Lecture III: The Thirring Model
S. Lukyanov

Jordan—Wigner transformation

The goal of this lecture is to better understand the scaling limit. To do this, start with
the Heisenberg X X Z model. The Heisenberg X X Z model describes a system of N one
dimensional spins on the line with nearest neighbor interactions. The Hamiltonian is:

N
Hyxy = =Y (05,0041 + 0b oty + Aor,o0,1) (1)
m=1

where the Pauli Matrices 02, act on the m*™ site. The quasiperiodic boundary conditions
are:

Gy = oot ®

The Hamiltonian commutes with the total spin operator S*:

N

§ : z
Om s

m=1

so that the total number of up spins n is conserved by the Hamiltonian. The Heisenberg
spin chain can be converted to a system of fermions by the Jordan—Wigner transformation.

The Pauli Matrices at a particular site satisfy the fermionic anti-commutation rela-
tions:

S* =

N —

{U;}r—u omt =0, {op, o0} =0, {om, ot = 1. (3)
In other words, the o behave as:
07—; ~ %l ) O ™ (.

where the vector space at site 7, C? is spanned by the basis vectors:

() ()

However, the Pauli matrices at different sites do not anticommute. In order to really
consider the system of spins as fermions, it is necessary to multiply the Pauli matrices
by some operator, C,,, so that the anti-commutation relations (3) are preserved and the
Pauli matrices at different sites anti-commute. A simple way to satisfy this would be if
the €, commute with of for j > m and anti-commute with of for j < m. For two spins:

T 5t — g
v, = o/, ¥y = oy,

im =z _im =
\1112- :ez”lo';', \11226 2010';_,



where e3°91 = ioj. The generalization to N spins is trivial:
vl = exp(—%rzgj) ot
v, = exp<+igZa;) o
which can be equivalently written as:

o = e (+iry (Vv - 1)),

j<m

o, = exp(—iWZ(\I/}\Ilj—%)) V.,

j<m
due to the identity: 0% = 2Ty — 1.
Exercise ITI.1: Show that the Jordan-Wigner transformation maps the Hamiltonian

XXZ-spin chain (1),(2) to

N
Hixz =273 (1 = Wiy V) + 2 (00— 1) (W Vi — 1)),
m=1

where the fermions satisfy the Boundary Conditions (BC)

P —inSe2i0 gt _ +irS®—2i0
Uy =—e Vi, Ynp=-Vie : (4)

Low energy effective theory for A =0

Clearly it make sense to start with the case A = 0, where the Hamiltonian describes a
system of free fermions and can be easily diagonalized. For simplicity, let us assume that
that N is an even number, i.e., S* is an integer. Apply the Fourier transform

i—m N—-M

_ ~imk;

\Ijm = ﬁ E c;€ 7
j=—M+1
i+m N-M

Ul = g ch etk
m / J

N j=—M+1

Here M stands for the integer part of %. The expansion coefficients c; satisfy the anti-
commutation relations:

{cin,cl} = Omy {cjn,c;} ={cm,c} =0.
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Figure 1: A plot of the dispersion relation € = —4.J cos(k) for the first Brillouin zone.

Admissible values for the quasimomentum k follow from the twisted BC (4):

=5 - %5+ (G +35)). Q
Substituting this into the Hamiltonian H xx; with A = 0 yields:
H = Z k;) c cj, where €(k) = —4Jcos(k). (6)

The operators c; should be thought of as the creation and annihilation operators of a
particle with definite momentum k; and with the dispersion relation € = e(k). A plot of
the dispersion relation is given in figure 1.

For quasimomentum k;, < k; < kg,

k= -3+ B(1-2+15), ka—+3-F(3+2+15), (7)
the energy of the particle is negative. In the ground state, these energy levels are filled
and form a Fermi sea, so that the vacuum energy is given by

N_5=

B = _4] Z cos(k;) . (8)

Exercise I11.2. Show that, as N goes to infinity,

Elvee) — —@ —4J 6—N (1 1262 -3 (SZ)Q) +O(N?) . (9)

The excited energy states are particles of positive energy or holes in the Fermi sea. As
an illustration, let us focus on the case S* = 6 = 0. Introduce the notations

ai_; = ¢, -M+1<3537<0
a, 1 = cl, 1<j<M



and

a, M-S <j<0

j—

(NI

— : N
b - C%_Fja ]-S]S?_M

1_
2

<.

(recall that M = [N/4]). The low energy physics is described by the low energy hole
and particle excitations that lie close to the “Fermi surface” k € {kg, k;}, where the
dispersion is approximately linear:

e:4Jsin(2|]l<[‘7r)%%|y|, v=+41, 3., <N.

