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// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: SSE Heisenberg.h

#pragma once

#include<iostream>
#include<fstream>
#include<vector>
#include<set>
#include<math.h>
#include<stdlib.h>
#include<time.h>
using namespace std;

#define BOTTOM false
#define TOP true

#define BOTTOM_LEFT 0
#define BOTTOM RIGHT 1
#fdefine TOP_LEFT 2
#define TOP RIGHT 3

#define IDENTITY O
#define DIAGONAL 1
#define OFF DIAGONAL 2

class Leg;
class Operator;

class Lattice;

class Leg {

private:

bool type; // TOP or BOTTOM

bool Is in cluster; // indicate whether this leg has been put
into a cluster

int spin position; // position in x direction

int time position; // position in imaginary t direction

Operator* attaching operator; // the operator this leg belongs to

Leg* neighbor leg; // the leg next to this leg in the same
operator

Leg* linked leg; // the leg linked with this leg
public:

Leg ()

bool get type() const;

int get time position() const;

Operator* get operator() const;

void add to cluster (vector<bool>& spin);

void clear cluster();

void initialize time position(int Time Position, bool Type, Operator* op,
Leg* Neighbor) ;

void change spin position(int Spin Position);

void change linked leg(Leg* Linked Legq);

friend bool operator<(const Leg& vl, const Leg& v2);

}i
class Operator {
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private:

int type; // identity, diagonal or off-diagonal

int flipped times; // the times that this operator has been
flipped

int spin position; // position in x direction ( left one )

int time position; // position in imaginary t direction ( bottom
one )

vector<Leg> leg; // 4 verteces of every operator
public:

}i

Operator () ;
void initialize time position(int Time Position);
int get type() const;

int get spin position() const;
int get time position() const;
void add flipped times();

void flip();

void create diagonal operator (int Spin Position, int N);
void delete operator();
Leg* get leg(int place);

class Lattice {

private:
double beta; // 1/kT
int N; // total number of spins
int M; // total number of time slices
int n; // total number of operators
vector<bool> spin; // spin in the initial state alpha 0
vector<Operator> operators; // operators of every row
struct compare { bool operator () (const Leg* vl, const Leg* v2) const; };
vector<set<Leg*, compare>> leg in colomn; // vertex of every colomn

void link leg(set<Leg*, compare>::iterator& leg iter, set<Leg*, compare>&

colomn) ;

void create diagonal operator (int Spin Position, int Time Position);
void delete diagonal operator (int Time Position);

void diagonal update();

void operator loop update();

public:

}i

Lattice(int n, int m);

void change beta (double Beta);
void step();

double energy();
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// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: lattice.cpp

#include"SSE Heisenberg.h"

Lattice::Lattice(int n, int m) {
N = n;
M = m;
leg in colomn.resize (N);

operators.resize (M) ;
for (int i = 0; 1 < M; 1i++) {
operators[i].initialize time position(i);

}

spin.resize(N);
for (auto iter = spin.begin(); iter != spin.end(); iter++)

*iter = rand() % 2;

}

void Lattice::change beta (double Beta) {
beta = Beta;
}

bool Lattice::compare::operator () (const Leg* vl, const Leg* v2) const ({
return *vl < *v2;

}

void Lattice::create diagonal operator(int Spin Position, int Time Position) {

n++;

Operator* op = &operators[Time Position];

set<Leg*, compare>* left column = &leg in colomn[Spin Position];

set<Leg*, compare>* right column = &leg in colomn|[ (Spin Position + 1) % NJ;

op->create diagonal operator(Spin Position, N);

auto iter left bottom =
left column->insert (op->get leg (BOTTOM LEFT)).first;

auto iter left top = left column->insert(iter left bottom,
op->get leg(TOP LEFT));

auto iter right bottom =
right column->insert (op->get 1leg(BOTTOM RIGHT)).first;

auto iter right top = right column->insert (iter right bottom,
op->get leg (TOP RIGHT)) ;

link leg
link leg
link leg
link leg

iter left bottom, *left column);
iter left top, *left column);

iter right bottom, *right column);
iter right top, *right column);

