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ano bho and bbd
ooo odd ood ddd

ClrolaTiman

Page 52/204
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®  Mathematica File Edit Insert Format

e _{Cell_Graphics _Evaluation _Palettes Window, Help o BO ¢ W i) Gomoupmy ToelGIINNAN
e— - Day - l'-or':-nq lKuth 1.nb
.W{‘I‘_ r-ﬂ, ‘. ‘ . i e - s y
{{aaa, bbb}, {cicc, ddd}}
O
{{aaa +bcc, abh+bdd), {aac+ccd, bbc+ddd}}
g KroneckerProduct[ml, m2] // MatrixForm k

aaa abb aab bbb,
acc add bcc bdd

aac bbc aad pbd
cecec cdd ccd @ldd )/

In[32]

? CircleTimes

CircleTimes|x] displays as & x.
CircleTimes[x, ¥, «.-| displays as x® y® ...

Pirsa: 11080139
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®  Mathematica
- Nala)

File

Edit Insert

| Graphics  Evaluation  Palettes  Window  Melp 0 WOt = & | < NotChargng Tue 1053AM Q
Day 2 - Morning Lecture, part 1.nb

e e g i iy
i R i "
1 A . f ‘ R ) d
- W i i M,

DCC pPd
|aac bbec aad pbd
ccec cdd ccd r:ldd

?CircleTimes ‘

CircleTimes|x] displays as &@)x.
CircleTimes[x, y, ...] displays as x® y® ...

CircleTimes [a, bj]
Out[33]

a®b

Esc cw» Es|

Pirsa: 11080139
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®_ Mathematica File Edit_Insert Format

1) _[Celt__Graphics _Evaluation _ Palettes  Window _ Help 0 B O & = 4 k) < totChmmg Tue 1053AM Q
= = Day 2 - Morning Lecture, part 1.nb
. Wi % iy d
4 i N
Ow30yMatrixForm
| aaa abb aab bbb
|ace add becc pdd
aac bbc aad pbd
ccc cdd ccd fddd
?CircleTimes
CircleTimes|x] displays as &@)x.
CircleTimes[x, v, ...] displays as x®@y®....
CircleTimes[a, b]
Ou j
a®b
Esc cw EsSC
In[34):=
4 a®b
Out[34]
a®b

Pirsa: 11080139
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™mryry
Day 2 = Mofning Lecture, part 1.nb

e < s
‘ g b

» Garbage 1
Tensor Products

CircleTimes = KroneckerProduct;

ml ®m2
Out[36]
{{aaa, abb, aab, bbb}, {acc, add, bec, bdd},
{(aac, bbc, aad, bbd}, {ccc, cdd, ccd, ddd}}

i 2/ {(a, b}, {gr d}}
= {{aa, bb}, {cc, dd}};

|.’!:;_’.r'].- ml mz
ml.m2

Out|27]=

{{aaa, bbb}, {€CC, ddd}}

Pirsa: 11080139
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mrayray

¥ m
o e ot s

= Garbage 1

Day 2 = Marning Lecture, part 1.nb

B l A ———
T B i
" . e e

g v, o ol
li iensor Froaucts

CircleTimes = KroneckerProduct;

ml®m2 // MatrixForm
Outla7)/MatrixForm

,aaa abb aab bbb
‘ucc add bcc bdd
‘aac bbec aad bbd
lece cdd ccd ddd

Ir:]:,'li]- ml - {{a’ b}' {c' d});
m2 = {{aa, bb}, {cc, dd}};

Inj27) ml m2
ml .m2

Pirsa: 11080139
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™mriyry

"

?CircleTimes

CircleTimes| x| displ:q
CircleTimes|x, y, ...] ¢

CircleTimes[a, L

s as @ x.

—_—

acb

Escc*Esc—» ® ‘

a®b

a®b

Pirsa: 11080139

isplays as x® y® ...

Day

”"'_

2 « Motning Lecture, part 1.nb
i '

Page 58/204



™-ryry
Day 2 « Mafning Lecture, part 1.nb

R g

Ly _%4J

CircleTimes = KroneckerProduct;

ml®m2 // MatrixHorm
Outfa7y/MatrixForm

'aaa abb aab bbb,

lacc add becc pdd

|aac bbc aad pbd
lcece cdd ccd ddd

= {{a, b}, {c, d}}?
m2 = {{aa, bb}, {cc, dd}};

nl27]
Inje/

ml m2

ml .m2
out[27]

{{aaa, bbb}, {ccC, ddd})
Qut|28]=

Pirsa: 11080139
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™mriry
Day 2 = Marning Lecturn, part 1.nb

| e T R
[‘L \-..n-»tvu\..f Y L."‘ f L—LL‘

CircleTimes = KroneckerProduct;

ml ®m2 // MatrixKorm
Out{37)/MatrixForm

'aaa abb aab bbb

‘acc add bec pdd

|uac bbec aad pbd
lccec cdd ccd ddd

ml = {{a, b}, {c, d}};
= {{aa, bb}, {cc, da}};

|FI:L’:’].

ml m2

ml .m2
Oulf27]

{{aaa, bbb}, {ccC, ddd}}
Out[28]=

Pirsa: 11080139
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ClrolaTiman « RronsckarProduct )

ml®eml // Matriaform

aman abb aab bbb
aoe add boo baod
ane bbho and bbd

ooo odd eod ddd

mlow ((m; W), (0, d))y
ml = ((0n, bb), (oo, dd)))

mlml
ml.ml

[(nan, bhbhj, [coo, ddd) )
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ClroleaTiman = KronsckarProduct )

LIRY

« Garbnge 2
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mmrira

Day 2 - Morning Lecturs, part 1.nb

CircleTimes = KroneckerProduct;

S[1] ®5[1] + S[2] ®S[2] + 5[3] ®S[3]
{{i, 0RO o}, {0, H:, ; o}, {o, ; i o}, {o, 050’

= Garbage 2

Pirsa: 11080139
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ClrolaTiman = KronscharProduct)

Elgenvaluen(H[1]®A(1] « B[2)@u(2) «H[2)®mA[D]]

= Garbnge 2
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= Morning Lecture, part 1.nb

M«Ttrix [a];

» Garbage 1

ensor Products

0

CircleTimes = KroneckerProduct;

Eigenvalues[S[1]®8[1] +5[2]®S[2] + s[3]©5[3]]

= Garbage 2

Pirsa: 11080139
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' Day 2 - Morning Lecture, part 1.nb

In[35)
CircleTimes = KroneckerProduct;

In[41]

Eigenvalues[S[1] ®S([1] + 8[2] ®5[2] +S§[3]®5[3]]

‘TdentityMatrix (2"]

Qut[4d]=

1, 0, 0}, {0, 0, 1, 0}, {0, 0,0, 1}}

{{l, 0; 0' O}f {0’

Pirsa: 11080139 Page 66/204



I[o ] 1= TdantityMatrin (2

1[4)

0, 0,
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Day 2 - Marning Lecture, part 1.nb
%

i s T

CircleTimes = KroneckerProduct;

Eigenvalues[S[1] ®S[1] + §[2] ®5[2] + S[3] ®5([3]]

Pirsa: 11080139 Page 68/204



' Day 2 « Marning Lecture, part 1.nb

Heisenberg xxx spin chain

B e er et i
( S ol

[1]: 1
S8 8[a_]= —2- PauliMgtrix[a];

In[47]:=

dim = 2;

= Garbage 1

Tensor Products

In[35]:= imes = KroneckerProduct;

CircleT

Inf41):= EigonVlllJOl [8[1] ®8 [1] * 8[2] ®S [2] + 8[3] ‘8[3]]
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Day 2 = Morning Lecture, part 1 b

Eigenvalues([S[1]|®S8[1] +5[2]®5([2] +8[3]@®5([3]]

= Garbage 2

-y

_a T..-..,.« """"(’,‘\

10 €eISe
Y

s e am
Everyunir

:dsl :

tas
Inj48]

I[n ] 1= IdentityMatrix[dim"]

Inj46]:

max = 10;
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" Day 2 - Morning Lecture, part 1nb

B
b b *‘ *..‘m

In[41]

Out41]

Pirsa: 11080139

Eigenvalues[S[1] ®5([1] + S[2]®8[2] +8[3])@®5[3]]

= Garbage 2

@f &.n hing else

:dsl :

I[n_ ] := IdentityMatrix[dim"]

max = 10;

Sum|I[n] ®S[a] OS[n]OI[L-n-2], (nl
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Day 2 - Morning Lecture, part 1.nb

&

v - e

Inf41)

Eigenvalues[S[1] ®5([1] + S[2]®S8[2] +58[3]®5[3]]

Outja1]

= Garbage 2

erything else

:dsl :

In[48): Itn 1= Identi.t.ynatrix [dim"]

Inj49): max = 10:

Sum [ [n] ®8 [a] ®8 [a] ®T[L -1 =21, (2, 0, L =2} {a,13}]
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Day 2 - Marning Lecture, part 1.nb

| i o
hal o YU

» Garbage 2

Everything else

:dsl :

In[48]

I[n_] := Identitéuatrix [dim"]

Inf49]:=

max = 10;

1 gum([I(n]®5[a]®8[a]®I[L-n-2], {n, Os L-2}, {2 3}]
L

- a, 3
3 Sum[I[IIJOS[d] 08[-i] ®I[L- n-2), {0 0, L-2}, { 1]
L

Pirsa: 11080139
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Day 2 - Morning Lecture, part 1.nb

4" 4' 4’ 4

» Garbage 2

:dsl :

|H:"n55] :

X(n_] = Identitxuntrix [dim"]

In[40]::
max = 10;

0, L-2}, {2 3}]

! sum[z[n]@s[a] ®8[a) ®X[L -1 -2], {2
L

yu-2 531 (n] ®S[a] @S[a] ®I[L-n-2]
L
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Day 2 - Morning Lecture, part 1.nb

» Garbage 2

Everything else

ikl o

:dsl
I[(n_ ] 1= Identit;ﬂatrix[dim”]

max = 10;

1 gum[r[n]@S([a]®S[a] @I (L -0 -2], {2, 0/ L-2}, (& 3}]
L

1 L=2 3 @S[a] OS[n] @I[L - n=2)
h([L_] 3= -; ZOZI[“]
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Day 2 - Marning Lecture, part 1.nb

v 'Pflh.,f e

» Garbage 2

.-war'lb-

verything else

I[n ] := IdentityMatrix (dim"]

max = 10;

L2

hiL ] := -Il- ZZI[ ]OS[u]BS[u]@I[ -n=2]

= Garbage 3

ESum[]I[H] @Ss[a] @5[‘|]0]I[L- n-2], {n, 0, L-2}, {2, 3}]

L
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Day 2 - Marning Lecture, part 1.nb

» Garbage 2

J-__,Jk am
u‘H"""‘r‘“""‘J"r?'? J...ﬂ...l.’l.rh K..l.

