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Figure 11.57: Case: a = -0.250M. Inferior

conjunction photon timing residuals, first

pulse.

Figure 11.58: Case: a = -0.250M. Supe-

rior conjunction photon timing residuals,

first pulse.

Figure 11.59: Case: a = 0.250M. Inferior

conjunction photon counts, second pulse.

Figure 11.60: Case: a = 0.250M. Superior

conjunction photon counts, second pulse.
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Figure 11.61: Case: a = 0.250M. Inferior

conjunction photon timing residuals, sec-

ond pulse.

Figure 11.62: Case: a = 0.250M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.63: Case: a = -0.250M. Inferior

conjunction photon counts, second pulse.

Figure 11.64: Case: a = -0.250M. Su-

perior conjunction photon counts, second

pulse.
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Figure 11.65: Case: a = -0.250M. Infe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.66: Case: a = -0.250M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.67: Case: a = 0.250M. Inferior

conjunction photon counts, third pulse.

Figure 11.68: Case: a = 0.250M. Superior

conjunction photon counts, third pulse.
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Figure 11.69: Case: a = 0.250M. Infe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.70: Case: a = 0.250M. Supe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.71: Case: a = -0.250M. Inferior

conjunction photon counts, third pulse.

Figure 11.72: Case: a = -0.250M. Su-

perior conjunction photon counts, third

pulse.
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Figure 11.73: Case: a = -0.250M. Infe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.74: Case: a = -0.250M. Supe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.75: Case: a = 0.250M. Inferior

conjunction photon counts, fourth pulse.

Figure 11.76: Case: a = 0.250M. Superior

conjunction photon counts, fourth pulse.
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Figure 11.77: Case: a = 0.250M. Infe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.78: Case: a = 0.250M. Supe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.79: Case: a = -0.250M. Inferior

conjunction photon counts, fourth pulse.

Figure 11.80: Case: a = -0.250M. Su-

perior conjunction photon counts, fourth

pulse.
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Figure 11.81: Case: a = -0.250M. Infe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.82: Case: a = -0.250M. Supe-

rior conjunction photon timing residuals,

fourth pulse.

This concludes the presentation of photon count and timing residual output for the cases

a = ±0.250M . The next cases to be presented are those of a = ±0.500M .

Figure 11.83: Case: a = 0.500M. Inferior

conjunction photon counts.

Figure 11.84: Case: a = 0.500M. Inferior

conjunction photon timing residuals.
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Figure 11.85: Case: a = 0.500M. Superior

conjunction photon counts.

Figure 11.86: Case: a = 0.500M. Superior

conjunction photon timing residuals.

Figure 11.87: Case: a = -0.500M. Inferior

conjunction photon counts.

Figure 11.88: Case: a = -0.500M. Inferior

conjunction photon timing residuals.
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Figure 11.89: Case: a = -0.500M. Supe-

rior conjunction photon counts.

Figure 11.90: Case: a = -0.500M. Supe-

rior conjunction photon timing residuals.

Individual pulse close-up output for the cases a = ±0.500M is presented below.

Figure 11.91: Case: a = 0.500M. Inferior

conjunction photon counts, first pulse.

Figure 11.92: Case: a = 0.500M. Superior

conjunction photon counts, first pulse.
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Figure 11.93: Case: a = 0.500M. Inferior

conjunction photon timing residuals, first

pulse.

Figure 11.94: Case: a = 0.500M. Superior

conjunction photon timing residuals, first

pulse.

Figure 11.95: Case: a = -0.500M. Inferior

conjunction photon counts, first pulse.

Figure 11.96: Case: a = -0.500M. Su-

perior conjunction photon counts, first

pulse.
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Figure 11.97: Case: a = -0.500M. Inferior

conjunction photon timing residuals, first

pulse.

Figure 11.98: Case: a = -0.500M. Supe-

rior conjunction photon timing residuals,

first pulse.

Figure 11.99: Case: a = 0.500M. Inferior

conjunction photon counts, second pulse.

Figure 11.100: Case: a = 0.500M. Su-

perior conjunction photon counts, second

pulse.
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Figure 11.101: Case: a = 0.500M. Infe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.102: Case: a = 0.500M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.103: Case: a = -0.500M. In-

ferior conjunction photon counts, second

pulse.