}

vold Lattice::delete diagonal operator(int Time Position) {

n--;
Operator* op = &operators[Time Position];
set<Leg*, compare>* left column = &leg in colomn[op->get spin position()];
set<Leg*, compare>* right column = &leg in colomn[ (op->get spin position()
+ 1) % NJ;

auto iter left = left column->find(op->get leg(BOTTOM LEFT)) ;
iter left = left column->erase(iter left);
iter left = left column->erase(iter left);
if (!left column->empty()) {
if (iter left == left column->end())
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iter left = left column->begin();
link leg(iter left, *left column);
}

auto iter right = right column->find(op->get leg(BOTTOM RIGHT)) ;

iter right = right column->erase(iter right);
iter right = right column->erase(iter right);
if (!right column->empty()) {
if (iter_right == right column->end())
iter right = right column->begin();
link leg(iter right, *right column);
}

op->delete operator();
}

void Lattice::link leg(set<Leg*, compare>::iterator& leg iter,
compare>§& colomn) {

if ((*leg iter)->get type() == TOP) {
if (leg iter == (--colomn.end()))
(*leg iter)->change linked leg(*colomn.begin()):;
else {
auto copy = leg iter;
copy++;

(*leg iter)->change linked leg(*copy):;
}
}

else {
if (leg iter == colomn.begin())
(*leg iter)->change linked leg(* (--colomn.end()));
else {
auto copy = leg iter;
copy--;

(*leg iter)->change linked leg(*copy):;

}

voild Lattice::diagonal update() {
vector<bool> bond(N) ;
vector<int> bond position(N);

for (int i = 0; 1 < N; i++) {
bond[i] = (spin[i] !'= spin[(i + 1) % NJ);
}
for (auto op iter = operators.begin(); op iter !=

operators.end();op_iter++) {
int type = op iter->get type();

if (type == OFF DIAGONAL) {
bond[ (op_iter->get spin position() - 1 + N) % N]
= !bond[ (op_iter->get spin position() - 1 + N) % NJ;
bond[ (op_iter->get spin position() + 1) % N]
= !bond[ (op_iter->get spin position() + 1) % NJ;
}
else {
int Nb = 0;
for (int position = 0; position < N; position++) {
if (bond[position]) {
bond position[Nb] = position;
No++;
}
}
if (type == IDENTITY) {
if ((double) (2 * (M - n)*rand()) / (Nb*RAND MAX)
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add (double) here when beta is small

create diagonal operator(bond position[rand()%Nb],op iter->get time positio

n());
}
else {
if (Nb*rand()*beta < 2 * RAND MAX*(M - n + 1))
delete diagonal operator (op iter->get time position()):;
}
}
}
}
void Lattice::operator loop update() {
for (auto column iter = leg_in colomn.begin(); column iter !=
leg in colomn.end(); column_ iter++) {
for (auto leg iter = column iter->begin(); leg iter !=

column iter->end(); leg iter++) {
(*leg iter)->add to cluster(spin);
}
}

for (auto op iter = operators.begin(); op iter != operators.end();
op_iter++) {
op_iter->flip();
}

for (int 1 = 0; 1 < N; i++) {
if (leg in colomn[i].empty() && rand() % 2)
spinf[i] = !spin[i];

}

voild Lattice::step() {
diagonal update();
operator loop update();

}

double Lattice::energy () {
return -n / beta / N + 0.25;
}
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// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: operator.cpp

#include"SSE Heisenberg.h"
Operator::0perator () {

type = IDENTITY;

flipped times = 0;

leg.resize(4);
}
void Operator::initialize time position(int Time Position) {

time position = Time Position;

leg[BOTTOM LEFT].initialize time position(Time Position, BOTTOM, this,
&leg[BOTTOM_RIGHT]);

leg[BOTTOM RIGHT].initialize time position(Time Position, BOTTOM, this,
&leg[BOTTOM_LEFT});

leg[TOP LEFT].initialize time position(Time Position + 1, TOP, this,
&leg[TOP_RIGHT]);

leg[TOP_RIGHT] .initialize time position(Time Position + 1, TOP, this,
&leg[TOP_LEFT]);
}
int Operator::get type() const ({

return type;

int Operator::get spin position() const {
return spin position;

int Operator::get time position() const {
return time position;

}

voild Operator::add flipped times () {
flipped times++;

}

void Operator::flip() {

o)

if (flipped times % 2) {
if (type == DIAGONAL)

type = OFF DIAGONAL;
else {
type = DIAGONAL;

}
}
flipped times = 0;
for (auto leg iter = leg.begin(); leg iter != leg.end(); leg iter++) {
leg iter->clear cluster();
}
}
void Operator::create diagonal operator(int Spin Position, int N) {
type = DIAGONAL;
spin _position = Spin Position;
leg[BOTTOM LEFT].change spin position(Spin Position);
leg[TOP_LEFT] .change spin position(Spin Position);
leg[BOTTOM RIGHT].change spin position((Spin Position + 1)%N);
leg[TOP_RIGHT] .change spin position((Spin Position + 1)3%N);
}

vold Operator::delete operator() {
type = IDENTITY;

