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1. Introduction

The path integral formulation of quantum mechanics was developed in 1948 by Richard Feynman and
played a crucial role in progress of theoretical physics. The path integral approach to quantum mechanics,
presented in details in book [1] by R.Feynman and A.Hibbs, reveals connection between the elegant
Lagrange approach to classical mechanics and the quantum mechanics. Furthermore, it provides intuitive
insights into behavior of quantum mechanical system for it shows that the matrix element of evolution
operator can be calculated as sum over all trajectories connecting the starting and final state of the
system.

Numerical computation of path integrals in imaginary time formalism with use of Monte Carlo tech-
niques proved to be an efficient way of solving non-perturbative quantum problems, led to development
of the lattice field theory and become a powerful tool in investigation of QCD.

In this thesis we employ the numerical method to evaluate path integrals in a simple context of
one dimensional quantum mechanics, which already exhibits properties that are encountered in study of
more advanced theories.

M. Creutz and B. Freedman considered anharmonic oscillator in [3] in a similar fashion. In [6] a
study of three different Monte Carlo algorithms is presented.

Plan of the thesis is the following. We start with a brief introduction of the path integral formalism,
perform transition to Euclidean time in section 2. Moreover, relationships between operators and func-
tionals, essential in our considerations are examined and derived. In section 3 we present the numerical
method of evaluating the path integrals. Then, in section 4, the presented technique is applied to the
case of harmonic oscillator.

2518253428(3)



2. The path integral

2.1. Feynman’s kernel

A wave function of a single one dimensional non-relativistic quantum particle subjected to the potential
V(z) is a solution of the Schrodinger equation:

0 A
’lhaw(%t) = Hi(z,t) (2.1)

where the Hamiltonian H = % + V(z). If at time ¢t = ¢, the wave function is ¥ (z,,t,), then at time

ty > t, it is given by:

o0

U(xp, ty) = /d:cK(xb,tb;x,ta)¢(:c,ta), (2.2)

—00

where the kernel function K (xy,ty; z4,t,) can be calculated as the Feynman’s renowned path integral:

K (2, ty; 3 ta) = /m eXp( ) /Dx exp (h(2 ()2 —V(a:(t)))), (2.3)

Tp<Tq TpTq

the action S[x(t)] is computed for a trajectory x(¢) connecting points (z4,t,) and (zy, ).
The path integral (2.3) is constructed as follows:

— the time interval [t,, ;] is split into Ny steps of length € and the beginning of each time step is
denoted as t; (1 =0,1,..., Np),

— a position z; is associated with each time t; and points (z;,t;), (2i41,t;41) are connected with
straight lines. Provided that zy = z, and zy, = 3, a discretized trajectory xy, (t), which connects
points (x,,t,) and (zp, ), is defined in this way.

— the value of action is computed for the trajectory obtained from the procedure of time discretization:

Sl (1)] = / ar (i)~ V(x(t) = NZ (% (—‘) - v<xj>> LOE) (24)

J:
and one claims that the propagator for the trajectory is given by:

Np— NT 1

KNT<xb,t,,;xa,ta):<2$h€)2 / Hd%exp( Sleny (t >z / Day () exp <hS[xNT(t)]>

TpTq Tp<—Ta
(2.5)

— in the limit Ny — oo, which we refer to as the continuum limit, the discrete time trajectories
can approximate any physical trajectory x(t) connecting points (z4,t,) and (zy,t), thus the path
integral is defined as the following limit:

/ Dar(t) exp (%5[ ) >_N1Tlgoo / Darn () exp (hS[xNT(t)]). (2.6)

Tp<—Tq Tp$<—Tq

The integration in (2.5) is carried out over all intermediate points 1, ..., xn,_1, consequently the path
integral can be interpreted as a sum over all paths connecting the points (x,,t,) and (zp, tp).

3214183370(4)



2.2. The Wick rotation

The Wick rotation is a procedure of transition to imaginary time and proves to be essential in numerical
calculations of path integrals. The Euclidean time is introduced as:

T = it, (2.7)

using the above equation in the definition of action one finds:

Sla(t)] = /: dt (% (%)2 - V(:c(t))) - z/ dr (% <Z—f)2 + v<x(7))) = iSpl(t)],  (28)

the last equality defines the Euclidean action Sg.

Real values of 7 will be considered, which means that we will be dealing with the evolution of a
quantum system for imaginary values of time ¢.

The exponent eSO — a complex-valued and oscillatory function of S[z(t)] becomes e~ #5EE®] _ 4
real-valued and exponentially damped function, which is a desired feature in numerical computations.

Another implication of the transition to imaginary time is the fact, that the evolution of a quantum
system is no longer unitary. Denoting by |n) the n-th eigenstate of the Hamiltonian H, i.e. H|n) = E,|n)
(En11 > E,) and assuming that the system has discrete energy spectrum, we find:

(1)) = eféﬁ(-rbfra)hb(Ta)) _ ef%ﬁ(Tb*Ta) ch|n> _ Zef%En(beTa)cn‘n% (2.9)
1=0 =0

where E,, is the energy of the state |n). Unless the state [¢)) is orthogonal to |0), it is projected to
vacuum for 7, — +o00.

In order to simplify notation we will denote the Euclidean time by ¢ and the Euclidean action by S
in the rest of this paper.

2.3. Averages of physical quantities

Our purpose is to evaluate path integrals numerically, we therefore restrict ourselves to the discrete
time trajectories xp,.(t), since limit Ny — oo cannot be performed on a computer. We intend to
extract physically meaningful information about a quantum system, thus a need to consider operators
representing physical quantities in quantum mechanics, which are related to functionals evaluated for
discretized paths xy,.(t), arises.

Let us define the partition function as:

Iy = / da / Darn () exp (—%S[xNT(t)]) - / Darx (£) exp <—%S[Q;NT(15)]), (2.10)

T

the integration is carried over paths connecting points (x,t = 0), (z,t = T) and the result is integrated
over x, the last equality in (2.10) simplifies the notation.

