion required t; keep the  s igna l  l e v e l  

constant. For the earlier experiments, system temperatures were estimated 

using information gained from the  la ter  experiments- 

A t  100 MHz, the  na tura l  f r inge  rate on the  sho r t  basel ine (NRAO t o  

Sugar Grove) i s  only about 1 Hz. 

t roubles  with cl ippers  which did not give an equal number of zeros and ones, 

w e  introduced a l-kHz o f f s e t  i n  the  loca l  o s c i l l a t o r  a t  Sugar Grove t o  avoid 

c l ipper  b ias  a t  such a low f r inge  rate. 

rate of about 1.001 kHz on the  shor t  basel ine and a l s o  added 1 kHz t o  t h e  

na tura l  f r inge  rate on one long basel ine (Arecibo t o  Sugar Grove). 

problem with the short  basel ine was t h a t  the  same interference s igna ls  might 

occur a t  both NRAO and Sugar Grove, and w e  could observe cor re la t ion  due t o  

interference.  

rate and only t h e  t rue  f r inges  would show up a t  a f r inge  rate near 1.001 kHz. 

Since earlier experiments had revealed 

This resu l ted  i n  an a r t i f i c a l  f r inge  

Another 

However, such a cor re la t ion  would occur a t  t h e  l-kHz f r inge  

The Mark I recording system cons is t s  of a standard Ampex computer tape  

dr ive  and a control ler .  

video with a bandwidth of about 350 lcHz. 

samples i t  a t  720 kb i t s l s ec  and sends the  data,  buffered i n  6-bit characters ,  

t o  the  t a p e  drive.  

cording a t  the time set i n  the  schedule so tha t  the run starts simultaneouuly 

with the  other s t a t ions .  

tape; i t  is run a t  its f a s t  l i m i t  of 150 in/sec,  800 b i t s l i n .  

is 0.2 sec long, and there  are about 900 records on one tape.  

contains the da ta  acquis i t ion  specif icat ions.  

of tape involved, the  observing program a t  each s t a t i o n  requires  an obser- 

ver (tape-hanger) present a t  a l l  times. More de t a i l ed  information on the  

recording system i s  given by Hinteregger i1972). 

The IF s igna l  from t h e  telescope is converted t o  

The cont ro l le r  c l i p s  t h e  s igna l ,  

One function of t he  cont ro l le r  is t o  start the  tape re- 

The t a p e  dr ive  uses standard half-inch magnetic 

One record 

Table A-2 

Because of t he  many reels 
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Table A-2 

Mark I data acquisition specifications 

Quantity Value 

Bandwidth 350 lcHz 

Sample rate = tape b i t  rate 

One b i t  1.3888889 sec 

One record 0.2 sec 

720 kbit/sec 

Inter-record gap 

One tape 

One observation 

Tape speed 

Tape density 

-5 rnsec 

900 records = 180 8ec 

one tape 

150 inches/sec 

800 &bi t  charac ters/ inch 
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In  order t o  be ab le  t o  synchronize the  tapes during play-back i n  the  

We computer w e  need t o  know the  o f f se t  from UT ol t he  VLRI msster clock. 

attempt t o  insure  t h a t  the  clock a t  each s t a t i o n  is set t o  within a few 

microseconds of LT. (1) We 

bel ieve t h a t  the  observatory clock has the  correct  time and use tha t .  

This has proven t o  be a disastrous assumption on enough occasions tha t  

(2) w e  require  tha t  the  s t a t i o n  clock be checked against  Loran and WWV 

transmissions. For bes t  insurance, however, (3) w e  carry a rubidium clock 

standard t o  the  Naval Observatory or the  Goddard Space F l ight  Center clock 

laboratory,  set the  time, and t ransport  the  clock t o  t he  telescope. 

clocks are "set" most accurately a f t e r  t h e  experiment by processing severa l  

tapes which were recorded on s t rong sources and searching f o r  the  clock off- 

set which y i e lds  the  largest cor re la t ion  coef f ic ien t .  

This  is usually done i n  one of th ree  ways: 

The 





APPENDIX B 

INTERFEROMETER PHASE 

The expression used t o  ca l cu la t e  t he  5 p r i o r i  phase is derived below, 

and the r e s u l t  is used i n  the  descr ipt ion of t he  operation of t h e  two main 

processing programs, VLBIl and VLBIE, i n  Chapter 11. 

In general, t h e  f r inge  phase is given by 

$ ( t i  = (UT (t) + A b A t L O  
g 

where o = t o t a l  l o c a l  o s c i l l a t o r  frequency, 

T = t r u e  geometrical delay which changes with hour angle, 
8 

A% = o f f s e t  between l o c a l  o s c i l l a t o r s ,  

tLO = t i m e  elapsed s ince  AuLo s t a r t e d  a t  ‘cL0. 

Note t h a t  only the t o t a l  l o c a l  o s c i l l a t o r  frequency en te r s  t he  calculation. 

This is because t h e  geometrical time delay, T occurs i n  the RF s igna l  and 

the  compensating delay introduced by the  processing programs is  inserted 
I3 ’ 

i n t o  the video s ignal .  

A Tay o r  series expansion I s  made f o r  t he  t r u e  t i m e  delay: 

where to = nominal start time of t h e  observation, i n  univ,rsal  time, 

< = time rate of change of geometrical delay. 
g 

The t o t a l  calculated phase is 
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where .re - difference between clock epochs r:t t he  two s t a t i o n s ,  

0 .  
AT = t i m e  elapsed s i n c e  the reference time t 

Each term of equation B-3 w i l l  be discussed separately next. 

