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Abstract

This lecture is a general introduction and a review of basic quantum mechanics.



I. OPENING REMARKS

Reference books:
[1] Gerald D. Manhan, Many-Particle Physics.
[2] A. Abrikosov, L. P. Gorkov, I. E. Dzyaloshinski, Methods of Quantum Field Theory
in Statistical Physics.
3] A. L. Fetter and J. D. Walecka, Quantum Theory of Many Particle Systems.
4] M. E. Peskin and D. V. Schroeder, An Introduction to Quantum Field Theory
5] L. D. Landau and E. M. Lifshitz, Statistical Physics (II).
6] S. Doniach and E. H. Sondherimer, Green’s Functions for Solid State Physicists.
7] C. D. Wei, L. Y. Zhang and F. S. Liu, Green’s Function Method in Solid State Physics.
(In Chinese)
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What is many body theory?

1. Difficulty in many body theory.

2. Solvable models.

3. Low energy excitations, asymptotic freedom, universality classes.

4. Effective hamiltonians, attraction basin: Bose superfluid, Bose Mott insulator, electron
metal, electron band insulator, electron Mott insulator, electron superconductor.

History of many body theory:

1. reductionism back to Greeks

2. collective behavior and evolution, back to Dalwin and Boltzman

3. 70 years of many body theory: superconductivity, superfluidity, critical phenomena,
liquid crystal, anomalous metal, antiferromagnetism, quantum Hall, ...

Three eras of many body theory:

1. After-birth of quantum mechanics: statsitics of electrons? (Pauli’s apology 1925,
unsolved mystery of ferromagnetism, antiferromagnetism and superconductivity)

2. cold war: a) without Feynman diagrams: David Bohm and David Pines, energy scale
separation, plasma oscillation, low lying electrons; b) with Feynman diagrams: Brueckner,
Goldston, Hubbard; Gellmann, Galitskii, Migdal, Edwards, Matsubara, Abrikosov, Gorkov,
Dyaloshinskii

Important concepts developed in this area: a) Landau (1957) quasiparticle, Bogoliubov;

Landau, Onsager,Penrose (symmetry breaking), superfluidity, off-diagonal long range order,



pion condensate, BCS wave function, Anderson-Higgs mechanism; b) Critical phenomena,
scaling, universality, renormalization, fixed point, running coupling constant, upper critical
dimension, solution of the Kondo problem, concept of emergence

3. New Era ( after 1970): FQH, Laughlin wave function, heavy fermions, high-Tc (spin-
charge separation, hidden order, quantum critical point, preformed pair, RVB, gauge theory),

quantum criticality, topological states of matter.

II. QUANTUM MECHANICS ABC

1) A quantum state of an isolated system is a vector in a vector space called Hilbert
space. (Mind the unitary transformations between different basis).

2) A physical observable corresponds to a hermitian linear operator that operates on the
vectors in the Hilbert space. The eigenstates of each operator forms a complete orthonormal
set, and the eigenvalues of hermitian operators are all real.

3) Time is just a parameter in quantum mechanics, and the state evolves unitarily as
b(t) = e (0).

4) Measurement, state collapse, and probability interpretation.

Homework: Prove the uncertainty principle in terms of [A, B] = ic, where A and B
are hermitian operators and c is a real constant, using the following hints: Define |v) =
(A—a)lu), |w) = (B—0b)|u), where a = (u|A|u) and b = (u|B|u), and the Schartz inequality
(v|v)(wlw) = [{v]w)[*.

Homework: For a long time it is believed that the results of quantum mechanics can
always be interpreted in terms of statistical physics with some hidden variables, or the hidden
variable theory. Bell showed a particular example in which the correlation in quantum
mechanics is larger than any hidden variable theory. This prediction is later confirmed
experimentally. Thus quantum mechanics is a fundamental physics, not derived. Read J.
S. Bell, Rev. Mod. Phys. 38, 447 (1966), and try to formulate the inequality in your own

language.



III. SEMINAR

In this class an active research will be invited to provide a taste of research that requires

many body theory.



Second Quantization

Qiang-Hua Wang!
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In this lecture I introduce second quantization in an intuitive manner.



I. INTRODUCTION

Consider a general wave funcntion for N particles, ¥(q1,q2, - ,qn) = ¥({gx}), where ¢ labels the single-particle
quantum number, such as the position (in real space), or momentum (in momentum space), etc. It is important
to emphasize that the location of an argument in the argument list {¢x} is assumed to be fixed, only its value can
change. We consider exchange of the values of the arguments, and call such a process as permutation. Cleary, for
identical particles the permutation can only lead to a phase factor without changing the norm of the wave function.
For example, the permutation of the values of the i-th and j-th arguments can be expressed as

SuV({ar}) = ¥ ({q}) = €™ V({a}), @ =a VE#id 4= a5 &= a (1)

Note that as a rule of thumb, the phase 6;; should only depend on the argument locations (instead of the values) of
the two arguments. According to this rule, if we perform S;; twice, we obtain

S5 {ar}) = e U ({ar}). (2)

But on the other hand, exchanging the values of two arguments twice must be an identity process. This requires
e'2%i = 1 for any pair-wise exchange S;;. There are only two possible nontrivial solutions: 6;; = 0 or 6;; = 7. In the
first case, the identical particles are called bosons, for which the many-particle wave function is symmetric under any
permutation, or S;; = 1. In the second case, the identical particles are called fermions, for which the many-particle
wave function is anti-symmetric under each permutation, or S;; = —1. The phase angle 0 is called the statistical
angle, reflecting the intrinsic correlation between identical particles. The bosonic/fermionic wave function forms the
fully symmetric/fully antisymmetric one-dimensional representation of the permutation group.

In the above we discussed the permutation in an abstract sense, and assumed that all doubled permutations are
topologically identical. In reality, this assumption needs to be checked more carefully. In real space, we may perform
the following thought experiment. We first label the particles by tags k = 1,2,---, which act as the locations of the
variables in the argument list of the wave function. We fix the coordinates ry for k # 4, j, and change adiabatically the
coordinates of the i-th and j-th particles, r; and r;. We rotate r; about r; along a semicircle (followed by necessary
collective shift of the two particles), so that the new positions of the two particles become r; = r;, r; =r;. This
furnishes a permutation process. In the next permutation, we consider two paths: (i) We simply trace backward the
first permutation process, so that relatively particle j does not encircle particle 7 in the combined permutations. (ii) We
rotate r;. about r; along another semicircle (followed by a collective shift), so that after the two permutations particle
7 has relatively rotated about particle ¢ by 27. In 3-dimensional space, the two types of combined permutations are
topologically identical, since the relative closed path in case (ii) can be continuously deformed into that in case (i).
This means that in 3d we have but one homotopy class for the pair-wise exchanges. If, however, the particles are
confined in a 2d plane, then the two cases cannot be deformed into each other, hence they belong to different homotopy
classes. In this situation, the phase angle § may depend on the orientation of the exchange path (or braiding), and
may take a value of pr/q where p and ¢ are coprimes. (In this case each rotation of one particle relative to the other
causes a phase factor of e*2P/97 where the sign depends on the orientation of the rotation.) Particles under such
permutation rules are called anyons. In fact, the braiding of particles in 2-dimensional space may even lead to a
rotation of the many-particle state within the manifold of the degenerate states. In this case, the anyons are said to
be non-Abelian.

Let us come back to the case of bosons and fermions. Usually we work on wave function for a fxied number of
N identical particles. However, even in this case, the number of particles occupying a specific single-particle state is
uncertain in general, unless the state is a direct product of the single-particle states. (For example, the ground state
of free fermions is a direct product of the occupied single-particle states in the momentum space.) A more natural way
of viewing many particles is to view matters as fields. We can then talk about particle creation and annihilation out of
vacuum. (Notice that sometimes the meaning of vacuum depends on how we define the ground state.) This amounts
to consider the occupation number of a single-particle state as a variable, and to cook up a space of many-body
basis states with any number of particles. This is called the Fock space. We require each basis state in this space
automatically obey the permutation rule, so that any linear combination of them also does. Accordingly, we need
to rewrite the many-body Hamiltonian that can operate conveniently on the Fock space. This reformulation of the
many-particle quantum mechanics is loosely referred to as second quantization, which is unfortunately misleading.
But it is indeed the most concise method to describe identical particles.

We will also discuss the quantization of lattice vibrations as phonons, and quantization of electromagnetic fields as
photons. These particles are also bosons. But once they are coupled to matter fields, the number of phonons/photons
is not conserved, since the matter field can emitt and absorb phonons/photons. We will discuss this coupling in due
course.



