
Chapter 1

Di↵erential Vector Operators

1.1 Scalar and Vector Fields

A field is a physical quantity having a value at every point within some region (domain) D
of space. In this course we will define fields in two and three spatial dimensions, D ⇢ R2

or D ⇢ R3. If the domain is not specified we assume that it is equal to the entire space.
Examples of fields are air pressure, temperature, velocity of water in the ocean, force,
electric and magnetic fields. One distinguishes between scalar fields and vector fields:

• A scalar field is a physical quantity having a value but no direction at every point
r = (x, y, x) in the domain. Examples are pressure and temperature.

� : D ⇢ R3 �! R
r �! �(r). (1.1)

• A vector field is a physical quantity having both direction and magnitude at every
point r = (x, y, x) in the domain. Examples include velocity, force, and electric and
magnetic fields.

A : D ⇢ R3 �! R3

r �! A(r) =

0

@
Ax(r)
Ay(r)
Az(r)

1

A . (1.2)

The main focus of Physics is on understanding how fields vary in space and time. This is
equally the case for classical mechanics, quantum mechanics, electromagnetism, fluid dy-
namics, and quantum field theory. Local variations of fields will be described by di↵erential
vector operators which we will introduce in this chapter.
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<latexit sha1_base64="s0n4lSfT6E9CkGJpD/V1EpP3gIw=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqyGUEh4MVjBLNAMoSeTk/SpGexu0cIQ37CiwdFvPo73vwbO4ugog8KHu9VUVXPiwVXGuMPK7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFraq4F68SSkcATrO2Nr2Z++55JxaPwVk9i5gZkGHKfU6KN1OnFI36J7Uo/X8B2CZecKkbYLhdrldq5IdWyETBybDxHAZZo9PPvvUFEk4CFmgqiVNfBsXZTIjWngk1zvUSxmNAxGbKuoSEJmHLT+b1TdGKUAfIjaSrUaK5+n0hJoNQk8ExnQPRI/fZm4l9eN9F+zU15GCeahXSxyE8E0hGaPY8GXDKqxcQQQiU3tyI6IpJQbSLKmRC+PkX/k1bRdgy/KRfqF8s4snAEx3AKDpxBHa6hAU2gIOABnuDZurMerRfrddGasZYzh/AD1tsnR+aPcw==</latexit><latexit sha1_base64="s0n4lSfT6E9CkGJpD/V1EpP3gIw=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqyGUEh4MVjBLNAMoSeTk/SpGexu0cIQ37CiwdFvPo73vwbO4ugog8KHu9VUVXPiwVXGuMPK7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFraq4F68SSkcATrO2Nr2Z++55JxaPwVk9i5gZkGHKfU6KN1OnFI36J7Uo/X8B2CZecKkbYLhdrldq5IdWyETBybDxHAZZo9PPvvUFEk4CFmgqiVNfBsXZTIjWngk1zvUSxmNAxGbKuoSEJmHLT+b1TdGKUAfIjaSrUaK5+n0hJoNQk8ExnQPRI/fZm4l9eN9F+zU15GCeahXSxyE8E0hGaPY8GXDKqxcQQQiU3tyI6IpJQbSLKmRC+PkX/k1bRdgy/KRfqF8s4snAEx3AKDpxBHa6hAU2gIOABnuDZurMerRfrddGasZYzh/AD1tsnR+aPcw==</latexit><latexit sha1_base64="s0n4lSfT6E9CkGJpD/V1EpP3gIw=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqyGUEh4MVjBLNAMoSeTk/SpGexu0cIQ37CiwdFvPo73vwbO4ugog8KHu9VUVXPiwVXGuMPK7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFraq4F68SSkcATrO2Nr2Z++55JxaPwVk9i5gZkGHKfU6KN1OnFI36J7Uo/X8B2CZecKkbYLhdrldq5IdWyETBybDxHAZZo9PPvvUFEk4CFmgqiVNfBsXZTIjWngk1zvUSxmNAxGbKuoSEJmHLT+b1TdGKUAfIjaSrUaK5+n0hJoNQk8ExnQPRI/fZm4l9eN9F+zU15GCeahXSxyE8E0hGaPY8GXDKqxcQQQiU3tyI6IpJQbSLKmRC+PkX/k1bRdgy/KRfqF8s4snAEx3AKDpxBHa6hAU2gIOABnuDZurMerRfrddGasZYzh/AD1tsnR+aPcw==</latexit><latexit sha1_base64="s0n4lSfT6E9CkGJpD/V1EpP3gIw=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqyGUEh4MVjBLNAMoSeTk/SpGexu0cIQ37CiwdFvPo73vwbO4ugog8KHu9VUVXPiwVXGuMPK7Oyura+kd3MbW3v7O7l9w9aKkokZU0aiUh2PKKY4CFraq4F68SSkcATrO2Nr2Z++55JxaPwVk9i5gZkGHKfU6KN1OnFI36J7Uo/X8B2CZecKkbYLhdrldq5IdWyETBybDxHAZZo9PPvvUFEk4CFmgqiVNfBsXZTIjWngk1zvUSxmNAxGbKuoSEJmHLT+b1TdGKUAfIjaSrUaK5+n0hJoNQk8ExnQPRI/fZm4l9eN9F+zU15GCeahXSxyE8E0hGaPY8GXDKqxcQQQiU3tyI6IpJQbSLKmRC+PkX/k1bRdgy/KRfqF8s4snAEx3AKDpxBHa6hAU2gIOABnuDZurMerRfrddGasZYzh/AD1tsnR+aPcw==</latexit>