R 

The first term i n  quare brackets of ecluation B-3 2s called t h e  "funda- 

mertal phase," @o, 

(B-4 ) 

which accounts f o r  the geometrical delays. 

nominal start  of t he  observations, i nc l id ing  t h e  known clock o f f s e t s ,  

next term r e f e r s  t o  the  change of t,;w%etl;ical '.?-ay as t he  e a r t h  r o t a t e s ;  

t h i s  is t h e  f r i n g e  rate. 

time to. 

The. delay is calculated a t  the  

The 

fie f r inge  phase is counted from t h e  refercnce 

The " t o t a l  f r inge  rate," f ,  is 

u) 
f - ? w + Aw 

g 
. (B-5) 

The last term is the phase of t h e  o s c i l l a t o r  which is used t o  o f f s e t  the 

f r inge  rate i f  necessary. 

t he  o s c i l l a t o r  w a s  s t a r t ed .  

t o t a l  calculated phase can now b e  writcen as: 

Tts phase is counted from t h e  time a t  which 

This time, tLO, is spec i f i ed  i n  UT. The 

This expression is used i n  Chapter 11, sec t ion  B, as equatioc 11-1. 



APPENDIX c 

REPLICATION Oh PULSAR FRINGES 

Pulsar f r inges  are rep l ica ted  because the source s igna l  is a per iodic  

As an a id  t o  understandiag haw t h i s  happens, f i gu re  01 is pre- function. 

eented. 

s tyle  of Bracewell (1965). 

numerical quan t i t i e s  used are given in t ab l e  C-1. 

only i n  t h i s  appendix and -:e no' t he  same as i n  the  main text.) 

The symbols and funct ional  representat ions used here  follow the  

Explanritio s f o r  t h e  symbols and values of t h e  

(These symbols are used 

Part (a) of f i gu re  C-1 is a sample of a span of da t a  recorded on a 

plsar  with e. period of about 0.62 sec using the  Mark I system. 

l y t i c  representat ion 0; t he  interferometer respouse as a function of time 

is shown i n  (b). Graphical sketches of each term are i n  (c). The f r inge  

rate spectrum is  the  Fourier trancform of t he  response; a representat ion 

is shown i n  (d). The convolution theorem f o r  Fourier rransforms w a s  em- 

ployed i n  passing from the  time domain t o  the  frequency domain. 

o t  each tern i n  the f r inge  r a t e  s p e c t r u  are g i v m  i n  (e) and the  t o t a l  

s p e c t r w  is drawn i n  (f) .  

( T ~ ,  fR) plane of f igu re  11-7 (page A) along the  s loping axis. 

pulsars ,  t he  parameter G is very small BO t h e  spectrum l ies near ly  along 

the  f R  axis. 

An 

Sketches 

The spectrum i l l u s t r a t e d  is a cbt  through the  

For most 

The bas i c  sampling in t e rva l ,  with the  gat ing techriqv.e, is t h e  pdbe 

period, and the  noise  spectrum exten*- 

instead of t2.5 Hz as f o r  a continuum source. 

amplitudes of t he  Fourier hailPonics are modulated Lot& by the  pulse  s L p e  

transform and by the  b a s k  eampling window transform of f u l l  width LO Hz. 

The t rue  amplitude8 ;an be obtaineci by f i r s t  demodulating with the  calculated 

n'-y out  t o  frequencies f l / 2P  Hz 

Uowever,. mte tha t  t he  

1 4 1  
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REPLICATION OF PULSAR FRINGES 

TlYE 

R 

(a) SAMPLE SPAN OF DATA. 

(b) REPRESENTATION OF (a) IN FUNCTIONAL FORM. 

(c) GAAPHICAL REPRESENTATION OF (b). 

IP(f) = 
r 9 

w '- 

PULSE GATE 
SMAPE 

TRIHGFORY 

(d) FOURIER TRANSFORM OF (b). 

(e) GRAPHICAL REPRESENTATION OF (d) 

(f) TOTAL FRINGE RATE SPECTRUM (Entire pottern replicated every VR Hd. 

Figure C-1. Replication of pulsar fringes. Refer to table C-1 
and the text for explanation oi the symbols used. 
amplitude i n  ( f )  will b e  modulated by the long-dashed curve as 
well as by the  short-dashed curve. 

The fringe 
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Table C-1 

Explanation of zymbols i n  f igure  C-1 

symbol Explanat ion 

t 

f 

P 

P 

g 

W 

W 

D 

I 

R 

T 

n (XI 

m(YI 

3inc (2) 

X 

* 

t i m e  

f r inge  frequency 

pulse period, -0.62 sec i n  t h i s  example 

p u l s e  width 

gate width, -50 mSec i n  t h i s  example 

data  span -190 mSec 

inter-record gap -5 msec 

record in t e rva l  = 0.2 sec 

t o t a l  length of observation = 180 qec 

box-car function of width x 

picket fence function: 
spaced y apar t  

sin(Tz)/Tz function of half-width z 

mult ipl icat ion 

convolution 

i n f i n i t e  series of d e l t a  Eunctionr 
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value of sinc x a t  the appropriate frequencies. 

the Fourier component method described in  Chapter 11 se. , ion E-3 and r e  

construct a pu l se  shape using equation 11-14. 

We could then turn to  
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APPENDIX D 

INTERFEROMETER INSTRUMENTAL POLARIZATION 

A. Theory 

An unwanted response r e s u l t s  from incomplete i so la t ion  of the  r igh t  

c i rcu lar ly  polarized ( R e )  feed from the l e f t  c i rcu lar ly  polarized (LCP) 

feed of an antenna. The RCP feed responds t o  a f rac t ion  (f)  of the  LCP 

component of the  s ignal ,  and only responds t o  a f rac t ion  (1-f) of t he  

RCP component. 

ization. 

have non-zero values fo r  f is reduced because the  RCP and LCP components 

of the  Fignal are not correlated. 

values of f ,  o r  some other calibrated quantity,  are known. 

for  a correction fac tor  is derived as follows. 