Figure 11.104: Case: a = -0.500M. Su-

perior conjunction photon counts, second

pulse.
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Figure 11.105: Case: a = -0.500M. Infe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.106: Case: a = -0.500M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.107: Case: a = 0.500M. Inferior

conjunction photon counts, third pulse.

Figure 11.108: Case: a = 0.500M. Su-

perior conjunction photon counts, third

pulse.
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Figure 11.109: Case: a = 0.500M. Infe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.110: Case: a = 0.500M. Supe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.111: Case: a = -0.500M. In-

ferior conjunction photon counts, third

pulse.

Figure 11.112: Case: a = -0.500M. Su-

perior conjunction photon counts, third

pulse.
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Figure 11.113: Case: a = -0.500M. Infe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.114: Case: a = -0.500M. Supe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.115: Case: a = 0.500M. Inferior

conjunction photon counts, fourth pulse.

Figure 11.116: Case: a = 0.500M. Su-

perior conjunction photon counts, fourth

pulse.
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Figure 11.117: Case: a = 0.500M. Infe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.118: Case: a = 0.500M. Supe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.119: Case: a = -0.500M. In-

ferior conjunction photon counts, fourth

pulse.

Figure 11.120: Case: a = -0.500M. Su-

perior conjunction photon counts, fourth

pulse.
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Figure 11.121: Case: a = -0.500M. Infe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.122: Case: a = -0.500M. Supe-

rior conjunction photon timing residuals,

fourth pulse.

This concludes the presentation of photon count and timing residual output for the cases

a = ±0.500M . The next cases to be presented are those of a = ±0.750M .

Figure 11.123: case: a = 0.750M. Inferior

conjunction photon counts.

Figure 11.124: case: a = 0.750M. Inferior

conjunction photon timing residuals.
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Figure 11.125: case: a = 0.750M. Supe-

rior conjunction photon counts.

Figure 11.126: case: a = 0.750M. Supe-

rior conjunction photon timing residuals.

Figure 11.127: case: a = -0.750M. Infe-

rior conjunction photon counts.

Figure 11.128: case: a = -0.750M. Infe-

rior conjunction photon timing residuals.
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Figure 11.129: case: a = -0.750M. Supe-

rior conjunction photon counts.

Figure 11.130: case: a = -0.750M. Supe-

rior conjunction photon timing residuals.

Individual pulse close-up output for the cases a = ±0.500M is presented below.

Figure 11.131: case: a = 0.750M. Inferior

conjunction photon counts, first pulse.

Figure 11.132: case: a = 0.750M. Su-

perior conjunction photon counts, first

pulse.
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Figure 11.133: case: a = 0.750M. Inferior

conjunction photon timing residuals, first

pulse.

Figure 11.134: case: a = 0.750M. Supe-

rior conjunction photon timing residuals,

first pulse.

Figure 11.135: case: a = -0.750M. In-

ferior conjunction photon counts, first

pulse.

Figure 11.136: case: a = -0.750M. Su-

perior conjunction photon counts, first

pulse.
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Figure 11.137: case: a = -0.750M. Infe-

rior conjunction photon timing residuals,

first pulse.

Figure 11.138: case: a = -0.750M. Supe-

rior conjunction photon timing residuals,

first pulse.

Figure 11.139: case: a = 0.750M. Inferior

conjunction photon counts, second pulse.

Figure 11.140: case: a = 0.750M. Su-

perior conjunction photon counts, second

pulse.
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Figure 11.141: case: a = 0.750M. Infe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.142: case: a = 0.750M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.143: case: a = -0.750M. In-

ferior conjunction photon counts, second

pulse.

Figure 11.144: case: a = -0.750M. Su-

perior conjunction photon counts, second

pulse.
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Figure 11.145: case: a = -0.750M. Infe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.146: case: a = -0.750M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.147: case: a = 0.750M. Inferior

conjunction photon counts, third pulse.

Figure 11.148: case: a = 0.750M. Su-

perior conjunction photon counts, third

pulse.
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Figure 11.149: case: a = 0.750M. Infe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.150: case: a = 0.750M. Supe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.151: case: a = -0.750M. In-

ferior conjunction photon counts, third

pulse.