The dynamics of the low-energy excitations is captured by the effective Hamiltonian:

4JN  8mJ 1 -
et 2 T T -3
Hxxz = - + N [ 12+ 123 | (ala, + bb,) | + O(N?).
v=tg,£35..
Notice that the parameter
a=(4J)""

has the dimension of length and can be interpreted as a dimensionful lattice spacing. The
scaling limit is a — 0, N — oo while the macroscopic length of the system,

R=aN ,

is kept fixed. The scaling limit lead to a low energy effective Hamiltonian

1 R 2r 1 =
Hg=— —+—> | —— a, + bl b, 10
! 7Ta2+R[ " ;i?) vI(aja +bBiby) |, (10)
V=L5,Tg

which describes the physics of the system at energy scales significantly below that of the
microscopic energy scale J. The first term here diverges as a — 0. It is proportional to
the size of the system and represents the contribution of the modes whose energy exceed
the ultraviolet (UV) cut-off scale Ayy = a~!. This “quadratic” divergency is absorbed by
the so-called counterterm of the identity operator and is ignored in the context of QFT.

The term —Z5 with ¢ = 1 is somewhat universal and can be interpreted as the Casimir

energy. The spectrum of the effective Hamiltonian is given by

R or 11 _ .
Eg= ——+2 | o —4-(L+L)|, L[,L=012,...
ff 2R 12+2( +1)

The nonnegative integers L and L represent the contributions of the modes with half-
integers v > 0 and v < 0, respectively.



In the scaling limit the lattice fermions are approximated as

U, ~ \/E[i’me(xl)—i-i*mwz(a:l)}
o~ Va [l e | (11)

1

where ' = ma and the continuous Fermi fields

1

wR(xl) _ Rfé Z (ay eQﬂ’iV% + b:[/ 67271'11/ = )
Lol P
wL (l’l) — R—% Z (ay e27r11/ " 4+ bj; e—27r1y b3 >

obey the canonical anticommutation relations

{vh("), vr(y")} = {Vh('2), vr(y")} = 6@ —y') |
{Vrr(zY), Yro(y)} = {(Vho(2h), ¥k, (¥} = 0 (12)

and the antiperiodic boundary conditions®

Yi(z' + R) = —y(ah) .

Notice that here we use the QFT notation z! for the space coordinate. The time variable
will be denoted below by 2°.
The low energy effective Hamiltonian can be expressed in terms of ¥ 1.

Exercise II1.3.: Show that, ignoring the quadratic divergency, the Hamiltonian (10)
can be written in the form

Hyg = /Rdgg1 Ho(z) , (13)

0

Ho(r) = —5 (Vhdhim + vndhh — vhonss —vudw}) (0= %)

Hint: In the analytical regularization the divergent sum % + % + g + ... is replaced by

the Hurwitz zeta function ¢(( —1,31) = 5;.

In the Lagrangian description both the canonical (anti)commutation relations and
Hamiltonian are encoded by means of the Lagrangian.

Exercise 111.4.: Show that the Lagrangian density corresponding to the canonical
anticommutation relations (12) and the Hamiltonian (13) is given by

Lo(x) =i (V50 ¥R + ROy, + L0 tbr + 0 ¢l) | where 9. =1(9y+). (14)

1Recall that we are focusing here on the scaling limit of the XXZ spin chain with A = §% =6 = 0.




Notice that Lo(x) is a local function built from the local fermionic fields ¢ 1 () taken
at the same space-time point z = (2%, z1).

The classical equations of motion corresponding to the Lagrangian density (14) read
as

Oibr = 0 O_tr = 0. (15)

In the case of infinite volume, i.e. R = 00, a general solution of these equation represent a
traveling wave propagating with a constant speed either to the right (wR = Yp(z® — xl)),
or to the left (¢¥r = ¥r(z”+2')).2 Notice that there is a freedom in the definition of the
lattice spacing a o< J~!. In the above considerations, we set the proportionality coefficient
in the relation between a and J~! as i. With this choice, the “speed of light” turns out
to be one. This is a standard convention used in QFT.

Low energy effective theory for —1 < A <1

We now turn to the description of the low energy physics for the general XXZ7 model in
the disordered phase. In our analyses, in order to avoid some technical complexification
related to the finite size effects, it is useful to start with the infinite size system, where
not only N — oo but also the macroscopic size R is chosen to be infinite.

