5/7/09, PHY 680-04, Topological terms.

Homework 6 (not for credit)

Exercise 1: WZW in 0 + 1, derivation from fermions

Consider an Euclidian action of a fermion coupled to a unit vector

S = / dr ' Dy, (1)
where
D=0, —mii-7 2)

with @ € S§? and 7 the vector of Pauli matrices. We obtain an effective action for 7 induced by
fermions as

e 5t = / DyDypte %" = Det D (3)
or
Sets = —logDet D = —Tr log D. (4)
We calculate the variation of S.r¢ with respect to 7 as
6Sesp = —-TréDD™'=-TréDDY(DDN)7!, (5)
where Dt = —8, — m#l - 7. We have
DDV = 24 m®—miA-7T=Gyt —mii- 7. (6)

Expand (5) in 1/m up to the term m® and calculate functional traces. Show that the term of
the order mY is a variation of the WZW term in 041 dimensions. Restore Seys from its variation.
What is the coefficient in front of the WZW term? To what value of spin does it correspond?

Exercise 2: Fractional charge on solitons (topological current)

Consider the following 141 dimensional action
S:/d2x1ﬁ(i@+z}{+mei¢75>w. (7)

Here m is some constant and ¢(x,t) is a field. Integrate out fermions (assuming that m is large)
and obtain the expression for the fermionic current induced by the non-uniform field ¢(x,t). What
is the charge induced by the static configuration ¢(z) with asymptotics ¢(x — +o0) = ¢4 ?

Exercise 3: Fractional charge on solitons (Peierls transition)

The following continuum model is obtained for a system exhibiting Peierls period doubling transi-
tion in 1d molecules.

S:/d2z@(ia+A+A(x))¢+5[A]. (8)

Here A(z) is the order parameter. The lowest energy of the system is achieved when the or-
der parameter is uniform A(z) = £Aq. The configuration of the order parameter such that
A(x — +o00) = +£4 is a topological soliton (corresponding to mo(Z2) = Z2) a.k.a kink or domain
wall. Find the charge induced by this configuration. Prove that the spectrum of the fermionic
Hamiltonian corresponding to the action (8) has a zero mode.



Exercise 4: WZW term from the fermionic determinant in two dimensions

Let us consider two-dimensional fermions coupled to NLSM given in terms of the four component
unit vector (o, 7) € S® (i.e., 75 + 75 + 75 + 73 = 1). The Euclidian Lagrangian is given by

Lo =1 [iv"(0, — iA,) + im(mo + iv°7 - 7)] ¥, (9)

where ¢4 = 1,2 is a spacetime index, 7 is a vector of Pauli matrices, and A, is an external gauge
field probing fermionic currents.

We assume that the bosonic field 7 changes slowly on the scale of the “mass” m. Then one can
integrate out fermionic degrees of freedom and obtain an induced effective action for the n-field as
a functional determinant.

Sers = —logDetD, (10)
D = iv"(9, —iA,) +im(m +iy°7 - 7). (11)

We calculate the effective action using the gradient expansion method. Namely, we calculate
the variation of (10) with respect to the m-field and use

6S.sp = —dlogDet D = —~Trdlog D = —~Tr 6D D' = —~Tr 6D DY(DD') ™. (12)

a) Calculate DDT for (11). Observe that this object depends only on gradients of 7-field.

b) Expand (DDT)~! in those gradients. This will be the expansion in 1/m. (It is convenient
to introduce notation Gy = —02 + m?).

c) Calculate functional traces of the terms up to the order of m®. Use the plane wave basis to

calculate the trace Tr (X) — [ d?z [ (gi’)’ e T X P
d) Identify the variation of the topological term in the obtained expression. It contains the
antisymmetric tensor e/ and is proportional to sgn (m).
e) Remove the variation from the obtained expression and find S, ¢ up to the m® order. Remem-
ber that the removal of the variation for topological term requires Wess-Zumino trick (introduce
an auxiliary ball D3 with the spacetime being the boundary of the ball, extend fields to the ball,

etc...).
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Exercise 5: Parity anomaly

Consider massive 241 dimensional Dirac fermions coupled to the gauge field
S:/d3m/3(iﬁ+4{+m)z/). (13)

Integrate out fermions and obtain the effective action S,y f[A] induced by these fermions in the limit
of small field gradients (compared to m). Truncate the calculation at the order 1/m. What is the
topological part of the effective action? This calculation is related to so-called “parity anomaly”
[3]-

Exercise 6: Aharonov-Casher theorem

Consider the 2-dimensional massless Dirac Hamiltonian in external magnetic field
H = at(i0, + AL), (14)

where p = x,y and a-matrices can be taken as Pauli matrices o* = o#. Assume that the total
flux of magnetic field (magnetic field is non-uniform) through the plane is ® = [ d?ze"”d,A4,.
Show that (14) has [®/®(] — 1 normalized zero modes (solutions of Hiy = 0). This example of
Atiyah-Singer index theorem is known as Aharonov-Casher theorem [4].