}

Leg* Operator::get leg(int place) {
return &(leglplacel]);

}
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// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: leg.cpp

#include"SSE Heisenberg.h"

Leg::Leg () {
Is _in cluster = false;

}

bool Leg::get type() const {
return type;

}

int Leg::get time position() const {
return time position;

}

Operator* Leg::get operator() const ({
return attaching operator;

}
void Leg::add to cluster (vector<bool>& spin) {

if (!Is_in cluster) {
bool flip judgement = (bool) (rand() % 2);
Leg* current leg = this;
do {
current leg->Is in cluster = true;
current leg = current leg->neighbor leg;
current leg->Is in cluster = true;

if (flip judgement) {
current leg->attaching operator->add flipped times();

if ((current leg->type == TOP && current leg->time position >
current leg->linked leg->time position)
|| (current leg->type == BOTTOM && current leg->time position

< current leg->linked leg->time position))
spin[current leg->spin position]
= l!spin[current leg->spin position];
}
current leg = current leg->linked leg;
} while (!current leg->Is in cluster);
}
}
void Leg::clear cluster() {
Is _in cluster = false;
}
void Leg::initialize time position(int Time Position, bool Type, Operator* op,
Leg* Neighbor) {

time position = Time Position;
type = Type;
attaching operator = op;

neighbor leg = Neighbor;

}

void Leg::change spin position(int Spin Position) {
spin _position = Spin Position;

}

void Leg::change linked leg(Leg* Linked Vertex) {
linked leg = Linked Vertex;
Linked Vertex->linked leg = this;

}

bool operator<(const Legé& vl, const Leg& vZ2) {
if (vl.time position < v2.time position)
return true;
else if (vl.time position == v2.time position && vl.type == TOP)
return true;
else
return false;
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// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: driver.cpp

#include"SSE Heisenberg.h"

int main () {
srand ( (unsigned int) time (NULL)) ;
ofstream energy file("test.txt");

for (double beta = 1; beta < 200; beta *= 2) {

double energy = 0;

for (int test = 0; test < 10; test++) {
Lattice lattice (100, 10000);
lattice.change beta (beta);

for (int t = 0; t < 100; t++)
lattice.step();

for (int t = 0; t < 1000; t++) {
lattice.step();
energy += lattice.energy();

}

cout<< beta << '\t' << energy / (1000 * 10) << '\n';
energy file << beta << '\t' << energy / (1000 * 10) << '\n';

}
energy file.close();

return 0;
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B3 E Bose-Hubbard #2 I BENL S BB B LR

// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: SSE Hubbard.h

#pragma once

#include<iostream>
#include<fstream>
#include<vector>
#include<set>
#include<math.h>
#include<stdlib.h>
#include<time.h>
using namespace std;

#define BOTTOM_LEFT 0
#define BOTTOM_RIGHT 1
#fdefine TOP_LEFT 2
#define TOP RIGHT 3

#define IDENTITY O

#define DIAGONAL 1

#define LEFT 2

#define RIGHT 3

#define SQRT 2 1.41421356237

extern double beta, U, mu;

extern int probability table[3]1[3][3][3]1[3];
extern int site occupation probability[2];
class Leg; // leg is the verteces of an operator, every operator has
four legs
class Operator; // operator ( identity, diagonal and off-diagonal )
class Lattice; // all information in the simulation
class Leg {
private:

int type; // type (position) of the leg

int occupation number; // the number of bosons in this leg

int new occupation number; // used to store new value of occupation
number before the update applies

bool Is starting point; // mark whether this leg is the starting point
of the loop update

int spin position; // position in x direction

int time position; // position in imaginary t direction

Operator* attaching operator;
Leg* linked leg;

public:
Leg();
int get type() const;
int get time position() const;
int get spin position() const;
Operator* get operator() const;
int get occupation number () const;

Leg* get linked leg() const;

void change starting status(bool new status);
bool Not starting point () const;

void change occupation number (int n);

void change occupation number (const Legé& leg);
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void random new occupation();

void change new_occupation (int n);

void update new_ occupation ()

void remove new_occupation();

void initialize(int Time Position, Operator* op);
void change spin position(int Spin Position);

void change linked leg(Leg* Linked Leg);

friend bool operator<(const Leg& vl, const Leg& v2);

’