� = 0.6
<latexit sha1_base64="BlE56E2Rv5oAA38S1KEXudkrRrM=">AAAB73icdVDLSgNBEOz1GeMr6tHLYBA8LbNJjBEUAl48RjAPSJYwO5kkQ2Zn15lZISz5CS8eFPHq73jzb5w8BBUtaCiquunuCmLBtcH4w1laXlldW89sZDe3tnd2c3v7DR0lirI6jUSkWgHRTHDJ6oYbwVqxYiQMBGsGo6up37xnSvNI3ppxzPyQDCTvc0qMlVqdeMgvsVvu5vLYLeKiV8YIu6VC5bRybkm5ZAWMPBfPkIcFat3ce6cX0SRk0lBBtG57ODZ+SpThVLBJtpNoFhM6IgPWtlSSkGk/nd07QcdW6aF+pGxJg2bq94mUhFqPw8B2hsQM9W9vKv7ltRPTr/gpl3FimKTzRf1EIBOh6fOoxxWjRowtIVRxeyuiQ6IINTairA3h61P0P2kUXM/ym1K+erGIIwOHcAQn4MEZVOEaalAHCgIe4AmenTvn0XlxXuetS85i5gB+wHn7BElqj3Q=</latexit><latexit sha1_base64="BlE56E2Rv5oAA38S1KEXudkrRrM=">AAAB73icdVDLSgNBEOz1GeMr6tHLYBA8LbNJjBEUAl48RjAPSJYwO5kkQ2Zn15lZISz5CS8eFPHq73jzb5w8BBUtaCiquunuCmLBtcH4w1laXlldW89sZDe3tnd2c3v7DR0lirI6jUSkWgHRTHDJ6oYbwVqxYiQMBGsGo6up37xnSvNI3ppxzPyQDCTvc0qMlVqdeMgvsVvu5vLYLeKiV8YIu6VC5bRybkm5ZAWMPBfPkIcFat3ce6cX0SRk0lBBtG57ODZ+SpThVLBJtpNoFhM6IgPWtlSSkGk/nd07QcdW6aF+pGxJg2bq94mUhFqPw8B2hsQM9W9vKv7ltRPTr/gpl3FimKTzRf1EIBOh6fOoxxWjRowtIVRxeyuiQ6IINTairA3h61P0P2kUXM/ym1K+erGIIwOHcAQn4MEZVOEaalAHCgIe4AmenTvn0XlxXuetS85i5gB+wHn7BElqj3Q=</latexit><latexit sha1_base64="BlE56E2Rv5oAA38S1KEXudkrRrM=">AAAB73icdVDLSgNBEOz1GeMr6tHLYBA8LbNJjBEUAl48RjAPSJYwO5kkQ2Zn15lZISz5CS8eFPHq73jzb5w8BBUtaCiquunuCmLBtcH4w1laXlldW89sZDe3tnd2c3v7DR0lirI6jUSkWgHRTHDJ6oYbwVqxYiQMBGsGo6up37xnSvNI3ppxzPyQDCTvc0qMlVqdeMgvsVvu5vLYLeKiV8YIu6VC5bRybkm5ZAWMPBfPkIcFat3ce6cX0SRk0lBBtG57ODZ+SpThVLBJtpNoFhM6IgPWtlSSkGk/nd07QcdW6aF+pGxJg2bq94mUhFqPw8B2hsQM9W9vKv7ltRPTr/gpl3FimKTzRf1EIBOh6fOoxxWjRowtIVRxeyuiQ6IINTairA3h61P0P2kUXM/ym1K+erGIIwOHcAQn4MEZVOEaalAHCgIe4AmenTvn0XlxXuetS85i5gB+wHn7BElqj3Q=</latexit><latexit sha1_base64="BlE56E2Rv5oAA38S1KEXudkrRrM=">AAAB73icdVDLSgNBEOz1GeMr6tHLYBA8LbNJjBEUAl48RjAPSJYwO5kkQ2Zn15lZISz5CS8eFPHq73jzb5w8BBUtaCiquunuCmLBtcH4w1laXlldW89sZDe3tnd2c3v7DR0lirI6jUSkWgHRTHDJ6oYbwVqxYiQMBGsGo6up37xnSvNI3ppxzPyQDCTvc0qMlVqdeMgvsVvu5vLYLeKiV8YIu6VC5bRybkm5ZAWMPBfPkIcFat3ce6cX0SRk0lBBtG57ODZ+SpThVLBJtpNoFhM6IgPWtlSSkGk/nd07QcdW6aF+pGxJg2bq94mUhFqPw8B2hsQM9W9vKv7ltRPTr/gpl3FimKTzRf1EIBOh6fOoxxWjRowtIVRxeyuiQ6IINTairA3h61P0P2kUXM/ym1K+erGIIwOHcAQn4MEZVOEaalAHCgIe4AmenTvn0XlxXuetS85i5gB+wHn7BElqj3Q=</latexit>

� = 0.7
<latexit sha1_base64="NAClG9Ux9TEIG0eXHb2Bb5K70LU=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqSmERQCHjxGMEskAyhp9OTNOlZ7O4RwpCf8OJBEa/+jjf/xs4iqOiDgsd7VVTV82LBlcb4w8qsrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImpprwTqxZCTwBGt746uZ375nUvEovNWTmLkBGYbc55RoI3V68YhfYrvazxewXcIlp4IRtsvF2lnt3JBK2QgYOTaeowBLNPr5994goknAQk0FUarr4Fi7KZGaU8GmuV6iWEzomAxZ19CQBEy56fzeKToxygD5kTQVajRXv0+kJFBqEnimMyB6pH57M/Evr5tov+amPIwTzUK6WOQnAukIzZ5HAy4Z1WJiCKGSm1sRHRFJqDYR5UwIX5+i/0mraDuG35QL9YtlHFk4gmM4BQeqUIdraEATKAh4gCd4tu6sR+vFel20ZqzlzCH8gPX2CUruj3U=</latexit><latexit sha1_base64="NAClG9Ux9TEIG0eXHb2Bb5K70LU=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqSmERQCHjxGMEskAyhp9OTNOlZ7O4RwpCf8OJBEa/+jjf/xs4iqOiDgsd7VVTV82LBlcb4w8qsrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImpprwTqxZCTwBGt746uZ375nUvEovNWTmLkBGYbc55RoI3V68YhfYrvazxewXcIlp4IRtsvF2lnt3JBK2QgYOTaeowBLNPr5994goknAQk0FUarr4Fi7KZGaU8GmuV6iWEzomAxZ19CQBEy56fzeKToxygD5kTQVajRXv0+kJFBqEnimMyB6pH57M/Evr5tov+amPIwTzUK6WOQnAukIzZ5HAy4Z1WJiCKGSm1sRHRFJqDYR5UwIX5+i/0mraDuG35QL9YtlHFk4gmM4BQeqUIdraEATKAh4gCd4tu6sR+vFel20ZqzlzCH8gPX2CUruj3U=</latexit><latexit sha1_base64="NAClG9Ux9TEIG0eXHb2Bb5K70LU=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqSmERQCHjxGMEskAyhp9OTNOlZ7O4RwpCf8OJBEa/+jjf/xs4iqOiDgsd7VVTV82LBlcb4w8qsrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImpprwTqxZCTwBGt746uZ375nUvEovNWTmLkBGYbc55RoI3V68YhfYrvazxewXcIlp4IRtsvF2lnt3JBK2QgYOTaeowBLNPr5994goknAQk0FUarr4Fi7KZGaU8GmuV6iWEzomAxZ19CQBEy56fzeKToxygD5kTQVajRXv0+kJFBqEnimMyB6pH57M/Evr5tov+amPIwTzUK6WOQnAukIzZ5HAy4Z1WJiCKGSm1sRHRFJqDYR5UwIX5+i/0mraDuG35QL9YtlHFk4gmM4BQeqUIdraEATKAh4gCd4tu6sR+vFel20ZqzlzCH8gPX2CUruj3U=</latexit><latexit sha1_base64="NAClG9Ux9TEIG0eXHb2Bb5K70LU=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqSmERQCHjxGMEskAyhp9OTNOlZ7O4RwpCf8OJBEa/+jjf/xs4iqOiDgsd7VVTV82LBlcb4w8qsrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImpprwTqxZCTwBGt746uZ375nUvEovNWTmLkBGYbc55RoI3V68YhfYrvazxewXcIlp4IRtsvF2lnt3JBK2QgYOTaeowBLNPr5994goknAQk0FUarr4Fi7KZGaU8GmuV6iWEzomAxZ19CQBEy56fzeKToxygD5kTQVajRXv0+kJFBqEnimMyB6pH57M/Evr5tov+amPIwTzUK6WOQnAukIzZ5HAy4Z1WJiCKGSm1sRHRFJqDYR5UwIX5+i/0mraDuG35QL9YtlHFk4gmM4BQeqUIdraEATKAh4gCd4tu6sR+vFel20ZqzlzCH8gPX2CUruj3U=</latexit>

