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Exact Diagonalization, Task 3

HxX

1 5|5 1
2
;
1 5|5

AR S5 R RO IR P R I B OC R o IR B N AL RIS i
M, TR, i e Rk 0N

N
H= —JZ(gUf +o0i0i1), J,g>0; (1)
i=1
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“EUHL Fourier AZ#” & HAFE AR . BAOKUL, FATATLUE AP E T T FIRHE

N—
Z QW’“JTj, where k=0,1,--- ,N —1, (5)
j=0

BAVE Gy L T S AL P, FR —NEEE T, Wt Pl = B, P2 = P

1 N— 1 N-1 ) 1 N-1 )
P27 L Vi A i 2T ol )
pl = 75 i%Fk =~ ezNJTJ:—'E e NH'TI = py; (6)
7=0 7=0 j'=0
> _ pf 1 2m 2z,
pP:=Pip, = 2§el a2y §¢1JW P. (7)

£,j=0
NTAES ., Atk BB — 4B R T E &, BRATAYHE —1LE “representative

states”, FACKEEL, FATEH G ELFEEFHEEINEG - RAS (RIAEK

{197y, T |y, TN ) o, IR R S (R R NS . HR, XTI |r)

Mk, P|r) WHESHE (Fl, REMER=0 mod N i, P |r) 7 AE%). Hlkixiey]

BZIG RUTFRIFE { Py r) o<k sprfoserr THCT A Hilbert 20—k, MiH, H /£

ZAEE T RPN P . X, B Ek-sector X MIRERE o (K) RN “BEIR".
BT B R EHE R G AN Py |r) =: rg), ARIE P BB E TR

Pelr)y —  Pylr)

riEipdr) VIR

k) = (8)
EREANCAHER TS Py |r) = 0 BB ro #E4L, T [T, H] = 0, FLL [Py, H] = 0,
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ARG 2 SO BEEHT 0-1 A3 I U HRAE s8N T -

#flip nth bit

2 def FlipBit(i,n):

4

return i~ (1<<n)

#read nth bit

5 def ReadBit(i,n):

return (i&(1<<n))>>n

7 #pick up n bits from kth bit

def PickBit(i,k,n):
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return (i&((2**n-1)<<k))>>k
#circuilar bit shift right
def RotLBit(i,L):
return (PickBit(i,0,L-1)<<1)+(i>>(L-1))
#define a function to get all the configurations that can be obtained by translation
of i
def transl_bit_patterns(i):
transl_bits = [i]
for _ in range(Ns-1):
i = RotLBit(i,Ns)
transl_bits.append (i)

return transl_bits

e, FATATLUE X—AMRIIK, HTFERENMAS: D RENCRIEAS, BHEFIRKR
—H, A 1R, 0 RS 2) WM AARRIEASI B (HEEhD Roaoufr; 3) MR
RUEAT MR, FEEHZ DR BEAA RERENZAHE . AT

#create the check list for whether it is a representative configuration and its
corresponding representative config \r>
Check = np.zeros ([2**Ns,3])
all_configs = []
for k in range (2**Ns):
if k in all_configs:
Check[k,1] = min(transl_bit_patterns(k))

Check [k, 2]

transl_bit_patterns(min(transl_bit_patterns(k))).index (k)
else:

all_configs += transl_bit_patterns (k)

Check[k,0] =1

Check[k,1] = k

B, BATR BLH bR 51 R A A AR YRR, DL b X RIS A B2k (G
B AR LA Z 1 [ D)

#create all the representative configurations using the checklist
rep_configs = []
for i in range (2**Ns):

if Check[i,0] == 1:

rep_configs.append (i)

#create the basis for every k, allow mod(kR,Ns) = O, where R is the minimal
translating times needed to obtain the original state

all_basis = []

for k in range(Ns):

k_basis = []
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for r in rep_configs:
if k*x(Ns/transl_bit_patterns(r).count(r)) % Ns == O:
k_basis.append ((k,r))

all_basis.append(k_basis)