}i

class Operator {

private:
int type; // identity, diagonal, left or right
bool Is changed; // indicate whether this operator is changed
during loop update
int spin position; // position in x direction ( left one )
int time position; // position in imaginary t direction ( bottom one )
vector<Leg> leg; // 4 verteces of every operator
public:

Operator () ;
void initialize time position(int Time Position);
int get type() const;
int get spin position() const;
int get time position() const;
bool get update status() const;
void create diagonal operator (int Spin Position, int N);
void delete operator();
void change update status(bool new status);
void type update();
Leg* loop_ update (Leg* p leqg);
Leg* get leg(int place);
}i

class Lattice {

private:
int N; // total number of sites
int M; // total number of time slices
int n; // total number of operators

vector<int> site occupation; // occupation number of the sites of alpha 0
vector<Operator> operators; // operators of every row

struct compare leg { bool operator() (const Leg* vl, const Leg* v2)
const; };
vector<set<Leg*, compare leg>> leg in colomn; // vertex of every colomn

void link leg(set<Leg*, compare leg>::iterator& leg iter, set<Leg¥*,
compare leg>& colomn);

voild create diagonal operator (vector<Operator>::iterator& op, int
Spin_ Position);

void delete diagonal operator (vector<Operator>::iterator& op);

void diagonal update();

void operator loop update();

void site occupation update();
public:

Lattice(int n, int m);

void step();

double energy() const;

double rho () const;
int get n() const;
void output configuration (ofstream& file) const; // output the

occupation number of every site

friend ostream& operator<<(ostream& os, Lattice& lattice);// output all
operators and legs
}i
void parameter renew (double Beta, double interaction, double
chemical potential);
double matrix element (int n0O, int nl, int operator type);
double matrix element (const vector<Operator>::iteratoré& op);
double matrix element (int n0O, int nl, int n2, int n3);
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// Compiler:
// Programmer:
// File name:

CHEN Ao
constants.cpp

#include"SSE Hubbard.h"
double // 1/kT
double
double

beta;
U;
mu;
double el, e2, e3, e4d, e5;

int probability table[3][3][3]1[3][3]
int site occupation probability[2];

void parameter renew (double Beta,
chemical potential) {

beta = Beta;

U = interaction;

mu = chemical potential;

el =mu / 2 + U;

e2 =mu + U / 2;

e3 = mu + U;

ed =mu * 3/ 2+ U0/ 2;

eb5 2 * mu;

(int n0 = 0; nO0 < 3; nO++)
for (int nl = 0; nl < 3;
for (int n2 = 0; n2 < 3;
for (int n3 = 0;

if (n0 + nl

continue;

double weight[4];
weight [0] = matrix
weight [
weight [
weilght [

for

matrix

2] =
3] =

weight [3];

double current weight

for (int new leg =

current weight

probability table[n0] [nl
(int) (current weight / total weight* (RAND MAX + 1)

}
}
double site occupation weight[3]
double total weight
+ site occupation weight[2];
site occupation probability[0]
total weight* (RAND MAX + 1) + 0.5);
site occupation probability[1]
site occupation weight[1])

}

double

nl++)

n2++)
n3 < 3;
n2 + n3)

1] = matrix:

matrix:
double total weight

site occupation weight[0]

/ total weight* (RAND MAX + 1)

Microsoft Visual Studio 2017

// interaction in bosons
// chemical potential

{0 };

interaction, double

n3++) {

element (
element (n
element (n
element (

weigh

n2 + n3 - nl, nl, n2,
0, n2 + n3 - n0, n2,
0, nl, n0O + nl - n3,
nl, n2, n0 + nl -

nO0
t[0
= 0.0;

new leg < 3; new_ leg++) {
weight[new leg];

] [n2] [n3] [new_leg] =
+ 0.5);

0;
+:

{ 1.0, exp(beta*mu),

(int) (site_occupation weight[0]

(int) ((site_occupation weight [0]
+ 0.5);

double matrix element (int n0O, int nl, int operator type) {
if (n0O < 0 || nO>2 || nl < 0 || nl>2)
return 0.0;
switch (operator type) |
case DIAGONAL:
switch (n0O + nl) {
case 0:
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3);

3);

3);

2);

] + weight[1l] + we1ght[2] +

’

’

’

exp (2 * beta*mu)
+ site occupation weight[1]

