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2. Algorithm: Lanczos & LOBCG

3. Algorithm: TPQ

Appendix:
Formulation of many-body quantum systems in a nutshell
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HP

For direct comparison between experiments and theory
and promoting development of other numerical solvers

Numerical diagonalization package for lattice hamiltonian
-For wide range of quantum lattice hamiltonians
Ab initio effective hamiltonians
-Lanczos method [1] and LOB(P)CG [2]:
Ground state and low-lying excited states
Excitation spectra of ground state
-Thermal pure quantum (TPQ) state [2]: Finite temperatures

-Real-time evolution
-Parallelization with MPI and OpenMP (—=51{b HEEEDFET)

[1] E. Dagotto, Rev. Mod. Phys. 66, 763 (1994) .
[2] A. V. Knyazev, SIAM J. Sci. Cumput. 23, 517 (2001).
[3] S. Sugiura, A. Shimizu, Phys. Rev. Lett. 108, 240401 (2012).

Open source program package (latest release: ver.3.1.2)

License: GNU GPL version3
Project for advancement of software usability in materials science” by ISSP



Target Hamiltonian

- Standard Hamiltonian 1

ltinerant electrons: Hubbard—type model

= _NZ Z CioCioc — Z Z twcmcja + UZ”ZT”N + van%nj

i=1 o=1,| i#j o=1,4 i#]

| U

Fermion Hubbard: Particle # & total S, conserved
HubbardNConserved: Particle # conserved & total S, not
Fermion HubbardGC: Particle # & total S, not conserved



Target Hamiltonian

- Standard Hamiltonian 2

Localized spin: Heisenberg-type model

H——hZSZ+FZS‘"B+DZSS 2. D sy
0,J o,f=,Y,2
prohibited

Spin: total S, conserved
SpinGC: total S, not conserved

S> 1/2 can be simulated
If your memory is enough large



Target Hamiltonian

- Standard Hamiltonian 3

Mixture: Kondo-lattice-type model

_ —MZ S o e _tz S e, Z{Sj el it + S elpesy + SE(nir — nay) |

i=1o="T,1 o=T,|

1 1 :: —1 ﬂ: U
L : :
¢—¢—¢)—¢7 @ prohibited

Kondo Lattice: Particle # & total S, conserved
Kondo LatticeGC: Particle # & total S, not conserved



Standard input: Simplified input for typical lattice models

AltlsleEe H=—pY > cicio=D D> tijclcio+UD nagns + Y Vigmin,

ilau i#j o=1,4 i=1 i#]
Quantumspins 1~ 35} +TY ST DY SIS Y Y IS
] a,ﬂ =T,y,2
Kondo lattice = —MZ Z cwcw tz Z cwc]ng Z{S:r TcZT+S cchw+S (nip — ”zi)}
i=1o="1,{ (2,5) o=T,4

Expert input: Flexible input for any one- and two-body hamiltonian

_ § E NN E E T T
H= t201]02cz’010302 + Ii01j02;k03£04cz'01Cj02ck:030504

i’j 01,02 iajak:’g 01,02,03,04



Primitive Standard Input File

W:
|_=
mod

//method =
method
//method =
lattice =

t =

A
A

el

= "Hubbard"
"Lanczos”
= "TPQ"
"FullDiag"
"Square”

1%

15

12



Output

Ground-state/finite-temperature/time-evolution of
-Energy

-Square of energy

-One-body equal time Green’s function

-Two-body equal time Green’s/correlation function

<H ) 9 (H 2) ) (0201 Cjoa ) ) <CI¢71 Cjoa c;::as Cloy )

-Dynamical Green’s function is also available



An Example of Exp
Ab Initio Spin Ha
Y. Yamaji, Y. Nomura, M. Kurita, R. Arita, & M. Imada, Phys. Rev. Lett. 113, 107201 (2014).

