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1 Introduction

This is just a random collection of definitions, standard well known results,
relationships, formulae, etc., from Math and Physics. There is nothing new
except possibly the proof of the Bessel function closure relation. I have not seen
it anywhere else, but no doubt it’s out there somewhere, published long before
I stumbled on this way of proving it myself.

I have tried to use pretty much standard notation throughout. A couple
of standard math symbols that may need definition are: V means "for all" or
sometimes people say "for any" (either way means the same to me), € means
"element of", 3 means "there exists", "w.r.t." means "with respect to". I use
the symbol "~" to mean "proportional to" or "scales as".

The word "Consider" will be used quite a bit, so get ready for it. I will often
write out the step-by-step proof of a particular relation in excrutiating detail.
Rather boring and very cluttered and hence awful to look at, but useful in the
end, since it shows the individual steps in the derivation without having to write
it out in words.



NOTE 1: This is a work in progress, I will continue to add to it. Keep track
of the Revision Date above.

NOTE 2: This is not a hardcore math document, i.e., the style is not "the-
orem, proof, example". The level of rigor is that of pretty much any theoretical
physics text.

NOTE 3: The sections are not in any particular order.

NOTE 4: The material included here ranges from some Quantum Field
Theory stuff (energy and momentum conservation coming from time and space
translation invariance), all the way "back" to why a capacitor always stores
only half the energy supplied by the battery, generator or voltage source. Half
is always lost to the resistor no matter how few Ohms it has.This fact is actually
a big problem for computer chip design.

As an example of the "pure" math side, I show why Fourier transforms and
Fourier series coefficients are least squares solutions.

Hope it’s useful. Please, if you use anything from it, please reference it.
Thanks!

Comments on notation:

It is common for physicists to write integrals in the form of an operation on
a function and I will use that notation. That is instead of

/f(a:)dx

which is more or less standard in math texts, I will use the physics way of writing

it
[t @

Integration, [ dz, is then acting on the function f ().

There are two "delta functions" we will use quite often.

The Kronecker delta function will be written as dx (n,m) or as 0k . m and
the K will be dropped in expressions where it is obvious the Kronecker delta
is being used. Here n and m, called "indices", are integers covering a specified
range of values. The Kronecker delta function is just the elements of the identity
matrix, g nm = 1 for n = m and is zero otherwise. It appears in matrix
manipulations and summations over given discrete ranges of n and m.

The Dirac delta function will be written as dp (x,y) or as dp (z —y) and
the D will be dropped in expressions where it is obvious the Dirac delta is being
used. Here x and y are continuous variables covering a specified range of values.
The Dirac delta function is effectively the equivalent of the identity matrix but
for integrals. It is defined by

f<m>=/dyaD (1) f ()

for any (nonpathological) function f (z).



2 Some Background Matrix Stuff

In many places we will use the matrix-vector notation and the "Einstein sum-
mation convention": (doubly) repeated indices are automatically assumed to be
summed over the appropriate range. Example: ordinary matrix multiplication,
indicated here by "-", of matrix M on column vector x to yield column vector
y can be written several different ways

y=M x
yi =y Mijz; = M
j

Here y; is the 3" component or element of column vector v, x; is the 4" compo-
nent or element of column vector x and M; ; is the row ¢ and column j element
of matrix M. The sum on j is over the range of values of j. A matrix inverse
will be indicated with superscript "—1" and the transpose by superscript "T".
Hence, for M a square invertible matrix, M ~!- M = I = the identity matrix
of the same size as M and z” -y = the "dot" product of = and y. This is the
same as the dot product when z and y are treated as vectors, Z and %, that is
T .y =& 7. Just different notation for the same thing.
Functions of matrices are defined by their power series expansion, e.g.,

eXp[M}:g;M"Zi;!(M.M....-M): lim KHMﬂ

n=1 pmee p
where there are n factors of M in the middle expression and I is the identity
matrix. Proof of the "lim,_,." expression above is in the next section.

NOTE: Since the function of a matrix is defined by its power series, it follows
that if the matrix M is purely diagonal, i.e., all the off diagonal elements are
zero, then any function of M,

£ (M) 0 0
F(M) = 0 f (M)
: . 0
0 0 f(nn)

That is, for diagonal matrices the function is distributed along the diagnal and
all the off diagonal elements remain O.

2.1 det [M] = exp [tr [In [M]]]
We will now show that, for M an N x N matrix.

N
det [M] = Z 61'171‘27...71‘NM17Z‘1M277;2 "'MN,iN = exp [tI‘ [ln [M]]]

i1,ko,--=1



Here "tr" indicates the trace which is the sum of the diagonal elements, e.g.,
tr[M] = vazl M, ;, and €4 p.c,... is the totally antisymmetric "Levi-Civita ten-
sor"

= +1 for a,b,c,--- an even permutation of 1,2,3,---
€abc, = = —1 for a,b,c, -+ an odd permutation of 1,2,3,---
= 0 if any of the a,b,c,--- are equal to each other

We will use the Einstein Summation Convention throughout this entire doc-
ument. Note that in the sum above each summed over index 41, s,... appears
twice and only twice, once on € and once on M. The Einstein Summation Con-
vention simply drops the summation sign, simplifying the notation, and states
that all doubly repeated indices are understood to be summed over their appro-
priate ranges.

Two examples: Via the Einstein Summation Convention we have

N
€iryin,in M1,iy M2y - MNjiy = E €iryin, iy M1iy Majiy - MNjiy
i kg ye=1
N
E Mi,i = Mmztr[M}

Basically in all matrix expressions, indices appear once and only once when not
summed over, and twice and only twice when summed over. Any expression
where the same index appears three or more times generally, but certainly not
always, indicates that a mistake has been made somewhere.

To proceed, begin by showing that

wolat =t (1421

p—00

Using the binomial theorem

M\’ & p! M\
- — p—m
(3) =X o () 7

Zml(p—m) \ p

but obviously IP~" can be ignored since I is the identity matrix, and we now

have
(”f)p > T (f)m

m=0
By definition
p!
(p—m)!
In the limit as p — oo with m finite

=pp-1){@—-2)---(p-m+1)

p! m
p—my P



The reason we can consider m finite even though the sum over m runs from 0
up to p is because of the m! in the denominator in the sum: the large m terms
are essentially negligable. Putting this altogether gives

MNP M

lim (I+—) = -
g () = X
= exp[M]

So now consider

det [exp [M]] = Tim det KIJF Alf)p}

p—0o0

e ([ 2]

where we have used identity det [A"] = (det [A])" . Note that this identity follows
trivially from "det = exp tr In".

Noting that the elements of I are I, ,, = 0., = 1 for m = n and are zero
otherwise Here we are obviously dealing with the Kronecker delta and so we
have

M My, Ma,i My
e[ (5 =i (e 52 ) (s 52 ) - (o 5

M 4,

= €iryin, o in01,i102,05 * ONLin T €iy i, i 02,i5 ** ON,in

2,i2

+ €iyin, e in 010

1
+ terms of order —

2
1,0 M,
= €123 Nt €1,23.. N p,“ + €Ly 3 N
Mny i 1
+oo e Nolin NAN 4 terms of order -
p
M M. M 1
=14 = 22 TN terms of order -
p p p
tr [M]

1
+ terms of order —

p2

Hence we have

det [exp [M]] = lim KH tr [M]ﬂ

p—o0 P
— exp [t [M])

Replacing M with In [M] we have
det [exp [In [M]]] = det [M] = exp [tr [ln [M]]]

03,i5 " ONyiy + -+ €ipin i 01,6 02,i5 - ON—1iin_y



NOTE: "det = exp tr In" works as well when M is a differential operator instead
of a matrix in which case dx (---) is replaced with dp (---). Hence it gets used
quite a bit in functional integral approach to quantum field theory.

The above result immediately yields the derivative of det [M] w.r.t. any one
element of M. Consider M — M + AM and evaluate, step-by-step

det [M + AM] — det [M] = expltr [In [M + AM]] — exp [tr [In [M]]]
=exp [tr[In[M (I+M~" - AM)]]] — exp [tr [In [M]]]
=exp [tr [In[M]+In[I+M~" - AM]]] — exp [tr [In [M]]]
= exp [tr [In [M]]] (eXp [tr [ln [I + ML AMH] - 1)
=det [M] (exp [tr [In [T+ M~ AM]]] — 1)
For AM small expand In then exp
= det [M] (exp [tr [M~'- AM]] - 1)
=det [M]tr [M~'- AM]
For AM,; ; = €640, (6 = Kronecker delta) so that AM = ¢ for i = a and
j = b where a and b are particular values of 7 and j and AM = 0 otherwise,
this gives the derivative of det [M] w.r.t. the particular element M, ;
d(det [M]) .. det[M + AM] — det[M]
—————= = lim
dMa,b e—0 g
o tr [Mfl . AM]
= det [M] lim —— =

e—0 £

(M7Y), , AME,i

= det [M] lim

e—0 £

(M_l)i & eéa,kdb,i
= det [M] lirr%) 75
E—

= det [M] (M)

b,a

2.2 Examples of det = exp tr In

The fact that the determinant of a matrix equals the exponential of the trace
of the natural logarithm of the matrix may seem very strange, so here are two
examples showing how it works. Note that the trace is key since without it you
would have exp(In) which is an identity operation.

1. Consider the matrix
a b
u=(21)

where nominally a, b, ¢, d are real numbers but they can be complex.
First we have to evaluate In (M) . To do that we will express M in terms of



Pauli Matrices. The 3 standard Pauli Matrix (in standard notation) are
_ 0 1
.= (1o
_ 0 —1
2= i o0

_ 1 0
7% = o 1
with, of course, i = v/—1.
Define the commutator [--- ,---] and anticommutator {--- ,---} of 2 square
matrices, A and B

[AB] = A-B-B-A
{A\B} = A-B+B-A

It is straightforward to show that
[Ui,O'j] = 2i€i,j,k0'k
{oi0} = 20i51

with I the 2x2 identity matrix and d;; the Kronecker delta. All indices 4, j, k
above can take the values 1,2, 3 and k& is summed from 1 to 3 since it is repeated
twice (Einstein Summation Convention). Don’t confuse the factor i = /—1
above with the index 1.

For ease of notation define

1 0
(TO_I_(OI)

and let Greek indices i, v, - - range over 0, 1,2, 3. The four matrices o, form a
complete basis for expanding any 2x2 matrix. Indeed

M=C,o,

with of course pu summed over 0, 1,2,3 and

a+d
Cob;
C
Clb;
—c
cz—z'zd
"
c o=

10



We now have
ln[M] = In |:Co (00+Q0i>:|
Co

o (1+ G

= In[C,]I+1n {I + gioi]

0

where have substituted o9 = I, wrote Cy as Cpl just to be clear it should
be treated as a matrix and used the fact that In[A - B] = In[A] 4+ In [B] when
[A, B] = 0 which applies since {COI, I+ %01} =0.

Using the Taylor expansion

Evaluate successive terms in the series to see the pattern. To do this use

1
0i05 = 5 (loi,05] +{0i,05})

= €ijk05 +0i51

which maps higher powers of o; back to combinations of I and o; to the first
power

67 T Ter i

C;C;
= 5% (€ijkoj + i 1)

0

C;C;

— I

Cs
02
c3

a o\ ¢\ (G
(G) - (@) (@)
c2 C;

rend

1



Considering even and odd powers

C; even C2? even/2
—0; = —5 I
(C() ) )

C. odd 2\ (odd—1)/2
Jo—i — -
G) - (&)

Taking the trace gives

2\ even/2
(g
CO

tr

and we have, letting even = 2n,

G
Co "
c, even VoL even/2
@) |- (&) e

g 4 odd B sz (odd—1)/2 Qt |
C’OJZ = cz Co ro;

|
M8

tr {ln {I + g;aiH

Also

tr [In [Co] I] = 21n [Co) = In [C{]

Putting things altogether
det[M] = exp[tr[ln[M]]]
= exp [ln [C3] + In {1
= exp [ln [Cg — 02]]
= ad—bc

12

2
T2
C’0

Gl



2. Consider a matrix M which is the outer product of an IV element column
vector v with its Hermitian conjugate, uf, i.e.,

Uy
U2
U= . and ul = [, ul, ,UN]
un
so that
3%
- e
* * *
M = w' = . [u], u3, ,un]
un
uiu]  uuy - UIUY
UgU]  UU5 -+ UgUy
UNU]  UNUF; - UNUN

Take the inner product of v with u to be X i.e.,
ulu=X
where "-" is matrix multiplication.
Note: X is just a number.
We now have

M-M = w' wuf
= u (uT . u) ul
= Xuul
= XM
From this is follows that
M"™=X""tM

Also N
tr [M] = tr [uu'] = ZunuL =X

n=1
Determine the eigenvalues of M.
To do that we need to find the values of A which satisfy

0 = det [\ — M]

Here I is the N x N identity matrix. For an N x N matrix there are N values
of A\, assuming at least one is nonzero we can rewrite the above equation as

)

13



Using the standard property of determinants det [cA] = ¢V det [A] where c is a
number and A is any N x N matrix we have

M
0= \Vdet|I - —
-5

Sidebar: Note that we can prove det [cA] = ¢V det [A] very simply using "det =

exp tr In":

det [cA]

End Sidebar:
The AV

exp [tr [In [cAJ]]

[tr [In [c]] + In [A]]]

[In [¢] tr [I] + tr [In [A]]]
exp i oV + i 4]

¢V det [4]

exp

exp

factor makes it appear that there are N "A = 0" solutions, but

before jumping to that conclusion, evaluate the remaining det using "exp tr In".

M
det | I — —
ot |15

And so finally we have

Hence M has N — 1
being A = X = tr[M].

= exp

| = el 3]

i > M
exp_r_ ;n)\n‘|‘|
= exp [tr|— M
| = ni

= det[\ — M]

- w(-3)

= MW -X)

"A = 07 eigenvalues with the single nonzero eigenvalue

14



3 Fourier Stuff

Consider the sum
+N

fn(z) = Z exp [in2mx/ P)

n=—N

where i = /—1 and z and P are real valued. By definition fy (z) is periodic
fN(:Z?) :fN(1‘+P) YV

Integrate over one period and normalize by the period

+P/2 +P/2
—/ dzfn (z Z / dz exp [in2rz/P] =1

P/2 P/2
where we have used the fact that
+P/2 lforn=0
/P/2 dx exp [in2nx/P] = 0k (n,0) = { 0 for n £ 0

0k is the Kronecker delta function, § i (u,v) = 1 for u = v and is zero otherwise.
The sum is finite so can switch it with the integral. The important point in the
above result is that it is independent of N.

The sum can be evaluated exactly, which is shown just below

fi (2) = sin [(N-i- 5) QW%] _ sin [(2N+1)7T%-]

sin [77%] sin [71'%}

Consider the sum Y7 2" = 1/(1 —z) which is valid for |z] < 1 but
does converge for x = exp [if] . Consider the finite sum ZnN:o =3 ot —
o1 " = Yoo — Nty e = (1—aN*t) /(1 — ). The sum
SN =1 e () =1+ (1 - (x’l)NH) /(1 —z71). Putting
the two terms together and doing some algebra gives

.’I?N+1)

1—2z

N -N N N
Zmn:_1+x (1+x)(1
n=—N

Substituting © — exp [i2nz/P] and using exp [i0] = cos [0] + isin [f] gives the
result for fx (z) shown above.
The peak value in the range —P/2 to +P/2 is
fnv(0)=2N+1

as expected.

15



The position of the first zero is

sin [ (2N + 1) w%] = sin[+7] = 0
P

— 4
Y

With increasing N the peak value of fx (x) increases, its width decreases and
the integral
+P/2
[ dapxim=p

P2

for all N. Hence in the range —P/2 to +P/2 we have
fN—=oo () = Pdp (z) = Dirac delta function

(The subscript D on ¢ is there to distinguish it from the Kronecker delta, .
Properties of the Dirac delta function are discussed below.) Accounting for pe-
riodicity we have

+oo
fNooo () =P Z dp (x —nP) Vz

n=—oo

As discussed below the Dirac delta function has units of 1/(its argument). fy (x)
as it is defined via the sum of exponentials is dimensionless. The factor of P in
the result for fy_ () above occurs so that the righthand side is dimensionless
as well.

3.1 Deriving Fourier Series

Consider a periodic function g (),
g(x)=g(z+P) Yz

Assuming g (z) is nonpathological (analytic) we can Taylor expand the right
hand side

g(o+P) :g<z>+axg<z>P+§a§g<z>P2+
e Pog ()

In the last step we have used the standard power series representation of the
exponential.

Z % (PO,)" = exp [PO,]

n=0

16



Using periodicity, g (z + P) = g (z), gives

0=08,9(z) P+ 82( Z

This is a linear homogeneous differential equation with constant coefficients and
so the general form of the solution (assuming no degeneracy in the values of \)
is

g (z) = exp [Az]

Substituting this in the differential equation gives

0=AP+ = ()xP) =exp[AP] -1

or
exp[AP] =1

Hence
n2mw

A=i——
P
where i = v/—1 and n = all integers (positive, negative and zero). The dif-
ferential equation is infinite order and therefore requires an infinite number of

coefficients. Hence the general form for g () is

—+oo

g(x) = Z ay, €Xp [in2w%]

n=—oo

which is the Fourier series representation of g (z). Given g (z), the a,, are given

by
+P/2

= — dzg (x) exp {fz‘n%rﬁ}
—p/2 P

which follows directly upon substituting the Fourier series representation of g (x)
in the above integration, exchanging summation and integration (generally valid
in real world problems) and doing the integral.

3.2 Fourier transforms from Fourier series

Consider

‘; i exp {m27r } Z 0p (x — nP)

277 =
n_z;oo op (27TF — n27r)

17



or, to write it in a different form, let

x
0 =2r—
P
and we get
1 +oo +o0o
Py Z exp [inf] = Z dp (0 — n2m)
d =—00 n=-—oo
Note
[e’e] “+ o0
.1 _ x 1 . 2 %
Ph_r)noo 2 n;m exp [meP} =5 PlgnOO n;m (P) exp {m (P) m]
1 +oo
=5 - dB exp [iPx]
=0p (B)

where we used A8 = 27/P — df and n2x/P — 3 for P — oo and in the last
step since P — oo only the n = 0 term contributes to >, dp (z — nP). Using
this same approach we have

“+oo
x
. £ ol
g(x) Pgnoon;ooa,exp in2m—
“+oo

I 2T an,
F’E>noon:7oO P 27T/P

oor]
ex TNLT —
P P

“+oo
= gijnw _Z ABa (nApB) exp [inAfz]

+oo
/ dfa (B) exp [ifx]

— 00

which is the Fourier transform.
NOTE: We needed to define

because a () needs to be a "density", i.e., it has to have (units of g (x))/(units
of 8) which is exactly what is needed to have (units of g (z)) on both sides of
the equation.
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3.3 Fourier Transform of a Periodic Function: Frequency
Comb

We take take any function, f (x), and make it a periodic function, F'(z), simply

write N
Z f(x —nP)

n=—oo

where P is the period of F) i.e.,
F (x4 nP)=F (z) Vz and n = Integer

NOTE: The f (x) can be any function in the sense that f (x) does not have to

vanish outside of 1 period P, e.g., f (z) does not have to be zero for z > P/2

or x < —P/2. The f (z) from different periods of can overlap each other.
Fourier transform F (z)

FO) = [ re

2m
—+oo
= X e ne)
Let # — x4+ nP for each n
= f ex [—inﬂP}/d—xe*wwf (z)
N = P 2w
400 B
= ( > exp [—inﬁP]> G
But as shown above 5= 37 exp [inf] = 3°7°° _ 6p (0 — n2n). Letting 6 =
BP we get
F(B) = 2r Y dp(BP—n2m)f(B)
o IR (2
= WnZOO(SD< —n)f(n;)

where we have used the fact that dp (ax) = 1/|a|dp (z) with P positive and
O0p (x —x0) f (x) =0p (x — x0) f (x0) for any function f ().

A periodic sum of Dirac delta functions, as above, is known as a "frequency
comb" or a "Dirac comb". Here the frequencies are spatial. The same thing
works with temporal frequencies and is often done using lasers to produce peri-
odic pulses of light which are, to all intents and purposes, exact copies of each
other.
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4 Dirac Delta Function

The Dirac delta function ép (z) is "defined" as

oo forz =0
6D(x)_{ 0 for . # 0

with the property that
/ dzép (z) =1

as long as the the range of integration includes x = 0.

This is actually not a valid way to define an ordinary function and so dp ()
must be thought of as the limit of an ordinary function.

For example a useful representation of the Dirac delta function is the limit
of a Gaussian with the root-mean-square width o, which integrates to 1 over
the range —o0o < x < 400, as 0 — 0,

. 1 2

Integrating gives

+oo 1 $2
/ dx exp [—} =1
PSS Voro? 202
independent of the value of o. The reason we had to integrate from —oo to +oo

is the Gaussian is nonzero over that range for any finite value of o.
Another representation of dp (x) that is strictly 0 outside a finite range is

Lfor —e<z<e
_J 2 ST
dp (z) = { ) 0 otherwise

which obviously integrates to 1.
There are many other useful representations. Perhaps one of the most useful
is the Fourier representation

+oodﬂix +Oodﬂ —iBx
5D(x):/ %66 :/ %e p

— 00 — 00

where the second equality follows from the change of integration variable § —
— . This is derived below in the section on Fourier Stuff.

4.1 Properties of Dirac Delta Functions

For any nonpathological f (x) we have

1.
/bd:cf(m)éD(w_xo):{ fxo) fora<axzg<bd

0 otherwise
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This can be shown by first noting that dp (2 — x¢) is nonzero only for x = 1z,
and so we can simply evaluate f at z¢ in which case it comes out of the integral
leaving [ dzdp (xz — xo) = 1 which follows trivially after making the change of
integration variable x — x4 xy. For x( equal to either a or b nominally you get
f (z0) /2 because only half the delta function is inside the range of integration
but this has to be verified in each case.

2.
b f(zo)
/ dzf(z)dp (¢ x (x—xp)) = le fora<.x0<b
o 0 otherwise
where as usual |---| means absolute value and c¢ is a constant. This can be

shown in various ways. For example, let z = 2’ 4+ xo then let " = ¢z’ which
gives

b 1 c(b—x,) .’b”
/ drf(z)dp (¢ x (x —m9)) = 7/ dxf<+:r0>5(x")
a c cla—xo) &
L) [ s
¢ c(a—zo)
Now if ¢ > 0 then fcc((;:z;)) dzd (z"") = 1. Remember we have assumed that
a<zg<bandsoa—xyg<0<b—xzg. But if ¢ < 0 then we have to swap the
limits and we have fcf'((ba_—;;(;) dzd (2") = —1 and therefore the 1/c factor becomes
1/ |e|. Thus
1
0p (e x (x—x9)) = H(SD (z — x0)
3.

/dxf(ﬂf) 6p(9(x) = ZW

T=Tn

where g (z,) = 0

i.e., the z,, are the roots of g (z). This identity can be proven by noting first
that the only contributions to the integral will come from the points where
* = x,. Separating the integral into a sum of integrals with integration ranges
individually enclosing each of the x,, we have

bn
[ et @ 6o @) =X [ de @00 (90)

with a, < z, < b,. Let x = 2’ + z,, in each integral then Taylor expand
g(@+z,) =g (zn)+ 029 (a:)x:zn T+ =0+4+0,9 (;E)z:wn z + -+ . The higher
order terms "+ ---" won’t contribute because of the infinitely thin width of the
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delta function and so we have

/ daf (z) (6p (g (x)))

bp—Tn

Z/ def(x+x,)0p (9 (x+ x,))

n—Tn

by —xn

Z/ daf (z+x4)0p ((02g () ,—,, ) X )

Z|5
= Z‘

where we have used the identity in 2. above in the next to last step.

by~

def (z + x,)0p (x)

m Ty ’ Ap —Tn

8559 m Tn

5 Gaussian Integral

To integrate the Gaussian exp [—z?] over the range —oo to +0o write the inte-
gral as the squareroot of the square of the integral, i.e.,

+oo R +oo 2
/ dre ™™ = (/ da:e_f2>
— 00 — 00

which is valid because exp [—xz} > 0 Vx, and so the integral is positive. Rewrit-
ing the product of the integrals as a double integral and switching to polar
coordinates gives

+oo 5 +o0
/ dxe ™ / dzdye—(=*+y?)
27 e’}
/ d@/ drre=*
1
= \/277/ d’r‘ 58 -€ r2>

= 7r(e 0o? 1)
NG

To integrate exp [—ax2 + bx] complete the square in the exponent and make
the appropriate change of variables and you get

o0 P b2
/ dx exp [fa:c2 + b:c] =4/ —exp {}
o a 4a

This works for a and b having complex values, as long as Re[a] > 0. The
limit Re [a] — 0 can be taken after evaluating the integral. Hence we can write
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(changing notation a bit)

+o0 p b2
/ dx exp [fiaxQ + ibx] = \/_»exp []
oo 1a 4ia

where ¢ = /—1.

6 Inequalities

Let 2,7, - - - be vectors in a real valued vector space V with inner or dot product
"W Z,4y,--- can be ordinary vectors in a D dimensional Euclidean space or
functions in a Hilbert space. Because the vectors are members of a real valued
vector space we have

=r-Z>0forany £ €V
Note with this definition the "length" of & is |Z| = V& - &

6.0.1 Cauchy-Schwarz

Consider the combination =
- T

<y
[

V- ==
|z |Z]

This is ¢ with the part of ¢ lying in the & direction subtracted off. Since the
square of any vector in the space is greater than or equal to zero we have

2:@>ﬁﬁf)-@—ﬁﬁf)zo
|Z| |Z| |Z| ||

Expanding and rearranging gives the Cauchy-Schwarz inequality

j i

y

7] |7

|Z| |7] > & - ¢ : Cauchy-Schwarz Inequality
6.0.2 Triangle
Noting that
@+ g =12 + 1) + 22§
and
A2 2 2 N
(IZ] + 19)° = 21" + 41" + 2 2] 4]

then using the Cauchy-Schwarz inequality and taking a square root gives the
Triangle Inequality

|Z] 4+ |§] > |Z + ] : Triangle Inequality
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7 Probability Stuff

7.1 Basic definition
Let

—

X = (X17X2a"' 7XN)

be a set or string of N random variables X,, and let
Pg (7146

be the probability density or distribution for X to take the value given the
parameter values §. The vector notation is purely for convenience,  and 6 can
simply be thought of as lists or strings of values, that is

(.%'1,5[]27'" ;:CN)E:Z"
is a set or string of NV values and
(013027"' 70M)50

is a set or string of M parameter values. There is no immediate requirement
that Z or 6 are members of a particular vector space. In general all the z,, and
all the 6,,, values are real.

NOTE: Py (f | 5) is generally referred to in the literature as the "joint"

probability distribution for the values of zq 2,23, -, zN.
The probability that the random variable, or string of variables

X17X27"’ 7XN :X

lies within the infinitesimal volume dv = dxidxs - - - dxy centered at & given the
string of values in 0 is

Py (71 8) dordas - doy = P (7| §) dv

Note: Stating that Pg (f | é') is a probability "density" makes the implicit
assumption that all the x, values are continuous. We will assume all the 6,,
values are continuous as well. In order for Py (f | 5) to be a probability density

its integral over all relevant ranges of & must be finite and should always be
normalized to 1, or to 100 % if desired, i.e.

Normalization: /dv Py (:E’ ‘ 5’) =1 Always

A discrete probability distribution is where, for example, the values of a
single random variable X can take only particular discrete values. For example

=

if the probability that X can take the particular value z, is p, (0) where n
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labels the possible values of X then the probability distribution for X to take
the value z,, is
Px (n) = me (0) 5m,n
m

where m ranges over all the possible values of n and d,, ., is the Kronecker
delta, i.e., the elements of the identity matrix, §,,, = 1 for m = n and is zero
otherwise. Normalization for a discrete probability distribution takes the form

Normalization: Z Px (n) = me (5) Omn = me (5) =1 Always

n,m

7.2 Expectation values

The expectation values of the X, are defined by

<F ()?)> —F {F ()?)} - /duF(f) Py (gz‘ | é’)
where the (---) = E[ -] is just diffferent notation for the same thing. Both
ways of writing the expectation value are commonly used in the literature.

As a specifict example consider a single random variable X, the mean or
average value and the mean square variation, also called the variance are given
by

mean or average = (X) = E[X] = /dx xPx (x | é’)
mean square or variance = <(X - <X>)2>
_ /d:c (z — (X)) Py (x | é’)
= /dx (m2 — 2z (X) + <X>2) Px (ac | 5)

:/dmePX (x|é')—2<x>/dmpx (=10)

—|—<X>2/dscP(a:|§)
= (2%) - (@)°

7.2.1 Examples

Gaussian Distribution The Gaussian distribution for a single continuous
variable X is given by
2
ex l_ () ]

Px($|91:ﬂ,92:0'): 20_2

1
V2ro?

25



where

01 = u = the mean value = (X)
03 = o = the root mean square value (RMS) = <(X — <X>2)> = <X2> —(X)?

So the Gaussian is a two parameter distribution, #; = p and 63 = 0.
The Gaussian distribution is properly normalized since

V;T?/dmexp {— %;;ﬂ -1

Poisson Distribution The Posson distribution which is derived below is

Py (n | 0y = (X) = () = L=t
Here X = n is a random variable which can take all integer values 0,1,2,3,--- |
and Px (n, (n)) is the probability of getting the specific integer n when the mean
value of n is given by (n). NOTE: The Poisson probability distribution has only
a single parameter, the average value 61 = (n)
The Poisson distribution is properly normalized since

S exp - o] = exp - (] 3 Y0 = exp [ ()] exp [0m)] = 1

Calculating

Z nPx (n | (n)) = (n) = the mean or average value
n=0

o0
Z (n—(n))> Px (n| (n)) = (n) = the mean square variation or variance = o>

n=0

For a Poisson distribution o = square root of the mean number (n) .

7.3 Independent Identically Distributed (i.i.d.) Random
Variables

In the joint probability distribution Pg ()? | 5) if the probability for any one

X, taking a given value is completely independent or uncorrelated with the

values of any of the other X, then the joint probability distribution factorized,
i.e., it takes the form

P (318) =P o0 19) P e 18) - o )
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Now if further 51 = 52 =... gN = § and all the functions Px,,Px,, - ,Pxy =
Px are the same, e.g. all the same Gaussian or all the same Poisson then we
have

P; (f| 5) ZPX (l‘l | g)PX (2132 ‘ g)PX (l‘N ‘ g)
= Idependent Identitically Distributed ("i.i.d.")

Also referred to a "homoscedastic"

7.4 Data Analysis for i.i.d additive noise (homoscedastic)

Consider measuring the value of some single parameter or variable = which is
corrupted by additive "i.i.d" noise ¢, that is, each measured value of =, T pseqsured
is actually the true value ... plus random noise €

TMeasured = TTrue + €

with the actual values of € in each measurement being totally uncorrelated
with one another and they have the same variance, ¢2. This type of noise
is also termed "homoscedastic". If for example the o values are different for
different measurements then the noise is "heteroscedastic". In both cases the
noise is still uncorrelated, i.e., (epem) = 026n¢m for the homoscedastic case and
(EnEm) = 028, m (no sum on n) for the heteroscedastic case.