Figure 11.152: case: a = -0.750M. Su-

perior conjunction photon counts, third

pulse.
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Figure 11.153: case: a = -0.750M. Infe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.154: case: a = -0.750M. Supe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.155: case: a = 0.750M. Inferior

conjunction photon counts, fourth pulse.

Figure 11.156: case: a = 0.750M. Su-

perior conjunction photon counts, fourth

pulse.
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Figure 11.157: case: a = 0.750M. Infe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.158: case: a = 0.750M. Supe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.159: case: a = -0.750M. In-

ferior conjunction photon counts, fourth

pulse.

Figure 11.160: case: a = -0.750M. Su-

perior conjunction photon counts, fourth

pulse.
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Figure 11.161: case: a = -0.750M. Infe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.162: case: a = -0.750M. Supe-

rior conjunction photon timing residuals,

fourth pulse.

This concludes the presentation of photon count and timing residual output for the

cases a = ±0.750M . The next cases to be presented are those of the extremal rotation

cases: a = ±0.998M .

Figure 11.163: case: a = 0.998M. Inferior

conjunction photon counts.

Figure 11.164: case: a = 0.998M. Inferior

conjunction photon timing residuals.
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Figure 11.165: case: a = 0.998M. Supe-

rior conjunction photon counts.

Figure 11.166: case: a = 0.998M. Supe-

rior conjunction photon timing residuals.

Figure 11.167: case: a = -0.998M. Infe-

rior conjunction photon counts.

Figure 11.168: case: a = -0.998M. Infe-

rior conjunction photon timing residuals.
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Figure 11.169: case: a = -0.998M. Supe-

rior conjunction photon counts.

Figure 11.170: case: a = -0.998M. Supe-

rior conjunction photon timing residuals.

Individual pulse close-up output for the extremal rotational cases a = ±0.998M is pre-

sented below.

Figure 11.171: case: a = 0.998M. Inferior

conjunction photon counts, first pulse.

Figure 11.172: case: a = 0.998M. Su-

perior conjunction photon counts, first

pulse.
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Figure 11.173: case: a = 0.998M. Inferior

conjunction photon timing residuals, first

pulse.

Figure 11.174: case: a = 0.998M. Supe-

rior conjunction photon timing residuals,

first pulse.

Figure 11.175: case: a = -0.998M. In-

ferior conjunction photon counts, first

pulse.

Figure 11.176: case: a = -0.998M. Su-

perior conjunction photon counts, first

pulse.
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Figure 11.177: case: a = -0.998M. Infe-

rior conjunction photon timing residuals,

first pulse.

Figure 11.178: case: a = -0.998M. Supe-

rior conjunction photon timing residuals,

first pulse.

Figure 11.179: case: a = 0.998M. Inferior

conjunction photon counts, second pulse.

Figure 11.180: case: a = 0.998M. Su-

perior conjunction photon counts, second

pulse.
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Figure 11.181: case: a = 0.998M. Infe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.182: case: a = 0.998M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.183: case: a = -0.998M. In-

ferior conjunction photon counts, second

pulse.

Figure 11.184: case: a = -0.998M. Su-

perior conjunction photon counts, second

pulse.
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Figure 11.185: case: a = -0.998M. Infe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.186: case: a = -0.998M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.187: case: a = 0.998M. Inferior

conjunction photon counts, third pulse.

Figure 11.188: case: a = 0.998M. Su-

perior conjunction photon counts, third

pulse.
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Figure 11.189: case: a = 0.998M. Infe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.190: case: a = 0.998M. Supe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.191: case: a = -0.998M. In-

ferior conjunction photon counts, third

pulse.

Figure 11.192: case: a = -0.998M. Su-

perior conjunction photon counts, third

pulse.
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Figure 11.193: case: a = -0.998M. Infe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.194: case: a = -0.998M. Supe-

rior conjunction photon timing residuals,

third pulse.

Figure 11.195: case: a = 0.998M. Inferior

conjunction photon counts, fourth pulse.

Figure 11.196: case: a = 0.998M. Su-

perior conjunction photon counts, fourth

pulse.
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Figure 11.197: case: a = 0.998M. Infe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.198: case: a = 0.998M. Supe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.199: case: a = -0.998M. In-

ferior conjunction photon counts, fourth

pulse.