The quantity f is the  single-telescope instrumental polar- 

The response of an interferometer formed by two telescopes which 

This effe:t can be corrected f o r  i f  

The expression 

The t o t a l  power observed with an RCP feed a t  s t a t ions  1 and 2 is, 

0 PIR = i .f )P 1 1 R  -+ f l P I L  

where PIR and PZR = t rue  RCP component of power, 

0 and PZR = observed RCP component of power, PfR 

f l  and f 2  = f rac t iona l  response of antenna t o  oppositely polarized 

radiation; "instrumental polarization" of s ing le  tele- 

scopes (ideally,  f l  = f 2  = 0). 

I f  we assume a l l  the phase angle differences average t o  zero and there is 

no c i rcu lar  polar izat ion I n  the source radiation, then PIR = Pu and 

'2R '2L' 
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L e t  

e = f +f - 2flf2 1 2  

and 

m = PLX/PRR . 
The quantity m is the true f r ac t iona l  l i n e a r  polar izat ion of t h e  source's 

correlated f iux;  pRR and pa are the  t o t a l  and l i n e a r l y  polarized f lux,  

respectively.  When each antenna observes with an RCP feed t h e  observed 

correlated power is 

When one antenna observes with an RCP feed and the  other with an LCP feed, 

the co r re l a t ion  coe f f i c i en t  is: 

pRL 0 = 
[B + m2]1/2 . 

Let t h e  f r a c t i o n  a be  the r a t i o  of t he  co r re l a t ion  coe f f i c i en t  ob- 

similarly- acd oppositely-polarized feeds and ca l l  i t  t h e  served with 

"instrumental polarization" of the interferometer. Then a is a d i r e c t l y  

2 observable quantity (we assume the t e r m  m B is negl ia ible)  : 

112 

The t rue  co r re l a t ion  coe f f i c i en t  f o r  E I  unpolarized source can be obtained 

by : 

0 1/2 
p~~ p~ (1 4. or2) 
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To determine m, an unpolarized c a l i b r a t o r  source must be  observed 

t o  obtain values of a f o r  the c a l i b r a t o r  source. 

determines a . Ther. 

The polarized source 
C 

P =p - a;j1'2 
C 

l + a  

In  p r inc ip l e ,  very low values of m can be measured even though a 

provided t h a t  a and a can be  accurately determined. Figure I h l  contains 

curves from which m can be reaL once a and a are known. 

is l a rge ,  
C 

C ? 

P C 

Unless the source is c i r c u l a r l y  polarized w e  should observe t h a t  

and unless t he re  is a nonlinear e f f e c t  a t  one antenna w e  should - 
p~ - p~~ 

a l so  observe t h a t  pRL = pLR. 

u table  t o  noise,  coupling between dipoles,  i n t e rac t ion  between the  feed 

Deviations from these e q u s l i t i e s  are a t t r i b -  

and Zeed-support legs ,  or other  unknown factors .  

B. Application 

The values of a were obtained from observations of s t rong extra- 

g a l a c t i c  sources which were assumed t o  be  unpolarized. 

used were: 3C273, 3C286, 3C287, 3C298. A t  t h e  NRAO s t a t i o n ,  t he  received 

s igna l  w a s  switched a t  a 2.5 Hz rate so t h a t  a l t e r n a t e  records on the tape 

were recorded with the RCP and LCP feeds. A t  Arecibo and Sugar Grove, t h e  

e n t i r e  tape w a s  recorded with e i t h e r  t he  RCP o r  LCP feed. Then t h e  cross- 

co r re l a t ion  output from the Arecibo-NRAO or NRAO-Sugar Grove basel ines  is 

a l t e rna te ly  pRR and pa, o r  whatever combination occurred. 

of the quantity a can then be computed from each tape without t h e  need 

for normalizatioz afil its attendant errors .  The only assumption necessary 

is t h a t  the LCP and RCP feeds have the same eff ic iency.  

The sources w e  

An estimate 
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This procedure w a s  followed in 1972 January and February and the  

ca l ibra t ions  w e r e  assumed t o  apply f o r  t he  remaining m n t h s  s ince  the  

feeds were the  same. 

i za t ion  observations were made f o r  ca l ib ra t ion  purposes. 

were d i f f e ren t  f o r  each experiment t he  values of f and a are d i f f e r e n t  

also. The observed values of a and the  derived values  of f are i n  Tables 11-5 

and 11-6 of Chapter 11 (page 39). 

ment are discussed i n  the  main text (pages 37-40). 

In 1972 December and 1973 February extensive polar- 

Since the  feeds 

The ca l ib ra t ions  and e f f e c t  on the  experi- 



APPENDIX E 

CATALOGUE OF FOURIER CONPONENTS AND PULSE SHAPES 

FOR THE CRAB NEBULA PULSAR AT 196 MHZ 

The t ab le s  which follow contain the amplitudes and phases of t h e  

complex co r re l a t ion  coe f f i c i en t s  detected i n  each three-minute observa- 

t i on  of t he  Crab nebula pulsar a t  196 MHz. 

cates whether the da t a  is  from short-  or long-baseline runs. 

of t he  t ab le s  i s  label led as to  its contents,a descr ipt ion of which follows. 

The t i t l e  of each t a b l e  indi- 

Each column 

Columns 1 and 2 give the run number and da te  of each observation. 

Column 3 (TIME) contains the UT a t  which t h e  observation s t a r t ed .  Column 4 

(BASE) indicates  the base l ine  on which the observation was made, and each 

letter indicates  t h e  s t a t i o n  (A f o r  Arecibo, N f o r  NRAO, S f o r  Sugar Grove). 

