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Outline

Path integrals in quantum mechanics

Monte Carlo integration and Markov chains

Monte Carlo evaluation of path integral in quantum mechanics
Free Klein-Gordon scalar field theory in 2 + 1 dimensions
Interacting ¢* scalar field theory in 2 4 1 dimensions
Applications in quantum chromodynamics

@ Topics for future study
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Part |

Path integrals in quantum mechanics
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Transition amplitudes in quantum mechanics

@ key quantity in quantum mechanics: transition amplitude

Z(b,a) = (xp(1p) | xa(ta))
@ Z(b,a) is probability amplitude for particle to go from point x, at
time 7, to point x;, at time 1,
@ in this talk, will work in Heisenberg picture

e state vectors |V) are stationary
@ operators and their eigenvectors evolve with time

X(Z) — eth/h X(O) e—th/h
x(1)) = ™" [x(0))
@ often will shift Hamiltonian so ground state energy is zero
H [gu(1)) = Eu|ou(1)), Ey=0

[#0(2)) = [¢0(0)) = [0)
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Spectral representation of transition amplitude

@ insert complete (discrete) set of Heisenberg-picture eigenstates
|#,(2)) of Hamiltonian H into transition amplitude

Z(b,a) = (0 (1) | Xa(ta)) = Y1) 160 (t5)) (Dn(t)] Xa(ta))
@ now use |¢, (1)) = eH/1|¢,(0)) = eE1/7|$,(0)) to obtain

Z(b.a) =) e BTy (1) (1)) (Gn(ta)| Xa(ta)

o finally, (x(1)|¢(z)) = ¢, (x) is the wavefunction in coordinate
space, S0
Z(b,a) =Y pul) g} (x5) e~ B0/

@ transition amplitude contains information about all energy levels
and all wavefunctions — spectral representation
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Vacuum saturation

@ taker, = —T andr, =T inthelimit T — (1 — ie)oo
(T la(=T)) = (p(0)| e~/ MDA, (0))

oo

= > (0(0)[6a(0)) (30 (0) 1, (0)) &= 2ET/

n=0
= (%(0)][0){0]x,4(0))
@ insert complete set of energy eigenstates, use E,.1 > E,, Ey =0,
assume nondegenerate vacuum

@ possibility of probing ground state (vacuum) properties
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Vacuum expectation values

@ now apply limit 7 — (1 — ie)oo to more complicated amplitude
(e (T) Jxe(2)x (11 ) [xa(=T'))
= (% (0)|e /™ x(12)x(11) e M1/ "1x,(0))

= (x(0)|¢a(0)) {@n(0) x(12)x(1) |6 (0)) (D (0) x4(0))

n,m Xe_i(En‘l’Em)T/h
= (%(0)]0)(0x(12)x(11)]0) (0]x4(0))
@ hence, vacuum expectation values from

(O]x(2)x(21)[0) = T—>(11iI—I}e)oo <Xb(T<)x‘:((;%))|);(at(I!;a)(>T)>

@ result generalizes to higher products of position operator
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Observables from correlation functions

@ all observables can be extracted from the correlation functions
(vacuum expectation values)

@ example: energies of the stationary states
(Ox(1)x(0)[0) = (0]e™/"x(0)e™ "/ x(0)[0)

= > {(0k(0)e ™/, (0))((0)|x(0)[0)
= > [{01x(0)[§n(0)) [Pe /"

@ similarly for more complicated correlation functions
(Op3(1)2%(0)[0) = (0] (0)e™ "/ x*(0)[0)

ZIOIX ) 6a(0))Pe~ /"

@ but difficult to extract energies E from above oscillatory functions
— much easier if we had decaying exponentials
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The imaginary time formalism

@ can get decaying exponentials if we rotate from the real to the
imaginary axis in time (Wick rotation) t — —ir

(Ok(x(0)]0) = > [{0x(0)[4n(0))[?e~7/"

=2 (01x(0)[0) > + [{01x(0)|¢1 (0)) e~ F 7/

@ later, will see this imaginary time formalism provides another
important advantage for Monte Carlo applications
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Quantum mechanics and path integrals

@ in the 1940s, Feynman developed an alternative formulation of
quantum mechanics (his Ph.D. thesis)

@ Richard Feynman, Rev Mod Phys 20, 367 (1948)

@ guantum mechanical law of motion:
@ probability amplitude from sum over histories
Z(b,a)~ > exp(iSk(1)]/h)

all paths x(z) ,
fromato b I

@ all paths contribute to probability amplitude, but with different
phases determined by the action S[x(z)]

@ classical limit: when small changes in path yield changes in
action large compared to i, phases cancel out and path of least
action S = 0 dominates sum over histories
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Defining the path integral

@ action = time integral of Lagrangian (kinetic minus potential

energy) g — /dt L(x, %) = /dt (K — U)

@ divide time into steps of width ¢ where Ne =1, — 1,
@ path integral is defined as

. 1 > dx1 de dXN_l S
7z — lim — X dxa  IN-1is[()]/h
(ba)=Tm 2 | A A A ¢
tb
N
: L 2
where A is a normalization —
. pd
factor depending on e chosen 7
so path integral well-defined s

@ in nonrelativistic theory, paths f
cannot double-back in time

B Y S

X, XX X
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Schrodinger equation

@ probability amplitude ¥ (x;, t,) at time ¢, given amplitude ¢ (x,, t,)
at earlier time 1, given by

V) = [ 2(0,0) barts)
@ take r, = rand 1, = r 4+ ¢ one time slice away
1 [ e (xp+x, xXp— Xg4
@ in L, take x = (x» — x,)/e and mid-point prescription x — (x» + x,)/2

@ particle in potential: L = 1mx*—V/(x, 1), write x, = x, x, = x + 17

1 e .
w(x,t_*_ 8) _ Z/ elmnz/(2hs)e—lsV(x+n/2,t)/hw(x_|_ 7771) dn
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Schrodinger equation (continued)

1 [ . > :
w(x,H— 8) _ Z/ oM /(2h€)e—zeV(x—l—n/Z,t)/hw(x_|_ 77,t) dn

@ rapid oscillation of e7°/(2h<) except when 1 ~ O(1/z) — integral
dominated by contributions from 7 having values of this order

@ expand to O(c) and O(1?), except e’/ (2he) (4 refers to ¥ (x, 1))

o0 5 _ . 2 92
w+€a_¢ — l/ oM /(2he) 1—EV()C, l‘)} [w_H?aw 1+ n_a_w]dn

or  AJ_.. h Ox 2 Ox2

1 [, - r ie oy n*o*Y

_ imn* /(2he) = i R
A/Oi AU e e L
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Schrodinger equation (continued)

W _ L[ impsene) [, oy Y
w—i_gat_A/_oi [w hv(x’t)¢+n8x+28xz]dn

@ matching leading terms on both sides determines A (analytic
continuation to evaluate integral)

> 7o\ /2 2 N\ 1/2
1 = l/ 61'1'11772/(27”16)0{77 _1 (2#1735) L4 (2mhs)

AJ_ o A m m
@ two more integrals:

| Y 1 [, h
Z / ezmnz/(2h€) n dn _ O, Z / elmnz/(2hs) n2d77 _ E
_ m

@ O(¢e) part of equation at top yields

— 50 o0

@ the Schrddinger equation!
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Free particle in one dimension

@ Lagrangian of free particle in one dimension L = %mxz

@ amplitude for particle to travel from x, at time ¢, to location x, at

later time ¢, is b
(b (16) | xXa(ta)) = / Dx(t) exp(iS[b, a] /1)

summing over all allowed pathcé with x(z,) = x, and x(#,) = xp.
@ classical path x(7) from §S = 0 and boundary conditions:

. r—t,

@ classical action is ty )2 ’
SC] [b7 a] - / dt %mx(zll — m(Xb xa)
t 2(tb - ta)

@ write x(7) = xq(z) + x(¢) where x(z,) = x(t,) = 0 then
Iy
Slb.a] = Salb.a + | dt smi
t[t

where S [b, a] is classical action; no terms linear in x(¢) since S
is extremum
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Path integral for free particle

@ amplitude becomes (T =1, — t,)
Z(b,a) = F(T)exp(iSa/h)

0 im T
F(T) = /Dx exp{—/ dt)'(z}
0 2h Jo

@ partition time into discrete steps of length ¢, use midpoint
prescription, and note that yo = xy =0

0 0o /N—1 : 1/2
1 dx; 2mihe
Z) f— — —_— /{ )
/o * A/_OO<H A) ( m )
T

_ 1
/dt X = =) (x1—x)
0 €

m \N/2 oo (N2 im
FIT) = (27Tih€> /_00<HdX’> eXp{z_heXfoka}
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Gaussian integration

@ a multivariate Gaussian integral remains

m \N/2 oo (N im
F(T) = V.M.
(7) (27Tih5) /—°°<111 Xm) =P { 2he XJM]ka}

where M is a symmetric (N — 1) x (N — 1) matrix

2 -1 0 0
1 2 -1 0
M = 0o -1 2 -1

@ Gaussian integrals of _symmetric matrix A easily_evaluated

[ (1) )
dxi eXP(—XjAijk) = ( )
—oo\ i detA

1=

@ result: 1/2
F(T) = (5-ih- docnr)
2mihe detM
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Determinant evaluation

@ now need to compute det(M)
@ consider n x n matrix B, of form

20 b 0 O
—-b 2b —b O

B, = 0 —b 2b —b
@ notice that .
b —=b 0

detB, = 2bdetB,_;+bdet| O

— 2bdetB, | — b*detB, >

@ define I, = det B,, then have recursion relation

Ly = 2bl, — b°1,_,, [,=0, =1, n=0,1,2,...
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Transition amplitude for free particle

@ rewrite I+ 1 = 2bl, — bzln_l, I_1=0, Ih=1as

Lii \ [ 26 P L, \ (20 - \"[ 1
I, - | 0 L. )] | 0 Iy
@ straightforward to show that
26 —b* \" [ (n+1)bp"  —np"t!
1 0 - nb"! —(n—1)p"
Liyi \ [ (n+1)bp"  —nb"t! ) ( 2b )

I, B nb"t —(n—1)p" 1
@ andthus, I, =detB, = (n+ 1)b"

@ here,b=1andn=N —1sodetM = N and using Ne =1, — t,

Obtain F(t . ) ( m )1/2
byla) — .
@ Final result: 2mih(t, —1a)

i) = (st ) oo {560

@ so that
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Infinite square well

@ one of the first systems usually studied when learning quantum
mechanics is the infinite square well

@ particle moving in one dimension under influence of potential

0 for0<x<L
o forx<0Oandx>L

@ path integral for transition amplitude given by

L .
dx1 dXN 1 im
/ 2eh (641 _xj)z
j=0

Vi(x) =

N—1

Z(b,a) = 11m

e—0 A

@ paths limitedto 0 < x < L

@ gaussian integrals over bounded domains produce error
functions — direct evaluation difficult in closed form

@ extend regions of integration to —oo < x < oo, but subtract off
forbidden paths

e M. Goodman, Am. Jour. Phys. 49, 9 (1981)
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Path cancellations

@ black lines: all unbounded paths between end points
@ blue lines: paths between end points that do not cross an nL

boundary

@ no doubling back in time
@ magenta circle indicates action preserving reflection

ty

ta

23 iy b iy j
ta to ta
2L -L Ox,L 2L 3L —2L -L Ox,L 2L 3L —2L -L 0x,L 2L 3L —2L -L Ox,L 2L 3L
. # 4, _\ > # >
! _ \ ! — iik
¢ \ ¢
-2L-L Ox,L 2L 3L ° 3L -L Ox,L 2L 3L i Ox,L 2L 3L ° 2L -L Ox,L 2L 3L
& tb /}\ tb & tb ﬁ)
ta ta s ta /
—2L -L 0x,L 2L 3L —2L -L 0x,L 2L 3L —2L -L Ox,L 2L 3L 2L -L Ox,L 2L 3L

end point
X

end point
2L — Xp
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Path cancellations (continued)

@ continuing

t t \ iy 2
\: .
% LN - \ —t( end point
2L -L (>§72L 2L 3L L L o\fvaz. 2L L L L }vaz, L3 2L -L\(;E:EL 2L 3L —2L + Xb
P 4 B A * 4 b3 b
>¢ _ >¢!£ L // _ % end point
/ VARBNRY. A1, 2L+x

y z 4
2L -L Ox,L 2L 3L © 2L -L Ox,L 2L 3L "