� = 0.8
<latexit sha1_base64="n9JBPwQAwzPWBq7kZ590nqLuDg4=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPQ08S4wgKAS8eI5gFkiH0dHqSJj2L3T1CGPITXjwo4tXf8ebf2FkEFX1Q8Hiviqp6fiK40hh/WEvLK6tr67mN/ObW9s5uYW+/qeJUUtagsYhl2yeKCR6xhuZasHYiGQl9wVr+6Grqt+6ZVDyObvU4YV5IBhEPOCXaSO1uMuSX2HZ7hSK2y7jsVDHCdqXknrrnhlQrRsDIsfEMRVig3iu8d/sxTUMWaSqIUh0HJ9rLiNScCjbJd1PFEkJHZMA6hkYkZMrLZvdO0LFR+iiIpalIo5n6fSIjoVLj0DedIdFD9dubin95nVQHrpfxKEk1i+h8UZAKpGM0fR71uWRUi7EhhEpubkV0SCSh2kSUNyF8fYr+J82S7Rh+UynWLhZx5OAQjuAEHDiDGlxDHRpAQcADPMGzdWc9Wi/W67x1yVrMHMAPWG+fTHKPdg==</latexit><latexit sha1_base64="n9JBPwQAwzPWBq7kZ590nqLuDg4=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPQ08S4wgKAS8eI5gFkiH0dHqSJj2L3T1CGPITXjwo4tXf8ebf2FkEFX1Q8Hiviqp6fiK40hh/WEvLK6tr67mN/ObW9s5uYW+/qeJUUtagsYhl2yeKCR6xhuZasHYiGQl9wVr+6Grqt+6ZVDyObvU4YV5IBhEPOCXaSO1uMuSX2HZ7hSK2y7jsVDHCdqXknrrnhlQrRsDIsfEMRVig3iu8d/sxTUMWaSqIUh0HJ9rLiNScCjbJd1PFEkJHZMA6hkYkZMrLZvdO0LFR+iiIpalIo5n6fSIjoVLj0DedIdFD9dubin95nVQHrpfxKEk1i+h8UZAKpGM0fR71uWRUi7EhhEpubkV0SCSh2kSUNyF8fYr+J82S7Rh+UynWLhZx5OAQjuAEHDiDGlxDHRpAQcADPMGzdWc9Wi/W67x1yVrMHMAPWG+fTHKPdg==</latexit><latexit sha1_base64="n9JBPwQAwzPWBq7kZ590nqLuDg4=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPQ08S4wgKAS8eI5gFkiH0dHqSJj2L3T1CGPITXjwo4tXf8ebf2FkEFX1Q8Hiviqp6fiK40hh/WEvLK6tr67mN/ObW9s5uYW+/qeJUUtagsYhl2yeKCR6xhuZasHYiGQl9wVr+6Grqt+6ZVDyObvU4YV5IBhEPOCXaSO1uMuSX2HZ7hSK2y7jsVDHCdqXknrrnhlQrRsDIsfEMRVig3iu8d/sxTUMWaSqIUh0HJ9rLiNScCjbJd1PFEkJHZMA6hkYkZMrLZvdO0LFR+iiIpalIo5n6fSIjoVLj0DedIdFD9dubin95nVQHrpfxKEk1i+h8UZAKpGM0fR71uWRUi7EhhEpubkV0SCSh2kSUNyF8fYr+J82S7Rh+UynWLhZx5OAQjuAEHDiDGlxDHRpAQcADPMGzdWc9Wi/W67x1yVrMHMAPWG+fTHKPdg==</latexit><latexit sha1_base64="n9JBPwQAwzPWBq7kZ590nqLuDg4=">AAAB73icdVDJSgNBEK1xjXGLevTSGARPQ08S4wgKAS8eI5gFkiH0dHqSJj2L3T1CGPITXjwo4tXf8ebf2FkEFX1Q8Hiviqp6fiK40hh/WEvLK6tr67mN/ObW9s5uYW+/qeJUUtagsYhl2yeKCR6xhuZasHYiGQl9wVr+6Grqt+6ZVDyObvU4YV5IBhEPOCXaSO1uMuSX2HZ7hSK2y7jsVDHCdqXknrrnhlQrRsDIsfEMRVig3iu8d/sxTUMWaSqIUh0HJ9rLiNScCjbJd1PFEkJHZMA6hkYkZMrLZvdO0LFR+iiIpalIo5n6fSIjoVLj0DedIdFD9dubin95nVQHrpfxKEk1i+h8UZAKpGM0fR71uWRUi7EhhEpubkV0SCSh2kSUNyF8fYr+J82S7Rh+UynWLhZx5OAQjuAEHDiDGlxDHRpAQcADPMGzdWc9Wi/W67x1yVrMHMAPWG+fTHKPdg==</latexit>