Figure 11.200: case: a = -0.998M. Su-

perior conjunction photon counts, fourth

pulse.
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Figure 11.201: case: a = -0.998M. Infe-

rior conjunction photon timing residuals,

fourth pulse.

Figure 11.202: case: a = -0.998M. Supe-

rior conjunction photon timing residuals,

fourth pulse.
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Direct comparisons of pulse data are perhaps the best way of observing the effect of

increasing black-hole rotational parameter. Superior conjunction data was compared for

different cases. The second pulse was selected for comparison, both photon count and tim-

ing residual data was used. The first comparison made was between the non-rotating case,

and that of the extremally rotating case, since this should illustrate the maximal possible

effect of rotation.

Figure 11.203: Non-rotating case: a =

0. Superior conjunction photon counts,

second pulse.

Figure 11.204: case: a = 0.998M. Su-

perior conjunction photon counts, second

pulse.
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Figure 11.205: Non-rotating case: a =

0. Superior conjunction photon timing

residuals, second pulse.

Figure 11.206: case: a = 0.998M. Supe-

rior conjunction photon timing residuals,

second pulse.

The data above indicates that the width of the trough within the pulse was increased by

increasing the rotational parameter of the black-hole. The shape of the residual histogram

was only slightly augmented, the magnitude of timing residuals for the maximally rotating

case were slightly increased with respect to the Schwarzschild case. The next step is to

compare identical black-holes rotating in opposite directions. Two comparisons were made:

firstly, the cases a = ±0.500M were compared; subsequently the extremal case was used for

comparison, as it should emphasize the differences in the data, if any are descernable.
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Figure 11.207: Case: a = -0.500M. Su-

perior conjunction photon counts, second

pulse.

Figure 11.208: Case: a = 0.500M. Su-

perior conjunction photon counts, second

pulse.

Figure 11.209: Case: a = -0.500M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.210: Case: a = 0.500M. Supe-

rior conjunction photon timing residuals,

second pulse.
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Figure 11.211: case: a = -0.998M. Su-

perior conjunction photon counts, second

pulse.

Figure 11.212: case: a = 0.998M. Su-

perior conjunction photon counts, second

pulse.

Figure 11.213: case: a = -0.998M. Supe-

rior conjunction photon timing residuals,

second pulse.

Figure 11.214: case: a = 0.998M. Supe-

rior conjunction photon timing residuals,

second pulse.

The two comparisons above do not yield any discernable difference between output for

black-holes rotating in opposite directions. The shapes of the pulses on either side of the

trough do appear to be slightly different, but these results lack sufficient resolution for fur-
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ther comment. If such a difference exists, it would be useful in determining the direction of

rotation of the black-hole. Results obtained using this code on a cluster with a far greater

number of cores may be able to produce results useful for this purpose. An attempt at

improving the quality of the output produced was made by decreasing the magnitude of

the modifications to the polar and azimuthal components of the photon four-momentum.

A single simulation was produced for the case a = −0.998, where the factor controlling the

size of the perturbations was reduced by a multiple of five. Ultimately, this could consti-

tute a simulation for a pulsar with an extremely narrow conical radio-frequency emission.

Alternatively, this data could be considered to be a simulation of increased density at the

centre of the beam for the the original simulation. The results will be compared against the

original simulation for the same case, giving an indication of the necessity of increasing the

density of photons.

Comparitive outputs are presented below, indicating the reduced width of the pulses,

and increased resolution of the superior conjunction output representing scattered photons.

The superior conjunction output was compared against the original simulation run with

wider pulses, although representation of inferior conjunction output is necessary simply to

indicate the change in pulse width in a simple manner. The inferior conjunction histograms

and residual outputs have simply been presented alongside equivalent results from the cor-

responding wider pulse simulation.
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Figure 11.215: Reduced pulse-width.

case: a = -0.998M. Inferior conjunction

photon counts.

Figure 11.216: Original pulse-width.

case: a = -0.998M. Inferior conjunction

photon counts.

Figure 11.217: Reduced pulse-width.

case: a = -0.998M. Inferior conjunction

photon timing residuals.

Figure 11.218: Original pulse-width.

case: a = -0.998M. Inferior conjunction

photon timing residuals.

