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Exact Diagonalization, Task 1
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#flip nth bit
> def FlipBit (i, n):
return i~ (1<<mn)

#read nth bit(from right to left)

5 def ReadBit (i, n):

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

7 #count how many 1 bits
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def PopCntBit(i):
return bin(i).count("1")
#list of integers to list of bit patterms
def int_to_bin (list_of_int):
list_of_bin = [bin(k) for k in list_of_int]

return list_of_bin
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#create list of integer numbers with certain number of "1" in their binary
representations
int_val_with_particle_num = [[] for i in range(7)]
for n in range (2**6):
for k in range(7):
if PopCntBit(n) == k:

int_val_with_particle_num[k].append(n)

2.1 FEEMEE

WL BRI AT, RS0 Hy = —t Y, 5y (el jejo+ el jei o) SEARBERR 1T,
T T LU SR A T TR B IUEAT 204

ﬁ?ﬁﬂ*%%*ﬁ—wﬁqp+gﬁd,Rﬁ%iﬁﬁﬁjﬁﬁ%ﬁﬁa%ﬁ%%ﬁﬁ
BAE (AEHS—MIEAR o BIRIKT S, 5 —MIBRE o BRI 54 K, %
HAERAEXFERES EANMEE BB SR R E TR ERN, 2R E AR
S L2 ESR o- BRI FAE « 1 j B SR ECs e, i T AR AR 5 e SO BRI 7R —
AHBLE T B, 3T o ejr + el s BAERLE |- 00 ArE) - 1( &E)--~>®& i)

t EllE L B
RN
(el g+ chgess) |06 B - 16 608 )@ |x) “
T B + BB
=clicip |0 BLE) - 16 BLE) )@ |%) (5)
, ~~~
NP VA
:(_1)mc;’T 00>®|*> (6)
ny A 417
ng 4~ “17
_ (_1)n1+n2 ol 1--.0-- > ® |>|<> (7)

FEARSI T, TATBRA | R RO AT, 1 B W AR 2, FLAL L5 M
HEAEHEAT RO O LA BAEIAR AR 5 B0 AEABIF 11, TR o] epq el i 1



2 ARALE I 4

FJGE 1+ ERER SRS -0 1) BN |- 1+ 0) GBS |Upg) 28N [Upy ) 1 | %R [ 4 2
(e M |[Downg) ) WA A 284K, B AT AN (Up, |® (Downy| [—t(c;.rchj,T—i-c;’Tci’T)] |Upg) ®|Downg) =
(—1)ymtne(—t), —t(c] rejn + el aeip) ARG LBIEFFTE R (—1)"F02 (—t), HABRERE THS R
0 (R B R o

T AR S, AR SR, DURETF N | BIER, HESIRAL bibeg 2k,

MFHEZI Hy = UY ) nipngy, WAL, REM @ LB | ARSEES N 18,
nipniy VEFITEZSE AANGE. MH, Hy fEFERE A2 Eizasxt A E STik— S0 Mot U

MFBZI Hy = =V 3 o (g +nay) (g +nyy ) BATEEE], NG5 (LB j ALE
W A | BOE A EEECN LI, (nig +nay) (ngy +njy) ERTEZES EAAE 0. 534,
2 (i,1), (4, 4), (4, 1), (4, 4) HEHHALH 2 R 1B, SRR ITN:

(10| @ (0 Lo [=V (g + ) (715 [ 120y @ -0 1) (8)
= (10 @ (0 T [V (g )] |10 @01 (9)
= V{1010 (o0l 0 1) = =V (10)

[FRERT DASRAUE, UL EDUE A HAUE 3 AN 4 N 1B, AR A Ieailh —2v Fl -4V,
MNFHEWNI Hy, = —p Y, nior FEEFTLISIE H, = —6p1d. B0 ] LR 73 #r: 34
(6,1) A (6, 1) HEAE A0 10, SREEAITHN —ps SFHIN 1, SRR AT
— g TR BB A T Rt H, X PR A R
g LRk, TR RIS R, KGR Ny = 2, N| = 4 [T AT,
ot 6 A BV, R BE AR R, SRS T G T2 A AT LA, M
ARG 20 M MEFAEAE

2.2 EESHEZENITE

PAIA ER AR SEHRD o) THREHARREE, e iia i € {0,1,2,3,4,5} M
oe{t I}, AHER ST nio FIEHE:

\_ (Yolnielto)
i) = (tolto) (1D

ARSI, A TH PR R RO IR LK D i B R R, AU
KB, BHA TR (N, N)) IR (7)) 2" Ot D = () - (V) SRS TR m g
B, XHXAUIE R IGFORIEMEAT O A, BRI D 48 2R 0 T Ef . SR — A
RAEFRIETN (b0, dp_1), WAL FHE SR A

6) = > i) (12)

JHS, %&TEE;%#& W)o) = ((1#0)0,(77[)0)1,(7!}0)1)71) %ﬂ:ﬁ? Nj o E@ﬁﬁ%{ﬁ’ %g%fﬁz
S JE TSR (], X AT DL a0 AR S



N

V)

#we next calculate the density of up spin w.r.t. the true ground state of the system

indices = np.argsort(whole_system_evals)
true_ground_state = whole_system_evecs[indices[0]]
sector = sectors[indices[0]]
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W (+,U,V, ) = (1.0,8.0,0.4,4.0), BATA6S, HHnF:

(1) _U(1) _sector_up2_down4:[-27.30624878 -27.00069745 -26.92490668 -26.77252547
-26.66863714 -26.54837612]

(2) _lowest_20_eigenvalues:[-27.52865033 -27.30624878 -27.30624878 -27.30624878
-27.00069745 -27.00069745 -27.00069745 -26.92490668 -26.92490668 -26.92490668
-26.81123368 -26.77252547 -26.77252547 -26.77252547 -26.77252547 -26.77252547
-26.67702648 -26.66863714 -26.66863714 -26.66863714]

(3) _Density_Up_Spin:[0.49979075 0.50139373 0.49881552 0.50139373 0.49881552
0.49979075]

5 (3) _Density_Down_Spin:[0.49979075 0.50139373 0.49881552 0.50139373 0.49881552

0.49979075]
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#we first consider the 2_up 4_down sector of this system
n_up = 2
n_down = 4

Ht ,HU,HV,Hmu,HRt ,HLt ,HDU,HDV ,HDmu = [1,[],01,01,01,0],01,01,(1

5 up_arrow_bit_pattern = int_val_with_particle_num[n_up].copy ()

down_arrow_bit_pattern = int_val_with_particle_num[n_down].copy ()
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up_arrow_dim = len(up_arrow_bit_pattern)

down_arrow_dim = len(down_arrow_bit_pattern)

= up_arrow_dim * down_arrow_dim

2 for 10 in up_arrow_bit_pattern:

for jO in down_arrow_bit_pattern:

#-t (off-diagonal) terms
for iht in range(len(Hoplist_t)):
PosO = Hoplist_t[iht][0]
Posl = Hoplist_t[iht][1]
if ReadBit (i0,Pos0) == 0 and ReadBit (iO,Posl)==1:
il = FlipBit (i0,Pos0)
i1l

FlipBit (il,Pos1)
phase_factor = (-1)**(PopCntBit (PickBit (i0,Pos0+1,5-Pos0))+PopCntBit
(PickBit (i0,Pos1+1,5-Pos1))-1)
HLt .append (up_arrow_bit_pattern.index(il)*down_arrow_dim +
down_arrow_bit_pattern.index(j0))
HRt .append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +
down_arrow_bit_pattern.index(j0))
Ht .append (-t*phase_factor)
if ReadBit (i0,Pos0) == 1 and ReadBit (i0,Pos1)==0:
il = FlipBit (i0,Pos0)
il = FlipBit(il,Pos1)
phase_factor =(-1)*x(PopCntBit (PickBit (i0,Pos1+1,5-Posl)) +PopCntBit
(PickBit (i0,Pos0+1,5-Pos0)))
HLt .append (up_arrow_bit_pattern.index(il)*down_arrow_dim +
down_arrow_bit_pattern.index(j0))
HRt .append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +
down_arrow_bit_pattern.index(j0))
Ht .append (-t*phase_factor)
if ReadBit(jO,Pos0) == 0 and ReadBit (jO,Posl)==1:

j1 FlipBit (jO,Pos0)

j1 = FlipBit(j1,Pos1)

phase_factor = (-1)**(PopCntBit (PickBit (jO,Pos0+1,5-Pos0))+PopCntBit
(PickBit (jO,Pos1+1,5-Pos1))-1+2xPopCntBit (i0))