Exercise 7: Theta term by reduction from WZW term

Consider the two-dimensional WZW term defined as an integral over three-dimensional ball D3

o1 : v _ _ _
Swzw = Zkfm dPz e tr [(9 laug)(g laug)(g 13/\9)] ) (15)
™ D3

where g € SU(2) is a matrix-valued field. This field is defined on the two-dimensional spacetime
S$? = 9D? and smoothly extended to the interior of the ball from the boundary (actual spacetime).

a) Show that (15) is well defined if the coupling constant k is integer. Namely, its value does
not depend on the way the field g is extended from S? to D3.

b) Let us make a reduction and substitute in (15) g = cosa +isinaf - & with o = const and
i € S? a unit vector. Show by explicit calculation that (15) reduces to the theta-term made out
of @ and given by the integral over spacetime S2. Find the corresponding value of § coupling in
terms of o and k.

Exercise 8: Linear response for QHE

The linear response for QHE state can be summarized in the form of Chern-Simons action
Scg = /d2x dt %e””’\auﬁym, (16)

where q,, is the deviation of an e/m potential from its background value corresponding to the
uniform magnetic field. The linear response is obtained by taking variations of this effective action
ja = (SSCs/(SAa and §p = 5505'/5140.

a) Show that the coefficient oy, in (16) has a meaning of a Hall conductance and that the
longitudinal conductance given by (16) is zero.

b) Using (16) relate dp with external magnetic field (i.e., obtain the Streda formula). Increasing
magnetic field increases the number of filled states - phenomenon known as a spectral flow.

c¢) Show that if QHE sample is not infinite but has a boundary, the action (16) is not gauge
invariant. The latter means that it should be complimented by some boundary action - the action
of edge states.

Exercise 9: Edge states for IQHE

From the comprehensive exam, Stony Brook, Winter, 2008

This problem is a toy problem illustrating some physics of an Integer Quantum Hall Effect (IQHE).
Consider the electron gas confined to the two dimensional zy plane. Let us neglect the inter-
action between electrons. The Hamiltonian of a single particle is given by

1 Lo e \2
H= ~3. (—th—i— EA) + V(z,y),

where A is a vector potential of magnetic field and V (x, %) is an additional electrostatic (confining)
potential. For simplicity we will take the confining potential to be a one-dimensional harmonic

potential V = %mwng.
a. For the constant magnetic field B using the Landau gauge A, = —By, A, = 0 and a
separation of variables ¢(x, y) = ¢ (y)e™® write down the stationary Schroedinger equation

for ¥ (y).



b. Identify the obtained equation as the one for harmonic oscillator and find the energy levels
Ey n, with n =0,1,2,.... The levels at given n are said to belong to the same Landau level.

c. Let us assume that the chemical potential x is such that Landau levels with n > 0 are empty
(i.e., By pn > p for n > 0). Then the only occupied states are the ones with n = 0. What are
the maximal and minimal values of k of occupied levels?

d. What are positions (in y direction) of those occupied levels?

e. The states with maximal and minimal k are called the edge states of IQHE. Find the velocity
of corresponding boundary excitations.

Exercise 10: Hall conductance from edge states for IQHE

a) Consider a ballistic wire with M = 1 channel. This means that there is 1 right and 1 left moving
electronic modes with velocities v respectively. Assume that the chemical potential at the right
(left) end of the wire is p11, (ur) respectively. Show that in the absence of scattering (ballistic wire)
the current in the wire is given by

1= (un—pr)M, (17)

where M is the number of channels.
b) In QHE the current is carried by edge modes. Thinking of one side of the Hall bar as of
right moving states and of the other one as of left moving states find the Hall conductance of the

Hall bar. Show that it is given by
2
oy = %M. (18)

Hint: one should think of ur — pr, as of eVy - the voltage across the sample.
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