Bl s AR S, RATEEI S P LRSI H (EREGAALE |f) BT
BINEER, RATREERILF RN PR, FAPREET ol B4 cdlmE A
FAUBHIRE, HoARNONAHB R CHEHD RoR. BG, RIEHSZ R IERZH
— M, TATAT AT DL BTSSR N A I R, T A B BRATRE B ETT (r| Pylr)
AU (' |PeH|rYo ARRLSZHELN:

#applying Hamiltonian to the representative configurations |r>
def apply_Hamil(r):
Ham_r = []
couplings = 0
for i in range(Ns):
Ham_r.append ((-J*g,FlipBit(r,i)))
couplings += (-1)**(ReadBit(r,i%Ns)+ReadBit(r,(i+1)%(Ns)))
Ham_r.append ((-J*couplings,r))

return Ham_r

#applying Pk to the representative configurations |r>
def apply_proj(k,r):
Proj_r = []
for j in range(Ns):
Proj_r.append((np.exp(1j*2*math.pi*k*j/Ns),transl_bit_patterns(r) [j]))

return Proj_r

#calculating <s|P_k H|r>
def mel_ Pk _H(k,r,s):
mel = 0
for entries in apply_Hamil(r):
for m in range(len(apply_proj(k,s))):
if apply_proj(k,s)[m][1] == entries[1]:
mel += apply_proj(k,s)[m][0]*entries[0]

return (mel)

#calculating <r|P_k|r>
def ev_Pk_r(k,r):
ev = 0
for entries in apply_proj(k,r):
if entries[1] == r:

ev += entries[0]



33 return (ev)

i, FATNEEA k-sector A BAEREFFEAT X ML, BIRJ#3RIREA k-sector HIRENE, B[ fH
HOC R

1 #generate each k-sector using the function defined above and diagonalize each block
2 for i in range(Ns):

3 H_matrix = np.zeros([len(all_basis[i]),len(all_basis[i])])+0j

4 for row_idx in range(len(all_basis[i])):

5 for col_idx in range(len(all_basis[i])):

6 r = all_basis[i][col_idx][1]

7 s = all_basis[i] [row_idx] [1]

8 mel = mel_Pk_H(i,r,s)/np.sqrt(np.real((ev_Pk_r(i,s))*(ev_Pk_r(i,r))))
9 H_matrix[row_idx,col_idx] = mel
10 evals,evecs = np.linalg.eigh(H_matrix)

11 print (" (1) _Momentum_Sector_ki={}:{}".format(i,np.sort(evals)))

BAN N=8,7=1,g=14 L}t N=8,J =1,9 = 0.4 3 AEITIEF15:
(1) J=1,9=14;

1 (1) _Momentum_Sector_ki=0:[-1.26962251e+01 -1.18661078e+01 -1.02528265e+01
-7.90610579e+00

2 -7.19933670e+00 -4.98424762e+00 -4.75593806e+00 -4.66477333e+00

3 =-3.27551373e+00 -2.97575442e+00 -2.80000000e+00 -2.80000000e+00

4 —-2.22137469e+00 -1.44093011e+00 -1.44093011e+00 -1.02424558e+00

5 —-8.32115082e-01 -1.31493976e-15 -5.09943552e-16 5.91697979e-17
6 5.27120947e-16 8.32115082e-01 9.84247622e-01 2.22137469e+00
7 2.80000000e+00 2.80000000e+00 3.27551373e+00 3.90610579e+00
8 4.66477333e+00 4.75593806e+00 5.44093011e+00 5.44093011e+00
9 7.19933670e+00 7.86610784e+00 1.02528265e+01 1.26962251e+01]