HLt .append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +
down_arrow_bit_pattern.index(j1l))

HRt .append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +

down_arrow_bit_pattern.index(jO))

Ht .append (-t*phase_factor)
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10 if ReadBit(jO,Pos0) == 1 and ReadBit (jO,Pos1)==0:

i1 j1 = FlipBit(jO,Pos0)

12 j1 FlipBit (j1,Pos1)

3 phase_factor = (-1)**(PopCntBit (PickBit(jO,Posl+1,5-Posl)) +
PopCntBit (PickBit (jO,Pos0+1,5-Pos0))+2*PopCntBit (i0))

14 HLt .append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +
down_arrow_bit_pattern.index(j1))

5 HRt .append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +

down_arrow_bit_pattern.index(j0))

16 Ht .append (-t*phase_factor)

8 #U terms
19 for iU in range (6):

50 if ReadBit (i0,iU) == ReadBit(j0,iU) == 1:

51 HDU. append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +
down_arrow_bit_pattern.index(jO))

52 HU. append (U)

54 #-V terms

55 for ihV in range(len(Hoplist_V)):

56 PosOV = Hoplist_V[ihV] [0]

57 Posl1V = Hoplist_V[ihV][1]

58 if ReadBit(i0,PosOV) + ReadBit(iO,Posl1V) + ReadBit(jO,PosOV) + ReadBit(
jO,PoslV) ==

59 HDV . append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +
down_arrow_bit_pattern.index(jO))

60 HV . append (-4%*V)

61 if ReadBit (i0,PosOV) + ReadBit (i0,Posl1V) + ReadBit(jO,PosOV) + ReadBit(
jO,PoslV) ==

62 HDV.append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +
down_arrow_bit_pattern.index(j0))

63 HV.append (-2x*V)

64 if ReadBit(i0,PosOV)+ReadBit (i0,Pos1V)+ReadBit (jO,PosOV)+ReadBit (jO,
Posl1V) == 2 and ReadBit (i0,PosOV)!= ReadBit (jO,PosOV)

65 HDV. append (up_arrow_bit_pattern.index(i0O)*down_arrow_dim +
down_arrow_bit_pattern.index(jO))

66 HV.append (-1%V)

68 #-mu terms

69 for imu in range (6):

]
1]
[y

70 if ReadBit (i0,imu)+ReadBit (jO,imu)
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71 HDmu . append (up_arrow_bit_pattern.index(i0)*down_arrow_dim +
down_arrow_bit_pattern.index(jO))

72 Hmu . append (-1*mu)

73 if ReadBit (i0,imu)+ReadBit (jO,imu) == 2:

74 HDmu . append (up_arrow_bit_pattern.index(i0)*down_arrow_dim +
down_arrow_bit_pattern.index(jO))

75 Hmu . append (-2*mu)

77 #diagonal matrix

7¢ Ham_off_d = sparse.coo_matrix ((Ht, (HLt,HRt)) ,6shape=(N1,N1)).tocsc()
7€

80 #off-diagonal matrices

81 Ham_d_U = sparse.coo_matrix ((HU, (HDU,HDU)),shape=(N1,N1)).tocsc()
82 Ham_d_V = sparse.coo_matrix ((HV, (HDV,HDV)),shape=(N1,N1)).tocsc()

83 Ham_d_mu = sparse.coo_matrix ((Hmu, (HDmu,HDmu)),shape=(N1,N1)).tocsc()

85 #subspace Hamiltonian matrix

36 Hamr = Ham_off_d + Ham_d_U + Ham_d_V + Ham_d_mu

g8 H = Hamr.toarray ()

8¢

90 #Diagonalize the Hamiltonian

91 evals, evecs = np.linalg.eig(H)

92 # Find the 6 lowest-lying eigenvalues

93 lowest_evals = np.sort(evals) [:6]

95 print (" (1) _U(1) _sector_up2_down4:{}".format(lowest_evals))

WREE (4,U,V, ) = (1.0,4.0,0.1,2.0), T#IH -

1 (1) _U(1) _sector_up2_down4d:[-15.2600026 -14.95060662 -14.70152294 -14.51119205
-14.36481718 -14.07944009]
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