+

b



return U;

case 1:
return el;
case 2:
if (n0 == 1)
return e3;
else
return e2;
case 3:
return e4;
case 4:

return e5;
}
case LEFT:
if (n0 <= nl) {
switch (n0 + nl) {
case 1:
return 1.0;
case 2:
return SQRT 2;
case 3:
return 2.0;
}
}
break;
case RIGHT:
if (n0 >= nl) {
switch (n0O + nl) {
case 1:
return 1.0;
case 2:
return SQRT 2;
case 3:
return 2.0;

}

break;
}
return 0.0;

}

double matrix element (const vector<Operator>::iterator& op) {
return matrix element (op->get leg(BOTTOM LEFT)->get occupation number (),
op->get leg(BOTTOM RIGHT)->get occupation number (), op->get type());
}

double matrix element (int nO, int nl, int n2, int n3) {

if (n0 + nl !'= n2 + n3)
return 0.0;
if (n2 < 0 || n2>2 || n3 < 0 || n3>2)

return 0.0;
switch (n0 - n2) {
case 0:

return matrix element (n0, nl, DIAGONAL);
case -1:

return matrix element (n0, nl, LEFT);
case 1:

return matrix element (n0, nl, RIGHT);
default:

return 0.0;
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// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: lattice.cpp

#include"SSE Hubbard.h"

Lattice::Lattice(int n, int m) {
N = n;
M = m;
leg in colomn.resize (N);

operators.resize (M) ;
for (int i = 0; 1 < M; 1i++) {
operators[i].initialize time position(i);

}

site occupation.resize(N);

for (auto iter = site occupation.begin(); iter != site occupation.end();
iter++)
*iter = rand() % 3;
}
bool Lattice::compare leg::operator () (const Leg* vl, const Leg* v2Z2) const ({

return *vl < *v2;

}

voild Lattice::create diagonal operator (vector<Operator>::iterator& op, int
Spin Position) {

n++;
set<Leg*, compare leg>* left column = &leg in colomn[Spin Position];
set<Leg*, compare leg>* right column = &leg in colomn[ (Spin Position + 1)

NJ;

op->create diagonal operator(Spin Position, N);

auto iter left bottom =
left column->insert (op->get leg (BOTTOM LEFT)).first;

auto iter left top = left column->insert(iter left bottom,
op->get leg (TOP LEFT));

auto iter right bottom =
right column->insert (op->get leg(BOTTOM RIGHT)) .first;

auto iter right top = right column->insert (iter_right bottom,
op->get leg (TOP_RIGHT)) ;

link leg
link leg
link leg
link leg

iter left bottom, *left column);
iter left top, *left column);

iter right bottom, *right column);
iter right top, *right column);

}

vold Lattice::delete diagonal operator(vector<Operator>::iterator& op) {
n--;
set<Leg*, compare leg>* left column =

&leg _in colomn[op->get spin position()];
set<Leg*, compare leg>* right column =

&leg_in colomn|[ (op->get spin position() + 1) % NJ;

auto iter left = left column->find(op->get leg(BOTTOM LEFT));
iter left = left column->erase(iter left);
iter left = left column->erase(iter left);
if (!left column->empty()) {
if (iter left == left column->end())
iter left = left column->begin();
link leg(iter left, *left column);
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}
auto iter right = right column->find(op->get leg(BOTTOM RIGHT))
iter right = right column->erase(iter_ right);
iter right = right column->erase(iter right);
if (!right column->empty()) {
if (iter right == right column->end())
iter right = right column->begin();
link leg(iter right, *right column);

}

op->delete operator();

}

void Lattice::link leg(set<Leg¥*,

compare leg>& colomn) {
if ((*leg iter)->get type() == TOP LEFT || (*leg iter)->get type() ==

TOP_RIGHT) {
if (leg iter == (--colomn.end())) {

(*leg iter)->change linked leg(*colomn.begin()):;

compare leg>::iteratoré& leg iter, set<Leg¥,

(*leg iter)->change occupation number (site occupation|[ (*leg iter)->get spin

_position()]);
}
else {
auto copy = leg iter;
copy++;

(*leg iter)->change linked leg(*copy):;
if (colomn.size() == 2)

(*leg iter)->change occupation number (site occupation| (*leg iter)->get spin

_position()]);
else
(*leg iter)->change occupation number (**copy) ;
}
}
else {
if (leg iter == colomn.begin()) {
(*leg iter)->change linked leg(* (--colomn.end())):

(*leg iter)->change occupation number (site occupation|[ (*leg iter)->get spin

_position()]);
}
else {
auto copy = leg iter;
Copy~——7

(*leg iter)->change linked leg(*copy):;
if (colomn.size () == 2)