An example: Frustrated magnet Na,lrO4

I'y
I‘z—<
L
P l”
\\ FX
N
P4
< =
~N
~ P
~ r e
~ P
7
~ 2




An Example of Expert Input:
Ab Initio Spin Hamiltonian

Y. Yamaji, Y. Nomura, M. Kurita, R. Arita, & M. Imada, Phys. Rev. Lett. 113, 107201 (2014).

R VD DI A
I'=X,Y,Z,Z2n4,3 ({,m)el -
Sg:(ggvggagg) Jy =
FY ~
y I'z < jZ —
I'x -
A /
| T Zona =
$ 2nd
/
N
T J3 =
F%nd FSrd

cf.) RESPACK

—-239 31 -84
-3.1 32 1.8 | (meV)
—8.4 1.8 2.0

32 —31 18
~3.1 -239 -84 | (meV)
1.8 -84 20

44 —04 1.1
04 44 11 | (meV)
1.1 11 —30.7 |

[ 08 10 -—-14
1.0 —0.8 —14
| —14 -14 -12

T 1.7 0.0 0.0
0.0 1.7 0.0
0.0 00 1.7

(meV)

(meV)

11



Overview of Software H®

-Language: C

-Compiler: C & Fortran compiler

-Library: BLAS, LAPACK, Kw (distributed with HD)
(optional: MPI, Scalapack, MAGMA)

-Parallelization: OpenMP & MPI

For installation, cmake is required



Standard input Flow of Simulation

W 4
L 4
model = "Hubbard”
method = "TPQ”
lattice = "Square"
t=1.0
t' = 0.5
U=28.0
nelec = 16

=0

25z
V

Standard interface |\/|ak|ng input files
\ from scratch
Expert input <

Def. files for Hamiltonian

Def. files for controlling simulation

Y

Expert interface

v

Subroutines:

-Lanczos

-CG

s Standard output
-TimeEvolution OUtpUt files

-Full diag.

(LAPACK, Scalapack, MAGMA) 13



Algorithm Implemented in H®:
Lanczos & LOBCG



Krylov Subspace Method
for Sparse and Huge Matrices

Alexey Krylov
Aleksey Nikolaevich Krylov

1863-1945
Russian naval engineer and applied mathematician

Krylov subspace A e ChrE

K, (A,b) =span{b, Ab, ..., A" b}
Numerical cost to construct K.;: O(nnz(A) x n)
Numerical cost to orthogonalize K.;: O(L x n?)

Cornelius Lanczos 1950 *nnz: Number of non-zero
Walter Edwin Arnoldi 1951 entries/elements



Krylov Subspace Method

from SIAM News, Volume 33, Number 4

The Best of the 20th Century: Editors Name Top 10 Algorithms

By Barry A. Cipra

1950: Magnus Hestenes, Eduard Stiefel, and Cornelius Lanczos, all from the Institute for Numerical Analysis
at the National Bureau of Standards, initiate the development of Krylov subspace iteration methods.
These algorithms address the seemingly simple task of solving equations of the form Ax = b. The catch,
of course, is that A is a huge n x n matrix, so that the algebraic answer x = b/A is not so easy to compute.
(Indeed, matrix “division” is not a particularly useful concept.) Iterative methods —such as solving equations of
theformKXx; , , = Kx; + b — Ax;with asimpler matrix K that’s ideally “close” to A—lead to the study of Krylov subspaces. Named
for the Russian mathematician Nikolai Krylov, Krylov subspaces are spanned by powers of a matrix applied to an initial
“remainder” vectorr, = b — Ax,.Lanczos found a nifty way to generate an orthogonal basis for such a subspace when the matrix
is symmetric. Hestenes and Stiefel proposed an even niftier method, known as the conjugate gradient method, for systems that are
both symmetric and positive definite. Over the last 50 years, numerous researchers have improved and extended these algorithms.
The current suite includes techniques for non-symmetric systems, with acronyms like GMRES and Bi-CGSTAB. (GMRES and
Bi-CGSTAB premiered in SIAM Journal on Scientific and Statistical Computing, in 1986 and 1992,
respectively.)




Lanczos I\/Ietho_

Initial : 1 =0, |vg) =0

for y =1,2,...,m do
wj) = Hlv;) — Bjlvj_1)
a; = (wj|vj)
wj) < |wj) — ajlvj)
Bjq1 = \/<wj’wj>

V1) = |wj)/ B

17



L anczos Method
aj = (v;|Hlvj)
B; = (vj_1|H|vj) = (v;|H|vj_1)

Orthogonalization

i
Hvj_1) = |ve){ve|H|vj_1)

v;) = —
(vj|H|vj—1)

A 0 (U<j—3)
(ve|H|vj—1) = { Bi-1 (U=j—2)
51 (f:]—l)