We shall use a powerful physical technique which is known as the Renormalization
Group (RG) approach. In fact, it can be applied to many lattice systems. Its starting
point is based on finding the so-called RG fixed point — the particular point in the space
of parameters of the lattice system where the correlation length turns to be zero. Roughly
speaking all the low energy excitations in this case are “photons” or “neutrinos” — massless
particles which are either bosons or fermions moving at light speed. The point A = 0 is
an example of such a RG fixed point. The low energy behavior at the RG fixed point is
described by a special class of QFT, the so-called Conformal Field Theory (CFT). Then
one can consider the vicinity of the RG-fixed point by means of a sort of perturbation
theory where the corresponding Lagrangian density is represented by the form

Lpen(z) = Lola) + 3 g5 Os(a) (16)

where {O;} is the set of all possible local fields while {g;} are the corresponding coupling
constants. Remarkably, if we interesting in the low energy behavior of the system, there
is no need to consider the infinite number of terms in this sum. Only contributions of the
so-called relevant and marginal local fields affect the low energy behavior. The scaling
dimension dp of the relevant (marginal) operator O is smaller than (equal) the space-time
dimension D. As an illustration of the notion of the scaling dimension, let us note that
the scaling dimension of the local fermions fields dy, is equal to % This can be seen from
the formulae (11) — the lattice fermions are, of course, dimensionless quantities, so the

2Such fields are sometime referred to as “chiral fields”.



overall factor a2 sets the dimensions of the local fermion fields. There are only a finite
number of local fields that can be built from g, 1/)2 and ¥y, %T: with scaling dimensions
lower or equal to D = 2. For example,

Whg ,  hdrvr , whvlvrr .. (17)

In fact, not all possible local fields can appear in the sum (16). Some of them are prohibited
by the exact global symmetries of the lattice system. In the case under consideration, the
following symmetries of the XXZ spin chain can be easily established:

e The infinite XXZ spin chain (N = o00) is evidently invariant with respect to the
parity transformation PP,

Pol P=0",, (P2 =1),
where a = =+, 2.
e The symmetry group of the chain contains also the “charge conjugation” C:
CorC =07, Coz,C=—0, (C*=T).
e The time reversal symmetry acts as
Tali']I'zaljF, To;T=—o] .

Notice that the reversal is an anti-unitary transformation, so that C and T corre-
spond to different symmetries of the XXZ chain, even thought they act identically
on the spin operators.

e The infinite XXZ chain is invariant w.r.t.

a -1 _ _a
KoK =07, .

e Finally, the chain is invariant under continuous U(1) rotations,

U,0- Ut = e o U,07, U =0

m) m

infinitesimally generated by the

SZZEZJZZ : U, = e .

Th above lattice symmetries act on on the continuous Fermi fields in the following
way:

Cyp(t,z)C = l(t, ) Cyr(t, 2)C = h(t, )

t )
]P)wpb(t, LE)]P) = wL<t> —LE) s PwL(t,I)P = "LpR<t, —LC)
Tepp(t, )T = wh(—t,z), TYr(t,z)T =l (—t,z)



and
anRU;I :eia wR ’ anLU;IZe_ia wL .

It is easy to see from (11) that the lattice translations act on the continuous Fermi fields
in the following way:

Kor(x) K =ivg(r+a), Ky (o)K*'=iv(r+a).

Since in the scaling limit @ — 0, the Lagrangian density of the effective low energy theory
should possess Z4 symmetry generated by the transformation

Yrivg,  bp ity .

Exercise II1.5. Using the above global symmetries show that the low energy Lagrange
density may contains only the following three real local fields with the scaling dimensions
do < 2: the free Hamiltonian density Ho(z) (13), the free Lagrangian density Lo(x) (14)
and the marginal field

O(x) = Yyl vryy .

Hint. We do not need to include in the Lagrange density any total derivatives like, i.e.,
the fields like D1 (k) and 94(1biebr). Also notice that all the fields which contain
powers of the Fermi fields taken at the same point, like @/}1(1/4)21/1_, should be ignored.
At the classical level they vanish identically. The corresponding quantum fields turn out
to be irrelevant operators.

The effect of adding the fields Lo(z) and Ho(x) to the Lagrangian density £, is some-
what trivial. These terms can be absorbed by the finite multiplicative renormalization of
the Fermi fields,

Y b Vr,  Uhe ol =207 g
Y e =22 0, el =22 9]

and the finite renormalization of the speed of light. The canonical light speed can be
restored by adjusting the relation between the macroscopic energy scale J and the lattice
spacing. Therefore, with a proper choice of the proportionality coefficient in the J — a
relation,

Zy

N

N

a=C(A)J

the Lagrangian density describing the low energy behavior of the XXZ spin chain in the
disorder regime is given by

L(x) =1 o + v 0t +ola v +0 ) +2gpvivl vy

8



Here g, is some real, dimensionless constant, depending on the value of the anisotropy
parameter A.