A single instance of an individual pulse close-up output is presented for the inferior con-

junction data. The second pulse was selected.
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Figure 11.219: Reduced pulse-width.

case: a = -0.998M. Inferior conjunction

photon counts, second pulse.

Figure 11.220: Original pulse-width.

case: a = -0.998M. Inferior conjunction

photon counts, second pulse.

Figure 11.221: Reduced pulse-width.

case: a = -0.998M. Inferior conjunction

photon timing residuals, second pulse.

Figure 11.222: Original pulse-width.

case: a = -0.998M. Inferior conjunction

photon timing residuals, second pulse.

With a reference to the less interesting case of the inferior conjunction complete, the

comparison of reduced pulse-width output with original output for the superior conjunction

detector can now be presented.
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Figure 11.223: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon counts.

Figure 11.224: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon counts.

Figure 11.225: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals.

Figure 11.226: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals.

Individual pulse close-up output for pulse-width comparison of case a = −0.999 is pre-

sented below.



CHAPTER 11. SIMULATION RESULTS AND INTERPRETATIONS 178

Figure 11.227: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon counts, first pulse.

Figure 11.228: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon counts, first pulse.

Figure 11.229: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals, first pulse.

Figure 11.230: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals, first pulse.



CHAPTER 11. SIMULATION RESULTS AND INTERPRETATIONS 179

Figure 11.231: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon counts, second pulse.

Figure 11.232: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon counts, second pulse.

Figure 11.233: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals, second pulse.

Figure 11.234: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals, second pulse.
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Figure 11.235: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon counts, third pulse.

Figure 11.236: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon counts, third pulse.

Figure 11.237: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals, third pulse.

Figure 11.238: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals, third pulse.
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Figure 11.239: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon counts, fourth pulse.

Figure 11.240: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon counts, fourth pulse.

Figure 11.241: Reduced pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals, fourth pulse.

Figure 11.242: Original pulse-width.

case: a = -0.998M. Superior conjunction

photon timing residuals, fourth pulse.

This comparison illustrates the need for a much greater density of photons to simulate

the pulsar’s emission. It is notable that the width of the photon count pulses, as seen

by the detector, were not greatly reduced by reducing the width of the pulses by a factor
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of 5. This may be due to the fact that the time for which pulses are observable is more

dependant on the pulsar rotation period than the width of the actual pulses, especially

when the detector is of much larger area than a realistic case. Selecting a detector smaller

in terms of area would allow for pulse count histograms with much more distinctive gaussian

shape. Furthermore, using the GSL gaussian random number generator (rather than the

STL version) to produce the conical beam shape has been shown to produce pulses with

greater photon density near the cone axis, which would be an improvement. The most

interesting outcome of the reduced pulse-width simulation is the region, within each pulse,

where the number of photons striking the detector was reduced to zero. This corresponds

to even greater timing residual measurements near this empty zone. This indicates that

the beam was so narrowly focused, that there was a period of time for which all photons

sweeping across the event horizon were scattered through large angles when compared with

the incident beam. A portion of the photons struck the event horizon. Ultimately, a decent

simulation would require photon density sufficient to reproduce, and even amplify these

effects, while still allowing the total beam width to represent a realistic radio-frequency

pulsar emission. Such simulations are possible for simple cases, such as the above data-sets,

by use of a cluster to increase total photon count by several orders of magnitude. Ultimately

it would also be more interesting to simulate a realistic pulsar, with rotational period in the

millisecond range. A much faster rotating pulsar would exhibit different superior conjunction

pulse behavior, something which this model would be able to explore. It is clear that for the

section of orbit modelled in the presented output the black-hole did have a discernable affect

on the pulsar’s signal. The orbital fraction simulated would also be increased for cluster

runs, in order to see the progression from unaffected pulses to pulses with large aberration

caused by the presence of the black-hole. This concludes the presentation results for the

simulations produced by my model.



Chapter 12

Conclusions

In this chapter I discuss the conclusions that can be drawn from the simulation results,

as well as some theoretical and numerical considerations relevant to future versions of the

model. The discussion is in three parts. First, I will interpret the simulation results. Then

I will discuss numerical revisions which might improve the results for the idealized model

considered in this thesis. Finally, I will discuss possible revisions to the theoretical content

of the model, with a view to obtaining more realistic simulations in the future.