In[48]

I[n ] := IdentityMatrix [dim"]

I[n] ®S[a]®S[a] ®I[L

I

(30000} (-

= Garbage 3
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Day 2 - Marning Lecture, part 1.nb

I[n ] 1= IdentityMatrix[dim"]

max = 10;

T 0 !‘-2 ]
“oesdinl BN B % 2,2, 4[n]es[a]es[a]ex (L -n-2]

" n=0 a

Hs = Table[h[L], {L, 2, max}]
= Garbage 3
:dsl :

n] ®8[a] ®S[a] ®L[L - n=-2], {n, 0, L=2}, {2, 3}]

.i sum[I[
L

h[5] // MatrixForm;
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Day 2 - Morning Lecture, part 1.nb

max = 10;

h[L_ ] 3 (0] @S[a] @S [a] ®X[L - 1 - 2]

n
| =
-
)
::Mu
=i

1[1[11‘»,
h[4]

{

Out[56]

3,0 0,0,0 o,o,o,o,o.o,o,o,o,o,o},
: 6

1 -
0, p ooooo,ooooo.o,o,o],

oYy ; 0, 0, 0, 0, 0,0,0,0,0,0, 0},

o

0, 0,0,0,0,0,0,0,0, o},

1
ol' r"llsrovo'rofacovorototoaoio}a
il
o, G o.—136.;.0.0.3.0,0.0.0.0,0},

{

{

| 1
{o 0, 0, ,0,9,
{

{ 1

{ 0, 0, 0, gr 0s 04 00 O o},

1
0,0'0'0 0' 8’_16'

1
{0 0!‘ Ol ol Or 0' Op _1‘.' 0' 0; 0, ~ 1 01 0; 0! 0‘!
L}

Pirsa: 11080139
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Day 2 - Marning Lecture, part 1.nb

In[49]

In|50] =L
h[z ] =~ D't(n]@s[a] ®8[a] ®X[L - 1 - 2] ‘

In[S7

! h(4] // N

ou57]
{{0.1875, 0., 0.} 0., 0., 0., e Were e Moo bag L 0., 0., 0., 0.},
(0., 0.0625, 0.p25, 0., 0., 0., 0., 0., 0., 0., O., Oy O0cy Ocy 0ayp O}y
{0, 0225 =0 625, 0., 0.125, 0., 0., O0up Ocy 0ap 0ey 0.4 0.y Oy Oue Ueils
{0, O R 0 R 05062 S 7H0T? 0.125, 0., 0., 0., 0., O., O0cy Ouy O0uyp 0.0 0:)s
{0., 0., 0.125, 0., -0.0625, 0., 0.,0.,0.125,0.,0.,0.,0., 0., 0., 0.},
{0., 0., 0., 0.125, 0., -0.1875, 0.125, 0., 0., 0.125, 0., 0., 0., 0., 0., 0.},
{0y Ocvy e m (e e, 0.125, -0.0625, 0., 0., 0., 0.125, Oay Oug O Oag Galis
{0uy Oup O.p e (e W, 0., 0.0625, 0., 0., 0., 0.125, 0., 0., 0., 0.},
{0y 0uy 0.y 0., 0.125, 0., 0., 0., 0.0625, 0., 0uy O0uy 0uyp 0.y 0.y 0o,
{0sy Our Ocys 0oy Oey 0.125, 0., 0., 0., -0.0625, 0.125, Oce Oy Oce s Oule
{0y Oy Ocg Oap Ocq 0op 0.125, 0., 0., 0.125, -0.1875, 0., 0.125, 0+, 0« O:J
{0”0_,0,,0,,0,,0,,0.,0.125, 0., 0., 0uy -0.0625, 0., 0,125, 0. 0.},
{0.p 0.y (e (v (G 0 Ocr Oy 0., 0., 0.125, 0., 0.0625, 0., 0.p 0.}, ;
{0-1 0., 0., 0.y 0uy Ouv 0.,0.,0.,0.,0-.0-125.' 0"-0'0625' 0.125, 0.},
{0”0_,0”0_,o,,o,,o,,o.,o.,o.,o..o.,o.,o.lzs,o.oszs, 0.}

~ ~ ~ A sTAmEY D ,
X X X d 00w .

- "~ La -

.~
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Running...Day 2 - Morning Lecture, part I‘IHI;
!-l;r' T v

h(L_] t= - ZZ [n] ®@S[a] ®S[a] ®L[L - 0 - 2]

Hs = Table[h([L] /|/ N, {L, 2, max}];

» Garbage 3 ‘

:dsl :

= Sum [I [ ']@S[-']fsl ]@I[L-n=-2], {n, 0, L-2}, (8, 3}]
L

h[5] // MatrixForm;
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_ Day 2 - Morning Lecture, part 1.nb

f[n]@S[a] ®S[a] ®I[L - n - 2]

Hs = Table[h([L] /// N, (L, 2, max}];

Hs [3]

({0.1875, 0., 0.} 0., 0. 0uf 0uy 0uy 00y Ouyp 0y Oy 0oy 0.y 0oy 01y
{0, 0.0625, 0.}25, Oa¢ Oup Oup Oup Oup Oup Ocy Ocp Ouy 0y 0up Ocp Ooly
(0., 0.125, -0.p625, 0., 0,125, 0uy Ocy Ouy Oup Ocp Ocp Oug Ocg Oup Oev 0.),
() Oop o o.lszs, 0., 0.125, 0., 0., 0.y 0.y 0uy 0oy 0oy 0y 0oy 0],
{0+, Ouy 0.125, 0.y ~0.0625, 0cf 0oy Oy 0:125, 0uy Ocg Our Oe Os 0ot Oale
(027 0ap 0eg 02125, 0, =0.1875, 0.125, 0y 0.¢ 0123 0., PR DR P P )
{04y 0ny Ouy 0sy 00, 04125, =00625, 0ap Oc 9<y 0.125, 0., Ouy 0oy Ocf 0u),
e (e G Cig (o G Gag GRS LR boio Lee 0.125, 0., 0., 0., 0.},
) G (oo Cap (CkeEE Choo (g g Utkesn ve Ouy Ous Oup Ouy Oay 0e)
0 B B B Oog OcnbElp Beg Goa thg SUoRlzet 0.125, 0., 0ey 0oy 0uy 0.1,
o G B Qe O CeeEr, B Eeg Loreer -0.1875, 0., 0.125, 0., 0., 0.},
oSS SN oW 0 1010 4125 A 0tel 0 a0 aClat ol 0., 0.125, 0., 0.),

Ouis Oy Oae 0ee Ouc 0.125, 0., 0.0625, 0., 0., 0.},
ey 0ag 0,125, 0., -0.0625, 0.125, 0.},

0., 0., 0., 0.125, 0.0625, 0.},
0., 0uy 0., 0.y 0.y 0.1875})

{
{
{

0lsly
e (e
e, s By (e
(004 041¢105e104¢10s e 0eien s 0., 0
()i e O D8 G G (g Wi L
0/ele s O (i ki U GRa e L
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Day 2 - Marning Lecture, part 1.nb

T 4
A -

— P & 1_
hL] =~ ZZ[ ]®S[a] ®S[a] ®I[L - n - 2]

«0 a

Hs = Table[h([L] /|/ N, {L, 2, max}];

:

{-0.404006, -0.239277, -0.239277, -0.239277, 0.1875, 0.1875, 0.1875, 0.1875,
0.1875, 0.114277, 0.114277, 0.114277, -0.0625, -0.0625, -0.0625, 0.0290064 )

Eigenvalues [Hs [3]]

» Garbage 3

:dsl :

-2], {n, 0, L-2}, {a, 3}]

%- Sum [I [n] @s[n]@S[n] @X[L -0

h(5] // MatrixForm;

Pirsa: 11080139
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L_Nala

Day 2 - Marning Lecture, part 1.nb -~

1 =2 3
h{Z_] 1= = ZZ][ ]®S[a] ®S[a] ®I[L - n - 2]

=0 a

Hs = Table([h([L] /|/ N, {L, 2, max}];

In|63]
Eigenvalues [Hs([3]]] // Sort ‘

Out|63]

{-0.404006, -0.239277, -0.239277, -0.239277, -0.0625, -0.0625, -0.0625, 0.0290064,

0.114277, 0.114277, 0.114277, 0.1875, 0.1875, 0.1875, 0.1875, 0.1875)
» Garbage 3
:dsl :

E Sum[I[n] @8[] ®S[a] ®X[L=-n=-2], {7/ 0, L-2}, {a, 3}]
L

h([5] // MatrixForm;

Pirsa: 11080139
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Day 2 - Marning Lecture, part 1.nb .

[
k. b ol
' ¥ b f

1 =2 3 B
(L ] 1= = ) »'¥[0]@S[a] ®S[a] OX[L - 1 - 2]
~ ne0 a
Hs = Table[h(L] /|/ N, (L, 2, max}];

Hs [3] // Eigenvalues // Sort // First

-0.404006

= Garbage 3
:dsl :

-! Sum[]I[n]OS[\u]GS[.:] @I[L~-n-2], {n/ O, L-2)}, {a, 3}]
L

h([5) // MatrixForm;
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e Day 2 - Morning Lecture, part 1.nb
fg,&#,*, [
1 -2 3
h[L ] 1= = ) > ¥[n]®§[a] ®S[a] OL[L -1 -2]

n=0 a

Hs = Table[h([L] /|/ N, {L, 2, max}];

Hs [3] // Eigenvalues // Sort // First

-0.404006

First[Sort [Eigegvalues [Hs (311111

= Garbage 3
:dsl :

-{ Sum[]I[u]OS[n]QS[.:]OI[L- n-2], (n, 0, L-2}, {2, 3}]
L

h[5] // MatrixForm;
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I[n ] := IdentityMatrix[dim"]

max = 10;

1 L= 3
h(z] :=~ » > I[n]@5[a]®S[a] @X[L -

Hs = Table[h[L] /} N, {L, 2, max}];

(3, Hs[[3] // Eiggpvalues // Sort // First}

{3, -0.404006)

ne8= | o rable[{L, Hs[L] // Eigenvalues // Sort // First}, {L, 3, max]

part::partw : Part 10 of ‘ REES L e
({{0.125 &,OHOAJOH-OJ25.025.&L|&.0JS, 0.125, 0.}, (0., 0., 0., 0.125]),

433, 0., 0., 0., K974, «50:]] does not exist.
Out[68]=
SsAborted
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Al LA

I[n ] := IdentityMatrix[dim"]

max = 10;

L=2 3
h{L ] := -1- ZZI.[::]@S[u]@S{a]OI[.'.- n-2]

ne0 a

Hs = Table[h[L] /} N, {L, 2, max}];

{3, Hs([3] // Eig#values // Sort // First}

{3, "‘0-404006}

nesk= [ rable[{L, Es[L- 1] // Eigenvalues // Sort // First), {L. 2 max}]

:' }-Jl r . } { - 14155965,
l { 2 o 3]5}' {3' '01333333}' {4' _00404006}, {5; "0-335511', .6, 0
r .