@ and so on forever — final result is

-2L -L Ox,L 2L 3L i Ox,L 2L 3L

<xb7 tb|xa7 ta>well — <xb7 Ip ‘xaa ta>free

_<_xb7 tb|xaa ta>free - <2L — Xp, tb|xa7 la>free

—|—<—2L + Xp, tb|xa, ta>free + <2L + Xp, tb‘xaa ta>free + -

[0.@)

— Z {<2I’ZL + Xp, tb‘xm ta>free - <2I’ZL — Xb, tb‘xaa ta>free}

n—=——oo
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Transition amplitude for infinite square well

@ substitute amplitude for free particle

(o (1) |Xa(ta)) = (2mh(’tn p )) :
B R

@ apply Po@son summation and integrate the gaussian
> 0= 3 [ wse
n=—o0 Jj=—00

/Oodsexp< ias® £ iﬂs) = \/gexp (f;)

@ spectral representation of transmon amplitude

<xb(tb ‘xa t ) ngn Xp gpn(xa) —iE,(ty—ta)/

22 h? = 2 . /nmx
Br = S %(X):\[z sin (<)
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Free particle in 1D periodic box

@ consider particle moving in one-dimension with periodic
boundary conditionsatx=0andx =L

@ enforcing boundary conditions on paths difficult
@ use trick similar to that used in infinite square well

@ express set of allowed paths in terms of equivalent set of
unrestricted paths

hit

% %
/ _ (/ end point x;, + L
2L -L Ox,L 2L 3L o 0x,L 2L 3L fa
b Xy
s t AR
7 _ <// end point x, + 2L
\ ta \ P2
-2L -L O0x,L 2L 3L 2L -L Ox,L 2L 3L °
@ result: o0

<xb7 tb‘xaa ta>peri0dic — Z <xb + nL7 tb‘xaa Za>free

n——oo
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Transition amplitude for periodic boundary

@ substitute amplitude for free particle

i) = () Sow{ 5

n——oo

@ apply Poisson summation and integrate the gaussian

Y fmy= > /_ " ds f(s)em

n=—00 J=—00

/Oods exp(—iozs2 + iﬁs) = \/gexp (%)

@ spectral represé(rﬁation of transition amplitude

ol)xa(ta)) = Y ul) gy (ra)e ™ 0=/n

n——o0
2
p 2mnh |
lfn — —n n - n _— — lp”x/
2m p L n(x) \/Ze

@ quantization of momenta
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The simple harmonic oscillator

@ Kkinetic and potential energy of a simple harmonic oscillator of
mass m and frequency w

K — L2 1, 2.2

mx U= smwx

1
2 2

@ action is given by [
S[x(7)] :/ dt (3mx* — Jmw’x?)
t

a

@ classical equations of motion
685=0 = Fq+wxg=0
@ value of action for the classical path (T =1, — t,)

o muw

~ 2sin(wT)

@ to calculate, write path as deviation from classical path
x(t) = xa(r) + x(1)  x(ta) = x(1) =0

Sel (x2 + x7) cos(wT) — 2x4xp
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Path integral of simple harmonic oscillator

@ amplitude can then be written as
Z(b,a) = T) exp(iSci/h)

/DX exp{ dt (x* — wzxz)}
@ partition time into discrete steps of Iength e and use midpoint
prescription

0 o /N—1 : 1/2
1 dx 2mihe
I) — —  — [4 —
/o * A/_oo<H A) ( m )

=1
2,2

T 1 £°Ww
/dt(Xz—wzxz) = gz [(Xj+1—Xj)2—
0 :
j=0

1 (Xj+1+Xj)2]
m \N/2 [ N1 im
F(T) = ( ) / d M
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Gaussian integration

@ a multivariate Gaussian integral remains

F(T)

(27Tih€

where M is a symmetric (N — 1) x (N — 1) matrix

M =

2
—1
0

—1
2
—1

0
—1
2

0
0
—1

€2w

4

@ Gaussian integrals are easily evaluated

F(T)

m

2mihe detM

2

)1/2

O = N

|
2
|

o = O

o [N—1 .
)N/Z / [ ax: | exp M
N 2he ™

o O

[U—

28/169



Evaluating the determinant

@ now must compute det M
@ consider det(B,) where n x n matrix B, has form

a b 0 O
b a b 0
Bp=10 b a b

n,n

@ matches M forn =N —1,a = 2(1 — €w?/4), b = —(1 + 2w? /4)

@ notice that
b |b 0

detB, = adetB, | —bdet| O

— adetB, | — b*>detB,_»
@ define I, = det B,, to obtain recursion relation
Ly = al, — b*I,_, I, =0, =1, n=0,12,...
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Evaluating the determinant (continued)

@ rewrite recursion relation as
Lii \ [ a —b? L \ [(a —b\'[1I
I, o 1 0 I, - 1 0 Iy
@ diagonalize
a )\_|_ 0 -1
(1 )—8<o L
1
_— 2
S(ax 4b),
_ 1 |
_1_
s=( ) st ()
@ then we have

()= ) (9)

(* ) thUS )\n-l-l . )\n—i-l

I, = detB, = L — (AL # M)

—b?
0
(a
At
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Amplitude for simple harmonic oscillator

@ using A1+ = 1 & iwe + O(€?) yields

1
lim edetM = lim e— ((1 + iwe)N — (1 — iw€)N)
e—0 e—0  Jwe
N— oo N—oo
1 wl\ Y wT\"
—  lim (H&) —(1—&>
0 2iw N N
B 1 iwT T\ sinwT
o iw (e ‘ ) w

@ final result for the path integral

1/2
<xb(rb)\xa(za>>sho=< — ))> exp{ S/

2mih sin (w(tb —1,
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Evolution of gaussian wave packet

@ for initial wave packet at time ¢, = 0 with probability dist.

(X, 1) = % exp (_ (xa202x)2>

o
@ probability amplitude at later time

by 1) = / i, Z(b.a) 6(x,.0)

— 0

. 372\ /2 poo
(_;imw'@ET)Z )/ ) / dx, &5/ ¢~ (a=3)*/(40)
o sin(wty,

— 0

@ final result for probability distribution: Gaussian with width s

oo (_ (xp — )'ccos(wtb))2>

252

P(xp, 1)|* =

@ new width given by

1
s\ 21

. 1/2
s=0 {cosz(wz‘b) + sinz(wtb)}

Adm2w?o?
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Visualization

@ time evolution of a Gaussian wave packet for a simple harmonic
oscillator

Time Evolution of o Gaussian Waovepac ket
Lingar Combination of H.0. Wavefunc ticns

mass m = 1g/mol = 1.66 x 10~ *"kg
frequency w = 3 x 10'*radians/sec
initial wave packet:

center at 0.5 au

RMS spread 0.14 au
1 au (atomic unit) = 0.529 angstrom
probability distribution shown
(in inverse a.u.)

Quantum

@ completely calculated using path integrals — did not use
Schrodinger equation
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Other probability amplitudes

@ so path integrals give us simple transition amplitudes

b . 1ty
(o (1) [ (2) :/Dx exp{%/ dtL(x,fc)}
@ but this important result gen%ralizes to mo[r“e complicated
amplitudes

( (16)] x(22) x(11) |¥a(ta))

— /a be x(t2)x(r1) exp {% /t ar L(xﬂ'c)}

fort, <t <t <t

34/169



Path integrals in imaginary time

@ in imaginary time formalism, paths contribute to sum over
histories with real exponential weights (not phases)

(e (7)) | X(72) 2(71) [xa(7a))

_ / Dr x(m)x(m1) exp {_% / “ar L, x)}

@ classical path gets highest weighting

@ note that weights are all real and positive since action is real
e this fact will be crucial for the Monte Carlo method
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Vacuum expectation values from path integrals

@ obtain correlation functions (vacuum expectation values) from
ratios of path integrals

R ON )
(O]x(22)x(11)]0) = Tl_m (D) ke (=T))

/ Dr x(1r)x (zl)exp{—%/_O;dTL(x,x)}
/ Dr exp{— /_ dTL(x,fc)}

@ generalizes to more complicated correlation functions
@ any correlation function can be computed using path integrals
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Examples for the simple harmonic oscillator

@ evaluating path integrals as before, the following correlation
functions can be obtained (11 < <73 < 7y)

Ofx(m1)[0) = 0
<O|X(7'2)x(7'1)|0> = znizwe_w(ﬁ—ﬂ)
(0]x(74)x(73)x(12)x(11)|0) = (%) R C)

> [ew(7'27'3) + 28@0(7’3—7’2)]

@ comparison with spectral representation tells us

OR(T)X(0)0) = 5 —e "
S E-B=he (1RO = 5
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Another example in SHO

@ excite vacuum with x(7)? operator
2

h
O (T)x?(0)|0) = [ 7=—— ) (1 +2e7 7
02200 = (5 ) (1+202)
@ compare with spectral representation at large time separations
lim (0x*(7)x*(0)[0) = [{0x*(0)[0)|*

1RRRO)0) e BB

B 2
— 1 —2wT
() (1727)

E2 — E() = 2hw

OR(O)IO)F = (iy 212(0)[0) =2 (2i>2

2mw mw

@ interpretation:
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One last example in SHO

@ to determine expectation value of x(0)? in first-excited state

(0lx(r) 22(L7) x(0)[0) = 3 (L)

2mw
@ compare with spectral interpretation at large times

1im (0x(7)x*(37)x(0)[0)

= |(01x(0) | 1) (1[x*(0)| 1) e~ FA=FO)T/ T ...
e since (0[x(0)[0) = (0|x(7)|0) = 0
@ by inspection and using previously derived results

A1) = -

 2mw
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Pause for reflection

@ observables in quantum mechanics can be extracted from the
correlation functions (vacuum expectation values)

@ imaginary time formalism is a great trick for assisting in such
extractions

@ correlation functions can be computed via path integrals

(0lx(22)x(11)[0)

/ Dx x(1r)x (zl)exp{—%/_o;dd(x,x)}
/ Dr exp{— /_ dTL(x,ic)}
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Part |l

Monte Carlo integration and Markov chains

41/169



The die is cast?

@ in rare situations, the path integrals can be computed exactly
e simple harmonic oscillator, free particle
@ sometimes the action can be written § = Sy + gS;

@ Sy describes the free motion of the particles

@ path integrals using Sy are Gaussian and can be exactly computed

@ S; describes the interaction of the particles, but the coupling ¢ is
small

@ compute in perturbation theory as expansion in g

@ however, if interactions are not weak
e usually must resort to Monte Carlo methods
@ for example, quantum chromodynamics (QCD)
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Simple Monte Carlo integration

@ trapezoidal/Simpson’s rule not feasible for integrals of very large
dimension: too many function evaluations

@ must start gambling!
@ basic theorem of Monte Carlo integration

/vf()‘c’) dx ~ V(f) £ V\/<fz> ~ U

N N
1 . 1 .
<f>ENZf(Xi) <fz>ENZf(Xi)2
i=1 i=1
@ N points xi, ..., Xy chosen independently and randomly with
uniform probability dist. throughout D-dimensional volume V
@ justified by the law of large numbers/central limit theorem

@ in the limit N — oo, MC estimate tends to normal distribution,
uncertainty tends to standard deviation
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Quick review of probabilities

@ consider an experiment whose outcome depends on chance
@ represent an outcome by X called a random variable
@ sample space 2 of experiment is set of all possible outcomes

@ X is discrete if €2 is finite or countably infinite, continuous
otherwise

@ probability distribution for discrete X is real-valued function py on
domain (2 satisfying px(x) > Oforallx € Qand > _,px(x) =1

@ for any subset E of Q, probability of E'is P(E) = >,z px(x)

@ a sequence of random variables X;, X», ..., Xy that are mutually
independent and have same distribution is called an independent
trials process
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Probability (continued)

@ for continuous real-valued X, real-valued function py is a
probability density and probability of outcome between real

valuesaand bis P(a < X < b) = fabpx(s)ds
@ cumulative distribution is Fx(x) = P(X <x) = [~ __px(s)ds

: 1
@ common density: normal px(x) = e~ (=1)/(207%)

V2o
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Review: expected values

@ expected value of X is

EX) = Yeqrpx() (= 75 s pxls)ds)
@ properties: E(X+Y) = E(X) + E(Y) and E(cX) = cE(X)
@ for independent random variables X, Y have E(XY) = E(X)E(Y)
@ can show E(X) is average of outcomes if repeated many times
@ for continuous real-valued function f, can show that