(*leg iter)->change occupation number (site occupation| (*leg iter)->get spin

_position()]);

else
(*leg iter)->change occupation number (**copy) ;

}

vold Lattice::diagonal update() {
vector<int> Site Occupation(site occupation);
op_iter != operators.end();

for (auto op_iter = operators.begin();

op_iter++) {
int type = op_ iter->get type();
if (type == LEFT) {
Site Occupation[op iter->get spin position () ]++;
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Site Occupation[ (op iter->get spin position() + 1) % N]--;

}

else if (type == RIGHT) {

Site Occupation[op iter->get spin position()]--;

Site Occupation|[ (op iter->get spin position() + 1) % N]++;
}
else if (type == DIAGONAL) {

if (N*rand()*matrix element (op_iter) < (M - n + 1)*RAND MAX / beta)
delete diagonal operator (op_iter);

}

else
{
int spin position = rand() % N;
int nl = Site Occupation[spin position], n2 =

Site Occupation| (spin_position + 1) % NJ;

if (rand()*(M - n) / matrix element (nl, n2, DIAGONAL) < N*RAND MAX *

beta)
create diagonal operator(op iter, spin position);
}
}
}
void Lattice::operator loop update() {
if (n == 0)
return;
for (int total visited operator = 0; total visited operator < 2 * M;) {
int operator number = rand() % n, op_position = 0;
auto op iter = operators.begin();
while (op_iter->get type() == IDENTITY)

op_iter++;
while (op position < operator number) {
op_iter++;
if (op_iter->get type() != IDENTITY)
op_position++;
}
Leg* p_leg = op_iter->get leg(rand() % 4);
Leg* p_starting leg = p leg;
Operator* p op = &(*op_iter);
p_starting leg->change starting status(true);
p_starting leg->get linked leg()->change starting status(true);
int loop length = 0;

p_starting leg->random new occupation();
do {
p_op->change update status(true);
p_leg = p op->loop update(p_ leg);
p_op = p_leg->get operator();
loop length++;
total visited operator++;
} while (p_leg->Not starting point() && loop_ length < 50*M);
if (p_leg->Not starting point()) {
p_starting leg->change starting status (false);
p_starting leg->get linked leg()->change starting status(false);

for (auto iter = operators.begin(); iter != operators.end(); iter++)
if (iter->get update_status()) {
iter->change update status(false);
for (int leg number = 0; leg number < 4; leg number++)

iter->get leg(leg number)->remove new_occupation();

}

return;

}
else {
p_starting leg->change starting status (false);
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p _starting leg->get linked leg()->change starting status(false);
for (auto iter = operators.begin(); iter != operators.end(); iter++)

if (iter->get update_status()) {
iter->change update status(false);
iter->type update();
for (int leg number = 0; leg number < 4; leg number++) {
Leg* leg = iter->get leg(leg number);
leg->update_new_ occupation();
if ((leg->get type() == TOP_LEFT || leg->get type() ==
TOP RIGHT) &&
leg->get time position() >
leg->get linked leg()->get time position())
site occupation[leg->get spin position()] =
leg->get occupation number();
}
}

}

void Lattice::site occupation update() {
for (int i = 0; 1 < N; i++) {
if (leg in colomn[i].empty()) {

int random = rand();

if (random < site occupation probability[0])
site occupation[i] = 0;

else if (random < site occupation probability[1])
site occupation[i] = 1;

else
site occupation[i] = 2;

}

void Lattice::step() {
diagonal update();
operator loop update();
site occupation update();

}

double Lattice::energy() const {
return -n / beta / N + U;
}

double Lattice::rho() const {

int total boson = 0;

for (auto iter = site occupation.begin(); iter != site occupation.end();
iter++)

total boson += *iter;
return (double)total boson / N;

}
int Lattice::get n() const {
return n;

}

vold Lattice::output configuration(ofstream& file) const {
vector<int> Site Occupation(site occupation);

for (int time position = 0; time position < M;time position++) {
const Operator* op = &operators[time position];
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for (int spin position = 0; spin position < N; spin position++)
file << Site Occupation[spin position] << '\t';
file << '"\n';

int type = op->get type();

switch (type) {
case LEFT:
Site Occupation[op->get spin position() ]++;
Site Occupation| (op->get spin position() + 1) % N]--;

break;
case RIGHT:
Site Occupation[op->get spin position()]--;
Site Occupation| (op->get spin position() + 1) % N]++;
break;

ostream& operator<<(ostream& os, Lattice& lattice) {

=)