II. QUANTIZATION OF MATTER FIELDS

A. Harmonic oscillator as a guide

Before moving on to the quantization of matter fields, we first review how to construct the basis states of the Hilbert
space and express the Hamiltonian using creation/annihilation operators in a simple system, the harmonic oscillator.
The hamiltonian in real space is

2
_p 1
Hf2m+2mwx, (3)

where w = \/% is the harmonic frequency. Let us define
a = (mw/2)Y?(z+ip/mw), a' = (mw/2)"?(x —ip/mw). (4)
It is easy to show that [a,a'] = 1. We can solve z and p in terms of a and a',
= (1/2mw)?(a+ab), p=—i(mw/2)"*(a—al), (5)
and substitute into H to find
H = (w/2)(aa’ + a'a) = w(aTa +1/2). (6)

Consider an eigenstate of afa: afala) = ala). At this stage we do not know whether « is integer or not. From the
commutation relation, we obtain

a'a ale) = (aa’ — 1) ala) = (a — 1) a|a), (7)

o0 ala) is also an eigenstate of a'a with eigenvalue o — 1. By repeated action of a on |a), we can generate a sequence
of eigenstates with eigenvalues o, — 1, — 2, ---. We also have the inner product

(a|(a"* aTa a¥la) x =k, k=0,1,2,- (8)

which would be negative for sufficiently large k. But this inner product is just the norm of the state a**!|a) hence
should be non-negative. Consistency then requires that o must be an integer, and there must exist a lowest state |0)
such that afa|0) = 0, and hence a|0) = 0. We can now show that (af)™|0) (m = 0,1,2,---) is an eigenstate of afa
with eigenvalue m. This follows from the commutation relation

[a, (a")™] = Ba1 (a)™ = m(al)™ L. (9)
The norm of the m-state is also easily obtained using the above commutation relation,
(0la™ (a")™|0) = (01077 (a’)™|0) = ml. (10)

On the other hand, (0|a*(a’)™|0) is nonzero only if k = m. Therefore, we can construct orthonormal eigenstates that
span the Hilber space

H:span{ (ah)™|0) | n:o,1,2,---}. (11)

1
V/nl
The operators a and a' are reasonably called annihilation/creation operators. The ground state is |0). We may want
to know how it looks like in the real space. We observe that

al0) ~ (x +ip/mw)|0) = 0, — (z + I, /mw)|0) = 0, (12)
where in the second expression we used p = 9, /¢. This is a first order differential equation, and is easily solved as
0) = (mew/m)!/temmeor/?, (13)

with correct normalization. Excited states can be generated from |0) applying af and its exprssion in terms of  and
p=0./1.



B. Constructive second quantization

Bosons: We first consider bosons, and begin with a local Fock space for a given single-particle state. (Note the
meaning of ‘local’ here is not specifically limited to the sense of real space.) This local Fock space should contain
basis states with all possible number of bosons occupying the same single-particle state. From the knowledge of the
harmonic oscillator, we know such a space can be constructed as

1
— g Tyn =0.1.2.--- 14
Fioe =spon { =0)710), 0 =0.1,2,0--}. (1)
subject to the operator algebra [b,b] = 1. The many-particle basis states in this local Fock space satisfy permutation
symmetry trivially. Our next job is to consider direct product of local Fock spaces, and ask what kind of relation
we should impose among the operators for different single-particle states. Clearly from the permutation symmetry
b}b; - |0y = b;bJ{ -+ +|0) we require [bJ{, b;] = 0, and correspondingly [b1,b2] = 0. This means we can freely permute
nearby creation operators, or neary annihilation operators. We further need to determine the commutation relation
[b1, b;] =7. Without lost of generality, we consider, for two different single-particle bases 1 and 2,

bib(b])™ (b))" -+ 10) = bu (b)) "By (b3)" - -+ |0) = m(b])™ " (b3)" ! - |0), (15)
where in the first equality we permuted the creation operators. On the other hand,
bEb1 (b])™ (B5)™ -+ [0) = bEm(b]) ™1 (B))™ - -+ 10) = m(b]) ™ (BE)™ -+ |0), (16)

where in the second equality we permuted the creation operators (and the number m). Comparison of the two forms

considered above leads to the requirement [bl,bg] = 0. In conclusion, the required algebra for the creation and
annihilation operators for bosons is

[bi,b;] =0, [bf,bl]=0, [b

1?7

bi] = 0y (17)

i Yy

Subject to this algebra, the global Fock space can be clearly defined as

(b))

Fylobal =Span{ 0) | ns =071,2,"'}- (18)

1
v ——
gt
Indeed, because each basis state in the Fock space is symmetric under permutation, any state combined linearly in
terms of such basis states are symmetric under permutation.
We now try to express the Hamiltonian in terms of the annihilation/creation operators. We assume the single-
particle basis states are eigenstates of the single-particle Hamiltonian h,

hlk) = ex|k). (19)

With a Fock space defined for such eigen bases, the basis state in the Fock space is an eigen state of the free part of
the many-body Hamiltonian Hy, by definition. This fact can be written as, suppressing the normalization factors for
brevity,

Ho Tl (61)™10) = (3 mwer) ey (61)10) = 3 exbibr T,y (6)74[0). (20)

k k

Since this holds for any basis states in the Fock space, we conclude that
Hy =" exblby. (21)

k

The meaning of this form is clear: bLbk counts the number of particles occupying the single-particle state labelled as
k, and each of such particles contribute an energy of €.

It is often useful to perform basis transformation for the single-particle state. Accordingly, we need to know how
to perform the transformation for the annihilation/creation operators. Suppose {|k)} and {|n)} are two different
orthonormal complete single-particle basis spaces, with

Yok =1, Y |m){m| =1. (22)
k m



We define the transformation

b = (klm)bpm, bm = (m|k)by,
m k

b, = bl (mlk), bf, =" bl(klm). (23)
m k

(The transformations can be easily remembored as follows: annihilation operators stand to the right, creation operators
stand to the left, and single particle states always stand nearby the corresponding field operators.) If we assume

(b, b,t/] = 61, We obtain

[Brns bl = D br b m k) (K ) = (m|m) = S (24)
kk’

We see that the commutation relation transfers correctly to the b,,-operators, and we can construct the Fock space
using such operators instead. We can now use such transformation to rewrite Hy in terms of the d-operators, given
the fact that (k|h|k') = exdki,

Hy= Zekzﬂbk = oL (KIRIK Yo = > bl (klm) (m ) (m/ |k )by

kk' kk! mm/’

= Z bl (m|h|m/ by = Z b B b (25)

This is a sufficiently general expression for Hy in any single-particle basis, where the single-particle Hamiltonian has
the matrix element A,y = (m|h|m’).

For bosons in a continuum space, we need some redefinitions. We imagine a discrete lattice with lattice constant
a, and eventually take the limit ¢ — 0. For example, we define the field operator

b;
Y(r) = ilg%) T r=r; (26)
where d is the dimensionality, and accordingly for ¢ (r). In this definition,
1 1
(e = — - [y Gy _
[06), 91 ()] = Tim by, 0] = lim 60 = 6(r — v, (27)

We define the following transformations between operators in real and momentum spaces,

1 ; 1 ;
bk = —— /ddrw(r)eﬂk'r, Y(r) = — bie™ T, (28)
> T
Here V is the volume of the physical system. The commutation relations for by’s are still standard,
(b, bl ] = G- (29)

The Hamiltonian Hj is most easily expressed in terms of by and bL, given the single particle energy e = k?/2m, and
can then be transformed into real space,

Hy= Zblekbk = /dd ddr/g[)Jr V Z 2m Zk (r—r )] q/]( )
k

— / dérdir'yt(r) [ ;3 Sr—1' )} (') = / dryt(r) 2V2¢(r). (30)

m m

Finally, the interactions between bosons can be most easily written in terms of basis states in the Fock space
designed for single-particle position basis states,

1

Hy = 5> blbiV(xi = r;)bjb; — / dlede' T (e)yT (2 )V (r — ) )(x). (31)

Notice that in the final form we have eliminated the self-interaction of a particle by the standard reordering of the
field operators. The complete Hamiltonian is simply given by H = Hy + H;. At this stage, we have finished the
‘second quantization’ of bosonic particles.



Homework: Prove that the amplitudes of bleL2 e bLN |0) in a supporting basis are permanents.

Fermions: Now consider fermions. The construction of the Fock space and the Hamiltonian in terms of field
operators proceed similarly to that for bosons. The exceptions are the following: First fermions are antisymmetric
under permutations, and accordingly a single particle state cannot be occupied by more than one particle. Second,
we need to redesign the operator algebra in order to cope with the fermion antisymmetry.

TWe start again from a local Fock space. The only bases are empty and occupied states, which we write as |0) and
¢'|0), hence

Flocal = Span{|0>v CT|O>} (32)

The operator ¢ increases the occupancy by one. Without loss of generality, we assume both of the above states are
normalized. We also dfine ¢ = (¢f)f, which enables us to write the norm of ¢|0) as

(0]cc™|0) =1 = (0[0), — cc|0) = |0). (33)

The second equation implies that ¢ has the effect of removing a particle from an occupied state. In the local Fock space,
the antisymmetric permutation symmetry implies that cfcf = 0 since the single-particle state cannot be occupied by
two or more particles. Accordingly, cc = 0. On the other hand, since |0) is the vacuum, there is no particles to
remove, so by definition we require ¢|0) = 0. Therefore we have c¢|0) = 0. On the other hand, by ccf|0) = |0) we
obtain (cfe)ef|0) = ef(cet)[0) = ¢f[0). We conclude that |0) and ¢f|0) are eigen states of c'e, of eigenvalues 0 and 1,
respectively. So c¢fc is a counter of the particles in the basis states of the Fock space. Further more, we easily observe
that cfc + ccl acts as an identity on [0) or ¢f|0), so we can write c'c + ccf = 1. Summarizing, to construct the local
Fock space consistently, we require the following operator algebra

{e,e} =0, {cl,c}=0, {cc}=1. (34)

Henceforth {a,b} = ab + ba denotes an anticommutator.
We now generalize to the global Fock space. By permutation antisymmetry, we clearly require {cl, ]} = 0, and

accordingly {c¢;, ¢;} = 0. Next, we consider {¢;, cj} for ¢ # j. In order to see what it should be, it suffices to compare

the results of cic;r- and c;ci acting on the state | ) = ¢l(clel---)|0) where the bracket contains neither ¢! nor c;r-.
Otherwise the result is trivially zero. On the other hand, even if c;-f is not the leading operator in | ), we can always

permute the operators to arrive at the situation we imposed, using {c;i, c;r} = 0. With this understanding, we observe
that

Cic;‘| )= CzCTCT(C1C2 )[0) = (0102 -)[0),
cheil ) = cleiel(elel - )[0) = ef(elc --)0). (35)

This demands {ci,c;[} = 05, taking care of both cases of ¢ # j and ¢ = j. To summarize, in order to construct

the fermionic Fock space consistently using the creation/annihilation operators, we require the following fermionic
operator algebra,

{eic;} =0, {eicl} =0, {eicl} =0 (36)
The global Fock space is given by

fglobal = Span {I—I{nl}(c;{)nI

0) | ni:O,l}. (37)

Each basis state in this space is automatically antisymmetric under permutation, so will be any state as a linear
combination of the basis states.