= Garbage 3
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max = 10;

1 L-3 3
h({L ] 1= = ZZ [0] ®S[a] ®S[a] ®L[L - n - 2]

nw0 a

Hs = Table[h[L] /|/ N, {L, 2, max}];
{3, Hs[[3] // Eigepvalues // Sort // First}
{3' "0-404006}

In[69]

tb = Table[ (L, Hs[L - 1] // Eigenvalues // Sort // First}, {L, 2, max}]

OU'.[{J“]

‘. ; - - 96 ’
{3' 'O 4051]]}' {8’ —0-421863}' {9, "0-41514]}’ “10' *0-425804
' L

List!

= Garbage 3
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In[1]:s 1
Sla_] = g PauliMatrix(a];

dim = 2;

= Garbage 1

Tensor Products |

Everythingelse E—

In[48):=

In[49] = X %1107

L=2

3
In[50]:= n(z ] 1= _}‘ ZZI[“Jos[a] @S[a) @I [L - n=2]

n«0 a

Il GRT -

Pirsa: 11080139 Page 91/204



Ou70]

Pirsa: 11080139

ListPlot [tb]

~(.34

~0.36

~0.38

~0.40

Day 2 - Morning Lecture, part 1.nb
G
b

{{2, -0.375), {3|, -0.333333}, (4, -0.404006}, {5, -0.385577}, {6, -0.4155
{7, -0.405177), {8, -0.421867), {9, -0.415147), {10, -0.425804})

042}

= Garbage 3

4 6 8

b6},
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Day 2 - Marning Lecture, part 1.nb

Il o - v

tb = Table[ (L, Hs|[L - 1] // Eigenvalues // Sort // First}, (L, 2, max}]

{{2, -0.375), {3

{7, -0.405177)

ListPlot[tb]

r

-0.333333), {4, -0.404006}, {5, -0.385577}, (6, -0.415996},

5

{8, -0.421867}, {9, -0.415147}, {10, -0.425804})

ListPlot[tb, PlotStyle » {PointSize » 0.02}, Plot]

0
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tb = Table[ (., Hs

{{2, -0.375}, {3

{7, -0.405177)

ListPlot [tb]

Day 2 - Marning Lecture, part 1.nb

[L - 1] // Eigenvalues // Sort // First}, (L, 2, max}]

A {8, -0.421867}, {9, -0.415147}, {10, -0.425804} )

ListPlot [tb, PlotStyle » {PointSize - 0.02}, PlotLabel » E

0

, -0.333333), {4, -0.404006}, {5, -0.385577}, {6, -0.415!:

:
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g

{ a e e e P p s 1 : 1
Ctrl + Shift + -
ListPlot[tb]
ListPlot [tb, PldtStyle -» {PointSize - 0.02}, PlotLabel » ;] ‘
Oou|70]
-().34

~0.36 ‘

-0.38
-040 :
~042} -
04 : 6 : -
» Garbage 3

Pirsa: 11080139
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l_- ' y =0, r r-UG-}:“ , ~0.38 Jo {04 =U.4
{7, -0.405177), {8, -0.421867), {9, -0.415147}, {10, -0.425804}}

Ctrl -

ListPlot[tb]
ListPlot [tb, PlgtStyle - {PointSize -» 0.02},

for

' e v Gnin Chailr
PlotLabel - "Ey| for the Heisenberg Spin Chain It

~0.36
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oy 9
e =0.375F, (3], 0. Ty (4, ~0.404006), 15, ~0.305577], (b ~U.4
{7, -0.405177) | {8, -0.421867}, {9, -0.415147), {10, -0.425804}}

Ctrl -

ListPlot [tb]
ListPlot [tb, PlotStyle » (PointSize - 0.02},

PlotLabel - Stiyle["E, for the Heisenberg Spin Chain Red, Ital

Pirsa: 11080139 P 97/204
age
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Ctrl -

ListPlot[tb]|
ListPlot[tb, Plq
PlotLabel - S5ty

Ey for
o

= Garbage 3

Day 2 - Marning Lecture, part 1.nb -

. _.“ v

tStyle - {PointSize - 0.02},

Crmin

v - Iniaonbhoara
le["Ey for the Heisenberg Spin

the Heisenberg Spin Chain for L=2...10

d, Italic}]]
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{{2, -0.375), (3|, -0.333333}, (4, -0.404006), {5, -0.385577}, (6, --0.4155P
{7, -0.405177}, {8, -0.421867), {9, -0.415147), {10, -0.425804}}

ListPlot[tb, PlgtStyle - (PointSize -+ 0.02},
d, Italic}]]

PlotLabel - Stylle["E;, for the Heisenberg Spin Chain for L=2...1 x

Ey forthe Heisenberg Spin Chain Jor L=2..10
o

~0.36

l

~040}

~(.42

= Garbage 3
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v R,
- o ¥ v ) - TUuCcULy T r
PlotLabel - Stylle["E; for the Heisenberg Spin Chain for L=2... 10", (Red, Italic}]]

Ey for|the Heisenberg Spin Chain for L=2...10
©

In[76):= b

Out[76]= s, -0.404006), {5, ~0.385577), {6, ~0.415596),
’ -

{{2, -0.375), {3« -0.333333}), {

{ - - 5804
' L
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ks
I
A

5! "

w0 Jor|the fleisenberg opin Chain jor ,:.-....f

o
-0.34

-0.36

-(.38
[ ]

~0.40

¢ o

0

6 o

-0.42 L R ﬁ
il 11 (l H

t".-"

Fit[tb, {1, 1/ 1/x2, 1/, 1/x'} ]

S (6, -0.415596),
Out| 0] {{2 O 375} {3 e 333333]' {4' -0-404006]; {5' ‘0-385577}, _6, 0
§ =V ' r \

{ - - 804
r .
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) Hj""; l w )

p Jor|the tieisenberg opin Chain for ,:2——[)

o]
-0.34
~=0.36
¢
=038
o
~0.40
q 4]
0 ° :
~0.42 i - I e——
m 4 - 6 8
In[77): Fit[tb, {1' 1/x, 1/12; 1/13; 1/x‘}' )t]

ou77)=
100.148 104.171

_0.697758 - xq x]

= Garbage 3

11080139

36.6017 5.4223

xZ X
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Day 2 - Marning Lecture, part 1 o

Ey for\the Heisenberg Spin Chain for L=2...10

L]
-0.34
-0.36
L
—(J.I\Br
o
~0.40
‘ ]
0 . .
-042
_____ | ; . H "
Inl77]:s
i Fit[tb, {1, 1/%, 1/x2, 1/x%, 1/x'}, x]
Ou‘.[/:]..
100.148 104.171 36.6017 5.4223
-0.697758 - X S - .
X X X
= Garbage 3

11080139
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Ey for(the Heisenberg Spin Chain for L=2...10
o

Fit[tb, {1, 1/%, 1/x2, 1/x%, 1/x'}, x]

100.148 104.171 36.6017 5.4223
-0.697758 - o ' =3 3 -

= Garbage 3
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~042

fit = Fit[tb, {1,41/x, 1/x, 1/%, 1/x'}, x]

100,448 104.171 36.6017 5.4223
4 v 3 x x2 v X

-0.697758 -
X

prediction = fit /. X+ @

-0.697758

plot [£it,

= Garbage 3

Pirsa: 11080139
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Ey for\the Heisenberg Spin Chain for L=2...10

-042

we should split into even and odd L

= Garbage 3

Pirsa: 11080139
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Bhose [1p, Plot[flt, [+, 2, man)]]

\
wo should split i even and odd |

= Garbagoe 3
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odd « Tabla(tb[ /D, (|, 3, max
((3, «0.333233)}, (5,

» Garbage 2
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'
hould splil inlo oven and odod L

odd « Table(th] |}, (|, 2, max -1, 2 V1 4 n.1 HtTRYAT
oven » Table[th{ |}, (|, 1, man, 2 3]

(13, =0.333333), (5, -0.305877), (7, -0,408177),

2, <0.373), (4, -0,404006), (6, -0.415596), (0, -0, 421067, 0.425004
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W Mty (e
-

wo should splt ino even and odd L

odd « Table[th] |}, (|, 2, man -1, 2 V1A rae]e, (1,
avan « Tahle[th] ), (|, 1, max, 2 11 fr ik, (1,

D960 0O.,I00D92%  0,2206

n! )

0.444)

D. 442000 «

D.060930 D.105016 0.100507
‘

] w! ]

odd + avan
pradiotion « ]
1

= Garbage 3
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W Mty e
-

odd « Table [th{ |1, (1, 2, max

aven « Table(th[ ], (), 1, man, 2

0. A96203  0.3K
]

0.4442
"

O.060930 0,10%016 O

0. 442000

n! x!

odd + aven
/

Jonam

predictlon «
2

~Leg(2] +1/4// M

0.442147
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6

Qut[103)

0.311931 0.467293 0.210538

x! x? x

-0.443881 -

Oul104]

0.0605692 0.12553 0.183238

-0.442932 + 3 2 =

odd|+ even
prediction = — [« X

OUT:”:EJ]
~-0.443407

in[108]
~Log[2] +1/4 // N
Out[106]
-0.443147

» Garbage 3
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U

we should split into even and odd L

odd = Table[tb[i]l, (i, 2, max-1, 2 }]//rxt[n,{1,1/:,1/:’,1jx’},x]a
even = Table[tb[}], {J, 1, max, 2 }] 1/ Fit[=, {1, 1/x%, 1 /%, 1/*’, 1/x}, x] &

_0.443881 - 0-31931 0.467293  0.210538

X x? x

Out[104]

0.0R5692 0.12553 : 0.183238

-0. 32 +
0.4429 =3 2 -

odd + even

prediction = = [/« X=®

Out[105]):
-0.443407

In[106):=
-Log[2] +1/4// N

Pirsa: 11080139
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g
i,

0.311931 0.467293 ‘0.210538

-0.443881 -
xP x? x

0.06(15692 0.12553 0.183238

-0.442932 4 b e

In[113]

odd
prediction = —

Out[113]

-0.443407 ‘

In[114]
-Log[2] +1/4//N
Out[114)=

-0.443147

% + %%

= Garbage 3

Pirsa: 11080139 Page 114/204



Day 2 - Moarning Lecture, part 1.nb

In[116)

odd
prediction = —

~-0.443407

-Log[2] +1/4 //f

Out[117]

-0.443147

In[118):

Out[118)=
-0.0585792

= Garbage 3
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Out[112]