{

for

for

(int time position = lattice.M - 1; time position >= 0; time position-

Operator* op = &lattice.operators[time position];

for (int position = 0; position < op->get spin position(); position++)
os << "\t';

0s << op->get leg(TOP_LEFT)->get occupation number () << '\t'
<< op->get leg(TOP RIGHT)->get occupation number () << '\n';

for (int position = 0; position < op->get spin position(); position++)
os << "\t';
switch (op->get type()) {
case LEFT:
05 << "<————m——— ",
break;
case RIGHT:
08 << "M=———m————— >",
break;
case DIAGONAL:
0s << "————————- ",

}

os << '\n';

for (int position = 0; position < op->get spin position(); position++)
os << "\t'; B B

0s << op->get leg(BOTTOM LEFT)->get occupation number () << '"\t'
<< op->get leg (BOTTOM RIGHT)->get occupation number () << '\n';

(auto iter site = lattice.site occupation.begin(); iter site !=

lattice.site occupation.end(); iter site++)

os << *iter site << '\t';

os << '\n';
return os;
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// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: operator.cpp

#include"SSE Hubbard.h"

Operator::0perator () {
type = IDENTITY;
leg.resize(4);
Is changed = false;

}

void Operator::initialize time position(int Time Position) {
time position = Time Position;
leg[BOTTOM LEFT].initialize (Time Position, this);
leg[BOTTOM RIGHT].initialize(Time Position, this);
leg[TOP LEFT].initialize(Time Position + 1, this);
leg[TOP_RIGHT].initialize (Time Position + 1, this);

int Operator::get type() const {
return type;

int Operator::get spin position() const {
return spin position;

int Operator::get _time position() const {
return time position;
}
bool Operator::get update status() const {
return Is changed;
}
void Operator::create diagonal operator(int Spin Position, int N) {
type = DIAGONAL;
spin position = Spin Position;
leg[BOTTOM LEFT].change spin position(Spin Position);
leg[TOP_LEFT].change spin position(Spin Position);
leg[BOTTOM RIGHT].change spin position((Spin Position + 1) % N);
leg[TOP_RIGHT] .change spin position((Spin Position + 1) % N)
}
vold Operator::delete operator() {
type = IDENTITY;
}
void Operator::change update status(bool new status) {
Is changed = new status;
}
voild Operator::type update() {
switch (leg[TOP_LEFT].get occupation number () -

leg[BOTTOM LEFT].get occupation number ()) {
case 0:
type = DIAGONAL; break;
case -1:
type = RIGHT; break;
case 1:

type = LEFT;
}
}
Leg* Operator::loop update(Leg* p leg) {
int n[4] = { leg[0].get occupation number(),leg[l].get occupation number(),
leg[2] .get occupation number(),leg[3].get occupation number() };
int* probability = probability table[n[0]][n[1]][n[2]][n[3]];
int p = rand();
Leg* flipped leg;
if (p < probability[0])
flipped leg = &leg[0];
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else if (p < probability[1l])
flipped leg = &leg[l];
else if (p < probability[2])
flipped leg = &legl[2];
else
flipped leg = &leg[3];
int previous occupation = flipped leg->get occupation number () ;
int type = flipped leg->get type();
if (type / 2)
flipped leg->change new occupation(n[0] + n[l] - n[5 - typel);
else
flipped leg->change new occupation(n[2] + n[3] - n[l - typel);
flipped leg->get linked leg()->change new occupation (flipped leg->get occup
ation number());
return flipped leg->get linked leg();
}
Leg* Operator::get leg(int place) {
return &(leg[place]);
}

31/36



// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: leg.cpp

#include"SSE Hubbard.h"
Leg::Leg () {
Is_starting point = false;
}
int Leg::get type() const {
return type;
}
int Leg::get time position() const {
return time position;
}
int Leg::get spin position() const {
return spin position;
}
Operator* Leg::get operator() const ({
return attaching operator;
}
int Leg::get occupation number () const {
return new_ occupation number;
}
Leg* Leg::get linked leg() const {
return linked leg;
}
void Leg::change_ occupation number (int n) {
occupation number = n;
new_occupation number = n;
}
void Leg::change occupation number (const Leg& leg) {
occupation number = leg.occupation number;
new_occupation number = occupation number;
}
void Leg::random new occupation() {
new_occupation number = (new_occupation number + rand() % 2 + 1) % 3;
}
void Leg::change new occupation (int n) {
new_occupation number = n;
}
void Leg::update new occupation() {
occupation number = new occupation number;
}
vold Leg::remove new occupation() {
new_occupation number = occupation number;
}
void Leg::change starting status(bool new status) {
Is starting point = new status;
}
bool Leg::Not starting point() const {
return !Is starting point;
}
void Leg::initialize(int Time Position, Operator* op) {
time position = Time Position;
attaching operator = op;
for (int 1 = 0; 1 < 4; 1i++) {
if (op->get leg(i) == this)
type = i;