Lanczos Method _

aj = (vj|H]|vj)
(vjlvk) = 05k A
Bj = (vj—1|H|vj) = (vj|Hv;_1)

Hamiltonian projected onto m D Krylov subsace

( o7 B2 0
B2 a2 B3
H, = B3 a3
) : 5m—1
5m—1 Ay —1 Bm
\ 0 Bm 8770

Eigenvalues of projected Hamiltonian
— Approximate eigenvalues of original Hamiltonian

19



Lanczos Method: # of Vectors Required

Initial : 8; =0, |vg) =0
forj:]_72,...,m dO
(w;) < Hl|vj) — Bjlvj—1) vi—1) = |wy), |vj)
oy = (wj|vj) wj), |vj)
w;) < |wj) — ajlvy) )
Bj+1 = \/<wj\wj> i) [v5)
)

1) = |ws)/ B




Convergence of Lanczos Method

Yousef Saad,
Numerical Methods for Large Eigenvalue Problems (2nd ed)
The Society for Industrial and Applied Mathematics 201 1

Assumption: Ay > Ao > --- > A\,

Convergence theorem for the largest eigenvalue

tan f(|v1), |1)) r
Cm_l(l —+ 2’y1)

~ 4(A = An) [tan B(Jvy), [1))]7 e~ VT
i —

1 = Ny — A

Cilt) = & [(H VE—1) (14 m)]

og&—A&””b)s(Al—An){




24 site cluster of Kitaev-I' model (frustrated S =1/2 spins)

Dimension o6f Fock space: 224=16777216

S el
Sparse intermediate eigenvalues: Not correct
Smallest and largest eigenvalues: Well co

Eigenvalues
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How Lanczos Method Works

-7 D T ) CI) uo T o OC|> voOCID ”Uool
72+ o ° .
o 5 o) OoO oO O%%o%x)oo
N 74t ) %b %OOOQ: i}
)
2 o)
© © o
> o o
C o
() © o
D 76 o OoO O%mz@mmam .
LLI °
Ey=-7.8870906929 (converged)
. Eo= —7.88?0906928 (75 steps)
78 | 0 -
_8 ] ] ] ] ] ] ]

0 10 20 30 40 50 60 70 80
Dimension of Krylov subspace



LOB(P)CG

Algorithm of LOBCG: m lowest eigenstates

m orthogonal initial vectors m(()i)

p=0(i=1,...m)
for (k= 0;k < kmax; k++)
i _ (@) A
k @ ()

Initial condition:;

<approximation of /th smallest eigenvalue

(x5 xy,”)
ufy) = 420 — D)
SA:{wlil),.. w,gm) x,i),.. :n,(fm),p,(ﬂl),...,pk }TA{w,~C e w,im) :13]2),...,a:,gm),p,(f),...,p,(ﬂm)}

1 m 1 m 1 1 m 1 m
SB:{'w,(C),.. w,(f ) a:,(c),.. :BE{: ),p,g),...,pk >}T{w() ...,wé ) ZB,E:),...,QBIE ),p,({:),...,pk )}
Obtain ith smallest eigenstate of S0 = p)Spv® v = (agz), e oz(z) 6 ﬁm ,fyl - ,77(;))
(t=1,...,m)
<m smallest eigenstates are chosen from 3m states

ol =3 (aPwf + 802 +40p)

7j=1
= 5 (o) 480

j=1

Until convergence



Algorithm Implemented in H®:
TPQ

(Finite-Temperature Simulation)



Finite-Temperature Physical Quantity:
Heat Capacity

Spread of energy distribution
<]:]2> B <]:]>2 32 site cluster of S=1/2 spin

kpT?

-Average with Boltzmann distribution

> e BB (n)|Oln)

Nensy M
(O5") = Ze—En/kBT Ny = 232
n
C I . 3 . .
omelexty OWig) - Hamitonien | |n) ~gace
Memory O(Nf)

O —

26



Typical Pure State Approach

Imada-Takahashi (1986)

O(N ) Lloyd (1988)

H Jacklic-Prelovsek (1994)
Memory Hams-De Raedt (2000)
Sugiura-Shimizu (2012, 201 3)

M. Imada & M. Takahashi, J. Phys. Soc. Jpn. b5, 3354 (19806).
B =0 (T — +o00) Typical state: Random vector

2
|Po) = Zcx ) (Z ca|” =1) Ullah, Nucl. Phys. 58, 65 (1964).