12.1 Discussion of Simulation Results

The aim of the present simulation was to determine whether it is possible to identify a

characteristic signature in the signal emanating from a pulsar orbiting a stellar mass black-

hole. A further aim was to determine whether information about physical properties of the

black-hole could be obtained by observation of the pulsar signal. The system modelled was

an ideal case in which the binary system is seen edge-on and in which the pulsar is in a

stable circular orbit in the equatorial plane of the Kerr black-hole. The pulsar was assumed

to rotate slowly, with the axis of the conical emission constrained to the equatorial plane of

the Kerr geometry.

The simulation results indicate that the pulsar signal is affected in a predictable man-

ner as it passes through the superior conjunction of the system with respect to a distant

observer. A single pulse was found to be split into two peaks, more or less distinct. The

shape of the split pulse is sensitive to whether the pulsar is approaching or receding from
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the superior conjunction. Similar pulse-splitting was observed in the simulation of Oscoz et

al., [5]. An analysis of the periodicity of a pulse-timing profile such as this would indicate

a deviation from the expected pulsar period as the pulsar nears the superior conjunction of

the system. This phenomenon may provide a basis for identifying a signature emission from

a black-hole/pulsar binary systems. A real pulsar rotates in general much more rapidly than

was assumed in this model in which I used only single machine simulations. This would need

to be corrected in future simulations.

In the present simulation, no effect on the pulse profile was observed as the sense and

magnitude of rotation was changed. There was a discernable difference in the shapes of the

split pulses in the non-rotating and extreme rotating cases, but the effect was not strong

enough to draw any meaningful conclusions. However, obtaining some slight discrepancy in

pulse shapes is an exciting result, since it suggests that simulations with photon numbers

larger by several orders of magnitude may be more successful in extracting such information.

The simulations also display other forms of interesting phenomena. Many interesting

images of the scatter of photons from a black-hole have been obtained. However, they cannot

be presented in this thesis due to the inability to effectively crop and edit them with my

present machine. I have stored many graphical representations of the trajectories of photons

through the Kerr-geometry in a data repository. These include plots describing the scatter

of large numbers of photons by a slowly rotating black-hole, in which the pulsar is allowed

to complete a full orbit. These reveal the net effect of the presence of the black-hole in the

form of a band of scattered photons above and below the primary band formed by the beam

of the pulsar as it sweeps through relatively flat spacetime. This suggests that it may be

possible to detect the scattered emission from a very luminous pulsar, whose primary beam

emission is not incident on the earth. The observed pulses for such a system would be low in

flux, but with a spread larger than the pulsar beam since they consist of photons scattered

over a large number of possible trajectories, each with a different propagation delay. The

observed emission from such a pulsar would constitute a transient source since scattering

into Earth direction occurs only near the superior conjunction. The model developed here

can be used to explore transients of this kind by creating a large array of virtual detectors

at different locations in the sky of the black-hole, and exploring the features of the detected

signals in greater detail.
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As the rotation rate of the black-hole is increased, the size of the scattered band (for a

system where the orbital plane coincides with the equatorial plane) decreases, with photons

being increasingly more focused towards the black-hole equatorial plane. Given an inclined

system with a pulsar not beaming towards earth, it is possible that the beam could be

observed by earth subsequent to being focused into the equatorial plane of the black-hole,

as described by scatter images presented in chapter 11. Selecting a detector location which

falls within the scattered band may yield interesting pulse profiles. However, this was not

explored in this thesis.

The simulation could also test the hypotheses of Wang et al. [8] and Nampalliwar et

al. [9] regarding the detection of highly deflected pulses from pulsars orbiting supermassive

black-holes.

Plots using extremely small time step size (for pulsar motion and rotation) yield effec-

tively ”single-cone” data which helps to illustrate the effect of the black-hole on the beam

of the pulsar. The trajectory data for each photon was recorded and plotted. However this

procedure generates a large amount of data and considerably extends the computational

time. The simulation is thus capable of producing very detailed representations of the scat-

tering effect of the rotating black-hole. Computers with considerably larger data storage

capability and RAM would enable one to plot these very large data files, allowing graphical

representation of strong-field effects on a pulsar beam. I have several single-cone images

stored in a data repository. With the limited computing facilities abailable to me, I was

able to save only the scatter information as recorded at the Dyson Sphere. This information

indicates clearly the substantial effect which black-holes have on the pulsar signal.