=St (= [ rma)

e Proof: group together terms in > f(x)px(x) having same f(x) value
e denote set of different f(x) values by F, and subset of Q leading to
same value of f(x) by Qy,), then

D f@px(x) =)0 > @) =Dy (D _px(x))

xeN yE]—"xGQf(x) yeF XEQf(

=Y () = E(f(x))

yeF
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Review: variances

variance of X is V(X) = E( (X — E(X))?)

standard deviation of X is o(X) = 1/ V(X)
properties: V(cX) = ¢*V(X) and V(X + ¢) = V(X)
for independent random variables X, Y have
VIX+7Y)=V(X)+ V(Y) (exercise: prove this)

let X, ..., Xy be an independent trials process with E(X;) = u
and V(X;) = 0%, and define Ay = (X, + X2 +--- + Xy)/N, then
can show E(Ay)=p,  V(Ay) =0*/N
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Chebyshev inequality

@ Chebyshev inequality: Let X be a discrete random variable with
E(X) = p and let e > 0 be any positive real number, then

V(X)

PIX —pl =€) < =5

@ Proof:
@ Let px(x) denote distribution of X, then probability that X differs
from . by at least € is P(IX — p| > €) = Z px(x)

|x—p|>e
@ considering positive summands and the ranges of summation,

VX) =) (x—ulpx(x) > > (x—pu)lpx(x) > D Epx(x)
: X S e B |x—p|>e
@ but rightmost expression is

e Y ple) = EP(X —pl = o

|x—p|>e
e thus, have shown V(x) > €*P(|X — u| > ¢)
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Weak law of large numbers

@ Weak law of large numbers: Let X;, X5, ..., Xy be an independent
trials process with E(X;) = p and V(X;) = o2, where u, o are
finite, and let Ay = (X; + X, + --- + Xy)/N. Then for any € > 0,

Nlim P(|Ay — | > €) =0, Nlim P([Ay —ul<e)=1
@ Proof:
e stated two slides ago that E(Ay) = p and V(Ay) = o*/N
e from Chebyshev inequality
V(A > Neoo
P(Ay — i) = ) < L) — 0

0
€ Ne?

@ also known as the law of averages
@ also applies to continuous random variables
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Strong law of large numbers

@ Strong law of large numbers: Let X, X5, ..., Xy be an
independent trials process with E(X;) = . and E(X}') = K, where
, K are finite, then :
H P(llm(X1+X2+---+XN)/N:,u):1

N— o0
@ the finiteness of E(X}') is not needed, but simplifies proof
@ Proof:
o define ;= X; — pso E(Y;) =0and set E(Y}) = C < oo
o defineAy= (Y1 +Yo+---+Yy)/N
e given E(Y;) = 0 and all Y; are independent,
N*E(AV) = NE(Y}') + 6(3) E(Y?Y?) = NC + 3N(N — 1)E(Y?)?
since 0 < V(Y}) = E(Y;') — E(Y})* then E(Y})* < E(Y]') = C
so E(Ay) < C/N’ + 3C/N* which means
E(3 AV) = 20 E(AN) <3557 (s + 32) <o
e this implies >"5°, Ay < co with unit probability, and convergence of
the series implies limy_—oc Ax =0 = limy_oo Ay =0

@ proves E(X) is average of outcomes for many repetitions
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Application to one-dimensional integral

@ if X is a random variable with probability density px(x) and f is a
well-behaved real-valued function, then Y = f(X) is a random
variable

1/(b—a) a<x<b

0 otherwise

@ use this probability density to obtain N outcomes X;, X, ..., X,
@ apply function f to obtain random variables Y; = f(X;)
@ law of Iarge numbers tell us that

—ZYN*” = E() = =y [ S0

@ consider uniform density px(x) = {

@ define (f) ——Zf ) then (b — a) hm(f /f

@ straightforward generallzation to multiple dimensions
@ how good is estimate for finite N?
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Central limit theorem

@ Central limit theorem: Let X1, X5, ..., Xy be independent random
variables with common distribution having E(X;) = p and
V(X;) = o*, where p, o are finite, and let
Ay = (X1 + X2+ .-+ Xy)/N. Then for a < b,

o bo 1 b,
Iim P —= < (Ay — ) < — :—/e_x/zdx
N—oo (\/N ( N M) \/N) V21 Ja
@ alternatively: the distribution of (X; + --- 4+ Xy — Np)/(oV/N)
tends to the standard normal (zero mean, unit variance)
@ for proof, consult the literature
@ for large N, the central limit theorem tells us that the error one
makes in approximating E(X) by Ay is o/v/N = \/V(X)/N
@ for Y =f(X) as before the error in approximating E(f(X)) by
> f(X))/Nis \/V(f(X

@ use Monte Carlo method to estimate V(f(X))

V(Y) = E((Y — E(Y)") = ((f — (1)) = () — (1)
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Application with non-uniform sampling

@ if X is a random variable with probability density px(x) and f is a
well-behaved real-valued function, then Y = f(X) is a random
variable

@ if px(x) can be easily sampled, then use px(x) to obtain N
outcomes X, X5, ..., X,

@ apply function f to obtain random variables Y; = f(X;)
@ law of Iarge numbers tell us that

& Z v, Y= E(Y) = E(f(X)) = / px(s) £(s)ds

53/169



Monte Carlo integration

@ recap of Monte Carlo integration (uniform sampling):

/Vf()_c’) dPx ~ V{f) + V\/<fz> ;7 )

N N
1 . 1 S
<f>ENZf(xi) <fz>ENZf(xi)2
i=1 i=1
@ N points xi,...,xy chosen independently and randomly with

uniform probability dist. throughout D-dimensional volume V
@ law of large numbers justifies correctness of estimate
@ central limit theorem gives estimate of statistical uncertainty

@ in the limit N — oo, MC estimate tends to normal distribution,
uncertainty tends to standard deviation
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Monte Carlo integration

@ recap of Monte Carlo integration (non-uniform sampllng)

[ps@ @m0

n=13 5w = LS sy
@ N points Xy, ..., Xy choglen independently and ran_c;omly with
probability d|st p(¥) throughout D-dimensional volume V
@ normalization condition ||, p(¥)d”x = 1
@ law of large numbers justifies correctness of estimate
@ central limit theorem gives estimate of statistical uncertainty
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Pseudorandom number generators

@ MC integration requires random numbers

@ but computers are deterministic!!

@ clever algorithms can produce sequences of
numbers which appear to be random
(pseudorandom)

@ uniform deviates between 0 and 1
@ example: the Mersenne twister
e http://www.math.sci.hiroshima-u.ac.jp/~m-mat/MT/emt.htm/

e currently holds the record for longest period 2" — 1
e very fast, passes all standard tests (Diehard) for good RNG

@ devising good RNGs is a science in itself
@ most utilize modulus function, bit shifting, shuffling
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One-dimensional example

@ simple example

1
1
/ x(1 —x) dx = — = 0.166666 - - -
0 6

@ plot of integrand and some Monte Carlo estimates

04— 71T T T [T I T T TT]—TTTI T T 7T
0.3 = -
- i 20171 =
’Q 7 g T } 1 =
=~ 02} - 7 | i
= ] &) -
L . =0.161- -
0.1 = —
O L L 1 1 l 1 1 1 L 015 ||‘ | ||||I 1l i [N N [i LU0

0 0.5 ! 10° 10" 10° 10° 10’

@ not efficient for 1-dim integrals!
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Importance sampling

@ Monte Carlo method works best for flat functions, problems when
integrand sharply peaked

@ importance sampling can greatly improve efficiency of Monte
Carlo integration — variance reduction

@ recall simple integration

—a) x; chosen with uniform probability
d ~ ]
/ Jle) dx Zf between a and b
@ choose function g( ) > () with f g(x)dx =180 h(x) = f) is as
close as pOSSIble to a constant 8(x)

[ sgac= [ ()g(x)deb_a Zh

where x; now chosen with probability density g(x)
@ must be able to sample with probability density g(x)
@ how to choose g(x) for complicated multi-dimensional integral?
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Sampling non-uniform distributions

@ random number generators sample the uniform distribution
@ to sample other densities, apply transformation method
@ random variable U with uniform density py(u) = 1for0 <x <1

@ transform to new random variable Y = ¢(U) where ¢ is a strictly
increasing function

e strictly increasing function ensures inverse function is single-valued
e also ensures that if u + du > utheny +dy > y fory = ¢(u)

@ what is density py?
@ from conservation of probability p 1610
u
pr(y)dy = pulu)du— pr(y) = puu) = = pu(¢~'(»)) dy :
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Sampling non-uniform distributions (continued)

@ desired density py is usually known, so must determine ¢

/ d' = / u=Fy(o) = o) = Fy'(u)

'unique since F is strictly increasing function

@ summary: random variable Y with density py(y) and cumulative

distribution Fy(y) = |7 __ py(s)ds can be sampled by sampling
with uniform deviate U then applying transformation

Y =Fy;'(U)
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Exponential density

@ transformation method requires density whose indefinite integral
can be obtained and inverted
@ method useful for only a handful of density functions
@ one example: the exponential py(y) = e /(1 —e ") for0 <y <b
e cumulative distribution Fy(y) = [ pr(s)ds = (1 —e)/(1 — e ")
e inverse F; ' (u) = —ln<1 — (1 - e_b)u)

—S

s
~ 0.873109
1+5/9

3
@ example integral: /
0

]. T 1T L ||||TT| llllmTl IIIII|T|'| IIIII'ITI'| IIIIIM .
) ] LT o maverc 7 plot of integrand (left);
MC with importance . .

s 1 ¢ [ |l s dramatic improvement
Sost 1811 1 using importance
. 1 gk | {_ .- .. 1 sampling (right)

00_ |1 ! |2 L 3 O.S_IIIIILLIJ IIIIL|,|,|J IIIIILI,II 11 |,|,|,|J IIILI_,I,I

5 10° 103Nlo4 10°
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Rejection method

@ can sample from probability density whose cumulative
distribution is not easily calculable and invertible using the
rejection method

@ sampling from density px(x) fora < x <b

=- equivalent to choosing a random point in two dimensions with
uniform probability in the area under curve px(x)

@ simplest method: pick random point
with uniform probability in box
a < x < b horizontally and
0 <y < max(px(x)) vertically
e accept if below curve

e reject if above curve, repeat until a b
acceptance

?X(x)

@ if px(x) sharply peaked, use a comparison function f(x) satisfying
f(x) > px(x) for all a < x < b and which can be sampled by
transformation method
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Integrals of very high dimension

@ sampling methods described so far work well in one-dimension

@ for multi-dimensional integrals, transformation and rejection
methods not feasible

@ use of stationary stochastic processes to handle highly
multi-dimensional integrals
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Stochastic processes

stochastic process: a sequence of events X,, t =0,1,2,...
governed by probabilistic laws (limit attention to discrete “time” ¢)

consider a system which can be in one of R discrete states
s1,82,...,8¢ (can generalize to continuum of states)

system moves successively from one state to another
each move is called a step (discrete “time”)

given previous states of system Xy, X;, ..., X,_, conditional
probability to find system in state X, at time ¢ is P(Xo, ..., X;1|X})
which may depend on previous states of system and possibly ¢
stochastic processes can be useful for Monte Carlo integration

since sequence X; samples conditional probability distribution
1)()(07 o e ,)(}__1|)(i)
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Stationary stochastic processes

a stochastic process is stationary when the probabilistic laws
remain unchanged through shifts in time

e joint probability distribution of (X;, X;+j,, ..., X:+j,) is same as that of
(Xt+h7Xt+h+j17 cee 7Xl+h+jn) for any h

mean E(X;) = u is independent of 7 (if it exists)
variance E((X; — p)?) = o2 independent of ¢ if E(X?) finite
now X, are usually not independent random variables

autocovariance E((X; — u)(X; — 1)) = R(|t — s|) depends only on
time difference |t — s

define autocorrelation function p(¢) = R(z)/R(0) so that p(0) =1
and —1 < p(¢) < 1 for all # (from Schwartz’s inequality)
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Law of large numbers for stationary process

@ consider a stationary process X, X», ... with E(X;) = 1 and
autocovariance R(s) = E((Xx — p)(Xers — 1)) satisfying

> "IR(s)| < oo, and define Xy = ~ (X1 + Xa 4 -+ 4 Xy), then for
s=0
anye>0,  lim P(| Xy —pul>e)=0
@ Proof:
o define ¥, =X, —pand Yy = (Y1 + -+ + Yu)