� = 0.9
<latexit sha1_base64="1d82CUqjA8WmZ7a5MaaAN4Z/5yk=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqSGBNQCHjxGMEskAyhp9OTNOlZ7O4RwpCf8OJBEa/+jjf/xs4iqOiDgsd7VVTV82LBlcb4w8qsrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImpprwTqxZCTwBGt746uZ375nUvEovNWTmLkBGYbc55RoI3V68YhfYrvWzxewXcIlp4IRtsvF6lm1ZkilbASMHBvPUYAlGv38e28Q0SRgoaaCKNV1cKzdlEjNqWDTXC9RLCZ0TIasa2hIAqbcdH7vFJ0YZYD8SJoKNZqr3ydSEig1CTzTGRA9Ur+9mfiX1020X3VTHsaJZiFdLPITgXSEZs+jAZeMajExhFDJza2IjogkVJuIciaEr0/R/6RVtB3Db8qF+sUyjiwcwTGcggPnUIdraEATKAh4gCd4tu6sR+vFel20ZqzlzCH8gPX2CU32j3c=</latexit><latexit sha1_base64="1d82CUqjA8WmZ7a5MaaAN4Z/5yk=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqSGBNQCHjxGMEskAyhp9OTNOlZ7O4RwpCf8OJBEa/+jjf/xs4iqOiDgsd7VVTV82LBlcb4w8qsrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImpprwTqxZCTwBGt746uZ375nUvEovNWTmLkBGYbc55RoI3V68YhfYrvWzxewXcIlp4IRtsvF6lm1ZkilbASMHBvPUYAlGv38e28Q0SRgoaaCKNV1cKzdlEjNqWDTXC9RLCZ0TIasa2hIAqbcdH7vFJ0YZYD8SJoKNZqr3ydSEig1CTzTGRA9Ur+9mfiX1020X3VTHsaJZiFdLPITgXSEZs+jAZeMajExhFDJza2IjogkVJuIciaEr0/R/6RVtB3Db8qF+sUyjiwcwTGcggPnUIdraEATKAh4gCd4tu6sR+vFel20ZqzlzCH8gPX2CU32j3c=</latexit><latexit sha1_base64="1d82CUqjA8WmZ7a5MaaAN4Z/5yk=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqSGBNQCHjxGMEskAyhp9OTNOlZ7O4RwpCf8OJBEa/+jjf/xs4iqOiDgsd7VVTV82LBlcb4w8qsrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImpprwTqxZCTwBGt746uZ375nUvEovNWTmLkBGYbc55RoI3V68YhfYrvWzxewXcIlp4IRtsvF6lm1ZkilbASMHBvPUYAlGv38e28Q0SRgoaaCKNV1cKzdlEjNqWDTXC9RLCZ0TIasa2hIAqbcdH7vFJ0YZYD8SJoKNZqr3ydSEig1CTzTGRA9Ur+9mfiX1020X3VTHsaJZiFdLPITgXSEZs+jAZeMajExhFDJza2IjogkVJuIciaEr0/R/6RVtB3Db8qF+sUyjiwcwTGcggPnUIdraEATKAh4gCd4tu6sR+vFel20ZqzlzCH8gPX2CU32j3c=</latexit><latexit sha1_base64="1d82CUqjA8WmZ7a5MaaAN4Z/5yk=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4GnqSGBNQCHjxGMEskAyhp9OTNOlZ7O4RwpCf8OJBEa/+jjf/xs4iqOiDgsd7VVTV82LBlcb4w8qsrK6tb2Q3c1vbO7t7+f2DlooSSVmTRiKSHY8oJnjImpprwTqxZCTwBGt746uZ375nUvEovNWTmLkBGYbc55RoI3V68YhfYrvWzxewXcIlp4IRtsvF6lm1ZkilbASMHBvPUYAlGv38e28Q0SRgoaaCKNV1cKzdlEjNqWDTXC9RLCZ0TIasa2hIAqbcdH7vFJ0YZYD8SJoKNZqr3ydSEig1CTzTGRA9Ur+9mfiX1020X3VTHsaJZiFdLPITgXSEZs+jAZeMajExhFDJza2IjogkVJuIciaEr0/R/6RVtB3Db8qF+sUyjiwcwTGcggPnUIdraEATKAh4gCd4tu6sR+vFel20ZqzlzCH8gPX2CU32j3c=</latexit>

D
<latexit sha1_base64="/ZP/fRCNbzNhtJArNIWWoJKfdRc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaCt4KOjBYwu2FdpQNttJu3azCbsboYT+Ai8eFPHqT/Lmv3HTVlDRBwOP92aYmefHnClt2x9WbmV1bX0jv1nY2t7Z3SvuH3RUlEgKbRrxSN76RAFnAtqaaQ63sQQS+hy6/uQy87v3IBWLxI2exuCFZCRYwCjRRmpdDYolu3xer1bcKrbLtl1zKk5GKjX3zMWOUTKU0BLNQfG9P4xoEoLQlBOleo4day8lUjPKYVboJwpiQidkBD1DBQlBeen80Bk+McoQB5E0JTSeq98nUhIqNQ190xkSPVa/vUz8y+slOqh7KRNxokHQxaIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKZgQvj7F/5NOpewY3nJLjYtlHHl0hI7RKXJQDTXQNWqiNqII0AN6Qs/WnfVovVivi9actZw5RD9gvX0C9ayNBA==</latexit><latexit sha1_base64="/ZP/fRCNbzNhtJArNIWWoJKfdRc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaCt4KOjBYwu2FdpQNttJu3azCbsboYT+Ai8eFPHqT/Lmv3HTVlDRBwOP92aYmefHnClt2x9WbmV1bX0jv1nY2t7Z3SvuH3RUlEgKbRrxSN76RAFnAtqaaQ63sQQS+hy6/uQy87v3IBWLxI2exuCFZCRYwCjRRmpdDYolu3xer1bcKrbLtl1zKk5GKjX3zMWOUTKU0BLNQfG9P4xoEoLQlBOleo4day8lUjPKYVboJwpiQidkBD1DBQlBeen80Bk+McoQB5E0JTSeq98nUhIqNQ190xkSPVa/vUz8y+slOqh7KRNxokHQxaIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKZgQvj7F/5NOpewY3nJLjYtlHHl0hI7RKXJQDTXQNWqiNqII0AN6Qs/WnfVovVivi9actZw5RD9gvX0C9ayNBA==</latexit><latexit sha1_base64="/ZP/fRCNbzNhtJArNIWWoJKfdRc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaCt4KOjBYwu2FdpQNttJu3azCbsboYT+Ai8eFPHqT/Lmv3HTVlDRBwOP92aYmefHnClt2x9WbmV1bX0jv1nY2t7Z3SvuH3RUlEgKbRrxSN76RAFnAtqaaQ63sQQS+hy6/uQy87v3IBWLxI2exuCFZCRYwCjRRmpdDYolu3xer1bcKrbLtl1zKk5GKjX3zMWOUTKU0BLNQfG9P4xoEoLQlBOleo4day8lUjPKYVboJwpiQidkBD1DBQlBeen80Bk+McoQB5E0JTSeq98nUhIqNQ190xkSPVa/vUz8y+slOqh7KRNxokHQxaIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKZgQvj7F/5NOpewY3nJLjYtlHHl0hI7RKXJQDTXQNWqiNqII0AN6Qs/WnfVovVivi9actZw5RD9gvX0C9ayNBA==</latexit><latexit sha1_base64="/ZP/fRCNbzNhtJArNIWWoJKfdRc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaCt4KOjBYwu2FdpQNttJu3azCbsboYT+Ai8eFPHqT/Lmv3HTVlDRBwOP92aYmefHnClt2x9WbmV1bX0jv1nY2t7Z3SvuH3RUlEgKbRrxSN76RAFnAtqaaQ63sQQS+hy6/uQy87v3IBWLxI2exuCFZCRYwCjRRmpdDYolu3xer1bcKrbLtl1zKk5GKjX3zMWOUTKU0BLNQfG9P4xoEoLQlBOleo4day8lUjPKYVboJwpiQidkBD1DBQlBeen80Bk+McoQB5E0JTSeq98nUhIqNQ190xkSPVa/vUz8y+slOqh7KRNxokHQxaIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKZgQvj7F/5NOpewY3nJLjYtlHHl0hI7RKXJQDTXQNWqiNqII0AN6Qs/WnfVovVivi9actZw5RD9gvX0C9ayNBA==</latexit>