Column 5 contains the  TOTAL FLUX ( in  Janskys); t h i s  is the  t o t a l  time-averaged 

f lux,  i.e. the  compact source flux. These numbers were used t o  compute the  

average fluxes presented i n  t a b l e  111-1 (page 47). Columns 5, 6, 8, 10, 12, 

and 14 are the amplitudes, An where n=O t o  5 ,  and columns 7, 9, 11, 13, and 

15 are the  phases, qn where n=l  t o  5, of t h e  Fourier components of t h e  aver- 

age pulse  shape (see equation 11-5, page 22). 

contains the components f o r  n > 0, t h e  second l i n e  is f o r  n C 0. 

are given i n  degrees r e l a t i v e  t o  the phase of t h e  n=O component. 

convention used f o r  t h i s  t a b l e  i s  tha t ,  apart from noise,  phases of a p a i r  

of components f o r  the same value of n should be equal. 

the amplitude of the n=O component is l i s t e d  were usually too weak, contained 

excessive tape e r r o r s  a f t e r  many processings, o r  had components which were 

too noisy t o  be  r e l i a b l y  detected. 

The top l i n e  f o r  each run 

The phases 

The phase 

Runs f o r  which only 
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The f i f t h  columi from the r i g h t  (3 SIG LEVEL) contains the  3a de(.ac- 

tLon level ;  any component amplitudes below t h i s  value were probably not 

detected. The t h i r d  and fourth columns from the  r i g h t  (PHASE) ind ica t e  

the signed deviation of the +n and -n component phases from equal i ty  and 

the rms deviation. 

found i n  t a b l e  IV-5 (page 81). The second column from the  r i g h t  (PULSE PEAK) 

gives the height of t he  maximum of the pulse p ro f i l e .  

edi t ing purposes. The l a s t  column (FRACTION PULSING) ind ica t e s  t he  f r a c t i o n  

of the t o t a l  f l u x  which is contained i n  pulsing power; a t  196 NIIe a l l  of 

the power is pulsing. 

These numbers were used i n  calculat ing the  averages 

This w a s  used f o r  

P lo t s  of t he  pulse p r o f i l e s  follow t h e  tables.  The baseline,  f re-  

quency, and the  month and year are indicated; t h e  flux sca l e s  are In  

Janskys. 

The average p r o f i l e s  are therefore  incoherent averages. 

The p r o f i l e s  have been superimposed by simply matching t h e  peaks. 
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APPENDIX F 

CATALOGUE OF FOURIER CONPONENTS AND PULSE SHAPES 

l u R  THE CRAB NEBULA PULSAR AT 111 MHZ 

The t ab le s  which follow contain the amplitudes and phases of t he  

complex co r re l a t ion  coe f f i c i en t s  detected i n  each three-minute observa- 

t i o n  of t he  Crab nebula p u l s a r  a t  111 MHz. Explanations of the contents 

of each column were given on the  First page of Appendix E, page 150. 

For t he  111-MHz data,  t he  last column (FRACTION PULSING) was used to 

compute the averages found i n  t ab le  IV-3 (page 78) and plotLed i n  fig- 

ure  IV-5 (page 77). 

each run, t h t  n = 23 components are of ten not detected in December 1972 

and February 1973. For these dates ,  only t h e  f i r s t  two components were 

used i n  constructing the pulses. 

Although three Fourier components are l i s t e d  f o r  



159 

2 I 
0 0  I 
- 2  I N  + -  l e  
u w  I . 
I d  I O  a 3  I 
cra I 

Q 
O I  
0 0  
0 .  

o a  
a .  
0 8  

0 

O N  

0 -  e 
. a  

o.? 
O h  

I 
- 

e a  
a .  
ncY 

0 
5) 

0 
. 
a . 
8 + 
n . 
n 
a 

? 
N 
I 

0 

n 

e 
n 
0 
. 
e 
9 
#- 

N 

. 

. 
s 
Y 
n 
I 

0 
0 

0 
. 
N . 
a e 

0 

e 
. 
n .. 
e 

aB 
N 

0 
9 

0 
. 
n . 
0 
c 

e 
e 
N 

. 
a 

c 
. 
0 

a . 
n 

0 
N 

0 
. 

0 

0 n 
. 
n . 
c e 

0. 
I 

e 
n 
. 

e 
PI 

0 
. 

CI 

0 n 

0 . 
N 
0 

N 

9 
(Y 
I 

0 

0 
. 

e 
N 
0 
. 
0 

0 

e 
e n 

. e 

. 
2 
n 
0 

cy 

0 

0 
O N  

0 0  
a .  

0 0  

0 0  
0 

0 ) .  

0 8  
0 

a .  

a .  

3 2  

:: 
0 0  

m n  

n 

0 

n . 
e 
n . 
: 
N 
n 

c 
8 e 
. 

n 
n 
0 
a 

e 
n 
0 

. 
- 
LI 
n 

9 n 
0 
. 0 

(Y 

0 

3 

0 

n . 
P- . - 
0 

b 

9 
. 

m 

e 

0 

c 
n 

. 
L 

. 

a 
Q 
a 
0 

e . 
5 
n 

N 

e - 
t 
Q 

t 
0 

. 
0 

a 

0 
a 

9. 

t 
n 
m 

: 

n 
Q 

n 

e 
. 
c 
0 

0 . 
N e 

7 
0 

N 

e 
n . 

t 
0 
N 

. 
N 

. 
N 

. 
n 

. 
n 

. . 
n 

I 
w 1  

0 1  
I N  

w -  I 
S C  1 ' .  
- 3  I 9 
I-- I 

I 
1 -  

c I +  
I . o  
0 I 2  

I *  
I N  

U I I  
2 0  I O  

0 1 0  

I N  

2 I 9  

w I ?  

a i  

> f  I I) 
r ' t r  

Z ?  Y Y In 
2 S B P  m 

2 

-l 

0 

N 

0 

.. 