In[116]

Out{116]

Out[117]s

In[118);=

Qui[118]=

Pirsa: 11080139

Day 2 - Marning Lecture, part 1.nh

0.06(15692 0.12553 ; 0.183238

3 % X

-0.442932 +

odd| + even
prediction = - /. x»®

~-0.443407

-Log[2) +1/4//N

-0.443147

-0.0585792
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Heisenberg xxx spin chain

;----r-"”?f”‘"'”._ Gl it e e
Spin operators =
S (R R IR | 4V TR

R
In[119]
1
S[a_] = E PauliMgtrix([a];
In[120]:#

dim := Length([S[1]]

In[121]):=

Out[121]=
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Heisenberg xxx spin chain

In[119]

1
8[a_] = E PauliMgtrix[a];

In[120]:
dim := Length([S[1]]
In[122]):=
dim -1 ;
spin := 2
spin|
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T I ———— re———

Spin operators |
bt A st ML | A Rt S A R s el

In[119]

1
S[a ]= a PauliHltrix[u];

dim := Length[S[}]]

dim -1
spin := :‘

2

s[1].5[2] - 8[2] .8[1] ==

In[126):=
spin

Out[126]=

-_________———-m-_'
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In[128)

In[131):

Out[131])=

In[126):=

Qut[126]=

Pirsa: 11080139

S[la_]= E PauliMltrix[u];
2

dim := Length[S[1]]
dim-l-

Bpin i= 2 3 l

(8[1].8[2] -S[2].8[1] = I8[3],
s[2).S[3] - S§[3].8[2] = I8[1],
§[3].S[1] - §[1].8[3] = I8[2]}

{True, True, True )

spin

Day 2 - Marning Lecture, part 2.nb
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dim -1
spin := - ;

chind [
S[1].8[2] - S[2])|.8[1] == I8[3],
8[2].8[3) - 8[3).8([2] =I8[1],
§[3].58[1] -8[1].8[3] =I5§[2]
]

Ou[133]

In[126)

Out[126)=

Tensor Products | ' :
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) g _*

Il'1|'1:’.F"

dim := Length[S[F.]]

dim - 1
spin := 2 3

check := And [
§[1].8[2] -8[2].8([1] ==IS8[3],
§(2).8[3] -8[3].8(2) =1I8[1],
§[3].8[1) -8[1].8[3] =I5([2]
]

Out[143)=
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'Pin t=

check := And[
S[1].58[2] -S5[4]).8[1] ==I8[3],
§[2).8[3] -8[3].8([2] =1I58[1],
§(3].8[1] - §[1].8[3] = I5(2] ‘

]
spin 1|
In[144):

dim;
spin;
check;

113rms‘nr|’rc"’u“=hsm‘ ——————
Everything else

In[48]:= I[n ] = IdentityMatrix [dim”]

lnl‘g]}r. n.x i 10’
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spin := :

check := And [
S[1].8[2] -5[3].8[1] ==I8(3],
8(2).8[3] -8([3].58[2] == I8[1],
S8[3).5[1] -8[1].5([3] ==I5[2]

]
spin 1:

In[147]

Signature([{1, 3,/2}]
il

|n[‘|-‘41] :

ig
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spin := '

check := And [
S[1].8[2] -S8[4].8[1] ==I8[3],
8[(2).58[3] -8[3].58([2] ==IS8[1],
8(3).58(1) -S8[1].58([3] =I8[2]
]

spin 1:

e[a_Signature((}, 2, 2}]

In[148]
a [1' 3' 2]

OLI!]T-Hi]--
c [lr 3! 2]

dim;
spin;
check;
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spin := i

check := And [
S[1].8[2] -8[4].8[1] ==I8([3],
§(2].8[3) -8[3].8([2] =I8[1],
S8[3).5[1] -S8[1].5([3] ==I8[2]
]

spin 1:
In[150)::

] 1= Signatyre[{a}];

Table[-Ie[i, j, K

In[144) =

Tensor Products

Pirsa: 11080139 Page 126/204



Day 2 = Marning Lecture, part 2 -

] 1= Signature([{a}];
:=Table[- e[i, 1, k], {3, 3}, (k, 3}]

Out[157]

Out[158]:

Out[159)¢
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af ] 1= Algnatura[(-})
N[/ ] 1= Tabla(-a[/,

dim
apln
cheok

11080139
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1
L] | = PauliMatrin(n))
a

dim 1= Langth(n{1]]
dim - 1
wpln e ]
F |
cheok 1= And|
B(L].W(3] ~M[2].B[0) =T0[D],
N(2).W[I) -N[I).0[2) w2In[L],
B3] A1) ~M[1].0[3] wIn[2)
|

ol | 1= Bignatura((s)])
B[] ve Tabla(=Ta(l, |, K], (1,

Page 129/204




1
Bloa | == PaullMatrein|n])
|

dim 1« Langth[n[1]]

chook 1= And |
H[1].8(2] ~8[2].0[1]) w2m([3),
N3] m[3) ~W[3].0[2) wT0[1],
B3] ML) =m(1].0(3] wIn[2]
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dim 1= Langth(n|1))

dim - 1

upln 1= i

check 1= And |

B(1).H[2) «B(2].B[1] =

n(a].0(3) -n(3).n(2)
H{3).0(1] - A[1).0[3)

dim
upln
cheok

- PauliMateln(n))
2

1a[a],
wIn(l],
wina)
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ClrolaTiman « KroneokerProduct )

Elganvalues (A1) @N[1] sA[2]@n[2] s A[I]@A([1])
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dim)
wpling
cheok )

ClroleTimes « KronsckarProduct)
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IS ¢ 4T 6 T
enberg xxx spin chain

ClroleTiman « KronsckarProduct )

Elgenvaluan[H[1]®A[1] « N[2|@B[2) sn({I]0B(D]]|

] = IdentityMatein [dim”)
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ClrolaTiman « KronsckarProdust)

Rlgenvaluen[A[l]®B[1) « A[2)@A(2) + A[I])®mn[]]]

E(n_] ve IdontltyMatels (dim”]

max s 10
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' Running...Day 2 = Morning Lecture, part 2.0

In[184]

I[n ] := IdentityMatrix[dim"]

In[185)::
max = 10;

In[186]

L=-2

1 J
B[z ] :=~ », p 2[n]@S[a]@S[a] ®I[L -1 -2]

. n=0 a

In[187]:=

h[10]

—

In[58] =
L Hs = Table[h[L] // N, (L, 2, max}];

ne%t= [ vt - zable[{L, Me[L- 1] // Eigenvalues // Sort // Fizstl. (L 2 max}]

Out|69]=
-0.385577), {6, -0.415596},

-0.333333}, {4, -0.404006}, {5,
-0.4258041}}

{{20 ‘0-375}r {3!
(8. -0.4218671. {9. -0.415147). (10.

{7. -0.4051771}.

Pirsa: 11080139
Page 136/204



' Running...Day 2 = Morning Lecture, part 2.0

In[184]

I[n ] := IdentityMatrix[dim"]

In[185)::
max = 10;

In[186]

L=-2

1 J
B[z ] :=~ », p 2[n]@S[a]@S[a] ®I[L -1 -2]

. n=0 a

In[187]:=

h[10]

—

In[58] =
L Hs = Table[h[L] // N, (L, 2, max}];

ne%t= [ vt - zable[{L, Me[L- 1] // Eigenvalues // Sort // Fizstl. (L 2 max}]

Out|69]=
-0.385577), {6, -0.415596},

-0.333333}, {4, -0.404006}, {5,
-0.4258041}}

{{20 ‘0-375}r {3!
(8. -0.4218671. {9. -0.415147). (10.

{7. -0.4051771}.

Pirsa: 11080139
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—
R o P e .,p__,__._..ﬂ_m _ l
Everythin il |
In[184)

I[n ] 1= IdentityMatrix[dim"]
In[185)

max = 10;
In[166]

3
ZZ (0] ®S[a] ®S[a] ®L[L - 0 - 2]

ne0 a {

h[L ] :=

e
L

In[187]:=
h([10]
Out[187]=

A very large output was generated. Here is a sample of it:

{<<l>}

Show Less | | Show More \ ( Show Full Output | [ Set Size Limit...

Pirsa: 11080139
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h[10]

out[187]

A very large output was generated. Here is a sample of it:

{«cl>> )

Show Less | Show Anore Show Full Output | Set Size Limit...

|TI['.I!H

Hs = Table[h[L] lrn, {L, 2, max}];

Ais tb = Table[{L, Hs[[L-1] // Eigenvalues // Sort // First}, (L, 2, max}]

ouj69)
{{2, -0.375}. (3¢ _0.333333), {4, -0.404006}, {5, -0.385577}, {6, -0.415596},
{7, -0.405177}, (8, -0.421867}, {9, -0.415147), {10, -0.425804}}

n(60)= | 35 = ListPlot[tb, plotStyle - {PointSize »0.02}, 2 10", (Red, Ttall
PlOtLabBl-PStYIO["Eu for the Heisenberg Spin Chain for Ls2...107, {Red, IS4 °H]

Qut[80]= L
E, for the Heisenberg Spin Chain for L=2...1 0

Pirsa: 11080139
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Ooul[187)

In[58]

ou]69)

Qut[80]=

Pirsa: 11080139

In[69):=

In[B0]:=

Day 2 - Morning Lecture, mﬂ 2nb

&
>

h[10]

A very large output was generated. Here is a sample of it:

{ «cl>> ) ‘

Show Less || Show Anore Show Full Output | | Set Size Limit...