0 (1) _Momentum_Sector_ki=1:[-1.06861068e+01 -8.72608159e+00 -6.44517671e+00

-5.93205502e+00

11 —-3.98000102e+00 -3.97014353e+00 -3.80424660e+00 -3.48865637e+00

12 -2.62093113e+00 -2.44517671e+00 -1.79575340e+00 -1.52674488e+00

13 —-6.94629802e-01 -1.99989771e-02 -6.09513127e-16 9.70370695e-16

14 1.99989771e-02 6.94629802e-01 1.33907092e+00 1.52674488e+00

15 2.44517671e+00 3.48865637e+00 3.97014353e+00 3.98000102e+00

16 4.26092908e+00 5.08610681e+00 5.93205502e+00 6.44517671e+00

17 8.22093113e+00 8.72608159e+001]

18 (1) _Momentum_Sector_ki=2:[-9.22517773e+00 -8.72608159e+00 -7.45879990e+00
-5.44093011e+00



-5.26517568e+00
-2.80000000e+00
-1.52674488e+00
3.41546956e-16
1.52674488e+00
2.80000000e+00
5.26517568e+00

9.22517773e+00]
(1) _Momentum_Sector_ki=3:[-8.22093113e+00

-5.23742522e+00
-2.80000000e+00
-1.44093011e+00
3.34824317e-01
1.96191149e+00
3.62517773e+00
5.44093011e+00

-6.44517671e+00

-5.23742522e+00
-2.79402657e+00
-1.26728169e+00
1.99989771e-02
2.44517671e+00
3.98000102e+00
7.45879990e+00

(1) _Momentum_Sector_ki=4:[-7.86610784e+00

-5.08610681e+00

-2.44517671e+00

-1.99989771e-02
1.26728169e+00
2.62093113e+00
5.23742522e+00
1.06861068e+01]

-5.93205502e+00

-5.93205502e+00
-3.48865637e+00
-1.26728169e+00
4.85996381e-16
1.44093011e+00
2.97575442e+00
5.93205502e+00
7.90610579e+00

(1) _Momentum_Sector_ki=5:[-8.22093113e+00

-5.44093011e+00
-3.48865637e+00
-1.26728169e+00
1.02424558e+00
1.44093011e+00
3.48865637e+00
5.93205502e+00

1.18661078e+01]

-6.44517671e+00

-5.23742522e+00
-2.79402657e+00
-1.26728169e+00
1.99989771e-02
2.44517671e+00
3.98000102e+00
7.45879990e+00

(1) _Momentum_Sector_ki=6:[-9.22517773e+00

-5.08610681e+00

-2.44517671e+00

-1.99989771e-02
1.26728169e+00
2.62093113e+00
5.23742522e+00
1.06861068e+01]

-5.44093011e+00

-5.26517568e+00
-2.80000000e+00
-1.52674488e+00

1.95234614e-16

-5.23742522e+00
-2.80000000e+00
-1.44093011e+00

3.34824317e-01

.97014353e+00
-2.79402657e+00
-6.94629802e-01
6.94629802e-01
.79402657e+00

.97014353e+00

N w N

.45879990e+00

.26092908e+00
.96191149e+00
.94739579e-16
1.79575340e+00
2.79402657e+00
6.44517671e+00

-5.44093011e+00
-2.80000000e+00
-9.84247622e-01
1.26728169e+00
.80000000e+00

.48865637e+00

D W N

.76417010e+00

.26092908e+00
.96191149e+00
.53839540e-15
1.79575340e+00
2.79402657e+00
6.44517671e+00

-3.97014353e+00
-2.79402657e+00
-6.94629802e-01

6.94629802e-01

-7.45879990e+00

-6.76417010e+00

-7.45879990e+00

-8.72608159e+00

-3.62517773e+00
-1.96191149e+00
-3.34824317e-01
1.44093011e+00
2.80000000e+00
5.23742522e+00
8.72608159e+00