To simplify the notation we will write

T Measured = M
TTrue = T
or
M=T+c¢

To be specific take the values of ¢ to follow a zero mean Gaussian distribu-
tion, that is we have (again simplifying notation by writing P (¢) instead of
Px(e|0=0))

PE) = e |- 5]
g) = exp |——
V2ro? o?
For n = 1 to N measurements since the value of € in any measurement is

completely uncorrelated with the value in any other measurement we have the
joint probability distribution, i.e., the probability to get €1 for the noise in the
first measurement, €2 for the noise in the second and so on, is given by

N
1 g2
P'oint (5175%'” 7€N) E-P'oimf (g) - €xXp [ — =
j o )= e [-5° 2

and the value of the n*® measurement is

Mn = T+En
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The expectation value of difference between the measured value and the true
value for any single measurement is

<Mn — T> = <5n> = /dNé‘Enij‘nt (g) =0

Although "on average" we might expect get zero, the expected variation from
0, i.e., the square root of the variance is

<(Mn - T)2> - ( / d"e22 Pjoin (g)> " o

and the probability of having measurement M,, lie within a range T'— A/2 to
T+ A/2 with A < o is given, from the Gaussian distribution by

L 2 <1
b= Voo
As we all know the "best" thing to do is to take multiple measurements
and average to "beat down the noise". Taking the average is the Maximum
Likelihood or Least Squares solution as discussed below. Define the average as

so still "on average" we expect to get (A —T) = 0. But now compute the
probability of the measured average value A to lie with the range T — A/2 to
T + A/2 in the same was as before, evaluate the expected root mean square

difference o4 between A and T, <(A — T)2>

Lo 1/2
2
oA = <(A — T) > = (]\/'2 n%;l <5n5m>>
For zero mean i.i.d distributed ¢,, we have
o forn=m 9
(Enem) = { Oforn#m 7 0n.m
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and so
o

oA = <(A—T)2> = 7=

As shown in the probability mapping section below, if each measured value
follows a Gaussian probability distribution then the average of the measured
values also follows a Gaussian probability distribution but with ¢ for a single
measurement replaced by o/v/N for the root mean square variation of the av-
erage of the measurements. Also, for any i.i.d. case in the limit where N > 1
the central limit theorem proved below shows that the probability distribution
for the average for N large asymptotes to a Gaussian. Hence either way, the
probability of measuring A to be within 7'— A/2 and T + A/2 with A < o is
given by LA

pa~ VN N
which is v/N times greater than for a single measurement. Tthis is why you use
many measurements to compute far fewer values, because it "beats down the
noise".

8 Biased versus Unbiased Estimators

If T is the true value of a random variable X, then anytime you have

F(T) = (f (X)) = / dvf (z) P (z) = f (T)

then the estimator f (X) is said to be unbiased. In other words, if the average of
the estimator yields the true answer then the estimator is said to be unbiased.
For example the result in the previous section of (A —T) = 0 or equivalently
(A) =T is an example of an unbiased estimator. Note: This required the mean
of the additive noise (g,) to be zero.

8.1 Biased Estimator Example: The N — 1 Factor

The classic example of a biased estimator is the computation of o or o? using

the average of the measured values instead of the true value, i.e., compute

vp sz

m

Ideally this should be o? since is the average of the square of the deviation of
each measurement from the overall average of the measured values, but it isn’t.
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Assume zero mean additive i.i.d. noise. Noting that Y T'=T>" 1= NT,
add and subtract T to get

2 2
&Z(Mn—]bZM> = ;{Z((MH—T)—;] (Mm—T)>

<;Z<Mn—;2Mm> > = % 2 (<Ei>—;2<snsm>+;2z<amap>

n m m m.p
= % 2 (02—N02+]\12;02>
= % 4 <02—;02+J\;N 2)

But the true value of the variance of ¢, is 02, not (N — 1) /N)o? and so this
estimator for o2 is biased. Noting that the 1/N factor is just the overall 1/N
we started with, we can adjust the estimator to

2
1 1
mz (MW—NZMm>

which is unbiased.
Finally note that for NV "large" it really doesn’t make much of a difference
which way you do it.

8.2 Poisson — Gaussian for large (X)

In the Poisson distribution let

n=(X)+An
we have <X><X>+An .
Py (n| (X)) = me
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The Stirling approximation for the factorial of a large number, say L, is

L
L ~ (L) 2L
e

where e = e! = 2.71828--- . Substituting the Stirling approximation with L =
(X) + An into the Poisson distribution above and putting all the (X) + An
terms into the exponent gives

Pr(n] (X)> 1)~ —.

WeXp[ +(X) + An — L In((X) + An) — (X)

-5

1

—_

e Y )

Taylor expand exponent to 2nd order in An

~

exp |———=+(1-2(X)) —=

[\
| =
g

But for (X) large, 1/(X)? is much smaller than 1/ (X)
Dropl/ (X)? term
1

~ ————exp [—

An? + An}
21 (X))

2 (X)

The peak of this approximation to Px (n | (X) > 1) occurs at

0 2 1
—— ((an)* + an) = An=—=
AN (( n)"+An) =0 — An 5
We could shift An by 1/2 to have the peak of the Gaussian and the Poisson
distributions match, i.e. we could let

An':An—i—%:n—(X)—i—%

With this change of variables we would then have

(n—(X) + 1/2)2]
2(X)

Py(n| (X)> 1)~ 2771<X>exp [_

but now the average is (X) — 1/2 instead of (X) and it gives a worse match, in
a least squares sense, between the exact Poisson distribution and its Gaussian
approximation. So no shift.
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8.3 Derivation of Poisson Distribution

Consider the case where the probability to get one count (on say a photodetector
for example) in some short time dt is given by

pdt

where p is a constant value. Also assume that the probability to get 2 or more
counts in a time dt is negligible compare to pdt. The probability of getting n
counts in the total time from ¢ =0 to t =T, P (n,T) is the sum of two terms.

NOTE: Here T is a time, not be confused with the mean number of counts
N above.

The first term is the probability to get n counts in the time t =0 to T — dt
and zero counts from T — dt to T which is P (n,T — dt) (1 — pdt). The second
term is the probability of getting n — 1 counts in the time ¢t = 0 to T' — dt and
1 count in the time 7" — dt to T which is given by P (n — 1,T — dt) pdt. Hence
we have

P(n,T)=P(n,T—dt) (1 —pdt)+ P(n—1,T — dt)pdt

Expanding to first order in dt gives a coupled set of first order linear differential
equations for P (n,T)

P (n,T) :P(n,T)—iP(n,T)dt—P(n,T)pdt—i—P(n—1,T)pdt

or
or
0
a—TP(n,T) =p(P(n-1,T)—P(n,T)) forn>1
0
5P (0,T) = =pP (0,T) forn =0

Since for T' = 0 there are zero counts we have the initial conditions

P(n,0)=0forn>1
P(0,0)=1forn=0

There are various ways to solve this set of equations. The most straightforward
is to solve the n = 0 equation for P (0,7"), then substitute that solution into
the n = 1 equation and solve for P (1,T) and so on. There is also an elegantly
obvious solution if the set of equations are written in matrix form (see below).
In any case the solution is

P(n,T) = (pr? - exp [—pT]

which, upon comparing with P (n,T) given above shows that
(X) =pT

and so we can write




8.3.1 Matrix Solution

Define the (infinite length) column vector

P(0,T)

P(1,7T)

P(T)=| p(2,T)

and the (infinite x infinite) matrix

00 0O

10 00

G_l0o 100

00 10

then the set of differential equations above for P (n,T) can be combined into
the matrix equation

0

=P (T) = ~pP (T) + pGP (T) = —p (I - G) P (T)
where T is the (infinite x infinite) identity matrix and matrix multiplication is
understood. The initial conditions become

Since G is independent of T' the solution to the matrix form of the differential
equations for P (n,T') is simply

P(T) exp[—p(I = G)T] P(0)

= exp[—pT]exp[GpI] P (0)

Using exp [GpT] = >, (GpT)" /n! and comparing components on both sides
yields the standard solution for P (n,T) for the Poisson distribution as given
above.

8.4 Characteristic Function

For a continuous variable x the "characteristic function" Z (3) of a (properly
normalized) probability distribution (density) Px (x) is the Fourier transform
of Px (x) which is also the expectation value of of exp [ifz],

Z(B) = /da:PX (x) exp [—ifBz] = {exp [—ifx]) :Characteristic function
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It follows from this that all the moments of Px (x) can be found simply by
taking derivatives of Z () with respect to 3, including appropriate factors of 4,
and then setting 5 =0

(%57
((155) =

Or to write this another way

Z(B) |p=0 = {exp[0]) = (1) =1

lp=0 = (xexp [~iBz]) [s=0 = (¥)

and in general
8)) 13-0 = (" xp i8] [3-0 = ")

Z(p) = /deX (x) exp [—ifz]
n=0
- n=0
2 3
— 1—i5<x>_£<x>+w< 4o

2 3!

The same thing can be done in the discrete case using Fourier series.

The characteristic function always exists mathematically since probability
densities by definition are always normalizable, i.e., their integral over all x can
normalized to unity. .

8.5 Maximum Likelihood

What is a good, nominally the best, way to use measured data to determine the
values of various parameters? The answer is Maximum likelihood is generally,
but not always, the best.

Given the probabilty distribution for a x given the value of a parameter 6

x (z | 0)
the likelihood function is defined as
L(0|k)="Px(k]|0)

where
k = the measured or known value of x

The idea is that for any given k£ the most probable or highest likelihood value
for 6 is the one that make Px (z | #) a maximum or equivalently maximizes
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L(# | k). Hence the "Maximum likelihood" value for 6, 8,1, is the one for
which

gy
00

In many cases it is more convenient to work with the logarithm of the likelihood
function and so often one sees

0
AN ACAND)

=0

0=0n1

=0

0=0n1

Generally there must be at least as many values as there are parameters and
so in general Maximum likelihood takes the form

8y In [L (§| E)]

where 6 just indicates a string or list of parameters (61,65, ---) and k indicates
a list or string of data values (k1, ko, ).

Note that nominally L (0 | k) is not normalized w.r t. 6 and so L (0 | k) is
not directly the probability distribution for 6 given k.

In the next section we show that for uncorrelated Gaussian noise Maximum
likelihood is equivalent to Least Squares.

=0

§: 51\/1 L

8.6 Least Squares
8.6.1 Maximum likelihood and Least Squares

In this section we show how Maximum likelihood for measurments corrupted by
additive Gaussian uncorrelated or "white" noise leads to least squares first for
a single parameter and then for a set of parameters with correlated noise, i.e,
"non-white" noise.

Single Parameter Gaussian White Noise Consider making N measure-
ments of a variable or parameter # where each measurement is corrupted by
additive zero-mean noise € with the same rms or ¢ width Gaussian distribution.
That is, each measured value

T, =0 +¢,

where the joint probability distribution for the ¢,, values is

N
1 g2
Proint (61,62, ,EN) = ————75 €xp |— E -
(2m0?)™/? = 207

Since €, = x,, — 0, the joint probability distribution for the measurements given
0 is given by

P 0) — 1 (mn_a)z
Joznt(xlax2a"'axN| )*Wexp 727
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Substituting actual measured values or known values ki, ko, -+ for x1,2o, -
gives for the natural log of the likelihood function

In[L (0| ki, ko, k)] :fZM—gln [270?]

Taking the derivative w.r.t. # and setting it equal to zero is obviously equivalent
to doing Least Squares (LS) on the set of values (k,, — #) which gives, after some
algebra, the Maximum likelihood solution

N
1 . .
Ormr = N g k, = 015 in this case

n=1

The point here is that Least Squares is the Maximum likelihood solution for the
average value of a parameter or variable corrupted by additive uncorrelated,
i.e., "white", Gaussian distributed noise.

Multiparameter Corrlated Gaussian Noise Consider a set of N variables
or parameters § = (61,0s,---,0y) which are linearly related to a set of N
measureable quantities z = (21,22, -+ ,zp) by a given know matrix A where
M > N. Each z,, could be different type of measured quantity or some could
be repeated measurements of the same quantity. Treating 6 and x as column
vectors and using "-" to indicate matrix multiplication the relation between x
and 0 can be written as

r=A-0
or

Tm = A'm,nen

where we are using the "Einstein summation convention".

Suppose the measurements of the elements of x are corrupted by additive
zero-mean Gaussian distributed noise € = (1,9, -+ ,ep) with a specified co-
variance matrix C| then, treating € as a column vector, the probability distrib-
ution for the g, is given by

1

p(g) = P(€1,€2; T 75M) = (QW)M/2 det [C]

1
exp |:—28T Noas -5}

The covariance matrix is defined as the expectation value of the product of two
of the &,,,

(eres) = / Mz e P (e)

Direct evaluation the integral gives

Cp,qg = (€pq)
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Note that since (e,¢,) = (g4&), C and hence C~! are both symmetric matrices:
CT=Cand (C-H)" =C1.

Accounting for the additive noise the measured data or known data k is
given by

k=x+¢
or

km =Tm tEm

Letting = A-6, solving for € and substituting it into P (&) we get the likelihood
function

P(k—A-0)=L(0]|k)

1
= exp

(2m)M/2 det [C] _%(k_A.H)T.Cil.(k_A.H)

and so

I[L (0] k)] = (k:—A~6)T~C_1-(k—A~0)—%det[C]—%ln(2w)

1
2
Looking at the first it is clear that minimizing In[L (6 | k)] w.r.t. € is equiva-
lent to performing least squares on (k— A-6)" - C~!. (k— A-6). Taking the
derivative w.r.t. 6,,, using the fact C~! is a symmetric matrix and and setting
the result to zero for 8 = 0,1, gives

AT .07 (k= A-0pp) =0

Rearranging gives
AT .Cc™t A oy =A" - C'k

AT . A is a square matrix and assuming it is invertible we have finally for the
Maximum likelihood solution (often called the Maximum likelihood Estimate =
MLE)

Opir, = (AT -C1 A) AT .ok
=S5k

8.6.2 Noise Propagation in Least Squares

From the form of P (¢) we have
(em) = /dMe emP () =0

<5n€m> = /dME 6'7L6'77LP (6) = Cn,m
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which implies
(k) =(z+e) =

And so x which is the "true" value of k is also the mean value of k The "true"
value of 6 is
Orrue =S - (k) =S5 -z

and so
<9ML - 9T'rue> =5 <k - l‘> =0
or

<9ML> = <9True>

and so the estimate is unbiased.
The covariance of the deviation of 8,7 from the true value 01, is given
by

<(9ML,7L - 9T7‘ue,n) (eML,m - 0T7‘ue,m)> = Sn,pSm,q (k - Q?)p (k - -T)q>

8.6.3 Fourier Series/Transform = Least Squares

Consider the Fourier series relation

400

f(x)= Z ap, €XP {inQﬂ%}

To find a,, using Least Squares we want to minimize
+P/2 +00 - 2
de | f(z) — Ay, €XD [ime—}
/P/2 m;w P

w.r.t. a,. Taking the derivative w.r.t. a,, for any particular n, using da,,/da,, =
0k (m,n) and setting the result to zero gives

+P/2 +oo x
/ dx (f (x) — Z A, €XP [imQﬂP}> exp [in2rx/P] =0

—PJ2

m=—0oo

Rearranging gives

+P/2 P/2 €T
dx exp [227m } am/ dx exp (n+m)2r— ]
/—P/z mg_:oo P/2 P
=Péxg(—n,m)
= Pa_,
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Dividing by P and replacing n with —n gives

1 [P T
an = —= dx exp [—inQW—} f(x)
op /—P/2 P
The same thing works the same way for Fourier transforms but uses the Fourier
representation of the Dircac delta function. Hence the coefficients a,, for Fourier
series and f () for Fourier transforms are Least Squares solutions. The formulae
for f(x) in terms of a, for Fourier series and in terms of f(8) for Fourier
transforms are also Least Squares solutions.

8.7 Central Limit Theorem

The joint probability density or distribution for a set of N uncorrelated random
variables x1, X2, -+ ,x N is given by the product of the probability distributions
for each random variable

PJoint (Iﬂl,l’g,"' 71'N) :Pl (xl)PQ (mQ)PN(xN)

To avoid notational clutter we have replaced Py, (z;) with P; (z;).

A good example of this type of joint probability distribution is repeated
measurements of a some parameter or variable, such as position, energy, mo-
mentum, voltage, etc, in which the measured value is affected by random noise.
In this case all the individual probabilities are equal

Py (z)=Py(z)=---=Pn(z) =P (x)

Such a case is often labeled "i.i.d." standing for independent identically distrib-
uted. (NOTE: labeled is US spelling, labelled is UK spelling)

For multiple measurements of the same variable we expect the average of the
measured values to better represent the true or noise-free value of the variable
than any single measurement. Hence, consider the probability distribution for
the the average value

of all the measured values and use the probability mapping technique from above
to find the probability distribution for &

N
Py (a’c):/dxlu-de(SD <x—]1vz_:1xn>P(x1)-.-P(xN)
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Using the Fourier representation of the Dirac delta function ép (---) we get
1 W
Px (z) = %/dw exp [iwZ] /d:cl - dxn exp lzN g_l T
1 N
=5 / dw exp [iwT] (/ dz exp [—iwz /N] P (a:))
T
1 . w\\N
= %/dwexp [iwZ] (Z (N))
w
3)
N

is the characteristic function of P (x) defined above. Use
N
(2(§)) =ewvm(z(5))]
In the limit as N — oo, for finite w we have w/N — 0. But from the properties of

the characteristic function discussed above, its Taylor expansion around w/N =
0 is given, to second order, by

w ) w 1, 5 fw)\2
Z(y)=1-i 536 (3)
Substituting this in the logarithm and using the Taylor series for In[---] to
second order we get

2(5)

P(xy)---P(zn)

where

o a2 ()]

Substituting this in the integral for Px (z) yields

_ 1 L 1 w?
Py (z) =~ Py /dwexp {zw (z — () — 3 (<m2> - <x>2> N]
_ 2
~ L exp —% :Central Limit Theorem
o (<m2>—<m>2> 2 (%)
N

Hence we get a Gaussian distribution for Z with mean (z) and rms variation

__Jen-w o

N VN
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where ¢ is the rms variation of z,
— 2 2
o=/ (z?) - (x)
The fact that Pg (Z) has the Gaussian form given above is the Central Limit

Theorem.

8.8 Bayes Theorem

Here I give two simple "proofs" of Bayes theorem.
The first proof: Consider a probability which depends on two discrete random
variables A and B,

PA,B (a, b)

A and B can be different types of variable or the same type of variable parti-
tioned into two distinct sets. Pa p (a,b) is the probability of getting the partic-
ular values ¢ and b for A and B.

Normalization, we must have

> Paplab)=1
ab
The probability for getting the value a for A independent of the value of b is
Pa(a)=>_ Pap(a,b)
b
.and the probability for getting the value b for B independent of the value of a
is
Py (b) = Pagl(a,b)

Both Py4 (a) and Pg (b) are properly normalized since

> Pa(a)=>_> Pap(a,b)=)Y Paplab)=1
a a b a,b
and

ZPB (b) = ZZPA,B (a,b) = ZPA,B (a,0) =1
b b a a,b

The conditional probability of getting a for A given a particular value b for
B, P (a|b) and the conditional probability for getting b for B given a particular
value a for A, P (bla), are both nominally just P4 p (a,b). But neither P (a|b) =
P4 g (a,b) nor P(bla) = P4 p(a,b) is properly normalized. We need to have
> o P (alb) =1 with b fixed and ), P (bla) = 1 with a fixed. But, normalization
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is easy to fix and we get

i Py B (a, b) B Py B (a, b)
Pl = s @y~ Pe ()
and

_ Papl(a,d) _ Pap(ab)
P (bla) = S Pap (@)~ Pala)

which are obviously properly normalized.
Combining these two results gives Bayes theorem

PA (a)
Ppg (b)

P (ald) = P (bla) :Bayes Theorem

The second proof: Consider two sets, call them A and B. Here "set" is meant
in the mathematical sense as a collection of objects. Suppose that some of the
objects are members of both set A and set B. These particular objects then are
in the set which corresponds to the "intersection" of A and B. This intersection
set is indicated as AN B. Let N4 be the total number of objects or members in
A and Npg be the total number of objects or members of B. The total number
of members of the intersection A N B will be indicated by Nang.

If a member of set B is chosen randomly (meaning equal probability of
picking any member of B) then the probability that it is also in A is given by

and if a member of set A is chosen randomly (meaning equal probability of
picking any member of A) then the probability that it is also in B is given by

Nanp
Ppia = NZ

Multiply and divide P4;p by Na/N where N is the total number of elements
in both sets, counting any member of A N B only once not twice and we have

Nan Na N
N N Ny
Nanp Na/N
Ni Np/N

Py =

But N4/N is the probability of picking a member of A randomly out of the
union or combination of both sets, call it P4 and Ng/N is the probability of
picking a member of B randomly out of the unrion or combination of both sets,
call it Pg. Hence

P, = PpiaPa

AB="p

which again is Bayes theorem.
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NOTE: Probability problems can be rather "gnarly" because they are usually
stated in words and what is meant by the words in any given case can often be
rather ambiguous. Hence I prefer the second derivation because it is very clear
what is meant by the words.

8.9 Benfords Law

One might think that in "random" cases the probability that the first (nonzero)
digit of a number is the same for all digits from 1 to 9. This is actually not the
case for a wide range of "random" probability distributions. A result that is
actually very interesting.

In 1881 American astronomer Simon Newcomb noticed that the pages of
logarithms for numbers which started with the digit 1 were more used, worn
and dirty than those that started with the digit 2, which were more used, worn
and dirty than those that started with the digit 3, etc. In 1938 physicist Frank
Benford analyzed a wide range of "random" data sets including: The surface
areas of 335 rivers, The sizes of 3259 US populations, 104 physical constants,
1800 molecular weights, 5000 entries from a mathematical handbook, 308 num-
bers contained in an issue of Reader’s Digest, The street addresses of the first
342 persons listed in American Men of Science and 418 death rates. All obeyed
pretty much the same probability distribution with respect to the first digit of
the numbers involved: The probability of the first digit being a 1 was around
30 % and decreased to around 5 % for the probability that the first digit was a
9. There are various serious mathematical proofs that this should be so. Here I
give an argument (not a proof) based on the fact that probability distributions
for continuous variables are densities and hence must have units of the reciprocal
of the their argument. That is, Px (x) must have units of 1/z.

The official statement of Benfords law is that the first digit d of a number
occurs with probability

P (d) =log[l + d] —log[d] = log {1 + cli] :Benfords Law

where just for clarity "log" here is base 10.
The probability density for the value of a continuous "random" variable z,

where 2 has units, must have units of 1/z and so at a minimum Px (z) must
be proportional to 1/x, that is,

1
Py (z) ~ ~
x (2) ~
Note that since Px (z) dx is unitless a change of the units of 2 doesn’t change the
probability for x to be in a given range, dv — kdx and Px (z) — (1/k) Px (x)
and so Px (z)dz — Px (z) dx.
The probability for the first digit of x to be d where d =1,2,---,9 is given
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d+1

[ daPx (x)
P(d) = ™ dePy (@)

B fderl dx/x

fllo dr/x
~ log[d+ 1] — log [d]

log [10] — log [1]

= log[d + 1] —log[d]
= log [1 + H

The above argument is of course not a proof of Benfords law in any strict
mathematical sense, it is simply an argument indicating the law should not be
unexpected. Clearly the probabililty decreases with increasing values of d. The
numerical values of the probability for d = 1 to 9 are given by 0.30103, 0.176091,
0.124939, 0.09691, 0.0791812, 0.0669468, 0.0579919, 0.0511525, 0.0457575.

8.10 Fisher Information

The Fisher information (matrix) is defined as
Ry = [ o (g (Pe (219)) ) (55 (P (219)) ) P (219)

8.10.1 Fisher Information for a Gaussian

To get a sense of what the Fisher information (matrix) means consider a simple
Gaussian distribution where p = 6 corresponds to the mean value of z, i.e.,

e [J—ﬂ

2mo?

Defining the "expectation value" of any function of z, f (z) by

+oo
(f (@) = / def (x) Py (z | 0)

— 00

Direct evaluation of the integrals gives

<1>:/+00deX(x|9):1

— 00

+oo
(x)y = / dzxPx (x| 0) =16

—o00
—+oo

<(xf <z>)2> = (22) — (z)? :/ dz (x — 0) Py (z | 0) = o

— 00

44



The first result shows that Px (x | #) is normalized to unity as required for
probability densities. Since there is only one 6 the Fisher information is a single
number and direct evaluation of the integral

400 9 2
F:/ da (aeln(PX (@ | 9))> Py (z | 0)
_ 1
==
Next consider the case where there are N values in both strings or vectors Z and

6 and the 0, are the mean values of the x, and that the distribution is again
Gaussian with covariance matrix C), i.e.,

Cij = (i = 0;) (z; — 0;))
The probability density for this case is given by

Py (#18) = Y2 exp |- (#-8) a1 ()]

det [M] 1

where all z,, are assumed to range from —oco to +oco. It is understood that
doubly repeated indices are summed over the relevant range, i.e.,

N
— § T
$iMi,jxj = xiMiijj =z -M-zx
ij=1

T

In the last equality think of = as the column vector form of &, z* as the row

vector form of Z and
M = C~! = Matrix inverse of C

det [M] = Determinant of matrix M

NOTE: Only the symmetric part of M contributes to z7 - M - 2 and thus we
might as well take M to be a symmetric matrix from the start. Also, for this

Gaussian form of Py (f | 5) to be normalizable, M must be a "positive definite"

matrix which means 27 - M -z > 0 Vz, i.e, for any and all of the z,, = —o0 to
+o0. Equivalently "postitive definite" here means all the eigenvalues of M are
greater than zero.

Direct evaluation of the Fisher information matrix for the Gaussian distrib-
ution above gives

Fi,j = Mi,j
and so
F = Inverse of the covariance matrix (in this case)

Obviously for different probability distributions F' will have a different form but
the above result indicates the fundamental meaning of the Fisher Information.
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8.10.2 Maximizing the Fisher Information

In the case where F equals the single value 1/02 it is obvious that maximizing F'
is equivalent to minimizing . But when F' is a matrix what does "maximizing
a matrix" mean? It could mean maximizing det [F] or it could be maximizing
tr[F] or possibly tr[F '] where "tr" means the trace (= sum of the diagonal
elements) or...? For a particular problem it may be obvious what to pick but
the ambiguity has lead to a "measure" for F' which can be smoothly interpolated
between the determinant and the trace. Here "measure" means a single number
indicating the "goodness" of F. That "measure" ¢, for F' an N x N matrix is

defined as
1 1/p 1 1/p
(bp[F}:tr[NFP] :<tr|:NFF ..... F:|)

where there are p factors of F' in the last expression. For p = 1 this is the trace
of F' normalized by the number of diagonal elements and for p = —1 it’s the
trace of F~! again normalized to the number of diagonal elements. We now
show that

0 [F] = det [F]'/Y

and so ¢,, [F] interpolates smoothly between a wide range of possible "measures"
for F.
Let I be the N x N identity matrix so that tr[/] = N, and consider

r 1/p
lim (¢p [F]) = lim (tr ;{Fp} >

p—0 p—0

r 1/p
tr %exp [pIn [F]]] >

1 1/p
tr N(I—l—pln[F])] )

where we have repeatedly used exp[p x something] ~ 1 + (p x something) for
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p — 0. In the end we used the relation
det [M] = exp [tr [In [M]]]

which is proved in the Introduction.

8.11 Probability Mapping

Let P4 (a) be a discrete probability distribution, that is, P4 (a) is the probability
that the discrete random variable A takes the particular discrete value a. Here
we are not concerned directly with the 6 parameters and so to avoid clutter they
are suppressed notationally. Of course for P4 (a) to be a probability distribution
it must be properly normalized, i.e.,

> Pyfa)=1

The notation ) indicates summing over all possible values of a.

Suppose we want to determine the probability that some function of a, f (a),
takes the value b = f (a). Obviously we need to sum up all the probabilities for
a such that f(a) = b. This can be done included a constraint or filter in the
sum over a. Letting

1foru=wv

5K(u,v)={ 0 for u # v

be the Kronecker delta function, we have, obviously
Py (b) = 6k (b, f () Pa(a)

Given the definition of d x (u,v) the sum clearly includes only those probabilities
for which b= f (a).

Normalization: Given all possible values of A then f(A) gives all possible
values for B If we sum over all possible values of B then there will always be at
least one value of A for which b = f (a) and Pg (b) is properly normalized

> Pp(b)=>_> 6k (b f(a))Pala)
b b a
=Y Pa(a)

=1

On the other hand if only a subset of all the possible values of B is considered
then Ppg (b) is just the probability for the occurence of that subset and it is
not properly normalized over that subset. Sometimes the mapping itself can be
specific in that it picks out only a subset of the a values in which case again
Pp (b) is just the probability for that particular occurence and it is not properly
normlized.
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In the continuous case the sum should be replaced by an integral and the
Kronecker delta function by a Dirac delta function,dp. Thus if we have Px (x)
as the probability density for continuous random variable X to take the value
x then

Pr () = [ dodp (v~ 1 () Px (2)
is the probability for random variable Y to take the value y = f (x). Here
0p (x) = Dirac delta function

Since in this case X and hence Y are both continuous variables, Px (z) must
have units of 1/X and Py (y) must have units of 1/Y, but since by definition
dz had units of X and dp (y — f (z)) has units of 1/Y] it follows that the units
of Py (y) are correct.

The same argument about normalization holds here. Integrating Py (y) over
all possible values of y gives

/dyPY (y)=1

Py (y) is not properly normalized if only a subset of the possible values of y is
used or if the mapping itself picks out a particular subset of = values.

The same technique can be used to map a continuous distribution over x
to a discrete one over y by replacing the Dirac delta function in the integral
with an appropriate sum of combinations of Heaviside step functions. A single
Heaviside step function is defined by

1foru>0
HH(U)_{ 0foru<O

There is some ambiguity in how to assign the value of 6 (0). Often the value
chosen makes no difference but in cases where it does the appropriate value to
use is often defined by the particular problem at hand. Using combinations
of Oy to do a given desired mapping yields a sum of integrations over specific
ranges of x and hence the resulting discrete probability distribution does not
and should not have units of 1/Y. This is because the Heaviside step function,
unlike the Dirac delta function, is unitless.

Simple example: What is the probability for x to lie in the range zg < z <
x1. This is given by

/dm&H .T—l‘o)eH(.Tl—.’L‘ PX / dl‘PX

Note: This mapping is picking out a particular probability, it is not normalized
unless [0 doPx (z) = 1.
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8.12 Strong Law of Large Numbers via Probability Map-
ping

Here we use the approach to probability mapping discussed above to prove the

Strong Law of Large Numbers. There is also a weak law which I won’t discuss.

Consider the average of N i.i.d. (independent identically distributed) ran-
dom variables X,

1
A=< (X1 + Xzt + Xy)

Since the X,, are i.i.d. the joint probability distribution for getting the value x,,
for X,, forn=1,2,--- , N is the product of the individual probabilities, i.e,.