P; 

i 
fu 

9 
0 
0 c 
bl 

P P  
2 .. r - n  

n Q  

N N  e +  
'J U 
W Y  

0 0  

O C  
n 9  

0 0  

a .  

8 8  

% S  

0 

II 
0 

n 
.. 
r( 

c 
V 
W 

N 
8 

- 
n 
C 

ly 
a 

6 3 0  

m e n  

N N W  

u u u  

.. :: 2 

? * e  
a .  

Y i P  
0 0 0  

e m  0 
NFI n ...... 
n m  n 

N N  N 
e b  P- 
a .  
u u  u w  Y u 
0 0  c 
0 0  0 
Q Q  a 

n 

N 
r- 
v 
. 
3 
0 

0 
ul 
0 c 
0 

N c 
u 
Y 
0 

C 

c 
Q 
Q 
9 

a 

m 

N * 
U 
ul a 
0 

L' 

0 
0 
0 

. 
a 

m 

> >  u u 
0 0  w w 

Nn) N N 
f f  8 8 

n l Q  (v n 
0 0  
0 0  c 0 e *  0 0 
N o r  (v N 

. ._ ., 0 n 0 
ul a n acn n 
o c I o o o o  
a a o m a a  
0 0 0  0 0  0 



160 

e 
n . 
0 

LI . " 
n 

: 
?r 

2 

? 

n 
I 

3 

n 
O W  

0 0  
0 .  

0,: 
O b  n 
0 -  

O W  
0 .  

n 

4 1  
0 0  n 

I 
c e  
4 4  

e 
0 0  

0 0  
0 .  

O c .  

0 

0 .  
o n  

0.: 

?*, 

:: 

O N  n 

0 9  
(Y 
I 

0 0  

a 

0 

n . 
u . 
CI 

0 

e . n 

0 
O D  

0 0  
0 .  

o a  
on 
0 .  

n 

O C  

0 0  
n 

O N  

0 -  

I 

h b  

0 .  

0 .  - 
4 ;  

r. . n 
e 

0 

0 
0 

c 
0 

. 

. 
n 

? 
Q 
r 

0 
0 

9 

0 0  

o n  
0 .  

0 0  

O N  
9 

0 .  

:: 

?t  

0 0  

0 0  
I 

wn 
n n  0 .  

n 
o o n  
;;; 

o o n  
o o c  

16 
0 . 0  

::: 

50.4, 

o o n  e 

0 0 0  n 

n o 0  
0 . .  
onn 

0 0  

0 0  
0 .  

O W  

0 9  m 

O C  

n 

b 0  

0 .  
o n  

? ?  

:: 
O b  

cy 

nn 

0 

0 

e 
n 

m 

0 
0 

. 
? 
e 
n 

(I 

0 
. 

0 o 
(Y 

2 
N 
I 

. 
c 
I 

9, 
rl 

0 m 

0 i o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o  
2 ;  

I 
MI t i r  
m i  
w -  I 

I O  

4:: 4 4 4 4  4 4 8  P 4 4 9  
2": 
0 0 0  

n o o  

nnn  

0 .0  

(Y 

c*.c 
0 . 0  

ia't 
w u ( Y  

eo- 
n o 0  

( Y w w  
:418 

L 

!T 

(Y e 

z 

. 
3 e 
0 

c e 
0 
0 

n o  n 

e o  b 

( Y W  (Y 

=!! .. 
c;P: 2 

0 0 0  

0 0 0  
II 2: 

n no c cc 

0 0 0  0 
nnn n e).* 
0 . 0  c; 

U U  U V U  U if g t 
0 0  0 0 0  0 ;i 0 n 

0 8  
0 0  0 

nn e 

t i  i 
0 0  0 

c m e  * 
o o o  n 
8 8 %  1 
u(Yu (I 



161 

a 
n 
0 
. 
0 

0 
$ 

n . 
0 
(Y 

0. 
n 
(Y 

a . 
n 

c 
n 
0 

0 n 
; 

9 

c 
n 

9 

. 

. 
$; 

0. 
). 
a 

n 
n 
. 

a 

0 

n 
0 

(Y . 
2 

0. 
n 

? 
n 

8 

9 

I 
..I . 
3 

0 

0 
$ 

n . c 
0 

a . 
0 n 

c 
(Y 
I 

a . 
rc) 

e : 0 

0 
1 

t 

: 
a 
0 

e e 

m . 
%? 

t 
n 

0 

0 
: 
v 

rn 
. 
n . 
0 
e 

Y 
a w 

(Y . 
n 

a 
t 
0 

m 

9 

. 
n 

0. 
n 

? 

16 

0 

0 

n . 

n 
n 
0 
. 
c 
8 n 

a 

0 

. 
..) 
a 

9. 
(Y 

II . 
n 

0 

0. 
0 

0 

n . 
n 
0 
83 

(Y 

9 

0 

0 - 

c 

0 
t 

9 

n 

(Y 

. 
a 

. 
n 
n 

(Y 

'i 
a a 
0 
. 
9 

a 
9 

). 

n 

. 

. 
a 

6. 

2 

(Y 
a 
I 

(Y 

a : 
n 

9 
9 

c 
e 

0 

. 
9 

9 

n 

0 

. 
a 

. 
a 

c. 

2 

9 
(Y 
I 

n 

0 

n 
8 

w 

(Y 

. 

. 
a 

2 
2 
e 
(I 
. 