N

E(YY) = %E(Z Yf+2ZYkYZ) - ]%(NR(O)HZR(l—k))
k=1 k<l k<l
N p—1

- ]% (2 NS R() - NR(O))

p=1 h=0
N—1

— ]lv (R(©O) + 3" 2RV — k)/N)

k=1
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Law of large numbers for stationary process (2)

@ Proof (continued):
@ continuing,

NE(Yy) = |R(0)+ 305" 2R(k)(N — k)/N

[R(0)] + 32,2 2IR(K)] (N — k) /N

[R(0)] + 32 2IR(K)]

e since > |R(j)| < oo then NE(Yy) < 00 SO limy—oo E(Yx) = 0

e with Chebyshev inequality P(| Xy — p| > ) < E((Xy — p)?)/e*
Jim E((Xy — 1)*) = 0 implies Jim P(Xy —pul =€) =0

(0. @)

<
<

o limiting value lim NE((Xy — p)*) = k; R(k)

e Proof: given absolutely summable autocovariance ), |R(k)| < oo,
for any e > 0 there exists a ¢ such that >, °, 2|R(qg + k)| < €/2

® S0 ]§R(j)—NE(?§) - ‘R(O)JrZiR(j)(R(O)+N§:12R(k)(Nk) /N)’

J=—(N-1)
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Law of large numbers for stationary process (3)

o limiting value lim NE((Xy — 1)?) = k_z R(k)

e Proof (continued):

SRO-NET| =[S 2R (/N < S5 2R N
== = Y0 2KR(K)| /N + 32,7 2k|R(K)| /N

Soio) 2KIR(K)| /N + 320, 2IR(K)
2 i1 2KIR(K)| /N +¢/2

@ since ¢ fixed and finite, can always increase N so that
1_, 2k|R(k)| /N < £/2 which holds as N — oo

<
<

N—1
@ SO ’ZR(j)—NE(Y]zV) < & which proves the limit
== (1)
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M-dependent central limit theorem

@ M-dependent central limit theorem: Let X;,X,,..., Xy be a
stationary M-dependent sequence of random variables (X, and
X;.s are independent for s > M) such that E(X;) = E(X;) = p and
E((X;—p)?) < oo, and define Xy = (X; + X, +--- + Xy)/N and
02 = E(X,—p)?) + 250 E((X1 — 1) (Xps1 —p)). Then fora < b,

aoc — bo 1 b,
Im P —= < (Xy —p) < — :—/ e 2dx
N <\/N (X = 1) \/N) 27 Ja

@ distribution of (X; + --- + Xy — Nu)/(c+/N) tends to standard

normal (zero mean, unit variance)

@ for proof, see W. Hoeffding and H. Robbins, Duke Math. Journal
15, 773 (1948) or T. Anderson, The Statistical Analysis of Time
Series, Wiley (1971).

@ autocovariance R(h) = R(—h) = E((X; —pt)(Xes 5 — 1))

M

o note that o® = >~ R(h) = NE((Xy — p)*) for N > M

=—M
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Monte Carlo integration

@ Monte Carlo integration using stationary stochastic process:

N \/Ro(f) 250 Rilf)
N

/V (@) £(F) dPx = (f)

N
1= §2IE@. Rl =553 (G =) (F(in) = 7))
@ N points Xi,..., Xy are stationary sequence of random variables

with probability dist. p(x) throughout D-dimensional volume V
normalization condition [, p(x)d"x =1

absolutely summable autocovariance >, |Rx(f)| < oo

law of large numbers justifies correctness of estimate

m-dependent central limit theorem gives estimate of statistical
uncertainty
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Simple stationary stochastic processes

@ how can we find a stationary stochastic process that yields the
desired probability distribution p(x)?

@ use of Markov chains to solve this problem

@ Markov chains were introduced by
the Russian mathematician Andrei
Markov (1856-1922) in 1906

A. A. Mapkon (1886).
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Markov chains

@ discrete Markov chain: stochastic process which generates a

sequence of states with probabilities depending only on current

state
@ consider a system which can be in one of R states si, 52, ..., sk
@ system moves successively from one state to another
@ each move is called a step (discrete “time”)
e if current state is s;, then chain moves to state s; at next step with

probability p; which does not depend on previous states of chain
probabilities p;; are called transition probabilities

the square R x R real-valued matrix P whose elements are p;; is
called the transition matrix or the Markov matrix

@ time homogeneous if transition probabilities p;; independent of
“time” or position in chain
@ definition generalizes to continuous set of states

leads to matrix of transition densities

@ will not deal with continuous-time chains here
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Some basic properties of Markov chains

@ transition matrix P has non-negative entries p;; > 0

@ since probability of going from s; to any state must be unity, then
matrix elements must satisfy Zlepij = 1 (rows sum to unity)

@ if columns also sum to unity, P is called doubly stochastic matrix

@ if P, and P, are Markov matrices, then the matrix product PP, is
also a Markov matrix

@ every eigenvalue \ of a Markov matrix satisfies || < 1
@ every Markov matrix has at least one eigenvalue equal to unity
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Eigenvalues/eigenvectors of real square matrices

@ for a square matrix P, a nonzero column vector v which satisfies
Pv = \v for complex scalar \ is known as a right eigenvector
corresponding to eigenvalue \

e often, “right eigenvectors" are simply called “eigenvectors”

@ a nonzero vector v satisfying v/’ P = \v’, where T indicates
transpose, is known as a left eigenvector

@ every square R x R matrix has R complex eigenvalues, counting
multiple roots according to their multiplicity

@ for a real square matrix, the eigenvalues are either real or come
in complex conjugate pairs

@ eigenvectors for distinct eigenvalues are linearly independent
@ a degenerate eigenvalue may not have distinct eigenvectors

@ R linearly independent eigenvectors guaranteed only if all R
eigenvalues distinct

@ a matrix P and its transpose P’ have the same eigenvalues

74/169



Properties of Markov matrices (continued)

@ every eigenvalue )\ of Markov matrix P satisfies |A\| < 1
e Proof: suppose complex number X\ is an eigenvalue of P with
corresponding eigenvector v so that Pv = A\v
@ let k be such that |v¢| > |v;| for all j
o k-th component of eigenvalue equation gives us » _; pv; = Avk
@ use generalized triangle inequality for complex numbers

> 2] <0, |z| to show
‘>\Vk| = ‘ijkj\ﬂ < ijkjh/j’ < ijkj’\)k| — ‘Vk’

o thus, M| = |A||w] < |w] — A <
@ every Markov matrix P has a least one eigenvalue equal to unity

e Proof: let v be a vector satisfying v; = 1 for all j

o then  .pyv;=> pij=1=v
@ hence, v is an eigenvector corresponding to eigenvalue 1
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Multi-step probabilities

@ n-step transition probability: ij-th element pf}“) of matrix P" is

probability that Markov chain, starting in state s;, will be in state s;
after n steps

e probability to go from s; to s; in 2 steps is Zle DikDkj
@ generalizes to n-steps

@ for starting probability vector u, probability that chain in state s;
after n steps is u\” = X up!!
e u; is probability starting state is s;, matrix form ™’ = u”P”

@ first visit probability: the probability that a Markov chain, starting
in state s;, is found for the first time in state s; after n steps —

denoted by ﬁ-J(.”)

o define ;" = 0 one step, £, = py, two steps, ) = > papy

o generalize fi" = " pu fI " i
k7j
@ important relation for later user: p Z (m) .V m)
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Mean first passage and mean recurrence times

@ total visit probability: probability that, starting from state s;, chain
will ever visit state s;:

0. @)

fi =Yy

n=1
@ mean first passage time from s; to s; is expected number of steps
to reach state s; in an ergodic Markov chain for the first time,
starting from state s; — denoted by m;; (by convention, m;; = 0)

mij: Zl’l U(n)

n=1
@ mean recurrence time u; of state s; is expected number of steps
to return to state s; for the first time in an ergodic Markov chain
starting from s; 00

Hi = Zn ,En)

n=1
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Classes

@ state s; is accessible from state s; ifplg.”) > ( for some finite n
— often denoted by s; — s;
—ifs; — s; and s; — s¢, then s; — s
@ states s; and s; communicate if s; — s; and s; — s;
— denoted by s; < s;
— 5; <> s; and s; < s, iImplies s; < s¢
@ class = a set of states that all communicate with one another

@ if C; and C, are communicating classes, then either C; = C, or
Ci, C, are disjoint
e if C; and C, have a common state s;, then s; < s, for all s;; € Cy
and Si <= Sj2 for all Sjp € C,, SO Sj1 <= Sj2 lmplylng Ci =0,
@ set of all states can be partitioned into separate classes

e if transition from class C; to different class C; is possible, then
transition from C, to C, not possible, otherwise C; = C;
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Irreducible Markov chains

@ a Markov chain is called irreducible if the probability to go from
every state to every state (not necessarily in one step) is greater
than zero

@ all states in irreducible chain are in one single communicating
class
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Classification of states in Markov chains

@ states in a Markov chain are
(a) recurrent (persistent) or transient
— recurrent states are either positive or null

(b) periodic (cyclic) or aperiodic
@ recurrent or persistent state has f; = >, fé”) =1
@ unit probability of returning to state after a finite length
transient state has f; = >2°°, 11" < 1
@ recurrent state is positive if mean recurrence time finite u; < o

otherwise, called null
@ the period of a state in a Markov chain is the greatest common
divisor of all n > 0 for which p{”) > 0
e transition s; to s; not possible except for multiples of period d(i)
@ periodic state s; has period d(i) > 1

aperiodic state s; has period d(i) = 1
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Recurrent and transient states

@ for a recurrent state, Z,filp(.”) = oo, Whereas

12

for a transient state, >~ 1pl(l) < 0

@ proof:
e we start with the following:

—m N
SRS S WLTEES WD IED WD oit

n=1 m=1

° but for N > N’ we also have

N’ N m
Zp(n) Zfl] pr(Jn) —2 — (n) Zfl] ZP]]

° puttlng together above results.
N—N’

Z ;" Z Py < pr]’) < Zﬁf"’) ZPJS")
m=1

e take N — oo first, then N — oo to get
fid_op <3 op <fi prf‘) = fi Zpﬂ =>_n
n=0 n=1 n= n=1
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Recurrent and transient states (2)

(n)

ii

@ for a recurrent state, >~ | p;;” = oo, whereas

for a transient state, -, p\) < oo
@ proof (continued):
e so far have shown f; 3°°°, p](]") => 1Pl(]n)
e seti=jthenfi(l+> > 1pl, ) =D e 1Pz(,n)

e so finally Zp  fa
1 —fi

e f; = 1 for arecurrent state and fii < 1 for a transient state, which
proves the above statements

@ note that the above results also imply
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Recurrent and transient states (3)

@ a Markov chain returns to a recurrent state infinitely often
and returns to a transient state only a finite number of times
@ proof:

let g;;(m) denote probability that chain enters state s; at least m
times, starting from s;
clearly g;(1) = f;
one also sees g;j(m + 1) = fig;(m) so g;(m) = (fy)"
probability of entering s; infinitely many times is
gij = limp—oo &jj(m) = limy— oo ()"
so starting in s; then
T \m _ J 1 forrecurrent state f; = 1
& = mlgréo(ﬁf) N { 0 for transient state f; < 1
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Important result for recurrent states

@ if 5; is recurrent and s; — s, then f;; = 1
@ proof:

e let o > 0 denote probability to reach s; from s; without previously
returning to s;

@ probability of never returning to s; from s; is 1 — fj;

e probability of never returning to s; from s; is at least a(1 — f)

@ but s; is recurrent so probability of no return is zero

o thus, fi =1

@ for two communicating states s; < s; that are each recurrent, it
follows that f;; = f;; = 1
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Similarity of states in a class

@ all states in a class of a Markov chain are of the same type, and
if periodic, all have the same period

@ proof:
e for any two states s; and s; in a class, there exists integers r and s
such that pff) — a > 0and pj(f) =3 >0s0

n+r+s r) (n)_ (s n n
pyt) = Zp,k)p;(d bl > Zp,k pipi) > pypypy = asp)

o ifs;is tran3|ent, then left-hand S|de is a term of a convergent series
> i < o0, so the same must be true for p', and if p|}’ — 0, then
pj(jk) — 0

e the same statements remain true if the roles of i and j are reversed,
so either both s; and s; are transient, or neither is

e if 5; is null (infinite mean recurrence time p; = > ~°, n];-](.”) = 00),
then s; must be null as well