Hs = Table[h[L] IIN, {L, 2, max}];

tb = Table[{L, Hs[L-1] // Eigenvalues // Sort // First}, (L, 2, max}]

{{2, -0.375), {3, -0.333333}, {4, _0.404006}, {5, -0.385577}, {6, -0.415596],
{7, -0.405177), {8, -0.421867}, {9, _0.415147), {10, -0.425804}}

0.02},
1p = ListPlot [tb, PlotStyle = {PointSize - e
p:lotLabul-vSt'Yle[“En for the Heisenberg Spin Chain Zox & 2...10", (Red, Italic}]]

Ey for the Heisenberg Spin Chain for L=2..10
] 1008 »
~0 24
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[n]®@S[a]®S[a] ®I[L -

h[10]

oul[187]

A very large output was generated. Here is a sample of it:
{«<l>>}

Show Less | | Show jgore Show Full Output | Set Size Limit...

memorizer e

[FIiiJU]‘ Hg :Table[h['] // N' {['f 2' mx}]3

// First}, (L, 2, max}]

In[69):= Hs([L - 1] // Eigenvalues // Sort

tb = Tﬂble[{l'r

}, {6, -0.415596},
{10, -0.425804}}

Qut[69]
4, -0.404006}, {5, -0.385577

{{2 -0.375}, {3 -0.333333}, {
{7, ~0.405177}, {8, -0.421867}, {9, -0.415147},

Pirsa: 11080139
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In[187)
h[10]
Out[187)
A very large output was generated. Here is a sample of it ‘
{ecls>}

Show Less | | Show More | Show Full Output Set Size Limit...

memorizer exercise:

£(n_]

Pirsa: 11080139
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MmN

In[187)

Oul[187]

In[188]

In[180]

Out[190]

Pirsa: 11080139

Day 2 = Morning Lecture, p«lﬂ_? nb

S T g

"nw0 a

h[10)]

.9

e S

A very large output was generated. Here is a sample of it

{«cl>> )

Show Less | | Show More | Show Full
memorizer exercise:

£f[n_] 3= f(n=-1] +1/£[n=-2);
£(1] = £[2] =1.2;

£[10]

4.75841

Output || Set Size Limit...
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{ <<15>

Show Less | Show Nore | | Show Full Output | Set Size Limit...

memorizer exercise:

f[r; ]:=f[1.‘—1] 1/f[‘2];
£[1] = £[2] = 1.2;

In[193]

ol 4

Global™ £

£[1) = 1.2
£[2] = 1.2
£(n_ ] 1= £[n-1]+

In[190]:=
£[10]

Out[190]=
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T

memorizer exercise:

£f(n ] := (E(n-1] +1/£[n-2]);
£[1] = £[2] =1{2;

Yoz

Global™ £
fl1] = 1.2

£[2] = 1.2

1
f[ﬂ__] HES f[n" 1] + f(n-2)

In[194]:=
£[100]

Out[194]

$Aborted
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‘bf

AT

3.35847

e é

Global™ £

f(1l] = 1.2
£f(2] =1.2 ‘
£(3] =2.03333

f(4) = 2.86667

£(5] = 3.35847
£(n_] :=£(n] =£[(n-1]+ rinlzl

In[194):=
£[100]

Out[194]=
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e

€0 ) 1= £(n] =£[n-1] ¢1/£(a-2]
£[1] = £[2] = 1.2

£(5]

Ou197]

3.35847

£

Global™ £

£(1] = 1.2
£[2] = 1.2

|
£(3] =2.03333
£(4] = 2.86667
£(5] = 3.35847

f[(n ] 3= f(n] =f(n-1] +

Pirsa: 11080139
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E B
® Mg

- mn

f(n_ ] t=€[n] =€[{n-1] +1/£[n-2]
f(1l) =£[2] =1.2

Table[£[]], (), L, 1000}]]

£[5]
oul[197]

3.35847

In[198]

2 £
“Global'f
£[1] = 1.2
£(2] = 1.2
£(3) = 2.03333

£4) = 2.86667 _—

Page 148/204
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memaorizer exercise:

f(n ] 1= £[n) =£[n-1] +1/£[n-2]
f(1] =£[2] =1.2;

In[199)

Table[£[]] // Log, {J, 1, 1000}] // ListPlot
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Day 2 - Morning Lecture, part Inb

memorizer exercise:

In[195]

f(n ] 1= £[n) =f[n-1] +1/£[n-2]
£f(1] = £[2] = 1.2} ‘

g[n ] &= g[fl—].] 1/9[-”"’2]
g[],] =q[2] =1.2;

Tﬂblﬁ{f[ I] /7 e {1 1, 100}] // ListPlot

Out|200]

e
......
-
P
-------
v
e
e

10}
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g(n_ ] i=g(n-1)
gll] =g[2] =1.2

1/g[n-2]

Table[£([]] // Log, {J, 1, 100}] // ListPlot // AbsoluteTiming
Table([g[]] // Log, {], 1, 100}] // ListPlot // AbsoluteTiming

Qu[205]
2.5
20
15} /
{0.001245, o} |
05}
T 20 40 60 80 100
In[197]
£[5)
Out[197]=
3.35847
In[198]:=
7 £

Pirsa: 11080139
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Out|208]

Pirsa: 11080139

Day 2 - Morning Lecture, :uﬂ_ 2nb

gln ] i=gln=-1]1/g[n-2]
g[l] =g[2] =1.2

Table[£[]] // Log, {J, 1, 20}] // ListPlot // AbsoluteTiming
Table[g[]] // Log, {i, 1, 20}] // ListPlot // AbsoluteTiming

1.5

1.0
{0.000694.

0.5

1.5

10

{0.057660,

0.5
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y .‘ e ‘-. I‘_.

| =£[2] =

Table[g[i] // Log, {1, 1, 40}] // ListPlot // AbsoluteTiming
In[197

£[5]
Out[197]

3.35847

In[1986]

£

Global™ £

1.2

i

£[1)

1]

f[2] =1.2

£(3] = 2.03333

Pirsa: 11080139

g[n ] t=g[n=-1]pl/g(n-2]
g[l] =g[2] =1.2
Table[£[]] // Log, {1, 1, 20}) // ListPlot // AbsoluteTiming ‘
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U.UbILS
3

0.442932 «

odd
prediction = ——

0.443407

-Log (2] +1/4//§

0.443147

Qut1 18]

0.0585792

« Garbage 3
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*®

» Garbage 3

In[195)

fln ] 3= £[n] =f|jn-1] +1/f[::-2]
£[1] = £[2] =1.2;

In[203]
g[n ] :=g[n-1]+1/g[n-2]
g(1] =g[2] =1.2;

1, 20}] // ListPlot // AbsoluteTiming
] // ListPlot // AbsoluteTiming

lelﬁ[f[:l] // Log, {:.f!
rable[g[i] // Log, {1, 1. 20}

rable[£[1] // Log, {I. 1, 1000}] // ListPlot

Pirsa: 11080139
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In[184)
I[n ] := IdentityMatrix[dim"]
In[185)
max = 10;

In[186)

1 [-2 3
h[z.] a=l- 221[“)“[“]“[“]"“‘"'"’"2]

ne0 a
In[187):
h[10]
Out[187]
A very large output was generated. Here is a sample of it:
(<<l>> }

“Show Less | [ Show More “Show Full Output | [ Set Size Limit...

mamnrizar avarnica'

Pirsa: 11080139
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In[184)

In[185]

In[214]

Out[213]=

In[197):=

Pirsa: 11080139

_ Running...Day 2 - Morning Lecture, part 2.nb

I[n ] := IdentityMatrix[dim"]

max = 10;
1 -2 3

h[Z ] s=h[L] =—| ) ) X[n]@S[a] ®S[a] ®X[L -1 - 2]
“In=0 a

h([10]

A very large output was generated. Here is a sample of it:
{<<l>}

‘Show Less | | Show More Show Full Output | | Set Size Limit...

memorizer exercise:
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73 il

In[184)

I[n ] := IdentityMatrix[dim"]

max = 10;

ClearAll[h];
1 =2 3
R[Z_] t=h[L] = = 3 >'x[n) @5 [a] @8[] @I (L - 5 - 2]

n=0 a

In[215]
h[10];
memorizer exercise:

In[197):s

£[5]
Oul[197]=

3.35847
In[194):=

£[100]

Pirsa: 11080139
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I(n ] 1= TdentityMateln (dim’ )

Cleachll (k]

1

1 &
LIES RER TR I R IR L LI L TRV
oa

Ha w Tabla(h[L) 7/ 0, (1, 2, max)])

th = Tabla[ (1, naf 1) /7 Rlgenvaluen // Bort // Flent), (1, 2, man]]

¢ <0379}, (3, <0.322232 A, -0, 404006), (5%, -0.3I09577), |6

|7 =0.403177), (D, -0.421067), |9, -0, 418147}, 10, -D.42%004

Ip = LintPlot[th, Plotltyle - [Palntllew - 0,02],
PFlotLabal « Style|" for ti I I

"¢ (hed, Italla)])

Page 159/204
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bl o Y-

In[184]

I[n ] := IdentityMatrix[dim"]

max = 10; ‘

ClearAll [h];

In[21¢

=2 3
h[L ] :=h[L] = < ZZI["]@S[D]@S[&]OI['.— n - 2]
1.

‘ ‘..Io a

In[220]

Hs = Table[h[L] // N, {L, 2, max}];

In[221]):=

Eigenvalues [Hs[3] ]
. 1875,
R 404006, -0.239277, -0.239277, ~0.239277, 0.1875, 0.18705'02;8705'029;354}
{(-Joi-l875 0 '114277, 0.114277, 0.114277, -0.0625, -0.0625, -0. e U<
- ' .
" L max
3 ol alues // Sort // First}, (L, 2, }

tb = Table[{%/ Hs[[L-1] // Eigenv

Pirsa: 11080139
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Day 2 - Morning Lecturs, part 2.nb

-'jhw . ¥ M

In[184)

I[n ] := IdentityMatrix[dim"]

max = 10; ‘

ClearAll[h];

In[185)

et} X
h[L_] :=h[L] =']:ZZI[:]OS[O]@S[&]@I[:.- | = 2]
I

Jn=0 a

Hs = Table[h[L] // N, {L, 2, max}];

,,,,,,

Eigenvalues [Hs[3], 1]

Out[222]
{-0.404006)
i .t [ L 2' mx}]
In[69]:= b = Table[{L, Hs[L-11// Eigenvalues // Sort // Fir }o (Lo
OIJ![U‘J]'- o

Pirsa: 11080139
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Lo

P ot

In[184]

I[n ] := IdentityMatrix[dim"]

ClearAll[h];

L=2 3
h[Z ] :=h[L] - ZZ]I[:]@S[E\]@S[&]@I[S,—. 221
I

| neO a

In[220]:

Hs = Table[h[L] // N, {L, 2, max}];

tb = Table[{%L, Eigenvalues [Hs[], 11010}, (&0 24 max}]

Oul[69) 1, {6, -0.415596},
-0.404006}, {5, -0.385577}, {6,
({2, -0.375), {3, -0.333333}, {4, A7), -0.425804}))

(7, -0.405177), {8, -0.421867}, {9 -0.415147}, {10,
' -

.02},
i Style = {Pointsize-ro 0 A ; g e
= ip =Li’t:1‘;t[:2;::rfﬂu onr the Heisenberg Spin chain for L=2...10", {Red, It: }]
plotLabel -

100 »

Pirsa: 11080139 Page 162/204
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Jut(69]

Pirsa: 11080139

In[BO):=

Day 2 - Morning Lecture, part 2.nb

i

ClearAll [h];
1 -2 3
e ZZI[-‘]QS[D]OS[a]eI[:- - 2]

| ne0 a

Hs = Table[h[L] /} N, {L, 2, max}];

tb = Table[ {1, Eigenvalues [Hs[L - 1], 11010}, (&, 2, max}]