D
<latexit sha1_base64="/ZP/fRCNbzNhtJArNIWWoJKfdRc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaCt4KOjBYwu2FdpQNttJu3azCbsboYT+Ai8eFPHqT/Lmv3HTVlDRBwOP92aYmefHnClt2x9WbmV1bX0jv1nY2t7Z3SvuH3RUlEgKbRrxSN76RAFnAtqaaQ63sQQS+hy6/uQy87v3IBWLxI2exuCFZCRYwCjRRmpdDYolu3xer1bcKrbLtl1zKk5GKjX3zMWOUTKU0BLNQfG9P4xoEoLQlBOleo4day8lUjPKYVboJwpiQidkBD1DBQlBeen80Bk+McoQB5E0JTSeq98nUhIqNQ190xkSPVa/vUz8y+slOqh7KRNxokHQxaIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKZgQvj7F/5NOpewY3nJLjYtlHHl0hI7RKXJQDTXQNWqiNqII0AN6Qs/WnfVovVivi9actZw5RD9gvX0C9ayNBA==</latexit><latexit sha1_base64="/ZP/fRCNbzNhtJArNIWWoJKfdRc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaCt4KOjBYwu2FdpQNttJu3azCbsboYT+Ai8eFPHqT/Lmv3HTVlDRBwOP92aYmefHnClt2x9WbmV1bX0jv1nY2t7Z3SvuH3RUlEgKbRrxSN76RAFnAtqaaQ63sQQS+hy6/uQy87v3IBWLxI2exuCFZCRYwCjRRmpdDYolu3xer1bcKrbLtl1zKk5GKjX3zMWOUTKU0BLNQfG9P4xoEoLQlBOleo4day8lUjPKYVboJwpiQidkBD1DBQlBeen80Bk+McoQB5E0JTSeq98nUhIqNQ190xkSPVa/vUz8y+slOqh7KRNxokHQxaIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKZgQvj7F/5NOpewY3nJLjYtlHHl0hI7RKXJQDTXQNWqiNqII0AN6Qs/WnfVovVivi9actZw5RD9gvX0C9ayNBA==</latexit><latexit sha1_base64="/ZP/fRCNbzNhtJArNIWWoJKfdRc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaCt4KOjBYwu2FdpQNttJu3azCbsboYT+Ai8eFPHqT/Lmv3HTVlDRBwOP92aYmefHnClt2x9WbmV1bX0jv1nY2t7Z3SvuH3RUlEgKbRrxSN76RAFnAtqaaQ63sQQS+hy6/uQy87v3IBWLxI2exuCFZCRYwCjRRmpdDYolu3xer1bcKrbLtl1zKk5GKjX3zMWOUTKU0BLNQfG9P4xoEoLQlBOleo4day8lUjPKYVboJwpiQidkBD1DBQlBeen80Bk+McoQB5E0JTSeq98nUhIqNQ190xkSPVa/vUz8y+slOqh7KRNxokHQxaIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKZgQvj7F/5NOpewY3nJLjYtlHHl0hI7RKXJQDTXQNWqiNqII0AN6Qs/WnfVovVivi9actZw5RD9gvX0C9ayNBA==</latexit><latexit sha1_base64="/ZP/fRCNbzNhtJArNIWWoJKfdRc=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0lqaCt4KOjBYwu2FdpQNttJu3azCbsboYT+Ai8eFPHqT/Lmv3HTVlDRBwOP92aYmefHnClt2x9WbmV1bX0jv1nY2t7Z3SvuH3RUlEgKbRrxSN76RAFnAtqaaQ63sQQS+hy6/uQy87v3IBWLxI2exuCFZCRYwCjRRmpdDYolu3xer1bcKrbLtl1zKk5GKjX3zMWOUTKU0BLNQfG9P4xoEoLQlBOleo4day8lUjPKYVboJwpiQidkBD1DBQlBeen80Bk+McoQB5E0JTSeq98nUhIqNQ190xkSPVa/vUz8y+slOqh7KRNxokHQxaIg4VhHOPsaD5kEqvnUEEIlM7diOiaSUG2yKZgQvj7F/5NOpewY3nJLjYtlHHl0hI7RKXJQDTXQNWqiNqII0AN6Qs/WnfVovVivi9actZw5RD9gvX0C9ayNBA==</latexit>

(a) (b)

1
<latexit sha1_base64="iw+jwKzCDwtNnYSCj+SZ+/Qizyk=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4KkkMbb0VvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btoKKvpg4PHeDDPzgoQzpW37w1pb39jc2i7sFHf39g8OS0fHHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMr3O/ew9SsVjc6lkCfkTGgoWMEm2kljMsle3KVb3qelVsV2y75rhOTtyad+lhxyg5ymiF5rD0PhjFNI1AaMqJUn3HTrSfEakZ5TAvDlIFCaFTMoa+oYJEoPxscegcnxtlhMNYmhIaL9TvExmJlJpFgemMiJ6o314u/uX1Ux3W/YyJJNUg6HJRmHKsY5x/jUdMAtV8ZgihkplbMZ0QSag22RRNCF+f4v9Jx604hre8cqO+iqOATtEZukAOqqEGukFN1EYUAXpAT+jZurMerRfrddm6Zq1mTtAPWG+f16yM7Q==</latexit><latexit sha1_base64="iw+jwKzCDwtNnYSCj+SZ+/Qizyk=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4KkkMbb0VvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btoKKvpg4PHeDDPzgoQzpW37w1pb39jc2i7sFHf39g8OS0fHHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMr3O/ew9SsVjc6lkCfkTGgoWMEm2kljMsle3KVb3qelVsV2y75rhOTtyad+lhxyg5ymiF5rD0PhjFNI1AaMqJUn3HTrSfEakZ5TAvDlIFCaFTMoa+oYJEoPxscegcnxtlhMNYmhIaL9TvExmJlJpFgemMiJ6o314u/uX1Ux3W/YyJJNUg6HJRmHKsY5x/jUdMAtV8ZgihkplbMZ0QSag22RRNCF+f4v9Jx604hre8cqO+iqOATtEZukAOqqEGukFN1EYUAXpAT+jZurMerRfrddm6Zq1mTtAPWG+f16yM7Q==</latexit><latexit sha1_base64="iw+jwKzCDwtNnYSCj+SZ+/Qizyk=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4KkkMbb0VvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btoKKvpg4PHeDDPzgoQzpW37w1pb39jc2i7sFHf39g8OS0fHHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMr3O/ew9SsVjc6lkCfkTGgoWMEm2kljMsle3KVb3qelVsV2y75rhOTtyad+lhxyg5ymiF5rD0PhjFNI1AaMqJUn3HTrSfEakZ5TAvDlIFCaFTMoa+oYJEoPxscegcnxtlhMNYmhIaL9TvExmJlJpFgemMiJ6o314u/uX1Ux3W/YyJJNUg6HJRmHKsY5x/jUdMAtV8ZgihkplbMZ0QSag22RRNCF+f4v9Jx604hre8cqO+iqOATtEZukAOqqEGukFN1EYUAXpAT+jZurMerRfrddm6Zq1mTtAPWG+f16yM7Q==</latexit><latexit sha1_base64="iw+jwKzCDwtNnYSCj+SZ+/Qizyk=">AAAB6HicdVBNS8NAEN34WetX1aOXxSJ4KkkMbb0VvHhswX5AG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btoKKvpg4PHeDDPzgoQzpW37w1pb39jc2i7sFHf39g8OS0fHHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMr3O/ew9SsVjc6lkCfkTGgoWMEm2kljMsle3KVb3qelVsV2y75rhOTtyad+lhxyg5ymiF5rD0PhjFNI1AaMqJUn3HTrSfEakZ5TAvDlIFCaFTMoa+oYJEoPxscegcnxtlhMNYmhIaL9TvExmJlJpFgemMiJ6o314u/uX1Ux3W/YyJJNUg6HJRmHKsY5x/jUdMAtV8ZgihkplbMZ0QSag22RRNCF+f4v9Jx604hre8cqO+iqOATtEZukAOqqEGukFN1EYUAXpAT+jZurMerRfrddm6Zq1mTtAPWG+f16yM7Q==</latexit>