@ same statements true if i, j reversed, so if one is a null state, then
So is the other
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Similarity of states in a class (2)

@ again, we have

e for any two states s; and s; in a class, there exists integers r and s
such that pi) = a > 0 and p}) = 8 > 0 s0

n+r—+s r) (n n n
pyt) = Zp,k)p;(d bl > Zp,k v = pypypy = asp)

@ SUPpPOSE s; has period ¢, then for n = 0, the right-hand side is
positive, so p(’+ *) > 0 which means that » + s must be a multiple of ¢
@ hence, left-hand side vanishes unless n is multiple of ¢, so p(f) can

J
be nonzero only if n is multiple of 7, so s; and s; have same period

@ chain aperiodic if p; > 0 for at least one s;
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Periodic irreducible chains

@ states in an irreducible chain with period d can be partitioned into

d mutually exclusive subsets Gy, - - - , G, such that if state
sy € Gy, then pg’,? —Qunlessn = a+ vd
@ proof:

since irreducible, all states have same period d and every state can
be reached from every other state

there exist for every state s, two integers a and b such that pﬁ‘,? > 0
and p{?) > 0

but pl¢+? = ijg;l)p;f) > pp") > 0 50 a + b divisible by d

thus, a + b = md for integer m, or a = —b + md

rewrite as a = o + vd forintegerr and 0 < a < d

« is characteristic of state s; so all states partitioned into ¢ mutually
exclusive subsets Gy, G, -+ ,Gy—1

@ with proper ordering of G, subsets, one-step transition from state
in G, always leads to state in G, or from G,_; to Gy

@ each subset G, closed in aperiodic Markov chain with transition
matrix P4
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Fact concerning finite Markov chains

@ in an irreducible chain having finite number R of states, there are
no null states and it is impossible that all states are transient
@ proof:
e all rows of the matrix P" must add to unity
@ since each row contains finite number of non-negative elements, it
is impossible that pff) — 0 for all i,j pairs
e thus, impossible that all states are transient

@ so at least one state must be non-null
@ but since irreducible (one class), all states must be non-null

@ in an R-state irreducible Markov chain, it is possible to go from
any state to any other state in at most R — 1 steps
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A crucial theorem about two sequences

@ important theorem: (basic limit theorem of the renewal equation)
given a sequence fy, fi1, />, ... such that

fo=0,  £,=0, > fi=1
n=0

and greatest common divisor of those n for which f, > 0isd > 1
and another sequence uy, u;, u,, . .. defined by

ug = 1, U, = meun_m (n>1)
m=1

then
lim w,, — du It 1 nz:;nfn < 00
@ proof: 0 It = oo

e see W. Feller, An Introduction to Probability Theory and Its
Applications, Vol. I.
e or S. Karlin and H. Taylor, A First Course in Stochastic Processes.

89/169



Basic limit theorem

@ we shall only sketch the proof of this theorem

@ first, some key properties of these sequences

e 0<f, <lforallnsincef, >0and > ~ f,=1
e 0 <u, <1 forall n can be established inductively

up =1, uy = fi, ux = f> + f{ satisfy above bounds
assume 0 <y, < l1forall0 <k <n

since fi, > 0and > > | fi,» = 1 then

Upr] = Zzlj;llfmunﬂ_m > 0 since sum of nonnegative terms, and
Upt1 = ZZ:;llfmunJrl—m < ZZ:;llfm <1

@ next, limit our attention to d = 1 (nonperiodic)

@ since u, is a bounded sequence, A\ = limsup,_, _ u, is finite and
there exists a subsequence n; < n, < --- tending to infinity such
that lim; o u,, = A

@ next step in proof is to show lim;_. ., u, 4, = A for any integer
g > 0 when f; > 0 (we’ll skip this)
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Basic limit theorem (2)

@ define a new sequence r, =, f

@ some important properties of this sequence

@ r, >0foralln,and ro = 1

o Zsiorn = Z:Lnfn = M
@ one very crucial identity: z;jzo riuy— = 1forall N >0
e define Ay = Zlkvzo ViUN —k

e start with uy = Zan:lfmuN_m = fo: (Fim—1 — Tm)UN—m

o use ro = 1 and rearrange rouy + > o, Fuliv—m = > _| Fm—1UN—m
e take m — k + 1 onright: ZZZO Pl N—m = sz_o] FRUN—1—k

@ have shown Ay = Ay_; forall N

Q AN :AN_1 :AN_z = . :A() = roup = 1
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Basic limit theorem (3)

@ recall that n; < n, < --- is subsequence such that
lim;_, o u,,—y, = A for any integer g > 0

@ since ZZ’:O retn,—x = 1 for all n; and r, > 0, w, > 0 for all k, then
Zg:o rettn,— < 1 for fixed N < n;

o take limitj — 00 SO limj_.oo > 3o Fithn—k = A g7t < 1

@ already know A\ > 0, take N — cotohave 0 < A < 1/(>_.2, 7«)

@ if Y0 r = oo thenlim, oou, = A =0

@ if u=> ", ris finite, N — oo gives pA < 1

@ define M = SUp,>o Uy SO0 <y <M <1 for all k

@ define g(D) =3~ ., r, note g(D) > 0 for all D and

o consider S itk + S pp i itk = 1 fOr D < n
@ thus Zf:o Iy~ +Mg(D) > 1 for D < n;
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Basic

limit theorem (4)

again, " rxtt,—x + Mg(D) > 1for D < n
take j — oo to conclude A (Zf:o rk) + Mg(D) > 1

take limit D — oo to obtain Ay > 1

have now shown 1 < uA < 1souA =1

proof for nonperiodic (d = 1) case now complete

when d > 1 then f,, = 0 unless m = nd

can then show u,, = 0 unless m = nd

define new sequences f| = f,, and u/, = u,, forn =0,1,2, ...
since new sequence aperiodic, know lim, .., u/, = 1 /1’ where
p o= Z;io nf,

since f,, = 0 when m # nd then

=3 onfaa=d 'Y mfy = p/d

thus, lim,,_, o u,y = dp~"' as required
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Asymptotic behavior of p;

(n)

@ asymptotic behavior of p}]”) can be summarized as

0 s; transient or null recurrent
lim p\™ ={ u~' s aperiodic positive recurrent
du; s; positive recurrent with period d
@ proof:
e if 5; transient, an_ff) finite (converges) requiring pjg.”) — 0

for recurrent s;, let f,, :]j-,(") and u, = J(jn)

sequences f,, u, so defined satisfy conditions of basic limit theorem
basic limit theorem gives P — du; ' where iy = 3, nf" is mean
recurrence time

aperiodic case whend =1 .

null recurrent s; has 1; = 0o s0 p;” — ' =0
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Asymptotic behavior of p(”)

@ asymptotic behavior of p( ") can be summarized as

i p( o { 0 S transient or null recurrent
n— 00 fir;  s; aperiodic positive recurrent
@ ignore periodic case here
@ proof:

o o) = DA = S S T <)
m—l

m=1 m=n’+1
e since 0 < 5" anI (” "y anf”” then

0< (pfj”) 2 =1 l,(-m)p,(f_’")) <oy (<)

e take n — oo, then n’ — oo above, denote p; = limnﬁoop](j”)

e for s; transient or nuII recurrent, p;i = 0 and f; finite, so
limy— 00 p™ = 0

1
for s; aperiod positive recurrent, p; = ;- ''so pf]) — ,,uj
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Fixed-point or stationary distributions

@ a probability vector w is called stationary or invariant or a
fixed-point if w/' = w'P

@ clearly, one also has w! = w/P"

@ the probability vector is always the same (stationary) for the chain

@ when this occurs, the Markov chain is said to be in equilibrium
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Fatou’s lemma

@ lemma: let a,(¢) forn = 1,2,... be a function on a discrete set
T ={1,2,...}, assume lim,_. ., a,(t) exists for each ¢ in T, and
suppose a,(t) > 0 for all ¢, n, then

> (Jim an(n)) < Jim > a(0
teT teT
@ proof:
e for any integer M
M M o'}
3 ( lim an(t)) = 1im > () < lim > au(r)
=1 =1 =1
since all a,(r) > 0
e take limit M — oo to obtain required result
n

n> +r?
e forn > rthen lim a,(r) = 0so Z ( lim an(t)) =0

n— oo n— oo
=1 oo

° Zan == coth(mr) — i SO lim Zan(t) = g
=1

n—oo

=1

@ example: a,(t) =
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Dominated convergence theorem

@ theorem: let a,(¢) forn = 1,2,... be a function on a discrete set
T ={1,2,...}, assume lim,_,, a,(r) exists for each ¢ in T, and
suppose a function B(r) exists such that |a,(¢)| < B(¢) for all ¢, n
and ), B(t) < oo, then

lim a,(t)) = lim a(t

@ proof: et et
o let a(t)— hm an(t) and since |a(r)| < B(t) then Za(t) converges
o for any mtegerM =1
!Zan ()= a(0)] < Z @) = a0+ 3 (1a.0)] + la(0)])
=M+1

° oW ZIZI an(t)—a(n)] = 21, (limu—oc lan(1) ~a(r)]) =0
S (Jan (@) +la()]) <2557, B()

e so for any integer M

lim, o0 3202, (1) = 327 Tim—oo an(1)] < 2322, BO)
e right-hand side is remainder of convergent series so equals
zero in M — oo limit
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Fundamental limit theorem for ergodic Markov chains

@ Theorem: an irreducible aperiodic Markov chain with transition
matrix P has a stationary distribution w satisfying w; > 0,
>_jwi=1,and w' = w'P if, and only if, all its states are positive
recurrent, and this stationary distribution is unique and identical

to the limiting distribution w; = llmn_>oop independent of initial
state s,

@ Proof:

e for irreducible aperiodic chain, the following possibilities exist:
(a) all states are positive recurrent
(b) all states are null recurrent
(c) all states are transient

o if all states transient or null recurrent, hmn_,oop(”) 0

o if all states positive recurrent, then since all states communicate,

fiy=1foralli,jand prewous result becomes hm pfj) = MJ

e can define w; = lim p ) which is mdependent of initial state s;

n—oo

e for all states positive recurrent, then 0 < p; < oo so w; > 0 for all j
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Fundamental limit theorem (2)

@ Theorem: an irreducible aperiodic Markov chain with transition
matrix P has a stationary distribution w satisfying w; > 0,
>_jwj=1,and w' = w'P if, and only if, all its states are positive
recurrent, and this stationary distribution is unique and identical

to the limiting distribution w; = limnﬁoopl(f) independent of initial

state s;
@ Proof (continued):
° we havep( i) = e pl pk] ) s0 usmg Fatou’s lemma:
limy,— oo P(m+n = limy—o0 D10 Pix )pkj > > ey limi— oo pl(:)pl(q ")

e taking the limit n — oo yields w; > > wy p(’")
e define s = Zk it then sum above equatlon over j:

S—ij>22wkpk] ZwkZp Zwk—s

j=1 k=1
interchanglng order of the two |nf|n|te summatlons is pOSS|bIe since
all summands non-negative (Fubini’s theorem)

e since s > s, equality must hold for all j: Z wi py
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Fundamental limit theorem (3)

@ Theorem: an irreducible aperiodic Markov chain with transition
matrix P has a stationary distribution w satisfying w; > 0,
Z,- w; = 1, and w’ = w'P if, and only if, all its states are positive
recurrent, and this stationary distribution is unique and identical
to the limiting distribution w; = lim,,_, p(”) independent of initial
state s,
@ Proof (continued):
e have shownw; = >"°, wk p,(;.n)
e for m = 1, we see the limiting vector w is stationary!!
o next, from 3 1pl(Jn) =1 then use Fatou:
1 —hmn_woz ey U Z E hmn_wop( ) —ZJ LW
e given > w; < 1then conS|der the I|m|t m — o0 of
) Wj = hmm—><>o Zk 1 Wk P/(q ")
e since 0 < p;;” < 1then |wkpk )| < wy and Y e wk < oo so the
dominated convergence theorem can be applied
wi = lim > we ) = Zwm}lfgop( P = ()
k=1 ©© k=1
e can at last conclude ) w; =1
j=1
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Fundamental limit theorem (4)