The partition function (2.10) is related to the evolution operator U(T,0) = e 7 known from the
Schrodinger formulation of quantum mechanics in an interesting way, which will be now shown. The
first step is to note that the action S|xy,(t)] can be written as a sum of terms depending only on the
values of variables on the neighboring time slices:

Ty — / Daw, (1) exp (—%JES(%JA,%)) - / Dary (1) Nglexp (—%S(miﬂ,xi)) @1

5534075667(5)



where
m

2
We now assume that there exists an operator on the Hilbert space of states T : H — H such that the
matrix element of 7 between eigenstates of the position operator & (i.e. |z) = z|z)) reads:

S(@ian, @) = (@i — 2" + SV (wis1) + 5V (@) + O(2), (2.12)

(z|T 2"y = 277315 exp (—%S(w,x')) : (2.13)

The matrix (2.13) is known as the transfer matrix. Employing the momentum operator p as a generator
of translations, equation (2.13) can be rewritten as:

2
(x|T ") @/2 - /dAe 5V @~ 2 (|6~ P2 |7 Ve~ 5V (2.14)

However, the last equation means that T can be expressed as a function of the momentum and position

operators:
o

i | [ aneFimeios | i) (2.15)
mne

>

— 00

Calculating the gaussian integral over A and transforming the result with the aid of the Baker-Hausdorff
formula, one finally obtains:

) .
72 =€ —5 V(@ )e_%%e—%‘/(x) — 7%(§7m+v(x))5+0(52)

— o i He+OE) (2.16)

Equations (2.11) and (2.13) imply that
Zny = Tt (%NT> , (2.17)

moreover, using (2.16), we find the desired relationship between the evolution operator and the partition
function:
lim Zy, = Tr <e nHT) = 7. (2.18)
Np—o00
We now proceed to define the average values of physical quantities. Let A[zn,.(t)] be a functional
evaluated for discretized trajectories. In fact, the functional A[zy,.(t)] is a function of values of positions
of the particle z; at times t;:

Alzn, (0)] = A(zo, .oy TNy ), (2.19)

since g, ..., xn, specify the discretized trajectory. The average value of the functional Alxy, (t)] is

T
defined as:

ZNT /DxNT exp (——52 ( %“—1)2 + V(xj))> Alzn, (1)]. (2.20)

At this point a question about a physical quantity represented by the functional Az, (t)] emerges.
The procedure, that was carried out in order to find the relationship between the partition function and
the evolution operator, can be conveniently generalized in order to find an operator formula for (A).
Then, operators, which appear in the operator formula, will reveal the physical significance of A[z . (t)].

2285010237(6)



Let us consider an example of a local functional A[xy,.(t)] = f(zx) where f is a smooth function
(we will be particularly interested in the case of f being a polynomial). The path integral (2.20) can be
decomposed as:

Npr—1 k

1 m X X x 1,T T T
ZNT \/ 27Th€ /DxNT_k(t)d.TkD.rk_l(t) H <e hS( i+1, ’L)) e ﬁS( k+1, k)f(mk) <e hS( i+1, z)) , (221)

i=k+1 )

I
—

I
o

however, we already know how to express the integration over x, xy, ...z5_1 and x4, ..., Ty,—1 in terms of
operators. Hence, one needs to perform the integration over x;. Assuming that there exists an operator
O, : H — H which fulfills the requirement:

(2|Oy|2) = \/;";_Lg exp (-%sg,f)) f(z) (2.22)

and repeating the steps taken in equations (2.14), (2.15) we find that:

( +V (@ ))s+0(52)

O1=c f(z). (2.23)
Consequently, the resulting operator formula reads:
) = 5T (T 41 @)T) (2.2
which in the continuum limit yields
(F (a(t))) = 5T (e ATt p(a)e 0 ) (2.25)

where t;, = ke. Therefore, the relationship between the operators and the functionals, which depend
only on one variable zy, is straightforward. Furthermore, it is interesting to note that the trace in (2.25)
is computed for the operator which is the product of f(Z) in time ¢ (cf. Heisenberg picture of quantum
mechanics) and e~ #7 | which projects to vacuum for T — oo.

The case of functlonals depending on two variables z; and x;,; proves to be more complicated. We
now consider a functional plzy, (t)] = m™*=E which seems to be a good candidate for a quantity
related with the momentum of a particle. Decomposing the path integral as in eq. (2.21) and assuming

that there exists an operator Oy : H — H whose matrix elements are

. 1 r_
(x|Ogl|2"y = 2:;5 exp (—ﬁS(ar,f)) mZ . :c’ (2.26)
we obtain the following relation
~ 5 - 7 A 2 i £
O, = 2:7;56 2V (@) / dA (m;) e~ znme i PA | o3 V(@) (2.27)

Substituting A’ = A + %ﬁ and performing the integration

r__ € /
1/2 . /dA( )e 2A€h e —PA _ ‘/2 - / ( hp))e 352 Ma — g b’ = ipe 2mhp
The Tne g

(2.28)

3503967630(7)



we find that the functional p[xy,.(t)] indeed corresponds to the momentum at time ¢, since its expectation

value reads:

(p) = z‘ZjVT Tr (%NT—kﬁj-k> :

Encouraged by (2.29) one may attempt to generalize the idea and consider a functional

PN (8)] = (mwy

3

(2.29)

(2.30)

which looks like a reasonable candidate for a quantity associated with the square of the momentum.
Again, we introduce an operator O3 acting in the Hilbert space of states H, with matrix elements given

by:

A m 1 , -\’
(x]03]x>—,/27rh€exp (—%S(x,:c)) (m . ) :

which, in terms of the momentum and position operators, can be expressed as

. m T A2 a2 ;
O3 = e 2r V(@) /dA m= ) e z=rMe iPA| ¢7 2V (@),
2mhe €

—00

Substituting A’ = A + %ﬁ and performing the integration in eq. (2.32):

m A 2 A2 i m A/ 2 A2 e 2
A = ~2erMe ™ HPA — A/ =) — 2| e Mo IRl —
\/27T77,8/d (mg)eﬂzef \/27rh5/d ((me) p)ezhe2f

we find that the result diverges as % The final operator formula reads:

() ) - (o (2-) 1)
m = TeT7T ——p°|T" .
€ ZN, 3

(2.31)

(2.32)

(2.34)

The square of the momentum is an important observable, since it is proportional to the kinetic energy
term in the Hamiltionian, however, the proposed form of functional (2.30) proves to be incorrect since

results which are diverging as ¢ — 0 are physically meaningless.