Px (z1,x2, - ,on) = Px (z1) Px (x2) - - - Px (zp)

Using probability mapping the probability distribution for the random variable
A to take the value a is given by

1
Py (a) = /dmlde...dmn(SD (a— Nzxn> Px (21,79, -+ ,7N)

Using the Fourier representation of the Dirac delta function

= / %eXp [ifa]

N
%ew“ (/ dze~ /N py (x))
_ dﬁ iBa N
— [ 5eenz)

where Z (§) is the characteristic function defined above. Using the series ex-
pansion of Z () given above we have

ag ; SR 3
Pa(a) = /2;?615“<1—z’]€<z>—2€v2< >+3'€\73<3>+'“)

- /;l’ieiﬁ“<1—]1]<iﬁ<x>+£i/_<x2> 31,63\]2( >+--->)

But in the limit as N — oo

we get

I
&
|

N

o\N
(1+y) —
and so in the limit as N — oo

(@)= [ G2~ 6 ()

So in the limit as N — oo the probability density for a is a Dirac delta function
of a— (x) and hence the probability to get any value for a other than (z) is zero.
This is the strong law of large numbers.
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8.13 Random Walk via Probability Mapping
1
Ps (s) = 5 (0x (s, +1) + 0 (5, -1))

Calculate the probability Px (z) of being at position z after taking N steps
where x of course is an integer. Use probability mapping

N
Px (z) =) oK (m ) ) Ps (s1) Ps (s2) - Ps (s)
{s}

n=1

_ +1 +1 . :
where Z{S} =D g m 1 sy 1 D=1 - Use the Fourier representation of

the Kronecker delta function

o Son)  [ a4

n—1
then
1 [ al
Px(e) = 3= | dwespliva] gexp [z’w 3 sn| P o) Ps () Ps o)
1 g +1 N
=5 ; dw exp [iwx] (9_2_1 exp [—iws| Ps (s))
1 [ 1 N
=5 i dw exp [iwx] (2 (exp [iw] + exp [—zw]))
e _ N
=5 ; dw exp [iwx] cos [w]

If we expand (3 (exp [iw] + exp [—z’w]))N using the binomial theorem then each
term can be intergrated to yield a particular Kronecker delta, i.e.,

1 e« N1 % o
Px (x):Qan_:O”'(N_n)'%/O dw exp [iwx + inw — i (N — n) w]
N 27
1 N! 1 .
:ﬁgm% ; dw exp [iw (z + 2n — N)]
N
1 N!
= — —— N -2
2N gn! (N —n)! < (@, ")

8.14 Chi-Square Distribution via Probability Mapping

The Chi-Square distribution is the probability distribution for the sum, x, of the
squares of N random variables, x,,, each of which follow a Gaussian distribution
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with zero mean and the same variance. That is

o L (2242
P(X):/ doy---dendp (x — (2] + -+ %)) exp [~ 50 (2] + - +23)]

—oo (271'02)]\[/2

It seems customary to measure the x,, in units of ¢ which is equivalent to setting
o = 1 which we do now.
Using the delta function we have

“+ o0

1 X
P(X):Wexp[—Q] /700 dxy---dzNnop (X—(x%+~~+x?\,))

Switching to spherical polar coordinates in N dimensions, with Qp the solid
angle of a unit sphere in N dimensions, we have

P(x) = @;%exp[;(} /OOOdW,Nl(;D (X*T2)
- B [4] [ T (R )

Qn X1 1 o1y
o (QW)N/QGXP[ Q}QWX

As shown in the section on solid angles in N dimensions

N/2
Qy = 27
I'(N/2)

and so

(V-2)/2
_ X _X
P00 = sxmr vy eXp[ 2}

This is of course the probability distribution for x > 0. For x < 0, P (x) = 0.
P () is said to have "N — 1 degrees of freedom" since x is constrained to equal
x%+x%+~~~+w?\,.

8.15 Sum of Poisson = Poisson via Probability Mapping

Consider two random integer valued variables, n and m, both of which satisfy
Poisson statistics with (n) = N and (m) = M. Then the probability distribution
for s = n 4+ m is given by

P(s)

> 6k (s;n+m) P (n|N)P (m|M)

n,m=0

N™ M™
Z Ik (s,m+m) —'efN—‘efM
n! m!
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Using the identity
1 27
Ok (s,n+m)= —/ dfexpli(s—n—m)0)
2T 0

and rearranging factors gives

1 27 . Nez@ n oo Meza
P(s) = o ), df exp [is0] ngo ZO
1 2 .
= — df exp [is6] exp [(N + M) (ele —-1)]
2 0
1 27 oo N+M) —1iq0 _(N+M)
= 5 ; df exp [is0)] Z*e

q=

) N M 1 27
_ Zue*(f\’ﬂw)f dfexpli(s—q)b]
0

= q! 2
(N + M)?

- SO g g
q=0 ’

_ (N+M)567(N+M)

s!

Hence the sum of non-negative integer valued random variables which satisfy
Poisson statistics also satisfies Poisson statistics.

8.16 Binomial Distribution via Probability Mapping

Consider a random system that has 2 and only two possible outcomes, call them
a and b. Assume the occurrence of a has probability p and thus the occurrence
of b has probability 1 — p. Define the variable s which can take the values either
a or b.The probability distribution for the variable s then is given by

P (5) = 6s,ap + 5s,b (1 - p)

where d, , = 1 for s = a and is zero otherwise and d 4 is the same but for s = b,
i.e., 0 is a Kronecker delta function.

If sequential measurements of s, call them sq, s9,- - are uncorrelated then
the joint probability distribution for getting a particular sequence s1, s2, - , SN
for N measurements is given by

Pjoint (51,82, -+ ,8n) = P(s1) P(s2)--- P(sn)

To find the probability, call it P, (m) , that m of the measured sq, ¢ = 1,2,--- , N
come out be a, use probability mapping. To do that consider the Kronecker delta

function N
1 for Z]\i ) =m
5[{ m, 55q’a = ’5\71 Sq,a
( q; ) { 0 for Zizl 5sq,a ?é m
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and calculate

N
P, (m) = ZPjoint (817 52y 75N) Ok <m7 Z(Ssq,a>
{s} q=1

Here } (s} indicates summing over all combinations of s1, s3, -, sn. The factor
0K (m, Zévzl 55q,a) obviously amounts to summing up all the probabilities for
which Y70 | 8,0 = m.

0K (m, Zflvzl 6%@) can be represented by a Fourier Transform

N 1 27 N
oK (m,;53ma> = %/0 dw exp liw (m - ;5%,&)1

Substituting gives

1 2m N
P,(m) = — dw exp [iwm] Z Pjoint (51,82, ,SN) €xp [—iw Z 554@1
{s} qg=1

2m Jo
Y, (0sy.ap + 66,5 (1 — p)) exp [—iwds, 4]

T dpexpliom] ] % e Grsap + usn (1= p)) exp [id, ]

% 0 °
X ZsN (5SN,ap + 55N7b (1 - p)) exp [_iW65N,a:|
1 o iwm —iw N
= 5 ; dwe (pe +(1- p))
N 2m
N! 1 ; PR N—n
— - dwetem iw 1—
nz:;) n! (N —n)! 27 J, we (pe ) (1=p)
N 2w
N! Nen 1 .
= [ —N L n_- d iw(m—mn)
;n! (an)!p (1=p) 27r/0 we
N
N‘ n N—n
= Z mﬁ (1-p) On,m
n=0
N! N—m
= 7 ]_ —
m! (N — m)!p (1=p)

which is the standard binomial probability distribution.

This result is rather obvious and can, with a little bit of thought, be written
down directly without going through the above derivation. But it does provide
another example of how "slick" the probability mapping approach is.
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8.16.1 Binomial to Poisson

For p < 1 the binomial probability distribution above is dominated by the small
values of m. Assuming that the dominant values pf m satisfy m < N we have

N!
(N —m)!

1

Nm
and
N— N _
(1-p)" ™" =~ (1—p)" =e P
In this case the binomial distribution above reduces to

(Np)me—Np

P, (m) ~ -

which is the Poisson distribution with the average value of m, (m) = Np as
expected.

9 Grassmann Variables

9.1 Definition

Grassmann variables are defined to be anticommuting variables, that is, if £ and
n are Grassmann variables then

En=—n§

Grassmann variables are also defined to be anticommuting with respect to them-
selves and so

§6=-8=0

Hence the most general form for any function of a single Grassmann variable,

£
f(&) =a+bg

where a and b can be ordinary numbers (real, imaginary or complex) or they
can be a combination of Grassmann and ordinary numbers.
In particular
exp[AE] = 1+ ¢

is the complete series for the exponential of a Grassmann times another number
A which can be Grassmann or ordinary.
For 3 Grassmann numbers, &, 7,y we have

Enx = x&n

and hence the product of 2 Grassmann variables acts like an ordinary variable,
i.e., it is commuting.
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Derivatives are defined in the usual way

0
oet =1
0
og" ="

There are various arguments for how to define integration of Grassmann
variables but the net result is

Complete Integration Table for Grassman Variables

/d§:O
[age=— [eac=1

That’s it, the complete integration table for Grassmann variables.
For example

[dceming = [agt4a = [aee=»

NOTE: The same integral in the case where £ is an ordinary variable is pro-
portional to 1/A. This is why fermion fields (such as the fields representing
electrons, positrons, neutrinos, quarks, etc.) are taken to be Grassman valued
when using functional techniques in quantum field theory.

For a set of Grassmann variables £,, with n =1 to N we have

/ dEydey - dEnEy €1 Er. = Hei i in
where

€a,b,c,. = Levi-Civita totally antisymmetric tensor (defined in the Introduction)

The 4+ ambiguity must be removed in any given case by defining a fixed con-
vention for the sign or a fixed ordering of integration variables. In most case
of practical interest the overall sign either doesn’t matter or it follows from the
problem at hand.

NOTE: The above result that integrals of Grassmans are essentially Levi-
Civita antisymmetric tensors means Grassmann integration is just a convenient
way of handling permutations.

9.2 Determinants and Grassmann Variables

Consider the integral

/dnldn2-~-d77N/d£1d§2---dieXp [fiMi,jnj}
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where M; ; is a matrix of ordinary numbers or variables and doubly repeated
indices are assumed to be summed over, i.e.,

&M jn; = Z &M jn;
‘7j

the "Einstein summation convention".
Consider first the simple case

[ n [ deexplgan = [an [ a1+ eam)
—a [y [ asen
:a/dnn

=a

where a is ordinary. To get this result we first used [dn [d¢ = 0 then [d&€ =1
and finally [ dnn = 1.

Next consider a 2x2 matrix M. The only term to survive after expanding
the exponential is the one with 2 ¢'s and 2 7's

1
[ dman, [ desdgyexolentign,] = [ dndn, [ desdee, M, € Mo,

1
= iMil,leiz,jz/d771d772/d51d§251177j15i277j2

1

=-3 i1 My o /d771d772 (/ d§1d€2§i1§i2) 7, Mjs
1

- _7M7;1,j1 Miz,jz (i€i1,i2) (:I:ejlij)

= — (M1 Ms9 — My oM 1)
= —det [M]

and the sign ambiguity +e does not make a difference. On the other if we use
a different order of the integration variables we get

/d771d51d772d§2 exp [£;M; jn;| = + det [M]

which follows directly from the previous result since we have defined d¢,dny =
—dndé; .

For the general case expanding the exponent in a series the only term that
does not integrate to zero is the term where the number of ¢’s and the number
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of n's are both exactly N. This term has the form

1
ﬁ/dnldUQ"'an/d§1d§2"'dngilM’i17j177j1£izMi27j277j2 "'giNMz’N,jNUjN

1
= ﬁMil,leiz,jz My in /dﬁld% cdny / d&dy - - difiﬂﬁfiJlﬁ e '§iN7IjN

1
= i Mivis Miajo = Miy jx€irsia e in €12, in
= :|:€Z‘17Z‘27‘.. ,iNMil,lMig,Z e MiN,N
= +det [M]

The overall sign depends on N and for the given ordering the signs go as
+,—,—,+,+,— for N =1,2,3,4,5,6, respectively.

In most cases where Grassmann variables or fields are used, such as in the
functional integral approach to quantum field theory, the overall sign the in-
tegral is not important, essentially because normalization cancels it out. On
the other hand we now show that det [M] is the Jacobeam of a change of inte-
gration variables and we know the same sign ambiguity occurs in the ordinary
commuting case as well. This is why the Jacobean uses the absolute value of
the determinant of the transformation. Hence, as in the ordinary case, the
Grassmann result is generally written as

/dn/dﬁexp [fiMi,jUj] = |det [M]]

NOTE: Often the |---| on the determinant are not shown explicity.
This result is the reciprocal of the Jacobean for ordinary commuting vari-

ables. Consider
/dz/dyexp [ziM; jy;]

where the z;, y; and M, ; are all ordinary commmuting variables. Making the
change of integration variable

zi = M; ;y;
the Jacobean follows from
dz1dze -+ - dzy = det [M] dy1dys - - - dyn

or

1
= dnden---d
det [M] LR TN

= Jacobean X dz1dzs - - - dzpn

1
/da:/dyexp [xiM,; jy,] = det[m/dx/dzexp [;2]

1
det [M]

dyidys - - - dyn

and so
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But again det [M] can be negative and a change of integration variable cannot
change the sign of the integral and so the Jacobean is defined as

Jacobean for commuting variables =

o
|det [M]]

The result for the Grassmann variables implies the Jacobean for Grassman
variables is the reciprocal of the ordinary Jacobean, i.e.,

)\i = Mi,jnj — d771d772 te d’l’]N = det [M] d)\ld/\g ce d)\N
Taking the absolute value as in the ordinary case we have

Jacobean for Grassmann variables = |det [M]]

10 Relativity, On Shell, Off Shell
**Needs work**
Relation between energy E and spatial momentum p, rest mass m and speed

of light ¢, all units MKS,

E? = p?c* + m%c* = Relativistic energy (squared)

1
V-8
Photons are massless so they obey

E=+/pPc=plc

U is velocity measured in a given inertial frame

P = m~yv = Relativistic momentum
Y

dz
dt

1_]':

where 7 is position and t is time in the frame.
4-momentum with index notation: subscript 0 is time, subscript 1,2,3 refer
to x,y, z coordinates

E
b= (POaPlaPZaPB) = C?apvayapz

2.2

E2
_2——2 —ﬁQ:mc

pupt =py—p° =
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11 WKB (Wentzel Kramers Brillouin)
11.1 Derivation
Consider the partial differential equation (PDE)
(& +v@)om=0
where for ¢ = 1 to N with repeated indices summed over that range,

Z; = Orthogonal unit vectors spanning the N dimensional space of 7

7= 2;x; = (21, T2, ,TN)

- 0

0= L%La.%' = 3,0, = (61,82,‘” ,GN) = Gradient
P =08-9=024093+---+ 0% = Laplacian

NOTE: The different ways of writing 7 and d above are just different notations
for the same thing.
Let

¢ (7) = exp (S (7)]

Substituting into the PDE and cancelling the overall factor of exp [S (7)] gives
(suppressing the 7 dependence for notational convenience)

(55)2+ (v+d2s) =0

which can rearranged as

‘55‘ =/ (39) - (35) = =iV + &5

where i = \/—1. The first equality in the last line is just a definition of the
notation |---|. Assume that 925 (7) is smaller than V (7). Below we will give
examples of how this can happen. But for now expand the square root to first
order in 928

2V
32
z:l:i(\/v 165)

]55’ ~ +iVV <1 + 1525)

+ [E—
2V
So we have the modulus of the gradient of S but not its direction. Ideally we

would like to have 35 so that

S (7)) —S(7(0)) = /Oldé’ E(0)-8S (7 (L))
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where

7 () = a particular path or trajectory
¢ = length along the path

. dr (¢
t() = :l; ) = unit length vector tangent to the path

ds (7 (¢) = |35 (7]
F=F(e')
The last line above means take the gradient of S first then replace 7 with 7 (¢') .
NOTE: S (7) is a scalar function, i.e., at any 7 it has a given value, hence
the value of S (7(¢)) — S (¥(0)) depends only on the points 7(¢) and 7 (0) and
is independent of the path between those two points.
In 1 dimension (1D), the direction is given by default and so in 1D with
position labeled by z we have

0,8 (x) = +i ( V() + 13§S(w)>

2,/V (z)

o i ( L2 <a;s(g>>>

10 (j:i v (33))
2V

~ +in/V (@) — iagc [V ()]

where in the third line we have substituted +i+/V (z) for 0,5 (z) which is valid
to the given order of the expansion. Integrating both sides we have

~ i |V (2) +

S (2) ~ +i / da' /T (@) — im V ()] + iln [V (0)] + S (z0)

[¢]

x
1
~ :I:i/ dx'\/V (2') — 1 In [V (x)] + constant

xo

and

exp [S (z)] ~ % exp {:I:z/ dx'\/V (x’)} : 1D WKB Solution

0

where C' = exp [constant] . This is the standard WKB result for 1D.

Note that the real part of S is an amplitude and the imaginary part is a
phase. Below we will relate the phase to the eikonal, ray tracing and Fermats
"principle of least time".

The are issues with the above approximate close to any turning points xrp
where V (z7p) = 0. It looks like things "blow up" but by using Taylor expan-
sions of V' (z) around xrp a smooth finite solution can be found.
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In 1D if V () = k3 = constant, then ¢ (z) = exp[S (z)] = exp [Fikox]

which is the standard basis function solution. In multiple dimensions if V' (7)
k% = constant, then ¢ (¥) = exp [S (F)] = exp |::|:ZEF:| with the "length" of

fixed,

k ‘ =Vk- k= ko, but the direction or the combination of directions of

k are unspecified. Any combination is a solution. It is the boundary condi-
tions, initial conditions, sources and/or sinks for the field ¢ () which determine

—!

the particular combination and weighting of the basis functions exp ik - r}

The same is true for the WKB solution exp [S ()] , boundary conditions, initial
conditions, etc., determine the relevant direction of 0.

11.2 Eikonal, Rays, and Fermat

Consider a particular path 7 (¢) with £ the length along the path and where for
all ¢ the direction of the gradient, 0.5, is tangent to the path

Note that since
dif - dif = (da? + da3 + - - - dayy) = db?
we have a0 dF ()
T T . R
. =50 -t =1
20 20 (€) - t(0)

To relate what we’re doing here to optics and ray tracing let

V (7) = (n (¥) k)* = Real and greater than 0 V 7
where

2
k= 771- with A = vacuum wavelength

n (¥) = position dependent index of refraction

Consider just they/V term in the exponent in S and choose the + sign. Since
we have defined dr (¢) /d¢ as being tangent to 95 () at all points along the path
we have

= ’ = ‘ dr (0) dr (0) dr (0)

3 (7(0)) = |38 (7(0)| T3~ = iV/V FO) == = ikn (7(0) =

The right hand side is purely imaginary which means in this case S is pure phase
and so define » = S/i so that

G (7(0)) = ko (7(0)) 10
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Take the derivative of both sides w.r.t. . Since the gradient d does not depend
on ¢, d/dl 0 = 0 d/dl,then using the notation d/d¢ = 9, we have

0 (7 () = dow (7 (¢)
—a(* d; 7o (1))
_ ( 47 () kn f(e))drdf)»
Lo | 0w
( dl

:1

’I’L

Cancelling overall factors of k and equating the left and right hand sides above
gives

u 76 = o (i) )

- (Z o)) DO o) (050)

or, rearranging and remembering 9y = d/d¢

an (7 (0)) — drd;ﬁ) <d7;i(£@ - dn (F(E)))) = Ray trajectory equation

427 (0)

ez n(Fl(é)) <

This is the standard differential equation for the trajectory of a ray, 7 (¢) given
the index of refraction as a function of position, n (7).

Substituting S = 41 in the integral above for S (7(¢)) and using v (7 (£)) =
kn (7 (€)) d7 (£) /d¢ we have

v (e _k/ de' 0 (7 () + ¥ (7(0))
Since only phase differences count we can set ¢ (7 (0)) = 0.

11.2.1 Fermats Principle of Least Time

We now show that setting the change in ¢ (¥(€)) equal to zero for a small
variation in the path 7 (¢) yields the ray trajectory equation derived above. But
since the index of refraction is defined as

speed of light in vacuum

n(r) = v (7) ~ speed of light at 7 in a material
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it follows that

¢
i (7(0) = / dﬂ’m = time for ray to propgate from 7(0) to 7 (¢)
0

Hence the variation of ¢ (7(¢)) being 0 for small change in 7 (¢) indicates the
ray trajectory is an extremum w.r.t. time which is Fermats principle of "least
time". We only show the trajectory is an extremum. We do not show it always
corresponds to a minimum because, in some cases, it doesn’t. In some cases
it corresponds to a maximum, as considered in the section on Circular Ray
Trajectories below.

We work with n (7(¢)) instead of v (7 (€)) since it is less messy. Before
evaluating the variation note that because by definition

dr(€) dir(£)
ae a¢

we have to do a constrained variation. This can be done using a Lagrange
multiplier. But it’s much easier and cleaner to use an arbitrary parameter, say
0, to indicate or label position along the ray trajectory with o not necessarily the
length along the ray trajectory.This works as long as ¢ increases monotonically
with o,

=1

dal
Io >0 Vo
so that each value of ¢ indicates one and only one position on the trajectory.
Noting that
dl = vdr-dr

it follows that

e [dF (o) df(o),  [|dF (o) |
dt = do do = do do do = do do

Hence consider

von =k [ aoy | T o)

We will implement the variation by using functional derivatives. They act like
ordinary derivatives up until the functional derivative is being taken w.r.t to
the same function as itself then they yield a Dirac delta function. Functional
derivative notation usually, but not always is written using d or sometimes D,
instead of 9 or d. The functional derivative of a function f (z) w.r.t. itself f (z')

is given by
of (x)

f (2')
Use the ordinary chain rule until the functional derivative is w.r.t. the identical
function, then use the above result.

:5D (.Z‘—JC/)
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Take the functional derivative of ¢ (7 (o)) with respect to 7(c”). We can
do this using 7(0) = z;(0)Z; and §/07(0”") = §/0x; (") &;. (Rememeber:
Einstein summation convention and the z; are fixed unit vectors along, say, the
x,y, z directions).

Setting the result to 0 gives

or, since each vector component must individually be zero

) dmi(ﬂl) 5 dm(g,)n(f’(al))

2 do’ dxzj(c’) do’

o \/ (e’
= / do’ do’
0 2 ,
dr(o’ oo N
+ d(a’) 5xj((a//)) 9in (7 (o))
where we have used ﬁ% = %m But by definition of functional

derivatives g”i(( ,,)) 0k (i,5)0p (0! — o) and so

/

L) s (o — o) (7o)

Integrate the first term by parts and use the property of the Dirac delta function
to evaluate the integral with the result

))dp (o/ — )

d 1 dz; (") ar (e |?. .
0= —a — c]io(” )n(r (")) df)’” ) din (7 (a"))
do.//

We can now set o = £ in which case |dF(0) /do|> = |dF(€) /d¢|> = 1 and
dropping the double prime notation on ¢ we have

0= 0 (r(0) - 3 (= n )
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Rearranging gives

Pz (0) 1 - daj () dzi (6) ,
i = () - S5 S @)

or in terms of vectors

d*7 (0) 1 = ar(t) (dr () = . . .
T2 70 ((‘371 (7(0)) — i ( 7, -On (T (f)))) = Ray trajectory equation

which is exactly the same result from the previous subsection.

11.2.2 Circular Ray Trajectories

Consider the index distribution n (r) in 2D with r = /22 + y2.

Lets see if we can find a particular index distribution, n (1), such that a circle
of radius R, i.e., ¥({) = R ({/R) = R () satisfies the ray trajectory equation
given above. With ¢ being distance along the circumference of the circle, § = ¢/R
is, by definition, the usual angle in polar (or cylindrical) coordinates. Also, 7 (6)
is the unit vector in the r direction, and @ (9) is the unit vector in the # direction,
both depend on angle 6.

First we have . =

on(r)=0r Oyn(r) =7 (6)0mn(r)
and )
@NWM:&Hm:RE%Nm:MQ:MUm

Hence, for the circular trajectory we have

ar(f) 5 .
i -on (F(£))=0

The ray trajectory equation is now reduced to

fﬂ@_%@w)
ez n (7 (0))

But
d*7(0) B d*R# (¢/R) _d

ar de? ol
Putting things together gives

1. 7 ({/R)0mn(r)
R’ (t/R) = n (r)
1 on(n)
R n(r)

which has the solution n (r) ~ exp[—r/R]. Fixing the integration constant,
n(r = R) = ng, we have finally

n (r) = ng exp [-r/R]
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So an index distribution in 2D which decreases exponentially with r has circles
as one solution to the ray trajectory equation. The circular solution only works
at one radius, R.

NOTE 1: n(r) is unitless (just a number) but r has units of length. So
something with units of length has to enter into the function n (r) to cancel the
units of » which is why in the end n (r) is actually n (r/R) . Units matter!

NOTE 2: The ray can go either way around the circle. The shortest direction
around the circle between any two points is the "least time" extremum, and the
longest direction around the circle between the same two points is the "most
time" extremum.

11.3 Level Set Method

The level set method was created to model surface evolution, i.e., to evolve an N
dimensional manifold living in N + 1 dimensional space. Physically the goal is
to model etch and deposition processes. The starting equation is very similar to
the ray trace equation above and the resulting level set approach to its solution
is very similar to WKB above.

To be specific consider a 2D surface living in 3D. The equivalent of the ray
trace equation is written

0y (t) = R (7 (1))

where 7(t) = (z (t),y(t),z(¢)) is the position of a point on the surface at time

7 (7 (t)) is the local normal to the surface at that point and R is the "speed"
at which that point moves forward in time. Tracing out 7(t) is equivalent to
tracing a ray in the optical case.

To talk about the whole surface and not just a single point we need to let
7 (t) — 7(t,8) where §is a 2D coordinate system living on (or in, if you prefer)
the surface which labels position on the surface itself.

The rate R can and does depend on lots of things. If R is a constant then the
surface evolution is isotropic and homogeneous. If it depends only on position,
7 (t,S), then the evolution is isotropic but not homogeneous. It can also depend
directly on time ¢ It can also depend on derivatives of 7(t, §) both with respect
to t and §. For example, if it depends on 9,7 () then the evolution rate or speed
of the surface depends on the direction of propagation of the surface at each
point which is nonisotropic but still homogeneous evolution as long as R does
not depend directly on 7(¢,5). Both the isotropic and nonisotropic, but still
homogeneous, cases are very relevant to many etch and deposition processes.

The dependence of R on § accounts for the dependence of the surfaces evolu-
tion on it’s shape. This dependence can be local as in the case where R depends
on the local curvature of the surface. This would involve a dependence on sec-
ond derivatives of 7 (¢, §) with respect to the components of s. For example, a
bump on the surface (positive curvature) could evolve differently from dip on
the surface (negative curvature). The dependence can also be nonlocal in that
R at a given position depends on the overall shape of the surface itself. An
example would be a surface which evolves to have a bubble which is almost but
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not completely closed off. The part of the surface inside the bubble could be
"starved" of whatever is causing surface evolution (deposition materials or etch
factors) and so evolve much more slowly than other parts of the surface.

The bubble completely closing off brings up the real possibility of the surface
changing its topology during the evolution. If the bubble completely closes off
then the original manifold has become two manifolds, one with, nominally, the
topology of a sphere. Changes in topology are very hard to track using the
7 (t,S) representation of the surface, points and/or regions of the surface need
to be added or removed from consideration during the evolution. The level set
method was developed in part to provide an "easy way" of handling topology
changes.

To develop the level set method consider a 2D surface in 3D described in
z,y, z coordinates by

z = h(z,y,t)
with h the "height" of the surface at z,y and time .

Writing things this way assumes the surface does not fold back over itself,
i.e., each (z,y) position corresponds to one and only one point on the surface.
If the surface does fold over on itself, like, say, a sphere or slightly distorted
sphere, then either a coordinate system different than (z,y, z) , such as sperical
polar, needs to be used or the surface needs to be treated as the union of a set
of patches or sub-regions appropriately glued together. Here we consider the
simple case where z = h(x,y,t) works, i.e., § = (x,y) works to uniquely label
positions on the surface.

Define the field

¢(Zyy72’,t) =ZzZ= h(l’,y,t)
It is straightforward to show that
. B} T,Y, 2,1t —0zh,—0,h,1
Tl(l’,y,t): _,(rb( Y ) — ( 2J ) =
36 (@9 20| /14 (@.h)* + (9,h)

is the local normal to the surface at position § = (z,y) at time ¢. Here 9 =
(03, 0y, 0.) = the 3D gradient.
The important point is that
¢ (2,y,2,1) = 0=z = h(z,y,1)

And so, at any time ¢, solving for the contour of ¢ with value 0, gives the surface
at time .
Determine how ¢ evolves in time.

Ad = Dp - AF + 9,0t
If we started with ¢ satisfying ¢ = 0 at time ¢ and we want ¢ = 0 to be the
surface at time t + At then we must have
Ap = Jp- AT+ 9,0t =0

OrpAt —0¢ - A7
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Using A7 = RnAt gives .
Orp = —ROP - 1

after cancelling the At factors. But n = 5¢/ }5(;5‘ = 5¢5/ 5¢ : 5¢ and so
J¢ - 9
\ 96 - o

This is very reminiscent of the WKB result above where the evolution equation

06 = —R — ~R ||

depended on ‘55 ‘ . Indeed writing things in terms of ray propagation or ray

1

(7 _ dr(£)
(7 de

N2

. Substituting d¢ = Rdt and rearranging

trajectories gave

Qy

s
|05
gives 0,7 = ROS/ ‘55
surface, which is optics is called the "wavefront".

N

= Rn where 7 is the local unit normal to the S =constant

F=7(0)

12 Energy and Momentum Conservation

12.1 Microscopic Newton and Maxwell Momentum Con-
servation

Here we show conservation of momentum for the "microscopic" (Jackson’s nomen-
clature) Maxwells equations. First do the simple case, i.e., take the matter
(point particles with charge and mass) to be classical (non-quantum) and non-
relativistic. Conservation of momentum still works out if we do the full deal,
i.e., let the matter be relativistic and/or quantum mechanical but then, for the
"and" case, the full machinery if quantum field theory is required. I will put
this derivation at the end.

12.2 Maxwells Equations (MKS units)

Jdx E(&,t) = —0,B (&,1)
d x H(Z,t)=J+ 0,D (1)
d-B(zt)=0

where

68



and for a set 1,---, N of point particles with trajectories &, (t) and charges ¢,
p(E,1) = qnd (& — T (1))
T(Zt) = qn (0 (£)) 6 (F — & (1))

Clearly this satisfies charge conservation.

NOTE: (1) To simplify notation we will drop writing the explicit & and ¢ ,
ie., E (Z,t) = E, B (Z,t) = B, -, % (t) = Z. (2) ¢, must account for all the
charges that create and interact with fields, I do mean all. (3) The total charge
is assumed to be zero although this may not actually be totally necessary.

The standard (free space) form of the momentum density of the electromag-
netic field is C%E x H = ¢oE x B (units are Newton x sec/m?3), hence the time

rate of change of the total field momentum P is

K2

3tPi:eo/d3x(3tEX§+EX8t§)

The integral is over all space, the fields vanish at infinity and the subscript ¢
indicates the vector component in the x,y, z direction. Using Maxwell gives

1/~ 12 2\ = = 7/~ =
atP,;:eO/dSz ( (ax BJ) x B~ E x (6><E)>
€0 /J’O i
Substituting the identity
(17 x (5>< 17)) = V;0,V; — V;0; Vi

gives

1 - o
0,P, = eo/d3x ( (Bjd;B: — B;oiBy) — (T x B) ~ E;0,; + EjajEi>

€otho i
Integrating the first and last terms by parts (dropping the surface terms), then
using J-B = 0, J-FE = p/eo and B;0;Bj + E;0,E; = %@' (EQ + EQ) which is a
pure divergence and hence becomes a surface integral which vanishes at infinity
gives

I I
| |
S
?1 —
&
=
X
sy
—~
=
:\
=
N~—
=
|
=)
3
=
—~
8
:—\
=
J@F
S—
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— —

where the last line is just Newton since ¢, (0;Zy,) X B (Zy, (t) ,t) + qn F (T (1) , 1)
is the force on particle n. And so

The total of the field plus matter momentum is conserved. Note that solving
simultaneously the combined Newton and Maxwell system of equations gives all
(classical nonrelativistic) absorption and radiation effects. Everything is there.
If we replace the nonrelativistic Newtons laws with the relativistic ones, every-
thing still works out, and then all classical relativistic absorption and radiation
effects have been accounted for.

12.3 Space Translation Invariance = Momentum Conser-
vation

For a classical nonrelativistic collection of N particles labeled withn =1,--- | N,
if their behavior doesn’t depend on the position of the system then its invariant
under spatial translations where all particle positions Z,, — Z, +d where @ is the
same constant position shift of all the particles. In order to include all the forces
on all the particles the potential energy between the particles can only depend
on the combinations &, —Z,,. The kinetic energy is automatically invariant since
O (2, + @) = 01&,. (Of course if there is also no preferred direction in space
then V' can’t depend on how the entire system is rotated and so V depends
only on |#, — &,,| which leads to angular momentum conservation) To make
things simple work in 1D and so V' depends only on |z, — x,,|. (Everything
goes through just fine in 2D or 3D or... it’s just more notationally cumbersome
to write out.)

The Lagrangian for a system of particles interacting via a pair potential V'

L_ZM_EZV(@ — )

The factor of 1/2 in front of V is included to cancel the factor of 2 picked up
since we are double counting the potential energy (the sums on n and m are
independent and so allow for each pair of n and m values to occur twice). Also
we assume V (|z, — z,|) = V (0) = a constant, nominally 0.