({2, -0.375), {3, -0.333333}, {4, _0.404006}, (5, -0.385577), {6,

{7, -0.405177}, {8,

333333}, {4, -0.404006), (5, -0.385577}, {§

2 ~0.375), {3+ -0.
Lo g o 0 21867 {9 =0+ 415147} {10g=0~4238

(7, -0.405177), {8,

pPlotStyle = {PointSize - 0.02},

= ListPlot[tb ) i
2 : for the Heisenberg Spin Chain for

plotLabel - style["Eo

0.415596},
-0.421867), {9, -0.415147}, {10, -0.425804}}
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In|B0):=

Pirsa: 11080139

{{2,
{7+

lp = Listprlot [t ..
plotLabel - style["Eo

-0.375}, {
-0.405177)

o leot ol Lager valuis

S aed a' vdbe Jad 4

4 4

nwnuh.u[(" 'I)]

i
4

a+d a'dbo Jad:d ‘3

"

d

d

a' vdbo Jad:d

a' 4o Jad:d

for the Heisenberg §pin Chain for L=2...

i #*
noo ® Ligenvalues - Wollram Mathematica
max = 10; n’ Ligervalues
4, $earen for all pages coma 9 Lgenvaluey
Inj216)
ClearAll([h]; ~
h[L ] := h[L] = 1 | Eigenvalues ‘
'.r.!;' gives a :'Ir‘”‘r-.-,—‘. siues of p——p—p—
Hs = Table[h[L] ves e genarshsed o Rt oot
In| vt !.-“-Ilt /] ] -
tb=Tﬂble[{' I :.‘,“11.'“..._’.'... :
Qut[225]
{{2, -0.375}, {|" " 415596},
{74 =0-405177 , s
Oll'nlflfll v Illnc.t‘;::u.l::“:“"' g
. 415596},

10", (Red, Italic}]]
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* Ligenvalues - Wollram Mathematica
max = 10; 8 e
A pagey com 2 U

In[2106)

ClearAll[h];

RT3 | ‘

¥ Nasic Enamplos

In[220]
. gigoenvalues|((a, b}, (=, 4} )]
Hs = Table[h[L] IO SR CRCLCRGA

TER]
“"T'"h"i [ a d )

In|225
tb:Table[{ ¢ I ; a+d .a'idbo 2ad:.d ‘ acde Ja'sana-2aded
Out[225]
Lsacl e ganvaisel
{{2' _0_375} ’ { | migonvalues|Table(L/ (e )¢ by (e 2Dl « 111 415596},
il noot | 1 « 4798 il - 333600 ul” « 270009 VSl T I
{7' 0'405177] Moot | 1+ 4799 ul - 259 400:L" 37000041 &, 3 4
{ noot | -1+ 4798 Al - 333600 ul7 « IO el
Out|69]:

{{21 -0.375}, { llq-t;;u’lunll'l'lih;l.ll;l“-‘“:-' « 31 LM 1413396},

{7' _0.405177) (1o 10.637053, 0.01092€), 0.000212131

ind SV ues SUNg Wi J0agT rechin

| gigenvalves(Tabla[W(1/ (1 ¢ o 1), 20), (4 ) Ue 201D

In[80]:= lp = ListPlot [tl -
plotLabel - Style[“Eo

A ARTARLATEVETRTE wakawy, A Yoo v
107 »

for the Heisenberg §pin Chain £

sasad A RIREVATIARIAA

or an...lo'., {n.d' Itll.tC}]]

Pirsa: 11080139
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Pirsa: 11080139

ClearAll[h];

Day 2 - Morning Lecture, part 2.nb

1 L=2 3
h(L] = -
«0 a

Hs = Table[h[L] /} N, {L, 2, max}];

Eigenvalues [Hs II‘ 1], 11011

tb = Table[ (., Eigenvalues (Hs[L - 1],

{{2,
{7,

{{2,
{7+

"0.375]; {3' '01333333}; {4' "00
-0.405177}, {8, -0.421867}, {9

-0.375}, {3, -0.333333), {4, 0.
—0-405177}" {B' '0-421867}‘ {9'

‘ Y > x(a] @5 [a] @5 [a] OX (L -1 - 2]

11011}, (L, 2, max}]

404006}, {5, -0.385577}, {6, -0.415596),
-0.415147), {10, -0.425804})

404006}, {5, ~0.385577), {6, -0.415596},
-0.415147}, {10, -0.425804})
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Day 2 = Marning Lecture, uﬂ-} nb

&g

ClearAll[h];

1 -2 3

‘ ZZI[-'-]OS['J]OS[&]QI[: -n=2]

«0 a

h[i] =

Hs = Table[h[L] /’/Nf {L, 2, max}];

Eigenvalues Hs U‘]] 11

Eigenvalues [Hs[3], 1][1]

-0.404006

tb = Table[{L, Eigenvalues [Hs[L - 1], 11020}, (% 2, max} ]

(3, -0.333333), {4, -0.404006}, {5, -0.383577), (6, -0.415596) ,

({2, =0.375}, 0.415147). (10, =0.425R041)

(7. -0.4051771}. {R. -N.421RA7}. (9.

Pirsa: 11080139
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mMNN
In[216) » Ligenvalues - Wollram Mathematica
L Ligenvalues "

A $aareh for all pages comtang igenyaluss

ClearAll([h];

LNy R T E L JIG WY 4k W

[EETITE Lhal R R et W DL AT TV 3]
!,_l;,:,: y glgenvalues[Tabla(N[1/ (i s 1o bh]e [ie 3)s (7 13 )
: 0.697051, 0.01892€), 0,0002121)7

Hs = Table[h[L]

1108 & pewa uee Kt g W J0-0.91 precy

gigonvalues[Tabla[N[1/ (1« ] 4}, 30), (is 2)e (1s D))
3. 0002127400 004000 1 402

Inj228)
[ 0. 63705420209 787924544, 0 giendddiov o aNielag,
.
Eigenvalues [Hs {
Largest ¥ e gewa ue
Out|228] ‘ Eigenvalues(Table(N[L/ (i | s D)1, (1, 300, (1, 9001, 3
WM

1.960)%, 'L”LJ/‘.,J"I"\'»I\. 3. 007305817, 0.0
{~0.404006, -0, , 0.1875,
0.1875, 0.1142 ,0290064 )

gigenvalues[((1, 0, 0), (0 14 o), (0, 0, 1))
I'RYR
In[230]::
| » Generalizations & Extensions
* Oplions
Eigenvalues [Hs
» Applications
b Praporiies & Relalions -
$[ 2"
Ou‘[LJUJ- » Possible Tvsves
» Neoal Examples
{“0-404006' -OI
{ ¥ BEAMD
Ligenvectors CLigensystam SingularValuelist CharacteristicPalynamial et Tr
3 I'unllueuelunlrnnlrllu .
In|225):= | ‘
100 »

tb = Table[{L, Eigenvaiues nsu = L LAYk &y WAXY]

Pirsa: 11080139
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Oul[68]=

Pirsa: 11080139

Day 2 - Morning Lecture, part 2.nb

L

ol st

ClearAll[h];

1 L-2 3
|

h(Z_ ] t=h(L] =~ ) ) I[n]@S[a]@5[a] @ [L -1 - 2]

n=0 a

Hs = Table[h[L] A/ N, {L, 2, max}];

Eigenvalues [Hs[}]]

{-0.404006, -0.239277, -0.239277, -0.239277, 0.1875, 0.1875, 0.1875, 0.1875,
0.1875, 0.114277, 0.114277, 0.114277, -0.0625, -0.0625, -0.0625, 0.0290064)

tb = Table[{L, Eigenvalues [Hs [L - 1], 11020}, (& 2, max)]

({2, -0.375), {3, -0.333333}, {4, _0.404006), {5, -0.385577}, {6, -0.413396},
(7, -0.405177), {8, -0.421867), (. -0.415147}, {10, -0.425804})

({2, -0.375}, {3¢ -0.333333), {4, -0.404006}, (5, -0.385577), {6, -0.415596},

Page 169/204



In[216)

Out[228

In[225]:s

Out|225

Out[69]=

Pirsa: 11080139

S R S

e P

mm
M * Ligenvalues - Wollram Mathematica

' Ligenvalues

4, $aarch for all pagey comtanoag Digenvale

ClearAll[h];

Eigenvalues

Hs = Table [h([L]

gives a lisl of the egenvalues of the squate matric =

2 iy,

gives the generalued eyge valves of
1

Eigenvalues [Hs Siqonvaloonorg

‘ gives the hirst 4 egonval won of m

Bigonval CIrL
gives tho lest d gengralized o genval.os
v ] v

{-0.404006, -0,
0.1875, 0.1142

v LEAMMIL
|

tb = Table [{%, B ¥ Dasic Examples

gigenvaluen|((a; W)y (8 anl

- ard o' dbo Jad @ .; a-d A’ Ao
({2, -0.375}, {
(7, -0.405177)

ugﬂulu"i(: :;),

- d a' v dbeo lad-d ‘3 a-d

{{2' "0-375], {3' '00333333}' {4,

dad &

a e iad 4

-0.404006}, {5, -0.385577}, (6,

, 0.1875,
0290064 )

415596},

-0.415596},
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&

T
ClearAll([h];
1 -2 3

_ ZZI[::]Os[n]OS[a]@I[I,-..-2]

n=0 a

h{L ] s=h([L] =

Hs = Table[h[L] A/N. {L, 2, max}];

tb = Table[{L, Eijgenvalues [Hs[L - 1], 11021}, (%, 2, max}]

({2, -0.375}, {3, -0.333333}, {4, _0.404006}, {5, -0.385577}, {6, -0.415596},
{7, -0.405177), {8, -0.421867}, {9, -0.415147), {10, -0.425804}}

Out|69]
({2, -0.375}), {3, -0.333333}, {4, _0.404006), {5, -0.385577), {6, -0.415596]},
{7' "0-405177}; {Br "0-421867}' {9' “0-415147), ‘:10' “0-425804}}

.02)
1p = ListPlot [tb plotStyle = (PointSize -+ 0 ¢ | ’ )
pPlothbel *Bt;le["li(, for the Heisenberg Spin Chain for L 2...10", (Red, Ttalic}]]

Out[80]=
En for the Heisenberg Spin Chain for L=2...10

Pirsa: 11080139
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Day 2 - Marning Lecture, part 1 nb

In|216)

ClearAll([h];

Tl &
h{L ] :=h[L] = -

-2
, ZZI[-"] ®S[a]®S[a)@I([L~n=2]

«0 a

Hs = Table[h[L] A/ N, {L, 2, max}];
Hs [ [4]])

Ou|232] ‘
SAborted| |

In[231]

tb = Table[{%, Eigenvalues [Hs[L - 1], 11011}, (L, 2, max}];