2.4. The point-splitting prescription

The point-splitting prescription is a way of defining a functional corresponding to the square of the
momentum, which originates from the paper [5] of J. Schwinger. The following functional

Tp+1 — ﬂfkmﬂ?k — Thk—1
€ €

2
Pps =m

is considered as the new candidate for a quantity representing the square of momentum.

The path integral:

1 1 _ o
<p2ps> - /DxNT(t) exp (_ﬁ&S[INT (t)]) mxk'H ka$k Tk 17

Ny € €

can be computed if it is decomposed as

1847278539(8)
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Nr—1
1 m 1 1 T —x
2 _ —+S(ziy1,%:) \ o—FS(Trr1,Tk) k+1 k
<pPS> _ T /'DxNTkl(t)diL‘kda?klpxkg(t) [i_lk-i-l 1 <e 7o (Tit1 ) e nO @+ 1,2k) -
z z k—2
—3+8(zp,mp—1) E— Pkl ( *ls(wiﬂ,l‘i))

Xe h m e n . 2.37
5 i|:0| (2.37)

Indeed, we already know that integration over Day_s(t) and Dan,_p_o(t) yields TF1 and TNr—k-1
respectively, whereas integration over dx; and dzj_; results in 7 ip. Therefore, the appropriate operator
formula reads:

(Pps) = ZLNTTr (fNT"“ ipT ip f’“) . (2.38)
Calculating the commutator:
[7—725] _ |:67H5+(9(62)7]5i| _ 7;% (e’ﬁ”O(EQ)V’(j:) X V/(@)efﬁzﬁo@?)) 7 (2.39)
we finally arrive at the formula:
(Pps) = ZjlvT Ir (prNT_k (=p* + O(e)) ”rk) : (2.40)
which, in the continuum limit, reads:
(D) = ZiTTr (e7HHT=1) (<3 + O(e)) €A} (2.41)

The minus sign in (2.41) originates from the transition to Euclidean time. Concluding, the point-splitting
prescription (2.35) enables us to calculate the expectation value of the square of momentum.

5278995854(9)



3. Numerical evaluation of path integrals

3.1. Calculating path integrals using Monte Carlo methods

We are interested in computing the average value of a physical quantity represented by a functional
Alxn,(t)], therefore eq. (2.20) is the central point of our interest. The path integral in (2.20) can
be simply viewed as a high-dimensional integral over the variables zy, z1, ..., xn,—1. However, the
integration can be performed analytically only in a few cases. Hence, a numerical method which works
for an arbitrary potential V' (z) is employed.

A Monte Carlo method is used in order to calculate the path integral (2.20). Thus the task is to
generate an ensemble of paths xx, (t) so that the average value (A) is equal to the following limit:

Nsweep

1

(4) = 5 [ Pang(t)exp (=3 Slowel0)]) Alowel)] = limyng— - Al () 31

T

where zy (t) is the i-th out of Nyyeep generated paths. The equation (3.1) holds only if probability
distribution in the ensemble of paths is given by:

1 1

Play (0] = 57— exp (3 Slow (0] (3.2)
Nt

We will now address the question of generation of the ensemble of paths. In order to find paths

that are distributed according to (3.2) we form a Markov chain of trajectories - we start with an initial
trajectory xy, () and generate subsequent paths x3, (t), 2% (1), ..., a:%Twp (t) . In the Markov chain
the trajectory zy, (t) is obtained from the previous one a:zj\?Tl (t) according to a certain algorithm, such a
process is characterized by T'[2y_(t)|xn(t)] - the probability of generating trajectory 'y _(t) if starting

from 2y, (t). Since T'[)y, (t)|xn,(t)] is the transition probability, it satisfies the following requirements:

Tz, (t)zn, ()] = 0 and /DiﬂﬁvT(t)T[ﬂf&T (O)|en ()] = 1. (3.3)

If, after k steps of the Markov process, probability distribution in the ensemble of paths is given by
Pilxn,(t)], then it will be given by:

Pz, (t)] = / Dyp(t)T [y, ()@ ny (0)] Pl (1)), (3.4)

after another step of the Markov process.
Since our goal is to generate paths that are distributed according to (3.2), we impose the following
requirement on the transition probability:

T, ®)]en (O] _ Pley, (#)]

Tlony Ol (0]~ Plans (0] (3:5)

The condition (3.5) is known as the detailed balance condition and it is a sufficient condition for P[z .. (t)]
to be an equilibrium distribution of the Markov process, because:

/ Dy, ()T [, (1) |zn, (O] P, (1)] = Pleh, (1)) / Dy, ()T [zn, ()7, (1)] = Pl ()] (3.6)

Having started from an arbitrary trajectory, after sufficiently large number of steps, the equilibrium
distribution of the Markov process will be reached:

rLtrtpL  Lp (3.7)

3830801301(10)



Since we are interested in measuring A[zn,(t)] on trajectories distributed according to (3.2) and the
Markov chain was started from an arbitrary trajectory z,_(t), the summation in (3.1) cannot include a
certain number of initially generated trajectories. Therefore, a certain number of steps of the Markov
process is performed and only when the equilibrium is reached and trajectories are being generated with
probability (3.2) do we start to measure our observable. The process of approaching the equilibrium
distribution is called the thermalization process.

3.2. The Metropolis algorithm

The Metropolis algorithm is an algorithm that performs one step of the Markov process considered in
3.1, i.e. it updates a trajectory xﬂ“VT () to obtain a new trajectory xkﬂ(t).

The trajectory x’fVT(t), defined by the sequence of numbers (zo, ..., Zn,.), is updated gradually, in one
step of the algorithm only one value of x; is modified, while the rest remains unchanged. The step of
the algorithm is accomplished in the following way:

— A random number £ is generated on interval (—1,1) with uniform probability density. Proposed
new value of z; is set as o, = z; + A where A is a fixed parameter. A trajectory :UX“,T (t) defined
by (w0, ..., Tj1, 0, Tj41, . Tovy) I8 examined.