0. 
(Y 
C 

I . 
0 

0 

t 

9 

I 
..) 

n 

t 
0 
8 

0 . 
a 

% 
0 

0 
0 
n 

0. 0 

9 
I 

n 
n 0 

0 
(Y 

t n t 0 n 

u i  
1 0 0 0 ~ 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0  ......................................... 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0  

9 4  
2 2  
0 8  

0 0  

n n  
h *  

e 8  0 .  

i s '  

8 %  
( Y ( Y  

m e  

W C Y  

? 
;., 

t 

(Y 

0 

n 

Q 

4; w 

c 
0 
0 * 
0 

(Y 
a 
n 
0 

n 
c 
m 

i 

0 
U 

w 

(Y 

a .. 
0 

n c 

Y 

01 

. 
m 

L 
n 

tu ii 

0 
2 

0 

0 

m 
h 

*, 

0 
m 

i 
(I 

a 
0 
0 e 
w 

0 
n 
0 

n 

a 

c: 
i 
0 

w 
0 

cy 
z! 

I 
n 
0 

n c 
m 
i 
(Y 

i b 

n) 

., .. 
0 

n n n  
w e *  

P) 

P; 
m 
W 
1L c 
(Y 



162 

n 

Y 

a 

LI 

ii 

a 
0 IL 

m 
3 
U 

a i c v n  
Z d l  < + I1  : f ?  



163 

(Y 
o o c  ... 
0 0 0  

0 0 0  
0 . .  

O O m  n 

0.0.: 

? ? ?  

0 0 0  
(Y 

0 0 -  

0 9 0  

4 4 4  

n 
c 
t 
.) 

e n 
. 
a 

n 
. c 

..I . 
c 
w 
I .. 
w 

N 

0 
9. 

0 

* 
9 

e 
(Y e 

. 

. 
? 

3 

n 
n 

n 

e c 
0 
. 
0 . 
t 
m . 
c) 
0 

? 

0 
n 
0 
. 
a 
9 n 
. 

0. 

? 

r 

9 n 

0 
(I 
I 

e c 
0 
. 
e 
m 
m 

e 

(Y 

. 

. n 

t 
0 
I 

c 
e 
. 

e 
Q. 
0 

P 

e 

0 

0 

. 

. 
m 

5 
n 

t 

c 

9 

0 
9. 

n 
m 
0 

. 
*. 

Y 

(Y 

c 
I 

9 . 
0 

cy 
e 
0 
. 
0 . n n 

0. 

2 

c 
n 

9 
I 

0 

(Y 
. 

e 
e 
0 
. 

V . 
0 
d 

n . 
N 
e 

7 

6. 

n 
w 

w 

* 
0 .  
0 9  

0 0  

O m  

O Q  
e 
.. 
2 t  

2 t  

0 , :  

o e  
e 

o e  n 

w ( Y  

n 
n 
0 
. 
? e e 

a . 
0 

2 
PI 
e 
I 

0 

4 

e 

0 
0. 

. n n 

. 
e 
0 

m . 

0 

0 

m . 
0 

e 

m 

0 

4 

. 
n 

9 
c 
I 
n 

. 
d 

e 
0 

0 

n 
$ 
e 

e 
(Y 
n 
. 
LI . 
m 

t 
(Y 

0 
Q. 

. 
e 
e 

. 
Y 

)------3----.--------o------------o------ 

1 o o o o o o o o o o o o o o o o o o o o o o e o o o o o o o o o e o o o o o ~  
I 
I 

1 1 1  
4 4 1  

~ o o o o o o ~ o o o e o o ~ o o o o e o o o o o o n o e o o o o o o o ~ o o o  ........................................ 
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

0 l 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
I I I  

L. I ~ ~ ~ ~ ~ o o o ~ ~ o ~ - ~ ~ ~ ~ ~ - - ~ o - ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

= a !  
u k i  c l 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0 0 0  

$ ! o o o o o o o o o o o o o o o o o o o o o o o o o o c ~ o o o o o o o o o o o o  
....................................... 

W 

. I  
r: i s  

i r  

*) a 
n 

9 
L 

$ 
e 

P (Y 

i w 

2 
sf 
U 

c 
@ . c 

(Y P 
e c 

(I 
8 

f 
2 

c; 

9 

r, 

I 

ii (Y 

n 
e 
0 
0 w 

n 

n 

r. . c 

P 0 

(Y 

r) 
n 
0 
0 w 



164 

a 

0 
? 

9. 
0 n 

0 

N 

0 
a 

t 
0 

I 
a 

CI 

0 
r. 

e 

0 
yi 

0 

9 
0 

n 

0 

e 0 

n 

2 
n c. 
(Y 

4 

a 
n 
0 
0 

e 

n 
O Q  

0 0  
0 .  

o a  
0 .  

" 2  

?: 
O !  

0.2 
016 
I 

8 9  

Y -  
0 .  

a 
O h  

0 0  
.. 
0 0  

9 

0 -  
0 .  

(Y 

0 .  
o n  

o n  

0,: 
0 0  

l 

e 8  
NcY 

c 

0 .  

a 
0 

3 
0 

0 

0 
9. 

* 
0 
9 a 
Ir 

e 
. 
n 

L, 
n 
0 

cy 

cy 
0 

n 

0 
y1 

0 

0 
0 

0 

a . 
a, 

7 
0 
I 

m 
0 
4 

0 
tr 

+ 
0 

0 
0 

0 

e 
m 

0 

0 a 

. 
t 

a 
0 

0 
0 

e 
Ul 
c; 

0 

0 
n 

n 

0 

0 

a 
e 

II 
0 
n 

9. 
r 

r. 