R x . T -Uniform distribution on
(O) =0 = E[{¢0| O |¢0)] unit sphere in R "
At finite temperature lez™] = T'(Ny + n)

Pg) = e PH/2 $0) Average over the distribution

How large is the standard deviation? _

O'?) . ry <<¢5 é |¢5> . <OA>/%HS>

Complexity

(Psl0s)




Typical Pure State Approach

Seth Lloyd, Ph.D. Thesis, Rockefeller University (1988); arXiv:1307.0378.
A. Hams & H. De Raedt, Phys. Rev. E 62, 4365 (2000).

A. Sugita, RIMS Kokyuroku (Kyoto) 1507, 147 (20006).
P. Reimann, Phys. Rev. Lett. 99, 160404 (2007).
S. Sugiura & A. Shimizu, Phys. Rev. Lett. 108, 240401 (2012).

S. Sugiura & A. Shimizu, Phys. Rev. Lett. 111, 010401 (2013).
(A0 + (O} — (0)5™)°
exp[20{F'(28) — F(P)}]

x exp[—S(6%)/2] (8 < 5 < 26)

O'?)S

Exponetially small when system size increases

28



Construction of Typical Pure State

Thermal Pure Quantum (TPQ) States |¢5> = ’(I)k>
Sugiura & Shimizu, Phys. Rev. Lett. 108, 240401 (2012)

Initial state (at 7=+ ): |®y) = (Random vector)
do k=1 ’Nstep If possible, taking random average

i) = (¢~ H/N) [@51) /(@i (£ H/N)? [0 _)
B =2(k/N)/(¢ ) (8 =1/ksT)

O(B) = (@] O |@) + O(1/N)
enddo

Hamiltonian-wave function product is essential

29



Example of TPQ: Effective Hamiltonian

Of O(-RUC|3, K‘ I—‘J3 MOdel

i = S ST TS

2

I'=X,Y,Z,3 ({,m)eT

Si = (5¢.587,57)
- —cos¢p O 0
0 0 sing
: Z
0 sing 0 @
0 0  sing | &
0 — COS @ 0 2
sin ¢ 0 0 Q
; | =
0 sing 0 Q
sing 0 0
0 0 —cos¢ | |
Jz 0 0 |
0 Jsg O 3rd neighbor
0 0 J3 |

Js[S7 Sy, + SYSh + SESR]



How to Simulate K-T -J; Model

¢/m=0.2
model = "SpinGC” i
method = "TPQ" s
lattice = "Honeycomb”
alw = 2 20
a0l = 2
alw = 4
all = -2 0
JOox = -0.80901699437 Jx = 0 0
JO0yz = 0.58778525229 0 sing 0| Js 0 0
JOzy = 0.58778525229 C 0 0 sin | Ji=| 0 7 o0
Jlzx = 0.58778525229

B Jy = 0 — COS ¢ 0 0O 0 Js
Jly = -0.80901699437 .
Jlxz = 0.58778525229 | sing 0 0 Add Exchange
J2xy = 0.58778525229 0 sing 0 and Tsing by
J2yx = 0.58778525229 = | sing 0 0 Expert mode
J2z = -0.80901699437 0 0 —coso
h = 0.07071067811
Gamma = -0.07071067811 B & (1,0,=1)

25=1
31



Heat Capacity of K- -J; Model

b/m =02 Jg/\/K2 [ = 0.05

— B= 01 28 samples Error bars

—— B=0.1, 56 samples ,, B=0.1, 112samples
[ — B=0. 1 112 Samples Error bars: ]

——— B=0.0, 28 samples B=0.0, 112samples
6 -—— B=0.0, 56 samples T

B=0.0, 112 samples B/VEZITZ = 0.1
5| _
C'4r

o1 o1 1 1o




Standard Deviation

Standard deviation in TPQ




Algorithm Implemented in H®:
Real time evolution

Univ. of Tokyo, [SSP
Kota ldo



Quantum Dynamics

HAHERTR 51 BL—F — A0
BELIRFHHIR FEICKY ., BHEBEEFRIC
S BRBHES S RBEe BT SIFFRIREI
ex1)JtiF R TS eX2) I FIZBITAHAHNEFD

SEREHZ K HMEERD FAFZHOR
1) ﬁﬁutlhﬁﬂ(zﬂ-l-fsw&ps) EFEEHELAFIVADEBRMMEE

Photoinduced Phase Transitio (b)

Adiabatic Potential Energy

Bloch et al., Rev. Mod. Phys.80,885431(2008).