}
void Leg::change spin position(int Spin Position) {
spin position = Spin Position;
}
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void Leg::change linked leg(Leg* Linked Vertex) ({
linked leg = Linked Vertex;

Linked Vertex->linked leg
}
bool operator<(const Leg& vl,
if (vl.time position < vZ2.
return true;
else if (vl.time position
vl.type == TOP RIGHT) )
return true;
else
return false;

= this;

const Leg& v2) |
time position)

== vZ2.time position && (vl.type
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// Compiler: Microsoft Visual Studio 2017
// Programmer: CHEN Ao
// File name: driver.cpp

#include"SSE Hubbard.h"

int main () {
srand ( (unsigned int) time (NULL)) ;
ofstream rho file("rho.txt");
ofstream n file("n.txt");
for (double x = 0.01; x < 0.305; x+=0.01) {
for (double y = 0.00; y < 1.51; y += 0.05) {
parameter renew(50 * x, 2 / x, 2 * y / x);
double rho = 0;
int n = 0;
for (int test = 0; test < 10; test++) {
Lattice lattice (16, (int) (22*beta* (mu+U)));
for (int t = 0; t < 100; t++) {
lattice.step();
}
for (int t = 0; t < 1000; t++) {
lattice.step();
rho += lattice.rho();
n += lattice.get n();
}
}

// use n/M to indicate whether the size of the system is too small
cout << x << "\t' << y << "\t' << rho / (1000 * 10) << '\t'

(double)n / (1000 * 10) / (22 * beta*(mu + U)) << '"\n';

<<

rho file << x << '"\t' << y << '"\t' << rho / (1000*10) << '\n'

n file << x << '"\t' << y << '"\t' << (double)n /
beta* (mu + U)) << '\n';
}

}
rho file.close();

n file.close();
return 0;
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// Compiler: Microsoft Visual Studio 2017

// Programmer: CHEN Ao

// File name: driver.cpp

// Use this file to replace the "driver.cpp" file in Appendix E

#include"SSE Hubbard.h"
int main () {
srand ( (unsigned int) time (NULL)) ;
ofstream constants file("constants.dat");
ofstream configuration file("configuration.dat");
int N = 100, M = 2000;
int total time = 100;
int output interval = 1;
double beta = 0.5, U = 20, mu = 10;
constants file << M << '\n' << total time / output interval << '\n' << U <<
"\n' << mu;
Lattice lattice (N, M);
parameter renew (0.5, 20, 10);
for (int t0 = 0; t0 < 100; tO++)
lattice.step ()
for (int t = 0; t < total time; t++) {
lattice.step ()
if (t%output interval == 0)
lattice.output configuration(configuration file);
}
constants_file.close();
configuration file.close();
return 0;

}
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% Programmed in MATLAB R2017a

o\°

Programmer: CHEN Ao

% File name: draw gif.m

o)

constants=importdata ('constants.dat');
L=constants (1) ;
image number=constants(2);
U=constants (3);
mu=constants (4) ;
filename=sprintf ('SSE Hubbard %d-%02d-%02d %02d-%02d-%02d.gif', fix(clock));
A0=cell([image number 1]);
map=cell ([image number 1]);
configuration=importdata ('configuration.dat');
MyMap=[ 0 0 O
0.5 0.5 0.5
1111

for i=l:image number

image=figure;

set (image, 'Color', 'w');

set (image, 'position', [0 O 1000 10007]);

set (image, 'visible', 'off');

h=pcolor (configuration ((i-1)*L+1:1*L,:));

set (gca, 'FontSize',30);
L0f mu = $.0f£',U,mu));

oe

title(sprintf ('U =
caxis ([0 2]);
colormap (MyMap) ;
yticks ([500 1000 1500 20007)

set (h, 'LineStyle', "'none');

[AO{i},map{i}] = rgb2ind(frame2im(getframe (image)),256);

end

imwrite (AO{1l},map{l}, filename, 'gif', "LoopCount',Inf, 'DelayTime',0.1);
for i=2:image number

imwrite (AO{i},map{i}, filename, 'gif', 'WriteMode', 'append', 'DelayTime',0.1);
end

winopen (filename) ;
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