The momentum is defined by

is

oL 5
= ——— = mpoiTyi
Pk FIGE) kO,
The equations of motion are
oL oL 1 o
ata (atl'k) =3 (l'k) = O = —5 ; Tka (|xn — xm|)
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Using sgn (z) = the sign of  which gives 9, || = 0, (sgn (z) z) = 20p (z) z +
sgn (z) = sgn (x) and 0z, /Ox = dp k We get

**Z V (|zn — 2m])

0 |xn - xm| ov (‘xn - $m|)
_QZ

Oz, O |Tn — Ty

Oipr

n,m

oV (|lxn, — xm
_,Z nk — Om.k) sgn (x, —xm)w

n,m

1 — —
. (ngn(xk_% AV (| — ) ngn ) DVl = i)

Olzk — T 0|z, — x|

oV (lxx — xm
= —ngn — Tm) —(|xk Zm|)

0xg — T

And so the time derivative of the total momentum ), pj satisfies

aVv — T,
3t2pk - —ngn(xk —zm)M
k k.m

0Tk — T
=0

since OV (|xg — xp|) /O |2k — T is symmetric under k < m but sgn (zx — Tm)
is antisymmetric under k < m.

12.4 Microscopic Newton and Maxwell Energy Conserva-
tion

The standard free space form of the electromagnetic energy density is %EQ +
iB'Q (units are Joule/m3 = Newton/m?). The time rate of change of the total

field energy E (do not confuse the field energy F with the field itself E) is
L. 1 4.
HE = /de (60E -OE+ —B- 8tB>
Lo

- P (B- (5 B) - -(5xﬁ))—/d3xﬁ-f

after substituting Maxwells equations. Using the identity
d’~(5xg)—5~(5xa) =-0- ((i’xg)

1 < — — — - — -
8tE:f—/d5x8~<E><B)—/d3xE~J
Ko

gives
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/d%é- (£ x B) :/ asi - (Ex B) =0
|F]|=00
where dS is the area element on sphere at |Z] = oo and 7 is the outward normal
to the sphere surface. The integral vanishes since the fields vanish faster than
1/r? as 7 approaches infinity.
Substituting for J from above gives

/ BT = / PuE - (z 4n (B0, (1)) (& — &, <t>>)
= Y0 (03 ) [ deE (@) 5@ - 7, ()
= Z Oy, (t) (QnE (fn (t) ) t))

after using the electric force Fpona particle with charge ¢ is qE. The magnetic
force on a particle with charge ¢ is Fp = qo:T X B which is perpendicular to
the motion of the particle, hence it follows that the work done on the particle
by the magnetic field F B - d¥ = ﬁB - 0;Zdt = 0 and therefore the total (electric
and magnetic) work done on the particle is Fig - dZ = ¢E - 9, (t) dt. Putting this
altogether we have

0= 0,8+ / Pall- T =08+ Y 00 (1) (0uF (7, (1).0))

Again this accounts for the total of all (classical nonrelativistic) absorption
and radiation effects. If we replace the nonrelativistic Newtons laws with the
relativistic ones, everything still works out, and then all classical relativistic
absorption and radiation effects have been accounted for.

NOTE: Working the above analysis backwards, i.e., starting fd3xf~ E is
the time rate of change of the work done on the particles due the fields acts as
a derivation, via energy conservation, of the expression for E for the electro-
magnetic field and of the Poynting Vector “E x B. This is how it is done in
Jackson’s book "Classical Electrodynamics" for example.

12.5 Time Translation Invariance = Energy Conservation

For a classical nonrelativistic collection of N particles labeled withn =1,--- | N,
if their behavior doesn’t depend on when the system is intialized and started
then the system is invariant under time translations where all particle posi-
tions &, (t) — &, (t +T) where T is a constant time shift. Initial conditions
are then #, (0) — &, (T), i.e., instead of starting the system at ¢ = 0, it
is started at t = T. As in the case of space rotation and translation invari-
ance, as above, the potential energy between the particles can only depend on
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the combinations |Z, (t) — &, (¢)| hence the potential energy is invariant under
time translation since V (|7, (t) = Zm (B)]) — V(|Z, t+T) -2, t+T)|) =
V (|Z, (t) — Zm (t)]) . That is, V' can only depend explicitly on the distances
between particles and not on when they are at a given distance from each
other. If V' depended independently on the distances and on time as well, i.e.,
V (|Zy, (t) — T (¢)|,t) then energy is not conserved because the energy of the
source causing the explicit time dependence of the potential energy has not be
included. The kinetic energy is automatically invariant since 0@, (t+T) =
Ory1Zn (t+T), ie., it is the velocity at time ¢ +T. Given that both the kinetic
and potential energies are time translation invariant the total energy is time
translation invariant.

NOTE: The entire argument effectively reduces to V is time translation
invariant when it is a function only of the distances between the particles. We
now show that in this case energy is conserved.

To make things simple work in 1D and so V depends only on x, — x,.
(Everything goes through just fine in 2D or 3D or... it’s just more notationally
cumbersome to write out.)

The Lagrangian for a system of particles interacting via a pair potential V'

is, as above,
2
my, (O 1
L= 3 PG STV ()

(Again, to avoid cluttered notation we are not writing out the explicit ¢ depen-
dence of z,,)

The total energy which in this case is also called the Hamiltonian, H, is
defined by

H = an (6t13n) -

where, as above,
oL

P =5 (Opan)

= mnatzn

and so

H = Zmn (8t'rn Z %mn atxn ZV |l‘n l‘m|)

n

Z;mn 6t$n ZV ‘xn mrnD

n

which is the standard result: Total Energy = Kinetic Energy + Potential Energy.
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Taking the time derivative gives

OH = Zmn at337L a xn Zat |~73n _-TmD

- Zmn 6t33n a an Z Z atwk (lxn - m'rnD

nmk

= Zm” (Dvn) (OFwn) + %Z (Ork) Z (Okn — Okym) 8GN (Tn, — T W

n,m

_ jgjvnk (Oyr,) (0%, 47253 (D) j{:sgn wp — ) DT = Zml)

Ol — T

= Z (Opr) (mk (O7xk) + Z sgn (Tp — Tm) 3V(|xk—$m|)>

d 0 |$k - xm|
OV |z — )
- S (atpk + S sgm =)

= 0 via equations of motion from above

12.6 Full Relativistic Field Theory Approach

This is the fun one. The action for a fully relativistic field theory is

S:/d4$Lt0tal

= /d417 (Lfields + Lmatter + Linteraction)

where L is the Lagrangian (density). For example for QED

1 _
D v . .
LtQOfal = ZFWF‘J + 1) (iv* (0, — teAy) —m)

where

F,, =0,A, - 0,A,

with A,, the 4-vector potential and ¢the Dirac (Grassman) field. Note that we
are working in "field theorist units" where all numerical constants are unity, i.e.,
c=h=e¢=py=...=1

But to be general we can let ¢ (Z,t) = ¢ (z) be a generic field and Lyyrq; will
depend on ¢ (z) and 0¢ (x) where 0¢ (z) is shorthand all four derivatives d,,¢,
ie., let

Ligtar = L (a¢ (SL') ,(]5(1’))

Symmetries and/or invariances imply conservation laws via Noethers theorem.
Here the invariance follows from the fact that the action S is invariant under a
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change of the dummy integration variable dz
5= [ d'aL @6 ()6 (@)
~ [dL @) .0
—g
Now let z}, = z,, + ¢, (x) with €, (z) infinitesimal.
d'z’ = (1+ 8“6u) dz

L@, 6() = L(06.6) + oL

<z5 9(0,9)
where all the functions on the right hand side depend on z. Since this will be

under the integral [ d*z we can integrate the last term by parts and keeping
only terms to first order in ¢ gives

( o) e (0,0,0) "

(1+0",) LO'6(x'),6(x) = L(06,6)+0"c,L(06,0)— 8&)

(5 3039 0

=0 Equation of motion

(Ou9) Ove

The last term vanishes due to the equation of motion and so
S’—SzOz/d4x §“L (0¢ qb)—aiL(B ®) ) D,
RO 5@, )

Integrating by parts and noting that the result holds for arbitrary ¢,, yields the
result

9, (8L (8,0) — 6L (96, ¢)> _

9 (0,9)
And so the total "energy-momentum" tensor
oL
Ty = ———— (0,0) — 0" L (09,

is conserved since it’s 4-divergence vanishes
M1, =0

If ¢ is a collection of fields indexed by ¢ then

. 8L 3

Z a 3“(;5 ) - guVL (ad)a ¢)

(6]



where g,,,, is the Minkowski metric, gog = 1, g11 = g22 = ¢33 = 1 with all other
entries 0.

For Maxwell with L = —iFWF’“’ and ¢; = Ao, ¢ = A; etc, then (with 4,5
summed from 1 to 3) and symmetrizing the results we get

1 v 1 2 2 1 2 R2
L=—FuF* = — (“2F% + F}) = 5 (E _B )

—

U/ = 1/ 1/ =
Too = —Fou P — 5 (B2 = B?) = F§ — 5 (B - B?) = 5 (B2 + )

Toi = —Fou ' = Fo; Fij = €iju B By = (E X E)

3

which is the standard result (in units where ¢y and p are 1).

13 Capacitor Energy Loss

Electric power, P, (Watts) is given by the product of current, I; (Amps) and
voltage, V' (Volts)

P=1Vv

This power can be dissipated, as in a resistor, or stored as in a capacitor or
inductor. The interesting thing is that in any resistor capacitor (RC) circuit,
during charging, the capacitor always stores only half the energy supplied by
the voltage source, e.g., a battery. The proof is simple.

Energy, E (Joules) is the time integral of the power. For simplicity we
assume the energy is 0 at time t = 0 and

then integrate to t = oo

E:/ dtP:/ datlv
0 0

Consider an uncharged capacitor wired in series with a resistor and a battery
of voltage Viaie. The current is given by the time rate of change of the electric
charge Q(t) that flows past any point in the circuit, i.e.,

=20

For the battery the total power supplied to the circuit from ¢t =0 to ¢t = oo
is,assuming Vjq¢: = constant,

Eporr = / dtI (t) Veart
0

> dQ (t

= Vbatt/ dtiQ()
0

dt
= ‘/batthatt
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where Qpq¢+ is the total charge supplied by the battery.
The energy stored in the capacitor, F¢, is given by

Ec = dtl (t) Ve (t) = TCA )Vc (t)
0 0 dt
but the voltage across the capacitor
Qc (1)
t) = 2
Ve (t) c

where Q¢ (t) is the charge on the capacitor at time ¢ which equals the total
charge @ (t) supplied by the battery up to time ¢ and C' is the capacitance,
which is constant. Hence we have

Fo = /O oodtd%t(t)vc(t)

L1~ Q)
- c/o w22 W o )

dt
antt
2C

1
= 5 Vbatthatt

That last step follows since at ¢ = oo the capacitor is fully charged, i.e.,
Qc (t = 00) = Qpatt, the current ,I (t = o0) = 0 and the voltage across the
capacitor is equal (and opposite) to the voltage across the battery, i.e,. Vo =
[Vibatt| - Hence the amount of energy stored by the capacitor is always 1/2 the
amount supplied to the circuit by the battery (or other voltage source) inde-
pendent of the size (Ohms) of the resistor. The other half the supplied energy
is dissipated in the resistor.

This can be shown in a more explicit way by solving the differential equation
(DE) for the circuit which is

Qc (t)
C

Voatt = I (t) R+

where R is the resistance (Ohms).
Let
Qc (1) = CViart +q (1)

Then the DE becomes
dq (t) 1

dt C
which has the general solution

q(t) =q(0)e/RC

The initial condition is Q¢ (0) = 0, hence ¢ (0) = —CViatt = Qpare- This gives

Qc (t) = Qpatt (1 — e*t/RC)
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Now for the energy dissipated by the resistor we have, using Vg (t) = I (t) R

/ At () Vi (1)
0
~ R /0 dtr (t)

- n (0
aa(4)

_ Rantt /OO dtef2t/RC
(RC)* Jo
Ql%att @
RC? 2
Ql%att
2C

1
= 7Va a
2 b tth tt

Note that the R cancels out. Hence independent of the value of R, half the
energy supplied by the battery (or voltage source) is always dissipated in the
resistor and half is stored in the capacitor. The important fact is that the
energy ViartQpatt /2 dissipated by the resistor becomes heat. This has important
implications for thermal management of semiconductor computer chips, i.e., how
to keep chips cool and not waste energy on heat. Every transistor on a chip, not
to mention other parts of the circuitry, has a resistance and a capacitance. And,
as we have just shown, half the energy supplied by the voltage source always
ends up as heat as each capacitor is charged. So half the energy supplied to do
computation automatically ends up heating the chip.

Er

14 Lagrangian, Action, Euler-Lagrange, Deriv-
atives

First, some background. The Hamiltonian is defined as the total energy, kinetic
plus potential, written in terms of generalized position coordinates and canon-
ical momenta. Often, but not always, these coordinates and momenta are the
standard z,y, z coordinates and mass times velocity, respectively, but not al-
ways. In quantum mechanics the Hamiltonian is represented as a operator and
it propagates wave functions forward (or backward) in time. The key point here
being that the Hamiltonian specifically picks out time. But relativity treats time
and space on an equal footing. This means that relativistic quantum mechanics
and quantum field theory done using the Hamiltonian approach had the added
burden of having to show explicitly that the results produced were relativisti-
cally invariant. This fact led Feynman, following Schwinger, to wonder how to
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do quantum mechanics using the Lagrangian, which is the kinetic energy minus
the potential energy, expressed in terms of (generalized) coordinates and veloc-
ities (instead of momenta) and which treats space and time on an equal footing
hence yielding results that are obviously relativistically invariant from the get
go. This lead to the path integral approach to quantum mechanics (discussed in
the next section) which directly generalizes to the functional integral approach
to quantum field theory which is the standard approach used today.

14.1 Lagrangian

The Lagrangian £ for classical mechanics is defined as the kinetic energy (KE)
minus the potential energy (PFE)

L=KF—-PFE

in the simplest case in 3D in Cartesian coordinates for a single particle of mass
m subject to the potential energy V (7,t), where we have included an explicit
time dependent along with the dependence on 7, we have

L@ W),7(0) = ymi (0~ V (7 (1)

where 7 (¢) is the particle trajectory, i.e., position as a function of time and
¥ (t) = 0,7 (¢) is its associated velocity. The same K F — PE form holds for mul-
tiple particle systems in arbitrary dimensions and using curvilinear coordinates
(cylindrical, spherical polar, etc.).

14.2 Action

In classical mechanics the "Action", often denoted with the letter S, is defined
as the integral of the Lagrangian over time.

ty
S = / dtL (0,7 (t) , 7 (t))
ts
where ¢, is the starting time and ¢; is the end or finish time. Note that S is a
"functional" of the trajectory 7(t), that is, because of the integral over time S
depends on the entire shape or functional form of 7(¢) from ¢ = ¢, to t; while
S is just a function of ¢, and ty. Given specific starting and ending positions,
Fs =7 (t =ts) and 7y = 7 (t — ty), S is also a function of 7 and 7.

NOTE: The functional dependence of S on 7 (t) is often indicated as S (7())
to show that S depends on the functional form of 7 (t) , it does not depend on ¢.

14.3 Euler-Lagrange

Question: For a given £ what trajectory, i.e., what functional form of 7(¢)
extremizes the Action. To find the equation that 7 (¢) must satisfy we take the
functional derivative of S w.r.t ¥ (t"), which we denote §/dr,, (t') where n labels

79



the z,y, z,etc. component of ¥. A functional derivative w.r.t. a given function
acts like an ordinary derivative (using chain rule) until it acts on itself, then it
acts like a Dirac delta function, e.g., §f(¢) /6f(t') = dp (t —t').

Taking the functional derivative of S w.r.t 7, (') then gives

5S B
ory ()

/t5 dt&rn (t,)ﬁ(atf’(t) , 7 (1))

LY (LD () F() 8 (D () DL (BT (1) (1)) 1 (1)
- / ‘“( D@rn () orat) 00 () )

0(0ern (1)) _ g Orn(t)
but =5 ) até'rn(t’)'

55 OL@OF (1) 7 (1) bralt) | OLOF(E).F(1)) b1 (1)
- / ‘“( D eyt )

51 (1) 0 (rm (1) Form (¢ D (8) o (#)
LY (e @ (). F () L@ (1), 7 (1))
- / dt( 9 @) P TR ) ‘W”)

Integrating the first term by parts and dropping the endpoint terms (we are
varying 7 at ¢’ and taking t; < ¢’ < t; so there is no variation at the endpoints
7s and 7 we get

5 ty (L OLOF(), ) ALOF),F ()
57 () / dtbp (¢ ”( @ ®) T a0 ) )
 PEOUE) () | 9L ) ()
9 (@ (1) 30 (1))

Setting #:(;t/) = 0 to get the condition for 7(t) to extremize S gives, after
dropping the prime on ¢
5 QLD (W), 7)) DLW, T(M) _
ECICEN0) 9 (rn (t))
This is known as the Euler-Lagrange equation or equations, since there is one for
each n. Strictly speaking J; should be written as d/dt but usually it is written
as just 0.

14.3.1 Example
The Euler-Lagrange equation for
1
L=5m (9,7 (1)) =V (7 () 1)
is

mozT (t) = —aV (7(t),t)
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which is just Newtons Law: F = ma.
To be explicit about notation,

AV (F(t),t) = IV (7,t)

F=r(t)

that is, after taking the gradient with respect to 7, replace ¥ with 7(¢) in V.
Some mathematics texts write this as (5‘/) (7(t),t) to indicated taking the

gradient first.

As discussed in the section below on stationary phase and classical mechan-
ics, the Euler-Lagrange equation being the extremum of the Action explains, at
least in part, how quantum mechanics reduces to classical mechanics.

Comment: In quantum field theory the Lagrangian is a function of the fields
and of both the space derivatives and time derivatives of the fields and the
Action is the integral of the Lagrangian over space and time. Hence if the
Lagrangian is relativistically invariant then so is the Action and nominally so
then are all the results derived from the Action.

14.4 Derivatives of the Action

The solution of Euler-Lagrange is the classical (Newtons Law) trajectory, 7 (¢) .
The Euler-Lagrange equation follows from setting the functional derivative of
the Action to zero. For the classical Action, i.e., the Action evaluated for
7 (t) = 7o (),

S =8 (7a ()

what do derivatives of S.; w.r.t. the starting and ending positions and times
yield?

We will work in 1D so that 7 (¢) is replaced with z. (t) and just do the
derivatives w.r.t. z and t;. The Euler-Lagrange equation is generally a second
order differential equation and so generally required two boundary or initial and
final conditions to completely specify a given solution. This means that z. (¢)
along with being a function of ¢ also depends on the starting position and time
x5 and ts and the final position and time ¢ and ¢¢, hence we should really write
xo () as zo (8, 2y, b5, xs,ts) . Here we just consider the derivatives of S (z (¢))
w.r.t. ¢ and ty. The results for the derivative of S (z¢ (t)) w.r.t. s and t, are
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evaluated exactly the same way.

9 O " wc o

(97;1,7 (:Ccl ( )) = (971’]0 /tS dt ( tLcl (t) y Lel (t))
Y d 0 L (0

= /t; t(f?i:rf ( tLcl (t) s Lel (t))

_ /tf dt <8 (atwcl (t)) £ (atwcl (t) y Lel (t)) 4 8‘7361 (t) £ (atxd (t) » Lel (t))
ts Oy 9 (Orwe (1)) Dy 9 (wa (1))
use 9 (Owa (1)) = O Oz (1) since ¢ and zy are independent variables
5':Ef a$f

s

)

aa?f

Integrate first term by parts

ty

_ 0xg (t
o fo

_/ dtamcl() <at£(at1'cl t),za (t)  L(Owwea (t),xa(t))

The integral term vanishes b

) L (Orwe (t) y Lel (t))>
0 (0 (1))

ts

0 (Ba (1) 9B (1))

ecause I (t) satisfies the Euler-Lagrange equa-

8xf

tion. The first term when evaluated at ¢, also vanishes since Oz (t5) /0xf =

O0xs/0xy = 0 since z, and zf

0

affS (e ()

NOTE: Instead of integrating by parts above we could simply have used

O, —L(aézﬁéig)l’éc)l)(t)) which turns

are independent of each other. That leaves

Oz (tf) (Ol (tf) s Zel (t ))
Oy 9 (Ower (tf))
Oz L (e (ty), e (ty))
Ox ¢ 0 (O (ty))
L(0wer (tr), e (tr))
9 (e (L))

= canonical momentum at tf

the integrand into an exact time derivative..

For L= 1im (8,x)> — V (x(t) ,t) we have explicitly

0

S (@a () = moze (t) = mvy = py

8xf
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LOimer(t)xa(t)) _
CICEEIO))
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Now take the derivative w.r.t. ¢

0

awﬁ%m»::éiljﬁﬂawﬁhmﬁﬂ

= (325:501 ( f) Tl (tf)) +/t ! dtiﬁ ((%J}Cl ( ) Tl (t))

oty
= (8t1'cl tf) Ll (tf))

dt

((9 (8,5%@ 8txcl ( ) Tl (t)) 0z (t) L (8th1 (t) s Tel (t)))

9 (Oper (1)) Oty 9 (za (1))

= (atl'cl (tf) Ll (tf))

n / ((@axd( )) L(Opme (t), 21 () | Ot (t) L (Ol () , el (t))>

Oty
Integrate first term by parts

= L(Owe (ty),za(ty))+ <axacéf(t) = (8;)36(06;5(217(32;1) (t))>

ty

ts

_/ dt Oz (t ) (at L (Opwe (t) y Lel (t)) L (8txcl (t) , el (1))

Oty 9 (Owar (1)) 9 (Orzer (1))
Again, the integral term vanishes since . (t) satisfies the Euler-Lagrange equa-
tion. The first term when evaluated at ¢, also vanishes since z; (tr) is fixed at
value =7 independent of ¢,. This leaves

b ai[’cl (tf) L (atxcl (tf) y Lel (t))>

o5 (0t () = £ Bz 1) 1) + P L O E

But for ¢ — ¢ty we have

mcl(t) = xf+vf(t—tf)+
S0
Ozt —ty) _ _
6tf B vf
hence
0 =  L(Da(ty),za ()
a—th (@er () = LGz (ty), zar (ty)) —v 9 (Opwer (1))

= — Energy at ¢y

NOTE: Again, instead of integrating by parts above we could simply have used
% = 8,5W which automatically cancels the relevant

terms.
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For £ = tm (8,2)* — V (z (t) ,t) we have explicitly

0 1
: §mv]2c—V(:cf,tf)—mUJ2c

N
PN
8
)
—
S—
S~—

|

1

15 Path Integrals

15.1 Derivation

Path integrals are usually considered to be related to Quantum Mechanics but
that is not necessary at all. Although they do get used for quantum mechanics
and especially quantum field theory in the form of functional integrals, path
integrals follow for any partial differential equation which is first order in one
(or more) of the variables.

Consider a Partial Differential Equation (PDE) of the form

86 (7,t) = F (t,f', 5) GR)

Here " could represent position in any number of dimensions and ¢ could repre-
sent time, but neither of these representations is necessary. For example, in the
paraxial wave equation "t ” is position along the optic axis which is generally
indicated with the variable z. But, even though the variable ¢ does not have to
have anything to do with time, for convenience, I will refer to it as time. Also,

F (t, 7 5) can be any combination of functions of ¢,7 and derivatives w.r.t. 7,

ie., J. A specific example is discussed below.
We would like simply to write the solution as

b (7 1) = exp Uot tr (1.7, 5)] 6 (7,0)

but this is WRONG because F depends on both 7 and 8 and hence the Taylor
expansion of exp [ fot dtF (t, 7, 5)} will generate terms where dis acting on the 7

dependence of F' and such derivative terms are not present in the original PDE.
The path integral approach gets around this, but at the expense of turning
ordinary integrals into path integrals.
It follows from the PDE that over a short time (remember ¢ can be any
variable it does not have to be "time") step At we have

6 (ot + AL = 6 (7, 1) + ALF (£,7,9) 6 (7, )

To first order in At this is equivalent to

& (F,t + Ab) ~ exp [AtF (t, 7 5)] & (7,1)

84



Iterating this N times we have

& (7t + (N +1) Ab) ~ exp [AtF (t + NAT, 5)} exp [AtF (t + (N —1)ALT, 5)}

~—

-+ exp [AtF (t + 2At, T, 5)} exp {AtF (t + At, 7, 5)} o (7t

Setting ¢’ = (N + 1) At and taking the limit as At — 0 and N — oo in such a
way that ¢’ stays fixed, the above product of integrals becomes a path integral.

The best way to see this is to consider a specific form for F. So, consider an
F with the specific form

F(t,f,é) =+ V(7 1)

where c is an arbitrary complex valued constant and V' () can be complex valued
as well. We now have

¢ (Pt + At) ~ ¢ (7,1) + cALF*¢ (7, 1) + ALV (7,t) ¢ (7, 1)
To first order in At this is the same as

¢ (7t + At) ~ exp [cAté?] exp [AtV (7,1)] ¢ (7, t)

We have written the above as a product of two exponentials for convenience
in executing the next steps in the derivation. But note two things. First,
if we had V' = 0 then ¢ (7,t + At) = exp {cAtgz] ¢ (7,t) is exact for any
value of At, large or small, since ¢ is a constant independent of ¢. Second,
exp [A + B] = exp [A] exp [B] if and only if, A and B commute, i.e., if and only if
AB = BA. This can be proved by Taylor expanding exp [A 4+ B] and noting that
you need to be able to replace BA with AB everywhere in order to produce a
series which sums to exp [A] exp [B] . Here we have A = ¢d? and B = V (7,t) but

PV (7,06 (7,0) = BV (7,0)) & (7. 0)+20V (7,4)-80 (7. 0)+V (7,1) o (7. 1),
hence 82V (7,t) ¢ (7,t)—V (7, t) 3*¢ (7, t) # 0 and so ¢d2 and V (7, ¢) do not com-
mute and exp [cAt52 + AtV (7, t)} # exp [cAta_ﬂ exp [AtV (7,t)] to all orders
in At. It is only true in the limit as At — 0.

Noting that
exp [V (7, 1)] ¢ (7, 1) = /dDr’(SD (F—7)exp [V (7, )] ¢ (7,t)

where D is the number of dimensions of the space 7 lives in, we have

& (Fot + At) ~ / dPr' exp [cAt52] 5p (F— ) exp [AtV (7, 1)] ¢ (7, 1)
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Using

D
exp [CAt@Q} op (F— / d )pD exp cAt@ } exp [ip- (7 — F’)]
27
D
/ d )pD exp | cAtp +ip - (F—7)]

(7 —7)°
exp |[———
47TcAt 4eAt
we have

. : — )

¢(r,t+At):/dDr ( i At) [— Y
2

z/dDr' <\/E> exp [(Téchrt) +AtV(f",t)] o (7,t)

where in the last step we have used the fact that (7 — 7)* commutes with V (7, £)
and so we can put the two exponents together into one without error.
Letting ¢ — ¢ + At and replacing the dummy variable 7 with 7; we have

D
. [ 1 =)’
~ D
¢(r,t+2At)_/d 7~1< 47rcAt> exp[ oA AV (Pt + A

then using the above result for ¢ (7,t + At) with ¥ =7 gives

exp [AtV (7, t)] ¢ (7, t)

¢ (71, + At)

2D Lo
(r—rl)

1 - + AtV (7, t+ At
otreers = fernaee (i) o] TR oo

e N NAAGA))
Repeating this process N times gives

: (N+1)D
7 ~ D ... gD D,/

o (Ft+ (N+1)At) ~ /d ry - dPrdCr ( 47rcAt>

(@ )2

_Un41—Tn) = ”
X exp L;O ( ToAt + AtV (rn,t+nAt)> & (7,1)

where Py =7 and 75 = 7.

We can write 7, = 7 (t + nAt) where 7 (¢) is any particular path or trajectory,
as a function of ¢, through the D dimensional space, then in the limit as At — 0
while N — oo so that (N + 1) At = ¢’ stays fixed we can write

N N = \2 - - 2
(Tn+1 - Tn) o Tn4+1 — Tn N
—_— 4+ A A A —_ A
g ( 1AL + AtV (T, t + nAt) g t 40 A7 + V (P, t + nAt)

n=0
=/0t/dt( SO0V 0.0)
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with (7 (t + At) — 7(1))
. o r(t+ -7
() = Alirilo At

where here ¢ is any "time" value between ¢ and t + ¢'.

Again using 7, = 7 (¢t + nAt) we see that the integral [ dPr, is integrating
over all possible positions of the path 7(¢) at "time" ¢ + nAt and hence the
string of integrals

/dDTN tee dD’I“QdDT‘l

is, in a piecewise linear sense, integrating over all possible paths starting at 7’
and ending at 7. Thus in the limit as At — 0, N — oo with ¢ = (N + 1) At
fixed, this is equivalent to integrating over all possible paths from starting at
7(t) =7 and ending at 7 (¢t +¢') = 7. The factors

N+1)D
1 (
V drcAt

are normalization factors.
Thus we can consider

1 (N+1)D P+t )=
lim /dDrN-udDrngrl ( ) *)/ 0T (t)

At—0 4mreAt
— 00
(N+1)At=t’

as the (normalized) integral over all possible paths from 7 (t) = 7 to 7 (t +t') =
7 and define the "propagator" as the path integral

K& tt+t) = /F(Ht,)jéf(t) exp Vot dt (-117(15)2 +V (7(t) ,t))]

()= dc

The above results then reduces to
G (Ft+t)= /dDr'K (7t t+t) o (r',t)

Without any loss in generality we can set ¢ = 0 to get

6(t) = [dPIK (7 ¢) 6 (7,0)

COMMENTS: There are only a few cases where the path integral can be

evaluated exactly. Hence many approximate but powerful techniques have been
developed for getting useful results in cases where the path integral cannot be

evaluated exactly. The two most common are a perturbation approach in V' and
the second is a stationary phase evaluation of the path integral.
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15.2 Stationary Phase and Classical Mechanics

For nonrelativistic quantum mechanics we have the Schrodinger equation

hQ
ihdup (7, 1) = (—52 +V (7, t)) ¥ (7,1)
2m
where the propagator K (7,7, t,t) satisfies
. — ) h? 32 — = )
iho K (7,7, t') = —2—8 +V(At) | K (77t
m
K@i t—tt) = 6p(F—7)

Comparing this to the path integral solution above we have ¢ — ih/2m and
V — —(i/h) V and so K (7,7 ,t) is given by

*(0)=7"

K (7,7, 1) :/:’(t)ﬁaf(t) exp [; /Ot/ (230 -V (7(0).1)

with ¥ (t) = 0,7 ().
Note that in classical mechanics the Langragian £ is defined as Kinetic
Energy minus Potential Energy (see above section) and so we have

L(F(), 07 (1) = ST =V (7 (1),1)

The "action" S is defined as the integral of the Lagrangian over time or

S = /dtL (7 (1), 07 (1))

Note that S is a functional of 7(¢), that is, for any given trajectory or path,
S evaluates to a real number, that is S is a map from trajectories to the reals.
In 1D it is a map from the function x (¢) to the reals, in 3D it is a map from 3
functions 7 (t) = (x (t),y (¢), 2 (t)) to the reals. Anything that maps functions
to numbers is called a functional.

Taking the functional derivative (defined in another section) of S w.r.t. 7 (t)
and setting it to zero yields the Euler-Lagrange equations, i.e.,

0S oL oL

37 (t) =0=a

_ 2= =0
()= (t) 0 (0rn) Orn F(t)=Fu (1)

where 7 (t) is the classical path or trajectory. Here n labels the z,y,z com-
ponents of 7 and the assumption is the boundary conditions 7(0) = # and
7 (t) = 7 are held fixed when varying 7 (¢) . The Euler-Lagrange equation is the
equivalent of Newtons F = ma. In other words, classical mechanics corresponds
to finding the paths or trajectories which extremize the action, i.e., for which
05/67(t) = 0. Such paths or trajectories are the "stationary points" of the
action.
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Using the definition of S we have

7, (t)=7 i
K (7,7, t) = / 07 (t)exp | =S (7 (t), 0,7 (1))
#(0) =" h

To put this is words, the propagator for the Schroding equation, or quantum
mechanics, is the sum over all paths from 7(0) = 7 to 7 (t) = 7 of the phase fac-
tors exp [£S (7 (t), 0,7 (t))] . As just discussed above, classical mechanics corre-
sponds to those paths for which S is "stationary" §5/67 (t) = 0, hence quantum
mechanics corresponds to adding the phase fluctuations from nonclassical paths
to the one (or multple ones) from the classical path(s).