The code has been set up specifically for the simulation of black-hole pulsar binary

systems. However, with alteration of only a few constituent modules, a vast number of

different simulations mapping the effects of highly curved spacetime on photons can be

performed. Maximum proximity tests were performed at high precision for only a small set

of parameters, yielding interesting results. The most notable was the ability of a black-hole

to capture a photon, for a finite amount of time, in a pseudo-circular orbit. The prospect of

a stellar mass black-hole within the galactic disk would imply that the black-hole would be



CHAPTER 12. CONCLUSIONS 186

subject to an incidence of radiation from all directions. The short-lived capture of a tiny

fraction of this radiation implies that black-holes could maintain a field of photons at a radial

distance specific to its physical properties and location. These photons would be particularly

high in energy as they had been gravitationally blue-shifted upon their descent towards the

black-hole, and thus, a population of high-energy photons could exist, and be constantly

scattered about the black-hole. A field of high-energy photons in the highly-curved space-

time around a black-hole could give rise to quantum field effects, such as particle creation.

Increasing the angular momentum of the black-hole results in the preferential scattering

of photons in the equatorial plane (perpendicular to the spin axis). With particular refer-

ence to the inferred supermassive black-hole at the centre of our galaxy, incident light from

galactic and inter-galactic space would be scattered with much greater luminosity in and

about the black-hole’s equatorial plane, thus affecting the manner in which radiation perme-

ates outwards. This could explain the immense electromagnetic interference seen from the

galactic hub. If black-holes are present in sufficient numbers and with a sufficiently isotropic

distribution about the galaxy, the manner in which they scatter incident radiation as a func-

tion of their angular momentum could have far-reaching consequences. Ultimately, I would

like to simulate a black-hole at a particular location within a galaxy of a specific geometry,

and determine the resulting influx and scatter of photons by the black-hole for an extended

period of time. The results may provide insight into how the presence of an anomylous

distribution of black-holes throughout a galaxy would affect the dynamics thereof.

12.2 Future Developments, Numerical and Theoretical.

12.2.1 Numerical revisions necessary for further developement.

• Detector size must be reduced as the present size does not allow for pulses to produce

the correct gaussian shape when considering the photon count histograms.

• The simulation must be configured to represent known physical cases, so as to test

the numerical operation against known physical results, such as the magnitude of the

Shapiro delay for a known binary pulsar system.

• Sufficient processing resources must be used to produce reasonable simulation data.
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This is only possible by making use of cluster computing system, and subsequently a

grid infrastructure incorporating several clusters. Ultimately, the aim is to produce

simulations which incorporate the trajectories of at least 1011 photons, thus producing

far superior statistical data. Photon numbers must be increased to enable the reduction

of time-bin size to a scale comparable with current antenna sensitivity.

• A more advanced version of the Runge-Kutta subroutine has been written, but not

implemented. This version uses several loops to generate the necessary intermediate

terms and stores them within a predefined array, which updates the necessary en-

try with each loop iteration. The use of this subroutine would reduce the memory

requirement of the most calculation intensive part of the code, possibly allowing for

the entire calculation to occur within the cache memory for much faster processing of

information.

12.2.2 Theoretical generalizations and extensions.

• Photon four-momentum components must be calculated in the local reference frame of

the pulsar. This calculation must incorporate the contraction of the four-momentum

such that a null geodesic is selected, after which the components must be calculated

in the Kerr metric by use of the necessary transformations. This theoretical develope-

ment also solves the numerical deficiency of insufficient photon density of pulsar beam

directions tangential to the circular orbit. Furthermore, the time component of the

photon four-momentum must be solved explicitly, rather than be set to a constant.

• The rotational period of the Pulsar must be reduced to the millisecond range, so as

to simulate a real millisecond pulsar emission. Ultimately pulsars can be modelled to

fall within physical parameter ranges as specified by Lipunov et al. [3].

• The pulsar’s orbit must be generalized. This may occur in various phases, beginning

with simply altering the eccentricity of the orbit for an ellipse, and subsequently tak-

ing into account phenomena such as the decay of the orbit via gravitational radiation.