-3.98000102e+00

-1.33907092e+00
8.39854935e-16
1.96191149e+00
3.80424660e+00

6.76417010e+00

.90610579e+00
.80000000e+00
.33319677e-16
1.26728169e+00
.80000000e+00
.98424762e+00

o N

.76417010e+00

-3.98000102e+00

-1.33907092e+00
1.55693489e-15
1.96191149e+00
3.80424660e+00

6.76417010e+00

-3.62517773e+00
-1.96191149e+00
-3.34824317e-01

1.44093011e+00

-6.76417010e+00

-6.76417010e+00

-6.76417010e+00

-7.45879990e+00
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N

1

N

3

N

4

N

5

1.52674488e+00
2.80000000e+00
5.26517568e+00

9.22517773e+00]
(1) _Momentum_Sector_ki=7:[-1.06861068e+01

1.96191149e+00
3.62517773e+00
5.44093011e+00

-5.93205502e+00

-3.98000102e+00
-2.62093113e+00
-6.94629802e-01
1.99989771e-02
2.44517671e+00
4.26092908e+00
8.22093113e+00

-3.97014353e+00

-2.44517671e+00

-1.99989771e-02
6.94629802e-01
3.48865637e+00
5.08610681e+00
8.72608159e+00]

(2) X J=1,9 =04

(1) _Momentum_Sector_ki=0:[-8.32346445e+00

-5.23953684e+00

-4.62729724e+00
-2.81114570e+00
-8.00000000e-01
-1.54065923e-01
2.53736334e-16
8.00000000e-01
2.81114570e+00
4.32320887e+00

(1) _Momentum_Sector_ki=1:[-5.58137285e+00

-4.01507702e+00
-2.03223617e+00
-8.00000000e-01
-5.74868673e-16
1.50770223e-02
8.85021510e-01
3.48008258e+00
4.62729724e+00

-4.05368991e+00

-3.54183602e+00
-1.27324101e+00
-3.34468441e-01
1.87770093e-01
6.27306929e-01
3.54183602e+00
4.62730693e+00

(1) _Momentum_Sector_ki=2:[-5.17785031e+00

-3.14561414e+00

-6.27306929e-01

-3.26758994e-01
3.34468441e-01
1.41222991e+00
3.98137285e+00
5.17785031e+00]

-4.15406592e+00

-3.71922147e+00
-1.12416040e+00
-5.50553069e-01
-1.15299214e-16
5.50553069e-01
1.12416040e+00
3.71922147e+00

-3.36914295e+00
-9.08075769e-01
-3.34468441e-01
1.54065923e-01
8.00000000e-01
1.88547091e+00
4.15406592e+00

2.
3.
7.

-3.
=@,
-2.
=20
2.
1.
4
B o

=2
-5.
-5.

79402657e+00
97014353e+00
45879990e+00

.80424660e+00
.79575340e+00
.04040053e-15
.33907092e+00
.97014353e+00
.93205502e+00

48008258e+00
31404990e-01
16084628e-01
90876444e-16
16084628e-01
23953684e+00

.15406592e+00

72840338e+00

89590194e+00
50553069e-01
93872565e-16

.58163984e-01
.45862884e+00
.05368991e+00

.14561414e+00
.00000000e-01
.85470913e-01
.85470913e-01
.00000000e-01
.14561414e+00
.60424298e+00

2.
5.
8.

-8.72608159e+00

-3

=il o
6.

-8.32320887e+00

-3.

-5.17785031e+00

=il

-4.
5
5
3.
4

-4.96914295e+00

80000000e+00
23742522e+00
72608159e+00

.48865637e+00

52674488e+00
50332847e-15

.52674488e+00
.98000102e+00
.44517671e+00

06859501e+00

.85021510e-01
.54065923e-01
.80028190e-17
.00000000e-01
.03223617e+00
.15406592e+00
.32346445e+00]

.45862884e+00

58163984e-01

.69445835e-16
.50553069e-01

14561414e+00

.49590194e+00

.88547091e+00
.00000000e-01
.54065923e-01
.34468441e-01
.08075769e-01
.36914295e+00
.96914295e+00

-6.44517671e+00

-5.72840338e+00

-4.62730693e+00

-4.60424298e+00
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5.17785031e+00]
(1) _Momentum_Sector_ki=3:[-4.62730693e+00

-4.26977454e+00

-3.98137285e+00
-1.12416040e+00
-4.58163984e-01
3.26758994e-01
9.08075769e-01
3.54183602e+00
4.62730693e+00