Basov et al., Rev. Mod. Phys.83,431(2011).
2




HONDEFF A FTIVAKEERLE
- TAS—REICED(ERBIFEESTE  Nonequilibrium

M %,
=0

Ptn+1)) = e R 1 En)) C/Kf/ f

- RV —RE—FK: $HEERITIUTF . KB/ NLR AC, DC)
- IXRN—FE—F : EHFLTO—F - —_AKRHHEERAZIETE

P
FRZTOIRILEF— ZEHEE. /)L L,
CERIIEE




=M

ABIIF —RE—FRZEFES=EA&AD

e 1st. Step: ZEEIRRE e et &
Lanczos;EIZ KA MEIRREB(BEERNIML)DEFTE - H

\I

« 2nd. Step: EFFEIERER
Method= “Time—Evolution” IZ}§7E
FFRIFER DI A ZIEE(F—T —FPumpType)
BIEINTDA—RHEIETE

KLBIZISL T, AR BEEGEDARIMLEER
PO E DA R REFFTEZ1TD,




AFVF—RE—FeE>EEREDEFHE

model = “Hubbard” method = "CG”
lattice = "Square” t=1.0

aOW = 2 U=10.0

a0L =2 nelec = 8

alW =2 2Sz =0

allL=-2 EigenveclO = “out”

zvo_eigenvec %% rank_$$.dat (%%: EEEDFH
=.9%%: 70+ RES )HDoutputTasLIRJIZH DS
nNd




AR T —RE—FZFE->I-RHFEREES
BEEX—J—~
method: “Time—Evolution” Z g 7E
lanczos_max: FFEIRED AT YT
dt: FrE %I A& 1&
PumpType = “Quench”, “AC Laser”, “DC

Laser”, “Pulse Laser”

B




AT —RE—FEFE--FHREREERE
BEEX—T—k

method: “Time—Evolution” Z#3¥§E

lanczos_max: FFfEIFEE D ATV T

dt : BFfEl %2l &#1&, ExpandCoef: T4 o—REFH RN

]

PumpType = “Quench”

F—"J—KUquench (E#{)

HE

L A

N U + Uquench

E%l Uquench Z T TG
v | U i

¢\\ AHEARZITIZ OGNS
’ >

~

0 t



ZAUE —RE—RE B R R
BEEX—"—k

method: “Time—Evolution” Z g E
lanczos_max: R FEREB DA TYITH

dt: B % A105, ExpandCoef: T4 5—ER R
PumpType = “AC Laser”, “DC Laser”,
“Pulse Laser”

INATJLABRICKYESEMRZEA
—1A(t) (Ri—R;)/(2)

tij — tije



ARAVF—FE—FEFE--HEEEEER
BE—FZEDRIRILIRTU v I
*“AC Laser” A(t) = Agsin|w(t — tg)]

-“DC Laser” A(t) = Aot
" “Pulse Laser”
A(t) = Agexp [—(t — t0)2/(2t(21ump)] cos |w(t — to)]

HEr—"T—k

freq: W tdump: tdump
tshift: T VecPotW, L: A@IEE




FFHEREETOHENT7AIL
OutputT4L k!

Norm.dat

FEZICED /L LFEXHEZH A
-1 =5 —FRERNENEZITIFE N> TN S DIEE

SS.dat
BEZCEDIRILEY—, —EHAELEEZLE A

## cisajs_step%%.dat
LRI EDOneBodyGTHRELI=— AT ) —2 B D
ATEMERZH A
HE
X%ﬁT»rI/OHJ TIZIE, BEEZTORIMILRTUO v )L
BIGZTERT H=ODTF7AIL potential.dat HH 73




= : Gaussian/ \JL A B& 5t

model = “"Hubbard”

method = “Time—Evolution”

lattice = “Square”
aOW =2

aOL =2

alW=2

alL=-2
lanczos_max = 5000
dt = 0.001

PumpType = “Pulse Laser”

t=1.0

U=10.0

nelec = 8

2Sz=0
EigenveclO = “in”
tshift = 5.0

tdump = 1.5

freq = 8.0
VecPotW =0.1
VecPotL = 0.1

48

A(t) = Agexp [—(t — t0)*/ (2t Gump) ] €08 [w(t — to)]

