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This note reviews the basics of Tomonaga-luttinger liquid based on the review paper by Jan von
Delft and Herbert Scholler, “Bosonization for beginners - refermionization for experts”, Ann. Phys.
7, 225-306 (1998) and my presentation slides for the ERATO Tarucha Project, “Tomonaga-Luttinger
liquid - Bosonization of one-dimensional electron and transport -7, the first part: “Constructive
approach of Bosonization of one-dimensional electron system”, on May 17, 2001. The purpose for
rewriting this note is to clarify the notation and detailed derivations of (chiral) Tomonaga-Luttinger
liquid, which is now recently been activated again in the context of “quantum quench”.

PACS numbers:

I. SYSTEM

We will discuss an ensemble of Fermionic particles with
a mode 7 confined in a one-dimensional system of length
L. The mode n can be right/left going chiral modes,
spin up/down modes, the ground, the first excited, and
higher excited one-dimensional subbands, and various
edge channels formed in a two-dimensional system under
a large parpenducular magnetic field. For simplicity, first
we will discuss only one of the modes 1 and disregard the
interaction within the mode n for the time being. The
effect of the interaction is discussed in Sec. VIB.

Let us define the field operator, ¥, (), which annihi-
lates one Fermion particle of mode n at z € [-%, L),
where L is the length of the system. This is constructed
by the Fermionic annihilation operator, ¢, as
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where the wave number index k is determined by the
boundary condition of the system. We undertake follow-
ing boundary condition

T L im0y \J L
\I’n <$+2>:€ 5b\I/77 (.’L'—Z), (2)

where a real constant ¢, is in the range [0,2). Then

clearly, the wave numbers are discrete as

k=2§(nk—‘5;), 3)

where ny, is an integer and hence k € [—o0,00]. The
field operator, Eq.(1), containing the factor exp[—ikz],
represents a left propagating wave. We assume the en-
ergy of the state k as €. It is important to note that in
the Luttinger model, the energy € is a monotonic func-
tion of k, while the conventional metallic system shows
parabolic dependence e, o k2. The fact that there is
no lowest energy state is essential for the following dis-
cussion, although this may sound unphysical. However,
most of physical properties in the metallic system at low

temperatures (typically T < Tr, where TF is the Fermi
temperature determined by the electron density, effective
mass, and so forth.) are only concerned with the states
near the Fermi points and this assumption (on states with
infinitely negative energies) does not introduce problems.
We will discuss the relation between this Luttinger model
and real physical system in Sec.VI.

The Fermionic creation operator of state k, él, also
defines another field operator,

Uix) = —= > e*el. (4)

With the fermionic anti-commutation relation
{r,eL} = el + el én = da, (5)

we have the anti-commutation relation of the field oper-
ators,
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We used the identity
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where n,m are integers and the property of the delta-
function d(azx) = %(5 (). In the last equation, we chose

m = 0 since z,2’ € [~L£ L). All other operators are
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anti-commute, like {ck7ck1} = {Ck,Ck, = 0 and hence

(¥, (z), ¥, (')} = {\I/;f,( ), Wi (2)} = 0. Please also note
that we can construct the annihilation operator from the
field operator,

ikx\J,
ér f/gdz e, (z), (8)

and similar expression for ¢ c,C by \I”L( ).

II. FOCK SPACE F

Let us consider a Hilbert space H y with a fixed particle
number N. The Fock space is the sum for all N,

F =) Hy. (9)
&N

We define the vacuum state |0),, which satisfies

¢ |0), =0, for k>0, (10)
¢, 10), =0, for k <0, (11)

where we chose k = 0 arbitrary, which is allowed because
the wave number is unbounded. In the following argu-
ment, we fix our choice of the origin of k. Physically, this
vacuum state corresponds to the situation that all the
states with niy = 0, —1,—2,... are occupied by the par-
ticles and all the states with nx = 1,2,3,... are empty.

. * * .
Let us define normal order operation * --- * relative to

[0} b
“ABC...% = ABC-.-— o (0|ABC---|0),, (12)
where fl, E, C’, ... are operators like ¢ or éL,. This oper-

ation is essential to avoid the infinity by subtracting the
expectation value with respect to the vacuum state [0),,.
The number operator is defined by

N= Y iéde (13)
k=—o00

Clearly the eigenvalue (number) of the vacuum state |0),,
is zero,

N0y = 3 (elén —o(0lefenl0),) 0)g
k=—oc0
0
= Z 1Sk [0)g Z 0)g
k=—o0
= 0. (14)

Let us consider the set of all states, which have the eigen-

value N of the operator N. This set spans the Hilbert

space H . Then we define N-particle vacuum state |N),,.
= 27

More explicitly, by defining kony = (N — %),

Cr |N>O =0, for k > kon, (15)
ék |N>O = 0, for k S ]fON- (16)

It can be proved that all states in H can be generated
from |N), by particle-hole pair excitations,

IN); = f{eken ) IN)g, (17)

where f({éLék/}) is the function of the products ézék/
with arbitrary set k, k. Examples of these for N = 2 are
éhér 12) and élé_jélé [2),.

III. BOSONIC REPRESENTATION OF FOCK
SPACE

For ¢ = 2mng/L > 0, we define following Bosonic cre-
ation and annihilation operators from a pair of Fermionic
creating and annihilation operators,

-
bq = Z ck+qck,
q k=—oc0
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where the normalization factor +i/,/n, is chosen to sim-
plify the following arguments. Note ¢ = 0 (ny = 0) is ex-
cluded from the discussions. lA)}; IN) 7 (b, |N)7) is a linear
combination of the states with momentum ¢ particle-hole
pair created (annihilated) from |N) 7. Clearly, b, |N), =
0 for Vg > 0 since there is no particle-hole excited states
to annihilate. .

Let us check various commutation relations of b, and
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where the commutator reduces to
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We have used the relation [AB, C] = A[B,C] + [A,C]|B
and [A,BC] = {A,B}C — B{A,C
(Bosonic or Fermionic) operators A, B,
commutator is

} with arbitrary
C'. Therefore, the

where taking the normal order ¥k is allowed since
q > 0 and we changed the variable kK — k + ¢ in the first
term which is possible in the normal order. Similarly,

[N,b,] = 0. (21)
Next,
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where we took the normal order since ¢,¢’ > 0 and in the
last equation we changed the variable k — k + ¢’ in the
second term. Similarly, we have

T
[bq,bq,] = 0. (23)
Finally,
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Here we should be careful for the conditions of ¢ and ¢'.
If ¢ # ¢’, vacuum expectation values of these terms are
zero and

PR 1 * [ . R O\ *
[bgs bl;,]q#q/ = N Z * (ci_qck,q/ — cz_q+q,ck) *
q'"q k

=0, (24)

where we changed variable k — k—¢’ in the second term.

In contrast, for ¢ = ¢,
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Therefore, we have the canonical commutation relation
of Bosons,

[bq7b:;'] = Oqq'- (26)

For all N, |N), is the Boson vacuum state, since
lA)q IN), = 0, Vg. In contrast, IA)}; |N), represents col-
lectively excited state with momentum ¢. In particu-
lar situation of linear energy dispersion, all the excita-
tions are energetically degenerate. It can be proved that
all the states generated by l;:fl from [N),, like [N), =

f({l;:fl}) |N), span the complete N-particle Hilbert space

Hx generated by Fermion operators, f({¢léw})|N),.-
Here, we skip the proof, please refer Ref.! if one is in-
terested.

Since the operators 5q7 IA):S conserves the particle number
N, we introduce Klein factors F, F'! to connect the states
with different N and to give a correct anti-commutation
relations with different modes. We define

FHN)p = FU IN),
= F{B e, N

= FUBIY) IN +1)q. (27)

Similarly,

FIN); = f({b[}) IN = 1),. (28)
Clearly,
FIEIN) = FUBI IN = 1) = FUBLN IN)g = [N,
FFTIN), = [N),. (29)
We have required commutation relations [b,, FT] =
[IA):S,FT] = [by, F] = [IAJS,F] = 0. If we extend the

discussions with different modes n # 7/, {13'7;r ,Fn/} =

{E,, Fy} = {FJ, FJ/} = 0, which will correctly treat the
anti-commutation relations of the field operators intro-
duced in the following sections.



IV. BOSON FIELD AND BOSONIZATION OF
FERMION FIELD

A. Boson field operators

Let us introduce Boson field operators as follows

. 1 s g

Gn(x) = —276 hge™ 2, (30)
>0 q

5t = RIEIN Py

phiz) = =) — —c' 1" bge (31)
q>0

where a is the infinitesimal positive length cut-off param-
eter. Real (Hermite) field is defined with these boson field
operators,

o,(x) = @yl2) + @) (2), (32)

which has a clear physical meaning by following discus-
sions. Particle density operator at x is defined by

() B () %
Z ikl ““*c cki (33)
k,k
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Be changing variable k£’ — k — ¢, we have
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While if we take the derivative of &, (),
A 1 LA A
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Therefore, in the limit of a — 0,

4

and since N /L represents average particle line density,
9., (x)/(2r) shows the fluctuation of the particle den-
sity. In particular, kinks of the amplitude of 27 in the
function @, (z) represents localized 1 charge fluctua-
tions.

Let us examine the commutation relations of Boson
field operators, clearly

[n(x), &n(2")] = [@}(2), &} ()] = 0, (37)

[ggn(x),@j?(x')] = Z \/7 Z(Q'x'—qx)e—%(q-i-q')[[;q’(}Zl]
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n>0
= o[- O] (38)

where we used the series expansion In(l — a) =
—Zn>0%. Using this relation, we eivaluat? spatial
derivative of the commutation relation [®,(z), ®,(z’)],

Dy [y (), (fﬂ’)]
= O {[@n(2), ¢ (2] + [ (), &y ()]}
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Now we take the limit L — oo with keeping x — 2’ finite.
Using the relation for |¢] < 1,
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Finally, taking the limit a — 0, we obtain
. A 1
00y a). ()] ~ 2ri [8a =)~ 7| (42

In the literatures, following conventional form is often
used,

[®,(x), D, ()] = —miSgn(x — '), (43)

where Sgn(s) function is 1 for s > 0, -1 for s < 0 and 0
for s = 0.

B. Fermion field operator by boson field

In this subsection, we express Fermion field opera-
tor ¥, (x) with boson field operators gbn(x),cﬁj](x), and

@, (x). First we check the commutation relation
L —q . o
by, cx] = N > eyt énl
q K’
72 . R N . R .
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where we defined a complex function

and used the relation [AB,C] = A{B,C} — {A,C}B.
Similarly,

~ N i R . R
[bjp Cr) \/77 E [C£,+qck/,ck]
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Therefore,

= a)(z)¥,(2). (48)

Let us apply the operator Eq.(45) to the vacuum of N
particles |N),,

(b Uy (@)] [N}y = ag(@)¥,@)|N)y,  (49)
where the left-hand side is

Bq\i’n(x) [N)o — \i’n(x)l;q IN)y = Bq\i’n(x) [N)g - (50)
Therefore, the state |ax(z)) = W, (x) |N), is the eigen-

function of the bosonic annihilation operator b, with the
eigenvalue a4(x),

b lan(z)) = ag(@) an(z)). (51)

It is well-known that such a state is a coherent state ex-
pressed with bg,

lan (z)) = AeZezo @b INY,, (52)

where A is a phase factor which commutes with Bq and
b}. This can be proved as follows: by setting A = b, and

B= > >0 ozq(:z:)l;];, the commutator

[A,B] = > ag(@)[bg,bl] = ag(x),  (53)

is a c-number and by applying Eq.(A1), we have
by, X0 0@ = ()o@ (54)

We apply this operator to the state A |N),, then we ob-
tain

by lan(z)) = ag(@) lan(z)). (55)

(Q.E.D.)

Introducing Klein factor, we set the state |ay(z)) as

F(z)eXazo0 (@] INY,
n —ipl (x
= FA(z)e @ |N), . (56)

@n(x) IN)o



The factor A(z) is determined as follows: from Fermionic
representation,

o (N F(@) )y = o (V] T 37 ey ),

kon <0

e~ thone (57)

5=

where koy = 22(N —
Eq.(56), we get

5 . . .
% ). Using Bosonic representation

o (N|EV, () [N), = o (N| FTEA(z)e 0@ |N),
= o (N|e %@ (@) [N),
= )‘(I)7 (58)

where we used the relation o (V| emi#h@ = ¢ (N] since
0 (| @L(m) = 0. Hence,

MNz) = —=e thone, (59)

Now, we had the bosonic expression of \iln (x), which gives
the same state if it is applied to |N),,.

Then we search more general bosonic expression of
\iln(x), which gives the same state if it is applied to a
general N particle state [N), = f({lsjg}) |IN),. By set-
ting A = bf and B = W, (z), [A, B] = [b}f,¥,(z)] =

ay(2)W, (), Eq.(48), we apply Eq.(A13),

FOD)Yy (@) = Uy (@) (B + o (@), (60)

then

Therefore,

Uy (@) f(B)) IN)g = f(B) — ez (@) Ty () [N),

* n —ipl(z
= (0] = aj(@)) FA(z)e () |N),

= F)\e_wi'(m)f(i)g —ay(x))|N), (62)

where in the last equation, we note that gﬁ};(x) and I;g
commute. o .

Then, by setting A = b} and B = i¢,(z), the commu-
tator

[A,B] = [b},igy(x)]
1
q’>0\/7Tq/

T (=0

—1 e
q/gj nq/
—i —iqT *
= —77716 ¥ = —ay(x), (63)

is a c-number. Then we apply Eq.(A20) and obtain

FOh = aj(2)) = e @ bl (64)

q

By putting this in Eq.(62),

T, 7 Ay —ipl (x) —ipn (x 7 i@y (T
U,y (2) F() IN)g = FAe”on®eminl®) £(ph)ei?n ) |N)
Ay —ipl () —ipy (z 7
= Fhe n@emn @ f(51) |N), (65)

where we used ¢,(z)|N), = 0. It can be seen that
all these arguments are valid for more general function

F({BE}). Then with [N), = F({b}) |N),,
U, (2) [N, = Fe#a@e=in@) |N) - (66)

Finally, by setting A = —z@ll(x) and B = —ip, (), the
commutator

[A,B] = —[g}(x), ()]
= —In {1 — eii%ﬂ(*ia)]
= —In {1 —6_220}
T

(67)

-1
= H{L

for a — 0T, is a c-number. Then using Eq. (A25),
e~ P (@) g=itm(z) _ —i($](2)+8]) — In[2F2]/2
L

= _ién (=)
c 2mwa

(68)

Therefore, we have the final bosonic representation of the
field operator

o(z) = Phemieh@)ien(@)

.1 ; . L
- —ikonz ,—iPy,(z), [~
ﬁe € 2ra
1 -
= Fe () 69
V2ma (69)
where we defined @, (z) = @n(x) + konya. Similarly,
T 1 At id, (z
\I/;r](:c) = —[lei®n@), (70)

2mwa

The real field operator i)n(x) is called a phase operator.

V. BOSONIZATION OF HAMILTONIAN WITH
LINEAR DISPERSION

The discussions in the previous sections only assumed
monotonic properties of the energy € as a function of the
wave number k € [—00,00]. In the following, we fix the
energy dispersion to be linear, ¢, = Avpk, where Fermi
velocity vp characterizes the dispersion at the Fermi



point. Then the free Hamiltonian without the interac-
tion is
Ekin = FL’UF Z kié;éki
k=—o0
L/2 " "
= hvp/ dx * 17( )id W,y (z) % . (71)
-L/2

It is clear that the following commutation relation holds:
[Hyin, N] = 0. (72)

The ground state energy of N electron Hilbert space
HN iS

EY = o (N| Hyn [N),, (73)
which is for N > 0, lup22 SN (n — &), for N < 0,

hop 2T 2:N+1(71)(n - 5—2”) and zero for N = 0. There-

fore,
2T N(N + 1-— 61,)
L 2

h’UF

EY = (74)
Let us try to derive equivalent expression of f[kin by
bosonic operators. First we study the commutation rela-

tion:
[Hyin, b7
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We can check the equivalence by examining

[HE,. b = " hopd [bf by, b
q’'>0
=Y hord ( lbgr, B3] + (B, Bg]éq,)

q’'>0

-1 (79)
We introduce bosonic normal order,

“AB...x = AB..- — (0| AB---|0),, (80)
where A, B ,...are bosonic creation and annihilation op-

erators, {l;q,lgg}. Then we evaluate following integral
with using the relation Eq.(35),

L
2 dx * A 2 x
ax & )
[ (o)
27 2 a(g+q’)
= < ) 1y/Tg E Iy/Nge 2

q’'>0
x {e—i(q+q')xgng, — i) b,
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g Vgng e
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*
X
— b"ﬁ
[Nyl
l\D
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nqefanZA):;lA)q =2 Z qefqal;gl;q,
q>0

(81)

where we used | dzexp[+i(q+¢')z] = 0 since g+¢' > 0.
Therefore,

HE, (82)
:hUFTZ{<k+q)_k}éL+qék %dxl* A 2 x 27TN(N+1—61,)
Vo = fwr gﬂfW@%W0*+sz
= hopgb}. (75) . 1. .
) . i . — 2nhvp dr= * p(z)? *, (83)
Then, if we consider any energy eigen-state of Hyiy, foo 2
Han |E) = E|E), (76) where the limit L — oo is taken, and it reduces to the

The state I;g |E) is also the energy eigen-state, since

Hyinb} |E)

{b} Hyin + hopgbl } | E)

(77)

where we used the commutation relation Eq.(75).
Since any state |N) , in Hy can be generated by F(bh),

Hyiy can be written with bosonic operator with the op-
erator with IV representing ground state energy:

. or N(N+1-46
HE, = hopgblby + hor ”% (78)

q>0

familiar form of the bosonized Hamiltonian in the litera-
ture. This shows that the density modulation j(x) costs
extra kinetic energy.

VI. TOMONAGA-LUTTINGER LIQUID

A. Free part

We first discuss spinless one-dimensional fermion sys-
tem with the energy dispersion

h2
7(]62 - k%‘)a

o (84)

€k



where the corresponding Fermionic field is

. 1
U(z) = — Z ety
\/Ekz—oo
1 o, _; ;
= —= ) {e7Me 4 et} (85)
\Ek:O
- : :
- —i(k+kp)x 4 i(k+kp)x 4
e CrL + € C ,
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k=—kp

where the first term is left-going wave and the second
term is right-going wave. We have shifted the wave num-
ber relative to the Fermi wave number kr and defined
Cky = Cx(kptk) for v = L/R. We also define the dis-
persion relation for the mode v, e, = e(F(k + kr)) =
P (k4 kp)2—k2) = Z(kpk + £) for k > —kp
and €x, = —€(0) + hvp(k + kp) for k < —kp, where
€(0) = h;’fF which satisfies the condition of monotonic
dispersion. (Approzimation I) Now the Fermionic field
operator is made of two terms

\iITL(x) = e’ik”\ilL(x)+eik”\ilR(x), (86)
R 1 & )
U, (z) = —= Y eT*e,, (87)
\/Zkz—oo

for v = L and R.

Repeating the procedure in the previous sections for
R mode, where the sign of k& and 0, is opposite and we
have the expressions for bosonic field operator

2 1 ag A o
by(2) = =Y ——e F[eTh,, + il ], (88)
>0V g

where ¢ = 2mn,/L and upper/lower sign represents L/R
mode, which satisfies commutation relation

[®,(z), ®,/(2))] = —7id,,Sgn(z —x')s,, (89)

where s; = 1 and sp = —1. Then the Bosonized
Fermionic field operator for L — oo is

and the particle density operators are

pu(x) = i%&@y(xw N, . (91)

Sl

If we are only interested in the low energy physics much
21,2
smaller than €(0) = hQZF = ep, we are justified to lin-

earlize the dispersion eg, ~ hvpk where vp = hkp/m.

(Approzimation II) Then the free Hamiltonian is

L

where in the last expression we took the limit L — oo.

B. Interaction part: spin-less case

There are two kinds of interaction process,

e Inter-mode scattering

This process is with transferred momentum
p (Ip] < kp), the electron k' in the R mode is
scattered to &’ + p and at the same time, the elec-
tron k in the L mode is scattered to k — p, like
éL_pLékL611/+pRék’R- The amplitude of the scatter-
ing is defined as g2(p). For simplicity, we neglect p
dependence of the coupling strength and this term
is expressed by go [ dz x pr(z)pr(T) oy

e Intra-mode scattering

This process is that for each mode v, the electron
k' is scattered to k' + p and at the same time, the
other electron of the same mode k is scattered to
k — p, like &_ ¢kl o, Cr. The amplitude of
the scattering is defined as g4(p), while we neglect

p dependence. This term is expressed by % ga [ dz x
*
Py () *.

Therefore, the interaction Hamiltonian is

= [ do % |mpule)pn(o) + joati o) + Frlo)] 03)

C. Diagonalization by Bogoliubov transformation

The total Hamiltonian is
ﬁO = [:Ikin +Hinta (94)

which can be diagonalized with so-called Bogoliubov
transformation. Let us define new density operators as
pr(x) = (Pr(x) + pr(x)), (95)

(Pr(z) — pr(x)), (96)

b)

P

=

Il
S-Sl



where p, represents average density fluctuations and p_
represents ‘current’ fluctuation. Then the total Hamilto-
nian is

o = [ dod [TREEI G ) 4 (o)

* A
* [(zwhvp + 94+ gg)pi(m)

R *
+@rhor + g1 - g2)2 (@) *

L
2

cho [ da U{ﬁi(x)u(ﬁ%(x)] 5o

L

2

where we defined renormalized velocity v and the inter-
action parameter K by

v = \/(vp—l—;];i)Q— (%)27 (98)

o —
K = | 2TWF+ 91— 92 (99)
2rhvp + g4 + g2

As can be seen easily, for non-interacting system, v = vp
and K = 1. And in general cases with repulsive inter-
action go,g94 > 0, K < 1. It should be noted that the
densﬂcy operators p+ is made of linear combination of
b b,,7 Ho is the operator binary in b bl,. Therefore,
we can diagonalize it and exactly solvable even with ﬁnite
interaction!

We will do this explicitly in the following. Rewriting
the Hamiltonian with the phase operator,

iy = wh/dx [ (orla) + u(a))?
FE (prle) — pr(@)?] &
= e () e )

Il
NES

Q

S
Q

Ay

S
2

AN

where we used Eq.(81) and noting
1

0, Pp(z) = — e*%[iqeiqzi)qR fiqe*iqwlA)TR]
o q
q>0 q
2 A - .
= INYim (6" bqR—e_“”b:;R)e_Tq7
q>0

(102)

we have
L *
. dx x pr(x)pr(x) *
% dr * A
= - 7 * {0001 (2)0: Pr(w)} +

algt+a’)
E ,/nqnq/e 2

q,9’>0

I
/\
SE
\_/

*

* i(¢'—q)zl 7 i(g—q )zt 1
. /L 472 ¥ {el(q ? qubQ'R+e @) b;Lb;/R} *
-2

2
2m Cag L ox ara *
- _<L) > nae~ 15 * (bazbon + 5,0} *

q>0
1 X /A ~ ~ ~ *
= =>4t (qubqR + bngj}R) :
q>0
Therefore,

o= () 2 S+ )
>0

() 3 20 (b))

:7Zh’uq (

) BqL + g;RBqR)
q>0

1 . A *
- (K - K) (bqrbqr + b;Lb;R)} * (104)

= 8qq/ 00, and [byy, by = [bF,, 01, ] =

where [b,, b! v Dgrr

q’z/’]

0. We then introduce

A 1 - a
ber = ﬁ( gL + bgr); (105)
N 1 - N
by = ﬁ(qu byr), (106)
and bTi are also defined. Clearly, [IA)qu,IA)q,u,] =
[bgu,i)q,u,] = 0 and [bqu,bgu] = 04q'0uw where u,u’ is
+/—. Then we can show that
B b+ B b = B b+ b, (107)

.. o 1 /. .
borbor + 0] 0l = 5 (82 — B2+ bl — 0} )(108)



Then

fI():%Zth

q>0

* 1 P 1/1

+ {<I1(+K> 1311_13(,_+% (Il(K> (5§_+5f_)}] 3
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Then the coefficient of diagonal part is

(109) have

Each +/— part can be diagonalized by Bogoliubov trans-
formation,

SH
Il

ué + va',

bt = wal + va,

(110)
(111)
where G and a' are new bosonic operators that satisfy

[a,a'] = 1, u and v are (in general complex but here
we set real) constants that satisfy u? — v? = 1. This last

property guarantees the commutation relation [l;, ET] =1.
Now, the Hamiltonian with real parameters A, B (with
A>|B]),

ho= % {Ab*b+ %B(bQ +bT2)} 5, (112)

is rewritten with the operators a, af,

~ *

ho= Ak (ua +va)(ua +vat)
B

+5 x {(ua® +va)* + (ua +va')?} x

[A(u® +v?) + 2Buv] a'a

- Auv+§(u2+v2) (a'a’ +aa). (113)

Then we require the last term to vanish, by the condition

Auv + g(u"’ +0?) = 0. (114)
Using v2 = u? — 1, we get the equation for u?,
w(u? — 1) — % =0, (115)
where a = B?/(A? — B?) > 0. From the solutions
u? = %(liM), (116)
we take plus sign since o« > 0. Then v =

1+a+1)/2. The sign of v = £vu? — 1 is deter-
(v g Vv

mined to achieve the condition, Eq.(114). Hence,

1 A2
=t

B |1 A2
15 2{ ,42—32_1}' (118)

(117)

S
\

A(u? 4+v?) +2Buv = /A% — B2
(119)
K ) (33 L+ I;Li)} and the Hamiltonian is diagonalized
h = /A2 - B2fa. (120)
With putting A = K~' + K and B = F(K ! — K), we
A2 - B2 = 2, (121)
1
= < — 122
- 3lytvE) o
1

v = +-{—= VK 123
sy {eVEp o

then the Hamiltonian reduces to
Z hvg { gy Ggr + aT aq,} . (124)

q>0

Therefore, the Hamiltonian is expressed with the sum of
independent bosons (Harmonic oscillators) Hamiltonian.

Let us rewrite the total Hamiltonian in the standard
form. We introduce

o) = Slbnle) ~ b)) (125)
Ba) = Slbne) + dr (o) (126)
then the commutation relation reads
0),0(2)) = 3 {[®n(), Bale)] - [B1(), 812"}
= i {imSgn(x — ') + inSgn(z — 2’)}
= 71-?Z.Sgn(x —a'). (127)
Moreover,
0,0(z) = %[ﬁzéR(x) — 0,0 ()]
= S [-2mpr(e) — 2 (2)]
= —7[pr(z) + pr(z)]
= —V2mpy(2), (128)
Qol(a) = —V2mp_(a). (129)
The total charge pr(z) = pr(z) + pr(x) is given by
pr(z) = —0.6(z). (130)

Therefore, we get the total Hamiltonian expressed with
the phase operators,

Hy = h”/i X {Il((@né(fzf))2 + K(9:6(x))?| *.

(131)



Corresponding Fermionic field operator is given by

U(r) =

Fikpax —id, (z)
TﬂaZe FTE e

_ FeFilkra— 0(z))~id(z)
NP

(132)

D. Fermion with spin

We then discuss Fermionic particles with spin 1/2.
Then we have the modes n’s represented with {v, s},
where v = L/S and s =1 / |. For simplicity, we
do not discuss the effect of external magnetic field
(Zeeman term). Four density fluctuation operators
pr1(z), pry(x), pre(x), pry(x) obey following Hamilto-
nian:

e Kinetic term

Kinetic energy is just the sum of each contribution
of spins,

. 1%
Hyin = ZQWFWF/ Ty ¥ [PLs + PR 3 (133)

e Inter-mode scattering

There are two types of inter-mode scattering, ga
and g2 , and hence

Hinger = Z/ d [9211PLsPRs + 92 PLsPRS)] @»34)

where § is opposite of s.

e Intra-mode scattering

There are two types of intra-mode scattering, gy
and g4, and hence

. 1 R R
Hintra = Z/ dJL‘i |:§g4\| (pQLs +p?¥s)

1 o A *
+-941 (Prsprs + pRspRE)} * .

: (135)

e Backscattering

For large momentum @) ~ 2kp, a particle of k in L
mode with spin s is scattered to k + @ in R mode
with spin s. At the same time, another particle of
k' in R mode with spin s (3) is scattered to k' — Q
in L mode with spin s (5). The process between
the same spin s has the amplitude g, and is rep-
resented with

At . At A
CLk'—Q,sCR.K sCR k+Q,sCL.k,s

_ A 5
= TCLk-Q,sCLksCR k+Q,sCRK 5

— _/SLSISR& (136)

11

where we used anti-commutation rule. For spin-less
system, this term is equivalent to g, process, and
was absorbed to the go term. The Hamiltonian is

. x . %
ch” = - Z dx * 91||PLsPRs *
s

The process between opposite spins has the ampli-
tude g1 and is represented with

(137)

At . At R
CLk'—Q,sCRKk sCR k+Q,5CL k,5

- éJ;%,k-ﬁ-Q,géz,k’—Q,séRvk/7SéL7’€»§7 (138)
which cannot be expressed by the density opera-
tors. The Hamiltonian is

o = 3 [ T [ )], () o) B

+h.c.} , (139)
where h.c. represents Hermite conjugate. Since this
term makes the Hamiltonian not diagonalizable, we
set aside this term until an adequate occasion.

The total Hamiltonian, excluding erx 1, is3

HO = Hkin + I:Iinter + ﬁintra + Hex“
* 1,. R
=S / du % [2rhop)5 (3. + )

+92||PLsPRs + 921 PLsPRs

1 . . 1 o A
+§94|\ (PLs + Phs) + §g4J_(pLspL§ + PRsPRs)

*

g PLsprs] - (140)
The following discussion assumes usual Coulombic po-
tential occurring in the same one-dimensional subband,
which satisfies g4 = 941 = g4, g2 = 921 = g2 and
g1 = 911 = g1- Note that this may be changed if one
discusses other systems, for example, two or more edge
channels closely situated but separated with a thin insu-
lating region. In order to diagonalize the Hamiltonian,
we first introduce charge (p,) and spin (6,) density op-
erators of mode v,

1
Al/ = —F= AI/ + AV ’ 141
p ﬁ(p 1+ Pvy) (141)
1
6y = ——(pur — L) 142
ﬂ(ﬂ = Pul) (142)
By using the inverse transformations
R . N
Pvt = ﬁ(pu + UV)7 (143)
R 1 N
Prvy = ﬁ(pu —6y) (144)



in the Hamiltonian, we obtain

. x 12rhop + 294 , . R
/ dx x [f(p% + p%) + (292 — g1)PrAL

=
I

*

2mwhv A
F( +6%) — 910R0L}*

2
= ﬁp+ffg,

(145)

where the spin and charge parts of the Hamilto-
nian are decoupled (spin-charge separation), which is a
generic property of the one-dimensional interacting sys-
tem (without Zeeman term). Following the same pro-
cedures as in the spin-less case, these Hamiltonians are
diagonalized

A 1
H, 7Th’l}p/ da % {Kﬁi—i-Kp,éQ} i, (146)
P

g

. 1
i, whva/ dx & [Ka—i+Kg&2] %, (147)

where the average charge (spin) density fluctuation ‘+’
and charge (spin) ‘current’ fluctuation ‘—’ are introduced

1
. = —(pr+pr), 148
P+ ﬁ(PR pr) (148)
1
- = —(pr — pr), 149
p \/E(PR Ar) (149)
1
oy = *2(5R+<A7L)7 (150)
. 1. .
G- = —2(03—013). (151)
Effective velocities are
v, = (v +g—4)2— 22—t (152)
P T rh 2mh ’
2
= /v — 9—1) 153
Vo = \JUF (27rh ’ (153)
and the coupling constants are
2mh 294 — 2
K, = Thup + 294 92-1—917 (154)
27Th’UF —|— 2g4 —|— 2g2 — g1
2mh
K, = 2mE + 91 (155)
2nhvp — g1

In most cases, v, < vp < v, and K, < 1 < K, is
satisfied. SU(2) symmetry requires K, = 1. Then,
Tomonaga-Luttinger liquid is characterized with three
parameters K,,v,, vs.

We introduce Boson field operators, éys, which are
related to the density operators by

Ny, (156)

S

. . 1 -
pus(x) = :I:%&;(I)l,s(x)—}-

12

which satisfy commutation relations

[@,5(2), Pyrs(2))] = —Tidy 05 Sen(x — 2')s,,

(157)

where s; = 1 and sg = —1. Then we introduce

charge/spin operators for mode v,

- 1 ~ -
b, = —[fby +¢V}, 158
0 = 510 y (158)

~ 1 ~ ~
&,, = —[fl),, —@V}. 159
7 B 1 (159)

These satisfy commutation relation
[(ih,p(x), <i)V’p(x/)]
1 A A - A
= 5 {1®ur(@), Bur(a)] + [@14(@), By ()]}
= —7id,,Sgn(x — 2')s,.

(160)

Similarly,

(Do (), ®pro ()] =
While,

—7i8,,Sgn(x — a')s,. (161)
By, (2), B ()]

= 5 {B0r(@), B ()] = [Bu (o), By (07}
0.

(162)

Therefore, we have

[@uu(), Roryr ()] =

where p, i/ are p or o.
Moreover, we introduce

— M0y O Sgn(x — ') 5(163)

A~ 1 - o
ap/a = 27\/? |:(I)Rp/z7 - (I)Lp/a:| ) (164)
A 1 - o
(z)p/a = Tﬁ {(I)Rp/a =+ @Lp/a} . (165)

Then the commutation relations are
[0p(@), By

= e LBm @) n@) — (bry(a) &1,07)]}

_ % (2riSen(z — 2')} = %Sgn(z _ ), (166)
and [3,(2), 0p(+")] = [9p(2), (")) = 0. Similarly,
o(@),bo(a)] = TSalz—a),  (167)

by(2')] = 0. Finally, not-

and [0,(z),0,(2")] = [¢o(2), & . -
6 we have 0,(x), po ()] =

ing the relation Eq( ), w
o (7)) =

[0p(2), 65 (")) = [$(2), &
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Then the charge density/current operators are we have
~ 1 A
R 1. R b = — (P, + P
el L L Lo
p+ () \/i(PPﬂ-PL) T \@ ( P A ) o
1 1 . R 1 . R = ¢p_9p+¢o_90 :¢T_9Ta (175)
—= | =Rt + PRy + —=(Prr + PL )
\/i (\/§< T i) \/g( T i) (i)L¢ _ i ((i)L _(i)L )
P o
S (Prr + PRy + P + Pr) v
5\PR PR oL oL “ A - A - A
%1T ' ' ' = ¢p—bp—ds+0,=0,—0,,  (176)
el P — & 0 i - 1 /. -
2 o O ( PRy = PRy + Prp (I)“) Ppr = 7 (‘I’Rp + ‘I’Ro)
Za ( \/7¢)Rp + f(DLp) = ép + ép + é)a' + ég = QAST + éT, (177)
V2, (s bn, = = (b, — dn
,Eam (2\/59;,) A }/i (A p A A) A A
~L0,0,(a) (168) = Gl =0 b =0t b, (T8)
) 1 . . where we have introduced
p—(x) = (—\/i‘bRp - \/i(pr) . . .
L o s = bp+ 560, (179)
_; Id)P(x)? ( ) és = ép + Séo" (180)

and the spin density/current operators are

Therefore, the final form of the phase Hamiltonian for

(on+ 1)

—=\O ag

1 1

V2 \V2 2

1.

5(9 Rt — PRy + Pt — L))

11 - ~ A A
S5, (-@ &p, + Phip, — & )
227r Rt + PR, + 1Lt Ll

0, (~V3bn, + V2by,)

—gax (2v20,)
20,0, (2),

= (—Vabn, —vady,)
20,8, (2).

charge and spin is

We express the phase operator d,, with ép/g and ép/o.

"

Since

p

Jo = hvp/g/ ‘fi[Kl/a(ae

p

VK, (anBP/(,(m)Z} o

(i)Rp/o = f((ﬁp/a""ép/a)
(I)Lp/a = ‘[((bp/ﬂ_ p/v)

where s = & corresponds 1 / }. Although we do not need

them, their commuta

[éS(x)7¢8’(x/)} = |

(}(ﬁm ~ i) + s (fer p“w> =
4

and [és(x), Oy (z)] =

%dss’Sgn(x - J?/),

tion relations are

0p(x) + 505 (x), Dy (a') + 5o ()]
9( 2),6p(2')] + 55/ [0 (), b6 ()]
(1 + ss")Sgn(x — ')

(181)

[és(ﬂﬁ), (55/ (z')] = 0. Corresponding

Fermionic field operator is given by

U(x) =

Ze:F'LkaF efzq>,,é( z)

\/27ra
(170) i(k 0s(x))—ids ()
= Fus FT— x))—1Ps(T . 182
Varma Z (182)
(171)
VII. CORRELATION FUNCTIONS
VIII. CONCLUSIONS
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Appendix

(173)
(174)

iscussions with T. Fujisawa, M.

A: Operator identities

In this Appendix, we introduce various operator iden-
tities, where A and B are general operators and c is a
c- number f(A ) is an operator-valued function.



Th. I If the commutator is c-number, [A, B] =

(A, eB] = ce (A1)
Proof: First we prove following relation:
e~BAef = Z [A,B} , (A2)
n=0 "

where the symbol {/1, E} means that for n > 0,

n

ABl =4 A3

A.B] =4 (A3)

[A, B} . [A, B]n , B} . (A4)

Then we define an operator function with a param-
eter s,

A(s) = e~B AesB. (A5)

By formally differentiate this with s, we have
dA(s)

— e B(_BYAeB 4 e~ 5B ABesB
I (—=B) e
— 5B [A B (A6)
We can see for n > 1,
dnA(S) _ —sB |1 B sB
Tn € {A,B]ne , (A7)
since
d"VAGS) 5T Al Al sB
= [[4.8], 5]
e B [A,B B (A8)
n+1
Then, we Taylor expand A(s) around s = 0,
. .
- s | d™MA(s)
A(s) = —
() Z n! { ds™ }
n=0 s=0
0o ST
-y [A,BL (A9)
n=0
Then we set s =1 and we have
. > 1
-Bi B _ iA
e " Ae” = z_%ﬁ [A,BLL (A10)
Whe [/1 E} = ¢ (c-number), [A,B} =0 and
n>2
e BAeB = A+ (A11)
By multiplying B from the left, we have
[A,eé] — ceB. (QED.) (A12)
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Th. II If the commutator satisfies /L B] = CB,

[(A)B = (A13)
Proof: From definition,
AB — BA = ¢B, (A14)
and hence
AB =B(A+c). (A15)
By applying A from the left, we have
2B = AB(A+0)
= B(A + ¢)2. (A16)
In general, we can prove that for n > 1,
A"B = B(A + o)™ (A17)

Let us Taylor expand the operator-valued function
f(A) around zero,

. > dn .
f(A):Z);! dj;(f) A (A18)
Using Eq. (A17),
- dn A
f(A)BZO;! el IS
_ a1 dvf(z) i \"
_anz:on! dz™ |, _, (A+C>
=Bf(A+¢). (QED.) (A19)

Th. III If the commutator is c-number, [A, B] =c,

BrA)e? = f(A+c). (A20)
Proof: From Th. I,
e BAeB = A+e, (A21)
and multiply each side with itself, we have
e BA2eB — (A + c)2 . (A22)

Repeating this procedure, we have for n > 0,
e~ BAneB = (AJrc) . (A23)

Using the Tylor expansion of operator-valued func-

tion f(A),
_ " _ 1 d*f P
Bf A _ B Z dxn ) B
1 d"f " n
B Z dx" (A + C)
= f(A +¢). (QED.) (A24)



Th. IV If the commutator is c-number, [4, B] = ¢, (Baker-
Hausdorff-Campbel)

(A25)

Proof: Set T'(s) = esAesB and differentiate with s,

dT i =
(S) _ esAAesB + GSACSBB (A26)
ds
Using Th. I with [ A, eSB} = sceSB,
AesB = eBA 4 esBse (A27)
Therefore,
dL(s) = sAgsB (A +B+ sc) (A28)
ds ’
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It is obvious that 7°(0) = 1.

5‘2(‘

Alternatively, if we define T(s) = 5(A+B) %% and
differentiate with s,

dT'(s)
ds

= es(‘éﬂé)(/i + B)e T + eS(A+B) gee '3

with T(0) = 1. Therefore, we conclude T(s) =
T'(s). Finally by putting s = 1, we have the given
relation. (Q.E.D.)
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