1
<latexit sha1_base64="82UJOeqoGsivko2WVR31BfKvV38=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEdpjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWi1vWK64VXcpsgleDhXI1RyWvwajmKURSsME1brvuYnxM6oMZwLnpUGqMaFsSsfYtyhphNrPlovOyZV1RiSMlX3SkKX7eyKjkdazKLCdETUTvV5bmP/V+qkJ637GZZIalGz1UZgKYmKyuJqMuEJmxMwCZYrbXQmbUEWZsdmUbAje+smb0LmpepZbt5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Y+czx93nYyr</latexit><latexit sha1_base64="82UJOeqoGsivko2WVR31BfKvV38=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEdpjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWi1vWK64VXcpsgleDhXI1RyWvwajmKURSsME1brvuYnxM6oMZwLnpUGqMaFsSsfYtyhphNrPlovOyZV1RiSMlX3SkKX7eyKjkdazKLCdETUTvV5bmP/V+qkJ637GZZIalGz1UZgKYmKyuJqMuEJmxMwCZYrbXQmbUEWZsdmUbAje+smb0LmpepZbt5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Y+czx93nYyr</latexit><latexit sha1_base64="82UJOeqoGsivko2WVR31BfKvV38=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEdpjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWi1vWK64VXcpsgleDhXI1RyWvwajmKURSsME1brvuYnxM6oMZwLnpUGqMaFsSsfYtyhphNrPlovOyZV1RiSMlX3SkKX7eyKjkdazKLCdETUTvV5bmP/V+qkJ637GZZIalGz1UZgKYmKyuJqMuEJmxMwCZYrbXQmbUEWZsdmUbAje+smb0LmpepZbt5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Y+czx93nYyr</latexit><latexit sha1_base64="82UJOeqoGsivko2WVR31BfKvV38=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEdpjwYvHFuwHtKFstpN27WYTdjdCCf0FXjwo4tWf5M1/47bNQVtfWHh4Z4adeYNEcG1c99spbG3v7O4V90sHh0fHJ+XTs46OU8WwzWIRq15ANQousW24EdhLFNIoENgNpneLevcJleaxfDCzBP2IjiUPOaPGWi1vWK64VXcpsgleDhXI1RyWvwajmKURSsME1brvuYnxM6oMZwLnpUGqMaFsSsfYtyhphNrPlovOyZV1RiSMlX3SkKX7eyKjkdazKLCdETUTvV5bmP/V+qkJ637GZZIalGz1UZgKYmKyuJqMuEJmxMwCZYrbXQmbUEWZsdmUbAje+smb0LmpepZbt5VGPY+jCBdwCdfgQQ0acA9NaAMDhGd4hTfn0Xlx3p2PVWvByWfO4Y+czx93nYyr</latexit>
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(c)

y
<latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit>

x
<latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit>
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Figure 1.1: (a) An example of a two-dimensional scalar field, �(r) = �(x, y) = e
�(x2+y

2),
defined in the domain D : x2 + y

2  1. The value of the field is shown along the z-axis.
(b) Contour lines of the field �. These are lines along which the field is constant. (c) The
vector field A(r) = 1

10(x, y
2)T over the same domain D.

1.2 Partial Derivatives of Fields

We can take the derivative of a scalar field �(r) = �(x, y, z) with respect to one of the
coordinates, treating the other variables as constants. This operation is called partial
derivative. E.g. the partial derivative with respect to x is denoted by @�

@x
(we say ‘del’ for

@) or short @x�. It measures the rate of change of � as we change x, keeping y and z fixed.

Example: The partial derivatives of the scalar field �(r) = �(x, y) = x
2 + y + xye

�x are
given by

@�

@x
= 2x+ ye

�x(1 � x),

@�

@y
= 1 + xe

�x
.

The partial derivative of a vector field is calculated by taking the partial derivative of each
component, e.g.

@A

@x
= @xA =

0

@
@xAx

@xAy

@xAz

1

A .

Example: The partial derivatives of the vector field A(r) =

0

@
2x � z

x
2
y

e
xz

2

1

A are given by

@xA =

0

@
2

2xy
z
2
e
xz

2

1

A , @yA =

0

@
0
x
2

0

1

A , @zA =

0

@
�1
0

2xzexz
2

1

A .
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1.3 Directional Derivative and Gradient

The partial derivatives measure the change of � along the directions of x, y and z. How to
calculate the derivative of � along a general direction, given by a unit vector 1

û =

0

@
ux

uy

uz

1

A?

Let us define the auxiliary function

g(s) = �(r+ sû) = �(x+ sux, y + suy, z + suz)

of the single variable s. The derivative of � along the direction û is given by g
0(0) = dg

ds

��
s=0

,
which can be calculated using the chain rule,

g
0(0) = ux

@�

@x
+ uy

@�

@y
+ uz

@�

@z
.

Defining the gradient operator

r = êx
@

@x
+ êy

@

@y
+ êz

@

@z
, (1.3)

where

êx =

0

@
1
0
0

1

A , êy =

0

@
0
1
0

1

A , êz =

0

@
0
0
1

1

A ,

denote the Cartesian basis vectors, we can write the directional derivative of � along û as

g
0(0) = û · r�.

The vector field

r� = grad� = êx
@�

@x
+ êy

@�

@y
+ êz

@�

@z
=

0

@
@x�

@y�

@z�

1

A (1.4)

is called the gradient of �.2 We can write the directional derivative of � along û as

û · r� = |û| |r�| cos↵ = |r�| cos↵,

where |r�| =
p
(@x�)2 + (@y�)2 + (@z�)2 is the length of the vector r� and ↵ the angle

between û and r�. Hence, the directional derivative is maximal when ↵ = 0 (û parallel to
r�). This implies that

1A unit vector has length 1, |û| =
q

u2
x + u2

y + u2
z = 1, and the hat symbol is used to indicate that the

vector is a unit vector.

2In two dimensions the gradient of the field �(r) = �(x, y) is defined as r� = grad� =

✓
@x�
@y�

◆
.
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The gradient r� of a scalar field � always points toward the direction of maximum
increase of �.

The directional derivative is zero along directions û tangential to the hypersurfaces given
by �(r) = C (C 2 R). In three dimensions the hypersurfaces are two-dimensional surfaces,
in two dimensions contour lines. In general, a hypersurface has dimension d� 1 where d is
the dimension of the embedding space. A vanishing directional derivative along tangential
directions, û · r� = 0, implies that:

The gradient r� of a scalar field � is perpendicular (normal) to the hypersurfaces
defined by �(r) = C (surfaces in d = 3, contour lines in d = 2).