In[80] 1p = ListPlot [tb, plotStyle = {PointSize-»D.(?Z}, RPN o e
pPlotLubel-bStyle["L‘(, for the Heisenberg Spin Chain Zox L=&. .« .
QOut[80]= | - ;
Ey for the Heisenberg Spin Chain for L=2..10

L
-0.34

Pirsa: 11080139
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Day 2 - Morning Lecturs, part 2.0b

h...‘d"' o ¥ r"- e

In[216)

ClearAll [h];

1 L=2 3
h(z_] s=h(L] = - > > x[n]) @S[a] @S [a] L[ - 1 - 2]

«0 a

In[220) ‘

Hs = Table[h([L] A/ N, {L, 2, max}];

In[233]
Hs [[4]] ;
Out[233]
{{0.2, 0uy Oey 0.y 0uy Oey 0oy 0.y 0., Oe G OlerCer Oler (e
e e o Wog Wog Wk 0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.},
{0., 0.1, 0.1, 0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0., 0.,
Oy 0y 04¢ 0cls Oelg) Ol 0., 0.,0.,0.,0.,0., 0c, 0uyp 0., 0.},
{05170/ L 0len Ole 0.1, 0., 0., 0., 0./ 0.y 0.y 0., 0., 0., 0., 0.,
0l 0als 0ke 0:ls O 04, 0%¢ 0ce Ode OciehUale 0., 0ey 0sy 0., 0.},
{0., 0., 0., 0.1, 0., 0.1, 0., 0., 0cp Ouyp O0uy Ocg Oup 0op 0o,
04y10440¢s Osys Ose Oce Oce 0y 0u¢ Ocq Oup Ocp 0ug 0ag 0ae O
{0ey 0.y 0.1, 0., 0., 0., 0L ¢ 04 OcleiOaiatQule 0., 0., 0., 0.,
Oy Oay 0er 0oy Oup Ocy 0ap 0aq Qe 0., 0uy O0uy O0cyp 0uy Oup 0.
{0., 0.y 0.y 0.1, 0., 0.1, 0.1, 0., 0.,0.1, 0., 0., Ouy 0ur 0ay Oy
O«, 0., 0., 0., 0 P O0ur 0es 0., 0.0 0.y 0., 0., 0., 0.},
{0ce Oue O0ce O.c 04 04le0veQce Qus 0.. 0.1, O0ce Oue Ouc 0. 0.. il

0.,
o
0.,
}
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A . 9

ClearAll[h];

1 -2 3

: ZZII*IOSIH]OS[a] @I[L-n=2]

«0 a

h[L] =

Hs = Table[h[L] // N, (L, 2, max}];

In[234]

Hs[[4]] // SparsIArray

SparseArray [<84>, {32, 32}]

In[231]

tb = Table [ {L, Eigenvalues [Hs[L - 1], 11011}, (&, 2, max}];

In[80):s lp = ListPlot [tb, PlotStyle » {PointSize - 0.02}, R
PlotLabel - style["Eq for

i Spin Chain for L=<
the Heisenberg Spin Chal

Out[80) T "
l Ey for the Heisenberg Spin Chain for L=2..10
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& 4§

In[216)

ClearAll[h];

1 (=2 1
h(% ] s=h(L] == )’ > I[n]@S[a] ®5[a] OX[L - 1 - 2]

“l nw0 a

Hs =Tablo[h[i.] /\/ N, {-1 2, max}];
In[237)

Hs[[3]] // SparsgArray

i SparseArray[<40>, {16, 16}]
(tb = Table[{L, Eigenvalues [Hs[L - 1], 11010}, (&, 2, max}];
7 [ 1p anstelotithe PiesBtrie « (OEIRS L, cnatn for 12107 (hed Tealial)
PlotLabel - :
Out{80]=

Ey for the Heisenberg Spin Chain for L=2...10

(e}
~034

Pirsa: 11080139
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- MW. o & L
Inj216]

ClearAll([h];

-3 3
h[L ] :=h[L] =—1_ ZZI[?:]OS[&]OS[;\]@I[.’.—. -2]

=0 a

In[220] ‘

Hs =Tab10[h['*] NN, {L, 2, max}];

In[237)

Hs[[3]] // Spar:sI.nrray

Qut[237]
sparsehrray[<40>, {16, 16}]
In[238):: / Timin
(tb = Table[{L, Eigenvalues [Hs[L - 1], 11[11}, (% 2, max}]3) / .
Out[238]
{0.681065, Null)
g .02}!
80):= tStyle - {PointSize - 0.02) P " Italic
In| lp =1‘1’t:1:t[;2;::;’"h‘u Y-for the Heisenberg Spin Chain for L=2...107, (Red, Ita }1]
plotLabel -
Out[80]=

Pirsa: 11080139
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In[216]

ClearAll([h];

Day 2 - Marning Lecture, part 2.nb

_

ua&” : B

1 L.-2 3

ZZI[ ] ®S[a] ®S[a] ®I[L - n - 2]

n=0 a

Hs = Table[h[L] A/ N, {L, 2, max}];

Sparsefrra)

/O HS;

SparseArray /@ Hs;

He[[3 Spart
Hs [ [3

[ \ ) 1 ()
Sparsen \

ll![lI sehr 'lly <40 > 2

(tb = Table[ (" Elgenva py
(tb = Table [ {%, ngonvnluus[ll:.[j - 1]] 1][[11}}, [ ) &

0.681065, |

(0.681065, Null )

1P = LigtPlot[th,

:

IGALY \Y

/ Spu rseArray

16, 16

v L h B (

1\ H

W'Txﬂ;nq
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wl" . ‘ & .

ClearAll[h];
-2 3

ZZI[x]@S[a]OS[a]OI[I,-. - 2]

n=0 a

h{L ] s=h[L] =

=N

Hs = Table [h[L] A/ N, {L, 2, max}];
In[239)
Hs2 = SparseArray /@ Hs;

In[238] ‘

(tb = Table[ {1, Eigenvalues [Hs[L - 1], 1] 011}, (%, 2, max}];) // Timing

Out|238]

{0.681065, Null}

In[241]:: Fo
(tb = Table[{%L, Eigenvalues [Es2[L - 1], 11010}, (% 2, max}];) // Timing

Qut[241]=
{0.028016, Null)

InlB0L:=
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ClearAll[h];

Hs = Table[h[L] A

In[238)

Out|238]

{0.681065, Null)
In[:_’-ﬂ[.,
Out[241]

{0.028016, Null)
InlBOL=

Pirsa: 11080139

(tb = Table[{%L, Eigenvalues (Hs2[L

" Day 2 - Morning Lecturs, part 2.nb

N . .._\‘ - “ .I. .

=2 3
ZZI[..]@S[a]esta]en[r.- 1= 2]

«0 a

/N, {L, 2, max}];

Hs2 = SparseArray /@Hs;
In[238] ‘

(tb = Table[{L, Eigenva

lues[Hs[L - 1], 11010}, (% 2, max}];) // Timing

-1], 11020}, (% 2, max}];) // Timing
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{0.023155, Null

1p = ListPlot [tb
PlotLabel -+ St

Day 2 - Marning Lecture, part 2nb

, PlotStyle -» {PointSize -» 0.02},

E{; er"
[s]

git = Fitltb. (1.1

the Heisenberg Spin Chain for L=2...10

e SMf 1/ 1 /x4 Ve x!

rlo["ﬁ:, for the Heisenberg Spin Chain for L

:

d, Italic}]]
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Bl i & ﬁ-'n-..u.
Hs = Table[h[L] A/ N, {L, 2, max}];

Hs2 = SparseArray /@ Hs;

(tb = Table[ (L, Higenvalues [Hs2[L - 1], 11010}, (&, 2, max}];) // Timing ‘

{0.023155, Null)

W 1/ Fit[#, {1, 1/x, 1/ 1/%) x| &;

odd = Table[tb[j], {I, 2, max -1, 2
11 17 Fit[z, {1, 1/%, 1/, 1 /%) x] &;

even = Table [tb([il, (I, 1, max, 2

0.311931 0.467293  0.210538
O ORI = sty B e -

In|244):= —
lp = ListPlot[tb, plotStyle - {PointSize - 0. e
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Out[247)

In[244):=

Ml 2441-

Pirsa: 11080139
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Hs2 = SparseArray /@ Hs;

(tb = Table[ (L, Bigenvalues[Hs2[[L - 1], 1] (1]}, (%, 2, max}];) // Timing

{0.023155, Null)

odd = Table [tb[i]l, {}, 2, max - 1, 2
even = Table[tb[4], {i, 1, max, 2
fit = Fit[tb, {1, 1/x, 1/x%, 1/%, 1/x%}, x]s

plot | {fit, odd, even}, {x, 2, max}, PlotStyle -

0.311931 0.467293 0.210538
~0.443881 - 3 + 3 ' =
X X

lp = ListPlot (tb, : :
rg Spin Chain

plotLabel - style["Eo for the Heisenbe

6

PIRLL l"it.[", {1, 1/x, 1/::’, 1/::3}, x] &3
}] /7 Pie[=, {1, 1/%, 1/%, 1/x}, x] &

plotStyle - (PointSize -+ 0.02},
for L=2...10", {(Red, Italic}]]

1O .
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Hs2 = SparseArray /@ Hs;

(tb = Table[ (L, Bigenvalues [Hs2[[L - 1], 1] (1]}, (%, 2, max}];) // Timing

oul] ‘
{0.023155, Null)
In[248)
]
odd = Table[tb[], (1, 2, max -1, 2 }1 7/ Fit[#, {1, 1/%, 1/, ]./}x }e x] &
2 .
even = Table[tb[4], (i, 1, max, 2 }] 7/ Fie[#, {1, 1/%, 1/, 1/x}, x] &

fit = Fit[tb, {1, 1/x, 1/x%, 1/x%, 1/}, x|

In[252]

1 = Plot [{fit, odd, even}, {x, 2, max}, pPlotStyle - {{Blue, pashed)}, (Red}, (Red}}];
p = r r

lp = ListPlot [tb, plotStyle - (PointSize - 0.02”}. o i o Bk

PlotLubel—oStylo["l:,. for the Heisenberg Spaif
{Red, Italic})]):

Pirsa: 11080139
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In|254)

Show([lp, pl]

Ey for fhr' Heisenberg Spin Chain for L=2...10

104.171 36.6017 5.4223
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$ g

"
Lﬁ s i

pl = Plot[{fit, ddd, even}, (x, 2, max}, PlotStyle - { (Blue, Dashed}, (Red
lp = ListPlot[tb| PlotStyle - {PointSize - 0.02},
PlotLabel - Style["E, for the Heisenberg Spin Chain for L e (Bl (0 el
{Red, Italic}]]:;
Show([lp, pl]

Ey for the Heisenberg Spin Chain for L=2...10

» (Red}}];
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%

L-2 3
. ZZI[ ]®S[a] ®S[a] ®I[L - n - 2]

nw0 a

Hs = Table[h([L] /|/ N, (L, 2, max}];