— Difference between the values of actions for the trajectories 2§ (t), 2%, (t):

08 = Sz, (t)] = Slak, (t)] (3.8)
is calculated and if 65 < 0 then the trajectory IL"]’\?T (t) is accepted.

— If §S > 0 then a random number r is generated with uniform distribution on the interval (0, 1).
The variable x; is changed to 2’ if e 105 > ) Otherwise, the previous value of the variable z; is
restored.

Afterwards, the algorithm proceeds to the next lattice site x;1;. The procedure is repeated until all of
the lattice sites (zo, ..., n,.) are probed and the new trajectory x'ﬁ;} (t) is obtained.
Transition probability of a single update of z; of the algorithm reads:

Tyl2% (£)|2k, (£)] = min (1 e n“‘) (3.9)

It is easy to see that:

Tyl (1) ek, (D1P Lk, (0] = min (e85 e 0% OF) — Tyfal (0)|afk, (OIP, (], (3.10)

thus the transition probability T« (¢)|z}, (t)] of one step of the algorithm fulfills the requirement
(3.5) and as a result, the transition probability associated with the update of the whole trajectory
T|x ?VH( )|z, (t)] fulfills the detailed balance condition. Thus, once the thermalization process is com-
pleted, subsequent trajectories generated by the Metropolis algorithm are distributed according to (3.1).

Since in a single step of the Metropolis algorithm only one variable x; is changed, the expression for
0S5 (3.8) simplifies to:

5S = STk (t)] — Slak, ()] = ((mf - (Mf + V() - V(xj)> L 31D

9 €

which means that computation of global values of action: S[z7{ ()] and S[z}, (t)] in each step of the
algorithm is unnecessary. It is sufficient to calculate 4.5 according to (3.11). This simple observation
considerably improves performance of the Metropolis algorithm.

3611700109(11)



3.3. Estimation of statistical errors

Having generated a set of Ngyeep paths with the Monte Carlo algorithm, we are ready to start measuring

Alzn, (t)]. Assuming that paths zy (1), ..., x%;’“”"m (t) were generated before the thermalization process

had been completed, whereas trajectories x%;h”mﬂ(t), - x%Tw” (t) were generated by the algorithm in

the equilibrium and thus are distributed according to (3.2), the following sequence of measurements is

obtained: .
i . Nt erm Nt erm 1 swee
(Ally, (0)] ci =1, .yt aptherm ™ aer). (3.12)

In order to find the average value (A) one may now compute the arithmetic average in (3.1). However,
in numerical computations one deals with a finite Ngyeep, hence the number of measurements Neqs =
Nsweep — Ninerm 1s also finite, therefore verification of statistical errors plays a crucial role in analysis of
Monte Carlo algorithms results.

Each value of A[x?VT(t)] (7 > Niperm) in (3.12) corresponds to a random variable A7. Since trajec-

tories xfl\,T (t) were generated by the Markov process in equilibrium, all of these variables have the same
expectation value and variance: o

Ai = (A) and 07, = 03, (3.13)
where the overline denotes an average over a set of independent Markov chains. We use the unbiased
estimators for these values from one Markov chain:

N. N,
o 1 sweep i 5 1 sweep z . 2
A= N Z A" and 67 = N1 Z (A= A)". (3.14)
Z:Ntherm+1 Z:Ntherm"l‘l

The estimator A is a random variable itself, as its value changes from one Markov chain to another. The
variance of A is given by:

A=A AP= gy Y A AP+ Y A (@A @) (1
meas ;_N,, 49 meas ]

4,J=Ntherm+1

An important point is that in the case of trajectories generated with the Monte Carlo algorithm, the vari-
ables A’, A7 are correlated since the successive trajectories 'y (t), xf\;;l (t) are obtained from each other.
This leads to non-vanishing autocorrelation function, which, for a set Markov chains in equilibrium, is

defined as:

Ca(t) = (A = (A)) (AFF = {A)). (3.16)

Clearly, in order to calculate C4(t) in numerical computations, one does not average over the set of
independent Markov chains, but rather uses an estimator from one Markov chain:

Nsweepft
- 1 ; < ; <
meas /L':Ntherm+1

Using the definition of Cs(t) (3.16) one continues the calculation of 0% and according to [4] obtains:

N,
1 e ou)) 1 1 1
2 2 — 2
o= O = 27 g im0, 3.18
UA (2 " tz; CA(O) Nmeas 74 " (Ngleas) T tNmeas 74 ( )
1
N2

meas

where the last equation defines integrated autocorrelation time 74 ;,; and the term of order O( ) is
dropped.
The equation (3.18) has two significant implications. The standard deviation of average value of A

decreases with the number of measurements like m Moreover, the statistical error (3.18) of the

1295103007(12)



result increases as the autocerrelations between generated trajectories become stronger. This can be
interpreted in the following way: if the measurement was made on N,,..s trajectories and the integrated
autocorrelation time is estimated to be 74 jn;, then the number of effectively independent measurements
is:

N,
Nindep = ——=. 3.19
dep 27—A,int ( )
Concluding, the resulting formula for the average value of the observable A reads:
< 1 9
<A> =A4+ 27‘A77;ntm0‘14. (320)

This equation shows the way of quoting results which will be adopted in section 4.

1006935861(13)



4. Results for harmonic oscillator

In this section we present results obtained with the Monte Carlo method introduced in the section 3
for harmonic oscillator. The method works for an arbitrary potential V' (z), we decide to choose the
harmonic oscillator, since analytical solution of the problem is known and thus validity of our results
can be easily verified.
The Hamiltonian of the harmonic oscillator reads:
1 5, 1

where w is the angular frequency.