Ultimately the most accurate possible description of the orbital mechanics of a com-

pact binary system must be utilized, hence the discussion of the PPN equations of

motion for such systems within this thesis. The asymmetry (variability of the radial

separation) of the pulsar’s orbit as it passes through the superior conjunction of the

system with respect to a distant observer would cause a certain amount of asymmetry
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in the histogram of photon counts, as the pulsar was nearer to the black hole on one

side of the superior conjunction and further on the other.

• Orbits of different inclinations need to be considered. The orbital plane coinciding

with the equatorial plane of the Kerr geometry is an ideal situation. However, the

black-hole can be expected to have an accretion disk in its equatorial plane which

would disrupt the pulsar’s signal. For such situations, one needs to consider a model

in which the orbital plane of the binary system is inclined with respect to the equatorial

plane of the Kerr black-hole.

• The motion of the black-hole requires revision of the theory on which the model is

constructed. The null geodesics of the photons must be calculated in the spacetime

resulting from an overlay of the Kerr geometry, and the geometry of the pulsar. The

correct approach would be to formulate a time-dependant metric which takes into

account the motion of the black-hole, as well as the non-zero pulsar mass. For photons

travelling close to the event horizon, a slight shift in the position of the black-hole would

have a strong effect on the direction of scatter. The sensitivity of input direction used

for the maximum proximity tests described in chapter 11 illustrates this scenario very

well, with the adjustment of the input four-momentum initial conditions, even at the

20th decimal place having a drastic affect on the final phase angle of the photon when

it hits the Dyson Sphere. Ultimately the work must be comparable with analytical

studies such as the one performed by Rafikov and Lai, [7], describing the effect of a

moving lens on the propagation of the pulsar’s signal.

• The precession of the spin axis of the pulsar due to the Lense Thirring [? ] effect

needs to be taken into account. Such theoretical considerations have been made by

Wex and Kopeikin [6], as they seek to obtain physicical information by studying the

precessional effects on the pulsar’s signal.

• Polarization data represents an additional method of obtaining useful information

from black-hole/pulsar binary systems. This is a difficult problem, due to the pres-

ence of both black-hole and pulsar magnetospheres. Hence a net effect of Faraday

rotation through the magnetospheres, as well as the effect of the highly-curved, rotat-

ing spacetime on the relativistic polarization four-vector, ought to be calculated. The

numerical implementation of these calculations would not be difficult, but the theo-

retical framework regarding the physical properties of the pulsar magnetosphere must
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be studied in detail. The present simulation models the pulsar’s beam orthogonal to

the spin axis, thus describing a specific case of pulsar magneto-electrodynamics, the

orthogonal rotator, see Michel et al.[33].

• The relation between the physical properties of a pulsar and its resulting radio-

frequency emission must be studied in detail, so as to implement more realistic models

of photon emission from the pulsar. A starting point may be the implementation of

the Rotating Vector Model, by Radhakrishnan et al. [16], and work by Lyne and

Manchester [17].

• The dependance of the signal on the interstellar distance it must travel from the pulsar

to earth has not been taken into account. Models exist to describe the effect that this

journey would have on the signal, and should be implemented to generate more realistic

simulations for comparison with observation.

• The effect of the motion of the solar system relative to the black-hole/pulsar binary

system must be considered. Although the time-scale of the simulation is relatively tiny

when compared with the motion of each stellar system, in the context of the present

simulation, this could be accounted for by making necessary adjustments to the size

and position of the detector in the sky of the black-hole. Theoretical methods must

therefore be developed to perform this calculation.

In conclusion, the results presented in this thesis indicate the possibility of direct detec-

tion of the presence of a black-hole in a binary system with a pulsar, with subsequent studies

representing the possibility of gaining useful physical information describing the properties

of the two compact objects comprising the system. Although the model is only capable of

simulating the ideal case scenarios as described in this thesis, the revision and generalization

of the simulations described by the above points is a possibility which could yield exciting

results. Comparison of the simulation results with observation may provide a conclusive

test-bed for the validation of General Relativity in its most extreme regime of highly-curved

and rapidly rotating spacetime. The potential of the model presented in this thesis is vast,

and the scale of the project required to bring the work to a level whereby realistic results can

be produced is substantial. I hope to be able to develop this method further, and produce

more interesting results in the future.
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