As for bosons, the Hamiltonian for fermions can be expressed in terms of the creation/annihilation operators. This
part is formally the same as in the bosonic case, hence will not be repeated here. The only point to mind is that all

annihilation/creation operators for fermions satisfy the anti-commutation relations stated above.

Homework: Prove that the amplitudes of 021022 ---C£N|O> in a supporting basis (for example the real space) are

Slater determinants.

Homework: Assume the electron on a site occupies an s-wave atomic orbital with energy €p, and the amplitude
for the electron to tunnel from the s-wave orbit on one atom to that on the neighboring atom is t. Use degenerate
perturbation theory to show that for two atoms the degenerate levels on the two atoms split into €y + ¢t. Devise a
second quantization hamiltonian for the two atoms that exactly reproduces the perturbation theory. Then extend the
hamiltonian to the entire lattice and solve the free particle problem (i.e., a hamiltonian without four-fermion fields)
to find all eigen states and eigen functions. You may assume square and honeycomb lattices.



C. A formal derivation of second quantization

Consider the action

S = /dxdtL = /dxdtw*(i&g — h), (38)
where / is the usual hamiltonian. Assume v is a general coordinate, then
m=05/0(0p) = i* (39)
is a general momentum. We get the ‘hamiltonian’ density
H =n0pp — L = hyp = —imha). (40)

By Hamilton principle, we get the equation of motion
Opp = OH /O = —ih), Oyr = —OH /0y = irh. (41)

These two equations are nothing but the Schrodinger equation and its hermitian conjugate (notice that h is hermitian).
If we take such equation as the ‘classical’ equation of motion, and therefore the hamiltonian density H = —imwhi as
the classical one, we may want to ‘quantize’ it by requiring

[th1, o] — i[thr, W3] = i6(1,2) for bosons, (42)
{41, w2} — i{epr, b} = i6(1,2) for fermions, (43)

in comparison to the standard rule [z1,ps] = id12. In the above we have used the delta functions 6(1,2) in a loose
sense. For fields defined on discrete space, 6(1,2) — d12. For fields defined on continuum, §(1,2) — 6(x1 — z2). In
the second quantization, h becomes a connection in the space, while ¢ and ¥ are understood as annihilation and
creation field operators. The (free-part of the) many-body Hamiltonian becomes

’H:/H:/—iwhw — /z/ﬁhw, (44)

just as we obtained in the constructive way in the previous section. The inclusion of the interaction part is straight-
forward once we realize that p(x) = 1 (x)1(x) is the particle density operator at position x.

III. PHONONS

Consider a simplest model of lattice vibrations, with the hamiltonian

2
D S (45)

2m

(2

with the standard commutation relation [u;,p;] = id;; and under periodic boundary condition. Here u; and p; are
the ionic displacement and the associated momentum. Because of translation symmetry we resort to the momentum
space by

1 " 1 i
U = —— ey, up = —= » e Ty (46)

o 7

1 ikxl 1 —ikxl

p=—=) pp, pp=—=) e "p. (47)

o R

Substituting u; and p; in terms of ug and py into H, we find
1 m 9

H= o Zk:pkp_k + 5 Xk:wkuku_k, (48)

which is almost diagonal in k, except for the coupling between k and —k. Here

w = 2v/ K/m|sin(ka/2)| (49)



is the harmonic frequency that is now dispersive in k (and a is the lattice constant). We observe that
1 . 17 .
[k, poie] = 5 D e g, ) = G, (50)
lm

so ug and p_j are a pair of general coordinate and momentum. We may want to follow the single harmonic case to
define boson operators in terms of them,

ay = (mwk/2)1/2(uk + ipr/mwy), a,t = (mwk/Z)l/z(u_k —ip_g/Mmwg), (51)
where we used the fact that, by definition,
u_g =ul, p_i=Dpj. (52)

We verify that [ak,ar/] = 0, [a%, a,t,] =0 and [ak,a;] = k. This is the standard algebra for bosons. We can solve
ur and pg in terms of a; and alk as,

up = (1/2mw)?(ay, + a' ), pr = —i(mwy/2)*(a), — at ), (53)
and subsequently substitute into H to find,

H =" wi(afar +1/2). (54)
k

We have achieved quantization of the lattice vibrations. These quanta are called phonons.
In real solids, the displacement field is a vector, the quantization method goes through almost without change,
except that there are more vibration polarizations instead of just one in the above.

Homework: Suppose lattice vibrations are coupled to electrons as,

He pp = AZuic;[ci — ngq(aq + aT_q)cLJrqck. (55)
i kq

Provide the detailed form of the above coupling matrix element g,. Discuss a possible situation in which the above
form of e-ph coupling is applicable.

IV. PHOTONS

The electronmagnetic field satisfies the following Maxwell equations,
V-B=0, V-E=4nwp, VxB=0,E+4nJ, V x E =-9,B, (56)

where p is the charge density and J the current density. (We have set ¢ = 1 for brevity.) Notice that the charge
conservation requires a continuity equation

Op+V-J=0. (57)

The EM field can be reexpressed as
B=VxA, E=-0,A-Vg¢. (58)

However, by a gauge transformation
A—>A+Vy, ¢— ¢—0x, (59)

the EM field does not change. The arbitrariness could be removed by gauge fixing. In the so-called Coulomb gauge
(or transverse gauge), V- A = 0. In another guage, which does not have a formal name, ¢ = 0. For definiteness, we
shall take the Coulomb gauge throughout the following discussions.

Since we wanted to quantize the EM field we first try to seek a classical Lagrangian that would yield the Maxwell

equations, or equation of motion for A and ¢. We also want to include the dynamics of the charged particles so that
we can understand how they interact with the EM fields. It turns out that the required action is

S = /dtd3rL + /dt% vaf, L=[(—0,A—-V¢)?—(VxA?/81+T A —pp, (60)



subject to the Coulomb gauge. Notice that p(r) = ¢, d6(r —r;) and J = ¢, v;d(r — r;), where ¢ is the electric
charge carried by the particle. On the other hand, the form of coupling between particles and EM fields in the
Lagrangian, J - A — p¢ is dictated by the fundamental principle that gauge invariance dictates charge conservation,
and vice the versa.

Let us verify that the above action (in any gauge) is consistent with the Maxwell equations and the Newtonian
equation for the particles. We regard A, ¢ and r; as general coordinates. The variation with respect to A leads to

—%&(@A—i—V@S)—%VXVxA—FJZO, UV xB=E+ 4rJ. (61)

The variation with respect to ¢ leads to
—%V-(atA—FV(Jﬁ)qﬁ—p:O, — V-E=dnp. (62)
(In the Coulumn gauge V - A = 0 we also obtain V2¢ = —4mp.) Together with V-B = 0 and V x E = —9;,B by

construction, the Maxwell equations are reproduced. Finally the variation with respect to r; leads to

2 d
= _qVQS - qatA —qv: vriA(ri7 t) + q Z Vi,nvriAn(riv t) = q(E +v X B) (63)

m—dtQ r;
n=1

This is the standard equation of motion for a charged particle in an EM field. (Notice the fields A and ¢ depend
implicitly on spacetime, and in the above equation we have made this dependence explicit wherever necessary)
In the Coulomb gauge, we can rewrite the action as, after some simple algebra,

1 1 1 1

_ 3 i A 2 - A 2 A / 3 il 2 / oo 2 4
S /d rdt |:87T(at ) 87T(V x A)*+J + [ d°rdt 87r(v¢) po| + dt; 5MiVi (64)

In order to satisfy the Coulomb gauge we may express A (and accordingly 9;A) explicitly as

1 .
A(r,t) = — ékAAkA(t)elk'r, (65)
v
where V is the space volumn, Ay, is a complex function, éxy is one of the two real and independent unit vectors
orthogonal to k,

k~ék)\ :O, ék)\~ék)\/ :(5)\>\/. (66)

Since A is real, we require (éxyAxn)* = é_xrA_kx. There is some freedom of choice for é_x and A_x), and without
loss of generality we require

e xx = €y = €xx,  A_xn = ALy, (67)

where we used our choice that éx) is a real vector. We can now rewrite the action as

1 1
o 3 3 2 2
S = SEM+/d rdtJ-A+/d rdt {&T(W) —,04 +/dt Ei SMivis (68)
1 1.9
Sevm = E /dt 8—815141()\8“4_1()\ - 87k Ar A | - (69)
kA T m

Here we have separated the contribution from the vector potential alone, and called it Sgj;. We define the canonical
momentum