The theory governed by the Lagrange density (18) is remarkable in many respects.
First of all let us note that it possesses the Lorentz invariance. The Lorentz group is very
special in 1 4+ 1 Minkowski space. Under the Lorentz boost with rapidity 6, the linear

combinations % = 20 £ !, transform irreducibly z* — e 2+,

Exercise I11.6. Explain the relation between the Wikipedi A definition of the Lorentz
boost

vx
, z — vt , )

Ve e 19
T2 T2
and the transformation (z/)* = ™% 2+,

Assuming the the fields ¥, and ¢_ have Lorentz spins +% and —%, respectively, i.e.,

9
Yo > eF2 Py,

it is easy to establish the Lorentz invariance of £. The Lagrange density can be brought
to the conventional QFT form [2] by introducing the v-matrices

0 1 0 1
0 __ 1 _ . T 7 U uv
7—(1 0)7 7—(_1 0)' =20

and the two-component Dirac field

() g gt
w(w_), P=uhy’ .

Then L takes the form (up to a total derivative)
L=i9y"0 — 5 g (VVV)(Wu0) -

The corresponding model is know as the (massless) Thirring model (1958). In the Con-
densed Matter community the model is known as Tomanaga (1950) — Luttinger (1963)
model.

The four-fermion coupling g,y is a dimensionless constant, i.e., the theory the La-
grangian density does not contain any dimensional parameter. It does not guarantee that
the theory remains invariant at the quantum level. However,

Exercise II1.7. Show that the S-function in the Thirring model vanishes at the lowest
perturbative order.

The exact solution of the model, based on the so-called bosonization, shows that the
model is a scale invariant QFT. In other words the whole interval —1 < A < 1 corresponds
to a one-parameter family of CFT.



The translational, Lorentz and scale invariance fix the form of the two-point function
of the Dirac fields up to the overall constant.

Exercise II1.8. Show that the normalization of the fermion fields can be chosen in
such a way that

T{(x)1(0)) = i _ . where 2 =atz, —i0 .

27 (_;1;2)%“%
Here dy, = dy(A) stands for the scaling dimension.

Notice that, contrary to the case A = 0, the Fermi fields ¢, are not chiral fields.
Nevertheless the formula (11) can be generalized for non-vanishing anisotropy:

qjm ~ adw Az/) |:e—ipRa:1 w_(xl) +e—ipLx1 ¢L(x1)i|

Ul o~ a™ Ay [e“prl Ot (2 4 etz ¢+(a:1)} :

where the dimensionless amplitude A is some non-trivial function of the anisotropy.
The scaling dimension d,, can be found explicitly from the exact BA solution. It reads
explicitly as

1
dy = — + g , where ¢ = — arccos(A) .
T

To the best of my knowledge the calculation of the amplitude A, remains an open inter-
esting problem.

Finite size corrections to the XXZ energy spectrum

The above consideration allows one to make important prediction for the energy spectrum
in the case A # 0. In fact the qualitative structure of the spectra should remain the same
as for the free fermion case. Namely, as N — oo,

R _

Exxz = =& 2 + Ehirring + 0(IV 1) )

where
R=Na, a=CJ'.

and

27 Cof 1 _ _

E irring — 5 | T 374 - (L+L > L,L:0,1,2,...,
Th g R 12 + 9 ( -+ )

10



All the dimensionless constants &, C and ceg depend on the anisotropy A = cos(wg). It
is most simple to calculate the ratio & /C:

Exercise IT1.9. Using the BA solution (in particular the result of Exercise I1.7) show
that

B , o dt sinh(gt)
&y/C = —cos(mg) — 4 sm(7rg)/0 T Smh (@) cos(1 = g)8)

One can also show that
B
~ 2sin(mg)

In fact, both & and C are the so-called “non-universal” constants. Their explicit values
depend on the details of the microscopic Hamiltonian. The universal part of the energy
is hidden in Erpiming, and is controlled by the underlying CFT. Remarkably, all universal
effects are encoded in the scaling part of the Bethe roots at the edges of their distribution.

Exercise I11.10. Show that
— = 04(i) + O5(i)

12
where the function O (i) was defined in Exercise 1.5
b= (D), o d ().

Then using the formula (c) from Exercise 1.8, one has

Cet = 1 — 12g (K* + k%) .

Summary of the ODE/IQFT correspondence

Scaling limit: N, J oca™! — 0o, R = Na — fixed

&

(o VR W, o € PRT gy 4 oTPLT o)l

k

R
Fermi see Hyxx,; — HThirring = / dw (i wlaxm—i%@zwg—?g@ w}wkawL)
0

The full set of the stationary states in the Thirring IQFT «
a set of pairs of the “monster” potentials (Ueq(2), Uegr(2))!
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