Example: Consider the two-dimensional scalar field �(r) = e
�(x2+y

2) = e
�r

2
.

r� =

✓
@x�

@y�

◆
=

✓
�2xe�(x2+y

2)

�2ye�(x2+y
2)

◆
= �2e�(x2+y

2)

✓
x

y

◆
= �2e�r

2

| {z }
<0

r.
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Figure 1.2: Gradients r� of the vector field �(r) = e
�(x2+y

2) at a few selected points r = r0.
The gradients are perpendicular to the contour lines and point toward the direction of the
steepest increase of �.

Note that the field �(r) = e
�(x2+y

2) just depends on the distance r =
p
x2 + y2 of the point

r = (x, y) to the origin, �(r) = e
�r

2
. The contour lines are therefore circles around the

origin. Such scalar fields are called rotationally symmetric. It is possible to derive a general
expression for the gradient of such fields:
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The gradient of a rotationally symmetric scalar field �(r) = f(r) with r = |r| and
f(r) a di↵erentiable function of r is given by

r� = f
0(r) êr, (1.5)

where êr := r/r is the unit vector along the direction of r.

Let us prove this equation for a two-dimensional scalar field. The proof in d = 3 and in
fact general dimension is completely analogous.

r� =

✓
@x�

@y�

◆
=

✓
@xf(

p
x2 + y2)

@yf(
p
x2 + y2)

◆
=

0

@
f
0(
p
x2 + y2) 1

2
p

x2+y2
2x

f
0(
p

x2 + y2) 1

2
p

x2+y2
2y

1

A

= f
0(r)

1

r

✓
x

y

◆
= f

0(r)êr.

1.4 The Total Di↵erential of Fields

The total di↵erential of a scalar field �(r) = �(x, y, z) is defined as

d� =
@�

@x
dx+

@�

@y
dy +

@�

@z
dz. (1.6)

It measures the infinitesimal change of � as we change x, y and z by infinitesimal amounts
dx, dy and dz. Defining the vectorial line element

dr =

0

@
dx

dy

dz

1

A ,

we can re-write the total di↵erential in the compact form

d� = r� · dr. (1.7)

The total di↵erential of a vector field A(r) is given by

dA =
@A

@x
dx+

@A

@y
dy +

@A

@z
dz. (1.8)

Changing x by dx and keeping y and z constant, the vector A changes by the infinitesimal
vector dA parallel to @xA = @A

@x
.
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1.5 Divergence and Curl of Vector Fields

Consider a three-dimensional vector field

A(r) =

0

@
Ax(r)
Ay(r)
Az(r)

1

A .

The divergence of the vector field is defined as

divA = r · A = @xAx + @yAy + @zAz. (1.9)

In two dimensions, A(r) =

✓
Ax(r)
Ay(r)

◆
, divA = r · A = @xAx + @yAy. The divergence of a

vector field is a scalar field.

Note that r · A is a common short-hand notation for the divergence of A. It reflects the
close analogy to the ‘dot’ product (scalar product) of two vectors. But be careful! r is a
vector operator that acts on the vector field A and therefore has to be “multiplied” from
the left. While the divergence r · A is a scalar field,

A · r = Ax@x + Ay@y + Az@z

is a di↵erential operator that gives the directional derivative when acted on a scalar field.
Hence r · A 6= A · r.

The curl of a three-dimensional vector field is defined as

curlA = r ⇥ A =

0

@
@yAz � @zAy

@zAx � @xAz

@xAy � @yAx

1

A . (1.10)

The curl of a vector field is a vector field. The short-hand notation r⇥A reflects the close
analogy with the cross product (vector product) between two vectors. However, as in the
case of the divergence, r acts on the field and has to be “multiplied” from the left. The
anti-commutation rule for the cross product of vectors, a ⇥ b = �b ⇥ a does not apply in
this case.

Example: Calculate the divergence and curl of the vector field

A =

0

@
x
2
yz

x+ z

y
2

1

A .

divA = r · A = @xAx + @yAy + @zAz = 2xyz + 0 + 0 = 2xyz,

curlA = r ⇥ A =

0

@
@yAz � @zAy

@zAx � @xAz

@xAy � @yAx

1

A =

0

@
2y � 1
x
2
y

1 � x
2
z

1

A .
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What do the divergence and curl tell us about a vector field? To find an answer to this
question, let us consider the following very simple vector fields,

A(r) =

0

@
x

y

0

1

A and B(r) =

0

@
�y

x

0

1

A .

In both cases the vectors lie in the xy-plane. We obtain

r · A = 2, r ⇥ A =

0

@
0
0
0

1

A ; r · B = 0, r ⇥ B =

0

@
0
0
2

1

A .

Hence the vector field A has a constant, non-zero divergence and zero curl while A has a
vanishing divergence and a constant curl which points along the z-axis.

-1.0 -0.5 0.0 0.5 1.0

-1.0

-0.5

0.0

0.5

1.0

-1.0 -0.5 0.0 0.5 1.0

-1.0

-0.5

0.0

0.5

1.0

y
<latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit>

y
<latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit><latexit sha1_base64="MMNJ18Yi/umsAk/s3krr2MEpkcw=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEfRY8OKxBfsBbSib7aRdu9mE3Y0QQn+BFw+KePUnefPfuG1z0NYXFh7emWFn3iARXBvX/XZKG5tb2zvl3cre/sHhUfX4pKPjVDFss1jEqhdQjYJLbBtuBPYShTQKBHaD6d283n1CpXksH0yWoB/RseQhZ9RYq5UNqzW37i5E1sEroAaFmsPq12AUszRCaZigWvc9NzF+TpXhTOCsMkg1JpRN6Rj7FiWNUPv5YtEZubDOiISxsk8asnB/T+Q00jqLAtsZUTPRq7W5+V+tn5rw1s+5TFKDki0/ClNBTEzmV5MRV8iMyCxQprjdlbAJVZQZm03FhuCtnrwOnau6Z7l1XWs0ijjKcAbncAke3EAD7qEJbWCA8Ayv8OY8Oi/Ou/OxbC05xcwp/JHz+QPnJYz7</latexit>

x
<latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit>

x
<latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit><latexit sha1_base64="bbQ3lqD8HWD4mEG4hELz1/4OKTg=">AAAB6HicbZBNS8NAEIYn9avWr6pHL4tF8FQSEeqx4MVjC/YD2lA220m7drMJuxuxhP4CLx4U8epP8ua/cdvmoK0vLDy8M8POvEEiuDau++0UNja3tneKu6W9/YPDo/LxSVvHqWLYYrGIVTegGgWX2DLcCOwmCmkUCOwEk9t5vfOISvNY3ptpgn5ER5KHnFFjrebToFxxq+5CZB28HCqQqzEof/WHMUsjlIYJqnXPcxPjZ1QZzgTOSv1UY0LZhI6wZ1HSCLWfLRadkQvrDEkYK/ukIQv390RGI62nUWA7I2rGerU2N/+r9VIT3vgZl0lqULLlR2EqiInJ/Goy5AqZEVMLlCludyVsTBVlxmZTsiF4qyevQ/uq6lluXlfq9TyOIpzBOVyCBzWowx00oAUMEJ7hFd6cB+fFeXc+lq0FJ585hT9yPn8A5aGM+g==</latexit>

(a) (b)

Figure 1.3: Plots of the vector fields A(r) (a) and B(r) (b). In both cases the vectors have
been rescaled by a constant factor to a smaller length for greater clarity.