@ Theorem: an irreducible aperiodic Markov chain with transition
matrix P has a stationary distribution w satisfying w; > 0,
>_jwi=1,and w' = w'P if, and only if, all its states are positive
recurrent, and this stationary distribution is unique and identical
to the limiting distribution w; = lim,,_, pg” independent of initial
state s,

@ Proof (continued):

e only uniqueness of stationary state to show
e if another stationary vector v existed, it would have to satisfy v; > 0,

Z}fllv‘j =1, and v = Yoo v,-pl(;) |
@ conditions for dominated convergence theorem again apply, so
taking n — oo limit gives

v = nlirgo Z wpé") = i Vi nlggo PE,@ = (i Vi)Wj =W
i=1 i=1 i=1

@ since v = w, then w is unique
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An example

3 1
i 3V
@ consider the following transition matrix P= | 0 % 1
@ P? all positive entries, so chain is irreducible i i %
@ eigenvalues are 1, 1,
@ right and left eigenvectors (unnormalized) are
1 1 3 1 1 5
2 12 2 12
right: | 1 2 3 left: | 2 —1 =3
1 —2 —4 3 0 —1
1 1 3 2 1 4
@ left fixed-point probability vector
2 1 2 3 2
w==-1|3 limP”:W:i 2 3 2
2 S 2 3 2
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Summary of results

@ positive recurrent chain guarantees existence of at least one
invariant probability vector

@ irreducibility guarantees uniqueness of invariant probability
vector

@ aperiodicity guarantees limit distribution coincides with invariant
distribution
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Equilibrium in Markov chains

@ suppose a Markov chain is started with probability vector given
by w, the left fixed-point vector of the transition matrix P

@ this means the probability of starting in state s; is w;

@ the probability of being in state s; after n steps is (w'P");, but
w/P" = w’, so this probability is w;

@ thus, the probability vector is always the same, that is, it is
stationary or invariant

@ when this occurs, the Markov chain is said to be in equilibrium

@ recall that an ergodic Markov chain which starts in any
probability vector y eventually tends to equilibrium

@ the process of bringing the chain into equilibrium from a random
starting probability vector in known as thermalization
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Reversibility in Markov chains

@ an ergodic Markov chain is reversible if the probability of going
from state s; to s; is the same as that for going from state s; to s;
once the chain is in equilibrium

@ the probability that a transition from s; to s; occurs is the
probability w; of finding the chain in state s; in equilibrium times
the transition probability p;

@ reversibility occurs when w;p;; = wipj;
@ the above condition is often referred to as detailed balance
@ note that detailed balance guarantees the fixed-point condition:

since > ;. p; = 1 then
Z Wipji = Z Wipij — Wi
j j
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Law of large numbers for Markov chains

@ consider an R-state ergodic Markov chain which starts in state s,

@ define (m) 1 if chain in state s; after m steps
X = .
J 0 otherwise
@ define Nj(”) as number of times chain in state s; in first n steps

N — x4 x® )

J J J J
@ often called occupation times

@ expected value E(Xj(m)) = pg") SO

n n h
EN") = S0, pl

@ it can be shown that
lim E(Nj(n))/n = W,

@ can show law of large numbers for ergodic Markov chain:

P(\Nj(”)/n—wj] >¢)—0asn— oo
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Central limit and ergodic theorem for Markov chains

@ can show a central limit holds
(n)

ao; N: bo
li P J J . J / —X /2d
oo <\/ﬁ - < n WJ) - \/ﬁ> Ners i

where o; depends on w;

@ distributions of random variables Nj(”) tend to normal distributions

@ let Xi,X,, ..., X, be the actual outcomes that make up an ergodic
R-state Markov chain

@ from the definition of X(”) it follows that Z IX(”) 1 so

n—1 R
—Zf(xh) = ZZX ZN f(57) ijf(sj)
o= 0 j=1 =1
Q Markov-cham time"-average approaches required ensemble

average!!
@ already knew this for stationary stochastic processes
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Monte Carlo integration

@ Monte Carlo integration using Markov chain in equilibrium:

/Vp(z‘c’)f(f) dPx ~ (f) + \/RO(f) i 2?@ il
)= A, Ralf) = s S (7~ 100) (Fn) - )
@ each pointlﬁw1 D-dim. volume V' is a s’;t:a{te of a Markov chain

@ N points Xi, ..., Xy are elements of an irreducible aperiodic
Markov chain with positive recurrent states and stationary or
limiting probability dist. p(x) throughout D-dimensional volume V

@ Markov chain should be in equilibrium
@ normalization condition [, p(¥)d”x = 1
@ absolutely summable autocovariance >~ |Rx(f)| < oo
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Autocorrelations

@ configurations generated by Markov process depend on previous
elements in the chain

@ this dependence known as autocorrelation
@ this autocorrelation can actually be measured!
@ for any observable (integrand) O;, autocorrelation o(7) defined by
(0i0i1~) — (0:)*
(07) — (0:)?
e highly correlated — value near 1
e independent — value near 0

@ decreasing autocorrelations decreases Monte Carlo error

@ dependence decreases as distance between elements in chain
increases

@ do not use every element in chain for “measurements”
@ skip some number of elements between measurements
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Constructing the transition probability

@ generally know probability density w(¢) we need to sample

@ for our path integrals, we need to generate paths with probability
distribution o—Slel/h

m(¢) =
/ ’ D &SV

@ in imaginary time formalism, path integral weight is real and
positive — probability interpretation for Monte Carlo

@ how do we construct the Markov transition matrix P(¢ < ¢)?

@ change to quantum mechanical notation of putting earlier states on
right, later states on left

@ simplest answer to this question is
the Metropolis-Hastings method

@ useful for local updating so changes to action are small
@ probability normalization never enters in the calculation!
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The Metropolis-Hastings algorithm

@ this method uses an auxiliary proposal density R(¢ «— ¢) which

e must be normalized B
@ can be evaluated for all ¢, ¢

@ can be easily sampled
@ no relationship to the fixed-point probability density = (¢) needed

@ given this proposal density, the Metropolis-Hastings method

updates ¢ — ¢ as follows:
Q use R(g — ¢) to propose new value ggfrom current value ¢
@ accept the new value with probability

- ([ R(¢ — d)(9)
Pycc(¢p «— ¢) = min (1, e )
R(¢ — ¢)m(9)
© if rejected, the original value ¢ is retained
@ if proposal density satisfies reversibility R(q~5 — @) =R(¢p — 5),
then acceptance probability reduces to min(1, 7w(¢)/m(¢))
e original Metropolis method
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Detailed balance in Metropolis-Hastings

@ Metropolis-Hastings satisfies detailed balance

@ proof:
e (normalized) transition probability density is

W(d — ¢) = Pucc(¢p — ®)R(¢ — )
+ﬂ$—@(1—/D$&d$%¢W@ﬂ—@>

e define
A(@—¢) = Puc(d — O)R(S — $)m(9)
([ RO =)\ o3
= min | 1, —= R(¢ «— o)m
< R(G — gb)w(gb)) (¢ — ¢)m(e)
= min (R(6 — @)n(@), R(¢ — P)n(9))
where last line follows from R(¢ «— ¢)7(¢) > 0

o symmetric: A(¢ «— ¢) = A(¢ — ¢).
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Detailed balance in Metropolis-Hastings (continued)

@ so we have

W(p — @)m(d) = Pacc(p — ¢)R(¢ — ¢)7()
L sG—9) (1 ~ [ D6 P — SR ¢>) ~(6)

— A< 6)+ 8- 9)(x(0) - [DFAG — 0))
= A(¢ — ) +6(6— ¢) K(¢)
K(9) = () ~ [ D3A(G — 0)
e given symmetry of A and Dirac 4-function, then detailed balance

holds W($ — ¢)n(e) = W(b — ) (d)

where
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A one dimensional example

@ does this really work?
@ let g(x) = cos(v/1 + x2) and h(x) = e /(2 + 2)
Q changes sign, A(x) > 0 o

sl changes sign, i) 20 e 1y (x)as
@ consider ratio of integrals [ = — = 0.3987452

f_oo h(x)dx
@ sampling density m(x) = Z~'h(x) where Z = [~ h(x)dx
o algorithm: 044 IIIII|T|| IIIII|T|'| IIIII|T|] IIII|'|T|'| T 11T
@ choose ¢ uniform probability for
—-A<i<A

o
~
\S)

T T T T T [ T T

@ propose x = x + 9
@ acceptance probability {
min(1, 7(x)/7(x))=min(1, a(x)/h(x)) i
@ A = 1.5 for acceptance ~ 50%

@ never needed 7 038 | 21 i 3| i 4| L 5| |
10 10 N 10 10

MC estimate

©
~

(]
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Part Il

Monte Carlo study of the
simple harmonic oscillator
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Discretization of SHO action

@ action of harmonic oscillator (imaginary time formalism)

S[x(7)] :/TT dr (fmx* + Jmw’x?)

a

@ discretize time Ne = 7, — 7, for Monte Carlo evaluation

§:m_€N_1 Y1 2+w2 X414
h 2hj:0 £ 2

@ choose ¢ so discretization errors sufficiently small
@ introduce dimensionless parameters

h 1
= dk n k= —e’w?
m 4
1%

7 = 5 (djr1—dj)* +r(djs1 +d;)°]
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Discretization of action (continued)

@ a few more manipulations produce

S 1
= = 5 (1L +8)(dg +dy) + (14+)

Zdz] (1—k [de]+1]

@ first constant irrelevant (set to zero), then one last rescaling

1 —k
u=dvl+r g= T r do=dy =0

@ final result for action
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Metropolis updating of path

@ to update location (at a single time)

@ propose random shift —A < § < A with uniform probability
e calculate change to the action

0S/h =46 (0 + 2u; — g(uj—1 + uj+1))
o accept ] = u; + & with probability min(1,e=°5/")
e rule of thumb: fix A for about 50% acceptance rate

@ lower rate = wasting too much time with rejections
@ higher rate = moving through phase space too slowly

@ repeat for each u; forj=1,...,N — 1 (this is called one sweep)
@ repeat for certain number of sweeps
e until autocorrelations sufficiently small
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Actual C++ code

@ here is actual C++ code which does the updating

void markov: :update ()

{
double shift,deltaSsS;

for (int i=1; i<=Nsweeps;i++)
for (int t=1;t<Ntimesteps;t++) {

// propose shift in location[t]
shift=2.0xmax_shift_per_instancex (rng.generate()-0.5);

// compute change in action
deltaS=shift«*(shift+2.0xlocations|[t]

—hop_paramx (locations[t—-1]+locations[t+1]));

// Metropolis accept or reject
if (deltaS<0.0) accept=1l;
else accept=(rng.generate () <=exp (-deltaslS));
if (accept) locations[t]+=shift;

}
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Simulation guidelines

@ to start Markov chain

@ choose a random path (hot start)

@ or choose u; = 0 for all j (cold start)

@ update Nuerm SWeeps until fixed point of chain achieved
(thermalization) — check some simple observable

@ once thermalized, begin “measurements”

@ must choose

@ ¢ so discretization errors sufficiently small
e A for adequate acceptance rate

@ Nweeps fOr sufficiently small autocorrelations
@ Nneas fOr desired precision of results
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Path animation

@ animation of first 100 time slices of u; path
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Acceptance rate and autocorrelations

@ choose A so acceptance rate near 0.5
@ choose Nyy.eps SO autocorrelations near 0.1

].IIII rrri LI IIIIIIIIIIIIII_ 1ll|| T IIII|IIII|IIII
C we =025 ] g k we=025 |
0.8 1 SosF -
- - ] o - -
Q 061~ T Qo6 -
s 1 £ I ]
S . 8 [ ]
D104~ 1 Ao4r ]
3 f 1 2 [ ]
< C ] b i ]
02— 5 0 02f —
B i b~ ]
N 1 VvV I 3
O_IIIIIIIIIIIIIIIIIIIIIlIIIIIII_ 0 ||||||||||||||||||||||||
0 1 2 3 4 5 6 0 20 40 60 R0 100

A

sweeps
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Correlation function

@ comparison of final Monte Carlo estimates with exact results

21- e =025 __
_ N, = 1000 A
- N e = 40000 - @ exact result shown as curve
A __ SWeeps = 100 _— .
81'52 A= 15 @ Monte Carlo estimates
¥ ot ; shown by circles (statistical
B o1 ] uncertainties too small to
- L _
v i see)
0.5_— —
oL =

)
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Part |V

Monte Carlo calculations in
real scalar field theory
in 2+1 dimensions
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Action in continuous space-time