6SEM 1 5SEM 1
Pon=—F—-=—0A_ P yn=—"——=—0;Axi- 70
kA (G Awy)  ar Ak, kX 3(BiA ) 4m 't Ak (70)
By this we obtain the Hamiltonian corresponding to Sgas,
2w w
Hegy = Zwk |:Pk)\Pk>\ S A A - (71)
o Wk 8w

Here we defined wy = |k| = k, which will turn out to be the energy of photons. The quantization condition is

[Axx, P xr] = 10k O (72)
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By classical equation of motion we realize that Ay) is coupled to P_k\, so it is reasonable to define the operators

Wk 3 2 + Wk . 27
bn =4/ —A4A \ | —P- by = 1/ —A-xx — i/ —Pix. 73
|9 g I +1 o 9% k) g kA 7 o kA (73)

It can be checked that such operators satisfy the standard bosonic commutation relations. (Note, however, that
because k and —k appears pairwise, only a half of the momentum space is independent.) Substituting them into
HEM we find

/

Hpy =Y (babia + b b + Dwie = D (bbir + 1/2)wie. (74)
kA kA

The momentum in the first equality is summed over only a half of the momentum space, while in the last equality
the summation has been extended naturally into the entire space. We can now express Ak as

2
Ay = i(bk,\ + btk,\)- (75)
V wic

Consequently we can express the real-space vector potential (as an operator in the Schrodinger picture) as

1 2 )
Ar) = —= /(b + b1y )er. 76
(I’) \/‘7 kZ}\ Wi ek/\( kX 7k)\)e ( )

At this point we have finished the quantization of the EM field. Note that as an operator in the Schrodinger picture,
A (r) does not depend on time explicitly. However, time dependence does arise in, e.g., the Heisenberg picture defined
by HEM7

, . 1 D) _ . ,
A(I‘, t) _ ezHEMtA(r)eszEMt _ W Z w*ték)\(bkkeizwkt + b’r_k/\ezwkt)ezkr. (77)
kA
The rest of the actoin and hence Hamiltonian is easy to handle. We observe that

6S S
5¢ , Pi= Vi mv; + qA(r,t). (78)

Py =

Since Py = 0, the field ¢ has no independent dynamics. From the Lagendre transformation, we obtain the rest part
of the Hamiltonian related to the charged particles,

Hﬁi/ P¢—V¢i] 2: pi — qA(r)]*. (79)

Notice that for the charged particles, p; is the canonical momentum while p; —gA (r;) is called the kinetic momentum.
By the Poisson equation V2¢ = —4mp, the ¢-terms in the first part reduce to Ik d®*rpg/2 which is nothing but the
electrostatic energy of the charged system. Eventually we can rewrite

1
H, = — [p: — qA(r;
! zz: 2m P (i) Z |rz - r]l (80)
After quantizing the charged particles, we obtain
2 1
H, /fwf<—w)ww+2/meWUw<>

The complete Hamiltonian is given by H = Hgy + H,. Note that H, should be invariant under the following U(1)
gauge transformation

(r')b(r). (81)

r— /|

A= A+Vy, 1 —peldX, (82)

Usually only the first order term of A in H,, is treated as a dynamical fluctuation, since the second order term simply
counts the total number of electrons. In this sense the major effect of light radiation in condensed matter systems is
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in the form of particle-hole pair which absorbs or emits a photon, as can be seen from the expansion of A in terms of
the photon creation/annihilation operators. For lattice system, the light field appears in the hopping term,

Hy= — S (@ltge el Ay, ). (83)
(ij)

Here the electron charge ¢ = e = —|e] is presented explicitly to avoid confusion. This form is designed to guarantee
gauge invariance: A — A + Vy, 1; — 1;¢*X, in analogy to the continuum form mentioned above. Again one can
expand the exponential function to get a linear coupling.

It should be pointed out, however, the second order term of A is necessary for the Compton effect and Raman
scattering which involves explicitly two-photon processes.

Discussion: We know that phonons are quantized lattice vibrations. In order for phonons to be well defined, we
require that the atoms order themselves to form a lattice. If the lattice melts we can no longer talk about the
lattice vibrations . In this sense lattice phonons are emergent property of symmetry breaking. Indeed they are called
Goldstone modes. Such modes try to restore the broken symmetry. If they are excited to a sufficient extent, the
lattice melts and the symmetry is recovered. Now think about photons, the quantized lights. In many aspects photons
are similar to phonons, except that light wave is always transverse. Photons are considered as elementary particles in
particle physics. But from the comparison to phonons, we can not rule out the possibility that photons are emergent
particles of the Universe that had broken some mysterious symmetry. For more reading I recommend a series of
papers by Xiao-Gang Wen from MIT.

V. OPERATOR ALGEBRA

It is now clear that bosons and fermions are completely characterized by the associated fundamental commutation
relations. In practice, we may want to know more about commutations involving composite operators.

We begin with bosons. It is easy to see that the algebra is isomorphic to the relation between z and 0, where z is
a (possibly complex) number. Indeed,

[22,22] =0, [02,02] =0, [0.,z22] =0d12. (84)
In comparison to boson operators, we envision the following mapping,
b—d,, bl -z (85)
This mapping enables us to conclude
(0=, F(2,0:)] = 0-£(2,0:), = [b, £(b,67)] = Oy £ (,07), (86)
where f is an arbitrary operator function. We take the hermitian conjugate to get
BT, £1(5,60)] = =0, f1(b,6), =[BT, 9(b,b")] = ~ug (b, bT). (87)

There is one thing that should be careful of: the operator function should be written in terms of ordered operator
sequence and the result of the differentiation should be kept where it is taken. For example,

[b, (b7D)?] = Dy (bTbLTH) = bbTh + bbb # 20,1 (bTD) bTh. (88)

We take advantage of the above relations to determine the norm of a state (b7)™|0):
N = (0[b"(b7)"10) = (0](9p)™ (bT)™)[0) = nl. (89)
Notice we have dropped terms with b acting on vacuum which are naturally zero. Therefore
" t
In) = WIO% bln) = vn+1n+1), bln) =+vnln—1), (nJm) = dun. (90)

Using the operator algebra we are also able to prove

<0|-~-b1--~b;~--b§-~-b4---|0>:<0|---82-~-b§-~-b;§)~-~84~-~|0>, (91)
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where 0; = 0,t. This expression vanishes unless all 9;’s and bz’s can be paired up to form contractions, and the result

is a summation over all possible products of contractions. (A contraction is zero if b stands on the right.) This is
called Wick’s theorem.
We can also define a special state

16) = ' |0), Ble) = Dyre®™ [0) = e’ |0) = B|). (92)

We see that |¢) is an eigen state of b. Since it is a highly organized linear superposition of states with all possible
number of bosons, it is properly called a coherent state. Accordingly, we can define the eigen state of b' as,

(x| = (0[eX™", (x[b" = (xIx" (93)
The overlap between these coherent states are
(x16) = (0] e |0) = (0]eX" 1 ' [0) = (0]eX ?e?"[0) = X" (94)

This means that the coherent states are not orthogonal and are therefore over complete. However, we observe that

L ~4%¢
1= 2 [dodolore ool (95)

forms an identity operator and will turn out to be extremely useful. The factor of 7 is a normalization, and is usually
dropped for brevity, with the understanding that it is either absorbed in the integration measure or canceled out if
there is a denominator with the same type of integration (which appears in getting averages for example).

Homework: Prove explicitly that I (b")"]0) = (b7)"|0) with I defined above, thus justifying I as an identity operator.

Next we consider fermions. The fundamental fermionic commutation relations automatically satisfy Pauli exclusion
principle, so the tower of states is extremely simple: ¢f|0) = [1), (¢!)"|0) = 0 for n > 1.
The anticommutation relation {ci,c;r-} = 6;; can be mapped to a Grassmanian algebra: ¢; = 0.+ and cj = O,

subject to the fermion sign rule that an extra minus sign arises when ¢; surpasses another fermion opérator. This can
be used immediately to get the following restuls,

c (01{020204...0}1,_101\[) :(016202,04...0;(\,_101\/) (—=1)N¢;
—|—51i820§64...CTN_1CN

+C11‘CQ(—1)2(5Z'304...C1].V716N
+ “e e
+cJ{020§04...(71)N*25LN71CN. (96)

Therefore, depending on whether N is even/odd, we have the following commutation/anti-commutation relations,

T T _ T
(Ci, 01020504...01\7_10]\]) = OCT (CICQC§C4...CN_ICN) 5
:F k2

(CZ-L, 610262;64...cj\,_lcN>¥ =0, (cJ{ch§C4...c;[V_lcN) , (97)
subject to the fermion sign rule for d. and 0.:.
There is also a Wick’s theorem for fermions, i.e.,
O+ cpe--cheecgee-ch---]0) (98)

can be expressed as summations of products of contractions, but now with a minus sign whenever an operator is
surpassed for the others to pair up. This rule can be checked easily by utilizing the above commutation relations.