(1) _Momentum_Sector_ki=4:[-4.32320887e+00

-3.71922147e+00

-9.08075769e-01

-1.87770093e-01
4.58163984e-01
1.12416040e+00
3.71922147e+00
5.58137285e+00]

-4.15406592e+00

-4.15406592e+00
-1.45862884e+00
-5.73607328e-01
1.37793938e-16
5.73607328e-01
1.45862884e+00
4.05368991e+00
5.23953684e+00

(1) _Momentum_Sector_ki=5:[-4.62730693e+00

-4.05368991e+00

-1.23953684e+00

-5.73607328e-01
1.54065923e-01
8.00000000e-01
1.45862884e+00
4.05368991e+00
8.32320887e+00]

-4.26977454e+00

-3.98137285e+00
-1.12416040e+00
-4.58163984e-01
3.26758994e-01
9.08075769e-01
3.54183602e+00
4.62730693e+00

(1) _Momentum_Sector_ki=6:[-5.17785031e+00

-3.71922147e+00
-9.08075769e-01
-1.87770093e-01
4.58163984e-01
1.12416040e+00
3.71922147e+00

5.58137285e+00]

-4.15406592e+00

-3.71922147e+00
-1.12416040e+00
-5.50553069e-01
3.17070848e-16
5.50553069e-01
1.12416040e+00
3.71922147e+00

5.17785031e+00]
(1) _Momentum_Sector_ki=7:[-5.58137285e+00

-3.36914295e+00
-9.08075769e-01
-3.34468441e-01
1.54065923e-01
8.00000000e-01
1.88547091e+00
4.15406592e+00

-4.05368991e+00

-3.54183602e+00

-3.14561414e+00

|
w

.54183602e+00
-6.27306929e-01
.359156893e-16
5.73607328e-01
1.27324101e+00

4.26977454e+00

.05368991e+00
.00000000e-01
.50770223e-02
1.54065923e-01
.00000000e-01
.06859501e+00

> w0

.26977454e+00

|
w

.54183602e+00
-6.27306929e-01
.27794285e-16
5.73607328e-01
1.27324101e+00

4.26977454e+00

|
w

.14561414e+00
.00000000e-01
.85470913e-01
.85470913e-01

2
2
8.00000000e-01
3.14561414e+00
4

.60424298e+00

-2.89590194e+00

-4.60424298e+00

-4.26977454e+00

-4.60424298e+00

-4.96914295e+00

-5.17785031e+00

-1.41222991e+00

-5.73607328e-01
.27091788e-16

3

6.27306929e-01
2.89590194e+00
4

.60424298e+00

.45862884e+00
.00000000e-01
.62636144e-16
.73607328e-01
.31404990e-01
.01507702e+00

> b O O,

.26977454e+00

-1.41222991e+00

-5.73607328e-01
1.45711456e-16
6.27306929e-01
2.89590194e+00
4

.60424298e+00

|
[y

.88547091e+00
.00000000e-01
-1.54065923e-01
.34468441e-01
.08075769e-01

.36914295e+00

s w0 w

.96914295e+00

-1.45862884e+00

-4.49590194e+00

-4.26977454e+00

-4.49590194e+00

-4.60424298e+00

-4.62730693e+00



.27324101e+00 -6.27306929e-01 -5.50553069e-01 -4.58163984e-01
.34468441e-01 -3.26758994e-01 -1.79519130e-15 1.58128402e-15
.87770093e-01 3.34468441e-01 4.58163984e-01 5.50553069e-01
.27306929e-01 1.41222991e+00 1.45862884e+00 3.14561414e+00
.54183602e+00 3.98137285e+00 4.05368991e+00 4.49590194e+00
.62730693e+00 5.17785031e+00]

LA, REEXT g = 1.4 62 0.4 FIEEE, BEREHREE — & Mxd Rt
o (1,7),(2,6),(3,5) MIREE AT AHIA;

. (2,6) HIREIE A G B IE SO AR
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