4.1. Units and scales of the problem

Three dimensionful quantities appear in the Hamiltonian of harmonic oscillator:
(7] = kgm*s™, [m] = kg, [w] = s (4.2)

The three quantities (4.2) determine the scale of the problem. Solving the physical problem with a
computer demands defining dimensionless quantities, thus the three quantities (4.2) are combined in
order to set units of mass, length, time, etc. and allow us to substitute dimensionful operators with

dimensionless ones:
D — p,x—>1/ H—>—A (4.3)

After this change any physical quantlty becomes dlmenswnless, for instance, the average value of A
(2.20) in the case of the harmonic oscillator potential reads:

= / Dy, x(t) exp (—EZ( fﬂm z;)* +%x?)>A[mNT(t)]. (4.4)

Parameters which occur in our computer calculations split naturally into three groups:

— physical quantities: the mass m of the particle inside harmonic potential well, the angular frequency
w and the time 7" of evolution of the system. In units defined by (4.3) the mass and angular
frequency are simply m = 1, w = 1 and we are left with only one physical parameter - the time T'.

— parameter associated with the discretization of the trajectory - the number of time steps Np, which
is related to the size of a time step e:
T = Nre. (4.5)

— parameters of the Metropolis algorithm, among them the number of generated trajectories Ngyeep
is the most important, since it determines the statistical error of our results (3.20).

4.2. Thermalization, autocorrelation and critical slowing down

As pointed out in sec. 3.1, having started the Markov process of generation of paths from an arbitrary
initial trajectory xj (t), we need to restrain ourselves from measurements until the thermalization
process is completed, since only then the trajectories are generated according to the distribution (3.2).

We observe the process of thermalization of our algorithm by measuring value of certain z; on
subsequently generated trajectories, as function of number of generated paths - Ngyeep, as presented in
Figure 1. Figure 2 shows examples of trajectories generated during the process of thermalization and
after the equilibrium was reached.

6533073101(14)



Figure 1: The value of z; as function of Nyyecp. The initial trajectory is %, (t) = {4, ...,
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process of thermalization, we see clearly that the algorithm is approaching vicinity of paths with the value of z; between
—2 and 2. In this case the thermalization process is finished when Nyyeep =~ 2000. The parameters are T' = 2, Ny = 500.
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Figure 2: Paths, i.e. x; as function of i, generated by the Metropolis algorithm during the process of thermalization
presented on the Figure 1 for Ngyeep = 100 —i), 1000 —ii), 5000 —iii), 20000 —iv). The trajectories i) and ii) are generated
by the Markov process before reaching equilibrium - such trajectories occur with very small probability (3.2) in the Markov
chain in the equilibrium and virtually do not contribute in measurements of observables. The trajectories iii) and iv) are
generated by the Markov process in equilibrium and are typical trajectories of a quantum particle.
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It is interesting to note that typical trajectories of a quantum particle presented in the Figure 2 are
highly irregular, these paths resemble rather a random walk than a classical motion of the particle. This
fact is in agreement with the equation (2.34) which tells us that no mean of the square of velocity exists
at any point of the trajectory.

As pointed out in section 3.3, we expect that observables measured on subsequently generated tra-
jectories will be autocorrelated. The integrated autocorrelation time 74, for an observable A defined
by eq. (3.18) as:

Nsweep

1 Calt
Tam =5 + ; CA((O)) (4.6)

provides information on how strongly the subsequent measurements are correlated.

The autocorrelations are indeed observed in data obtained with the Metropolis algorithm. We inves-
tigate the autocorrelation of measurements of the position operator z, Figure 3 shows C,(t)/C.(0) as
function of ¢.

1_0Cx(t)/CX$0) ‘ ‘ 10 Cx(t)/Cx‘(O) ‘ lIOCx(t)/CX(‘O)

A=05 A=20
081 Ty int=30.23 b 081 Tx,int= 10.06 1 081

A=80
T int = 21.09

0.6 06 06

04 0.4 r 04

02} 1 02f o2l

0.0 - - - 0.0
0 10 20 30 40 0

0.0 - y
0 10 20 30 40

Figure 3: Plot presents C,.(t)/C.(0) as function of ¢ i.e. the Monte Carlo time separation between subsequently generated
paths. Parameters 7' = 10 and Nt = 60 are fixed, the A parameter which determines the maximum change of x; in one step
of the algorithm is set to 0.5, 2.0, 8.0. In order to minimize the statistical errors one has to minimize the data autocorrelation,
which means that the A parameter must be carefully controlled during computations. Points are connected to guide the
eye.

However, the major problem is the relationship between 74 ;,; and Np, since our aim is to perform
calculation for possibly large Nr. Figure 4 shows 7, ;,; as function of Np.

Tx,mt(NT) Tx,mt(NT) Tx,lnt(NT)
‘ 12 : 20 ‘
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g 1 10} T=20 1
40 2= 2.245(19) 2 = 2.230(10) 5l 2=2.249(18)
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Figure 4: Plot presents Tz,int @s function of lattice size Ny for T' = 10, 20, 50. We see that the autocorrelation time 7, jn¢
is increasing quickly with growing Np. Function fr(N7) = a (Nr)® + b is fitted in each case, obtained exponents z are
displayed on the plots.

We therefore observe that the integrated autocorrelation time 7, ;,; varies as the z-th power of the
lattice size Ny. The conclusion is that we observe a phenomenon known as the critical slowing down [4].
According to [4] T4, is expected to behave as:

Tant ~ (N1)° (4.7)

for any observable A. The important message of eq. (4.7) is that the numerical cost of obtaining results
with relatively small statistical errors grows as z-th power of the lattice size Ny.
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4.3. Fundamental observables 7?2, ]52

In this section we are interested in average values of 22, p? obtained with the Monte Carlo method.

The Monte Carlo method allows us to compute average values of observables according to eq. (2.20)
for finite Ny, moreover, the value of Ny cannot be very large, since the computational effort grows as
2-th power of N7, according to eq. (4.7). Consequently, taking the limit Ny — oo, is not feasible.
However, the continuum limit is part of the exact solution of a quantum mechanical problem with use
of path integrals - cf. (2.6). Thus, the crucial question we have to address is how the fact, that we are
restricted to study the system for relatively small values of Np, influences our results.

The continuum limit cannot be performed ona a computer, however, one can examine how the
results depend on the value of Ny and expect, that if N is set to be large enough, the influence of time
discretization will become negligible. Figure 5 shows computed values of the observables (%), (p%¢) as
functions of the lattice size Nyp.