We may also define fermion coherent states. To do that we first define Grassman numbers £ and the derivative 0.
Grassman numbers and derivatives satisfy the algebra

{&,86}1 =0, {01,0:} =0, {01,&} = o (99)

These rules clearly resemble those for the operators. It is also possible to introduce Granssman integration. Algebraic
consistency then requires

/d£<a+bf>=b, /d&(--->=8g(-~-)- (100)
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This is justified as follows. Since the integration is assumed definite, the integration should not yield any new
Grassman number, nor should it change the statistical rule that a product of two Grassman numbers should behave
as a boson field (or a constant) in a loose sense. This consideration rules out any result proportional to a, and the
result proportional to b should no longer depend on £. Any constant factor apart from b in the final result can be set
to unity by redefining the integration measure. The integration table for Grassman numbers is therefore surprisingly
simple. We further require that all Grassman numbers anticommute with the field operators,

{&,c} =0, {&c'}=0, {0c,¢} =0, {0, c}=0. (101)
Now we check that
[8) = [0}, el@) = e(1+cT9)[0) = ¢[0) = 6(1 + cl6)|0) = 9]9). (102)
Therefore |¢) is a fermionic coherent state. We can also form a coherent state for ¢ as,
(x| = {01eX?, (x| = {0I(1 + xe)el = (0]x = (0](1 + X)X = (xIX, (103)

where we denote the eigenvalue of ¢ as y in order to distinguish it to that of ¢. The overlap between these coherent
states is

(x|¢) = 1+ x¢ = eX. (104)
Using the Grassman integration rule, we can also define an identity operator

1= [ dbdoe#16)(6] = 10)(0] + e1[0)(0lc = [0)(0] + 11| = 1. (105)

The identity operator expressed in terms of coherent states will be crucial for a path-integral formulation of the
many-body theory.



Some exactly solvable models
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In this lecture I shall discuss some exactly solvable models. On one hand, they serves as prototypes
of some universality classes. On the other hand, they reveal the idea that the low energy excitations
in many-body systems are simple, yet sometimes counterintuitive. For example, the excitations may
resemble fermions in boson systems, and vice versa.



I. FREE FERMIONS

Consider electrons in a continuum bounded by a box,

H = [ 617 /2m — () ). (1)

Because of translation symmetry, we resort to the momentum space,

1 ik-x 1 —ik-x
- chkelk s Ck = W/d‘gxdz(x)e o, (2)
k
Substitution into H yields

H= Z (k?/2m — p) c;r(ck = Z(ek — u)CLck = Z(ek — p)nk. (3)
k

k k

The ground state of this system is
|G) = HEkSuCL|0>v (4)

where the restriction defines a Fermi surface in the momentum space. At finite temperatures the partition function
is given by

7 - Z e B Lila—wnme — (1 + e—B(ek—N))’ (5)
{nx}

from which all thermodynamic properties can be obtained. The occupation at a particular single particle state k is
given by

-0 1
fk—<nk>_%1nz_mv (6)

which is the standard Fermi distribution function.

In a general tight-binding model,
= - Z cltscivs — 1 Z cle;, (7)
i6 i

where ¢ denotes the bond vector along which electrons hop, and the hopping integral depends on § only. For simplicity
we assume there is only one atom per cell, and each atom contributes only one orbital under concern. Again by
translation symmetry we define

= ;/_Zk:eik'”, cx = Jbzi:cie_k'”, (8)

where r; is the position of atom ¢, and we set the lattice constant to be unity. Substituting into H we find, in the

momentum space,
H = Z(ek — ,u)c]tck, €k = — Zt5eik'5. (9)
k )

For a system without translation symmetry, we write
H= chhijcj — ,chjci. (10)
ij i

This is still exactly solvable. The hermisian matrix h can always be diagonalized as
h=UTAU, (11)

where U is unitary, and A is diagonal containing all of the eigenvalues. In fact the columns of U contains the right
eigenvectors of h. This is obvious in a spectral representation of h,

h= Z [P)An(n|, h|n) = A|n). (12)



Now define
¢ = Z(i|m>am = Z Ujmam7 Oy, = Z<m|l>cz = UnmiCi. (13)
m

m i

We verify that the above unitary transformation preserves the anticommutation relations

{m, o} =0, {am,al} = dmn. (14)
Therefore «;,’s are canonical fermion fields. After the transformation, we find
H= Z(/\m — )t . (15)
The ground state of this system is
|G) =1Ly, <0k, |0). (16)

Homework: In the above example, (a) Write the amplitudes of |G) in the real space. (b) Find the expression for
T

the average (c/c;) at temperature 7.

II. LANDAU-FERMI LIQUIDS

Let us come back to translation invariant fermion systems. For free fermions the ground state is the filled Fermi
sea. Excitations are created by producing particle-hole (p-h) excitations on top of the Fermi sea. Define

ong = clT(ck —np, np=0(ks—k). (17)
Henceforth k = |k| denotes the modulus of k. Up to the ground state energy we rewrite the hamiltonian as
H=> adn, H{on})= (> adn){on}). (18)
k k

The second equality means the excitated state labelled by {dny} is the eigenstate of H. It should be pointed out
that exdny is positive definite, since e > 0 for particle-like (electron insertion) excitations, while e < 0 for hole-like
(electron removal) excitations. All possible re-occupations in the momentum space are eigenstates. The low energy
excitations have ény # 0 for ky — k — 0 so that

e~ k2 /2m — p o~ (kg /m)(k — kg) = vp(k = ky), (19)

where vy is the Fermi velocity.

What happens if interactions between fermions are present? Landau realized that while higher energy excitations
renormalize the parameters in the hamiltonian, such as the effective mass of electrons, the low energy excitations are
in one to one correspondence to that of the free fermions, or fermion gases. The effective hamiltonian he proposed is

Hp =Y admec+ (1/2V) Y F(k,X)omednme, ac~ (kp/m*)(k = kg) = vj(k — ky), (20)
k kk’

where the factor of 1/V ensures that the energy is linearly extensive in V. It is clear that the eigenstates of Hj, are
still given by [{dnx}), but the excitation energy is now given by

E=> adnc+ (1/2V) > F(k,k')onconi. (21)
k kk’

The second-order term describes the residual interactions between the elementary excitations, or quasi-particles.
When many quasiparticles are excited, this residual interaction changes the effective energy per excitation as follows,

ex = OE/0(6me) = e+ (1/V) Y F(k, K)oy (22)
"



The interaction will modify quantitatively the low temperature thermodynamic properties, such as the specific heat,
susceptibility, compressibility, etc. In essence, what Landau took into account is the forward scattering channel (with
momentum transfer q = ky —k; — 0) in the general Coulomb interaction. In a lot of cases Landau’s simple theory
works, e.g., for liquid helium-III and for normal metals. This theory is commonely known as Landau-Fermi liquid
theory. The term ’liquid’ refers to the correlation of fluctuations in the presence of interaction.

Landau treated F'(k, k') as phenomenological interaction that can be fitted hopefully by symmetry and experiments.
For example, by rotation symmetry,

F(kX)=F(k-X). (23)
Another symmetry is the Galilean invariance. If the system is boosted to a velocity v the total energy changes by
AE =P -v+ Mv?/2, (24)

where P is the center-of-mass momentum before boosting and M is the total mass. For the ground state P = 0,
therefore

AE = Mv?/2 = N6k*/2m, (25)

where 0k and m are the momentum change and the bare mass of the electrons. Before the boost the ground state
has n) = 0(ky — k). After the boost the distribution changes into nx = 6(ks — |k — dk|) where k is the momentum
measured in the rest frame. Thus from the rest-frame poin of view, the boost leads to quasi-particle excitations,

Sy = 0(ky — [k — 0k|) — O(ky — k). (26)

We can now recalculate AF using Hy. The first term of Hy can be evaluated as if we have boosted a system with
effective fermion mass m*, so

AEr = Zek&zk— (6k)%/2m*. (27)

The calculation of the second term of Hj, is more involved,

’ 2 Vk4 I S A 7.1
AE; = (1/2V) > F(k - X)dnkdme = ok e ﬁ) /deQ (k-0)(kK - 0)F(k - k'), (28)
kk’

where F is assumed to depend on the relative angle between k and k’ near the Fermi surface, where main contributions
to the integration come. We have transformed the summation over k into an integration as follows,

Z / d3k (29)

Expanding F as
l
I A J A7 . o) N
F(k-K) Zflpl (oo k'), Pk W) = 5= D Yir (6)Yom (B), (30)

m=—

we find only the fi-component contributes to AFEy;, and the result is

K fiky VARG SR fiky

AFE = = 31
= "9 T6r (21)% 3 2 6 (81)
Finally from AE; + AE;; = AE we find
1 1 fikys
ali JIn 32
m  m* * 67 (32)

We now illustrate how Landau theory is applied for spin susceptibility. For this purpose we must now include the
spin degrees of freedom. Assume a magnetic field h applied along z, which causes a Zeeman energy —oupgh for o = +.
The quasiparticle energy can be written as

€ko = €k + 0€ky, O€xe = —ouph—+ (1/V) Z Foor(k-X)dny o (33)
k'o’



Here €y is the spin-independent dispersion in the absence of the magnetic field. It should be understood as already
corrected by the many-body effect so that it acquires an effective mass. On the other hand, the interaction kernel is
now generalized to,

Foo(k-K)=F5(k-kK)+ F(k -X)oo. (34)

Since we expect Y 0nk, = 0 under the magnetic field, only F'* contributes to the above summation. To leading
order we find

Oeke = —O',uBh + UF(‘)’(énT — (577@(), (35)

where dn, is the total change in the density. Now dey, must determine dny, self-consistently as

8nk
OMNky ~ ——O€ke- 36
g ~ 5 =0k (36)
Summing both sides of the above equation in k yields
(577/0 = (1/2)N00’[/L3h - Fél((STLT - 5n¢)]7 (37)

where Ny is the total density of states per unit volume. This leads to
m = No(ugh — F¢m), m =dny —ony. (38)
Thus the magnetic susceptibility is

mpp Nop
_ _ , 39
X T T IE NoEg (39)