Hs2 = SparseArray /@ Hs;

(tb = Table[ (L, #genvalues[nszm.—l]], 11011}, (L, 2, max}];) // Timing

{0.023155, Nullj

In[248):=
odd = Table[tb[i], {i, 2, max -1, 2 11 24 Pit[#, {2, 17%, 1/ 1/x}, x] &
even = Table[tb[il, {1, 1, max, 2 }] /7 Fit[#, {1, 1/%, 1/x, 1/%'}, x| &3
fit:?it[tb, {1, 1/x%, l/xz, l/x’, 1/:‘}, x];

pPlotStyle - {{Blue, pashed}, (Red)}, (Red}}];

even}, {*: 2/ max},
nlnl-ﬂi--A.ﬂ n21 e

In[258]:=

T =T dobkDlnd rh ol kObwla o O

Pirsa: 11080139
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Hs2 = SparseArray /0 Hs;

(tb = Table[ (L, Higenvalues[Hs2[[L - 1], 1] (1]}, (%, 2, max}];) // Timing x

{0.036911, Null)

odd = Table[tb[i}, (I, 2, max -1, 2 1] 7/ Fit[#, {1, 1/%, 1 /%, 1/x*}, x] &
even = Table[tb[®], (i, 1, max, 2 }] /1 Fit[#, {1, 1/%, 1/=, 1/x'}, x| &;

fit = Fit[tb, {1, 1/x, 1/, 1/%, 1/x'}, x];

pl = plot[{£fit, odd, even}, {x, 2, max}, PlotStyle » {(Blue, pashed}, (Red)}, (Red}}];
1p = ListPlot [tb, PlotStyle - (Pointsize0.02},
plotLabel - Style["E; for the Heisenberg Spin Chain for L
{Red, Italic}]]:
show([lp, pPl]

2..." ¢ TpString[max],

Out[260]= . ; .
E, for the Heisenberg Spin Chain for L=2...10
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Hs = Table[h([L] // N, {L, 2, max}];

Hs2 = SparseArray /@ Hs;

(tb = Table[{L, figenvalues [Hs2[L - 1], 1] [1]}., (L, 2, max}];) // Timing
{0.034821, Null)

odd = Table[tb[i], (i, 2, max-1, 2 }] 14 Fit[#, (1, 1/%, 1 /%%, 1 /%), x| &3
even = Table[tb[i], (], 1, max, 2 }] 74 Fit[#, {1, 1/% 1/x3, 1/%}. x| &
it = Fit[tb, {1, 1/%, 1/x3, 1/%, 1/}, =]

11, -0.421099))

Part:;partw : Part 11 of b | i
({2, -0.375), (3, -0.333333), 14, ~-0.404006), «<4>, (9, -0.415 147), (10, =0.425804),
does not exist, =

-ivefitd © First argument | |

r:t..falﬁz_ “(;537‘5? 4 >0 I, (4, =0.404006), <5, (10, 0.425804), (11, ~0.421099}}{

11]) in Fitis nota list or

(12, =0.375), (3. - 0.333333
a rectangular array. =

Pirsa: 11080139
Page 188/204



Inj271)]

Pirsa: 11080139

Day 2 - Marning Lecture, part 2.nb

I N sl ‘ &-‘\
=2 3
| D' >'x(n)@s(a)@5[a] ®X[L - 1 -2]

«0 a

Hs = Table[h[L] /\/ N, (L, 2, max}];

Hs2 = SparseiArray /@ Hs;

(tb = Table[{L, genvalues [Hs2[L - 1], 1)011}, (L, 2, max}];) // Timing

{0.034821, Null)

Y1 // Fit[!-‘, [1, 1/x, 1/:’, l/xl}, x] &;
2 }] 7/ Fit[#, {1, 1/%, 1/x%, 1/x’}, x] &

odd = Table[tb[il, {], 2, max - 1, 2
even = Table[tb[il, (I, 1, max,
f£it = Fit[tb, {1, 1/, 1/:2, 1/%*, 1/x}. %]
Part::partw : Part 11 of
((2, =0.375), (3, -0.333333), (4,
does not exist, =

-0.404006), =<4, (9, -0.41514/7), |

10, -0.425804), (11, -0.421099))
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Out280]
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pl = Plot [{£fit, ddd, even}, (x, 2, max}, PlotStyle - { (Blue, Dashed}, {Red
lp = ListPlot [tb} PlotStyle - {PointSize » 0.02},
PlotLabel - Style["E, for the Heisenberg Spin Chain for L Zede AT

Show([lp, pl]

¢ (Red}}]:

String[max],

{Red, Italic}]]:;

Ey for\the Heisenberg Spin Chain for L=2..\]

~(.36
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™ a8

e e——

8

odd| + even
prediction = — - /. X=®

Outf2e1]

-Log[2] +1/4 NL

-0.443147

In[283):=

Out|283]=
~-0.045098

» Garbaae 3
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In[270]

out[270]

Pirsa: 11080139
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willy,. il

] := IdentityMatrix [dim ]

ClearAll[h];
-f!

J
h(z ] :=h([L) e ZZn[ 1®S(a) ®S(a] ®I[L - 0 - 2]

w0 a
Hs = Table[h[L) // N, {L, 2, max}];
Hs2 = SparseArray /0 Hs;

(tb = Table (L, Eigenvalues[Hs2[% - 1], 11021}, (%, 2, max}]3) // Timing

(0.034821, Null)
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N

odd + even
prediction = — 3 /. X=®

Qut2a1)

~0.443347

-Log[2]) +1/4//
Out[282]

-0.443147

In[283):s

Out[283)
-0.045098

Pirsa: 11080139 Page 193/204



" Day 2 - Marning Lecture, part 2.nb

odd = Table[tb[i), (], 2, max -1, 2 }1 77 Fit[#, {1, 1/%, 1/, 1=}, x] &)
even = Table[tb[[(], (i, 1, max -1, 2 }1 7/ Fit[=, {1, 1/%, 1 /%%, /%) x] &
f£it = Fit[tb, {11/, 1/x*, 1/%, 1/x'}, x];

pl = Plot [{£it, ddd, even}, {x, 2, max}, PlotStyle » ({Blue, Dashed}, (Red}, (Red}}];

1p = ListPlot[tb) PlotStyle - {PointSize - 0.02}, g

i PlotLabel[—rS yle["E; for the Heisenberg Spin Chain for Ls=i... <> ToString[max],
{Red, Italilc}]];

Show[lp, pl]

i
Ep for the Heisenberg Spin Chain for Jbrd

Pirsa: 11080139 Page 194/204



odd « Tabla[th[ |}, (), 2, man ’ rll} 1 14y

aven » Tabla[th |}, (), 1, man -1 11 4 rn| PRLE Yt WAL TR VALY
tle = ritfh, (1, 170, 1 /x" 1 /0%, 1 /%Y, ]

plsPlov|(fit, odd, aven), («, 2, man), Flotfityle « [ [Mlue, Danhed), (Wad), (Rad))])
Ip » LintPlot[th, Plotityls - (Polntllse - 0.02),
PlotLabal - Btyle[”
(med, Ttalle)]]y
Bhow [1p, pl)

“ax Tofkelng [max),
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(med, Ttalle)]])
Bhow [1p, pl]

odd + avan
predlotion =
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0.045000
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O.045000

Ip // rullrorm

Graphlom |Lint [Lint |[Lint ¢ Limt [Nue [ O.67

o 000 |, hule|pal
¢ ~0.3333332132322220

Lint|%. , 0.2I0%%772%0

Polnt (Lint [Lint (2.7, -0.37% |, Lint|d
Lint (4,7, D, 40400625%0%461090
Lint (6., -0, 4155961000012
Lint B L ! Ll
0, 4250035%20720207237 o Limt (11
Lint [Rule |[Anpoctiatlo, ald

o Lint (7, ; D, ADALTTE

Lint [0 L PE R PY UYL RIALS
¢ 0421009301 ane

niatle, 1)], Mule Frum

Mule | A welgln, Lint (2.7, -0,42%

Rule [PFlotLabel,

Btyle|®\ \ sorlpt box I

7 ] for the lal U1
for 11%, Lint [RGDCEHLe

1, 0,0 tallc ¢« Mule|Ploth
List|Limt(2.7, 11 o LWL [-D.42500252072020737°, -0.33323333333122%
Rule |[Flothan Lipplng, Trus

Mule [PlotRangePadding, Lint [foaled(0.02 |, Boaled|0.02

Pirsa: 11080139
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e

-0.045098

Inj289)

lp /. RGBColor ([l O, 0] - Blue

Ey for {the Heisenberg Spin Chain for L=2...11

o

In[286):=
lp // FullForm
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In[266) I‘

lp // FullForm

Qut[286)//FullForm

Graphics [List [List [List[], List [Hue[0.67", 0.6, 0.67 |, Rnle [PointSize, 0.027 |,

Point [List [List[2.7, -0.375%), List (3.7, -0.33333333333333354° |,
-0.3855772506635993" |,

-0.4051770972409504" |,
-0.4151468562643684" |, List[10.7,

.0.42580352072828737" ], List[11.", -0.4210993911235986"]]]], List[]]],
Liat[Rule[napectRatio. power [GoldenRatio, -1]], Rule[Axes, True],
Rule [AxesOrigin, List[2.%, -0.4257 ] ],

Rule [PlotLabel, . ‘
style["\!\ (\ «SubscriptBox [\ (E\), \ (0\)]\) for the Heisenberg Spin Chain
Ttalic]]], Rule[PlotRange,

for L=2...11", List [RGBColor (1, O, 0],
List[List[Z.‘. slalgnli | List[—0.42580352072328737‘. *0-33333333333333354‘i1h

Rule [PlotRangeClipping, True), ) : ;
Rule [PlotRangePadding, List [Scaled[0.02" ], Scaled[0.027]]]]]

List[4." &-0.40400635094610987" ], List (5.7,
List[6.%, -0.4155961889813211" ], List[7.",
List[8.%, -0.4218665748359865" |, List[9.",

Pirsa: 11080139
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~0.045098

Rule [PointSize,

PointSize - 0.02

lp /. RGBColor (1] 0, 0] = Blue

Out|289

Ey jm‘ht' Heisenberg Spin Chain for L=2...11
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Rule [PointSize,

Qut[200]

PointSize - 0.02

lp /. RGBColor([1

Ey for

In|286]:=

Pirsa: 11080139
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w

" Wy ol

L 0, 0] - Blue /. Rule[PointSize, 4 ] » Rule [PointSize, k

he Heisenberg Spin Chain for L=2...11
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-
Rule[Painthiss, ad |

Ilp /. manCalar(l, O, 0] <« Alue Fuls [PolntSlan
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