04F K <x2>
02} T=10 1
0.0 Fo5 ]
[ ®e ]
-02¢ \\‘\“M-_‘ ’ i
B < > ]
-04r 33 35 % 3 3 % 5 5 5 5 5 5 58 Zps‘ 3 3-
—06F . ‘ ‘ ‘ ‘ ‘ Nt ‘ ‘ ‘ ‘ ‘ ‘ L]

0 50 100 150

F T T T T T T T T T T T T T T T T

0.4 . * <x2>
r . b
02p , T=20 ]
00—+
-02F ]
: M <pp52> ]
-04 Nt * *—o—
= L L L | L L L | L L L | L L L | L L L | ]

0 20 40 60 80 100

T T T T T T T T T T N PN — — PN ~
04l ././,.,‘4—*—"_*-* <X2> ]
02F «° ]
[e T=50 ]
00 [*ee, ]
-02F ]
r <pp52> ]
-04F Ny * % 9 = L e e e
L L L L L | L L L L | L L L L | L | L L L L | L L | L L L L ]
0 50 100 150 200 250 300 350

Figure 5: Mean values (&%), (p3,) as functions of number of lattice sites Ny calculated for T' = 10,20, 50 and fitted
functions fr(Nr).

1.

Indeed, the values of (%), (p,) are stabilizing with growing Ny. Fitting polynomials in o

Fr8r) =3P (NLT) , (48)

i=0
where P; are parameters of the fit, allows to extrapolate the Monte Carlo results to Ny — oco. Value of
Py obtained in each fit approximates the continuum limit value:

limy, oo (%) = (#%)cr, and  limy, oo (Ph) = (Pos) oL (4.9)
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Obtained in this manner values of (#?)¢r and <p12,8)0L are displayed in Table 1. We note, that results
for T'= 20 and T" = 50 are in agreement within estimated statistical error and their absolute values are
equal to % We address the problem of meaning of the physical time 7" in the next section.

Table 1: Obtained values of (2*)cr, and (p2,)cL

T 10 20 50
(x?)cr || 0.50428(47) | 0.49995(61) | 0.50091(56)
(2 cr || —0.5034(69) | —0.4993(30) | —0.4994(31)

pSs

3

It follows from Figure 5 that pf,s, as being more complicated functional than 22 cf. 2.4, is converging
more slowly to its continuum limit value than z?. Furthermore, we see that with growing 7" we need to
set bigger and bigger values of N7 in order to be able to extract the continuum limit values of observables.
It is interesting to confront this fact with Figure 4 which shows, that the constant a is decreasing as the
value of Ny grows. Concluding, all the parameters in the problem are coupled and one has to put the
same numerical effort to obtain physically significant results independently on value of T'.

4.4. The ground state of the system

The time T of evolution of the system, the only physical parameter in the problem, plays an important
role for it determines whether the higher energy states are present in our computations.
Calculating the average value of a local functional A[zy,.(t)] = A(zy) in the basis of eigenstates |n)
of the Hamiltonian H we find:
1

N . 1 & N
Ay=—"Tr (e’H(T’t’“)Ae’H(t’“)> = — nle BT Aln) =
() s ol A

1 . A
E e Bl (n|An).  (4.10)
ZNT n=0

Do e BT —

Eigenstates are ordered, F, .1 < E,, thus:
(A) = (0|AJ0),  for T — 400, (4.11)

Therefore, calculation of (A) according to eq. (2.20) for sufficiently large T, provides the expected value
of A in the ground state of the system.

Let us now determine the value of T" which is sufficient to separate the ground state of the system.
Denoting the energy gap between n-th excited state and the ground state as: A, = E,, — Ey, we rewrite
(4.10) in the following form:

1 = AT 1
(A) = AT ;e (n|Aln), (4.12)
The terms in the sums in eq. (4.11) are exponentially suppressed with growing A,,, thus, the larger
the energy gaps A, are, the lower value of T is sufficient to neglect the terms e 7 with n > 1. We
therefore see, that the difference between energies of the first excited state and the ground state - A -
determines the value of T" which must be set in order to obtain the expectation value of the observable
A in the ground state of the system.

Exact value of A is unknown, since E; and even Ej are not determined yet. Hence, one cannot a
priori tell which value of T is sufficient to isolate the ground state. We can, however, investigate how the
value of time T influences the average value of certain observable A and expect that (4) is stabilizing
as T' is growing larger.

The dependence of (H) on the value of T" will be examined in this section. The functional which
corresponds to the Hamiltonian H (4.1) at time ¢, reads:

L(zppr — ) (T —mp1) | 1

Hlzn, ()] = 5 = + 5%k (4.13)
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where 0 < k < Nr and the point splitting prescription (2.41) is used in the kinetic energy term. The
minus sign in the kinetic energy term is an important detail, since it expresses the fact that we study
evolution of the system in imaginary time - the i appears in the second derivative 0 dt (cf section 2.4).
In fact, the negative value of (p%g) has already been observed in section (4.3) and thus, the Hamiltonian
H (4.13) is the sum of two quantities, both of which have the positive expectation value.

The Monte Carlo results are compared with the mean value of (H > Calculated according to (4.10)
ie. (H) = W >y PTE,, where the values of energies E, = 1 + n are obtained from the
well known analytical solution of the time independent Schrodinger equatlon for the harmonic oscillator.
The summation is performed analytically:

1 T d — 1 T

o — ~(ynmyr L il e~ GtI)T ) — ZCoth [ = ) . 4.14
(H) Zzozoe(;Jrn)T;e > (2+n) —rlog nz_% 2 5Co 5 (4.14)
<H>(T)
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Figure 6: Mean value of the Hamiltonian (H) (4.13) plotted as function of T'. The red symbols denote results of our

computations (every point represents the continuum limit value of (H) for the corresponding time 7"). The function
1Coth ( ) is plotted in blue.

Figure 6 presents (H) as function of 7. The important message is that (H) is stabilizing as T is
growing. Furthermore, the Figure 6 provides us with information about the value of 7" that is needed to
be set in order to neglect the contribution of terms associated with higher energy states in (4.13). The
sufficient value is approximately T = 10.

