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Abstract

We study the correlation functions of one-dimensional Hubbard model in the presence of external
magnetic field through the conformal field method. The long distance behaviour of the correlation
functions and their unusual exponents for the model in the presence of a magnetic field are de-
veloped by solving the dressed charge matrix equations and setting the number of occupancies

N;fs to one, as alternative to the usual zero used by authors in literatures. This work shows that

the exponent of the correlation functions is a monotonous function of magnetic field and the cor-
relation functions decay as powers of these unusual exponents. As the magnetic field goes to zero,
we obtain the exponents as 8.125, 11.125, 17.125, 26.125 and 38.125 at k_,3k;,5k.,7k. and

9K . Our analytical results will provide insights into criticality in condensed matter physics.
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1. Introduction

Almost twenty five years ago, Frahm and Korepin introduced the calculation of critical exponents for the
one-dimensional (1D) Hubbard model, using the finite size scaling and the principle of conformal field theory
(CFT) [1]. This enabled theorists to explore the physics of 1D correlated electron systems. Notwithstanding sig-
nificant works, the understanding of the behaviour of correlated electron systems is not yet complete. In one di-
mension, the Hubbard Hamiltonian provides opportunity to study correlation effects in 1D models and the cor-
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relation functions decay as power of the distance [2]-[4]. It is the calculation of the critical exponents characte-
rizing this power-law behaviour that have attracted constant theoretical interest. Outstanding results in this field

(with correlation exponents v =0.125,1.125and1 for st =0 at zero magnetic field around the Fermi points

ke, 3k and 5k; ) have been obtained from conformal field techniques, perturbation calculations and renormali-
zation group methods in different models [1] [5]-[7]. For our calculation, we obtain the correlation exponents as
8.125, 11.125, 17.125, 26.125 and 38.125 around 3k.,3k.,5k.,7k. and 9k. by setting the parameter cha-

racterizing particle-hole excitation to one (st :1) as the magnetic field goes to zero, and the unusual expo-

nent of the correlation function changes monotonically with change in magnetic field. The progress made in the
understanding of critical phenomena in quantum systems as a result of conformal invariance have provided great
insights to the problem of calculation of these critical exponents [8]. Although, interacting 1D quantum systems
might carry countless low-energy excitations, with linear dispersion relations, but with different Fermi velocities,
so the systems are not Lorentz invariant [9]. When the motions of these excitations are decoupled, one can now
apply the CFT [10]. Usually, in the application of the conformal field techniques, the nonnegative integer st

characterizing particle-hole excitations is always taken as zero, but in this paper we shall calculate the electron

field correlation function and the density-density correlation function by setting the parameter st to one, and

investigate how this affects the conformal dimensions and critical exponents of the correlation functions. This
paper is organized as follows. In Section 2, we review the Bethe Ansatz equations of the Hubbard model and the
analytic form of the correlation functions predicted by CFT is given. The dressed charge matrix elements are al-
so calculated with the Wiener-Hopf technique and these elements are used to obtain the magnetic field depen-
dence of the conformal dimensions. The long-distance behaviour of the electron field and density-density corre-
lation functions and their unusual exponents for small magnetic field are calculated in Section 3. The electron
field correlation function in momentum space and their Tomonaga-Luttinger (TL) liquid behaviour is examined
in Section 4. Finally, Section 5 is devoted to discussion of the properties of the critical exponents for st =0,1
and conclusion.

2. The Hubbard Model and the Dressed Charge

The Hubbard model is basically the simplest model describing interacting spin-1/2 fermions in many-body
physics. In the presence of magnetic field it is defined by the Hamiltonian [11]

H= —Z“(c}ﬂﬁcjy(r +CJT,JC]+1,U)+UZ]: NN,y _“Zj:(nm +n, )—%Zj:(nm —nj‘l), 1)

J,O’
where C;U (C j,a) is the creation (annihilation) operator with electron spin ¢ at site jand n, , = CJT,(,C io Isthe
number operator. u is the on-site Coulomb repulsion, x is the chemical potential and H is the external magnetic
field. The hopping integral t = 1. Lieb and Wu [2] has solved Equation (1) exactly and obtained the Bethe An-
satz equations

Ny sink, —4
Nk; =2zl +> 2tan™ (‘—ﬂJ 2
= u
N, _sink N, 1 -2
ZQtanl(uj:ZnJa+22tanl[ « ﬁ} 3)
[l u = u

where the quantum number I; and J, are integers or half-odd integer, N, =N, +N, with N; and N, being the

number of electrons with spin up and down, and Ns = N, down spins are characterized by the moment a k; of ho-
lons and rapidities 4, of spinons.
In the thermodynamic limit, with continuous momentum and rapidity variables, the Lieb-Wu equations be-

come integral equations for the ground state distribution functions of moment a p, (k) and of rapidities

P (2), obeying the equations
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1 cosk .
K)=—+— sink -4 A)dA,
pc( ) 27_[ 27'C J‘_ﬂoa'l( )ps( ) (4)
1ok . 1 %
ps(A)= o) a, (A-sink) p, (k)dk - LID a, (A—u) pg (4)dps.
The state corresponding to the solution of Equations (2) and (3) has energy and momentum given by
2n + _ 2n + _ _1
En(l,D)—EO:WVC(AC+AC)+WVS(AS+AS)+O(N ) (5)
20 o e .-
P(1,D)-P, =(2r—-2k. , —k., ) D, +(2n -2k, )D, +W(AC —A, AL -A), (6)
where the conformal dimensions are given by
2
2A; (AN,D) = zchc+zschiM +2NZ @)
2det Z
2
2A% (AN, D) :[ZCSDC ) iMj 2NZ. (8)
2detZz
The positive integers st, for holon and spinon describes particle-hole excitations, with N/ (N;s) being

the number of occupancies that a particle at the right (left) Fermi level jumps to, AN_(AN;) represents the

change in the number of electrons (down-spin) with respect to the ground state, D, represents the number of
particles which transfer from one Fermi level of the holon to the other and D, represents the number of par-
ticles which transfer from one Fermi level of the spinon to the other, and both D, and D, are either integer or
half-odd integer values. Finally, the dressed charge matrix Z describing anomalous behaviour of critical expo-
nents is given by

Z, Z
Z — cc cs , 9
(ZSC ZSS) ( )
and the elements are defined by the solutions of the following coupled integral equations

p— ZD —

Z.. (k)=1+[7) da,(k=2)& (2) (10)
k
Z,(2)= [y dkay (A=K)Z, (k)= [ dua, (2-4)Z. (1) (12)
— Zﬂ —
Z, (k)= dia,(k-2)Z (4) (12)
Z.(4) :1+f_kio dka, (1-k)Z,, (k)-j_;j0 dua, (A—A")Z, (1) (13)
where the kernel is defined as
2 nu

a,(x)=———5——. (14)

(x) T (nu)2 +x°

The values of A, and k, are fixed by
k ko Ze (K
n, = j_io . (K)dk = J'_EO%dk (15)
ko ko Z.(4) ko Zg (k)

n=[" p,(2)di= jkasz = jﬁkonk. (16)

For small magnetic field we solve the dressed charge matrix equations by Wiener-Hopf technique [12] [13]
for terms up to order 1/u in the strong coupling limit. With Equation (16), we write Equation (13) as



N. 0. Nenuwe, J. O. A. Idiodi

—1+2nna1 .f a,(A- ,u) SS( )du.

Fourier transforming Equation (17), we obtain
1
Z, ()= St 2nnga, (A)- _[ K(A—pu)Zg ()du,
|22
where the kernels are given by

1
2ucosh(mA/u)

s(1)=

1% exp(—iwd)

( ):E_J;l+ exp(wu)da)'

We solve Equation (18) by introducing the function
y(ﬂ,):ZSS (ﬂ’—i_ﬂo)’
and expanding it as

where y, (1) are defined as the solutions of the Wiener-Hopf equations

+TK A=p)y, (1
0

gn(/l) K(/1+ﬂ+2}”o)yn 1( )d,u nx1

(BN O'—u8

90 (2) :E+ 2nn,s(A+4y).

(17)

(18)

(19)

(20)

(21)

(22)

(23)

The driving terms g, (4) and the solutions y, (1) becomes smaller as n increases because A is large.
Our procedure follows Fabian et al. [11]. Assuming the function y, (1) and g, () are known. We define

~ [exp(id)y, (2)d2

5 ()= [ exp(ian)y, (1)dA
Where the functions §; (co) are analytic on the upper and lower planes respectively, with
y(@)=9; (@) +7, (o).
Also we assume
Ia () = g() =0
In terms of these functions we express the Fourier transform of Equation (23) as

o §i(e) .
gn(a;)—m+yn(a)).

(24)

(25)

(26)

@7)

where §, (@) is the Fourier transform of g, (4). Now we split Equation (23) into the sum of two parts that

are analytical and non-zero in the upper and lower half planes. To obtain this we use the factorization
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1+exp(-2ue|)=G" ()G (@) (28)

G'(w)=G (-

T

) e &
r=—==
-]

where G* (a)) are analytic and non-zero in the upper and lower half planes respectively and are normalized as

limG* (w)=1. (30)
Useful special function of G*(w) are
G*(0)=+2
i i 31
o(5)-o (5] ”
2u 2u e
Using Equations (27) and (28), we obtain
L1046 ()3 (0)=C (0)8,(0) @)
Decompose the right hand side of Equation (32) into the sum of two functions
G (@), (@) =Qy (@) +Q, (@) (33)
This implies that
Jr (@) =G ()Q; (@)
L Q(e) (34)
Yn (a))— Gf(a))l

To obtain the solution of Equation (22) for 'y, (4), we set the driving term to be

be—iﬂow

g =216 (w)+—. 35
§(@)=279() 2cosh (uw) (39)
We decompose the first term by using
(1 1
2nd(w) =i - , & —0). 36
g ( ) (a)+ig a)—igJ ( ) (36)
The second term of Equation (35) is meromorphic function of @ with simple poles located at
0, =X (2n+1)
2 | | (37)
v xS _Dm
DT T T
Note, there is no pole at @ = 0. The decomposition of the factor 1/cosh(Ua;) gives
1
——=A"(w)+ A 38
cosh (uw) (@) (@) (38)
i (-
A =—
(a)) U;a)-i—a)n
(39)
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Using Equation (39) we can express the function f’(a))/cosh(uw), for any function f~(x) that is ana-

lytic and bounded in the lower half-plane as the sum of two functions ;ﬁ(a)) analytic in the upper/lower

half-plane

t (@)

cosh (uw) =2 (@)+r ()

Applying the formula Equations (41) to (35) and Equation (33), we obtain

a(0)=ai( 222 [ (o)1 (0]

w+ic w-is

§(w)=

o+ic Ui o+o, w—ie ?Cosh(ua)) 0 w+ao,
Now,
N aiG (®) bi &(-1)'G (w)e™” aiG (@
6 (0)g(0) (@), b S (1)C (@)™ _aiG (o)
o+le 2U7 W+ a, o-l&
b G (@)™ bi & (-1)'G (w)e™
2 cosh(uw) 2un% o+ o,
=Q, (0)+Q, (o).
Therefore,
. aiG (-@,) b G (-@,)e™ i &(-1)'G (~w,)en™
w-ie 2 cosh(uw) U= o+,
aiG™ (-w,) bi &(-1)"'G (-w,)e ™
0 (o) B () bi (16 ()
w+ie 2U 15 0+ o,
For n=0
—mi | _4r
: G| = e
. aiG™(0) i (zu)
Q% (a)): +i( ) 2u Tl
w+ig o+

The functions Y, (@) are obtained by using Equation (34)

G’ ;ﬂ:l ei%
aiG™ (O)+ﬂ 2u
w+ie 2u T

w+

2u

¥ (0)=G" ()

From Equation (23) for n=0, by setting a =1/2,b =2xan, in Equation(48), we obtain

ai_ big (-1)"e™ & b e pi & (-1)e™

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)
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—ml | A
i - _ e 2u
RN 1iG™(0) an,i (Zuj 2
Yo (@) =G (@) S— = +O(H?). (49)
+—
2u
By definition
y(O):%:[Oy+ (a))e’iwda):—i[!]iﬁrTgca)y+ (w) (50)
2u H
~—In| =2
w2
71:3
H, = | —H o1
0 =5t (51)
2.3 2,,2
H., :47t e (l—n nz° ]; u>1.
3u 5u

where H is magnetic field, H_ is critical field, u strong coupling, H, magnetic field at zero temperature
and 4, corresponds to Fermi points. Combining the result Equation (49) with Equation (50), we obtain the first
order contributionto Z as follows

‘”ije’?u"

116 (0)  mn, G( 2u

—ilim wy* =—ilim wG” - 52
w—)ooa)y ((0) w—>ooa) ((0) 2 ow+ie u Tl ( )
o+
2u
As & — 0, we use Equations (30) and (31) on Equation (52) to obtain
e
|12 mniye
0)=-i +—= — |. 53
¥o(0) =] J —t= — (53)
w+—
2u
Simplifying further, we obtain
T
V2 an e T 2U
0)=—+————exp| ———In(H,/H
Yo (0) 2 ug,, . p(Zun(O/))
+2—
Uw (54)
\ﬁ .
:£+n_m_e_i:£+—e[iJ’ since e'”X:X
2 u g mH, 2 u H,
0
Using Equation (51), we obtain
|
V2 s e | H 1 n, H
0)="S1+ =2| Z+=""|+0O(H? 55
yO( ) 2 u ng 2 U Hc ( ) ( )
?e c

Next, the second order contribution to y(0)=2Z
tion (23) for n=1.

(%) is obtained by taking the Fourier transform of Equa-

SS
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=TK(i+u+2%)yo(ﬂ)dﬂ
’ 56
- _exp(-2i4) ¥, (-) (56)
G, (o) = 1+ex '
p(2ule])
From Equation (28)
1 1
1+ exp(2ul]) G e (o) 7
NN SR
gl(a))—exp( 2|/10a))y0( a))(l —G* (a))G’ (w)J (58)
From Equation (33),
G (@)6,(0)=Q/ (@) +Q (o) (59)
We have decomposed G~ (@)@, () into Q (w) which is analytic in the upper and lower half-planes.

Q. () isgiven by

1 < exp(—2i4x) ¥y (-x) 1
)_g_'[o X—w—ie G*(X)dx (©0)

where ¢ is a small positive constant. G* (x) has a branch cut along the negative imaginary axis and by de-
forming the contour of integration we rewrite Equation (58) as

_jexp(—z%x)%(ix)[e(l 1 )de 1)

2mi X—iw “(-ix—-¢g) G (-ix+e¢

Q (@)=

From Equation (29), as o — ix

r‘(l_wj iux .
1 _\2 m)fux)~ -
G (-ix-¢)  2n [nj ° ©2)
—U%)X + E iux |ux
Qf (a)): 1 . I yO( )F(l_%](%j " (en —e T de (63)
(2m)7i% X—iw 2 m)\m

Since, sinx= (eX —e )/Zi

()= 2 fEB ) 1 gy o0
T

(27t)%i0 x—iw \=n

For x>0 the integrand rapidly decrease because A, >1, and hence the integral is approximated by ex-
panding the terms other than exp(-24,x) around x=0. Therefore, we obtain

O (0)= 21RI%(\2/%+O(X)jdxzi(—2\/;“%+O(%D (65)

From Equation (34), we obtain
. G (o) u 1
i (@) =—~ [ PN 0[—2B (66)
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Using
Y,(0) =i lim & §; (@),
and (67)
lim G* () =1
we obtain
u 1
(0= 5 w0 % | @

Using the value of 4, from Equation (51) in Equation (68), we obtain

1 1 L
%, (0) = NG |n(H0/H)+O{(|n HO/H)ZJ

R
yl(o)_8|n(Ho/H) O{(ln HO/H)ZJ

Therefore, with Equations (55) and (69), we obtain

1 n H 1 !
zss(ﬂﬂ)=ﬁ[g+jH—+sm(Ho/H)J+°{(mHO/HY} (70)

c

(69)

Now to evaluate the dressed charge matrix element Z_ (k,), we take the Fourier transform of Equations (16)
and (18) and obtain

Zsc(k)=%+2nnsK(k)— [ K(k=2)Z,(2)d2. (71)
220

Applying the same process in the determination of Equation (70), we obtain

Z (k)=tsmN2 2 H o H (72)
2 u n° H, H, In(HO/H)
Similarly, with the same process, we obtain the other two elements of the dressed charge matrix as
nth2 2n(HY H?
Zy (Ko ) =14——"— 2(—] +0 7 | (73)
u - mulH HZ[In(Hy/H)]
and
J2n, H H
Z. (%)= +0 = |. (74)
u H H.[In(Ho/H)]

1
T2

From Equation (16) together with the property that Z_ (k)= Z, (k0)+0[
u

j for u>1 and

k, = nnc/(1+ N In 2} , the down-spin density n, is obtained as
u

n —&_znci
S 2 @ H
T [

(7%)

Using Equation (75) on Equations (70) and (72), we obtain the dressed charge matrix equations as
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zcc(ko)=1+%[ln2—n_22[HijJ o[ [InHZO/H i ] (76)

Jan, H H
SR ) ”
1 2H nlIn2(1 2H H
Zsc“o)=5‘?E+T[§‘??€j+o(w} 7®)
1 nf1tH 2(HY 1 1
Zss(%)zﬁ[E+U[EH_C_F(H_J J+8In(Ho/H)J+O[(In HO/H)ZJ' 9

At half-filling n, =1, and by neglecting corrections to order (1/u), the elements of the dressed charge be-
come

Z, (ko) =1 (80)
Z,(%)=0 (81)
Zsc (ko)zé_n_zzHi (82)
1 1
Zi(%)= ﬁ(?fm} (83)

To obtain the conformal dimensions in terms of small magnetic field we use Equations (80) to (83) on Equa-
tions (7) and (8). Note that,

(detZ)’ =(22 +22)(22+22)~(ZoZ( + 2o 2, )

ccTsc Cs™ss (84)
detz=2.
Therefore, the magnetic field dependence of the conformal dimensions are given by
2
245 (AN,D)=| Z,D, +D,| 1 -2 H |  ZeBNe | o
2 7 H 227
i (85)
:[(Dc+lejilANc—2%ij +2N;
2 2 T c
20t~ Lo e[an,—an (L2 Bt
2 2 n° H, 4In(Hy/H)
(86)

2
x{Df+(ANS—ANC(%—%Hij] }+2N§.
n c

According to the principles of CFT, the general expression for correlation function contains factors from ho-
lons and spinons, given by [11]

G(t,X)z z

Db (X— ivct)2Ag (x+ivt)™ (x— ivst)ZA; (x+ivt)™

3, (D, D, )exp(—2iD k.. ,x)exp(~2i (D, + D, )k, ,X)

(87)
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3. Correlation Functions in Magnetic Field

We now use the results obtained in the last section to obtain the magnetic field dependence of the unusual ex-
ponents of the electron field correlation function and density-density correlation function by setting the non-
negative integer st =1. First we consider the electron field correlation function with up-spin which originates

from the quantum numbers (D, D) = (1/2, —=1/2), (3/2, —3/2), (5/2, =5/2), (7/2, —7/2), (9/2, =9/2), AN, = 1 and
AN = 0. Therefore, the corresponding conformal dimensions for (D,,D,)=(1/2,-1/2) are

2
11 1H
AE =2+ —— | 42 88

¢ [4 2 HC] (88)

2
ppf, 3 H 1(H
16 2z°H, ="\ H

C

2
o238 1 H 1fHY
16 2n° H, =\ H,

(89)

2
Ve [ SY 6 W 1. 1 R S S O T LA
2] 27\ 2 x®H.)[ 8In(Hy/H) 2r% H In(Hy/H) =* HZIn(Hy/H)

aar=2 2 1
2 @ H, 16In(H,/H) o)
20, =2 =

* 7 16In(Hy /H)

where the contributions from (H/H,)” and terms of order O(H/H,In(H,/H)) are neglected. Using Equa-
tions (89) and (91) on Equation (87), we obtain

a, exp(—ik, 1)

: (92)
x4 vt ™ [x + vt
The critical exponent is given by
eci,si = ZA(J;S + ZA;S (93)
This implies that
37 1 H
0, =—+—— 94
cl 8 nz HC ( )
and
9 2 H 1
I . — 95
2 n*H, 8In(Hy/H) 99)
Next, we obtain the conformal dimensions for (D_,D,)=(3/2,-3/2) as
3.1 3HY
20, =| =+ — | +2 (96)
472 7 H,
Co (97)
_ 3 3 H
2A; = =+ ———,
16 2n° H

Cc
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2 2
aar=t) 3y 1, 2HAL, 1 )5 2H AfH I (98)
2] 27\ 2 ©*H, 4In(Hy/H) |2 =*H, =*{H,
20T =4 AaH, >
n* H, 8In(H0/H) ()
A 5 2 H 5

==t
* 2 n°H, 8In(H,/H)
Using Equations (97) and (99) on Equation (87), we obtain
a, exp(—SikF‘Tx)

o 90 (100)
|X 4Vt [ x+ vt~
The critical exponent is given by
45 9 H
c2 8 TCZ HC ( )
and
o, B 2H, 5 102)
2 n°H, 4In(H,/H)
Next, for (D,,D;)=(5/2,-5/2), we obtain the conformal dimensions as
2
2A; = EJ_r£+i2i +2 (103)
4 2 xn°H,
41 175'-3 HC (104)
2N, =—+——,
16 2n° H,
1[5 (1 2n) 1 (13 2H 4(RHY
2N, =T | -S| o ——| — | 42 (105)
2| 2 2 n" H, 4In(Hy/H)| 2 =*H, =*(H,
N _183 6 H N 13
2 n°H, 8In(H,/H)
4 H 13 (106)
2A, =4+ ——+———.
n’ H, 8In(H,/H)
Using Equations (104) and (106) on Equation (87), we obtain
exp(—5ik_ ,x
% 9( ”)6. (107)
|x+iv | [ x+ vyt
The critical exponent is given by
61 25 H
0., =—+—"— 108
c3 8 7172 HC ( )
and
g o2 2H 1 (106)

2 m?H, +4|n(H0/H)'
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For (D,,D,)=(7/2,-7/2), we obtain the conformal dimensions as

2A; = u 1+li +2
4 2 7 H,
o 113,63 H
16 2n° H,
on 5T, B H
16 2z° H,
20! = 10_8 H L
2 H,  8In(H,/H)
2A;:13 6 H 25
2 "7 H,  8In(Hy/H)
oar-10-8H, 25
n’ H 8In( O/H)
B SHL B
2 "2 H, 8In(H,/H)

Using Equations (111) and (113) on Equation (87), we obtain
a, exp(-Tik ,x)

|x+iv,
The critical exponent is given by
0, - 885 N 19 :
and
33 2 H 25

=2 TR H, 4In(H,/H)

Finally, for (D,,D;,)=(9/2,-9/2), we obtain the conformal dimensions as

29 10 H 41
s = 4 +
2 7 H, 8In(H,/H)
8 H 41

A7 =10+ ———
s +n2 HC+8In(HO/H)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)
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Using Equations (118) and (120) on Equation (87), we obtain
a, exp(—9ikaTx)

. (121)
|x+ivt]™ [x+ivyt*
The critical exponent is given by
117 81 H
O =—+——, 122
c5 8 7[2 Hc ( )
and
_A9_2H Al (123)

O, = —_—
) nzHc+4In(HO/H)

Combining Equations (92), (100), (107), (114) and (121), we obtain the long-distance asymptotic form of the
electron field correlation function with up-spin as

alexp(—ikmx) .\ azexp(—SikF'Tx)

G’ (X,t ~
x| [xrivgt ™ [xivt] x+ vt 2
a, exp(—SikF‘Tx) a, exp(—?ikmx)
H Oc3 H Os3 + H Oca H Osa (124)
| X+ vt ™ | x+iv,t X+ vt [ x+iv,t
ag exp(—9ikF'Tx)
|x+ivet]™ [x+iv,t™ .

Lastly, we consider the density-density correlation function which originates from the quantum numbers
(D,.D,)=(-11),(-2,2),(-3,3),(-4.4), AN, =AN, =0 and N, =1. Here the corresponding conformal
dimensions for (D,,D,)=(-11) are

SN
T e (125)
9 2 H
2M; =2+
4 n°H,
2 4|n(HO/H) (126)
5 1

2N, =—+————,
* =2 4In(Hy/H)

Again contributions from (H/Hc)2 are neglected. Using Equations (125) and (126) on Equation (87), we
obtain

exp(2ik_ . x
& H( il )9 . (127)
|x+ivt] ™ [x+ivt[™
The critical exponents are given by
9 4 H
cl 2 TEZ HC ( )
and
_ ! (129)

0, =5+—— .
ot +2In(H0/H)
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For (D,,D,)=(-2,2) the conformal dimensions are

2A; =3+

:'N|°° :].\,lOO
I|I oI|I

2A; =3+

1
4In(H,/H)
1

2A] =4+
2A; =

Using Equations (130) and (131) on Equation (87), we obtain

a, exp(4ikmx)
|x+ivet®? [x+iv,t*? '
The critical exponents are given by
16 H
6,=6 +?H_c
and
2

0,=8+—2>
52 +In(HO/H)

Next, for (D,,D,)=(-3,3) the conformal dimensions are

o LI H
4 7" H,
a1 18 H
4 =n° H,
2A; =E+ 9

o =8, 9

Using Equations (135) and (136) on Equation (87), we obtain

asexp(GikF’Tx)
|x+ivet ™ [x+iv,t* ’
g, 17,36 H
2 7n°H,
and
9
0.,=13+—m—.
3 2In(H,/H)
Finally, for (D,,D;)=(-4,4) the conformal dimensions are
;-6 20
n° H,
2A;:6+¥i,
n° H

c

2 4In(Hy/H)

* 72 4In(H,/H)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)
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AT =10+ —2
In(Hy/H) (141)
AT =104 —2
In(Hy/H)
Using Equations (140) and (141) on Equation (87), we obtain
a, exp(8ikmx)
H Oca H Osa ! (142)
|X+ vt [x +ivt
64 H
Hc4 =12+?H—c, (143)
and
8
0,=20+——. 144
> In(Hy/H) 144)

4. Correlation Function in Momentum Space

The electron field correlation function Equation (124) has singularities at the Fermi points k_ ;,3k_ +,5K_ 1, 7K_
and 9k_, respectively. Therefore, at k ~k_ ., the momentum distribution is given by

v

G (kxkey)=[son(k—key ) k=Ko o| = som (K ke 1 )k ke ; (145)
The critical exponent
v=0,+0,,~1= %—n—leic, (146)
and
25 =2(A; —A; +A] -A;) =1, (147)

Here we neglect logarithmic field dependence. Equation (145) represents the momentum distribution function
around k. for the electron field correlator. It exhibits a typical power-law behaviour of the TL liquid, with
critical exponent given by Equation (146). This unusual exponent v — 8.125 as the magnetic field goes to ze-
ro.

Another singularity is at k ~ 3k_ , . The momentum distribution here is

~ 3 v
G (k =3k ) = [san(k =3k, ) | [k =3k, . (148)
with critical exponent
89 7 H
A 149
v c,2 5,2 8 7'52 HC ( )

Equation (148) exhibits a typical power-law singularity of the TL liquid around the Fermi point 3k, and
v —11.125 as the magnetic field goes to zero.
Nextat k ~ 5k, the momentum distribution is given by

~ 5 v
G (k =5k ;) ~[sn (k —5k. 1) | [k —5k. , (150)
with the unusual exponent
137 23 H
=0,,+0,,-1="+=— 151
v c,2 s,2 8 7'52 H ( )

c
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Also, Equation (150) represents the momentum distribution function around the Fermi point 5k. for the
electron field correlator, and it exhibits a typical power-law behaviour of the TL liquid with critical exponent
given by Equation (151). This unusual exponent v —17.125 as the magnetic field goes to zero.

At k= 7km , the momentum distribution is
<1 7 v
G (k= Tk, 1 ) = san(k =Tk, ) | [k =Tk o[- (152)
and
209 47 H
=0, +0,,-1=""1— 153
v c,4 s,4 8 TEZ HC ( )

Equation (152) exhibits a typical power-law behaviour of the TL liquid around 7k_ ., with critical exponent

given by Equation (153). This unusual exponent v — 26.125 as the magnetic field goes to zero.
Finally, at k ~9k_ ; the momentum distribution takes the form

G (k= 9k, ;) =[san(k -9k, ;) |'[c~9k,|", (154)
with
v=0+0, —1=%+;—?Hic, (155)

and Equation (154) also exhibits typical power-law behaviour of the TL liquid around the Fermi point 9k_ .,
with critical exponent v — 38.125 as the magnetic field goes to zero.

5. Discussions

In this paper, we have calculated the electron field and density-density correlation functions and their unusual
exponents by using the nonnegative integer st characterizing particle-hole excitations as 1 in the 1D Hub-
bard model. Based on the principles of CFT, we obtain expressions for the unusual exponents that describe the
long-distance behaviour of the correlation functions in coordinate and momentum space. The unusual behaviour
of the exponents depend on the magnetic field. The zero magnetic field h=0 exponents v=0.125,1.125and 1 at
ke,3k: and 5k for st =0 in the strong-coupling limit has been obtained before [1] [3] [14]-[16]. At zero
magnetic field v is a monotonous function of the coupling constant u. In our calculation, we have used
N;, =1 and obtain the exponents v=8.12511.125,17.125, 26.125 and 38.125 at k.,3k.,5k.,7k. and
9k, respectively, and observe that v is a monotonous function of the magnetic field. The k. part arises

from the excitation of (Ni ANC,ANS,DC,DS):(l,l,O,]/Z,—l/Z),the 3k. part from

[
(NZ,.AN.,AN,,D,,D,)=(11,0,3/2,-3/2), the 5k. part from (N, AN,,AN,,D,,D,)=(110,5/2,-5/2),

the 7k, part from (nys,ANC,ANS,DC,DS):(1,1,0,7/2,—7/2),and9kF part from
(N

c,s?

AN_, AN, D, DS): (1,1,0,9/2,-9/2) . This implies both holon and spinon excitations are responsible for

Ke,3Ke,5k-,7k. and 9k oscillation parts respectively.

In conclusion, the electron field correlation function and the unusual exponents has been obtained around the
Fermi points k.,3k.,5ke,7k. and 9k respectively, and the density-density correlation function around
2k.,4k.,6k. and 8k. is also obtained for N;, =1. These results show that the correlation function clearly
exhibits power-law behaviour of TL liquids as the exponent v changes monotonically with change in magnetic
field. Setting st =1 indicates presence of particle-hole excitations in the asymptotics. Therefore, the results
obtained here are contributions from both particle-hole excitations and collective modes (holons and spinons).
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