0 
0 

0 

n 
c 
8 

0 

(Y 
8 

0 

0 

t 
c 

0 

cY 
0 

0 
b 

* 
n 

b 

c * 
0 

? 
a 
I 

0 

N 

n 

0 

0 

a a 

? 

? 

9 

N 
I 

9 
a 

0 

0 n 
0 
0 n 

9 
8 

0 
n 

? 

(Y 

n 
(Y 
I 

e 
d 

0 
a - 
f 

9. 9 
0 9. . 

cy 
0 

(Y 

i o o o o o o o ~ o o o 0 o o o o o o o o o o o o o o o o o e o o o o o o 6 o o o  
I 
I 

* I  
* I  

~ o o o ~ ~ o o o o o o c s o ~ c s o o o ~ ~ o o e o ~ o o o ~ o o ~ o o o o o o ~ o  
l o o ~ o ~ o o o o o o o o o o o ~ o o o o o o o o o o o o o o o ~ ~ o o a o o ~  
! O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O Q O O O O O O  

I 
W I  

c I f  f 

2 
n 

s 
r: 
U 

(Y 

(Y 
e 

a 
9 
8 
(Y 

(Y 
0 
0 
U 

i 

? Z f  t f  :: *I 

N 
n .. 

m m  a 4  
8 9  

0 0  

(Y(Y 

nn  
H e. 

P;c: 
8 2  
L L  
( Y W  

0 0  
0 0  
0 0  e* 
( Y ( Y  

0 

TT 
e 
n 
L) It 

e. 

0 
2 

a. 

0 0  0 

c f  .* *. H 
i " - 

b 

i 
0 
N 

n 
n 
0 
0 
(Y 

(Y c 
0 

f 
9 

(Y 

e 

n 

2 
(Y 

4 

f 
9 
0 
cy 

N c 
0 
a 

i 
N 

( Y ( Y  cy 
Is). 
0 .  : 

C i o  
4 I W  

I N  
t 8  

a i  
r n  I (Y 

Y I  

l ( r  

?I 
cy 

N 
8 

0 
!! 



165 

Z l  
I 

C . r  I n  
u n  I 
* A  1 0  

Z Y  I O  

a 3  I 

0 
n 
0 

n 
I) 
0 

0. 

t 

0 
c. 

0 

a . 
a 

a 
4 

e 

a . 
n 
0 

0. 

? 

c 
N 

n 
0 

u 
n 

n . 
c 
0 

1 
N 
n 

4 . 
L 

(Y 
Q 

0 

c . 
n 
n 
0 
. 
0 

0 
0 

a . 
n 

a 

a 
n 
I 

9, 

0 

0 
: 
b 

0 
N 

e 
0 

9. 

6, 

- 
c 
I 

a 

0 

0 

n . 
a 
c n 

.. 
0 
n 

? 

3 

4 
ru 

a 

a 
0 0 0 9  

0 0 0 0  
.... 0 c 

i 

c 
(Y 
. 
n 

n . 
c 

0. 

n 
n 
0 
. 
d . 
0 n 

p. 
f 

5 
n 
a 
I 

(Y 
. 

c 

0 
. 
n 
n n 

? 
n 
n 

0. 
0 
N 

a . 
d 

YI 
0 

0 
. 
0 

c 
N 

. 
0. 

0, 

0 
N 

(Y 
I 

(Y 
. 

4 

0 

n . 
n 

n 
. - 
c . 
9 
4 

LI . 
r) 

7 
n) 

9 

0 
9. 

0 

0 
. 
n 

0, 

t 
0 

cy 

cy 
. 

0 

0 

n 

n 
n 

2 

: 
0 n 

n 
1 

a 

N 

4 c 
0 

n 

0 

N 

c 

. 

. 
c. . 
0 
I 

c . 

e o 0 0  
0 0 0 0  
.... 
0 0 0 -  

0 0 0 0  
.... 

c 

? ? ? ?  
0 0 0 -  

I 
a 

n)(Ycy* 

C y c y c y n  
.... (Y 

0 a 
. 

~ i o o o a o ~ o o o o ~ o ~ e o ~ o o o o m o e m e o m o o o ~ o o o o o o ~ o  ........................................ 
~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

f f f 3  z f f 2 2 2 s  T f f f f f  
2 2 2  

m t t  

( Y o *  

0 0 0  

n n n  c 

e 
n w 

cy 
(Y c 
a 
j; 
(Y 

0 
(Y 
(Y n 
(Y 

c 
U 

i 
n 

(Y n N ( Y U ~  n 

(Y (Y n n n n  n 
2 2 c c c c  

(Y (Y ( Y W N U  (Y 

.... 
a 6  r r t  C Y W U  

-. w cu CirCirrirar a 



166 

0 n 
0 
. 
N 

0 
0 

. 
n . 
8 
2 

0. 

n 
0 
I 

N 

0 
(Y 

0 
. 

m . 
0 
0 

c 
0 
0 

. 
? 
e n 

0 

cy 
. 

(Y .. 
0 0  

o n  

0 0  

0 9  
0 

. a  

o n  
a .  
0 0  
N 

? %  

0.? 

0 0  
m 

rs(Y 

0 
0 

0 
. 
I . 
n 
-. . 
0 

? 
0 
n) .. 
3 

0 

0 
t 

0, 

? 

0, 

m 
0 

c 
0 

0 n 

(r 

n 
. 

c 
N 

0 
. 
0 

e 
0 

0 

n 

. 
: 
t 
n 
cy 
I 
N 

(Y 
. 

0 
0 

0 
. 
0 

9 
0 

I) 

N n 

. 

. 
t 

$ 

0 
(Y 
I 

(Y 

n 
*. 
0 

N 

0 
n 

a 

. 