We are now able to interpret results presented in Table 1 and relate them with energy of the ground
state of the system. The mean value of the kinetic energy in the ground state of the harmonic oscillator
can be calculated according to the virial theorem as:

0135710) = 020y = (01 220), (1.15)

which implies that the average value of the Hamiltonian is equal to:

(0|H|0) = (H) = (2°) = —(pps), (4.16)

for the sufficiently large 7.

The energy of the ground state is equal to Ey = %, which is known from the analytical solution of the
harmonic oscillator. As pointed out in section 4.3 (2%)¢ and (p2,)cr for T = 20 and T' = 50 are, within
estimated statistical errors, equal to 3 (or to —3 in case of (p2)cr). The absolute values of (2%)cy, and
<p12;s>C'L for T' = 10 are slightly bigger than % which means, that the contribution from the higher energy
states is not entirely negligible for 7" = 10.

2686050363(19)



Concluding, the energy of the ground state of the harmonic oscillator is obtained and equal, as
expected, to % At this point the question about energies of the excited states can be addressed. Having

generated results presented in Figure 6 and knowing the relationship between <I:I ) and T one could try

to fit function such as: N
cut

1 —P,T
f(T) = S ; e T'p, (4.17)
to obtained results, where P, would be parameters of fit, equal to sought energies F,, and N, an
arbitrary parameter. Unfortunately, such a method does not work properly even for N.,; = 1 - the fitted
function is highly nonlinear and obtaining values of (ﬁ ) for small 7" with reasonable statistical errors
requires a lot of numerical effort. The solution of problem of finding energies of higher energy states is
presented in section 4.5.

4.5. Two-point correlation functions
4.5.1. Definition and relation to the higher energy states

Two-point correlation function (or simply two-point function) is a quantity which is evaluated from
measurements of observables at two different times during evolution of system and therefore is dependent
on the time separation ¢t between the measurements. Two-point functions prove to be a convenient way
in calculation of energies of excited states of a quantum system.

Let us consider the two-point correlation function of two local functionals Asxy,.(t)] = Aa(xy) =
Ag(tk) and Al[lL‘NT(t)] = Al(l‘[)) = Al(O)

1 - N fr, A
(Aa(te) A1(0)) = —— / D, (e 0 Ay (1) A1 (0) = ——Tr (e—H<T—t>A2thA1>. (4.18)
Nt

Nt

The operator formula on the RHS of (4.18) can be obtained by a straightforward generalization of
derivation of (2.25). Even though the order functionals A;(0) and As(#;) in the path integral (4.18)
can be rearranged, the time succesion of functionals (i.e. both are evaluated at different ¢) implies the
structure of the operator formula.

The trace in (4.18), computed in the basis of eigenstates of the Hamiltonian, provides information
about energies:

A 1
(Az(tr)A1(0)) = _Z nle™TT=1) Ay~ Mt Ay |n) = 7 Z ol o Em=Enli (n] Ay |m) (m| Ay |n),
NT n=0 Nr n,m=0
(4.19)
which becomes
(As(tr)A1(0)) = Ze*(E"*EO)t’%O\AQ\m <n|1211\0) for T — +o0. (4.20)
n=0

The energy gaps A,, are the only parameters in relationship between value of the two-point function and
time ¢, provided that 7' is sufficiently large. Let us assume, that we are interested in the energy of the
first excited state. If operators A; and A,, such that the matrix elements (0|As|m) and (m|A;|0) are
nonzero for m = 1 and are negligible for m # 1, were found , then we would be able to determine the
value of A1, since one would expect a simple exponential dependence between the value of the two-point
function and time ¢. Furthermore, we note that even if terms with (0|Ay|m) and (m|A;|0) have to be
taken into account for m # 1, the contribution of these terms becomes negligible for sufficiently large
values of t, since A,, > A;.

3749706041(20)



4.5.2. The first excited state of the harmonic oscillator

In this section the energy of the first excited state is determined. We consider a two-point function of
Aj[xn, (t)] = 2o and As[zn,. ()] = 2. Such a choice of observables enables us to find the value of A;.
In our case, the two-point function, according to eq. (4.19), can be expressed as:
1 [e.e]
Gz (ty) = (xpxo) = 5 e Pl o= (Bn=En)te| (| &|n) |, (4.21)
ZNy Rt
The operator Z enables us to determine the value of A; for the harmonic oscillator, since it is a linear
combination of creation and annihilation operators:

1
A A~ /\T
r=—(a+a'), 4.22
() (122
where @ and a' are defined in the standard way for the harmonic oscillator. Hence, the matrix element
that appears in (4.21) is nonzero only if m = n £ 1. If considered values of T" are sufficiently large to

isolate the ground state of the system, the two-point function becomes:

Ga(te) = Y e PP (n|3]0)[* = e~ 1) | (1|2]0) | (4.23)
n=0

NT =60
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Figure 7: Plot presents Log ({(zxzo)) as function of ¢ for T' = 20 and different lattice sizes Nt = 60, 80. Fitted straight
lines (4.24) are denoted in blue.We note that equation (4.21) is invariant under substitution ¢ — T — tj,, which results in
the mirror symmetry of plots (up to denoted statistical errors).

Figure 7 presents the logarithm of G;(t;) as function of the time interval t;. As expected, we observe
that the value of two-point correlation function is exponentially suppressed as t; grows. Therefore,
functions fn,.(t):

frr(t) = Ae™2, (4.24)
where A, A; are parameters, are fitted to generated in the Monte Carlo simulation data and shown in
the fig. 7. Resulting values of Ay, equal to obtained values of A, are displayed in Table 2.