@ action in continuous Euclidean D-dimensional space-time
(imaginary time formalism) given by

5= [ (30u0,000) + Jmela)? + o)),

2
@ action must be dimensionless (natural units 2 = ¢ = 1)

@ m has units of a derivative 9, that is, of a mass
@ units of field [¢] = [m]2P~!
@ coupling g has units [g] = [m]*~"
@ coupling dimensionless in 4 space-time dimensions

@ has units of mass in 3 space-time dimensions so g/m
dimensionless
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Quantization

@ quantization using path integrals
@ generalize notion of “path”: a path here is a field configuration
@ path integral is now integrations over all field configurations

@ for real scalar field, integral —oc < ¢(x) < oo at every space-time
point x

@ time-ordered two-point function given by
(e — o PP ox)e(x2) exp(—S[9])
e 1) B

@ generalizes to n-point functions: time-ordered product of » fields
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Discretization of action

@ Monte Carlo study requires action on a space-time lattice

@ use anisotropic cubic lattice with temporal lattice spacing a, and
spatial lattice spacing a;

@ use simplest finite difference for the field derivatives
@ action is given by

g — a?lat;<; (SO()H_aéZ% p(x))? —|—2m 25(x)? —|—4|<,0( x) )
_ af 1 Z(z@ x+aa,éu)¢ G/“LZ > x)2 x)4>
@ redefine the field: v a? 7 a, p(x) = 2k, ¢(x)

where x; is dimensionless number, new field ¢(x) is
dimensionless
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Action on lattice

@ a few more dimensionless parameters:

g¢k;
as/at — Ca A= 6a£)_47

ky(a?m® +2¢C2 +2D —2) =1-2\, k= Cky
@ final form for lattice action
S Z( Z D(x)p(x+ag) — 26¢ P(x)p(x+a,?)
20000 et

@ hopping parameter x essentially sets mass parameter, \ is
interaction coupling
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Exact results in free field theory

@ the free field theory A\ = 0 is exactly soluable
@ path integrals are multivariate gaussians
@ free action can be written in form

S[é] = 5 > o(x)M(x,y)()
@ for N lattice sites, M is real and symmetric N x N matrix having

positive eigenvalues

@ this matrix given by
D—1

M(x,y) = ——2(5(y,x+aﬁ)+5(x,y+aﬁ))

—2kC (8(y, x+ad) + 8(x, y+a)) + 26(x,)
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Gaussian integrals in free theory

@ N-dimensional multivariate Gaussian integral of form
N

H (/ d¢l) eXp(_%¢jjwjk¢k + ]n¢n)

i=1

M\ 2 L
= det 7 exp (ijMjk Jk)

@ J-trick: use derivatives wrt to J;, followed by J;, — 0 to evaluate all
integrals involving any number of products of the fields
N 00
H (/ d¢l) ¢m1 (/bmz s ¢mr eXp(—%qu]ijqbk)
i=1 -0
N

B 6 ~
= 5 a1l (/ d¢i> exp(— 3 GiMicr + Jun)
m Mroj=1 N\ 70

@ does Wick contractions automagically!
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Two-point function

@ two-point function given by (T¢(x;)p(x2)) = M~ (x1, x2)
@ invert M by method of Green functions and use Fourier series
@ for L, x L, x L, lattice, result is
¢ cos(k-(x—y))
2RLLyLe 4~ (a2m? 4+ 43 sin’ (k) + 4¢2 sin’(3k))
where k,, = 2mn, /L, forn, =0,1,2,...,L,, — 1

@ pole gives energy a.E, of single particle of momentum a,p

a,E, = 2sinh™" (% \/afmz + 4sin*(Lapy) + 4 sinz(%aspy)>

@ for small a,, a, this becomes E, = \/m2 + p2 + p?

M_l(x7y) —

@ spectrum is sum of free particle energies
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Single-site Monte Carlo updating

@ Metropolis-Hastings method needs acceptable acceptance rate

@ changing all field values at once generally leads to large changes
in action — near zero acceptance rate

@ reasonable acceptance rate achieved by updating field at a
single lattice site at any given time

@ ergodicity ensured by sweeping through lattice, updating each
and every site one at a time

@ in battle against autocorrelations, expect

e small wavelength modes updated well
e long wavelength modes updated not so well
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0§ for single-site update

@ recall action is
= Z(—zﬁz¢ Hx+a) — 26C 6()0(r-+ar)

H1 - 2060 + 26
e for ¢ — ¢, change in action is 45 = S[3] — S[¢]
@ define neighborhood

o — > (¢(x+a§)+¢(x—a§)) —2#¢ (¢(x+at?)+¢(x—aﬁ))

j=1
@ if field at one site x changed ¢(x) — ¢(x) + A, then

oo A(N(x)+(A+2¢(x))(1+)\((A+2¢(x))A+2(¢(X)2_1))))
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oS for single-site update (continued)

@ change in action can also be written

oS
ao
aj
a,

as

A (a() + a1 A + Clez + a3A3),
N(x) + 26 (x)(1 + 2X\(¢(x)* — 1))
14+ 2X(3¢(x)* — 1)

41g(x)

A
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Metropolis sweeps

single-site updates involve a single continuous real variable ¢
use simplest proposal density
1 ! ~
~ ~ —300 < (¢ —¢) < 340
R — o) =1 Bo 2 2
0 ¢ — ¢| > %Ao

width A, chosen for acceptance probability around 50%
proposed new value accepted with probability min(1, exp(—45S))
if rejected, keep current field value

sweeping through lattice ensures ergodicity

in sweeping through the lattice in predetermined order, detailed
balance no longer holds

@ not a problem since the fixed-point stability condition still holds
e detailed balance maintained by updating sites in random order
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Battling autocorrelations

@ when the single particle mass a,mg,, is small, the coherence
length £ = 1/(a;mg.p) becomes large

@ ¢ — oo signals continuum limit
@ ¢ — oo occurs near critical point (2nd order phase transition)

@ we will see that autocorrelations with Metropolis updating
become long ranged as £ becomes large

— known as critical slowing down
@ autocorrelations problematic even for ¢ ~ 5 with Metropolis
@ need help to better update long wavelength modes
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Microcanonical updating

@ long wavelength modes are associated with lower frequencies,
lower energies

@ in other words, long-wavelength modes associated with very
small changes to the action

@ possible way to improve autocorrelations:
— make large but action preserving ¢S = 0 changes

to field at one site
@ call this a microcanonical update
e often referred to as overrelaxation

@ local updating is so easy, don’t want to give up on it yet!
@ must still update in such a way to satisfy detailed balance

@ not ergodic, so microcanonical sweeps must be used in
combination with ergodic scheme, such as Metropolis sweeps
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Microcanonical updating (2)

@ we know Metropolis-Hasting method satisfies detailed balance

@ choose proposal density strongly peaked about
action-preserving value of field, then carefully take §-function limit

@ revisit Metropolis-Hastings with sharply-peaked Breit-Wigner
proposal probability density

~ 1
Rf(¢ A qb) - ; — D)
(6-1(0) +2
where ¢ is a constant and f(¢) is well-behaved, single-valued,
invertible function

@ acceptance probability

€

~

pm@%@mm(l Rf%%)ﬂ@)mm(l (@~ +<)(3)
B (6 = 9)m(9) ((0-£(B))2+€2)m(0)
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Microcanonical updating (3)

o carefully take ¢ — 0 limit: Ri(¢ — ¢) — 0(¢ — f(¢))
@ determining acceptance probability is tricky
@ probability of proposing a value between

f(9) —VE< ¢ <f(¢)+/Eis

/f(cb)+\/E N (N ) 0 | 1
do Re(¢ < ¢) = —tan™ (—)
F(6)—VE 0 Ve

which does tends to unity as ¢ — 0
@ if f(¢) more than /= away from ¢, probability transition is actually

made is
f(P)+Ve _ _ f(d)+Ve - ~
/ dp Wi(¢p — ¢) = / dd Pace(¢ — O)Ri (¢ < @)
f(o)—/E f()—ve

= min 2 an”! 1)L N gﬂ(g)
! (w o () 2y, 2 (6 =@+ 62)”(@)
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Microcanonical updating (4)

o write ¢ = f(¢) + y, then remaining integral becomes

1 /Vg p e m(f(9) +)
y
e (6= 1((9) + )2+ £2)7(9)
@ if f(f(¢)) # ¢, can show this integral goes to zeroas ¢ — 0

@ for self-inverse function f(f(¢)) = ¢, expansion about y = 0 must
be carefully done, integral has form

6/\/Ed (ap + a1y +ay* +...)

; _\/gy(52+b2y2+b3y3—|—b4y4...)

@ must retain b,y? in denominator, expand rest about y = 0:

Ve

€ a a a a b

—/ dy— 0 5 {1+—1y—|——2y2+(—3——;>y3...}
T J_\/e (5 +b2y) ao ao ap ¢

@ for b, > 0, result of integration is

261() 1 b2 { 3/2
tan — 1 4+ di\/e + dre + dse —|—}
/b, (\/ - Ve 2 3
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Microcanonical updating (5)

@ acceptance probability in limit ¢ — 0 given by

P,.c = min (1, \/—Zfz>
@ here ay = 7(f())/m(¢) and by = (f'(f()))’

@ differentiate both sides of f(f(¢)) = ¢ with respect to ¢, so for
self-inverse function

d , /
-2 (f(f(¢))) — F((6) £(9)

(f’(f(1¢)))2 = ]% (self-inverse function)
@ take limit ¢ — 0 acceptance probability goes to

Pucc(p — ¢) = mm( () w(cb))

VIF (@) 7(9)
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Microcanonical updating (6)

@ specialize to action preserving function f(¢)
@ for infinitesimal change ¢ — ¢ + d¢

S(¢ +0¢) = S(f(¢ +69))

@ expand both sides
S(¢) +8'(¢)dp +0(3¢%) = S(f(¢) +[f(6)d¢ + O(6¢%))
= S(f(¢)) + S'(f(9)) f'(¢)d¢ + 0(34°)
= S(¢) +S'(f(¢)) f'(¢)d6 + 0(56°).
@ solve order by order in §¢ g g
$(0) =S S(0) — 1) = g, FE@) =g
@ proposal and acceptance probability densities are
Ri(6—0)=3(6-1(0),  fUF(6) =0, S((#))=5(),
S'(¢) ) (o) — —exe(=So)

$'(9) [ 26 exl-sia)

Pacc($<_ ¢) = min <17




Microcanonical updating (7)

@ generalize to multiple self-inverse functions
e for ¢* at most four field values with same local action
@ generalize to probability ;. of proposing a change
e sometimes need i < 1 to prevent (damped) oscillations in
autocorrelation function
@ summary of microcanonical updating process:

@ decide to propose new field value with probability . (skip steps
below if no proposal)
@ solve 55(¢) = 0, let ¢; denote real solutions different from ¢
@ these are roots of a cubic polynomial

@ randomly choose one of the ¢; with equal probability, let ¢ denote

the chosen value
Q@ accept with probability ,
§'(¢)

PaCC((Z — ¢) = min
if rejected, original value ¢ retained
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Autocorrelations

@ studied autocorrelation function p(7) of (®(r)®(0)) for
t=1/(2a;m)and &(r) = > ¢(x,y,1)

@ 7 is number of Metropolis sweeps in plots below

@ asm = 0.10,0.25,0.50 for A = 0 on 243 isotropic lattice

@ 2200 sweeps to reduce autocorrelations to 0.1 for agm = 0.10

p(1)
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Autocorrelations

@ autocorrelations p(7) of (®(¢)P(0)) forr = 1/(2a,m)
@ 7 is number of compound sweeps,
@ compound sweep = 1 Metropolis + 1 microcanonical sweep
@ . is probability of proposing change in microcanonical updates
@ asm = 0.10,0.25,0.50 for A = 0 on 243 isotropic lattice
@ undesirable oscillations on left removed using 1 = 0.98 or
updating sites in random order
BT T T 7T T T T T T T T 1L LI LI LI L B B B
u=1.00
08 o—e am=0.10 o
o
0.6 -
e e
Q =%
0.4
0.2
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Autocorrelations

p(1)

autocorrelations p(7) of (®(7)®(0)) for t = 1/(2a,m)

7 is number of compound sweeps

compound sweep = 1 Metropolis + N,, microcanonical sweeps
1 is probability of proposing change in microcanonical updates
a,m = 0.10 for A = 0 on 24° isotropic lattice

left-hand plot, N, = 1 and p is varied

right-hand plot, 1+ = 0.98 and N, is varied

I

0.8

0.6 N =1
il

am= 0.10 4

p(7)

0.4

0.2
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Autocorrelations

@ autocorrelations p(7) of (®(r)P(0)) for r = 1/(2a,m)

@ 7 is number of compound sweeps

@ compound sweep = 1 Metropolis + N, microcanonical sweeps
@ 1. = 0.98 probability of proposing change in microcanonical

@ asm = 0.25,0.50 for A = 0 on 24° isotropic lattice

06 —a N“=l
S e L aaN =2
k=t = vy N =3
0.4 < N“:4 ]
i n=098 7
0.2 am=0.50
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Calculating the spectrum

@ stationary-state energies extracted from asymptotic decay rates
of temporal correlations of the fields

@ temporal evolution of field as Heisenberg-picture quantum
operator 6(1) = e 3(0)e "

@ under certain general assumptions and ignoring temporal
boundary conditions, then for r > 0

(0l6(1)9(0)[0) = > (0le™d(0)e™|n)(n[$(0)|0).
— Z|<n‘¢(0)‘o>|2e_(En—Eo)t _ ZAne—(En—Eo)t7

@ where complete set of (discrete) eigenstates of H satisfying
H|n) = E,|n) inserted

@ if (1|¢(0)|0) # 0, then A; and E; — E, can be extracted as ¢
becomes large, assuming (0|¢(0)|0) =0

@ can use any operator O(¢) which is a function of the field ¢(¢) only
on a time slice ¢
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Calculating the spectrum (2)

@ extraction of A; and E, — E, done using correlated—y?