The stationary phase approximation as discussed below amounts to expand-
ing the phase to quadratic order about the stationary points of the phase. Here
that amounts to letting 7 (¢t) = 7y (¢t) + Ar (¢) with #(0) = 7 and 7(t) = 7
so that A7(0) = A7(t) = 0 and expanding S (7 (t),0;7 (t)) to second order in
57 (t). Noting that h ~ 1073*Js (Joule seconds) which is extremely small in
everyday terms and so we expect that quantum fluctuations about the classi-
cal trajectory will be small, at least in certain relevant cases. Expanding S to
second order in A7 (t) gives

S(F(t), 07 (1)) = S(Fu(t), 0 (t)) + /dt

5%s
/ dtdt’ S () oo ) @\,

—

The subscript ¢l indicates setting 7 (¢ ) 7w (t) after taking the functional deriv-
atives.
Given the Euler-Lagrange equations this reduces to

528
S(7(t),0,7(t)) = Sy += /dtdt— Ary, () Ary, ()4
( ( )0 ( )) : Orp (t) Ormm () F(t)=Fei (t) W ( )

where Sy = S (7 (t),0:7w (t)). The path integral for the propagator to second
order in A7 (t) then becomes

38
S @], (t)

Ary, () Ary, () + -+

— ) iSci/h ArH=0 A ( )) i / 525
K (7,7t :ezczl/ o (Ar(t exp{/dtdt,

Based on the integral of a Gaussian we expect that

Ary, (t) Ar,y, (t’)]

AT(£)=0 529
/A - d (Ar(t)) exp {27”1 / dtdt’ o ., Ary, (t) Ary, (t’)}
N 1
Jeot [mditm )
But 5275‘ is a differential operator, not a matrix, so the question is

6T (£)07rm () ol
how to evaluate the determinant of an operator. This is discussed in the next
section.
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15.3 Path Integral Determinant

As shown in the previous section a path integral is essentially the infinite di-
mensional limit of a finite dimensional "volume" integral.

Consider that in D dimensions with § = (y1,¥2, -+ ,yn) we have (Einstein
Summation Convention)

+<>o teo
/ yeXp Z Yn nmym = / d Yy exp [_ynMn,mym]

n,m=1 -

D/2

det [M]

Because we have y; M; jy; only the symmetric part of the matrix M contributes
and so, w.l.o.g., we can take M to be symmetric. For M symmetric and real,
all its eigenvalues are real. Diagonalizing M gives

+o0 +“’
/ dPy exp [—yn My mYm] / Py’ exp [ Z Any? ]

— 00 — 00

xD/2

Vs Ap

D/2
det [M]

where )\, are the eigenvalues of M. Obviously this only works if all the A,, > 0,
hence it only works if M is a positive definite matrix.

The other way to see this is, if the square root of M can be found, i.e., a
matrix @ such that M = @ - Q = Q?, then changing variables to ¥/, = Qu.mYm
(Einstein Summation Convention) has the Jacobian |det [Q~!]| = 1/ |det [Q]| =
1/ det [Q] where the last equality follows from the fact that M is positive definite.
Hence we have

+o00 +oo dDy
/ dDy exp [_ynMn,mym] = / det eXp Z Yn

— 00 — 00
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Taking the initial time as 0 and the final time as T' and using notation ¢ (¢)
for position in 1D we have for £ =m (9,q (t))* /2 =V (¢ (t)) and 0 <t < T

s= [ (3 @ua)? -V @)

s (T, , sq(t)\ OV (q(t)) éq(t)
s = <m(a“‘“t” (5” 6q<t>> 9q () 6q<t>>
T /

- [ (m@/q(t’))<at/5D<t—t’>>—W%(t—t'))

_ T ’ 2 ’ oV (q(t')) ’

_ /0 dt <—m(8tq(t))— a(q(t/))>6p(t—t)

- _m (82 _8V(q(t))

= ) = S5

= —m(07q(t)) —V'(q(t)

= —(md; +V"(q(1))op (t

with V' (q) = 9,V (q) and V" (q) = 92V (q) .

Note that
0S
—— =0 0 =-V’ Newt
5ot =0~ mAa ()= V" a (1) = Newton
To simplify notation from the previous section set

Setting ¢ (t) = qe (t) to determine the lowest order quantum fluctuations about
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the classical solution we want to evaluate

y(T)=0 r

5= [ wwew|; [ M(gi@) )

y(0)=0 L 0 ¢
y(T)=0 r.T .

- / dy (t) exp —% /dt§ [(6? + Vv (t)) dp (t — t’)] y () y )
¥(0)=0 L 0
y(T)=0 r T

_ / Sy (t)exp |~ / dty (£) (02 + V" (1) ¥ (&)
¥(0)=0 L 0

1
Vdet (5 (02 + V" (1) 0p (t— 1)

For nonperiodic classical trajectories: g (0) # ge (T') there is generally a single
solution for g. (t). For periodic classical trajectories g (0) = qo (T) = qo,
a specified value. In this case there will be multiple solutions (with different
energy) with the basic period of the path given by T'/n for integer n. This
case requires accounting for the multiple trajectories. We will only consider the
single trajectory case.

T
We can solve the integral [ dty (t) (97 + V" (t))y (t) by diagonalizing the
0

operator
8t2 + V// (t)

subject to the boundary conditions y (0) =y (T") = 0.
To diagonalize it make the following change of variables (I have no idea how
you see ahead of time that this approach will work, but it does), let

Oy (t) = Oz (1) + K (1) y ()
and choose K so that
y? = V" (t)y* = 2* £ 9, (something x y?)

(either sign works)
Here we are using the notation:

y = 8ty (t)7

That is, a "dot" over any function indicates the derivative of that function w.r.t.
time.

Since the second term on the right hand side of ¢ — V" (t) y? above is an
exact derivative which vanishes at the endoints (assuming the "something" is
finite there) this reduces the path integral to that of a free particle, i.e.,
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This change of variables gives
= V"2 =52 4 2Kys 4+ K2y? — V"2
=2 42Ky (y — Ky) + K?y* — V"y?
=2+ 29K — (K2 + V") y?
=224+ (0 (v?)) K — (K> + V") y?
Thus, if we choose K so that
WK =—(K*+V")

then we get the form we want.

Let o
K= 2
f
then 5.2 5 2
/ i f /
aK: t [ HiS _ 7K2
' f (f) f

Thus, letting K = 0, f/f automatically generates the —K? term and so we will
get the —V" if we pick f so that

atQJ "
=-V
f

or equivalently
02+ V") f=0
Hence f is the 0 eigenvalue solution to the operator we want to diagonalize. Note
that we want f to be nonvanishing everywhere in the interval 0 to T' otherwise
K will nominally blow up.
To find y (t) as a function of z (t) integrate y = 2+ Ky = 2+ (f/f) Y to get

_ SN
v =0+ [ i)
More properly this should be written as
P LS SO I
0=y - [ kB

which expresses z (on the left) in terms of y (on the right). Note that y (0) =
0 = z(0) = 0 (as long as f/f does not contain a singularity at ¢ = 0). The
value of z (T") is not obvious. How this is handled is shown below.

The inverse of this relation can be found by solving

z=y— Ky

it
f

93



Use an integrating factor. Let y () = exp [fg dv'f )/ f (t/)] v(@)=f(®)/f(0)y (1)

and we have
é:y*iy
f

§y+mw{AZMf@UUKﬂ}7§y

—eof A )/ )4
W,

IO
Solving for «y (t) and multiplying it by f (¢) /f (0) to get y () gives

vt =290 = L5 /O a2 _ p o) /0 a2

f(0) f(0) [ () f()
If we integrate by parts and use z (0) = 0 this can be rewritten as
/ f( ) !
y(t) = ()+f()/0 )
= 2 T / Y f;(t/) 2 (¢
_(ﬂ+ﬂ0A at'o (t ”fo(”

which is how it appears in the 1974 PRD paper by Dashen, Hasslacher and
Neveu. The second form above for y (¢) has all the ¢ dependence inside the
integral. This is useful for evaluating the Jacobian.of the change of integration
variables in the path integral as shown below.

As metioned above, with the change of variables the action becomes

T 1 T 1
/ ﬁ(f—%ﬂ%ﬂf):i/ dt=2*
0 2 0 2

The condition that y (7') = 0 will be implemented in the path integral by
including a delta function. The same could be done with the condition y (0) = 0
but in the discrete time formalism we will find it more straightforward to set
the value of y (0) = 0 and not integrate over it. Note that setting y (0) = 0 also
sets z (0) = 0 as discussed above.

The delta function on y (T') can implemented by multplying the path integral
with a judiciously chosen form for "1"

1:/d(y(T))5(y(T))

/ / 4y (T)) exp [ioy (T)]
/ / d(y (T)) exp |iaf (T)
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In the last line we have substituted the solution for y (¢) in terms of z (¢). This
is useful since it now looks like a source term in the path integral, only coupled
to Z rather than to z.

Putting all the change of integration variable parts together we get

y(T)=0

A= 5y (t) exp l; /0 dt% (52 = V" (1) yz)]

y(0)=0

- [ 5 [dw@yelioy) [ :T:)O by (£) exp [; / kv y2)]
o] e 2155 e [ﬁ [ o “)2”“?(5))2“))]

In the last line we have made the replacement

/d(z (1)) /;:)T_)O 0z (t) = /z(o)—o 0z (t)

That is integrate over all paths z (t) with z(0) = 0 and include z(T) in the
integration as well.when doing the path integral. The factor det [dy (t) /02 (¥)]
is the Jacobian for the change of integration variables. Note that it should
be evaluated to include the d(y (T")) to d(z (T)) transformation as well as the
regular dy (¢) to 0z (t) transformation. The Jacobian will be evaluated below.
For now just note that since the change of variables from y (¢) to z (¢) is linear
this means the Jacobian is independent of z (t) and so can be pulled outside the
path integral.

To evaluate the path integral discretize it by letting n = 0,1,..., N with
t, = ne with e = T /N and z, = z(t,). Note that with this deﬁmtlon to=0
and ty = T. The boundary condition z (0) = 0 is implemented by setting zp = 0.
The boundary condition y (T') = 0 is being handled by the delta function. In
discrete form we have

. N _ 2
y (1) dzl dzN 1 (n=zn_1)”
A == 1 d t e — X — 2¢e
Jyvégloo [ ] / p P [h; ( +ha%? (2n — Zn-1)

where p = v/2mich is the proper measure (normalization so that each gaussian
integral when done on its own, uncoupled to the others, is unity). With the
delta function handling the y (T') = 0 condition we have to integrate over dzy
as well but this makes it easy to change the discrete integration variables to

bn =2Zn — Zn-1
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which gives

A= Jim_do [?i/((;))} /CL: ﬂ ( %exp [;iﬂafg)b])

Il
2
VB
3

(oW

@

+

| — |

¥
==
=<
| I

‘&

ERE")
/N
@

o]

ol
|
IS
>
Q
[\V]
N [
~
S—
(V]
[~]=
Sk
[ V]
—_
~

Ne=T .
(6 s a2 : )
Sy
e oy (t) .
= det {52 (t’)} \/QWiﬁf (T)” fOT f(dtt)z

The Jacobian will be evaluated using the relation det (X) = exp (¢ (In (X))) .
Taking the functional derivative of y (¢) in terms of z (t) gives

7; (t—t)

and so

det {53 (ﬂ = det [5 (t—t")+ M@(t — t’)]

- [tr [m [5 -ty + LT tqm

Expanding the In we find that only the first term survives the trace (tr) due to
the 6 functions. The trace operation, tr, is defined as

F(t,t) /dtdt<5 F(t,t") /thtt

The second order term in the expansion of In contains

tr (/ dt"o (t ) /dtdt”e o' —t)=0

This vanishes because both 6 functions cannot be satisfied at the same time.
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Hence

w1 [ [roiw,,
o [2i55] =em0 [ e ”H

| a0
—ew | [ dtf(t)”‘”]

NI )
= exp -2/0 dtf(t)]

-(7)”

Note that we have used 6 (0) = 1/2 which follows from combining

d Twt
0(t) =lim [ 22 ¢
e—0 ) 2miw — 1e

with 1/ (w — ie) = PV (1/w) + iwé (w) where PV stands for the Cauchy Prin-
cipal Value.

Next we have to solve for f (¢).Note first that by definition the classical
solution ¢ (t) satisfies

(0,2 + V' (g (1)) gt (t) =0

where, of course, V' (qe (t)) = (9,V (v))
this equation yields

_ . Taking the time derivative of
y=qci1(t)

(0,2 + V" (g (1)) Ger (£) = 0

where V7 (g (1)) = (0,2V ), _,

We are solving a second order differential equation and so there must be two
independent solutions. The second solution can be found using the Wronskian.
Let two linearly indepedent solutions of a differential equation be h; (¢) and
ho (t), then the Wronskian is defined as

and so one solution for f (¢) is ¢u () .

W (t) = hlathz - hgathl

For a differential equation of the form we have here, i.e, (0,24 Q (t)) h(t) =0
we find that taking 0; of W (t) yields zero, i.e., W (t) = 0 and so W (t) =
constant (NOTE: W = constant holds, in general terms, only for the particular
form of differential equation considered here. In general W is not constant.).
If we have found one nontrivial solution h;, by whatever technique, then we
can find another linearly independent solution hy by solving W = constant
= h10¢ho — hoOihy for ho in term of by, Doing this yields

dt’
hy (t)°

ha (t) = hq (1) /t
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The lower limit on the integral is not specified since it will be determined by
the boundary conditions. For the same reason the overall constant on the right
hand side has been set to one. This is OK since the general solution is a linear
combination of hy and he with coefficients that are determined by the boundary
conditions, i.e., the general solution is h (t) = ahy (t) + Bha (t). Apply this to
the case here by setting the first solution we found ¢ (t) equal to h; (t), then
compute hs (t) and finally take a linear combination we get

dt’
QCl (t) ?

Here « and 8 are the constants of integration which are specified by the bound-
ary conditions.

F () = ado (6) + Béu () /

16 Propagators versus Greens Functions

Throughout this section we use the notation § (- - -) for the Dirac delta function.

16.1 Diffusion Type Equations

Consider the "free" diffusion equation
(at -D 52) ¢ (F,t) =0
The general solution can be written as
o (Tt) = /d?’k‘ a (E) exp [ZE = Dlet}

@ (7, t) can be related to ¢ (7,0), the initial field distribution, in the following

way. Fourier Transform
0) = /dgk a (E) exp {ZE’F]

a E)/(;P)S o (7, O)GXp[ ik - 7?]

to get

/

Substitute this into ¢ (7,t) to get
/ VK (7

d3/
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with
K (F—17,t) :/7

1 \¥? (7 —i)?
:<4th) P Dt

K (F—7,t) is called "the propagator". Note that K (¥ — #,t) has the initial
condition

K(@F—70)=0F—7)=d(x—2)d(y—y)o(z—2

which means that

as one would expect. Thus the propagator actually does propagate the initial
field ¢ (7, 0) forward in time.

Now consider the Greens function for the same differential operator defined
(up to boundary and initial conditions which are sorted out below) by

(8t—D52>G(F—W,t—t’):6(F—77')5(t—t’)

The fact that the differential operator (6t - D 52) is independent of time and

space coordinates, i.e., independent of ¢ and 7 implies that the Greens func-
tion is time and space translation invariant, i.e., in general one should write
G (7,7 ,t,t") but because of the time and space translation invariance it can be
written as G (7 — 7,t — t') . How this works is shown in the Appendix. Because
of the translation invariance we can, without loss of generality, set 7 and ¢’ both
equal to zero while deriving the general form for G. Nonzero values of ¥ and
t' can be accounted for by simply replacing ¥ with ¥ — 7 and ¢ with ¢t — ¢’ in
G (7 t).

Using Fourier Transforms we can write
. d3kdw (- A
G (7 t) = / Wg (k,w) exp [zkz S — zwt}
Substituting into the left hand side of the differential equation for G gives
d3kd, - -
(5} -D 52) G(7,t) = /(2)(:9 (k,w) (8,5 fDE}?) exp [ikﬂ?*iwt}
™

= /sz;]“;(:g (l;, w) (—iw + Dl?) exp [zlg T = iwt]
™

99



This must be equal to the right hand side
d3kdw (- . 2o R Ly /
/Wg(k,w) (—zw—i—Dk )eXp [zk-r—zwt] =6(F—7)d(t—1t)

Noting that by definition

3
/%exp [ik~F—iwt] —5(F— )5t —1)

(2m)
we find that ]
- 1 )
g (k,w) = = = pury
—iw+ Dk?2  w+iDk?
Hence there is a pole at w = —iDl?, i.e., in the lower half w-plane and we can

use this pole to evaluate the w integral in the Fourier Transform solution for
G (7,t). For t > 0 we can close the w contour in the lower half plane and pick
up the pole (and a factor of —27i). For t < 0 we can close the w contour in the
upper half plane but since there is no pole there we get zero. Doing these steps
yields

3
G (7 t) = z/ Lkzl exp [zk . F] /dw% exp [—iwt]
(2m) w + iDk?
3

—if (1) (27ri)/(;i7§46xp [iE-Ffz‘(fiDl?) t]

dBk PSRN 792
= 9(15)/ @n ) exp [zk‘ -7 — Dk t]

=0@) K (1)

The step function factor

lfort>0
e(t)_{Ofort <0

is present because we get 0 for ¢ < 0 and we get [ (3371)“3 exp [ZE ST = DEQt} =
K (7,t) for t > 0. The fact that the pole contributes only for ¢ > 0 and hence
the overall factor € (¢) means that G propagates "disturbances" forward in time.
In other words you specify initial conditions and the propagator and Greens
function both then account for the development of those conditions forward in
time. Note that G satisfies the initial condition G (7,t — 04) = K (7,0) = 6 (7).
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Check the relation G = K directly.
(at—Dﬁz)G(f_ﬂ,t_t'): (8t—D52>0(t—t’)K(F—F’,t—t’)
=5(t—tKF—-7,t—t)
+0(t—1t) (8t—D52)K(F—f’,t—t')

Finally because G and K are constructed as Fourier Transforms they vanish at
spatial infinity. Note that we can always add a homogeneous solution(s) ¢ to G
to get whatever boundary conditions we want.

16.2 Schrodinger Type Equations

The same analysis goes through almost unchanged for the Schrodinger type
equation

(i@t + 225?) Y (Ft) =0

where m is the mass of the particle. The difference is now the pole in w sits on
the real w axis and we must choose to circle it in the correct way in order to
obtain propagation forward in time, i.e, the retarded propagator. The relation
between G and K now contains a factor of —i ,i.e., G (7,t) = —if (t) K (7',t) .
Explicitly, for the Schrodinger case we have

7.2
¢(Fat):/d3ka(/;)exp [ZEF_Zk ]

1—1
m
and so
P (7,0) = /dsk a (E) exp {’LE’F]
Inverse Fourier Transforming gives
- d3r . .
a (k) = /Wexp [—zk: . 7"} P (7,0)

and substituting back into ¢ (7, t) and rearranging we get

3 . 7.2
v = [ ( | e lz'k-(f—m—z-’;’:ntbw,o>
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with

| IS

1 RN . (7 — )2
= — X —_——
2r)® \Riit/2m P antj2m

= (o) o gy 77

16.3 Helmholtz Equation

The Helmoholtz equation is the wave equation for single frequency, i.e., monochromatiZc,
waves. The wave equation is given by

1 2\ 4 o
(C2a§ —8) P (7,t) =0

where c is the speed of propagation of the waves. We are working in 3D and so
=02+ 092+02.

Monochromatic For the monochromatic case substitute

 (7,t) = ¢ (7) e~

where w = 27 f = ck = 27/ with A = wavelength and f being the temporal
frequency (in say Hertz). With this substitution the wave equation reduces to
the Helmholtz equation

(32 +12) 0 (1) =0

This is a homogeneous linear differential equation with constant coefficients and
so the basic solution is an exponential

exp [ip- 7] = exp [i (o + pyy + p-2)]
Substituting the basic solution into Helmholtz yields
P =k

Letting p. = v and changing notation to 3, = p, and 3, = p, the solution is

simply
’%@zivﬁ—f
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-2 . =2

Propagating versus Evanescent For k? > 3, v (,6’) is real but if k2 <
- 2 - -

then ~ (6) =+i\ 8 — k% =+ "y (6)‘ . In the real case exp [:ﬁ:z’v (5) z} 0s-

Z}
which exponentially decreases or increases with increasing z. The real case is

termed "propgating" and the imaginary case is termed "evanescent". Both are
important and are needed to get a full solution in many "real world" problems

cillates along z but for the imaginary case exp [:l:iv (B) z} = exp [$ ‘7 (B)

but there are also lots of "real world" problems where &Si (E) are nonzero only

-2
for 5~ < k? in which case only the propagating terms are required.

Using superposition (the differential equation is linear in ¢ and so superpo-
sition holds) we can write any solution in the form

o) = [ @5 (5, (3) 77045 (5) P70 (D7)

where g = (z,y). There are two coefficients é 4 and é_ of course because the
Helmholtz equation is second order.

With the choice e~* the full time dependent basic solution is €77t The
phase of this function is given by p' - ¥ — wt and surfaces of constant phase,
termed wavefronts, are solutions to p'- ¥ — wt = constant. Separating 7 into
the sum of components parallel and perpendicular to p, i.e., 7= 7| + 7 gives
7-p=7)-pand 7 -p = 0. Hence the phase increases for shifts in position in the
direction of 7| and is constant for changes in position in the plane perpendicular
to 7. In other words the surfaces of constant phase or the wavefronts are planes
with their normal in direction of p. (exp [ip’- 7 — wt] is called a "plane wave"
for this reason.) To maintain a constant phase as ¢ increases, the position of
every wavefront must move in the +7) direction. Letting the unit vector in the
direction of p'be p = p/ |p] = p}/k so that 7 (t) = r| () p with r) (¢) the position
in the p direction of a given wavefront gives 7| () - p'— wt = 7 () k — wt =
constant. Taking the derivative of both sides w.r.t. t yields 0y (t) = w/k =
Af = the speed of propagation of the wavefronts and hence of the plane wave
itself.

16.3.1 Helmholtz propagator

Consider a case where the solution for ¢ () is a superposition of plane waves

all propagating generically in the +z direction, i.e., ¢_ B) =0, in which case

6(7) = 0(7.2) = [ &5, (F) 770

For z = 0 we have

6.0 = [ &6, (5) 77

103



Inverse Fourier transforming gives
- o d2p —iBF . o
¢+ (ﬁ):/ 5€ ﬁp(b(p,o)
(2m)
Substituting above and rearranging the order of the integrals gives

2 SN =
¢ (7,2) = /dzpl/ (;iﬂfZ eiﬁ(p*ﬂ )+W(ﬂ)z¢ (ﬁ/, 0)

Hence the propagator is given by

or
62 = [ oK (5-7.2) 0 (7.0)

Note that

K (5—7.0) =6 (7-7)
Setting z = 0 in K therefore gives back exactly the input field. This is an exact
solution for all z, in empty space, given input field ¢ (g,0) .

Fresnel Propagator Expanding

2 2
SRS

which, after integration over B , yields the Fresnel propagator.

1 . 1= =\2
Krresnel (ﬁ — ﬁ/’ z) — @ezkz-ﬂk(/)—ﬂ ) /2z

Obviously the Fresnel propagator is an approximation to the exact propagator.

16.3.2 Helmholtz Greens Functions

Plane Wave Representation The Greens function G must statisfy the in-
homogeneous equation

(52+k2)G(F—f’):5(F—f')E6(m—x’)6(y—y’)5(z—z’)

Using the superposition principle we can write

3 ~ o,
G (F— F{) = / ((2173)3 G (p) eZP'(r—r )
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and so
32 2 S Pp - ) 2\ ip-(7F—7)
(a +k)G(rfr): LG (7) (7 + k) P
(2m)
Using the plane wave or Fourier representation of the delta function

P i) = ﬂeiﬁ-(ﬂf“)
s = [ 5

the solution for G (p) is given by

~ 1
G(ﬁ) = _ﬁz — kg
Hence ( )
d3p eiﬁ- F—i
G-+ :f/ —_
( ) (2m)® P? — k2

Do the p, integral first and use the B, ~ and g notation from above

. &8 5. (5 ¢ire(2=2)
o= = - [ ™ )/d%%—(k?—f)

2 . ip.-(2—2'
- _/ d 5361' (p-7") /dpz eﬁ =) —
(2m) (p-+7()) (v -+ (9))
For z > 2’ we close the contour in the upper half plane and include the p, =
¥ (E) pole. This gives
GFr-7) = G(p-7,2-72)
/ 428 ¢B(7=7)+iv(B)(===")
= —i
(27")2 2y (ﬂ)

Setting z’ = 0 it is obvious that
232G(ﬁ_ﬁ/72) = K(ﬁ_ﬁ/vz)
Spherical Wave Representation Start with
d3 zﬁ(?—?’)
G(F—7) = _/ pe -
(2m)” p*—k

but work in spherical polar coordinates (r, 8, ¢). First set 7 = 0 since, to get it
back, we merely have to replace it with ¥ — 7 and second, w.l.o.g., we can take
7 to be along the z direction for the evaluation of the integral. Then we have

eLpr cos(0)

- 1 e} ) ™ ] 27
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where p = [p] and r = |F]. The dy integral yields 2. Using sin (6)df =
—d (cos () and replacing the dummy integration variable cos (§) with X we

have
1 e3¢} p2 1 .
G(r) = - / d, / dXerrX
(7) (27r)2 o ppz —k2 ),

1 > P2 1 . -
= ke )

(eipr _ efipr)

_ 1 /“’d P
(27r)2ir 0 ppz—kQ

Let p — —p in the e~ " integration

/0 dpr f L2 (—e7?) = /o d(—p) pQ%pkg (—e'™)
0
= /_oo dpmeim
and so
1 o .
o= (2m)?ir [oo dpi%kzewr
1 p ipr

‘mm/_w%—k)wme

But » > 0 so we need to close the contour in upper half plane. Including the
p = k pole inside the contour yields

1 k
G(F) = ———2mi—ekr
") (2r)ir 2k
_ 1 ikr
N 47rre

which, accounting for the e~ time dependence is a outgoing spherical wave.
The phase here is kr and so surfaces of constant phase correspond to spheres.
Had we included the p = —k pole inside the contour we would have an incoming
spherical wave.

NOTE: Setting k = 0 gives the Greens function for the Laplacian, i.e,

1
4y

5

GLaplacicm (T)

with
g)QGLaplacian (F) =0 (’F')

Finally since r = |F| replacing 7 with ¥ — 7 gives

G(F—7)= etk |77

CAn|F— 7
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Paraxial Wave Equation The paraxial wave equation, which has the same
form as the Schrodinger equation is obtained from the Helmholtz equation by
making the substitution

¢ (1) = ™ (5, 2)

where ¢ (p, z) is taken to vary very slowly with z compared to e i.e.,
0% (B, =
029 (7: I
k109 (6, 2)|

which is the "paraxial approximation".
Substituting ¢ () = e**#1 (5, 2) into the Helmholtz equation gives, using
01 =92+ 0z,

(53 — k% 4 2ik0, + 83) b (B, 2) + k2 (3,2) =0
Cancelling the "k2" terms and dropping the §%¢ term gives
(2ik. +82) ¥ (7.2) = 0

which has the same mathematical form as the free (no potential energy) Schrodinger
equation in 2D with z playing the role of time.

Had we included a position dependent index of refraction, n (7) = n (g, z)
which, simplifying things a bit, modifies the Helmholtz equation to be

(@ +n K)o =0
and then made the paraxial approximation we would get

(2ik82 + B+ (n (7, 2)° — 1) k?) b (B,2) =0

with <n (B, 2)2 — 1) k? being the equivalent of the negative of the potential

energy in the Schrodinger equation.

16.4 Wave Equation Greens Function

The wave equation is
1 ,,
(cQ 83 — 6_2> o (F,t) =0

where as usual ¥ = (1 =, 2 =y, 3 = z) and c is the speed of propagation
of the waves.

The wave equation is a homogeneous linear partial differential equation with
constant coefficients and so, barring degeneracy, the basic form of the solution
is an exponential which we will write as exp [ip - ¥ — iwt] .
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The Greens function must satisfy
Lo = P
gat —P)GF—Ft—t)=51t—-t)s(F—7)
Combining the fact that

1o & ip-F—iwt w? 9\ ip-F—iwt
C—zat—é e =\-= +p° e

with the fact that, from Fourier transforms,
St—t)o(r—7) = 6@t—thd(x—2)o(y—y)d(z—2)
_ /+mdwﬁplp< #) (i)

we get the general form for G

S, oo dwd3p i (F=7) —iw(t=t')
e -

“+o00 dw ) , +oo d3 eiﬁ-(rﬂff")
_ 7671w(t7t ) p
[w (2m) /m (2m)° (7 — %)

Looking at the spherical wave representation of the Greens function for the
Helmhotz equation from above we have

Foo dw ; ’ 47T =
G t—t) = / —iw(t—t") ik|7—7|

F=ri=0= ] anf =7

with & = w/c. Changing the integration variable to k using w = ck gives
+oo — . ’
QR t—t) = 747“/ Ak ik|r-r |—ich(t—v')
v @)
b (17— | et~ )
= ——0(|F—7|—c(t—
=7

where the last line follows from the Fourier transform representation of Dirac
delta functions.

It’s very interesting that the Greens function for the wave equation reduces
to a Dirac delta function in precisely 3 space plus 1 time dimension. The units
of a Dirac delta function are the reciprocal of the units of its argument, hence
0 (t —t’) has units of 1/time and § (F—7) = §(x —2')d (y —y') 6 (z — 2’) has
units of 1/length®. The units of (C%E)f — 52> are 1/length? hence we have that

the units of G must be 1/(length x time) and this is precisely the units of G
above.
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17 Scalar and Vector Diffraction

17.1 Maxwells Equations—Wave Equation

The macroscopic Maxwells equations (Jackson’s nomenclature) are

dxE = —-9,B
OxH = J+8,D
9-D = 0
d-B = 0

where D = ¢E and B = ,uﬁ with ¢ and p being material dependent and p and
J being the "free" electric charge and electric current densities respectively.

NOTE: The above equations are valid in the "linear approximation" to the
macroscopic Maxwells equations. Ideally, to account for properties of charges in
a material, at least at the classical nonrelatvistic level, one would need to solve,
simultaneously, Newtons equations for the motion of all the charged particles in
the material, e.g., the motion of all the electrons and protons (or nuclei), and,
the microscopic Maxwells equations with p and J being the total charge and
current densities of all the particles. Obviously this is not possible at least in any
practical sense. The "linear approximation" treats all the bound charges in the
material, i.e., the electrons and nuclei, to be bound into atoms and molecules,
and the solution to Newtons laws is approximated as a linear response of the
material to the local electric and magnectic fields. That is the electric and
magnitic polarizabilities of the material are taken to depend linearly on E and
B. In this way the free space values €y and p are converted to € and p. Going
beyond this linear regime is generally known as "nonlinear optics". It should
be remembered that the higher order nonlinear terms are always there (along
with relativistic and quantum effects) but they are generally extremely small
and hence negligable. It was only with the invention of lasers that electric and
magnetic fields could be produced with large enough magnitudes to the make
the effect of the nonlinear terms non-negligable. The so called "free" charge and
current densities, p and J above, then pertain to any left over unbound charge
that is present.