III. FREE BOSONS

For free bosons, the hamiltonian has exactly the same form as for fermions. In the diagonalized form H =
Do (€m — w)bl by, where m denotes the single particle quantum number. It is either the momentum in translationally
invariant system, or simply the eigenstate label in a general situation. Thermodynamic properties can be found from

the partition function

7 — Z e B mem—m)nm. (40)
{ni}

For example, the occupation on the single particle state m is given by

) 1
“Boe, M T B 1

which is the standard Bose distribution function. There is a fundamental difference to the fermion case. For bosons
we require €, > p, and the ground state is either |G) = |0) if €, — u > 0 for all m, or |G) = (b(T))M|O> if g —p =0 for
arbitrary M. If M/N is finite, where N — oo is the total number of single-particle states, or the size of the system,
the bosons are said to have condensed. Specializing to translationally invariant systems, in the condensed state, the
reduced density matrix p;; = (b;fb]) is nonzero even for |r; —r;| — oco. If the largest eigenvalue of p is proportional to
N, the system is said to have developed off-diagonal long-range order (ODLO). It should be reminded however that in
reality ODLO does not exist in 1d, is marginal in 2d and well-defined in higher dimensions. This is the consequence
of (a) density of states and (b) thermal fluctuations.

For free bosons, excited states can be constructed by simply relocating the particle(s) to higher levels (of single-
particle states). All such states are eigenstates of the many-body system and are orthogonal to each other if the
associated occupation configurations are different.

(nm) = (41)

Homework: Using a translationally invariant model to show that if bosons condense to a single particle state, there
is ODLO. Prove that in the same system, if the particles are fermions, there can be no ODLO.



IV. HARDCORE BOSONS IN 1D

Consider the following hamiltonian defined on a ring with length L,

H = / dzipt () Vv

2m
By hardcore we mean U — co. Here we are using the canonical ensemble so that the chemical potential is absent in
H. We ask what is the ground state wave function of this system, or what is the amplitudes ¢g(z1, 2, ) in the
wave function

9(@) + S0 @0 (). (1)

G) = % / dardrs - denda(an, o, - o) (20)6 (@2) - o1 (2)]0). (43)

If N is odd it turns out that the ground state wave function is given by the absolute value of a Slater determinant
describnig N fermions on the single particle states k; = 2wé/L with ¢ = —M,—-M + 1,--- ,M — 1, M. Instead of
proving the solution we provide some arguments to show that the solution is reasonable.

1) We can divide the configuration space (z1, 2, ,2xn) of N particles into N! Weyl chambers. Each chamber is
characterized by xp, < zp, - xpy

2) Within each chamber the Hamiltonian is free from interaction. Therefore the particles behave as free particles.
The possible single particle states are plane waves.

3) The Slater determinant satisfies the many-body yet free hamiltonian within a chamber. Moreover, the Slater
determinant does not change sign within the chamber.

4) Since U — oo no bosons are allowed to overlap. But this is automatically satisfied by the Slater determinant.

5) The reason that we require odd number of bosons is because if we take them as fermions, a cyclic exchange does
not lead to sign change, thus perserves the sign of the determinant.

6) The absolute value of the determinant guarantees ¢ > 0 and is therefore free from nodes. This is a desired
property of the ground state of bosons.

These arguments suggest that the solution is in fact exact. The energy is therefore Eq = Z‘ kil <k k?/2m, where
ky if the Fermi vector for free fermions in the same system. The excitation energy of this system follows that of the
corresponding fermion system exactly.

Homework: In fact there is an exact mapping between bosons and fermions in this system. To make the mapping
easily understood we compactify the system on a lattice, and assume open instead of periodic boundary condition.
In such a case the mapping is valid for any parity of the particle number. We claim that if ¢; is fermionic, then

b, = ™ Xi<i Mg, (44)

satisfies boson statistics [b;, b;] = 0 and [b;, b;] =0 for i # j. Here n; = c}cl = b;rbl is the number of particles at site .
This transformation is called Jordan-Wigner transformation. Therefore hardcore bosons can be mapped to fermions

exactly. Prove the claim.

V. LOW ENERGY EXCITAIONS IN 1D INTERACTING FERMION SYSTEMS

We know that in a 1D free fermion system the ground state is a filled Fermi sea, with two fermi points £k¢. For
brevity in the following discussion we assume that the single particle energy e, = 0 at k = +ky. (This is always
possible by absorbing the chemical potential in €. The low energy excitations are clearly those which promote a
fermion just below the Fermi level to another state just above, leaving a pair of particle and hole as compared to the
ground state. A possible way of doing this is cl+qck|G> for 0 < k < ky and k + ¢ > ky. This state has (free) energy
AE,; = €p4q — € ~ |vsg| (the free-fermion ground state is henceforth understood as the vacuum of excitations),
where in the last step we linearized the dispersion around the fermi point. The latter approximation is valid for
low energy excitations, or more explicitly for k near the fermi points (and subsequently ¢ — 0). We shall take this
appoximation implicitly henceforth. Notice that according to our definition €54, > 0 and €;, < 0 so that the excitation
energy is positive definite. Suprisingly the excitation energy does not depend on k, so in principle we can superimpose
excitations for any k without changing the excitation energy to form a hydrodynamic mode of momentum ¢ when
interactions are introduced (see below). E.g., we may consider excitations caused by

po= eyt pl@) =173 pet” = 0l ()(x). (45)
k q



The real-space form shows that p, excites a charge density wave (CDW) of momentum g. We may also define a
current density operator

2k 1
Ja =) %%qcm @) =5 / da'§' (") {8(x — 2"), Vo }(a’) (46)
k

to keep track of the direction of momentum.
We now concentrate on low-lying excitations in which ¢ = +£27n/L = +nAk for small integers n > 0. For
definiteness we write

|G) = |k1, ko, k), (47)
where k1 = —ky and ky = ky are the left and right fermi points. Due to the Pauli exclusion we find
pak|G) = k1 ko S kv, by + Ak), jaklG) = vplki, ke, k-1, kv + Ak),
p—ak|G) = ki — Ak ko -+ Jkn—1,kN),  Joak|G) = —vflki — Ak, ko, -+ kn—1,knN). (48)
If we define
p(};zpq‘f'gq/vf’ p(?:pq _qu/vf’ (49)

we can rewrite the above results as
PRUG) = ki ko kno1, by + Ak),  pfaLlG) =0,
pRilG)Y =0, pLarlG) = |k1 — Ak ko kn_1,kn). (50)

Similarly we can generate higher energy excitations. For example, both pf\,|G) and (p%,)?|G) have energy 2v;Ak
and momentum 2Ak, and similar results follow for pf ong and (pf A,6)2.

Since p” and p® operates independently on the left and right parts of the momentum space (where the electron
states are called left movers and right movers, respectively), we now concentrate on p*, and try to build up towers
of excited states with definite momentum and energy. The Hilbert space of excited states are composed of decoupled
subspaces. (i) For E = vy Ak and ¢ = Ak, we have just one state, which is automatically normalized. So this subspace
is 1-dimensional. (ii) For E = 2v;Ak and ¢ = 2Ak, we have two states, |1) = pf\,|G) and |2) = (p%,)?|G). Tt is easy
to show that (1]1) = (2|2) = 2 and (1|2) = 0. The subspace is 2-dimensional. (iii) For E = 3v;Ak and ¢ = 3Ak, we
have three states: |1) = pf\,|G), |2) = p&, p%\,|G) and |3) = (p&,)3|G). It can be shown that (1|1) = 3, (2|2) = 2
and (3|3) = 6, and all mutual overlaps are zero. The subspace is 3-dimensional. Instead of proceeding with higher
excitations, we observe that the states considered so far are consistent with the following mapping, with m > 0,

pmak = Vmab,  ploap=Vmbl,, Ho= ) vymAk(al,am +b},bn), (51)
m>0
where we have added the result for p©. For example, using the above mapping we immediately see that |(p%,)3|G)|? =

3!, consistent with the above brute-force examination. We can rewrite the mapping in terms of the momentum
q =mAk >0,

pf = qL/Qﬂ'a};, pfq = \/L]L/Qﬂ'b:;, Hy = vaq(a};aq + b:rlbq). (52)
q>0

Homework: Enumerate all excited states up to £ = 3vyAk and ¢ = £3Ak, and check the norms and overlaps
against the mapping to bosonic operators.

We therefore see that the low-lying excitations in 1d fermion systems can be mapped to that of bosons. At this
point the fermion interactions can be expressed in terms of boson density operators. E.g., the fermion density-density
interaction can be written as

1 qV,
Hy = 7 Z Vabap—q = Z 27:(@2 + bq)(aq + bj;)- (53)
q>0 q>0

The full hamiltonian H = Hy + Hy describes free bosons. It can be written as

H=> ¢lleqmo+1tqm)dg, &g ="(ag.b})", eq=vrq+1tq, tq=qVy/2m. (54)
q



Here 7’s are Pauli matrices. The hamiltonian can be diagonalized by Bogoliubov transformation,
bq = (ugTo +v471)&g &g = (%ﬂi)ﬂ (55)

113 = 1. The result is, dropping the zero point energy,

H=> Ej(caag+ B8, Eq=\/e2—12=q,/v}+20;V,/2m, (56)
q

2

where Uy —

together with

1 /¢ 1 /¢
u§=2<EfZ+1>, vgzz(qu—), vy < 0. (57)
From FE,; we find the group velocity in the boson theory is enhanced vs vy for repulsive interaction V; > 0. We see
that the elementary excitations in an interacting fermion system is CDW.