. 
r) n 
m . 
!! 
n 
(Y 
. 

n 
n 
0 
. 
e 

0 

. m 

? 

4 

: 

0 

0 
I 

n 

e 

0 
0. 

c 
I) 
8 

(Y 

c 

. 

. 
r) 

? 

? 

n 

(Y 

9 n 
0 

0 

9 
0 

e 

. 

. 
$ 

? 

2 

c 
I 

m 

U 

4? 

0 
0, 

9 n 

ci 
s 
c, 
0 
I 

0 . 
a 

m 

$ 

2 

0 

0 

0 

a 
9 

. 
0, e 
I 

0 

(Y 
. 

0 z 
5 1s 
z t!? 

p: c:? 

9 O N  

0 0 0  

n m n  

g 
A slyr 
(Y N(Y 

c e m  

9 

0 

PI c 

e. 

. 
m 

1 
(Y 

a 

H 
( Y w u  

( Y m n  

8 .. 0 
2 

0 
n 
n 

n c 
S 
% 
hl 



167 

0 
n 
i 

L 

e e 

0. 

0. 
r", 

a e 

I 

e 
N 
. 

N 

0 
7 

N 

0 e 

b 

0 

f: 

0. 
9 

m 
4 

e 
N 

0 
e 

9 
e 
0 
. 
N . 
5: 

f 

Q 

n 
e 

N 

I 

N 

N 

r( 

. 

0 

0 
*. 

n 

e 
n 
4 
n 

n 

. 
@ . 
(Y 
I 

? 
a 

e 

0 
.. 
8 

0 e 
. 
7 

y: 

9. 

n 
a 

0 

a 

9 
n 
0 
. 
n . 
(. e 

? 
0, 

5 

2 

(Y 

I 
a 

(Y 

e e 
0 
a 

e 
e e 
n 
10 e 

. 

. 
t 
a 
n 
I 
c) 

n 

N 

0 
? 

c. 
0 

0 e 

N . 
r", 

0. 

t 

0 

cy 

Q 

0 
*. 

t 
0 ul 
0 

0 
N 

z 

*, 

N 
N 
I 

cy 

e n 
0 
. 
N 

0 

(Y 

. 
e 

3 
t 
n 
I 

* * 
e 
0 

a 
n) * 
. 
2 

c; 

0 
N 

+ 
0 
2 

0 

e 
0 

a 

t 

t 
2 

N n 

I 

e 
N 

a 
O D  

0 0  
.. 
o m  
O C  e 
.. 
:: 

? ?  

0 -  

0 0  
N 

N e  
N *  
e .  

a 

*. 
0 

N 

0 
d 

0 

n 

e 

. 
n 

z 
n 
a 

e 
Y 
e 

a 

r 

n 

e 
. 

0. 

0, 

0 

9 

16 

Y 
. 

. 
n 
n 
9 

0 

0. 
0 
N 
I 

e 
N 
. 

? 
I 

u r n  I 2  
f n  I n 

W a u  I 12 
n W I  

- * N  

0, 
n 
I 

Ziii- i e e 
N 

. 
(Y 

. 
(Y . -  

a 
+4 

I 

i i s  f 
a 
?. 

t 

e 
!I 

T f S  *I e 
N .. 

8 ? Y  5 
(Y 

0 

P) 

n 
DS 

c. 
m 

i 

; 
(Y 

a 

N 

0 

Iy. .. 
n 
L . 
E (Y 

n 
c; 
a 
! 
w 

4 

6 
0 3 
cy 

n c . 
m 

ic' 
(Y 

r) e 
0 
. 

ii: 
cy 

N 
0 
0 
C 
N 

C 
0 
0 a 
(Y 

i 
b 
Y 

c 8 ; ;  
W N Y  



168 

0 
I z 
c o b  

d a 

1 0 0 0 0 0 c 0 0 0 0 0 0 0 0  

i 

f 
a 
1 
0 

a 
2 
0 

I 

0 
?. 

(I: a 
e 

0 
?. 

f 
0 

0 
!! 

i n n n n o h n  
I C  c c c. )c c c 



169 

- 
1 I I 1 I 1 

111))P 

)qEre% 1¶1 

0.0 I I 1 I I I 
0 5 1 0 1 5 # ) 2 5 3 0 b  

TlME(tS)  

m.o--- 
L A  

F X a.0 w-o[ 

2O.OtJ 

I 

F 
L 
I J  
X 

i 
m.0 

F 
h 0 . 0  
X 

20.0 

I 

80.0 - - 
A- 

h 0 . 0  

20.0 -\, 
0.0 

0 5 1 0 I ~ a o s n r  m-bl fltE06) I ' I 

F 

X 

N4.6 '11M 
mQEa l¶l 

=Or------ -1 
m.0 I: 1' I 

F , 
i; 40.0 
X 

aO.C 

u. 0 

a.9 t 



170 

t- I 
6o.C 

K 

m.0 L - 

F F 
a.0 b 40.0 

X 

20.0 

0.01 1 I I I 1 I 
0 5 I O l 5 2 0 2 5 % 3  

T I t E E )  

F 
L 
U 
X 

I- I 
0.01 I I I I 1 I 1 

O S 1 0 1 5 ~ Z 5 ~ 3 a  
T l W m )  

r 6  1 1 1 w  

Fnm.M?Y Imz 

F I 

A- - b 40.0 
X 

20. U 

eo.0 

60.0 m.0 

F F 

X X 
a . 0  b 40.0 

20.0 20.0 

0.0 

t F X -v 40.0 c., 
20.0 t 

I- I 

A- 

m- F 
b 40.0 
X 

ao. 0 

0.01 I 1 I I I 
I 

0 5 1 0 i ~ a o a m a  
1 IK 06) 

Figure F-1. (continued) 
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