=3 (C(t) — M, a))a;} (C(r’) —M(/, a))
1t
where C(t) represents Monte Carlo estimates of correlation
function with covariance matrix o,» and model function is
M(t, o) = ape” ¥,
@ minimize expression with respect to the model parameters ay, o

@ uncertainties in the best-fit parameters oy = E; — Ey and a; = A
are obtained by a jackknife or bootstrap procedure

@ fit must be done for a time range i, <t < fax SUCh that an
acceptable fit quality is obtained, that is, y*/dof ~ 1

@ sum of two-exponentials as model function can be used to
minimize sensitivity to #,i,
e but fit parameters associated with faster-decaying exponential

generally not good estimates of gap to next energy level and
should be discarded
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Jackknife resampling

return to independent trials process X, X5, ..., Xy
expected value E(f(X)) estimated using (f) = L S0, £(Xx)

sometimes f is a very complicated function, or it could be a
function of the expected value!

propagation of errors often not possible — resampling schemes

let (f) denote Monte Carlo estimate of some quantity f using all
X fork=1,2,... N

let (f), denote Monte Carlo estimate of f omitting X, (so use the
other N — 1 values X;)

jackknife error estimate given by

N 1/2
o = (1%1 >4 - W)

J=1
Monte Carlo error formula can be used to determine covariance
matrix o, for correlation function itself in x>

jackknife gives errors in model fit parameters
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Bootstrap resampling

another resampling scheme is the bootstrap
again, let (f) denote Monte Carlo estimate of some quantity f
using all X, fork=1,2,...,N

let (), denote Monte Carlo estimate of f/ using a new set X, for
k=1,2,...,N where each X; is one of the original X; chosen
randomly with equal probability (a bootstrap sample)

a given X; can occur multiple times in the bootstrap sample
obtain large number B of such estimates

—~

let (f) = (1/B) 2_p—1 (/)
bootstrap error given by

—~

B 1/2
B) _ 1 2
o) = (ﬁZ((ﬂb(ﬂ))

b=1
plot of probability distribution from bootstrap estimates
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The effective mass

@ particularly good visual tool to see how well energy extracted is
so-called effective mass

@ for correlator C(t), effective mass defined by

@ function which tends to E; — E, as t becomes large
Aje—(E —Eo)f<1 + (AsJAy e (BB 4 )
lim meg(¢) = lim In
t— 00 t— 00 Ale—(El —Ep)(t+a;) (1 +(A2/A1)e—(E2—E1)(Z+a,) + . )

= In (e(El_EO)“f) = a;(E; — Ep).
@ value E| — E, seen as large-time plateau in effective mass

@ contributions from faster-decaying exponentials seen as
deviations of the effective mass from its asymptotic plateau value

@ “good” operator with little coupling to higher-lying states = rapid
onset of plateau

@ statistically noise generally grows with ¢
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The effective mass (continued)

@ two examples of effective masses
@ left: static quark-antiquark potential for separation 0.5 fm
@ right: nucleon

A,, Static Potential {(R=4)

-'- I_I ||_I I‘I sxl T T ’I T T | 1T | T—H
_5-25,5-50,1& B0 Latlice | T T I I I
Q=0.98
- a,E=0.290281(66) [
=] 7 -
0.31 — — 1 [
- . \"“E 0.8 F
4‘3_" B 1 L] -
5 031 o ] 0.6 F
F oo -
C e 1 04 F
- . ;. [ 00e000aas
0.29 . 0.2 3 Pne®gpoae
‘ | Fit to two exponentials _ ‘ :
- 42000 configs: fit range 2-12 B 0 o | I L1l I L1l 11l
Fuzzing: a=0.26, 12 levels
T 111 111 l 111 | 11 | L1 1 | L1l
O 2 4 6 8B 10 t/a
time separation ‘
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Excited states from correlation matrices

@ extracting more than just the lowest energy in a symmetry
channel requires a hermitiam matrix of correlation functions Cj;(z)

@ let \,(z, 7)) denote eigenvalues of C(t))~'/? C(t) C(ty)~"/?, for 1,
some fixed reference time

@ these eigenvalues can be viewed as principal correlators
@ ordered such that \p > \; > --- as r becomes large
@ can show that

lim A(t0) = ¢ 500 (14 0(e ),
— 00
A, = min|E, —E,|
k#n

@ principal effective masses associated with principal correlators
(n) (2, 10)
1) =1
meff( ) n()\n(t—l—a;,l())

@ for N x N correlation matrix, these functions plateau to N lowest
lying energies
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Principal effective masses

@ LHPC currently holds world record for most energy levels
extracted in any lattice QCD computation: 9 in nucleon channel

1k ! groun!i state _ _ Lst excited s(a(e_s _ End excited s(a(e_e
@5:08- 1F 1F 3
Sos} E E -5
5“04 . :...... F ] :.....-. - i:
wo 04F 1F nn® 3§ f— - sNg3g2
02_"0'Oo-o0.oaoj 3 $ $ITE 3

0 IIIIIIIIIIIII: :llIIIIIIIIIII: :IIIIIIIIIIIII:

Illllllllllll_ _lllllllllllll_ _lllllllllllll_

1 3rdexciedstate B dthexcitedstate I B Sthexcited state
= 1 N ]
=, O8F El3 El3 ;
£° 06k, A | | T Tl

==X 1 F 1E :
w"04F R 2 {1{{1 3 ! H
02f 1 1 :

0IllIllIIIIIII.-lllllllllllll.:lllllllllllll:

lllllllllllll..lllllllllllll..lllllllllllll.
1k 6th excited state  F Tth excited state  F &th excited state ]

0,6--.,..HI{}{ !;I{}] .:id

0.4 F 1F qF
02F 1k 1k 3
0 L1 1 I Ll 1 1l I L L L 1 : : L1l I Ll 1 1l I Ll L 1 : : L1l I Ll 1 1 I L1l L.l :
5 10 15 5 10 15 5 10 15
t/at t/at t/a ;
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Spectrum for free scalar field theory

@ for free-field case on N, x N, x N; lattice, define
Ot mem) = 37 6 ,1) 25

X,y
@ lowest six levels having total zero momentum can be extracted
using the following set of six operators:

Oo(t) = ®(,0,0)

O(t) = ®(,0,0) &(z,0,0)
Oy(t) = ®(1,1,0) (1, —1,0)
Os(t) = P(1,0,1) d(2,0,—1)
O4(t) = &(1,1,1) (1, —1,-1)
Os(t) = (1, 1,—1) d(r,—1,1)
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Spectrum for A =0

@ extracted six lowest-lying levels in A = 0 scalar field theory
@ 24° x 48 isotropic lattice with a,m = 0.25

@ exact results: 0.24935 for the mass, 0.49871 for twice the mass,
0.71903 for the two states having minimal relative momenta, and
0.88451 for the next two states

l T T | T | T T T | T T | T ‘ T l | 1T ‘ 1T ‘ 1T ‘ 1T 17T T
| a,m=0.25; 24%x48 Lattice | a,m=0.25; 24%x48 Lattice _
A=0.000; ¢=1.00 Q=0.73 i A=0.000; ¢=1.00
[ 100000 configs a,m,=0.2495(4) i | 10000C configs i
0.255 N 7 1 |
L i L 5 # 0.883(2) i
L i 0.887(1)
« 0.25 —ﬁ—ki—ki—— — 1 ¢ - e S % 0.717(1) |
g - S S S— N — p— b ,% 0.720(1)
] i R g |
0.245 — y L 0.499(1) |
i ] > o o o o o o o o o o 4
= B 0.2495(4) 7
0.24 — — L i
|_ L1 1 | L1 1 | L1 1 | L1 | L1 1 ‘ | O | L1 1 ‘ L1 1 ‘ L1 ‘ L1 1 | L1 1 | 1
0 2 4 6 8 10 0 2 4 6 8 10
time separation time separation
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Autocorrelations in the interacting theory

autocorrelations p(7) of (®(7)®(0)) for t ~ 1/(2asmg,p)

compound sweep = 1 Metropolis + N,, microcanonical sweep

1 = 1 is probability of proposing change in microcanonical

left plot: ¢+ = 24, used with x = 0.1930 and X = 0.300 on 242 x 48
isotropic lattice and a,mg,, ~ 0.25

right plot: r = 5a, used with x = 0.1970 and X\ = 0.300 on 322 x 96
isotropic lattice and a,mg,, ~ 0.10

microcanonical acceptance rate about 80% in both cases

I T T T T !

et ebedodotal | T T T

K =0.1970 |

0.8 A=0.300 —

0.6

0.6
= —
N e -
Q =
0.4 0.4
I [e—e N,=0
N =1
AAN =2
0.2 02— vy N =4
<44q N,=8
I~ N“=l()

O 11 1 | | 11 1 | I 11 1 1
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T
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Mass gaps

@ various single particle masses on 24° isotropic lattice

0.6
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0.2

*—  =0.1650
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Phase structure

@ theory has two phases separated by a line of critical points
@ for each value of )\, there exists a critical value x.(\) at which
mass gap goes to zero
@ symmetric phase for k < k()
@ ¢ — —¢ symmetry holds, (¢) =0
@ broken phase for k > k()
@ ¢ — —¢ spontaneously broken, (¢) # 0

broken phase

symmetric phase

TN N N T N T N T T T T I
0 0.2 04 0.6 0.8 1

tanh(A/2)
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Part V

Monte Carlo calculations in
lattice Quantum Chromodynamics
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Lattice QCD

@ hypercubic space-time lattice
@ quarks reside on sites, gluons reside on links between sites
@ for gluons, 8 dimensional integral on each link

— finite volume

@ path integral has dimension 421 &S s
32N NyN,N; P
o 106 millon for 24* latice 44T a e A te |
@ more sophisticated updating e "+ e s ",
I r' hm = SNr= Sig= = o
algorit .S T e e M %’j
[+ system.atlc e.rror.s j././ X-;/ 'S ./-/ s i
— discretization " v
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Glueball spectrum in pure gauge theory

@ gluons can bind to form
glueballs

@ e.m. analogue: massive
globules of pure light!

@ states labeled by J©¢

@ scale set by
ry ' = 410(20) MeV

@ computed using
pseudo-heatbath and
microcanonical

@ 24 x 24 correlation matrix in
each symmetry channel

@ spin identification

@ mass gap with a bounty

e Clay mathematics institute
will pay $ 1 million

C. Morningstar and M. Peardon,
Phys. Rev. D 60, 034509 (1999)
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Conclusion

observables in quantum mechanical systems can be extracted
from the correlation functions of the theory

correlation functions can be computed using path integrals

path integrals in the imaginary time formalism can be evaluated
using the Monte Carlo method

importance sampling from Markov chains
Metropolis-Hastings method

microcanonical updating

1-dimensional simple harmonic oscillator was first example
calculations in real scalar ¢* theory in 2 + 1 dimensions
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