Finally we discuss briefly what happens if we include the spin degrees of freedom. We expect both CDW and
spin density wave (SDW) modes. Since the effects of the interaction are mainly in the charge sector, we expect the
renormalization of group velocities in the two channels will be different. As a result, spin and charge propagate at
different velocities, and this is vividly described as spin-charge separation.

Homework: Derive the above boson theory explicitly.

One may ask what happens in the fermion sector. Roughly speaking single fermion excitations are not elementary.
They no longer propagate independently, but are easily damped into the collective excitation. Such a fermion system
is called Luttinger liquid to emphasize the correlations between the fermionic excitations. In fact, it is possible to
express the fermion fields near the fermi point k; (the right movers) as

1 ikpx —i2m At (z)  —iv2m Az
'l][}R(l') ~ 76 k‘f (& 2 ( )6 2 ( )7 (58)

N L e,
Aw =y — - (59)

q>0

Here o = 0% is a convergence factor. A similar expression holds for the left movers ¢ (z) around —ks. More details
can be found in a separate chapter specialized to bosonization.

Homework: Verify that the above operator expressed in terms of boson operators satisfy the fermionic relation
{Yr(z),Yr(y)} = 0 and {Yr(z), gb}%(y)} =0 for z # y. (Notice the theory requires an ultraviolet cutoff so that the
case of & = 7 is not needed.) You may use the operator identities e2e” = eBetelABl and edel = eAtBelABl/2 for
any operators A and B satisfying [A, B] = ¢ where ¢ is a constant number.
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In this lecture I shall discuss band insulators, electron Mott insulators and boson Mott insulators,

and discuss excitations in such insulators.



I. BAND INSULATOR

A simple example for a band insulator is,

H=—tY (ala;+blb; +hec)— Aafb; + h.c.). (1)
(i5)
A double-layer system is aptly described by this model, with A represent the inter-layer

hopping. In the momentum space,
H=Y" [q{(aLak +bibi) — Alalbi + blaw)] 2)
k

where ¢, = —2t Zle cos k,, (with D the dimension). We may do a further transform,

e = (ax + ) /V?2, di = (ax —bi)/V?2, (3)
where ¢, and dy are bonding and anti-bonding modes, by which we obtain

H=Y%" [(ek — A)elo + (e + A)dek] . (4)

k

Clearly we have a direct gap between the two bands 2A. The bandwidth of each band is
4t x D. So if 2A > 4tD the two bands are completely split, and if the Fermi energy is within
the gap the system is a band insulator.

The low energy excited states of a band insulator differs qualitatively from that of a
metal. For a metal the energy spectrum is gapless, while for a band insulator there is an
energy gap Fg. For temperature kgl" < Eg the electrons do not have enough energy to
go anywhere. For this reason the system exhibits insulating property. Since in an insulator
the electrons do not response to electromagnetic fields, they can not damp out lights and
appear transparent.

Taking the spin degrees of freedom into account, we claim that if there are an even
number of electrons per unit cell, the system is likely to be a band insulator. In some cases
there may be degenerate bands so the above rule is only likely. However, if there is an odd
number of electrons per unit cell, the system must be in a metallic state, unless correlation

effects drive them to be Mott insulators.



II. MOTT INSULATORS

A simple hamiltonian in this universality class is the Hubbard model,

H=—t Z(C;[JC]'G + hC) +U Zn”nil. (5)

(i) i
Here the spin degrees of freedom are introduced explicitly. If U = 0 the above model reduced
to the free fermion system. To capture the Mott insulating behavior we consider the opposite
limit U > t. As band insulators require fine tuning of the filling factor v (= 2), a Mott
insulator requires v = 1.

The reason why at this filling the system is likely an insulator is not because of Pauli
exclusion, but of the Strong correlation. To see this, we start from the zeroth order in
t/U. In the ground state each site is precisely occupied by one electron. Any particle-hole
excitation involves creation of a doubly occupied and an empty site, and the energy increases
by U. Therefore the system is inert to any perturbation at energy scales ¢ < U.

There is a loophole in the above argument, however. There are an infinite number of
degeneracy for the ”ground states” considered above. However, up to the first order in ¢/U,
there are virtual processes that can easily breaks the huge amount of degeneracy. Consider
two sites connected by a bond. The electrons can lower their energy by hopping back and
forth, exchange or keep their spins. This of course only happens for the electrons to have
antiparallel spins. And because there are two different initial states, each with two different
intermediate states (with energy U), we conclude that if the two spins form a singlet, there
is an energy gain J = 4t?/U (the energy decreases by J). These considerations are exactly

described by a spin exchange term
HJ:JZ(Si-sj—ninj/él), (6)
(i5)

where s, = 20202505/ 2 is the n-th component of the electron spin. This type of spin

coupling is called superexchange. The low energy physics of a Mott insulator is therefore

described by the Heissenberg model. The huge amount of degeneracy is greatly reduced.
The Heissenberg model is unfortunately not solvable in two or higher dimensions. Anyway

we may get some feeling by considering a classical version, the Ising model

Hz = stizsjz' (7)
(i5)

3



The reason we say this is a classical limit is because any spin configurations are eigen states
of H,, so the spins do not fluctuate quantum mechanically at all. This model is exactly
solvable in one and two dimensions, and is also well understood in higer dimensions. Since
J > 0 the spins try to be antiparallel to each other when they are nearest neighbors. In
a bipartite system, we may define a Neel vector N; = ¢;s;, where ¢; = £1 for ¢ belongs to
different sublattices. Then we expect (N;N;) = 1/4 for any pair of spins. This is called an
antiferromagnetic (AFM) state. There are only two fold degeneracy in such states.

We now want to pick up the missed physics beyond the classical limit. In the presence of
s7sT +s)si = (s;sz_ + h.c.)/2, the spin initially aligned in the z-direction will be flipped to
—z, thus reducing the average moment. This is what we mean by quantum fluctuation of
spins. The low energy excitations beyond the AFM state are long wavelength modulations
of the Neel vectors N;, the Goldstone modes due to symmetry breaking. To have a better

idea of such excitations, we now introduce the Primakov transformation,

s*=s—ala;, s7=v2sal\/1—adla;, sF=(s7), ieA,
si=—s+bib, s;=V2s\/1-blbb;, sf =(s;)l, jeB, (8)

where A and B indicate two sublattices, and s = 1/2 in our case. The transformation

satisfies the spin algebra
[Sa, 55] = i€apeSe, S° =8(s+1) 9)

for ata < 2s and b'b < 2s. Substituting the above into H;, and keeping terms quadratic in
a and b, we obtain,
Hjy~ JZ[—S2 + s(ala; + b;r-bj + a;b; + ajb})]. (10)
(ig)
The approximation involved in the above can be justified if 2s > 1, but its validity in our
case 2s = 1 should be accepted with caution. If we proceed to get a taste of the qualitative

physics, we get in the momentum space,

D
Hj~ Jsz Z[aLak + bl by + (i + albh)], e = Z cos k, /D, (11)
k n=1

where we have relabelled b_, — by and z = 2D is the coordination number. By a further

Bogoliubov transformation,
Cx = UkQk — UkblT(, dk = ukbk — Uka;f(, |uk|2 — |Uk|2 = 1, Vk(ui + Uﬁ) + 2ukvk = 0, (12)
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the hamiltonian is finally diagonalized as

Hjy ~ JszZ\/l—vﬁ(chk—l—dek). (13)
K

Thus the dispersion relation for the AFM spin wave is

wk = Jszy/1 =73, wk x k for k — 0. (14)

T

Homework Using the above theory to calculate (a}a;) at zero temperature and therefore
the renormalized spin moment due to quantum fluctuations. Extend the calculation to finite
temperature and obtain a transition temperature where the spin moment vanishes.

The Mott insulators can be doped by lowering the filling factor. When there are holes in
the system, nearby electrons can hop without causing double occupancy. These are new low

energy degrees of freedom introduced by doping. The effective hamiltonian in this case is,

H= —tZP(cZTJCjG—i-h.c.)P—l—HJ, (15)
{is}

where P is a projection operator forbidding double occupancy caused by hopping. This
model is believed to describe copper oxide superconductors. Unfortunately this model is
even more difficult to solve since hole moving (due to electron hopping) can frustrate spin
ordering. On the other hand, one can also add electrons to Mott insulators. In this case
doubly occupied sites act as the holes in the hole-doped case. This is easily understood
by a particle-hole transformation. The above model is believed to describe copper oxide

superconductors, and in this sense Mott insulators are parents of superconductors!

III. BOSE MOTT INSULATORS

Unlike electrons bosons do not have band insulating state. This is because there is no
Pauli exclusion for bosons.

Consider the boson Hubbard model with one boson per site. In the limit U > t the
ground state will be a Mott insulator. If bosons do not have spin degrees of freedom, as we
assume here, the insulating state does not have any low energy excitations. The fact that
electron Mott insulators have low energy excitations while boson Mott insulators do not,

constitute a good distinction between these two different state of matter.