Take the curl of the curl of E equation and treat € and p as constants, set
p and J both to Z€ro,

5x (9 )

Il
|
Q
S
Q
X
o]
N—

Il

|

=

M
D
R
=

But, in component form,

8 x (5 X E) = #1650 €1im O B
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where £; with 1 = 1,2,3 are the z,y, 2z unit vectors, respectively, and ;1 is
the totally antisymmetric Levi-Civita tensor, i.e., it equals one when i, j, k is
an even permulation of 1,2,3, minus one for an odd permutation and is zero
otherwise. Hence we have €;;1€xm = €ijk€imk. k is doubly repeated and hence
summed over 1,23, that is

€ijk€lmk = €ij1€lm1 T €ij2€Im2 + €;;3€Im3
Consider the first term which is non-zero only if 4, j, [, m take the values 2 and
) . p) .
3. If i = then j = m and €;;1€m1 = €ij1€:51 = (€;51)° = +1 (no sum on ¢ and

]) whereas if i = m thenj =1l and €ij1€lm1 = €451€5i1 = — (Eijl)Q = —1. DOiIlg
the same for the other terms and putting the results together gives the identity

€ijk€lmk = 0410 jm — Oim0ji
Using this above gives
Zi€ijk€kimOjO B = i (8:10jm — dimdj1) 0;0, Ep,
2; (0;0m Erm — 0;0;E;)
- (9. 5) -
But - E = 0 since p =0 and € is constant. Combining these results gives
(52 — ue@f) E=0

or in component form

(8_2 — Meaf) E;=0

and each component of E satisfies the wave equation. A similar analysis yields

t (52 — ue@f) E; = 0 is a linear homogeneous differential equation with
constant coefficients and so the basic solution (neglecting degeneracies) is an
exponential which, in monochromatic plane wave form, is exp ik -7 — iwt} .

Defining ¢ = 1/,/ue which is the speed of light in the material and subsituting
this into the wave equation yields the constraint

- w?

c c
with & the unit vector in the direction of propagation. d E=0=k-E=0
and so E is perpendicular to the direction of propagation of the plane wave.
Similarly d-B=0=k-B=0and B is perpendicular to the direction of

propagation of the plane wave.
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Writing E (7,t) = E(7)e~ ™! and using the fact that because the wave
equation for E (and for B) is linear, superposition holds and we can write any
solution for E (7) with 7= (g, 2) = (z,y, 2) as

E(7) = E(5,z) = / P63 ¢, (B) (By (B) *7+ 02 4 By (5) F-0(P)7)

Herev(B) = \/kQ—BZ = \/wz/cQ—B2 and so E:5+7(B)zwith k- k=
k= w?/c? ¢, (B), with p = 1,2, are two unit vectors perpendicular to & and to
each other defined so that é; (B) X €g (B) =k (B) E~;,t (B) are the amplitudes

of the +2z propagating plane waves as function of polarization, p, and (.

See the discussion in the section on "Propagators versus Greens Functions"
for a description of the difference between evanescent and propagating plane
waves. The solution for E (7, z) has the same general form as that for ¢ (7, z)
the section on "Propagators versus Greens Functions" and following the same
steps to derive the vector propagator for E (P, z) gives, again considering only
+2 propagation

e (5) 5 (7) = [ e W7 G0

p

Take the dot product with €, (,@’) and us the fact that given how é, (B) have

been defined we have R R
o (5) () =i

with ¢,/ , being the Kronecker delta. Hence we get

5 (0)- [ () B0

Substituting back into the general solution above for E (7, z) (with Ep* (5) =0)

gives (being careful about dummy integrations values)

B = [ [ G 03 e 3) o 3) - )

In component form this is

E; (p,2) = /dzp// deg B (P=7)+in(F)z iép,i (5) €p,j (5) E; (p,0)

(2x =

where €, ; (B) is the i*" or z,y,z component of the polarization unit vector
é, (5) .
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Now, noting that é; (B) , €3 (B) and k (B) form a complete set of unit basis

vectors in 3D we have

£=6(3) () £) +as

Rearranging gives

5 (5) (0 (9)-5) v

oy
—
—~

D>

N

~/~

W
—

el
N———

I

&

I

>
~/~

W
~ —
/~

>
T~~~

which in component form is

5 () () D)+ () () ), = 5B,

Hence we have

@B 555 sin(3 kiky\
Ei(p,z) = /dzpl/ (252 ¢ (P=7)+in ()= <5m‘ - k;) E; (p,0)

and the vector propagator is given by

/ d2 iﬂ' p—p 7 g z kzk
Kij(p-7.2) = /(252@5(/) 7)+iv(5) <5m'— J)

0;0; .
- (5,452 ) K (-7.2)

where K (ﬁ -7, z) is the scalar propagator derived above.

17.2 Diffraction?

First, note that both the scalar propagator K (5 — 7', z) and the vector propa-
gator K; ; (ﬁ -7, z) are exact propagators for monochromatic waves. There is
no approximation.

Second, note that both propagators reduce to a delta function for z = 0 and
therefore they give back the z = 0 starting field distribution exactly. (For the
vector propagator we have to assume input field E (7,0) satisfies Gauss law,

i.e.7(5- E (3, z)) o 0, in which case the output field satisfies Gauss law.)

So, if both plf(;pagators are exact why do people talk about "Kirchoff Dif-
fraction", for example, as a approximation. The approximation is in the input
fields ¢ (7,0) and E (7,0) . In most or almost all cases the input fields themselves
are approximations to an exact solution. For example in the case of diffraction
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through an aperture (a hole in a thin opaque plate or screen) the exact field
E (,0) must satisfy Maxwells equations and the associated boundary condi-
tions on the edges of the aperture. But the effect of the boundary conditions
on the field, which is large at the edge of the aperture, decays away, nomi-
nally exponentially with distance, in a few wavelengths from the edge. Hence,
if the aperture is many wavelengths in size (in all directions), then, more than
a few wavelengths from the edge, the transmitted field through the aperture is
equal, to a good approximation, to the incident field on the aperture. Hence
using incident field distribution and ignoring the effect of the edge caused by
the boundary conditions is where the approximation lies.

NOTE: The word "thin" in the statement "a hole in a thin opaque plate or
screen" refers to the ratio of the plate thickness to the size of the hole being
much less than 1. As the thickness of the plate increases, with the hole size
fixed, the "hole" is trending toward becoming a tube. When the thickness is
larger than the aperture size then it is definitely a tube. Think fiber optics. In
this case the system must be treated as a waveguide, i.e., the eigenmodes must
be accounted for using either Maxwell and the boundary conditions to get an
exact result, or using some valid approximation to Maxwell and the boundary
conditions. But, it is still true that the diffraction downstream of the aperture is
given exactly, using the above propagators with the field distribution (calculated
using the eigenmodes of the tube for example) exiting the aperture.

18 Stationary Phase, Steepest Descent, Stirling

18.1 Stationary Phase

Consider the integral where f (x) is a real valued function of x

b
I:/ drexp[if (2)]

where b > a.

The dominant contribution to the integral comes from the region where
the phase, f(x), is constant and/or varies slowly. For a smoothly varying
function f (x) the regions where f (z) is slowly varying are centered around the
"stationary phase points" xz,, of f (z), i.e., positions where

NOTE: An equivalent notation is sometimes used
Oz f (x)|x:zn = (0:f) () = [ (20)

The meaning is first compute the function which is the derivative of f (x) w.r.t.
to x then evaluate it at z,, hence (0f) (zy,). If f(x) does not have any explicit
dependence on x,, then we have

O f (m)|m:;p” = (abf) (xn) = f/ (3}”) = 8wnf (xn)

113



Consider just a single stationary phase point xy which satisfies

a <K xyg Kb
by which we mean
’ (021) (o)
and
b > L
— -
’ (92f) (z0)

so that zg is far from the endpoints of the integration. Expanding f (z) to
second order around x

o+ 1) = £ (o) + (0uf) (o) 1+ 5 (d25) (wo) 1 + -+

= £ (o) 5 (02F) (m) 7 -+
yields

+oo

I~ explif (zo) /

— 00

dnexp [z; (021) (x0) n“}

. 27
= expif )]\ | Gz r oy

where we have let n range from —oo to +o0o under the assumption that contri-

butions to the integrals from positions far from x( are negligable. This is the
method of stationary phase.

18.2 Stirlings Approximation

The same idea as stationary phase can work for integrals of the form

b
1= [ deep|f (@)

if f(x) has a peak somewhere between a and b and the rms width of f (z) is
much smaller than b — a. Again f (z) is real valued.

Consider the specific example of Stirlings aproximation for the factorial func-
tion n!, defined via the Gamma function I' (1 +n) = n! with n > 0,

I'l+n)= /000 dxz™ exp [—x]

= /(;OO dxexp [nln (z) — z]
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Note that 2™ exp [—z] — 0 for both z — 0 and  — oo and is alway non-negative
hence it has a peak value somewhere between x = 0 and x = co. The position
of the peak, x, is given by

0z (nln(z) —2)|,_,, =0=20=n

For n > 0, but finite, the peak position z¢y = n is far from both 0 and co (any
finite number is always infinitely far from oo). Let z = 29 +¢ = n + ¢ and
expand about € = 0 to second order

nln(z) —x

~—

=nln(n+e)—(n+e

—n( —|—ln(1 %))—n—a
~nln(n )+n<; ;()2> —n—c+---

1 E
~nln - N - =-—

Hence, substituting into the integral above

+oo 1 52

nl =T (14 n) ~ expnln (n) — n] ></ dz exp [_zn]

—00
~ exp[nln (n) — n] vV2rn

~n"e”"V2mn

n
~ (E) 2mn
e

which is Stirlings approximation for n!.

19 Harmonic Oscillator Path Integral

Lagrangian
2

2?2+ f(t)x

L(z,0,t) = % (Op)? —
Equation of motion

oL oL

‘G Om) &C*O = 0%z +uwir=f/m

Boundary Conditions
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The general solution is the sum of a homogeneous solution zgg (t) and a par-
ticular integral zps (¢). The funtamental form of the homogeneous solution is a
linear combination of exp [—iwt] since

(0,” + w?) exp [—iwt] = 0

The particular integral has the form

zpr (t) = /dt’G(t—t’)f(t’)/m
with the Greens function G satisfying
(02 +w?)G(t—t)=0(t—1)

We need to incorporate the boundary conditions. This will be done by requiring
the homogeneous solution to satisfy the boundary conditions, i.e, zgs (t,) = x4
and zpg (ty) = xp and fixing zpy (t) = xpy (ta) = 0.

Given this the homogeneous solution can be wrtten as

xpsin (w (t —tq)) + o sin (w (&, — 1))
sin (w (tp — ta))

THs (t) =

which clearly satisfies the boundary conditions. Also we want z (¢) to be a real
function.
To get a G that satifies this we will need to add homogeneous solutions to

the "raw" G defined by
dg e '
Gt)y=— | ———
®) / 21 ¢2 — w?

We do not need G to be causal since we have chosen the end point position but
let us start with the causal or retarded G, i.e., G (t < 0) = 0 and and then add
a homogeneous solution to get the necessary boundary conditions on G. First,
pick how to circulate the pole in the denominator so that we get the retarded
propagator. With the numerator of the form exp [—igt] we need to displace both
poles tw into the lower half plane. Then for ¢ > 0 which requires closing the
contour in the lower half plane we encircle the poles and get a nonzero result
but for ¢ < 0 which requires closing the contour in the upper half plane there
are no poles and we get 0. To do this let

¢ —w=(g—w) (g+w)
= (¢ — (w—ig)) (¢ + (w + ie))
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where € = 0. Using this we have

__[da
G(t) = /27r (¢ — (w—1i¢€)) (¢ + (w+ie))

_ 2277;2 (eXp H;ﬁ:i ie)l] | exp [*i(:z(zj +i€))t]> o(1)

- i (—2isin (wt)) 0 (t)

sin (wt)
=———70(t
=10
where 0 (t) is the Heaviside step function. Note that G (t) is real and so given
areal f(t) the solution z (¢) will be real.
Test this result

o, Sin{i&ﬂt) 9 (t) = cos (wt) 0 (t) + M(s (t) = cos (wt) % (t)
925 1y — i (wt) 6 (8) + cos (wt) 5 (1) = —? D9 (1) 15 1)
N
Gt
and so

(0. +w?) G (1) =3 (#)

as required and the 6 (¢) factor shows it is the retarded Greens function.
Using this we have

173 ty
(9,2 +w2)/ d'G(t—t)f(t)/m= / dt'st—t)ft')/m=f(t)/m
ta ta
which accounts for the inhomogeneous term on the right hand side of the dif-
ferential equation.

Now add a homogenous solution to [ G f/m so that the integral vanishes at
t, and t, First note that

[bWG@waHmZwﬁﬂmwg_wwuﬂfWNm

a a

:/t dt’isin(wg_tl))f(t’)/m

a

which vanishes automatically at ¢ = 0. At ¢t =t

/ ' dt'G (t, —t') f (') /m = / b dt’wﬁ (ty—t") f(t') /m

a a

_ [ bdt/Sin (UJ (tb _tl>)f(t/) /m

w

a
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This is a constant independent of ¢.If we multiply it by a homogeneous solution
which vanishes at t = ¢, and is 1 at ¢ = ¢;, and subtract this from f Gf/m then
the result will vanish at both ¢, and ¢, and will solve the inhomogenous equation
with the desired boundary conditions. The homogeneous solution which does

this is sin (w (t — t4)) /sin (w (&, — t,)) and we get

xpr (t) :/tbdt’G(tft’)f(t')/mf </t dt’ wf(t’)/m) SM

a a

= [ [l sl ) shl (b )

w sin (w (tp — tq))

Using 1 = 6 (t — t')+6 (t' — t) we can combine the terms in square brackets into
a new Greens function which satisfies the desired boundary conditions
1 ) sin (w (t —t,))
t—t') =~ t—t')0(t—t)—s ty —t")) ——— 5~
(0= t) = % (sineo (e =)0t ¢) = sin o 1y~ ) S =0

( sin (w (t — ")) sin (w (tp — ta)) — sin (w (tp — ")) sin (w (t — t4))) m

sin (w (ty — tq))

) ot
(sm (ta —1')) sin (w (ty )))sm( (ty —ta))
+sin (w (tp — ') sin (w (ta — ))a(t))

sin (w (t, — 4))

E\'—‘

—sin (w (tp —t')) sin (w (t — ta))

E\H

This is the standard result for a harmonic oscillator Greens function which
vanishes when either ¢ or ¢’ equals t, or t,. It can be seen to be just a linear
combination of homogeneous solutions chosen in such a way that it is continuous
but with a discontinuous first derivative so that the second derivative contains
a term proportional to a delta function.

We now have the full solution

o(p) = 2l b Sty [Py =) 10 fm

where t, — t, = T.
Now evaluate the action for the classical solution trajectory x (t)

ty
S:/ dtL (x,0px)
ta

to m mw?
- /t dt <2 (Bp)? — Tz2+f(t) 1:)
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Integrate the first term by parts to get

ty 9
Sclassical = % -'E@t.’E‘iZ —/t dt x <(T;8t2 + m;j ) T — f (t))
ty 2

= % (21 (B),, — w0 (D4),,) —/ dt x <<7;8t2 + m;u) x— f (t))

ta

1 [t
— % (26 (Or),, — xa (Dr),,) + 3 / dt xf ()

t

a

where in the third line we have used the fact that (%@2 + mT‘”Q) z = f/2.
Substituting the solution for x yields

o mw xp (zp cos (w (tp — ta)) — xa)

Seclassical = 2 sin (w (tb — ta)) |: —, (;cb — ., COS (w (tb - ta))) ]
m Ty " sin (w (t — m
TGy ), A0

2 ) /t dtsin (w (ty, — 1)) f (t) /m

+ 2 sin (w (ty — tq

1" L apsin(w(t —tq)) + zasin(w(ty —1t) , .,
- 2/ta a sin (w (ty — ta)) 1)
+ % t ' dtdt'f (t) g (t —t') f (') /m

xp (zp cos (w (tp — ta)) — xa)
B mw —Zq (:cbt— Zg cos (w(ty — ta)))
T 2sin (@ (b — ) | T2 e it dtsin (w (t — ta)) f (t)
st [y dtsin(w (ty — 1)) f (t)

+ ﬁ /tab dtdt'f (t) g (t—t') f(t)

***Need to complete***

20 Fluctuation Dissipation Theorem

20.1 Derivation

Start with the partition function for a generic field (or order parameter) ¢ (7)

Z:/Dd)e_BHM

where D¢ indicates functional integration, 5 = 1/kgT and H [¢] = Hamiltonian
= functional of ¢ (7).
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The expectation values of ¢ are given by

06 ()0 (7)) = [ Do o) 6()+-6(7) & P19

where the 1/Z is for normalization.
In order to compute expectation values of ¢ add the term

[ @6
to the Hamiltonian to get

J} _ /D(Zse*ﬂH[dﬁ]*ﬁdeJ(b

Z [J] is the generating functional of moments or correlation functions of ¢, i.e.,

11 D Z[J]
Z (=B)" DJ (1) DJ () -+ DJ ()

G e~ BHI[]

Il
|
—

)
<
<
&)
<
&

= (¢ (1) ¢ (72) -+ & (Pn))

D/DJ (7) indicates functional differentiation.
Now note that J can be thought of as a linear external "force" or driving
term on ¢ and so the susceptibility of ¢ with respect to J is given by

J=0

where the notation (- --) ; indicates J has not yet been set to zero, i.e., (¢ (7)),
is the expectation value of ¢ in the presence of the "force" or driving term J.
But from above

1 DZ[J]  kgT DZ[J]

and so
DN, _ kT D]
DJ (™) |- Z DJ(F)DJ ()|, g

= —kpTF* (6(7) 6 (7))
1
=7 66 ()

which yields .
() = = (6 6 (7))

This is how I understand the fluctuation-dissipation theorem.
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20.1.1 Gillespies Paper (Am. J. Phys. 61, p. 1077 (1993))

Heres are two quick ways to get from Gillespies Eq(1) to his Eq(3). There’s no
new physics here just some fun math.
The differential equation is

(MO +7)V (1) = [T (t)
M and f are constants, I' (t) is a "random" function with the given statistics

(C@)=0
CEreE) =a@—1t)

The goal is to solve for the statistics of the function V (¢).

Method 1. The solution to the differential equation can be written as

V(t) = f/ooo dt'G(t—t)T ()

The Greens function is given by

dw efiwt
() _/%(—z’Mw+v)
B 1 /d efiwt
= ZanM | “w+in/M)

1
= Me_'yt/MQ (t)

and so .
_f / 1=y (t—t") /M
V()= A J, dt'e

which vanishes for ¢ = 0.
From the solution for V (t) it follows that

(VO V () =f?2 /OOO dt1dtaG (t —t1) G (t' — t2) (T () T (¢'))

f 2 , 00
— Weﬂ(fﬂ )/M/ dt 27 M g (L — 1) 0 (' —ty)
0

For t > t' we get

V() V () = 2{;;4 () r (emf/Mf 1)

Now let t/ — ¢t

<V (t)2> - QJ;M (1 N e_sz)
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and so

o\ _ f?
<V(t—>oo) >_ o]
Demanding
M
A?<V@ﬁmﬂ>:—@T
gives

Method 2 The probability distribution functional for V' (¢) given I (¢) is
1
P[V;T] ~ép {f (M8t+7)V—F]
For the slightly more general case of (I'(¢t)) = 0 and (I'(¢) T (¢')) = H (¢,t'), a
Gaussian probability distribution functional for I' (¢) is given by

P[I] ~ exp [— / dtdt'T (t) WF (t’)}

The normalizations will be sorted out below. You can keep track of it by in-
cluding the appropriate determinant factors but it just makes things ugly.
The probability for V' (¢) is then given by

mw:/mwwﬂpm

~ /DF exp {/dtdt’r (t) Hlét’tl)r(t’)} 8 {(Mat;fwv — F}

~ exp [ / dtdt’ (Mo, + ) V) (t) Hzf(’;’t/) (M3 +7)V) (t’)}
For the specific case of (I' (¢) T (¢')) =6 (¢t — t') we have H (¢,¢') =6 (t — t') and

H=1(t,t')=6(t—t') and so

2
P[V] ~ exp [—/dt((Mat -QFfW’;V )

e [_/dtv (t) (~M29,% +4?) V (t)

2f 2

after integration by parts in the exponent.
The generating functional for moments of V' (¢) is given by

VA [J] — /DV P [V] eifdtV(t)J(t)
2
~ exp {— /dtdt'J (t) %g (t—-t)J (t’)}
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where
(—M20 +7%) gt —t) =6 (t -t

Note that
Z[J:O]:lz/DVP[V]

and therefore the result is properly normalized (all the det’s have cancelled).

Now
VOV =rigt—t)
But
1 dw et
00 =5 | 5 i
1 dw gt
- MQ/%(va/M) (w — iy/M)
e—Itl/M
- 2yM
And so

M 2 _f2_1 _

Same as before.

21 Proof: Bessel Function Closure Relation

Using the integral definition of Jy () in terms of exp [ix cos [0]] gives

| do pdotan) 3o o) = [ dp o (ap) Ja (<o)
0 0
1 2 [e’e}
= 72/ d&'d@/ dp pexp [iap cos (0) — ibp cos (9')]
(2m)” Jo 0

The key point is the integrals over 6 and 6’ can be shifted by an arbitrary angle
without changing the result. Shift both by the same angle ¢ and average over

0.
o) 1 2 , 27 d 0o ] ) ,
/0 dp pJo (ap) Jo (—bp) = W /0 de d9/0 % /0 dp pexp [iapcos (6 — ¢) —ibpcos (6’ — ¢)]

Letting @ = a cos (0) &4asin (6) g, b =bcos (") &4bsin (0") g and § = pcos (¢) &+
psin(¢)§ = x& + yy where & and § are the x,y unit vectors respectively, we
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have
% /2" do'd /QW do /OO dp pexp [iapcos (6 — ¢) —ibpcos (0" — ¢)]
/ a0 / dmdﬂ exp [id- i~ ib-7
2 )
=5 /O a6/'dos (i —b)
== /0 " 46/d05 (acos () — beos (#)) & (asin (6) — bsin (¢))

Let acos(f) = a, and asin(#) = a, so that a = a2 + a2, and consider the
integral

1 2m

— d0'$ (ay — beos (0")) 6 (a, — bsin (0'))
2T 0 ’
27 !
1 dg/%“’cos(zlgg (as — beos () 3 (ay — bsin (¢))

2m Jo %—i—bcos(
0

1 27
= — / do’'2b cos
271' 0

B 1 27
o 2 0

-+ 2Wd0’2cos(0')5<a b2< ‘;2))5(“;8111(9'))
/Z”dezcos )3 (@ =0?) 5 (3L —sin(0))

217r de’gcos(ﬂ)é(afb)(;(?*Sm(a))

= orsdta=) [ (0))5 (% s ()

=1

(¢') 6 (a2~ b?cos (¢')") 6 (a, — bsin (6))
a'2bcos (6') 8 (a2 — b2 (1= sin (¢)*) ) & (a, — bsin (¢'))

In the last step, because § (a — b) requires a = b it follows that a, /b must
lie between —1 and +1 and so the integral over d (sin (9/)) must equal 1. Sub-
stituting this result above we get

oo

1
| dp pJo (ap) Jo (bp) = 16 (a —b)
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22 Fokker-Planck Equation

22.1 Derivation
Consider the following differential equation

0
T )=V (X(t)+N()
where V (X (t)) is a given function of X (¢) and N (¢) is a noise term, that is,
N (t) is to be treated as a random function.

Let the probability distribution for N (¢) to be the particular function v (t)
be

Py (v (1))

It follows from the probability mapping approach discussed above that the prob-
ability for X at time ¢, X (¢), to have the particular value x is given by

Pxq) (z) = /51/(-)517 (x = X (t,20,v (1)) Pngry (v (1))

where 0v (-) indicates integration over all functions v (¢). (The "-" notation is
explained below.) Here X (¢, 2o, v (+)) is the solution to the differential equation
with initial condition X (0) = x¢ and with the particular function noise function
v(t) and 6p (---) is the Dirac delta function.

To simplify notation we will write X (¢, 2o, (-)) = X (¢). Don’t forget that
X (t) depends on v (+). The "-" notation is used to make it clear that év (-) and
v (+) do not depend on time. Think of v (-) as being the product

dv (0) dv (At) dv (2At) dv (3At) - - -
and v () as the set of values
{v(0),v(At),v (2At),v (3AL),---}

as At — 0. Listing out the values this way makes it clear that v (-) and v (-)
don’t depend on ¢. Another way to think about it is, since v (¢) is a random
(assume real valued) function, then at any particular time ¢ it can have any
value between —oo and +oo.

Take the derivative w.r.t. ¢ on both sides. (The only ¢ dependence on the
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right is the ¢ dependence of X)

Shxa@ = [o) chp (o= X (1)) Prgy (v ()

8
- /5 at axa()‘SD(‘”_X(t))PN@) (v ()
- /5 am (= X () Pnyy (v (1))

_ _£/5u(~) 8)(; 5p (x— X () Pnay (v (1))
_9 / 5u () (V (X (8)) + v () 6p (z — X (£)) Py (v ()
_ / 5 (- v (1) 6p (x — X (£) Prgyy (v ()

= —*V( ) Px () (x)
/6u t)op (x — X (t)) Pney (v (+))

The reason for writing v (t) and not v (-) is that the factor v (¢) is being evaluated
at the specific time t.

The statistics for the noise function is often chosen to be zero mean and have
a specific autocorrelation function, i.e.,

W) = 0
() = Cit-t)

where the t—t is chosen so that the noise statistics are time translation invariant.
One can choose C (t,t') instead which makes the noise, nominally, not time
translation invariant. The most convenient specific form for Py (v (t)) that
yields these statistics is a zero mean Gaussian in function space, i.e.,

Pynay (v (1) = ; exp [—; /dtdt’y(t) ct.t) vt

normalization

where C (¢,#/)"" is the inverse of C (¢,¢'),
/dt”C Gt e ) =6p(t—t)

Since Py (v (t)) occurs to the first power in every term in the differential
equation above, the "normalization" factor cancels out.
Note that C (¢, )_1 is generally a differential operator. For example, for

C(t,t') =exp[—alt —t|]

n—1 1 9? 2 /
C(ﬁ,t) :% _w‘f'a (SD(f—t)

we have
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since

. 1 2
/dt”C(t,t”) o'ty = /dt”% (—gt? - a2> op (t —t")exp [~a|t" — 1]

1 0?
= o <_3152 + a2> exp [—at —t|]
= dp(t—1t)

This is obtained using [t — /| = sgn (t —t') (t — ¢') where sgn (---) is the sign
of M.
+1lforz >0

sgn (z) = { —1forz <0
Tt follows from this that 9/9t sgn (t —t') = 20p (t — t') .(Draw a graph of sgn (t)
from negtive to positive values of ¢t — ¢ and think of taking a derivative.)

%exp [—alt—t] = —a% (St It — t’|) exp [—alt — ']
_a% <§t (sgn [(t = ¢)]) (£ = t’)) exp [—alt — /||

- —a% (26p (t—t)(t—t') +sgn(t —t")) exp[—alt — ']

use dp (t =t f(t—t) = dpt—1t)f(0)
for any f (t) to get

= o (sgn(t— tyexp-alt— )

ot
= —2adp (t—t') + a’sgn (t—t’)2 exp [—at —t|]
but sgn (t —¢)° = 1and so
82
52 &P [—alt—1t|] = —2adp(t—1t)+a’exp[—alt—1t]

which gives, as above

Often the following choice is made for C (¢t —t')
C(t—t)=0%p(t—1t)
in which case we have

a1
Ct—t) 1=§5D(t—t’)

This follows from the simple fact that "The inverse of the identity matrix is the
identity matrix." With this choice for the autocorrelation function we have

Py (v (1)) = exp [_Qi [ (tﬂ

127



where again we have dropped the normalization factor since it cancels out of
the differential equation and we are being careful to use the dummy integration
varible ¢’ in the integral.

We can now evaluate [ v (-)v (t)dp (x — X (t)) Py (v (-)) . We have

/61/ t)6p (x — X (t)) Py (v (1) = —0 /(51/ )op (z — X (1)) (5V5(t) exp [—%iz/dt’u(t’)ﬂ

This is because d/dv (t) is a (functional) derivative. It acts exactly the same
as an ordinary derivative until you get to dv (¢') /dv (¢) in which case you get a
Dirac delta function, i.e.,

=dp(t—1t)

For example

0 /dt'w v) = /dt'w (") v (') v (t)
= /dt'w ) ()" op (t—t)

= nw@)vE)"!

Integrating by parts (the Gaussian kills off the "surface" terms) gives

= o [y (500 o= X O)) e | -5 [arv ()’
5X (1) 6

Now we have to evaluate 6X (t) /ov (t) . Integrating both sides of the differential
equation for X (t) gives

X (t) = /t at'v (X (t')) + /t dt'v (t')

0 0

Taking the functional derivative §/dv (t) of both sides gives

SX (t V(X boov(

O _ [t EO) [ i)

ov (t) 0 ov (t) 0 ov (t)

t is the endpoint of the integration and we are varying v at time ¢, hence, due
to causality, any change in X (') can occur only when ¢ = ¢. But the delta

128



function factor dp (z — X (t)) is holding X (¢') fixed at the value z at t' = t,
hence we have ép (x — X (¢)) 6V (X (¥')) /ov (t) = 0. The second term evaluates
to

t 1
/ dt'dp (t' —t) = =
0 2

The 1/2 is because the delta function is centered at the endpoint ¢ and so half
the area under the delta function is outside the range of integration. (Consider

representing the delta function as a Gaussian V2702 exp [— t' —t)° /202} in

the limit o — 0. Integrating the Gaussian from 0 to ¢ yields 1/2 in the limit as
o — 0.) Hence we have finally, putting all the pieces together

0 0 o2 92
aPX(t) (z) = —%V (w) Px @) (w) + ?ﬁPX(t) (z)

which is the Fokker-Planck Equation.

23 Euler Sine Formula Simple Proof

The Euler Sine Formula is the identity

) (1o (2))

n=1

This relation may look strange but note that the right hand side is zero for all
x = nw for n = any nonzero positive or negative integer, it is 1 at z = 0 and
is symmetric about = 0 with only even powers of x occuring in the product
which certainly matches the behavior of sin (z) /z

There are no doubt multiple techniques for proving this. Here’s the simplest
one I know. I found I had written it in the margin of my copy of Feynman and
Hibbs "Quantum Mechanics and Path Integrals" in the section on using Fourier
series to solve path integrals. No doubt it is a standard proof which may even
be assigned as a problem in some texts, but I haven’t seen it anywhere.

Let -
s =11 (- G2))

Develop a differential equation for f (x) by taking a derivative w.r.t. « on both
sides. It is straightforward to show

Rewrite this as



Then using the "well known" result for the series (which we prove below)

1 B 7 cot, (71'%)

. 1
LGy ey %

gives directly

am(f() = ~5 (2(1 —WCO;£W:)>

2 z)?
= 7%+cot(:c)
= —9.In(z)+ 9, (In(sin(z)))

— 9,In (Sinm(x)>

and so finally

From the original infinite product defintion, f (0) = 1 as a boundary conditions
and so we have that the integration constant is zero.

The above series can be evaluated using the technique of converting sums to
integrals. The details are presented in Bernard Friedmans superb book "Lec-
tures on Applications-Oriented Mathematics" in the chapter on complex inte-
gration. (page 153 in the 1969 edition).

Consider series of the form

s 1
S:an,az
n=1

If we can find a function g (z) with poles at z = n (a positive integer) all with
residue 1 then

R A ©))

- 5 = S + pole contribution from z = +a
2mi Jo 2% —a

2

where C' is a suitably chosen closed contour in the z = x 4 iy complex plane.
Of course sin (7z) has zeros at z = n with residue cos (mn) = (—1)" . Hence

we can take
cos (7z)

g(z) =

Consider evaluating this on the closed square contour

sin (7z) = cot ()

- + (N + 3) + iy vertical sides
]+ (N + %) 1 + x horizontal sides
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with N a positive integer. Rewriting ¢ (z) in terms of exponentials gives
e’iﬂ"Z + efiwz
9 (Z) = Zeiﬂ'z —e—imz
1+ efi27rz

¢ 1— e—i27rz

On the left and right sides of the square contour we have
1 ) 1+ eq:iZW(N+1/2+iy)
g (Z =+ <N + 2> + ZZJ) o oFen(Nt1/2+iy)
11— e:t27ry

e —
1+ eiZﬂ'y

1
0<‘g<z::|:<N+2>+iy>’<1
for all N and y.

On the top and bottom sides of the square contour

0N ]+ eFi2n((N+1/2)ita)
g <z =+ (N + 2) v+ w) T N oFen(NA1/2)ite)

1+ eiQﬂ'((N—&-l/Z)IiQTrx)
o eE2n((N+1/2)Fi2ra)

and so

which gives

1\ 1+ 6:|:27'r((N+1/2)12i1'rz)
‘9 (Z =% (N + 2) t+ 33)‘ = ‘ 1 — ot2n(NF1/2)52im2)

1 4 2627 (N+1/2) cos () 4 eFAn(V+1/2)\ 12
= <1 — 2e+27(N+1/2) cos (21x) + 6:|:47r(N+1/2)>

For N — oo we have

‘g<z=i<N+;)i+x>‘—>1
for all z.

Hence the integral along the contour is, for IV large, less than

+(N+1/2) 1 +(N+1/2) 1
/ dx 5 —|—/ dz 5
~(N+1/2) (N+3)it+2) —a —(N+1/2) (-(N+1Y)it+a2)" —a?
+(N+1/2) 1 +(N+1/2) 1
+/ dy 5 +/ dy 5
—(N+1/2) (N+3)+iy)” —a? —(N+1/2) (—(N+3)+iy)” —a?

— Oas N —
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Hence the integral yields zero for N — oco.

Noting that we have both the z = n poles from g (z) and the z = +a poles
from the 1/ (ZQ — a2) factor inside the contour for N + 1/2 > a, we get, for
N — oo,

1
0 = L [a 9
2 Jo 24 —a
=1 1
= 2’;@7?4’5(2013(7(@)
And so we have
=1
1
= @—?CO’C(W(I)

23.1 The Basel Problem

The Basel Problem was the name given to finding the closed form solution to
the sum ) -, 1/n? which is the Riemann Zeta function ¢ (s) = Y2 1/n® for
s = 2. The problem was proposed by Pietro Mengoli in 1650 and solved by
Leonhard Euler in 1734. Eulers first proof was not rigorous. Euler did develop
a rigorous proof in 1741.

From above we have that

=01

$% -

n=1

00
. 1
hm —%
a—0 77,2 — a2
n=1

. 1 s
(111% (2a2 ~ 5 cot (Wa))

1 T 1 Ta +
202  2a \ma 3
2

T
6

24 Feynman Denominator Formula

The Feynman Denominator Formula is

1

Here we derive this result.

(N —1)!

1 N
—_— = dtidte - - - dtnd 1-— ty | ———
T1Ta TN /0 e NP ( Z ) ZnNzl Tnln

n=1
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It is straightforward to write

1 o0 ol
_ :/ ds1dss - - - dsy exp —Zmnsn
1T TN 0 o

assuming all the x,, have a positive real part. Since over their ranges of integra-
tion all the s,, are nonnegative we have 25:1 sp > 0 from which it follows that
for any combination of s,, values in the range 0 to oo,

50 N
/ dTép (T—an> =1
0 n=1

One could be concerned about the case where all the s,, = 0 but this is nominally
a "set of measure zero" and so we will ignore it. Inserting this way of writing 1
into the integral above gives

1 o0 N o0 N
— = arsp (T-Y s dsydsy -+ d -S> znsn
e D< Z)/ s sNexp[ 5_31

n=1
Let
sp, =T,
and use
N N
5D<T_an) _ 5D(T<l_ztn>>
n=1 n=1
1 N
n=1
to get
1 1 N 0o N
—_— = dtrdty---dinép [1 =) t, drTN-t T ntn

1 N
N - 1)!
/ dtrdty - dtndp (1 — Ztn> (—)N
0 n=1 (22;1 xntn)

where the upper limit of 1 on the dt, integrals follows from the fact that
op (1 - Zgﬂ tn> indicates the sum of all the t,, values can at most be 1 oth-

erwise the integral vanishes.
Finally, to evaluate the T integral we have used the trick

/0 DOdTTpeXp[—aT] — (=8 /0‘” IT exp o

— (0.2

p!
ap+1
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25 Density of States
25.1 Definition

The density of states is the number of quantum energy eigenstates of a given
system per unit energy interval.
For discrete states Eg, F1, Fo,--- we have

p(E)=Y dp(E - Ey)
n=0

Note that ép always has units of 1/(units of its argument) and so ép (E — E,,)
has units of 1/energy as required. Also for any E that is not equal to any E,
then p (E) = 0, there are no states at that energy and for p (E = E,,) = co since
there is one state at E, but it is discrete and so it is spread over an energy
width of 0.

For continuous states F (E) where k is continuous and represents, generi-

cally, momentum we have

p(E) = /de5D (E—E (E))

It is useful to consider the case where £ (E) ~ kP and consider how p (E) scales

with the number of space dimensions D and the power of the momentum p.
Note that for the Schrodinger equation we have p = 2 whereas for the Dirac
equation we have p = 1.

NOTE: In both the discrete and continuous cases complete knowledge of

p (E) implies complete knowledge of the energy eigenvalues, E,, and E (%) .

Writing the integral in polar coordinates in D dimensions where (2p is the
D-dimensional angular part gives

p(B) = / dPkép (E— Ep)
= Qp /OOO dkkP=6p (E — kP)
Let k= EY/? 4+
= ap [y (27 0)" bp (B (V7 +0)")

_ QD/dn(El/p—l-n)Dil(SD (E— (E+pE(”_1/p)n+-~-)>

1p D-1 1
= QD/dU (E Jr77) W(SD (n)
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For the Schrodinger equation E ~ k2 whereas for the Dirac Equation E ~ k,
hence we have

(E) ~ EID/Qfl
E~'2in 1D
= E° = constant in 2D
= EY?in3D

pSchrodinger

and

Poirac () ~ EP
= E° = constant in 1D
= E'in2D
E? in 3D
Very different scaling of the density of states in different dimensions for Schrodinger
(E ~ k?) and Dirac (E ~ k) type equations.

25.2 Greens Function Local Density of States

The Greens function, actually the propagator (see section on difference between
the two) is given by

G(rr,t) = Z Uy, (7) uy (7)) e *En? Discrete Case
n

/deu <IZ, F) u (E, f')* e~ *B(F)t Continuous Case

where u,, (7) and u (E, F) are orthonormal eigenfunctions of some operator, e.g.,

a Hamiltonian H, i.e.

Hu, (7) = Epyu, (7) Discrete Case
Hu (E, F) = F (E) U (E, F) Continuous Case
Define local density of states p (7, E') for the discrete case.
teedt
piE) = [ greTGERY
oo 2m

[ S e
Ceo 2m — " "
oo dqt .
_ * S W(E—En)t
> (7 7 =
Zun (F) Unp, (7?)* 6D (E - En)
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then since
/ dPru, (7) up (7)° = 1
we have

mm=/fmmm

This requires a little more thought for the continuous case since
/dDru (12 F) u (E F) = p (1‘5— E) = 5p (0) = co.

26 Partition Function, Equipartition Theorem

26.1 Partition Function

If a system (think particles in a box) is in thermal equilibrium, then the proba-
bility P (E) of it having total energy E (think sum of all the particle energies,
kinetic and potential) is proportional to exp [—-E/kpT| where kg is Boltzmanns
constant and T is the temperature in Kelvin, i.e.,

E
P (E) ~ exp { kBT}
exp [-E/kgT] is often referred to as the Boltzmann "probability" or factor.

Why exp [-E/kpT]? There is a lovely derivation, actually only a justifica-
tion, of this in a footnote in the first few pages of Feynmans book on statistical
mechanics. It goes more or less like this.

Assume the only relevant macroscopic quantity of the system on which the
probability can depend is its total energy E and that the total momentum,
angular momentum, charge (of any type) are all on average irrrelevant or all on
average zero. Here "on average" means the average over a time scale which is
long compared to the time scale of (thermal) fluctuations of the system. Since
energy is only defined up to an additive constant it follows that the ratio of
probabilities for the system to have two different energies E1 and E satisfies

P(Ez)  P(E2+ Earp)

P (El) P (El —+ Em’b)

where Fg.; here is an arbitrary value of energy. That is this relation must
hold for all values of E,,. The only function that satisfies this requirement is
P (E) ~ a*® | where a and b are constants. Without loss of generality (w.l.o.g.)
this may be rewritten as P (E) ~ exp [—cE] where ¢ is a constant. The minus
sign and the fact that ¢ = 1/kgT all follow from physics, that is, comparing this
exponential form to the rules of thermodynamics. This is the argument used by
Maxwell to derive the Maxwell-Boltzmann distribution.

NOTE: If the system is perfectly isolated then, via energy conservation,
its total energy must be fixed at some value, say, Ey in which case P (FE) =
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dp (F — Ep) . This distribution is known as the "microcanonical ensemble". The
result P (E) ~ exp [—E/kpT] is known as the "canonical ensemble" and in this
case the system must be considered to be in contact with a nominally much
larger system known as the "heat bath" with which it can exchange energy but
not "particles". If the system can exchange both "particles" and energy with
the heat bath then P (E) is generalized to P (E, N) ~ exp[— (E — uN) /kpT)
where p is the so called "chemical potential" and N is the total number of
particles in the system itself. This is known as the "grand canonical ensemble".

To be a true probability P (F) must be properly normalized.

If the possible values of E are discrete, i.e., E can take any of the values E,,

with n = 1,2, -+, then the normalization factor is
zZ = Ze_E“/kBT : canonical ensemble
n
Z = Ze_(E“_“N)/kBT : grand canonical ensemble
n,N

The sum on N means: sum over all possible numbers of particles in the system
from 0 to co.

If E is continuous and depends on a combination of "degrees of freedom", X,,,
e.g., momenta, position, angular momenta, angular position, etc., as E (X1, Xa, - - -
then

VA

/Xmng e B(X X2, /kBT . canonical ensemble

Z

Z/XmdXQ e (B(X1, X, ) —uN) kBT grand canonical ensemble
N

where the number of X’s generally varies in a deterministic way with the number
of "particles" N.

In both cases Z is called the "partition function" but it is just the normal-
ization factor and so

exp [—E, /ksT]

P(E,)=P,= 7

The partition function contains all of thermodynamics since it acts as a
generating function, that is, derivatives of the partition function with respect to
various parameters yield different thermodynamic quantities. To see this define
the Helmholtz Free energy F' as

F = —kgTh(2)

= kTl (Z exp [—En/kBT}>

Entropy is defined as
S=—kp» P,ln(P,)
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Taking the derivative of F’ with respect to the explicit T" dependence of F' yields

dF 1dZ

but

dz d E,
i - wge"p[‘m]
_ Z En ex _ E’n
= 2 \kpT? P\ LeT

Z
= kBTQ ZEnPn

Z
U
kpT?

where
(B) =) E.P,=U

is, by definition, the average energy of the system.
dT Z kg
E
—kp | In(Z P,
B ( n(Z)+ zn: inT )

Multiplying the In (Z) term by 1in the form 1 =% P, =" exp[-E,/kpT]|/Z
gives

dF 1 Z
= —k’B IH(Z)—]CBT T2 ZEnPn

dF E,
—_— = - P, (In(Z
T kBZn: "(n( )+kBT>
exp |—FE, /kgT
_ _kBXn:Pn (‘1“<W>)
= kg Y Puln(Py)
= -5
and so we have
g_ 4
-~ dT

where the derivative d/dT does not include any T dependence of the F,,. Such
dependence might come from varying the system volume with the temperature.
Varying F,, with T is excluded in the above result and (d/dT) is then often
written using the notation(d/dT’),, which means the volume is held constant
while varying 7T
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Note it also follows from the above that

1dZ
_ P U
T T
which gives
F = U-TS

The heat capacity is the change in average energy with temperature

dU

CV:d7T

where the subscript V' on C' indicates holding the volume constant or equiva-
lently taking derivatives only with respect to (w.r.t.) the explicit 7' dependence
and so

d*F

dr?

Energy is force times distance and so in general force is the change in energy
with some distance or length. Pressure p is force per area on the system and so
pressure is the negative of the change in energy of the system w.r.t. a change
in volume while holding the P, fixed, i.e.,

dE,
b= _Z<dV)P"

B 1 dE, exp [—Fyn/kpT]
B kBT;( kT dV> S exp =B /kpT]

B 1 dE,\ exp|—FE,/kpT]
B kBT;( kT dV) Z

L (dln(Z))T

dv
_ (e
N av ),

where the subscript 7" means the temperature is held constant.

Cy =

26.2 Equipartition Theorem

Consider the case where the energy depends continuously on some set of degrees
of freedom, X, X, -, i.e., E, — E (X1, Xs,---). For example the X,, might
be the phase space coordinates of N particles in 3 dimensions in which case
there are 6V different X variables,

X1, X, — Pn,xsPn,ysPn,zy dn,xs n,ys dn,z forn=1,2,---,N
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Here the py «, Pn,y; Pn,- are the z,y, z components of the "momentum" of particle
n and @n z, Gn,ys gn,» are its "position" coordinates.
In terms of the X,, withn =1,2,--- , N we have

~ exp[-E (X1, Xy, ) /kBT]
- [dNXexp[-E (X1, X2, ) /ksT]

P (X1, Xs,--+)
with
2= [d¥X e[~ (X0, Xaue ) fhaT)

being the partition function.
Suppose E (X7, X2, --) has the form

E(X15X27"'):CIX{71 +62X§)2+"'

that is F (X7, Xo,---) is a sum of the X,, raised to powers p1, pa, ... multiplied
by constants ¢, co,.... Then the expectation value of any one particular term
in the sum,

E, =c, X"
for a given n is given by
(En) = (eaXP™)
_ 1<X dE(Xl,X2,~--)>
pn \ " dx,
1 dE (X1, Xo,--)
= — [d"XX,— P (X1, Xy,
pn/ Xy (1, Xz, )
o1 JaVXX, ) exp [ B (X, Xa, o) /kpT)
Dn JdNXexp[—E (X1,Xo,--+) /kpT]
1, XX, (7 exp [~ B (X1, Xz, ) /T
oo ” [dNX exp[-E (X1, Xa,---) [kpT]

Integrate by parts, assume surface terms vanish

1, S Ko B (Y X))
T o B JdNX exp [-E (X1, Xa,---) /kpT)]
1
Pn

If p,, = 2 then we have
1

Hence each degree of freedom which contributes quadratically in an additive
fashion to the total energy carries, on average, %kBT of thermal energy. This
is the standard statement of the Equipartition Theorem. Note that the higher
the power dependence, i.e., the larger the value of p,, the less thermal energy
is stored, on average, in that degree of freedom. Interesting.
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27 Shot and Thermal (Johnson) Noise

Shot noise corresponds to any process with discrete random events: raindrops
hitting a roof, photons being absorbed one at a time, electrons moving through
a circuit, the hissing sound of bacon frying, etc. Shot noise is almost always
associated with Poisson statistics. In fact, if the probability of receiving one
"count" of something in an infinitesimal time interval d¢ is given by pdt then
this leads directly to Poisson statistics as shown in a previous section.

Thermal (or Johnson) Noise on the other hand comes from fluctuations which
occur when a system is at a finite (nonzero) temperature.

For example consider a capacitor, unwired to anything, at a finite temper-
ature T' (in Kelvin). The energy stored in a capacitor of capacitance C' with
voltage Vo between the plates is, as shown in a previous section, given by

E=_-CVi=—

where @ is the (instantaneous) charge on the capacitor. At thermal equilibrium
there is, via Boltzmann equipartition of energy, %k’ T of thermal energy in each
degree of freedom of a system where kp is Boltzmann’s constant. Assuming V'
counts as 1 degree of freedom, setting F = %kBT yields

kT
CVE = kpT — Ve =\~

Note that V is the rms or root mean square voltage fluctuation across the
capacitor. The average of voltage across the capacitor, measured over a long
period of time is zero.

For a resistor, consider the resistor (with resistance R) being wired in a single
loop circuit in series with the capacitor (C) but not wired to anything else. In
this configuration the voltage across the resistor is instantaneously equal to the
voltage across the capacitor (neglecting speed of light effects) and so we have

kT
==

But the time constant of an resistor-capacitor or RC circuit is given by
T =RC

and so, the rms voltage across the resistor is

/ T
Vi = kpR
T

1
Vii = kpRT ()
-

The 1/7 factor can be thought of as a frequency interval Af in Hertz.

or
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The fact that kg, T, and R are all (nominally) frequency independent means
that up to some very high frequency where other physical effects come into play,
such as the speed of light, the mean square voltage is the same at all frequencies,
i.e., kg RT is frequency independent. But, an RC circuit is a low pass filter and
so this uniform frequency distribution of squared voltage must be filtered to
get the actual thermally induced mean voltage across the resistor if it were
unconnected to anything. This filtering leads to the "famous" factor of 4, i.e.
Ve = V4kgRT as we now show.

To see this consider the thermally generated voltage fluctuations to be com-
ing from a voltage source or electromotive force (commonly referred to as an
e.n.f.) and treat the resistor as ideal, solve for the voltage across the capacitor,
which we know from above, in terms of this e.m.f, then solve for the (mean
square) e.m.f.

In an RC circuit, with RC in series, and with a voltage souce Vs (w) where
w = 27 f is the radian frequency with f the frequency in Hertz, the current
I (w) is given by

[(w)= 2w
R+

1
iwC

The voltage across the capacitor V¢ (w) is

fw) V(W)

Vo) =35 = Triwre

which gives the mean (absolute) square voltage

Vel = T

NOTE: We have to use the absolute value squared since we are using ¢ to account
for the 90 degree phase difference between the voltage across the capacitor and
the voltage across the resistor. This would not be necessary if the phase was
handled explicitly in terms of sines and cosines. Note also that the low pass
aspect is obvious from the w? = (27 f)2 dependence in the denominator, as
the frequency f or equivalently the radian frequency w increases the amount of
voltage transferred from the source to the capacitor decreases and so, more-or-
less, only the low frequency components of the source voltage are transferred to
the capacitor.

To get the total voltage across the capacitor we need to integrate over f
from 0 to oco. This gives

Vz:kBT:/“d Vs (@) :i/“’dw |V (@)
T " Jy "1rwro? 2t)y "1+ (WRC)Y

But we know from above that the thermally induced square voltage,

|V;0urcc (w)|2 - kBRT
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is frequency independent, hence we have, using V3 = kpT/C

ksT W) /OO ot
C 2 Jo 1+ (wRC)?
Vs [* /“ 1
= d(wRC) ————
27 RC J, ( )1+(wRC)2
|‘/S|2 oo 1

2rRC J, 1422
%P 1/+°°dz 1
 27tRC2 ) 1422
Vs[® 1 2mi

27RC 2 2i

Vs ?

ARC

or

\Vs|? = 4kpRT
The actual squared source voltage needs to be 4 times larger account for the
low pass filtering of the RC circuit. Hence the thermally induced mean square
voltage fluctuation across a resistor at temperature T is given by 4kp RT.

28 FEuler-McLauren Formula

The Euler-McLauren formula is a relation between sums and integrals. It is
used to improve the accuracy of the numerical result when computing integrals
as sums. Define F' (V) as the sum

F(N)=fO) +---+f(N)=)_ f(n)

Here f (z) is assumed to be smooth, well behaved, etc.
From the definition of F' (N) we have

F(N+1)—F(N)=f(N+1)

But we have from Taylor series




hence

F(x+1)=exp[0,] F (x)
fle+1) =exp[0:] f ()

Q

Substituting this above with a = 1 we get

0=F(N+1)—F(N)= f(N+1)
= [(exp [0;] — 1) F' (z) — exp (0] f (2)],—

—r - [ 20 w) -
Rearranging gives
M= [aabiT L .
-+ ) @)
=f@+ [exp[ o= 1”)L_N

Letting 9, ' indicate integration from 0 to z with an additive constant, ¢, we
can write

T [exp[a]—l wli( )L—N
10+ o ([ @ C)LN

Now noting that

o

t bn
e —tn
exp[t] — 1 Z n!

n=0

where b,, are the Bernoulli numbers, we have

F(N +Z [n(/oxdzf(x)JrC)L—N
f(N)+b0</0 daf (x +c>+n21 5</Ozdxf(m)+c>L—N

_— / dof (@) + e+ by f (N) + 22 (0.7) (N)
22 (ORF) () o (021) () +-+
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Here we have used the fact that by = 1 and ¢ must be chosen so that F (0) = f (0)
which gives

e = —buf (0) = 2 (0.1) (0) — 52 (921) (0) = % (92) (O) =+

Using the Benoulli number values by = —1/2,by = 1/6,b3 = 0,b4 = —1/30,b5 =
0,--- gives

N 1 1
F(N) =f(N)+/0 dwf(x)—g(f(N)—f(O))+ﬁ((8wf) (N) = (0:f) (0))

_ 3%% ((82F) (N) = (82£) (0)) + - -

N
LR UM / def (2) + 7o (0:f) (N) ~ (2:.) (0)
_ 3%% ((82f) (N) = (82) (0)) + - -

This result is the the Euler-Maclaurin formula or series. This is, with a small
difference, the derivation given on page 132 of Bernard Friedman’s wonderful
little book, "Lectures on Applications Oriented Mathematics", once Friedmans
different definition of the Bernoulli numbers is accounted for.

Rearranging gives

N N

fN)+f(0) 1

| arr@ =Y - EEHE - Son o - @+
n=0

This shows how to easily "correct" discrete sums to be closer to the true integral

value: The dominant correction amounts to simply subtracting the mean or

average of the starting and ending values of f (z).

29 Embedding, Induced Metric, Curvature

29.1 Whitney Embedding Theorem
We begin by stating, but not proving the (weak) Whitney Embedding Theorem:

Any smooth Riemannian manifold of dimension d can be embedded,
i.e. mapped in a one-to-one smooth non-selfintersecting way, into a
Euclidean space of dimension 2d + 1.

Examples: A one dimensional manifold, i.e., a path or trajectory, can be
embedded in 3D with no self intersections. If embedded in 2D it will generally
have self intersections. Think of projecting a knot in a piece of string onto a
sheet of paper. The surface of a sphere is a 2D manifold as is the surface of a
torus. Both can be embedded in 3D with no self intersections. The surface of
finite length cylinder with any (non-self-intersecting) cross sectional area can be
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embedded in 2D. Bending it in a circle and connecting the ends makes a torus.
But if the ends are connected "from the inside", similar to the "twist" that
makes a Mobius strip, then you get a Klein bottle and the Klein bottle cannot
be embedded in 3D without self intersections. It requires 4D. So, depending
on the manifold, sometimes fewer than 2d + 1 dimensions are required. The
(weak) Whitney Embedding theorem guarantees you can always make it work
in 2d + 1, it’s finding a map for any given Riemannian manifold which has no
self-intersections and preserves any given metric on the manifold that is the
hard part.

29.2 Induced Metric

Consider a 2D surface embedded in standard "z,y, 2" 3D Euclidean space.
Given any small enough subarea of the surface it can be represented as

z=H (z,y)

Note that in general H (z,y) will be definable only over a finite area in the z,y
plane.
With this definition position on the surface in 3D is given by

F('T7y) = (m,y,H(w,y))

Note that we are using x and y here to label position along or "in" the surface
in 2D. Also note that 7 (z,y) "lives in 3D" but depends only on z and y.

Infinitesimal displacements along or tangent to the surface in 3D are given
by

dr

(dz,dy, 0, Hdx + 0,Hdy)
(d% dy, (d,6~ (i) H)

= dp(papys (p-0.) H)

with dj = (dz,dy) , p = dp/dp = (s p,)  dp = \/da® + dy?,and 3, = (9., 9,)
With these definitions we have p, = cos (¢) and p, = sin (¢) where ¢ is the angle
between p and the x axis.Thus the tangent vector in the dg direction is given
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NOTE: Obviously ¢ depends on the choice of p (as well as on = and y). The
p dependence is indicated explicitly by writing £ (p) .

An infinitesimal distance ds along or "in" the surface in 3D is the square
root of

ds*> = dr-dr

(dm,dy,dﬁ- 61H> : (dm, dy, dp - 81H)
= da® + dy? + (dzd H + dyd, H)?
- (1 + (&UH)Q) dz? + (1 + (8yH)2> dy? +2 (9, H) (9, H) dzdy

If ¢, with i = 1,--- | N label the positions "in" a manifold of dimension N then
the standard form for ds® in terms of the metric g; ; is

N
Z 9i,;d&;dE;;

i,j=1
= Qi,jdfz‘dfj

where the second line follows from invoking (yet again) the Einstein summation
convention. Note that, in N dimensions, the g; ; are the 7,j elements of an
N x N matrix or tensor g.

Comparing the two forms of ds? above gives, for our 2D surface, the induced
metric

ds?

gy = | 1t (0.H)?  (9,H) (9,H)

’ (8.H) (0,H) 1+ (3,H)
We say induced because the metric above depends on how we embed the 2D
surface in 3D, i.e., on our choice of H (z,y). If the 2D manifold had a pre-

specified or given metric go (£;,&,) then as long we pick H (x,y) such that
(90 (&1 = 2,65 =vy)) = g(x,y) for all z and y, then the induced metric is the
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same as the given metric. Note that this type of relation between the induced
and given metric holds in any number of dimensions.

With the matrix ¢g as written above and with "-" indicating matrix multi-
plication, we get

(dz,dy)-g- ( Zz )

1+ (0,H) (8,H) (8,H) da
(d””’dy)'[wzm(aym 1t (0,H)? de)

- (1 + (8xH)2> dz? + (1 + (8yH)2> dy? +2 (9, H) (9, H) dzdy

ds?

as we should.

Because g is symmetric it can be diagonalized by changing the x, y coordinate
system. One choice is to define coordinates v and v by z = H (z,y) = u =
constant, in which case constant u curves in the x, y plane correspond to constant
z values on the surface H (z,y). Given this definition d@ at everypoint in the
x,y plane lies in the direction of the gradient of H (z,y), i.e.,

(3.1
d'lj: = duﬂi
(@.11)]
(0-H,0,H)
V@ H) + (0, 1)
Then dv can be taken to be everywhere perpendicular to du

(—0,H,0,H)
V0. 1) + (9,1

= du

dv = dv

so that we have
di-dv =0
with v corresponding to position along each constant u curve.
In the u, v coordinate system we have, from Pythagoras,

. 2
ds? = (1 n (&H) > du? + dv?
and so

g(uvv): 1+(5LH)2 01

0 1

Of course finding the explicit forms of = (u,v) and y (u, v) requires solving (si-
multaneously)

u = H(m(u,v),y(u,v))
0 - 9H(z(wv).y(uv)
ov
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29.3 Curvature (Extrinsic)

We begin by constructing the unit normal = unit vector everywhere perpendic-
ular to the surface.
Unit Normal: Consider the function

F(xayvz) :Z—H((E,y)

The 3D gradient of F' points, in 3D, in the direction of the maximum rate of
change of F. This is easy to see. The change in F, dF, in the direction (in 3D)
dr = (dx, dy, dz) is given by

dF = d - 9F

where 9 = (03,0y,0;) . But

di- OF = dr

5F‘ cos (0)

where dr = |d] = /da? + dy? + d=2, |9F| = V0. F)? + (9,F) + (0.F)° and
0 is the angle between dr’ and JF. Hence for a given dr, dF is maximum for
0 = 0, that is dr’ parallel to OF. Any direction perpendicular to 5F, ie,0=m/2
has, by definition dF = 0 and so is tangent to the surface z = H (z,y) . Thus
we have that the normal (= unit vector in 3D perpendicular to the surface at
every point) is given by

Ao g) = ?F _ (—0.H,—0,H,1)
F

1+ ((iH)Z

Note that 7 (z,y) "lives in 3D", i.e., it has x,y and z components, but depends
only on the 2D coordinates x and y.
Tangent Vectors: Since

i (z,y) -n(z,y) =1 for all z,y

we have

(47-8.) G (2. ) -7 (2, )) = 0
or using (d,b'~ 51_) =dp (ﬁ : 5J_) and dividing by dp
((p-8.) 2 (@) - (,y) = 0

which means either ((b . 5¢) n (z, y)) =0or (ﬁ . 81) i (x,y) is tangent to the

surface in 3D. Hence, if it doesn’t vanish, ((p : 31) 7 (z, y)) will be parallel or

tangent to dr for some value of p = (dz/dp,dy/dp), i.e., it must be proportional
to t (p) defined above for some value of p.
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Explicitly, taking the inner or "dot" product of i (x, y) with di = (dz, dy, (0, Hdx + 0,Hdy)) =
dpt (p) and 7 gives

—-0.H,—0,H,1
dr-n = (dz,dy, (0, Hdx + 0y,Hdy)) - ( Y 2)
14 (.8)
-0, Hdx — 0,Hdy + 0, Hdx + 0,Hdy
S 2
1+ (8LH)
0

which shows explicity that 7 is normal to the surface.
A similar result follows for ¢ (p) since it has unit length everywhwere, i.e.,

t(p)-t(p) =1 forall ,y

and so .
((7-80) @) i) =0
for any p’. Hence, if (dﬁ’ . 81) t(p) doesn’t vanish then it points normal or

perpendicular to the surface, i.e., parallel or antiparallel to 7 (z,y) .

Let’s evaluate ([o ) L) f explicitly. To simplify notation define

Notation:

First Derivatives

H, = 0,H H,=0,H
Second Derivatives

Hyy = 0;H Hyy=0,00H Hy, =0.H
and use

dz = (0,0,1)
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—

(r-d)n = (p-00) 2
1+ (8LH)
(_ﬁa;HZI - ﬁszy7 _ﬁggHwy - ﬁyHyya 0)

£J1+ H§ + Hﬁ
Y (H, H _1) ((f’x (Hme + Hszy> + fby (Hway + HyHyy)))
! (1+ H2 + H2)*?
(_f)chm - i’wayv —ﬁway - f’yHyyv 0) (1 + Hi + HyQ)
+ (Hx7Hya _1) (f’x (Hsz + HyH@y) + ﬁy (Hszy + HyHyy))
(1+ H2 + H2)*?
P (HrHyHﬂry - (1 + Hy2) HM) + py (HwHyHyy - (1 + H;) Hry) )
P (HzHyHm - (1 + Hﬁ) Hﬂcy) + /A)y (HzHszy - (1 + Hg) Hyy) )
— (i)x (HTHM + HyHTy) + i)y (HyHry + HyHyy))

3/2
(1+H2+ H;)

Consider some special cases. First, note that the x, y componentf of (f) . 81) n
does not, in general, point in the same direction as p. Second, note that if H,, =
H,, = Hyy, = 0 at a given point then we get (ﬁ . 5J_> 7 = (0,0,0) at that point.

This makes sense, in order to get a nonzero result for (f) - J_) n at any point

the surface must have some curvature, i.e. at least one nonvanishing second
derivative at that point. If the surface is locally "flat", H,, = Hy, = H;, =0,
then 7 doesn’t change for infinitesimal displacements from that point. Third,
note that if H, = H, = 0 at a given point then

(p+80) = = (poHw + py Heys P Hay + Py Hyy0)

which makes sense. The vanishing of the first derivatives means that, at that
point, the surface is perfectly horizontal and so any tangent vector at that point
will have only z and y components, no z component and, further, the curvature
will be proportional to the second derivatives.

Curvature is defined as the reciprocal or multiplicative inverse of the radius
of curvature. For a circle of radius R, the arc length swept out on the circle ds
for a change in angle df is

ds = Rd = \/1+ ((p-a]) H)2

NOTE: This is extrinsic curvature as it depends on how the surface is
embedded in 3D. A curve embedded in 3D will have extrinsic curvature, e.g.,
the curvature of a circle, but it does not have intrinsic curvature which is defined
by the Riemann curvature tensor.
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Hence the curvature x of a circle of radius R is given by

1 db
K=—==

R ds

Since 7 (x,y), by definition, has unit length everywhere, the difference between
7o (z,y) and 7 (x 4+ dz,y + dy) can only be a rotation. Note that # can rotate in

any direction and so (dﬁ 9 J_) 7 does not necessarilly point on the dg direction.

As discussed above, if it doesn’t vanish,
((x +dx,y + dy) —n(z,y)) = (dﬁ(’i) N
is tangent to the surface and therefore
a0 = ((dpp-8.)n)-i(p)
- ((dpp- 1) £(7))

where the second line follows from 7 - £ (p) = 0 for all 2 and y. Note that df
depends on the direction p.

The curvature & (p) of the 1D path or trajectory of the intersection of H (x,y)
with the plane containing p and 7 is thus given by

. do
k(p) = ds

The last two lines follow from (ﬁ ¥ L) (’fL . f) = 0 and it is a matter of choice
which one to use.

Note: There is a sign convention associated with the curvature which is (I
believe) opposite to the one used above.

Begin comment

We can write this another way using 7 = ((ﬁ) . 81) f(i))) / ’ (ﬁ . 31) t(p)].

Note that n expressed this way is independent of p, hence, assuming, |( p - a. )t #*
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0, we have

n([),[)/) = - A/; ) a > : -
(7-2) i) 1+ ((5-22) )
i .

for any p and p. This expresses the curvature entirely in terms of £.
For p = p’ this reduces to

J(7-0) i) - ((-3.) £0)
Ve ((-9) 1)’

The same game can be played using £ (p) = ((b . 5L) ﬁ) / ‘ (f) . 81) ﬁ‘, again

assuming ‘(i) %) l) ﬁ’ # 0. In this way k (p) can be expressed entirely in terms

of n.
End comment .
Evaluating the ( D (%_) ﬁ) -t form for k (p) above gives, with "-" meaning

o O2H  9,0,H b
(pz,py)(azayﬂ 02H )'(@)

matrix multplication,

K (p) =
= 2 N 2
i)’ (14 ((3) 0)')
Examples:
1.
H=H (x)
k() - b0
2 ~2 2
L 0. (1472 (0.1)?)
2.
H=zy
5 () = 20:Py
(1 + (poy + ﬁym)Q) Vita?+y?
3. g
~oR, 2R,



p2/Ry + D2/ Ry

k() =
(1+ o/ B + 2,0/ R)°) 1+ @/ Ra) + 0/ R,)?
4.
H=—vVR—1?—y?
5 ()= 5

30 Riemann Curvature

This section has all the math but not much explanation. Need to work on it.
NOTE: Riemann curvature is "intrinsic curvature", it is not the same thing
as the extrinsic curvature & discussed above. For example, a circle is the em-
bedding of a 1D space into the 2D plane. The circle has a constant extrinsic
curvature given by 1/(circle radius). If the circle is distorted then the extrinsic
curvature becomes position dependent. But for all (nonpathological) embed-
dings its Riemann curvature is 0. More generally think of a 1D space embedded
in 3D, i.e., a curve in 3D. Let the coordinate along the curve be the length ¢
along the curve from some given starting point. Then ds? = d¢? and the metric,
which is a 1 x 1 matrix in this case is g = 1. All its derivatives vanish and so the
Riemann curvature (derived below) which depends on the second derivatives of
g is explicitly zero no matter how twisted or contorted the 1D curve is in 3D.
N dimensional space: Cartesian = RV

r = T,Lﬂ,
Summation convention
Uity = i
u; = Cartesian
76 = w(@n
Notation : Drop arrow on £ in function arguments: (E) — £ (&), etc.

Same for functions of Z, drop arrow

-
€ = N dimensional curvilinear coords in R™

- (51752,... ’gN)

Greek

Use notation & and Zratin

Why distinguish upper lower indices?
Because d¢" and 9/90¢" transform oppositely

&" = manifold coordinates
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Transformation
(On*/0g") d€”
(0€" [on*) 0/ 09¢€”

dn#
a/ont

dn*ofon® = (On"/0€")dg” (9" /on") 9/ 06"
= (96" /0n") (On"[0€”) dE" 0/ O€"
= 6,dg"0/0¢"
= dgrho/og”

Invariant (formwise)

Notation
0
OLatin =
ann axLaLtin
0
aGreek = W

Need to remember z; and £ appear as both

functions and variables, i.e.,

et
o;¢t = %T(ax) Here z; is a variable, £" is a function
Ouri = 32225) Here £ is a variable, z; is a function

di = dero,T
= de'e,

= local basis vector along & coords in RV

Derive the metric g,
ds®> = dF-dF
= d¢re,-d¢e,
= (&,-é,)dede”
= gudgtde”

Juv



Metric Inverse

Gua (05€7) (0;€7) = (Ouw;) (Oa %)( £%) (9;¢")
= (Ouwi) (9;€7) (Oaw:) (9;¢7)
= (Ouxi) (9; wz)( £")
= ( ;)6 ij ( )
= (Ouw:) (0:€")
= Mf
= 5;

g = (0;6") (0;¢") = (9_1)W
Vector field
v = v"(§en(§)

Covariant Derivatives

(D" (§)) €, (§) + 0" (§) (Duey (£))

0,€, (§) is a vector so it can be expanded in terms of €,
This only works if {, and z; are the same dimension.

Le., the §, are curvilinear coordinates in x; space.
FZ;L (&) &y (§)
81/6” = Oyauxiﬁi
= 81,8#%7;51']"&]'

ox
= (81,8sz) (%Z) u_]

9 9
= (0,0,m) ( ; a?) i

= (0,0um:) (0:£7) ((0y) i)

(D) ()&,
I, = (00uxi) (0:€7)
(P (6) (08 (x)
B (85 9, > < Ox; )
qu = F’Y
0,v0 = (9,0") 6M+U’T

6,0, —i—IW) )eV
510, +17,)v") &,

—_~

156



D}, = ((538,, + FZ”,)

Trajectory: &' (t)
t = monotonically increasing parameter along trajectory
t = 0—1

Trajectory minimizes distance

In RY straight line is shortest distance between two points

hence z; (£ (t)) = (2 (£(1)) —2:(£(0)))t + 24 (£(0))

Oi (1)) = (0:€") (Opwi) = (2 (€(1)) — = (£(0))) = constant
Fai (€)= (07€") (Buws) + (0:€") (8" (8,0 i) = O
multiply by 9;&”
(0:67) (97€") (Bui) + (9:€7) (0:€") (94€") (9,00 wi)
(97€") (0:€7) (Opws) + (0:€") (0e£”) (D) (8:E7)
= (97¢") 8 + (0:£") (0" T},
(9787) + [, (0:€") (0:€” )

= geodesic equation

Derivative of metric

g = 0y ((Ouxi) (Oys))

— (0,0, (D) + (011) (0, 0,1)
(00u:) 845 (Ouj) + (Oui) 6i5 (050 w;)
= (0y0uwi) (0:€7) (0a;) (Oyw;) + (Opws) (8;67) (Dawi) (9,0,x;)
= T3 (00 (Buy) + T, (Do) (9,2:)
= Fz'ygal/ + Fgﬂygau
= Linear combination of the metric

"Metric Preserving"

879#1/ - Ff:»ygow - styga,u =0

Yo
I, in terms of g,

879;“/ = Fﬁfygau + ngga#
8ug'yv F;O}ygau + ngga’v
81/9#”{ = Fzyga’y + Fg'ygozu
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Gyw + O0vguy = WG = T gow + 17,90y
Jrrzyga'y + Fgfyga#

_szygal/ - nggau

= 21131/9047
a 1 —1
ry, = 3 (9 )a’y (Ougyw + OuGuy — Oy guv)
1
= 59067 (Ougrv + OvGuy — Oy gpu)
U (E(t) = (0:")(0u0)
(9" (D) 0") &,
9u() = 0
== (Dll,v”) =0
Parallel Transport
Curvature
O0ge, = gué'y
0o (0g€,) = (8al“gu) é +TIj, (0a€y)

= (0aT%,) & +TEI0.8

second term: swap vV<+«— 0O
= ((’)aFgM) & + 13, e
swap: a «— 8
0 (0n€y) = (agr;;ﬂ) € + 10, 15,6
subtract

O (0p€,) — 08 (0a€)) = (&ﬂ“gu =0l + T3, 0s — rgﬂrgo) €y

Riemann Curvature Tensor Definition

= Oal, — 0sT0, + 15100 — 10, 50

NOTE: By definition this is the matrix coefficient of €,

14
afu

NOTE: The way the indices are ordered on R varies. The ordering above cor-
responds to that in the book "Gauge Fields, Knots and Gravity" by Baez and
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Munian. A different ordering occurs in Steven Weinberg’s "Gravitation and Cos-
mology". Weinberg’s ordering is the same that occurs in Tony Zee’s "Quantum
Field Theory in a Nutshell". For example if we use the notation R for Weinberg’s
ordering and R for the ordering used here then we have Rp 5 = RY

B
But 0, (03€.) — 03 (0a€,) should be zero since

0 = 0403 — 0304
Check this explicitly
Be careful to distinguish £# as a coordinate variable
from £* as a function of x;

e.g., (0;&") is a function of x so 9, (0;£") is zero

0L, — 01, + 13,0 — o0
= 0a (980ui) (0:€") — Op (0aOuwi) (0:€”)
+(080,:) (0€7) (0a05;) (0;€7)
— (0a0u:) (0:67) (0055 (9;€7)
= ((0a0p0ux:) — (950a0,x:)) (0:8")
+ (980,;) (0a ((9:€7) O55)) (0;€7)
— (0a0uwi) (05 ((0:€7) Os5)) (0;€")
= (0p0uwi) (9abij) (0;€")
— (0a0u:) (0p0:5) (0;€7)
= 0
Important point to note about all of the above: I';; and hence R} ;, can be
written entirely in terms of g,,,,. The fact that everything can be written in terms
of g, is, effectively, the Gauss "Theorema Egregium", which literally translates
as remarkable or outstandingly good theorem. Of course, today, the meaning

of egregious is exactly the opposite.
Now, given the above, the question is

How can Rpg, # 07

Consider a sub-manifold M, e.g., a "surface", of dimension D embedded in
Euclidean space, R, of dimension N > D. "Embedded" means, basically,
that M as a submanifold of R has no self intersections. We will assume the
embedding is smooth, i.e., all the functions x; E have derivatives at least up

to second order.
NOTE: The Whitney Embedding theorem guarantees that a manifold of
dimension D can always be embedded in Euclidean space of dimension 2D + 1.
Now

(.’L‘l,(EQ,"' 7xN)

= (617£27"' 7£D)

A Y]
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The fact that D < N changes things. Let #(£) map points in M as a func-
tion of the &* coordinates or parameters into RY. Consider an infinitesimal
displacement vector in RY, dZ, that is tangent to M at some point, i.e.,

di = d§" 0,1 () = dg" O (§) Ui
where again the ; are the Cartesian unit vectors of RV. The length squared of
dz is
ds* = di-d¥
g Oy, () 1:d€" 0, w; (§) 1
€ (&) - €, (§) dMdg”
v (§) d&"dg”

where
€ (§) = Oumwi (§) Ui

are vectors tangent to M. So we still have a metric as a function of the §,.

But now

o€, #1'] s

since 0,€, (£) will not, in general, be tangent to M.

But I'J , is a function of the metric g, , (§), and its derivatives, so the
Riemann curvature tensor is a function of the metric and its derivatives and we
can simply calculate it for a given metric. Theorema Egregium.

31 Density Matrix

Usually in quantum mechanics problems one is computing results for a specific
wave function or a specific combination of wave functions. But what if the
combination itself had a probability distribution. A simple example would be
that a colleague is supposed to prepare a specific wave function for you to do
measurements on but this colleague is a bit of a practical joker and so at ran-
dom sends you different wave functions to measure. Or, more realistically, the
system you are dealing with is interacting with another system which randomly
changes the wave function of the system you are measuring. In either case,
when analyzing your results you must account for this extra randomness, which
is "on top" of the inherent quantum randomness of the system. From the point
of view of superposition, this can be thought of as the numerical coefficients
in the superposition having their own probability distribution instead of being
fixed. You can also think of it as the different possible wave functions with each
having their own probability of occurring.

Let |1;) be a complete set of quantum basis states. The corresponding wave
functions are given by v, (z) = (z|¢);) where |z) are position eigenstates. By
definition an arbitrary state is given by a superposition

) =D e )
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where the ¢; are complex valued numbers. Assume the |1),;) are orthonormal,
<’L/)i|’(/Jj> = 0;; where d;; is the Kronecker delta, i.e., the elements of the identity
matrix with ¢ and j labeling rows and columns, respectively.

We always want the wave function to be normalized

ZC;C]' <wz|¢]>
%]
Z el

=1

{¥l9)

The corresponding wave function is given by
() = ety (@)

A so called pure state has a given set of the ¢;.

Stating the obvious, quantum mechanics itself is probabalistic. If the ¢;
themselves are also probabalistic then the state is said to be "not pure". Let
P [c] be the joint probability distribution for the ¢;. For the pure state

(vlAlv) =" cie; (vildly;) = 3 cies A
i, (2]

is the expectation value of the operator A for the state |1} . For the non-pure
state we have to average over the probability distribution P [c] as well. Indicate
this average by the notation (---)p.

Note that for all possible values of ¢; we want to have the state normalized,

e, (Yl =3 laf* =1
Using P [c] we have

(o)), = [a%epid (vidw)
Z/chP [ ¢jcj A

7
= E Pjifij
2]}

= trlp- A

where "-" indicates matrix multiplication with the matrix p; ; defined by

/chP [ccicj = /chP [c] ¢jef

where the equality follows from the fact that ¢; are just complex numbers.
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We can also write p as an operator p

(W why = |3 [d¥ePldec | 1w ()

Z Pi,j K <1/Jj|
,J

= P

Note that

r[p] =YY gy (rlds) (810

ki,

= Z Pk,k
k
:/WWMZMF
k

:/W@M
=1

In thermal equilibrium, if |n) are eigenstates of the Hamiltonian, H, i.e., H |n) =
E,, |n) with E,, the energy eigenvalues then p is purely diagonal in the |n) basis

and has the from
e_ﬂEn

p=3 "l

n

Z = Ze_ﬁEn

the partition function and § = 1/kgT with kp the Boltzmann constant and T
the temperature in Kelvin.

where

32 Solid Angles

32.1 Solid Angle in N dimensions.

Consider the Gaussian integral in N dimensions with x = (21,22, -+ ,zy) . In
the Cartesian z,, coordinates the integrals factorize and we have

/ o dN 2 exp l— ZN: xi] ( /_ +: dme‘$2)

-0 n=1
N/2

N

= 7
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after using the standard result

Rewrite the integral in polar coordinates with r? = 25:1 x2

—+o0 N [ee) 2
/ dNzexp l— Zx%] / drrN=le™r /dQN_1
n=1 0

— 00
o0 2
= QN_l/ drrN=le™r
0

where Q_1 is the surface area of the NV — 1 dimensional surface of a unit radius
sphere in N dimensions, i.e., it is the solid angle in N dimensions.
Letting 72 = t in the dr integral we have

o 1 [ dt N-1
drrN=le " = 7/ —(\/i et
J ), i)

1 oo

= 7/ ditN/ 2 tet
2 Jo
1

= JT(V/2)

where T'(---) is the Euler Gamma function. For positive integer values of
z, I'(z) = (z = 1)L
Hence we have .
Qn-1 T (N/2) = 7N/
or N2
2
ON_1= ——=
T (V)

Now consider another way of approaching the same problem. Use a Dirac delta

function to constrain \/ny:l 22 to have unit length, i.e., to live on the N — 1
dimensional surface of a unit sphere in N dimensions

Use the identity
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and substitute the Fourier representation of the delta function and assume we
can exchange orders of integration

T dw N
Qn_1 = 2/dN;1;/ gexp w 17233%
—o0 n=1
oo dw ; +oo a2 N
= 2 —e dxe "7
oo 2w oo
/+OO o T /2 iw
TR
_ 21 \iw

(oo}

400 1 N/2 )
_ 7TN/271 / dw [ — et
oo w

For N = 2QQ = Even we have

but

/+Oodw 1 Qe“" = (—1)Q71$ 3Q1/+Oodw ! e
s iw N -1\ "~ e z 4w 0

1 1 Foo 1 _
= 0¥ ot (G [ et
Q-1 \i oo w—1iz =0

Close contour upper half complex plane, Re[z] positive

= (—1)Q_1 % (1,89_12772'6_2)
AW =0

Q-1
1
— 27-(-7
(@—-1)!
and so for N = 2Q = Even
N/2—1
Oy, = 2
(N/2=1)!
271_]\/'/2
- T(N/2)

Replacing (N/2 — 1)! with T (V/2) analytically continues the result to N = odd.
NOTE: This is the same result as obtained using the Gaussian integral ap-
proach.
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32.2 Circular cone solid angle

To get the solid angle of a circular cone restrict the range of the z integral to
be from cos (6p) to 1, where 6 is the angle between ¥ = (z1, 22, - ,xn) and
the zy axis. Indicating the circular cone solid angle by Qn_1 (6y) we have

400 1
QNfl (90) = / dNillL'/ de(;D (1 - \/’15)
cos(60p)

“+o0 1
= 2/ dN_l.’L'/ d.’L‘N(SD (1 — ’FQ)
—00 cos(0o)

N-1 1
2/+°° d—wei‘” </+°° d:cei“’z2> / d:cNe*i“””?v
—00 27 —00 cos(0p)

too g, (N-1)/2 [1 )
2/ K giw (1) / dee_”””?V
2w 1w cos(60)

— 00

Consider the case N = odd and let (N — 1) /2 = @ and we have

! e 1\9 (1 a2
QN_l(eo) = 7TQ_1/ dmN/ dw | — ezw(l—xN)
cos(6p) —00 ww

— Q-1 (71)@‘1 # /1 d aQ 1 /+00 d 1 uu(lsz)
-7 (Q - 1)' cos(0o) o ? — 00 wz + iwe 2=0
_ ,ﬂ-Q—l (_1)Q*1 1 ! dr laQ—l oo dw 1 m}(lfa:2
B Q-1 Joos MG w—1iz
cos(6o) —00 2z=0
1 “+o0
— 7T-Q—l (_1)Q—1 ;/ dz 1822—1/ dw 1 : eiw(l—m?v)
(Q - 1)' cos(0o) ? — 00 w — 12 .0
Q-1 ( I)Q—l 1 /1 d (18Q 12 z(lmN)>
= 7 — [ xn | =05 Tie
(Q - 1)' cos(0o) ¢ 2=0
= 27TQ71 /1 dzy (1 — 23 )Q71
(Q - 1)' cos(6o) N

Dropping the subscript NV from zy

! _o2\e-1 - (Q—l)! ! 2q
/c dr (1 =) B Zq!(@—l—q)!/c dre

0s(6o) q=0 0s(0o)
Q-1
= (Q - 1)' (_ )q 1 —cos (90)2q+1
= ¢ (Q—-1-9q)! 2¢+1

Note that

3 4

¥ - 1
/ dx (1 — x2)Q ' rx Hypergeometm’cQFl[57 1—0Q, 5
0
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using the notation from Mathematica, but we will stick with the finite series
representation.
Example: N =3,Q =1

1 1
/ dz (1 — x2)0 = / dx
cos(6p) cos(6o)

= 1—cos(6p)
which is correct.
Putting it all together and using (Q —1)! = T'(Q) = T'((IV —1) /2) and
remembering we must have N = odd we get
N-1_4

Qw1 (8) = 2x(N-D/2 1 : (Fz - 1)
_ =2 -
~N-1 (o I'((N-1)/2) por d (14

For a single cone in N = odd dimesions with a (half) opening angle of 6, it’s
surface area covers the following fraction of the full surface area of the sphere

1 — cos (6p)>H
2qg+1

)' (_1)(1

_ Nl Heti_1) 1—cos(fg)?9T?
27N/ o Dt iy () e
2aN/2
L(N/2)
No1_ g
1 I'(N/2) 22 (N L_1)! ( 1 — cos (00)°"
VAT (N —1)/2) g g (ML —1-¢)! 2q+1

33 Acoustic Pulses

Acoustic Wave Equation (compressible gas)
1 S
(52 - cza?> ¢ (7 t) =0

Here ¢ is the velocity potential, i.e., d¢ (7,t) = @ (F,t) where ¥ (F,t) is the
velocity of the gas atoms/molecules at position 7 and time ¢. ¢ is the speed of
sound.

Consider the 141 dimesional problem where an infinite rigid but movable
"wall" is placed parallel to the yz plane with it’s position along the x axis given
by X (t). Let the gas fill the semi-infiinite half space to the right of the wall, i.e.,
x > X (t) . When the wall speed 9, X (¢) is much less than the speed of sound the
atoms/molecules just to the right of the wall must move with the speed of the
wall, i.e. v (X (t),t) = 0;X (t). This is only one boundary condition, nominally
we need two since the wave equation is second order. But since the wave equation
in this case can be factorized as (0, — 0;/c) (05 + 0/c) ¢ = 0, we can solve either
(0 —0¢/c)d = 0 or (0, + 0:/c) @ = 0 to get waves/pulses moving in the —z
or the +x direction, respectively, hence we only need one boundary condition

which is (,6) (X (1) ,£) = (86 (2,£)),_y( = v (X (1) ,£) = B, X (¢).
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For 9;X (t) << ¢ we have the following approximate solution

6 () = —cX <t _ w—X@))

c

NOTE: This solution assumes implicitly that = is always to the right of the
wall, ie,. z > X ().

First show that this satisfies the wave equation up to terms of order 9;X/c.
Let & (z,t) =t — (v — X (¢)) /¢, then

(204 20.) (-eX (€ @) = ~c@6X) 0,6 + 5 (~0) 060) 010
= —c(0ex) (~1) - 0 (14 25 0)

Cc

But given 9; X (t) /¢ << 1 we have

<@+i@)@ux@@@»=<@+1@>QﬂxG_xf@»>go

Show that it satsifies the boundary conditions.

056 (@,0)],_x(ry = DX (€ (@,0)],_x () = (0X) (1) = B X (1)

The density variation dp (x,t) about a constant background density, p,, is
related to the speed of the molecules via

v(x,t)  6p(x,t)
¢ Po

and so

P ¢ ¢

Example 1: For the wall moving at a constant speed in steady state (all
transient effects have propagated away), X (t) = V', we have

Po ’ ¢ ¢

and so all molecules everywhere are moving at the same speed V and so 9,v (z,t) =
0.

5p (x,1) &¢m®:_%XG_m—X@)

In order to generate acoustic waves or pulses the wall must change speed,
i.e., it must accelerate.

Example 2: Consider the wall to have been oscillating forever with radian
frequency w and amplitude Xy and to be at x = 0 at ¢ = 0, then

X (t) = X sin [wt]

167



The velocity and acceleration are given by

V(i) = 0:X(t) = Xowcoswt] =V cos [wi]
and
At) = 0V (t) = —Xow?sin [wt] = Agsin [wi]

respectively. Using the above solution we have that, for Vy < ¢, as required by
the above solution, the relative density variation (effectively a pressure wave) is

given by
dp (z,t) - s, (Xosin {w (t_x—Xosm[wt])})
Po ¢

Xy o {w (t_ x—Xosin[wt]>]

C

o, (o1 2= Xosinlet
AR
o 2=t

% cos [wt] = @ for z = X (¢t)
Yo cos [ (z — ct)] for z>> X

12

Thus for z = X (t), i.e., "at the wall", the relative density is proportional to
V(t). For z > Xy, i.e., "far away from the wall", we have a wave of relative
density with amplitude Vj/¢ < 1 moving in the +z direction with speed ¢ and
oscillating with radian frequency w, exactly as expected.

Example 3: Suppose the wall is motionless up to time ¢ = 0 and then starts
oscillating sinusoidally at ¢t = 0, i.e.,

X (t) = Xy sin [wt] 0 (2)

Here 0 (t) is the Heaviside step function: 6 (t) = 0 for t < 0 and 6 (t) = 1 for
t>0.

Comment: In many problems specifying the value of 6 (0) is not necessary.
In those problems where it is necessary to know 6 (0), the value to choose is
usually dictated by the problem itself. Common choices are 6 (0) =0 or 1/2 or
1.

Substituting into the solution above we have

op(a,t) _ax(XOSin[wG_zngin[wt]ﬁ(t))]a(t_xXosin[wt]e(t)>>

Po ¢ ¢

_ % . {w (t EE Xocsin [wt])] , (t B Xocsin [wt])
Ko {w (t_ 2 — Xosin [wt])] 5 (t_ x —Xosin[wt]>

C C C
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At the end we have assumed ¢ > 0 so that 6 (¢) = 1. Also we have used the
general relation 0,0 («) = dp (o) which holds for any variable .

The Dirac delta function dp in the second term sets the sine factor multi-
plying it to zero and so finally we have

op(at) Vo {w <t xXosin[wt]ﬂ 9<t xXosin[wt]>

Po ¢ ¢

For t > 0 we have for = "at the wall", z = X (t) = Xgsin [wt] and therefore
"at the wall" we have
] t
op(@;t) _ Y cos [wt] 0 (t) = % cos [wt]
Po ¢ ¢

just as in the previous example.
For > X (t) = X{ sin [wt] we have

fsﬂzat) ~ %cos[w(t*%)]a(t7%>

N %cos [w(t—2)] forz <ct
B 0 for x > ct

This again is exactly as expected. The wall started oscillating at t = 0 and
the density (or if you prefer, pressure) waves travel at speed c. For x > ct, the
waves haven’t arrived there yet and so dp/p, should be zero. To put this result
differently, the front end of the wave train is at x = ct.

34 Navier-Stokes, Sound, Bernoulli

Navier-Stokes

8,7 + (a- 5) 7 = —dp+ ud*v
¥ = (7, t) =local fluid flow velocity (m/s)
7 = position
t = time
po = mean or average density (kg/m®) = constant
P (7t
p = p(rt)= L G] = "reduced pressure" (m*/s?)
Po
P(7t) = pressure (N/m” = Pascal)
1 = kinematic viscosity = Hp (m?/s)
Po
ip = dynamic viscosity (kg/(m x s))
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Given these definitions every term in the Navier-Stokes equation has units of
m/s?.

Continuity Equation

where p (7,t) = local density (kg/m?)

34.1 Sound Waves
Let p = py + dp. The continuity equation then becomes

1) -
@(p>=—a4ﬂ-ﬂom.
Po
where H.O.T. stands for Higher Order Terms.
Taking the position and time dependence of P (7, t) to depend only on the po-
sition and time dependence of p (7,t), i.e., assuming that P (7,t) — P (p (7, 1)),

we have
OP (7,t)

dp
where Py = P (p,) = constant. Note that P (7,t) — P (p(7,t)) yields

P@@:%+< ) §p (7, t) + H.O.T.
P=Po

<W> ¢® = constant (units = m*/s°)
p P=Po
NOTE: For many/most gases including an ideal gas (at constant temperature),
P ~ pandso 0P (7,t) /Op = P (7,t) /p. This relation holds if temperature of the
gas is unform and constant, i.e., isothermal fluctuations. But if the fluctuations
in pressure and density are so fast there can be no flow of heat, i.e., they are
adiabatic, then the gas temperature must fluctuate as well in which case we
have p ~ p” where = is the ratio of the two specific heats of the gas. This is the
more common way of expressing the speed of sound.

As we now show c is the speed of sound.

As defined above

p(rt) = = S L HOT.
Po Po 0
and so So(F t
5p(r,t)2025 /)(T, )
Po

In the linear regime, i.e., when (17 . 5) ¥ ~ 0, the Navier-Stokes equation reduces
to 5
o = —2§of + ,uc’_)QU
Po
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Taking the divergence, (5) , yields.

0,85 = —2 0 4 52 (3-%)
Po

But from the continuity equation as written above, ignoring the H.O.T., we
have 0 - 0= —0; (dp/py) - Substituting this relation yields

() o (2)-ra(2)
Po Po Po

(32 - 25+ u@tgz) <5p,0) =0

0

Rearraging gives

which is the wave equation for sound (= pressure or density waves) which travel
with speed ¢ and are damped by the term proportional to the kinematic viscosity

L

34.2 Bernoulli

First, for simplicity consider 1D, i.e., z axis only, assume steady state, i.e.,
0w = 0, use v, v = O, (%02) and p = P/p, then the Navier-Stokes equation
reduces to

1
Oy <P + §p002 - ,uDaxv) =0

which implies that
1
2
This is Bernoullis equation for 1D fluid flow.

Now consider Navier-Stokes assuming steady state and incompressible flow
in which case it reduces to

P+ ~pyv® — j1p0,v = constant

» 1~
(7:9)5=--dp+ 2 &7
p P

with 8 - & = 0 because of incompressiblility.
With the assumption that ¢'is "curl free", i.e.,

IxT=0
it then follows that ¢ can be written as the gradient of a scalar field, i.e.,

’l_}':

ﬁl
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In component notation, where the 7, j subscripts label the z,y, z components of

vectors we have
<(’l7 5) 17) = vjé'jvi
(2

= (0;¢) 0;0:¢
~0; (50007)

/1 /N2
-9 (2 (9¢) )
Hence under these assumptions Navier-Stokes reduces to
5 P (5,\? 32 0\ _
0lp+ 3 0p) —pd“¢p) =0
and so we have )
p+ g (5(;5) —u 8_?¢ = constant

This is Bernoulli in 3D written in terms of the "potential", ¢. If viscosity can
be ignored then we have

P+ 5172 = constant

which is the more standard version.

35 Nonlinear Harmonic Oscillator

In 1D, the standard freely oscillating harmonic oscillator is described by
(0} +w?)z(t)=0

where x (t) is the position of the oscillator at time ¢ and w is its natural frequency
of oscillation in radians/second, i.e, 27 f where f is the oscillation frequency in
Hertz.

A damped driven harmonic oscillator is described by

(07 +~0; +w?) z (t) = F (t)

where « represents the damping, i.e., friction, and F' (¢) is the driving force.
Note that the above differential equation is second order, 87, and so requires
two conditions (two initial or two final or one each) to specify a specific solution.
Consider adding a nonlinear term ex (t)3 to the above equation. We now
have a nonlinear damped driven harmomic oscillator,

(92 + 70, +w?) z (t) +ex (t)° = F (¢)

Let F (t) = Asin(t) and w? = 1+ v. For v = 0 the natural frequency and the
drive frequency are both 1 and hence v relates to the detuning of the natural
frequency from the drive frequency.
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Ignore transients and just consider steady state oscillation. In steady state
both sides of the above equation oscillate at the same frequency in which case
we can set z (t) = X sin (¢t + ¢). The goal is to find how X, the amplitude of
oscillation depends on A, the amplitude of the driving force. Substituting we
get

vX sin (t 4 @) + vX cos (t + ¢) + X sin (t + ¢)* = Asin (£)

NOTE: This equation has an issue. The left hand side has terms oscillating
at both 1 and 3 radians/(unit time). The right hand side oscillates only at 1
radian/(unit time). So there is an inconsistency, but since we are just trying to
get a general picture of how X depends on A, we will proceed.

Use the identities

sin(t4+¢) = cos(t)sin(¢) + sin (t) cos (§)
cos(t+¢) = cos(t)cos(p)— sin(t)sin (¢)

sin (t 4 ¢)° Zsin(tJr(;S) — isin(3(t+¢))

Then, to eliminate the dependence on ¢ and 3¢, multiply the above equation by
sin (¢) and integrate over one period which gives

vX cos (¢) — yX sin (¢) + %SX3 cos(¢) = A

Repeat, but this time multiply by cos (¢) and integrate over one period, which
gives

vX sin (¢) +vX cos (¢) + st?’ sin (¢) =0

To eliminate the ¢ dependence, add the squares of these last two equations.
This gives

2
<i5X3 +1/X> + (yX)? = 42

For ¢ = 0 this is the standard harmonic oscillator result
A

Nt

And so X (v) for € = 0 is the standard Lorentizian-like curve or resonance with
a peak at ¥ = 0 and width on the order of . For € # 0, as A increases the peak
curls over like a wave breaking on a beach and at some critical value of A, for a
given €, you have 3 real valued solutions for X. This leads to hysteresis wherein
X jumps from one solution to another as you sweep through the curled over
peak.

X )=
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