Ao = (0.1,0.1),
w/t=38

A= (22,
| w/t =25 m
i
I

0 2 4 6 g 10
Time



D1t

o« TXRX/\—FE—FTIIOneBodyTEX
TwoBodyTEZ{#F D &ET AEED — K- Z{K%H
BYERERZ/N\SILN=TUICZEATEEY,

HAIER =27 ILESBEEN

http://issp-center-dev.github.io/HPhi/manual/userguide HPhi ja.pdf
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Appendix: Formulation of
Quantum Many-Body Problem



Quantum Many-Body Problems

An example: 3 Quantum dots
F. R. Braakman, et al., Nat. Nano. 8, 432 (2013)

g B - ~ -A quantum box can confine a single

electron
-Utilized for single electron transistor,
quantum computers

Three-body problem:
— Number of states = 23 (factor 2 from spin)

QR oeoelo) g g @ el
& g g meel) & @ & Hel)el
¢ & g Oel)elo) e S b penen
& & @ menel & & B Denell
States represented by T — { S: S‘ Z Cn0n1n2|n0 ®|n1>®\n2>: nonins E(C}

superposmon
no= 017’1,1 Oan 01

)
)
)
)




Quantum Many-Body Problems

Mutual Interactions

Operators acting on

a single qubit

A two dimensional representation

of Lie algebra SU(2)

-/\y /\Z_
_Sjasj_

-A:U /\y-
_Sjvsj_

-AZ Aaj-
_Sjasj_

N-_—l
A 1
52(0) = - 1)
A 1
52[1) = -10)
Ay B /)
5410) = 21)
A 1

Yy _

S¢1) = —=10)
521y = 5 1)
As 1
510) = —0)



Vectors in Fock Space

1 =1

1) = 10)
2N-dimensional Fock space:

F={Y Y 3 Cunnnalno)®n) @ @ny 1)}

—0,1n,=0,1 .=0,1
no ni nN-1 (Cnonl“'nN—l S C)

Correspondence between spin and bit

Decimal representation of orthonormalized basis

N-—1
|I>d=\no>®|n1>®\n2>®---®|nN_1> ] = ZnV.QV
vr=0

Wave function as a vector

1 1 1
)= D D Cugnivnyilno) @) @ @ ny_1)

nonnle nN_le

v(I) = Cponyoomy—r v(0: 2V — 1)



Vectors and Matrices in Fock Space

Inner product of vectors

({(no] ® (n1| ® --- ®@ (ny_1]) x (|ng) ® [n}) ® -+ @ |ny_y))

= (nolng) x (nafny) x - x (ny-1lniy_y)

(n| x \n’>—<n\n’>=5m

QS‘Qb Z Z Z O/nonl "M N — 1Cn0n1"‘nN—1

no= On1 0 ny-1=0
Z Z Z no”l NN — 1‘n0>®’n1>®"‘®’n]v_1>
no=0n1=0 ny-1=0
1 1 1
=3 > Y Copmennalno) @ ) @ - @ fny )
no=0n1=0 ny—1=0

Hamiltonian matrix H[]/ — <I‘[:]|I/>

Orthonomalized basis:  |I),|I'Y € F  (I|I') = 011



Example: Two Spins

Decimal representation of orthonormalized basis
0 th site 1 st site

D )
/\> \/>
v> z\>
/\> /\>

Q.

A A

0)
1)
2)

3)

® Q&

Q.

Problem: Find 4 by 4 Hamiltonian matrix that describes
H/J= 5287 +SYSY + 5287
1 /A, ~ N A A
=5 ( ST+ SO_ST) + SEST

>

Useful transformation: J+

L adder operators Gt — §7 4 QY J+ A
j
j

>

>

AN




Answer of the Problem
H=J (Sgéf + SYSY + S’gﬁf)
Matrix element o (I|H|J)q (I,J =0,1,2,3)

4 by 4 Hamiltonian matrix

- +1/4 0 0 0
- 0 —1/4 +1/2 0
=510 412 —1/4 0

0 0 0 +1/4




Answer of the
Energy Spectrum of the Two Spins

- +1/4 0
- 0 —1/4
=10 41

0 0
E:_3J7:J7 J’IJ

4774 474

0
+1/2
—1/4

0

0
0
0

+1/4

Problem 2:




