A NOTE ON BOSONIZATION OF 1 DIMENSIONAL ELECTRON GAS

SHUCHEN ZHU

ABSTRACT. We study the original development of bosonization chronologically, and in-
vestigate in the one dimensional electron gas - Luttinger liquid. Many important results
are reproduced with help from various sources.

1. A BRIEF INTRODUCTION OF THE HISTORICAL DEVELOPMENT

More than two hundred years ago, a French mathematician Augustin-Louis Cauchy
found the identity which named after him:

L [Tic;(zi = 2j)(wi — wy)
Zi — Wj Hi,j(zi - wj)

In the 1970s it was interpreted in the context of two-dimensional (2D) quantum field

(1) det

theory. Suppose we have a chiral fermionic Lagrangian, £ = ﬁ 1/);[%82¢R, where 0, =
3 (0 + 9;). Then, as it follows from Wick’s theorem, the Lh.s. of eq.(1) coincides with
2n-point correlation functions (Yg(z1) - - -wR(zN)w;r%(wl) e wk(wN» .

At the same time its r.h.s. can be understood as the correlation function of the expo-
nential fields built from the chiral boson (e??r(Z1) ... i¢r(EN) e=¢r(w1) ... c=i0r(wN))

In fact, Cauchy’s identity suggests the remarkable relation g (z) = ¢'@r(2) hetween the
Fermi and Bose fields. All the above can be repeated to the left movers and formulated as an
equivalence between non-chiral free Fermi and Bose theories described by the Lagrangians!

(2) Lp =i0d¥ ~ Lg=3(0,2)*.

In the seminal work [1] in 1975, Coleman extended this equivalence and “bosonized” the
interacting theory:

(3) LM = B — § TP 0T, U + MIT,
by means of the so-called sine-Gordon model
(4) Lsc = 3 (0,2)* + cos ®

Among others the bosonization implies that U(1) current in the fermionic theory coincides
with the topological current in the sine-Gordon model:

_ 1
(5) Uyl = 9,0 .

1Here ¥ = \/% (¢Yr,vr)T, whereas ® = 2¢/7(¢r + oL).
1
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The above identification between the boson operator and fermion bilinear indicates that
boson is a bound state of fermion-antifermion pair. It starts from the comparison of the
correlation functions of fermionic fields and exponential of bosonic fields. He found them
are equal if the coupling constants satisfy certain condition. This leads to the identity of
currents in (5). In the same year of 1975, explicit formulae for single fermion field were
obtained by Mandelstam [2] :

(6) Yrg = Oy g 2T e HOF5i0()

Historically, there is a parallel development of bosonization in condensed matter physics.
In the 1950s Tomonaga [5] first identified the boson-behaved density operator for interact-
ing fermions, his analysis was based on the manipulation of the boson-behaved fermionic
bilinear operator 1T1). Later the bosonization identity 1 (x) ~ ¢¥(*) was used by various
studies in 1D electron systems.

Luttinger model is a model which describes interacting electrons in 1D, and it is the
massless version of eqn (3). The motivation to study such system theoretically is that it
actually describes systems in the reality. Although our world is 3D, there exists systems
that can be described effectively by 1D models, such as quantum wires. Bosonization tech-
nique can be introduced to study such model with interaction at low energy excitation
(e ~ er), where linear dispersion relation can be assumed. Recently it appears that nonlin-
ear Luttinger liquid is under investigation. The most interesting phenomenon of Luttinger
liquid is spin charge separation, where spin and charge density are treated as separated
particles propagating independent of each other.

In this note, we will first discuss the original discovery of Bosonization identity by
Coleman. Then we will bosonize the xzz spin chain for the non interactive case in continuum
limit. Finally we will go through constructive bosonization that is frequently used in
condensed matter physics. In the last section, we will briefly motion some experimental
phenomenon of Luttinger liquid.

2. COLEMAN’S IDENTITY

In this section we derive explicitly the n point correlation function of the free boson
field, and make comparison to the n point correlation function of the free fermion field.
The identities in Coleman’s paper [1] follow directly from the comparison of the correlation
functions.

2.1. 2 point correlation function. The euclidean action for free boson is, by Francesco
(2.96) [10]:

1
S = 3 / d*x 0,60"$ + m?¢?
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As worked out in Srednicki [11] chapter 8, the propagator is S (in Euclidean space).

. . . . . k2+m2
And in 2 dimension we can integrate it out:

A2k etk k dkdg ei\k\|z|cos¢>
aw = [ -/

27)2 k2 + m?2 (2m)2 k24 m?
1 kJo([k|[z]) _ Ko(m|z|)
27 k2 +m? 27

Here we used the identity for the Bessel functions: fO% dge™5? = 21 Jo(x) and [;° da vlo(e)

x2+m?

Ko(m). Expand around z = 0, Ko(m|z|) = —y+In2—Inma. So that A(z) = —5- Incma.
2.2. N point corollation function.

2.2.1. Normal ordering method. From Coleman (4.2), he first considered a correlation func-
tion

T < O,H’ HNmesz¢(zz)|0’M >

7

Knowing the form of free propagator of boson field is Ap = —ﬁ In cp?x?. He concluded

that with N,,e"?? replaced by ( 7’;—22)52/ 8718 through the identity (2.11), we could have the
result of the correlation function:

2
H 2 /8 i3 /4m
(L) S T e (s — g )P
1>7

Ignore the constant in front of the exponential operators, we want to show the result of
< O|TI; : e®i : |0 >, especially < O[], : e%¥i : |0 >. The colon is used to indicate normal
ordering. Let us begin with:

(7) cxXlcreXn
where X; = X;r + X, , plus and minus X; are associated with creating and annilation
operators, repectively. Using the Weyl’s identity in the third equality:

+ - + - 1 + - + — 1 + —
:€X = €X +X = eX 6X :eQ[X X ]eX +X :62[X X }BX

Then 7 becomes:

(8) He_%[X'r’Xi-'—]eXl e €Xn

i
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Applying the general Weyl’s identity on 8, we have:

(9) He—%[X{,X?] He%[Xi,Xj]eX1+--~+Xn
i i<j

_ H e 3X0 X X H 03 [Xi, X5 (X XD +(XT +4X0)
i i<j
_ H e—3XT X X0 H 03 [Xi. X5 (X 4+t X)) +(X ]+ 4+X7)

i i<j
T e zX X% He%[xi,xj]eé[X;+~~+X;,X1++~~+XTT] X1t X

i i<j
L
i<j

Therefore:

<0zt XX )0 >
X Xt
=< 0| Het’tﬂ[xi KT ghXatttnXn 0
1<j
o Ix— xt
:Hetlt][xi vXj] < O| . et1X1+"'+tan . ‘0 >
i<j
4. - y+
“T] et X7 X
1<j
(10) — Hetitj<0|Xi,Xj|0>

1<j

Then Coleman (4.5) [1] follows immediately, and (4.11) as a more specific case can be
checked using (4.5) with small n.

2.2.2. Path integral method. When making calculation, we can add a source J¢ in the
Lagrangian, and take J — 0 after the calculation. The path integral can be written, as
shown in Srednicki chapter 7 and 9, and also Francesco (2.107):

/ Do e 2 ] L0 d0uptm? 62— I (@)6(a)] _ o3 [ Ped’y J(@)Az—y)I(v)

Therefore the n point exponential corollation function can be written as:

T < 0| H eiﬁi¢($i)|0 >— H eiﬁi&'e% [ Pz d?y J(z)A(z—y)J(y)
% )
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Where §;J(z) = 62(x; — ). Taking J — 0, we immediately get
oizj —3A(wi—z;)BiB;

BB
ZGZ#J' = Inem?(zi—x;)?

B8i8;
S B mem? (e,
BiBj
— 2( . 2 J
—| |[cm (x; — ;)% 4=

i<j

This is in agreement with Coleman (4.5). Now we can specialize our computation to get
the result of Coleman (4.11).

T <H eiﬁ(¢($i)—¢(yz‘))>
=1] 1Bz =08y;) o5 [ d*xd?yJ (x) A(z—y)J (y)
:eZi# _%BQA(J:i—xj)ezi;tj —%B2A(yi—y]‘)62i,j %ﬂzA(Z’i_yj)
62

[Tl — xj)QmQC]% ITic;[(yi - yj)*m*c| i

[T, (i — yo)m] %

(11) =
This is in agreement with Coleman’s result (4.11).

2.3. Partition function of Sine Gordon model of neutral boson gas. The partition
function of the Sine-Gordon model can be written as

7z / D o =306 +2 cos po

Using the result from previous section, we can calculate it:

n!

7 - / Dpet /#2007 3 / Py - dPy (¢ 4 miBO@)) L ((iB0en) | i)
n=0

Only even n could survive, after we take J — 0. Thus we can let n = 2m, where m is
a non-negative integer. Since the gas is neutral, there are C'(2m,m) ways of combining
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charges, we need to attach this factor in the partition function:

1 [ d?z (9.0)? 2 £ ¢ (2m)! Ty iBaid(xs)
Z:/ng@ H Z Z/d X - $2mm(m!)2ne ¢ ¢
i=1

q=+1m=0
-3 3 [ e
d°xq - iL'Qm < ePaid(x; >
1)2
=+1m=0 (m) i1
2m
Z Z /d2x1 ;cgm ¢ ke Zi#j_%ﬁzqiqu(l'i—Ij)
=+1m=0 ( )

2.4. Massless free Dirac fermions. The massless Thirring model has Laguangian:
< .
L= in,0" — 595" ju

where j# = 1py*1p. Since the massless Thirring model is soluble, we can shift the Laguan-
gian by —m/c, where o = Z11), and m/ is just a real parameter and has nothing to do with
mass. As indicated by Coleman, the calculation of vacuum expectation values of arbitrary
strings of ¥ and 1 is lengthy. The result can be obtained from Klaiber:

- 1o [inj (i = ) (yi — y3) M 0H/™)
(12) (TZ];[lcu(xi)cr (i) = (5)2 JH”.[MQ(% — ;)2

,

where b = — is just Klaiber’s choice of parameter.

g
1+g/m
2.5. Equivalence between the two models Now compare 11 and 12, we can see they

2
are equal if M? = em?, 1+g/7r = %.
Laguangin is ﬁ(A.F + A_) for Sine-Gordon model and m/(o4 4+ o_) for Thirring model,
the two perturbation theories are the same if m’ = a/ B. Therefore, we can identity the
boson field ¢ in the Sine-Gordon model with the bilinear ¥ in the massless Thirring model
as

—04 = fAi and Since the perturbation term in

—np o cos B
For convenience, lets write down the Lagrangian for both theories here again:
ap (67s)
,ng—fu(ﬁa“gf)-i-BQCOS,qu—ﬁ— 7M¢3“¢+2ﬁ2(A++A ) — ﬁQ

Lo = ipdy — igj“ju —m' Zyyp = i@y — igj“ju —m' (o4 +0-)

As shown in Coleman, not only can we identify the perturbative terms Lagrangians, we can
also identify the current in Thirring model as the derivative term in Sine-Gordon model.
The commutation relations

(7" (), 0 (y)] = F2(1 + ) Lt Dy (z — y)ox(y)
(13) [Ovd(x), A+ (y)] = iﬁDu(x —y)Ax(y)
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are identical if j# = —%e’“’&,gﬁ.

3. BOSONIZATION OF MASSLESS FERMION THEORY

The first example of bosonization in field theory started from writing the Heisenberg
spin chain in the form of spinless fermions by Jordan Wigner transformation [6]. Such
spinless fermionic system can be mapped to the sine-Gordon theory by Luther and Peschel
[7] in 1975. In the following subsections, we follow the spirit of such motivation, making
the Heisenberg model a effective boson model with two subsequent transformations.

3.1. Heisenberg spin chain in fermionic form. We would like to represent the Heisen-
berg spin system by a massless fermion system. Define the raising and lowering operators
at each site of spin chin n, S*(n):

1
(14) Si(n) = Sl(n) + ng(n), SZ = 501'
These operators commute on different sites for m # n, and they anticommute on the same
site:

[ST(n), §T(m)] = [S™(n),S™ (m)] = [ST(n),S™(m)] =0
{5 (n), S~ (n)} =1
(15) {87 (n), 5% (n)} = {5~ (n),S™(n)} =0
With such condition the operator creates bosonic excitations on different sites, and there

cannot be two excitations on the same site. Define kink operator that rotate sites before
n around the z-axis:

(16) K(n) = 02551 5780

Define the fermion operator (Jordan-Wigner transformation) as flippling a spin followed
by creating a kink:

(17) c(n) = K(n)S™(n)

The inverse of Jordan-Wigner transformation is:

(18) §=(n) = e~ Zaz1 el ()

These fermion operators satisfy the anticommutation relation, since S~ % S~ = 0. It can
be shown (try it out on up and down states) that {S;", K.} = 0, [S,,, K;n] = 0,Yn # m.
One more identity that relates S3 to ST and S~ is:

S (m)e(n) = §* ()5~ (n) = 5 + Ss(n)
(19) qm&mzswmywnzé—&m)
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Hence all the spin operators have the form in terms of raising and lowering operators.
The Heisenberg chain can be written as:

H= Z J(SFSTy + SYSY L) + 7T (S7Siy)

(20 = 58] + 878+ 298] 87 = S -
Applying the inverse Jordan-Wigner transformation, the spin Hamiltonian becomes fermionic:
N

J 1 1
(21) He:§§jwkﬁa+4+ﬁy+vJ§j — )01 = 5)
J Jj=1
Setting v to zero yields the X-Y model:
N
J dk ...
Hy = 5 jz::l(c}cjﬂ + C;-+1Cj) = /chos(ka)chk, where ¢; = / %emﬂck

This system is gapless and the ground is obtained by filling up negative energy states.

3.2. Continuum limit of spin chain. However, the spin chain is a discrete system, and
we have to make it to a continuum limit so that fermionic representation becomes possible.

3.2.1. Non-interacting case. We consider:
N

(22) Hy = 5 Z(chnH + c;rlﬂcn), (k) = J cos(ka)
n=1

We should expect correlation functions to have a factor of .eik‘”. Since k has to be around

the fermi surface, e’*#". For half filled case, |kp| = Z = e*#™ = ™. This factor varies as

we move along the lattice, hence it is neccessary to remove this fluctuation:

(23) an =1 "¢,
The new Hamiltonian becomes:
JN2
(24) Ho =5 Y i{ady(aze11 — ase1) + aby (@261 — as,)}
s=1

Define the spinor fields ¢1(n) = ags for even n and ¢a(n) = agst1 for odd n. Then the
Hamiltonian in new spinor fields is:

N/2
J .
(25)  Ho= 5 Y i{6}(26)[62(2s +1) = $2(25 — D)) + $h(25 + 1)[61(25 +2) — 61(29)]}
s=1
Since the spinor ¢ field is defined by operator ¢ on discrete lattice, its anticommutation
relation is discrete:

(26) {QSL(H), Por (n/)} = Saa/Onn/
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For a conanical fermion field 1, (z) on a continuum, we expect a continous version of
anticommutation relation:

(27) {¥h(2), Y (@)} = baard(z — 2)
This can be achieved by defining:

(28) Yal®) = ——du(n), 8(z — ) = lim 2

a—0 2a

By such definition, the difference of discrete fields can be written as the derivative of
continuous field:

62(25 +1) — 62(25 — 1) = V2a 20 4in(a)
(29) 61(25 +2) — 61(25) = V3a 204 ()

Also, by changing the summation to integration, lim,_,o >, 2af(s) = [ dzf(z):
J .
Hy = i) {6](2)(20)*0sa(x) + }(20)° 0091 ()}

—iJa / da {0,000 + 0,1}

(30) =iJa / dz(y], ¥]) G é) <gﬁ;> = Jai / w010,

Define f{vo = %, hence we find the Hamiltonian for spinor field:

(31) Hy = / dayfoyid,

To put these into chirl fermion field representation, where o; becomes diagonal. We can
define:

¥1(@) = S=(~R(x) + L(z)

(32) Po(x) = —=(R(z) + L(x))

Sl

Then:
Plidyaby + }i0,0, = —(R'i0, R + L1id, L) =
— . (0.L . )
(33) o= (], R)ioy (a >: [ wtinone = [ dwiin,
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3.2.2. Interacting case. Including the interaction term of Heisenberg Hamiltonian:

N

J 1
Hint = —% Z(a;raj — (I}L-+1aj+1)2 + Z’YJN
7j=1
N/2

= 22T D ((8](29)61(25) — B}(2s + )6a(2s + 1) + (64(25 + 125 + 1) — 6](25 +2)61(25 +2)
s=1

In the second expression of third line, the irrelevant constant %’yJ N is dropped. Taking
the continuum limit:
N/2

Hine = =377 {611 — 6l + [9ve — o]n [} (20
s=1

(34) = —ysa2 [ dol-uln + vl

Working in chiral basis:

(35) Wiy — iy = RIL + LIR = (L1, RY) (? é) <1€L> — g
The interacting Hamiltonian in chiral basis is:

(36) i = =2y [ da(Gu = [ dzj®, wherej, = G0

It satisfies the chiral symmetry.

3.3. Bosonization. Now we complete the first step to convert the Heisenberg spin chain to
an interactive fermion system. There are a lot of ways to study such system, bosonization
is a good non-perturbative method. The U(1) current is j*ty*4), in chiral basis it is
jo=L'L+ R'R and j; = L'L — RTR. If the density and current operators are normalized,
we obtain a Schwinger term following the calculation from [§],

(37) [o(@), j1(2)] = ——8x6(x — a)
However, for boson field we have such relation:
(38) [¢(), II(2")] = id(z — )

This implies that there is a connection between fermion and boson fields, as current j* is
bilinear of .
. 1 . 1 1
jo(z) = ﬁaﬂﬁ, Ji(z) = _ﬁatﬁb(x) = —ﬁﬂ(fﬂ)

Since both the left and right mover are conserved, there are two conserved currents. In
this case it is the axial current:

(39) ]2 = 113%’757# = @EENHW = .72 = Euujy
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The above shows Coleman’s identification between fermion bilinear and single boson field.
To obtain the explicit bosonization of single fermion field by Mandelstam [2], consider two
operators defined as:

Oa(z) = e?®
(40) O4(z) = o8 J25, At Bod(zo,xy) _ LiB 2L, dziTi(zo,2))

When acting on [{¢(z)}), O, simply attaches a phase factor of €'?, whereas Op shifts
é(xo,x}) to ¢(zo,2)) + B, Va] < x. Consider the operator ¥,s(z) of the form:

(41) Yo p(x) = Ou(2)0p(x) = @@ +i5 JEL dzidod(wo,xy)

To see how this fermion operator satisfy the anticommutation relation, we multiply two of
them and apply Baker-Hausduff rule ede? = eBede~ 45l

(42) Y, 8(2)a,s(2') = a,s(a ) a,s(x)e ) = 4y 5(2')1)q p(x)e™”
Where the second and last expression come from:

i(z,2') = ~a?[o(0). 0] - 6 [y [ a0y 110
(43) ~ap [ diilo). 1))~ ap [ dplll(y),o(e')) = ~ias

Clearly, we need aff = +7 = a = :l:% to have the correct anticommutation relation for
fermion field. Mandelstam made separate expressions for left and right fermion fields:

R(z) = ! : e_’%r JEL dah (w0 ,ah)+i 8 o () :
2ma
— 1 . -l fj:l,o dmlln(107:rll)_i§¢(x) .
(44) L(z) = e B :

The U(1) current j# [2] is:

(45) Ju = %Ewayﬁb

Compare the above current with the Coleman identity, we require that g = v/4w. However,
we should expect that the bosonized chiral fermion field could be represented by chiral
boson field, it is true if we write boson field in mode expansion and separate it into chiral
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components:

* dk 1 e e
¢(m)—/ %m(a(k)e’“k'm ko) g of ()eillklao—ken)y

> dk 1 . 7 a(k)xo—kx - —1 xo—kx
H(x):/ Rk 970k g e W)

¢r(z) = ¢r(70 — 71) = /oo %i(a(l{)eik(m—xl) + af (k)e~tk(o—a1))

> dk
(46) o1(2) = Or(z0 +21) = /0 %i

Introduce the duel field 6 such that the field operator ¢ and it obey the Cauchy-Riemann
equation:

(47) Oop =11 := 016
The fields finally decompose as chiral components as:

¢(z0, 1) = dr(0 — 21) + PL(T0 + 71)
(48) 0(zg,21) = —pr(x0 — 1) + ¢ (20 + 1)

Put the above expression into Mandelstam’s identity, the chiral fermion is identical to the
exponential of the chiral boson field:

(_a(k)e—ik(xo—i-zl) _ aT(k.)eik(xo-‘racl))

1 .
R(x) = L 2VTOR
2ma

(49) L(z) = —— : e V™oL .
2ma

i

It is shown [8] that by explicit calculation, the operator product yields:

1 .
lim R (zq,21)L(wo,y1) = 5— : e 2VTO)

1= 2ma
1 .
lim L(zo,21)R(z0,y1) = 5— : e T2V,
1= 2ma

Now we have formulae to bosonize any fermion field that appears in Lagrangian, and
then we put them together:

(50) Lp = Ho — Hiny = i@ — 7 (§y)?
6) = S0 ~ L6 ors

The first term of the last expression comes from the conservation of axial current j°:

1 1
O™ = € Opjy = =" e30,0"0 = —=0"¢

v NG

(52) B = 0 = \%a% _0, P=—R -
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If we rescale the boson field and coupling constant:

—J11 2
(53) pr=y1+ ¢

The bosonized Lagrangian becomes:

1
(54) Lp = 5(8;190)2
We now understand that the massless fermion theory is equivalent to free boson theory.

Moreover, the interacting massive fermion system is equivalent to sine-Gordon model.

4. LUTTINGER MODEL

Luttinger liquid is a general model of 1D electron gas at low energy regime. The shape
of 1D system can be thought as a rectangle, with its length L way longer than its width
d. By such assumption, the momentum is dense, because Ap ~ 2%, and the gap between
different energy states is large: AE ~ é. Thus we only need to think it is a one band
system with all electrons filling up to the fermi surface. To the nature of 1D system, the
excited particles’ momentum are either parallel or antiparallel to the direction of fermi
energy (posivie for negative). This indicates that the excited particle and the hole it lefts
behind are correlated at long distance - they form a long-lived bound state (collective
mode). Therefore, one would suspect that the low energy excitation of fermions is effective
theory of boson.

The retarded Green’s function recognizes the probability of excitation for given set of
energy and momentum. In Landau’s fermi gas theory, the spectral function of free fermion
is maximized but smears out for a wide range of momentum. However it is quite different
for Luttinger liquid, where the spectral function has two poles at quy and —quvy. This tells

us the excitation consists of left and right movers as bosons.

4.1. Spinless fermion. Consider the Hamiltonian:

H = Ho+ Hip = 91 () (@ivpde )y (x) + 29205 (2)pr(x) + 94(pFh (@) + pi (2))
(55)
where go measures the strength of backscattering and g4 that of the forward scattering. At
precisely half-filling, the Umklapp interaction has to be incoorperated into the Hamiltonian.

This allows scattering process to be momentum conserved up to a one reciproval lattice
vector:

(56) HUmklapp =33 ;ﬂ(lﬁ}g(ﬂf)w;(y)wL(w)wL(y) + R+ L)

The Umklapp term cannot be written as the product of density operators, hence it breaks
the continuous chiral symmetry of the Hamiltonian. Using the identities derived before,
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the free fermion Hamiltonian is:
Hy = ¢ () (aivpd, )¢ (z) = U?F( 4+ (0:0)%) = ;((@9)2 + (0:6)%) together with previous identities:
1

1 1
o= g 00— m) = 50

The new Hamiltonian without Umklapp term is:

L b= 0640

(¢_9)a PL = 2\/77‘_

(57)  H = (mvp+g1)(ph + p1) + 2020rpL = 5 (—=(0:0)> + K(9,¢)*) where

Q(K
v = \/(vF+%)g_(92)2 K:\/UF+94/7T+92/7T

VF + ga/T — g2/

The bosonized Hamiltonian is invariant with duality transformation:

1
(58) O+ 0, KH?

The forward scattering factor g4 renormalizes the speed and the backward scattering factor
go renormalizes the stiffness constant K. Clearly, for repulsive interaction go > 0, K > 0;
and for attractive interaction go < 0, K < 0. For the case of half filling that includes
Umklapp scattering term, the bosonized Hamiltonian has an additional term g, cos(4m¢)
that breaks the chiral symmetry of the system.

4.2. Spin fermion. Consider the spin Hamiltonian:
H = —iUFR Z Z 81/}3 N st o1+ g4 Z w U¢T7—g’w8,—0’¢8,(7 + g2 Z wi,gwilﬁlw—l,a’f‘/}l,a
o= T¢S + 0’70”
(59)
+ gl,|| Z ¢I,a¢1170¢1,a¢—1,a + 91,1 Z ¢I7J¢T_17_le,—ow—l,o
g g
The first line has the kinetic term, the forward scattering of the same branch and opposite

branch. The second line includes the backscattering process. Also the Umklappp term
should be considered at half filling case:

(60) Hy, = gse'Pr= Dyl ol iy + hee.
The Hp term can be easilly expressed as:

v
(61) Hy = 7F Z(Hg + (8x¢0)2)

g

Define the charge and spin boson fields and transform the free Hamiltonian:
1 1
(z)c:i((ﬁ +¢)7 QSS:*((? _¢):>
\/‘ T i f ) i
(%2
(62) Ho = —- (72 + (9:0¢)*) + ( + (0:05)°)
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The bosonized free Hamiltonian describes the charge and spin fields moving at the same
velocity. Adding interaction terms will renormalize the speed of the propagating bosonic
waves:

(63)
Ve, 1 vs, 1
H= 50(7113 + Ko (0:60)%) + ES(—Hg + Ky (02ps)?) + Vi cos(2V2m¢e) + Vi cos(2V2mehs)
C S
g4 g1, g2 94 g1,
wom ot S (LB = o Sy (S
2mop + g4+ 292 — 01 2mvp — g4 — g1
Kc = ) Ky =
2mup + g1 — 292 + g1, 2mup — ga+ g1
g3 91,1
V.= V=
© 2(ra)?’ 7 2(ma)?

Clearly the ineractions modify the spin and charge velocity, thus it leads to the spin charge
separation.

4.3. Scaling. Bosonization is a method that maps a system to another system, it has no
use to solve the problem. We only hope the mapped system is easier to analysis so we
could see the behavior of the original system that is hard to study. For the sine-Gordon
model, we would like to find the limit that the interacting cosine term is useful, in other
word if it is an important term adding to the free boson Langrangian.

Suppose we are interested in the correlation function of operator ¢, (r).If the system is
at fixed point such that it is translation, rotation and scale invariant; we would expect the
correlation function have a power law dependence on the distance:

(64 (On)0n0") = s

where Ay, is the scaling dimension of ¢, For sine-Gordon model, we are interested in the
correlation of cos(p) = 3(e? + %), the vertex operator. For sine-Gordon Langrangian

in Euclidean space of the generic form L = %(8@)2 + 2z cos g, the correlation of vertex
operator is:

(65) <ein<p(0)e—imp(x)> _ (l)nz/(47rK)(i)n2/(47rK)
z z

2 2102
ok = 1 A similar analysis

shows that the scaling dimension of (9p)? is 2, which is independent of any parameter.
Thus if A; > 2, the interaction is irrelavant, marginal if Ay = 2, and relavant if Ay < 2.

For Luttinger model, we may write it as the summation of the charge and spin sections
H = H.+ H,. Simillar to the above analysis, K. = 1 = A. = 2, the Umklapp process
is marginal. K. > 1 makes it relevant, and it is associated with the repulsive interaction.
For spin section, the scaling dimension behaves exactly the same with respect to K.

Thus the scaling dimension of the vertex operator is Ay =
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5. BOSONIZATION IDENTITY FROM CONDENSED MATTER PHYSICS

We may view bosonization as a tool that can be constructed from few simple assumptions
of physics system. This method of building bosonization identity is called constructive
bosonization. The starting point only requires the definition of fermion field in terms
of fermion creation and annihilation operators which statisfy the usual anticommutation
relation:

(66) Unla) = CEY12 Y o,
k
where 7 represents different fermion species. The fermion operators are defined as:
(67) ek |0) =0,k >0 cf, [0)=0,Yk <0
Then the N-particle ground state can be defined from vacuum sate and fermion operators:
(68) [N)o=Ci" - Cpp [0)
(69) o= ?V"n el %Z Z 8

C(Ny+1)n " Con Nﬂ <0

Now define the boson operators as:

. o0 .
¢t T —t T
(70) bjm = — Z ChiqnChn D Z Cr o Chkp -

qn kN an k—gn kN
The boson operator shifts the momentum of all the particles in N-particle ground state
by q or —g. Acting b on the N-particle ground state yields 0, so that |V), can be treated
as a vacuum state for boson operators. Moreover, boson operators satisfy the expected
commutation relation:

(71) [qubq’n’] = [b;n,bg,n,] =0, [Nqnqu’n’] = [Nqnvb;n/] =0,
where the number operator is defined as N, = Yo o anc;m :. The normal ordering

is introduced to make the number operator counting the fermions lying above the fermion
sea. The last relation tells that the boson operator does not change the number of fermions
in the system, hence it is neccessary to introduce one operator that is able to change the
fermion numbers. It is called Kelin factor and defined as:

(72) [quF?;r/] = [bngJ/] = [bqnaFn’] = [bngn’] =0

(73)  FIIN) = f(N)ely, [N, Ny, Nag),
(74)  FyIN) = f(b")en, oy N1, Ny oo, Nardg

f(bT)TU‘Nla“'vN’V]-i-la"‘)NM)()
f(bT)T'f]‘va"'anfla"'7NM>0 .

The effect of FJ is clear: it creates one more 7-fermion on the lowest possible level of the
ground state. From the definition above, we can deduce that the Klein factors are unitary
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operator which are denoted by U in the literatures. With all the necessary operators in
hand, the boson field can be defined as:

1 , 1
(75) (pn (IE) = — Z 7€_qubqn6_aq/2 SOT (IE) = — Z 761(]43()2776—@(]/2
q>0 \/ﬁq ! q>0 \/ﬁq

(76) Oy() = ¢y + B

The boson fields can be checked (appendix A.5) that they satisfy the appropriate com-
mutation relations:

(77) (@), o (2)] = [h (@), ¢, ()] = 0
2w .
(78) [on(x), @I},(aj’)] = —dyy In [zf(:n — 2’ —ia)],L — o .
The fermion density operator can now be expressed in terms of boson fields:
2m -
(79) po(@) = U} (@)U (2) = Ony(z) + TNy, a0

This is the same form that Coleman claimed in (5). The explicit bosonization identity
can be obtained by acting the fermion field on an arbitrary N-particle state, applying the
available identities and we are able to find, for L — oo:

(80) y(a) = Fya~ e,

6. JUSTIFICATION AND EXPERIMENT OF LUTTINGER LIQUID

In this section we would like to give some handwaving arguments toward the analysis of
Luttinger liquid.

6.1. Why 1D?. The Luttinger model is special because the dispersion relation is linear
around the fermi point . Since we are only interested in the low energy excitation, we can
linearize the dispersion relation as € = vy(k — kyf),Vk € (—00,00). It is not the case for
larger dimensions, as in two dimension the fermi points turn into a continuous circle.

&(®) : f
“.\ 1 ' E
o
2 R ] {"f --------
3
i T
! il
—kz 0 ke T

FIGURE 1. The despersion relation of 1D model can be linearized at fermi point[12].
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FIGURE 2. In 2D it is not possible to linearize the dispersion relation[12].

In order to visualize a given interacting Hamiltonian, it is better to break the fermion
field in Hamiltonian as left and right movers. The fermion field in 1-d wire can be written
as:

(81) Y(x) = e ML (@) + PP () |

where the tilde means we extend the range of k from (kp, 00) to (—o0, 00).

B

FIGURE 3. single particle spectrum dispersion relation. Occupied states are
shown in grey, the dark area shows the unphysical state. From [13].

The state lies way below the fermion sea is unaffected by low energy excitations. The
left /right movers have momentum and energy unbounded. This modification makes the
1-D model solvable, in a sense that the Hamiltonian can be written as a free Hamiltonian,
even the interactions exist. The electron interaction Hamiltonian is:

(82) H = Hkin + Hipg -
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Assuming linear dispersion relation, the kinetic part is (explicit in appendix B.2):

> L2 g 1, _
(83) Hyin = Z Z k::cznck?7 ::/ = =[p1 + pRl(x) : .

n=L,R k=—o L/2 2m 2

For the interaction part (B.2):
1
(84) Hint = / ded’ 1 (@)0 (& )Veelz — /)2 )(2) -

Since each v has right and left two components, the H;,; should have 16 terms in total.
We drop the 8 terms that do not conserve the number of right and left movers. There are
8 terms left that can be catagorized into two groups. One group is interbranch interaction
where the interaction happens between the same fermion species, and the other group is
intrabranch interaction where the interaction occurs between different fermion species. We
assume the strengh is different for these two kinds of interactions, so eventually we are left
with:

L/2 1
(55) Hoo= || opu@n) + 30l @)+ @I -
The full Hamiltonian can be expressed as:
L/2
v de 1, . - ~
(86) Hy = Hyin + Hint = 1 / or [=(pL + pr)* + 9(pL — Pr)*](z) :
—L/2 T g

1+94—92
=.4/(1 2 _ g2 =,/ —= 7=
v (1+g4)?>—95 ¢ \/1+g4+92

6.2. What is bizarre? There are some strange behaviors that belong only to 1D electron
gas. Tunneling is a quantity that can be measured experimentally for 1D quantum wires. It
occurs between the wire and the tip of a scanning tunneling microscopy. Another example is
a 1D wire connected weakly to two leads at ends. One interesting property that determines

STM

y lead - -l_cad
S

wire

FIGURE 4. two tunneling examples. From [14]

the tunneling current is the local density of state, at zero temerature reads:

(s7) punte) = [ e (O] 0t = )W (0,2 = 0)[G)

With the diagonalized free Hamiltonian and boson field ®, ready from last section, the
correlation function can be separated as product of two independent correlation functions.

—0o0
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Each one relates to one of the boson species ¢,. the correlation function is found to be
proportional to (appendix B.3):

(88) (G U(t,z = 00,2 = 0)|G) ~ t 219

Thus the local density of state is proportional to:

. 1
Pdos ~ w” L, v=5(1/9+g).

For g # 1, v > 1, so that the tunneling density vanishes at low frequencies. The problem
becomes more complex if impurity is added to the site x = 0, as it leads to forward and
backward scattering. In the presence of impurity, the Hamiltonian has to include two
more terms Hp + Fp. Hp is for forward scattering, and Hp for backward scattering. The
full Hamiltonian can then be separated into two H_ + Hp and H, + Hp, which can be
diagonalized using refermionization. After the refermionization, the full Hamiltonian is the
sum of two independent free Hamiltonians. Up to this point, the tunneling density can be
treated the same way as this section does for non impurity situtation. It is found [9] that
for g = 1/2, the correlation function is proportional to t~2, so that p(w) ~ w.

The tunneling density of states of Luttinger liquid would lead to an interesting phenom-
enon that is known as orthogonality catastrophe, or power-law suppression of the tunneling
differential conductance. The differential tunneling conductance G(V, T) is proportional to
pdos- Thus for T =0, G ~ w’~t ~ VY71 For v # 1, we must have vanishing conductance
at low bias. When the bias becomes larger compared with the temperature, the normal
Ohmic behavior of condutance appears again.

VG =dI/dV

Ficure 5. The differential tunneling conductance as a function of bias.
From 8]

Its momentum distribution function has a jump at the fermi surface. Unlike the normal
fermi liquid where the distribution function vanishes completely at fermi surface. The width
of the jump is related to the weight of quasiparticle Z, in this case Z < 1. The stronger
the interaction, the smaller the weight of quasiparticle in excitation. For Luttinger liquid,
Z ~ 0 indicates there is actually no quasiparticle excitations. The excitation takes the
form of particle hole pair that are strongly correlated.
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PF p

F1GURE 6. The momentum distribution function of Luttinger liquid. There
is a small discontinuity at the fermi surface. From [8]

For Luttinger liquid invovles spin, the Hamiltonian becomes more complicated to bosonize
and diagonalize. However, we can give a short argument for spin-charge separation in terms
of Hamiltonian represented in momentum space:

(89) Hyin ~ Z pro(0)PRo (=) + PLo(9)PLo(—0)]
(90) znt ~ Z PRU + ,OLU( )HpRJ’(_q) + pLO'/(_Q)” :
P

Now if we define the spin and charge densities as

(91) p=prtp. o=pr—p.
Then the Hamiltonian becomes:
(92)
Hyir, ~ Z pr(— ) + pr(@)pr(=9) + or(—q)or(@) + or(9)or(9) + or(g)or(—9)]
(93)

Hipg ~ Z PR + pL )][pR(_Q) + PL(_C])] :

The charge den81ty and spin density operators have decoupled from each other in the kinetic
term, and the interaction Hamiltonian only contains charge density terms. If we continue
to bosonize this Hamiltonian with new boson fields, it is not suprising that we can get two
decoupled Hamiltonian H, and H, such that charge and spin oscillations propagate with
different velocities. This is the spin-charge separation, this refers that two excitations are
moving independently of one another.

To visualize the spin-charge separation, consider the cartoon:

After the system undergoes a particle-hole excitation, the point labeled by holon has a
net charge but zero net spin, and the point labeled by spinon has a net spin but zero net
charge. The holon and spinon are independent of each other, and their motion are not
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FIGURE 7. (a) has a particle-hole excitation (b) spin and charge are sepa-
rated (c) in higher dimension such phenomenon breaks down [15]

constrained to each other. In higher dimension, in order to create a spinon, we have to
align electron with neighbors of the same spin.

7. CONCLUSION

In this note we reviewed the development of bosonization technique both in particle
and solid state physics. However, there are more can be reviewed under this catalogue:
the non abelian bosonization, the scaling of operator product expansion, the universality
classes of 1D electron liquid, the non-linear spectrum Luttinger model, the application of
Luttinger liquid to 1D Hubbard model, the Kondo model, and possible comformal field
theory. Moreover, bosonization is only one of the many famous methods that solve the 1D
system. It might be true that we have only seen an iceberg of the one dimensional world,
and this is a branch of physics in which both theorists and experimentalists could found
amazing physics that is different from what we usully see in higher dimensions.
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APPENDIX A. BOSONIZATION IDENTITY IN CONDENSED MATTER

In this appendix we followed Delft’s [9] constructive approach to construct the bosoniza-
tion identity. For new comers this approach is preferred since the bozonization identity,
() ~ Fne_“%(’”), is better understood from its origin. The beginning point is to set
a fermion field v, (z) = (2%)1/2 > e *%cp, within a system of length L. Then all other
operators can be constructed in terms of ¢, and have their physical interpretation.

A.1l. Fermion operator and field. Let the fermion creation and annihilation operators
to have the canonical anticommutation relations:

(94) {Ckn, CITC’??’} = OpyOprr, k€[-00,00, n=1,....M

7 is a species index, it can denote spin or left /right-moving electrons. The momntum index
k is
27

1
(95) k= f(nkz - 551)), nL €2, & €l0,2)

dp is useful in determining the boundary conditions of the fermion fields, where the fermion
field is defined as:

2 > ,
(96) dn(2) = (5 X
L2
(97) R / dar ¢4, ()
—L/2

From (95) and (96) it is easy to see:
(98) Un(z + L/2) = e™epy(x — L/2)

Thus 6, = 1(0) it gives anti-periodic(periodic) condition. To confirm the anticommutation
relation of the constructed fermion fields, using (94) and (95) we have:

(99) {wn<m>,w;,<x'>} = 5nn,f Z e (nk—58) (z—2")

nez
= 8y L2 5((2) — x) —nL)

In the second line we used the identity Y., .z €™ = 273 - 8(y — 2an). Thus we see
that the expected anticommutation relation is satisfied.

A.2. Vacuum and N-particle ground state. The vacuum state |0) is defined to be:
(100) ek |0) = 0,¥k >0 cf, [0) =0,k <0

It says at vacuum state no electron or positron can be annihilated. The vacuum state is
the fermi sea, and is used as a reference state. The fermion-normal-ordering is defined with
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respect to the fermi sea:
(101) tABC'---:= ABC — (0| ABC ...|0), A,B,C-- € {cp,cf,}

The fermion-normal-ordering is not the same as the timer-normal-ordering. It moves
fermion creation(annihilation) operator with negative(positive) momentum to the right
of other operators. To give it a check, let k > 0 Ak’ <0,

. CLC]C/ = —Ck/CL = CLC]C/ — 5kk’ = CLCk/ - <C£Ck/>0
Let N, = S50 - CLann = Zzozfoo[clnckn — <CLTIC]W7>O] be the number operator that
counts the number of n electron with respect to the fermion sea. The eigenvalue of N,
running through all 5 should be a vector N = (Ny,---, Nps) € ZM. This makes sense since
the eigenvalue of c;rmck77 is either 1 or 0, and by sutbstracting <CLann>0 we only count the

number of electrons above the fermion sea or positrons under the fermion sea. Denote |N),
as the N-particle ground state relative to the fermion sea, and no particle-hole excitation
is allowed:

(102) [N)o=Ci" -+ Cpp" [0)
N c}r\,w---ci77 N, >0
(103) Cr"=<1 N, =0

C(Nyt1)p Cop Ny <0

Based on our construction, all N-particle excited state can be built from N-particle ground
state |N),, since they have the same number of particles for each species.

A.3. Bosonic operator. Define the bosonc creation and annihilation operators as:
oo

. oo .
) 1 —1 i
. D ChgnChn ban NG D ChegChn

q k=—c0 9 k=—00

(104) b,

where ¢ = 2%nq,nq € Z7T, so that ¢ is positive. It can be seen that bjm shift all the n
electrons’ momentum by g, if it acts on |N). Similarly for by, which lowers the momentum
by ¢. The normalization constant gives the expected commutation relation (suppressing
the 7 indices):

1
(105) [bgn: bl = o > lef_yCh—g — ¢ yrct]
k

If ¢ # ¢, it is normal-ordered because the vacuum state does not come into play. We can
let k+ ¢ — k so that it yields 0. If ¢ = ¢/, we have to normal-roder it first:

1
(106) [bgn, bz,n/] = 04 n—q{[: C;JLCk P— c,t+qck+q ]+ [(c,zck>0 - <c};+qck+q>0]}
k
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The first term yields 0 because it is normal ordered. The second term, based on our
definition of fermion creation/annihilation operator acting on the vacuum state (100),
gives:

(107) Z Z —nq =1

nq npe=—0o0 npe=—00
k k

Therefore, we obtained [bgy,, b, o /] = 0qq/ Oy . Also the remaining relations are easy to check:

(108) [bgns bgry] = [bqn’bg 77] 0, [Nons byry] = [Nqnvbg’n’] =0

Based on (102) and the anticommutation relation of fermion creation/annihilation opera-
tors, we can deduce by, [N), = 0 for all ¢,n. This makes sense since for ground state there
is no excitation, down shifting the momentum of every particle/hole by a positive value ¢
gives 0. Therefore, we can treat |N), as the vacuum state for bosonic operator as to |0) for
fermion operator, and the normal ordering for bosonic operator can be similarly defined
as:

(109) : ABC---:= ABC---— ((N|ABC'...|N),

Clearly as |N) is interchangeable with |0), the operator product is boson-normal-ordered
if and only if it is fermion-normal-ordered. It is obvious that every excited state |N) is a
linear combination of bilinear fermion operators acting on the ground state:

(110) IN) = F(e], enm) INYg

Remarkably this statement is also nontrivially true for a linear combination of bosonic
operators bjm, as was proved by Haldane [?]. Here we take the proof, and a profound
consequence can be seen from this statement. If we write the bilinear fermion operator as
bilinear fermion field operator, by (97)

1 (K 2 — ke
(]_]_]_) anck’,"? = m/d$/d$/ el(k k )w;;(x)wn(x/)

This indicates that 1/117 (x)1y(2’) can be written as bosonic operators, and shows the sign of
possibility of building a bosonization rule.

A.4. Klein factors. From (108) since the bosonic operator commute with the number
operator, the bosonic operator does not change the number of fermions of a given state.
Hence for the completeness of bosonization, it is necessary to include operators that could
change the number of fermions. The Klein factor F,],L and F;, are introduced for this purpose,
where the notation comes from Kotliar and Si [?]. First it is required that they commute
with bosonic operators

(112) [bgn, Fy] = [bhyys Fl) = [bgn, Fy) = [b]

qn> qn’Fn’] =0
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Then we require
(113)  FIIN) = f(N)ely, [Ny, Ny Nag)g = FONTy [Ny Ny Nag
(114)  Fy|N) = f(bN)en oy N1y Ny oo, Nag)g = FONT [ N1, oo, Ny1y -0, N,

It can be seen that FJ IN) has the same excitation as |N), because it is the same f(bf)
acting on ground states. They differ by the ground state in which FJ IN) has one more
n-electron in the lowest empty level of |N). Tn = (—1)2?:_11 Ni is a phase factor we need

to take into account when c}fvn“ passes by all the fermion creation operators in front of

C’,;V”. From (113) and (114), FJF77 IN) = |N), hence the Klein factor is unitary. Other
commutation relations are (easy to check):

(115)

{Fy, F} =26y, NyF!=F\(N,+1)= [N

n’iFg] = 5n’nFrJ;rv [Nn’an] = _577/17Fn

A.5. Boson field. With all the operators properly defined for the bosonic ground state
IN), we are now able to give definition to the boson field:

(116) =— Z 7e—qub e 4 ol (x Z iqxbgne—aq/z

q>0 q>0

1 . 1 .
117 on(T) = — — e, 4 ——TpT 1eT09/2
(117) n() g[\/ﬁq qn NG an)

Then the electron density operator can be straightforwardly expressed as boson fields:

(118) pn(x) = ¥ (x) Z e Z

2m : —iqx z T
(119) = sz\/ﬁq(e by 4 bT Z ck Gl -

q>0
2T -
(120) = Oppy(x) + an, a—0
The commutation relations of boson fields can be checked:
(121)
[on(@), o ()] = [} (@), 1, (a)] = 0
(122)
L i(z—2')+a 2T (! —ia 2T
(on(a), 03y (@)] = by 3 e = =gy Il — T FET) = 6y i (@ — o -

q>0

Notice the importance of a in (122) when x = 2/, where a is treated as a UV cut off to
regularize the result. With (122) and Weyl’s identity, we can easily show:

)1/26i¢n(m) e~ ion(@) =Pl (@) _ (i

igh(@) gign(@) _ (L
(123) e"Pni) eton ( 5ra

)1/26—2'%(33)
2ma

ia)], L — o0
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Using (117) and (122), the commutator of ¢, () with its derivative can be find (to order
of %), as taking the limit L — oo first and a — 0 second:

1

(124) [(;577(1'), ax’¢n’ (l',)] = 5,777/27ri[5(x - l‘/) - Z]

A.6. Bosonization identity. We are now able to find the bosonization identity by ap-

plying the fermion field on both boson vacuum state and arbitrary boson states. Let

ag(x) = ﬁe’q“ , and write both v, (z) and by, in terms of fermion operators. The com-
q

mutation relation can be seen as:

(125) [bgyy s ¥ ()] = by g (@)t (@) [b:;n” Yy(z)] = 5nn’a;(x)wn(x)

Since it yields 0 for boson annihilation operator acting on the boson vacuum state, with
(125) we immediately have:

(126) by by (@) [N) g = Oy g (@) (@) [N)

Equation (126) tells that ¢, (x) |N), is an eigenstate of b
can be expressed in the form:

qn » therefore ¥, (x) |N), must

(127) (@) [Ny = eZex0 @ L5, () [N) = 7900 F, 3, () [Ny

The validity of (127) can be checked by inserting it into (126), with the identity C' =
[A,B] = [A,eP] = CeBL A = by, B = —igh(2),C = Gpag(x). The value of \,(z) can
be determined as follow, as noticing first that o (N]| Fgwn(x) IN)o = Ay(x). Then we can
easily find, by writing 1, (x) as combination of fermion operators, that

(128) o (N| Fjltby () [N)g = (2%)1/2642%%7%%)36

Two more identities are needed, let |N) = f({b:;n/}) IN),, then

(129) FHBE ) INY g = f({bim S ()} o ()
(130) FUBL, = dppa(2)}) = 7@ F({b] })eten®
Equation (129) uses the identity [A, B] = DBA[A, D] = [B, ] 0= f(A)B = Bf(A+

D), and (130) uses the identity ¢ = [A, B]A[A,C] = [B,C] = “Bf(A)eP = f(A+O).
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The final step is to evaluate ¢, (z) |N):

(131)
Uy (@) [N) = oy () F({B] 3) INDg = F{bL — Oy (2) )by () [N used (129)

(132) = f({ol, - ,m/aq(x)}) e~ @ B\, () N, used the relation (127) vy [N,
(133) = Fnj\n(x) —igh(a ({b — Oy () }) IN)y  since F;) commutes with bjm/
(134) :ann(x)e—ww[e—wﬂ(x ({oF, 1en @] IN),  used (130)

(135) = Fyly(x)e @) eion( Vbl D IN)  since by [N)o =0

(136) = Fyh(a)e #n@emien@ N)

Since the choice of |N) is arbitrary, we conclude that

(137) (@) = Fyhy(x)e #n(@) e=ien(@)
(138) _F (2%)1/26—1‘%”(%—%%)xe—w%(x)e—z‘son(x)
(139) = F (2L7T)1/2 —i% (Np=300)z o —itn(2)  yged (123)

This is the final result of bosonization identity, and cearly for L — oo, we have a better
looking result F, (2”)1/2 —i¢y(z)

APPENDIX B. LUTTINGER MODEL (HEURISTIC VIEW)

In this section we go through the tunneling density of states at in a Luttinger liquid, the
discussion will not be explicit due to its length and the time constraint I have.