We note that values of the first energy gap for Ny = 60,80,100 are, within estimated statistical
errors, equal to 1. We claim that the slightly lower than 1 values of A; for Ny = 20,40 are artifacts of
the discretization of trajectories. Since values of Ay for Ny = 60,80, 100 are in agreement we conclude,

that the continuum limit value of A is a weighted arithmetic mean (with weights ——) of results for
Aq

Ny = 60, 80, 100:
Arcr = 0.99847(59). (4.25)

The value of A; ¢y, is in agreement with the value known from the analytical solution i.e. 1, within 3
estimated standard deviations.
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Table 2: Energy difference between first excited state and ground state AE; and its standard deviation o, for T' = 20.
Nr 20 40 60 80 100

Ay || 0.9678 | 0.99174 | 1.00043 | 0.9982 | 0.9956
oa, || 0.0079 | 0.00083 | 0.00093 | 0.0010 | 0.0012

4.5.3. The second excited state

We now proceed to find energy of the second excited state of the harmonic oscillator. According to
(4.20), the value of Ay can be computed similarly as A; in section 4.5.2, provided that we find operators
A and A, with vanishing matrix elements between the ground state and the first excited state: (1|A;]0),
(1]45]0).
A two-point correlation function of A;[zy, (t)] = 2 and Aslxy, (t)] = 23 is considered. The square

of position operator 22 can be expressed as:

R R S et

T —§(a + (ah)? +2a'a + 1), (4.26)
with the aid of (4.22). The equation (4.26) means that the matrix element (m|2?|n) is nonzero only if
n =m =+ 2 or n = m. Thus, in our case, the two-point function can be expressed as:

Gas(t) = (z4ap) Ze (En B0tk | (n]22]0)[* = [(0]2*|0) |* + e~ F2~F0)x (2|22 0) 2 (4.27)
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Figure 8: Plot on the left presents (x2z3) as function of ¢ for T = 20 and Ny = 80. Plot on the right shows
Log ((xzx% — a)), where a is constant function denoted as blue line on the left plot. The value of a is equal to square of
the matrix element: a = [(0|22|0)|?, and as expected (cf. (4.26)) obtained values of a are, within statistical errors, equal

1
to i

Figure 8 presents computed values of the two-point propagator function of observable 22, As expected,
the two-point function, after subtraction of term which does not vanish as t becomes large, i.e. (a:fk x3) —
|(0]22]0)|? depends exponentially on time ¢ and therefore can be used in order to determine the value of
As. The value of A is calculated similarly as A; in section 4.5.2 - exponential functions

Frg () = Ae™! (4.28)

are fitted and displayed on the left plot of fig. 8. Parameters A, obtained in fitting are equal to desired
values of Ay. Results are presented in Table 3.
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Table 3: The second energy gap Ay and its standard deviation oa, calculated for T' = 20.
L 20 40 60 80 100

Ay || 1.9415 | 1.9883 | 2.0044 | 2.0056 | 1.9800
oa, || 0.0016 | 0.0051 | 0.0059 | 0.0067 | 0.0075

Again, we observe that results for Ny = 60,80,100 are in agreement within estimated statistical
errors, while values of A, for Ny = 20,40 are slightly lower. Calculating the continuum limit value of
As as the weighted arithmetic mean of results for Ny = 60, 80, 100, we obtain:

Ay = 1.9984(38). (4.29)

The value of Ay ¢y, is in agreement with the value known from the analytical solution i.e. 2, within 1
estimated standard deviation.
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5. Summary

In this thesis a way to tackle numerically quantum mechanical problems is presented. A self-contained
description of the Monte Carlo method of evaluation of path integrals is introduced. It is employed
in order to obtain energies of low lying states of one dimensional harmonic oscillator. Our work is
characterized by an emphasis on practical and physical issues encountered in numerical calculation of
path integrals which constitute common problems that have to be addressed in case of similar studies of
more complex theories.

In the first part of this thesis we briefly introduced the path integral approach to quantum mechanics,
which is equivalent to the operator technique. The fundamental correspondence between quantum
mechanical operators and functionals evaluated for trajectories proved to be non-trivial and led us
towards definition of the point-splitting prescription. To our knowledge, the derivation presented in
sections 2.3 and 2.4 is novel. After the transition to the Euclidean time was performed, the factor which
weights trajectories e#3*¥r®! in the path integral became e~ #5Ene (O and thus made the numerical
calculation of path integrals feasible.

The next step was to note that the path integral, in the case of the time discretized trajectory,
is a high dimensional integral over the lattice variables and as such can be evaluated with the Monte
Carlo method. The Metropolis algorithm proved to be both feasible to implement and an efficient
way of generating trajectories, however, in case of systems with a non-local action, performance of the
Metropolis considerably decreases and one uses algorithms which base on different ideas - for instance
the Hybrid Monte Carlo cf. [6].

Finally, having prepared the numerical method, we approached the problem of harmonic oscillator.
We were rather interested in comprehension of the functioning of the Monte Carlo method than in
obtaining excessively accurate results. The first step of analysis was to investigate the process of ther-
malization of the algorithm. It was found that measurements of the position observable on generated
paths stabilize after a certain number of algorithm steps. Once the thermalization process was com-
pleted, we were able to measure physically interesting observables avoiding systematic errors. As one
would expect, data obtained from measurements of an observable on subsequently generated trajectories
were autocorrelated. These autocorrelations were growing stronger as the lattice size Ny was increasing,
moreover, the integrated autocorrelation time turned out to be proportional to the power of the lattice
size: T4t ~ (Nr)?, which means that we encountered the critical slowing down of the algorithm. Then,
the question of impact of the finite Ny on our results was addressed. Relationship between the mean
values of observables 22, p? and the lattice size was examined, the resulting averages (2?) and (p%¢) were
found to be converging to their continuum limit values, which are of physical significance. The next
step was to explore the dependence of time 7' of evolution of the system on our results. We have shown
that the contribution of higher energy states in averages of observables is decreasing as T is becoming
larger and that the value of T sufficient to isolate the ground state is determined by the first energy gap
A;. Study of the expectation value of the Hamiltonian (H) as function of T indicated, that T =~ 10
is enough to recover the average values in the ground state of the system. Eventually, the two-point
correlation functions were defined and we found that the correlators of & and 2 are convenient tool in
determination of energies of the first and the second excited state of the system.

Concluding, this thesis demonstrates that path integrals can be effectively evaluated with use of
Monte Carlo method. The main advantage of the method is it straightforward extension to systems with
more degrees of freedom. A field theory is obtained when the time slicing is replaced by a space-time
lattice. Furthermore, the method can be employed in investigation of non-perturbative problems, which
play a crucial role in QCD. Hadron spectroscopy is an example of such a problem. Hadron masses can
be obtained with use of the two-point function in the similar manner (cf. [2]) as energies of the first and
the second excited states were obtained in this thesis.
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