Let us assume that the fields describe the flow of the particles or molecules in a liquid.
For the field A the origin acts like a source of particles while for B the flow is rotational
around the origin, or in the three dimensional space around the z-axis. The curl points
along the positive z-axis which, according to the “right-hand rule”, corresponds with an
anti-clockwise rotation. The divergence of a vector field indicates sinks and sources, the
curl rotational flow.3

3For that reason the curl is sometimes also called rotation, or “rot” in short.
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1.6 Product Rules

Let �(r), ⇢(r) be scalar fields and A(r) and B(r) vector fields. Then the following product
rules apply:

r(�⇢) = (r�) ⇢+ � (r⇢) (1.11a)

r · (�A) = � (r · A) + (r�) · A (1.11b)

r ⇥ (�A) = � (r ⇥ A) + (r�) ⇥ A (1.11c)

r · (A ⇥ B) = (r ⇥ A) · B � A · (r ⇥ B) (1.11d)

r ⇥ (A ⇥ B) = (r · B+B · r)A � (r · A+A · r)B (1.11e)

For the equations that involve curl operators and cross products between vector fields
we require that A and B are three-dimensional vector fields. Equations (a) and (b) are
valid in any dimension.

It is important to check that the equations involving di↵erential vector operators are
well defined, e.g. the divergence operator needs to act on a vector field. Let us inspect
equation (b), for example. �A is a product between a scalar field and a vector field which
results in a vector field. Hence taking the divergence of this field is a well defined operation
and produces a scalar field. The terms on the right-hand side therefore need to be scalar
fields. The first term is a product between two scalar fields, � and divA, resulting in a
scalar field. The second term is a dot-product between two vector fields, r� and A, which
also results in a scalar field.

Let us prove equations (a), (b), and (e). The proof of the remaining equations (c) and (d)
we leave for the problem-solving tutorial.

Proof:

(a) The idea is to use the conventional product rule of di↵erentiation in each component
of the gradient,

r(�⇢) =

0

@
@x(�⇢)
@y(�⇢)
@z(�⇢)

1

A =

0

@
(@x�) ⇢+ � (@x⇢)
(@y�) ⇢+ � (@y⇢)
(@z�) ⇢+ � (@z⇢)

1

A =

0

@
@x�

@y�

@z�

1

A ⇢+ �

0

@
@x⇢

@y⇢

@z⇢

1

A

= (r�)⇢+ �(r⇢).

(b)

r · (�A) = r ·

0

@
�Ax

�Ay

�Az

1

A = @x(�Ax) + @y(�Ay) + @z(�Az)

= (@x�)Ax + � (@xAx) + (@y�)Ay + � (@yAy) + (@z�)Az + � (@zAz)

= (@x�)Ax + (@y�)Ay + (@z�)Az + � (@xAx + @yAy + @zAz)

= (r�) · A+ � (r · A).
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Proof (continued):

(e) This equation is an identity between vectors. Here we just show that the x-components
of the vector fields on both sides are equal. The proof for the other components is
completely analogous. Let us first compute the x-component of the vector field on
the left-hand side of the equation:

[r ⇥ (A ⇥ B)]
x

=

2

4r ⇥

0

@
AyBz � AzBy

AzBx � AxBz

AxBy � AyBx

1

A

3

5

x

= @y (AxBy � AyBx) � @z (AzBx � AxBz)

= (@yAx)By + Ax (@yBy) � (@yAy)Bx � Ay (@yBx)

�(@zAz)Bx � Az (@zBx) + (@zAx)Bz + Ax (@zBz)

We show that we get the same expression by evaluating the x component of the
right-hand side of the equation,

[(r · B+B · r)A � (r · A+A · r)B]
x

= (@xBx + @yBy + @zBz +Bx@x +By@y +Bz@z)Ax

�(@xAx + @yAy + @zAz + Ax@x + Ay@y + Az@z)Bx

= ⇠⇠⇠⇠⇠⇠
(@xBx)Ax + (@yBy)Ax + (@zBz)Ax +⇠⇠⇠⇠⇠⇠

Bx (@xAx) +By (@yAx) + Bz (@zAx)

�⇠⇠⇠⇠⇠⇠
(@xAx)Bx � (@yAy)Bx � (@zAz)Bx � ⇠⇠⇠⇠⇠⇠

Ax (@xBx) � Ay (@yBx) � Az (@zBx)

= Ax (@yBy) + Ax (@zBz) � Ay (@yBx) � Az (@zBx)

+(@yAx)By + (@zAx)Bz � (@yAy)Bx � (@zAz)Bx

= [r ⇥ (A ⇥ B)]
x
.

1.7 2nd Order Variations of Fields, Laplace Operator

Consider a scalar field �(r). The gradient r� is a vector field. It is possible to compute
the divergence of r� in both two and three dimensions. In d = 3:

div grad� = r · r� = r ·

0

@
@x�

@y�

@z�

1

A = @
2
x
�+ @

2
y
�+ @

2
z
�,

where @
2
x
stands for @

2

@x2 . In d = 2 we simply obtain r · r� = @
2
x
�+ @

2
y
�.
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�� := r2
� = div grad� = @

2
x
�+ @

2
y
�+ @

2
z
� (1.12)

is called the Laplacian of �. The second order di↵erential operator

� = r2 = @
2
x
+ @

2
y
+ @

2
z

(1.13)

is called the Laplace operator.

The Laplacian �� is a scalar field. As an example, let us compute the Laplacian of the

field �(r) = e
�(x2+y

2):

@x� = �2xe�(x2+y
2)

@
2
x
� = �2e�(x2+y

2) + 4x2
e
�(x2+y

2) = (4x2 � 2)e�(x2+y
2)

@
2
y
� = (4y2 � 2)e�(x2+y

2)

�� = r2
� = @

2
x
�+ @

2
y
� = (4x2 + 4y2 � 4)e�(x2+y

2) = 4(r2 � 1)e�r
2

We can also calculate the curl of a three-dimensional vector field r�:

r ⇥ r� = r ⇥

0

@
@x�

@y�

@z�

1

A =

0

@
@y@z� � @z@y�

@z@x� � @x@z�

@x@y� � @y@x�

1

A = 0.

In the last step we have used that the order of partial derivatives does not matter (partial
derivatives commute). Hence, for any scalar field � in three dimensional space

curl grad� = r ⇥ r� = 0. (1.14)

Another important relation is that the curl of a three-dimensional vector field A has zero
divergence,

div curlA = r · (r ⇥ A) = 0. (1.15)

You will prove this equation in the problem-solving tutorial.
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