B.1. Fermion and boson left and right movers. The physical fermion field in a 1-D
wire of length L can be defined as:

(140) Yony () = ( 27T )1/2 Z e'P

p=—00
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If we let p = F(k + kr), the above field can be written as:

2m - —1i x 7 T
(141) Vphy(T) = (f)1/2 > (e ety e ETRT )
k=—kp
2w > ) )
(142) = (f)m Z (e hrtk)zey | 4 eilbrthee, o)
k=—kp
(143) N (2%)1/2 Z (e—i(kF—i-k)xckL _|_ei(kp+k):cck7R)
k=—0o0
(144) = eiikFxfl[}L(:IZ) + eikpx,&R(m)

In the last line we extended the range of k from [kp,00) to (—oo,00). The inclusion of
unphysical state is possible, they are unaffected by the low energy excitation. The tilde
means it is a mathematical left /right mover, and they shall only be used in low energy sit-
uations. Clearly we have to quantize the momentum k by imposing boundary conditions,
we can take 6, = 1 in (95) to have antiperiodic condition.

Having the fermion left/right operators properly defined, we can follow exactly what
we did in appendix A.3 to define the bosonic left /right operators b, 1/ in terms of ¢; 1 /g
Then the Klein operator, number operator could all be written in terms of left /right movers.
Here we have:

~ 1
(145) or/r(x) = — —
L/R nngo NeT

(146) QLL/R(JU) = a_l/zFL/RejFiQTﬂ(NL/R_%%)%_WBL/R(’”) compare with (123)
- > ~ ~ 2w

(147)  prr(z) = ¢TL r(@)Vr/r(x) == £0:01 (%) + —

/ L

Notice the plus minus sign in the above equations, the reason is that the left and right
movers in (144) are differed by a sign of = in their phase factors.

e—aq/2 [eqiiqzb :I:iqbe

qL/R] from (117), g = Q%nq

qL/R T €

NL/R compare with (120)

B.2. Diagonalizing the electron interaction Hamiltonian by bosonization. One of

the important usages of bosonization is to diagnonalize the interaction Hamiltonian and re-

sult in a free Hamiltonian. Here we start with a local electron-electron interaction, bosonize

it and in the end make use of a Bogoliubov transformation to get a free Hamiltonian.
Assuming linear dispersion relation, the kinetic term of the Hamiltonian is:

i L2 § ~ 5
(148) Hin= Y. > k:clom = / L/Q;[qp;(x)(iam)m(x)+¢;(x)(—¢am)¢3(x)]:
n=L,R k=—c0 -
B 211 oo (M2 dz 1 o, [FPdr 1., 5.
a4 = 3 [T [, o gt = [ S Slat 4 )
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In (149) there are some subtleties for the first equality and we do not discuss here, and the
second equality comes from (120). The interaction term can be expressed as:

(150)
1
Hipy = E l%;}‘/qc;qclturqck/ck
(151)
= ;/dxdaz’ PN (@)l (@) Vee(z — 2" ) (@)p(e), et Vee(z —a') = 6(z — ')
(152)
— ;/dxd:n' ¢;hy(x)w;hy(:n')1/;e(x — ") pny (2 )phy(x), substitute (144) into it
(153)
L o @)l V(e a(e) + R I
2) 2r or g WRITYR\TJYRIL JPR
+ g h (@)l (2 )r (2 )r(z) + R & L
+ e 2kt [yl (@)gr(a ) PR )L (z) + R < L]
(154) + e Hhrr [yl (2)yh (o)L (o)L (@) + R« L]}

Only the first two terms conserve the number of right and left movers, and the last two
terms can be dropped since their phase factors are in ‘high-energy’ region. Thus we have:

L/2 1
(155) Hoi = [ PR + 301l @) + ()]

The Hamiltonian then is:

L2

) de 1 - -

(156)  Ho=Hu+ Hi = [ 500 u o+ 000 + 9l — pr)(e)
L/2 4T g

1+94—go
v=\(1+g)?-93 9=\/71 —
( Voo 1494+ g2
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Substitute p in terms of boson operators using (147):

(157)
2m v 1 1 . 2 + 1 AA 1 +
Hy = T2 (; +9) Z [§Ny + anbqllbql/] + (5 —g)[NLNR — an(bquqL + bquqL)]}
v=L,R q q

(158)

2

= % ”N 24 Z ngB by Bogoliubov transformation
(159)
21, < E |
= Z [jg”NE + / y —(0,®,(x))?:] reproduce the previous line by subsituting in @, (z)

o—t L L/2 27T 2
(160)
where we have the new transformed boson operators:

1 1
Byt = — 7 (\f V8 bun F byr) & (2 = VAU £ b))
. . 1
NJrEf(NL—NR) N,E§(NL—|-NR)
Oy (x)=— Z _aq/2 e B ot + el‘mBJr 4]
q>0
- - 1 - -
161 =—U—=+ x —z)| £ (—= — -z x

(161) \/g{(\/g V9)lor(z) F or(—2)] (\/g V9)lor(—z) F dr(2)]}

9 X
pi(l‘) = a@i($) + %\@gil/QNi

B.3. Tunneling density at site x = 0 without impurity. In appendix B.2 we diago-
nalize the fermion interaction Hamiltonian, so that the Hamiltonian is free of interaction
expressed in terms of transformed boson operators. We are interested in the tunneling
density:

(162) punt) = [ 52 (G Uy 10 = 0)0],, 0.2 = 0)[6)

NS 271'
In our case we set z = 0, from (144) and (146):
(163) Uy (@ = 0)a~V2(Fpe ™t 4 Fre=%m)(z = 0)
;fhe left and right boson field can be expressed as the transformed boson field through
161):

(164) brm(e=0) = ——(—

(50 (= 0% ViR =0)
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Therefore, the fermion field can be completely expressed as boson field in free Hamiltonian:

(165) Wy (z=0) =a"12e” A (FrLe "VI/2%+ 4 FreiVa/2®+)

Since H = Hy+H_,and [Hy, H_| =0, (G| Vppy(t,z = O)\I/Lhy((),x =0)|G) = D_(t)D,(t).
Where

(166)

D_(t) = (0_| eiH—t(e_\/%qL)e*iH‘t(eﬁ@*) |0_) it only has ®_ part
(167)
D+<t) =q ! <0+’€iH+t(FL€_i‘/9/2¢+ + FRei\/g/Qqn_)e—iH+t(FlTleiw/g/2<I>+ _i_FIT%e—i\/g/Q(IM_) ’0+>
(168)
= Dp1(t) + Drr(t) + Drr(t) + Dri(t)

Without impurity, H— and H; are just free Hamiltonian, so that the evaluation up to a
constant is:

(169) D_(t) ~ 6719(07|<I>f(t)‘Pf(O)—‘IL(U)‘P(O)lOf) =1+ wt/a)—ylg
(170) Dy (t) ~a~ (1 +ivt/a)"2
Therefore, the tunnelign density is proportional to:
o 1
prwh v=5(1/g+9)

For g = 1, the tunneling density is a constant and does not vanish at Fermi energy. But
it is different for g # 1, the tunneling density vanishes at Fermi energy.