When the occupation fraction is not an integer, the holes or extra bosons can move
around. The belief is that for any non-integer filling the ground state of the boson Hubbard

model is a superfluid.
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In this lecture I introduce the zero temperature Green’s function in an intuitive way. I discuss
its physical meaning, and how it can be calculated. I end by presenting some simple applications of
the Green’s function technique. These include the static screening, plasma mode, the Hatree-Fock
theory, and a rational for the Landau-Fermi liquid theory.



I. INTRODUCTION

A physical system is like a black box unless we perturb it and measure the consequence, from which we get
information about the system. For a many body system that can not be solved exactly, the best we can do theoretically
is to perform Gedanken experiment and try to work out the consequence by perturbation theory. For example, to
see how single particle excitations behave in comparison to that in a free system, we may create a particle at time
t', and annihilate a particle at a later time ¢. If the excitation is an eigen state, the probability amplitude G(¢,t')
for the “measurement” at time ¢ should satisfy |G(¢,¢')| = 1 if the particles created and annihilated have the same
quantum number. However, many body interactions may have scattered the excited particle before the measurement
is performed, and in general |G(¢,t')| < 1. By analysing how G(t,t") behaves we get information on the interacting
system. In the presence of translation symmetry in time, G(t,t') = G(t — t'), and by causality G(¢,t') = 0 if ¢t < t'.
This type of Gedanken experiment is very like the idea of pump-probe experiment, and G(t,t') is either understood
as a response function, a propagator, or in general terms, a Green’s function.

A. Definition

We now try to put the idea into mathematical forms by defining
G(r, t;x' ') ==i(0le " (x)e T (e |0)6(t — 1)
+i(0]e M T () Dy (r)e H0)0(t — 1), (1)
where |0) denotes the ground state (thus the vacuum for excitations), the origin of time is set at zero, and we
generalize the pump-probe idea to both particle or hole excitations. The factor of 7 is set for later convenience, and

the upper/lower sign in the second term is applied for fermions/bosons. The sign convention is designed so that the
following sum rule holds,

G(r,t' + 0%, ¢) — G(r,t' — 070/, ') = —id(r — 1'). (2)

Without caution we have defined GG in the so-called Schroedinger picture, in which the field operator does not
contain explicit time dependence, while the wave function evolves in time. The definition can be simplified in the
Heissenberg picture, in which operators evolves in time as

OH(t) _ e_thOe_th, (3)
while the wave function is fixed. It is easily verified that
G = —i{0IT s (x, )}, (', £')][0), (4)

where T is the time-ordering operator that puts operators at earlier time to the right, subject to the convention that
when fermion fields are exchanged a minus sign occurs. We can also write GG in the momentum space,

G(kat;kl7t/) = _z<O‘T[¢H(k7 t)w}I(k/ﬂt/)HO% G(kat;kl7t/) = G(kvt _t/)(skk/? (5)

where the second expression applies for translation invariant systems.

B. Fermions

To have a flavor of the Green’s function, consider a free fermion system described by H = >, ekz/);r{wk, for which
we have

P (k,t) = e 7%l (k) = ¢f (k)elot,
Gk, t —t') = —ie ™<= [0(t — ")0(ex) — O(' — 1)0(—ex)],
. 1 1
G(k,w) = / dtG(k, t)e™!t = = . (6)

w— e~ 0t et — ¢y

In the last expression we performed Fourier transform, and we used the formulae

) dw e—iwt ] dw e—iwt
e(t)_@/%wﬂm’ 0(=1) __Z/%w—zﬂ*' (™)



The simplicity of G(k,w) is the reason why a factor of —i is introduced in the definition of G(r,t;r/,t').
Let us have a closer look of G(k,w):

Gk,w)=P — dmsign(ex )0 (w — ex). (8)

W — €k

Clearly the pole of G(k,w) indicates the single particle energy (measured relative to the fermi level). The sign of
the imaginary part indicates whether this is a particle-like (above the fermi level) or hole-like (below the fermi level)
excitation, while the magnitude of the imaginary part, divided by 7, is a spectral function measuring the probability
density (in energy space) that the excited state propagates as a free particle/hole with energy w and momentum k.

How interactions would modify the structure of G(k,w)?. Due to mutual scattering between particles, there will
be momentum and energy exchange between them. Therefore no particles can propagate without smearing in the
momentum and energy resolutions, although the total momentum of the system is a good quantum number. These
considerations lead to the following ansatz for the spectral function

0w —ex) — Z:M:m + smooth background, (9)
where Zy > 0 is the total weight of the Lorentzian, Ej is the renormalized dispersion and 'y is the scattering rate.
The notion of fermi liquid makes sense if |Fx| > Ty so that the Lorentzian is essentially a delta function for Eyx — 0.
What happens in the real part of G(k,w)? Since for a definite k the Green’s function is analytical in a half complex-w
plane, once the imaginary part is given the real part can be obtained by a Kramers-Kronig transform (see homework).
Interestingly, the spectral function can be measured by state of the art angle-resolved photo-emission spectroscopy
(ARPES). The idea is to skip and electron from the solid by high energy photons. Given the photon energy and by
measuring the energy and momentum of the outgoing electrons one knows how they are distributed in the energy and
momentum space in the solid. This exactly corresponds to the spectral function for hole-like excitations (or occupied
states before excitation). This is a particular example of how the Green’s function can be used to predict physical
properties of the system under concern.

Homework: Suppose we know all eigen states of a fermion system, prove that the Green’s function can be written
as

Gl t) = =iy [{Olgxln) Pe™ P F0G(t) +iy " |(n|gxc|0)Pe~ o= Fn)t0(—t),

_ |{Olxc| ) [? [(nyxc] 0) |7
G(k’w)_zn:w—(En—Eo)—i—iOJr+zn:w—(E0—En)—z'O+' (10)

This is called the Leihmann expansion. Verify the above results for a free fermion model. How can this result be
related to the intuitive discussion of G for interacting systems? What is measured by ARPES in terms of the above
expressions?
Homework: Using the above Leihmann expansion to show that the general Green’s function satisfies the Kramers-
Kronig relation,
Ak, w’) 1 .
G(k,w) = /dw/m, A(k,LU) = —;ImG(k,w)&gn(w) (11)

Find the expression for A(k,w). Show that it is positive definite and satisfies the sum rule [dwA(k,w) = 1. This
justifies it as a spectral function. The Kramers-Kronig relation enables us to recover G from its imaginary part.

C. Bosons

The free boson propagator can also be worked out explicitly. Suppose the hamiltonian is
Hy = eqblibq. (12)
a

The time dependence of b(t) = e'Hvthe=tH! is given by

atbq(t) = i[Hbv bq(t)] = _ieqbq(t)7 bq(t) = bqe_ieqt- (13)



Therefore,
D(q,t) = —i{¢o| Tba (1)l (1) d0) = —ie™ "o [(1 + ng)8(t — ') + ngf(t' — 1)), (14)

where ng = <¢0|bgbq|¢0> is the boson occupation in the ground state. There is a tricky point in this definition
because of possible bose condensation. In principle we require eq > 0 so that ng = 0 at zero temperature. With this
understanding we get, in frequency space,

1

D = 15
@)= (15)

D. Equation of motion

The Green’s function satisfy an exact equation of motion,
i0,G(x,t;x,1')= (0T (x, t)y" (x',1)[0) + (0|[vo(x, 1), & (x', ¢)]£[0)5 (¢ — ¢)

= —i{0|T[sh(x,t), H)T (x',1)[0) + 8(x — x')o(t — 1), (16)
where [---]1+ denotes anti-commutation or commutation. The source term on the right hand side justifies the name

“Green’s function”. For a free system, the right hand side is again a single particle Green’s function (aside from the
source term), and can therefore be solved exactly. For many particle systemss, the commutator generates four-field
terms. One would then have to define two-particle (or four-point) Green’s function and derive its equation of motion,
which in turn generates higher order terms. In some cases one may approximately truncate higher order Green’s
function in terms of lower order ones to get a closure. This approximate approach can be applied not only to fermions
and bosons, but also to other systems, such as the spin system (the spin operator is neither fermionic nor bosonic).
However, the result heavily relies on how the truncation is made, and is thus very biased.

On the other hand, the equation of motion can also be utilized to express the ground state energy in terms of the
single-particle Green’s function (and its time derivative). This is because the commutator [1)(x,t), H] takes out a
creation operator in V, and is compensated by ¢ (x’, ). So under the limit of x — x’ and ¢ — #', the commutator term
is a combination of kinetic and potential energy (upon integration over x). For a system with Coulomb interaction,
we write the hamiltonian as H = Hy + Hy, where Hj is the single particle part and Hy the interaction part. It can
be shown that

(0|Hyp0) = $i/ lim  ho(x)G(x,t;x',t),

x /=t x/—x

(0| Hy|0) = F= lim [0 — ho(x)]G(x, t; X, ), (17)
2 x /=t x/—x
where the upper /lower sign applies for fermions/bosons, and hg(x) = —V?/2m — u is the single particle hamiltonian.
Combining the above two equations we get the ground state energy
(0| H0) = F~ lim  [i0 + ho(x)]G(x, ;X , t'). (18)
2 x t/—=tt x/—x

We can derive another form for the ground state energy. If we scale V' by AV, and get the ground state for each A,
we know by Feynman-Vernon theorem,

dE Ld\
— =(0,|V|0y), E—Eg= / —(0A|AV|0y), (19)
dA 0o A
where |0,) denotes the ground state of Hy + AV. Since Ej is a constant independent of A, we conclude that
. A
1
E—Ey=%- / / — lim  [i0; — ho(x)]Ga(x, t; X', ). (20)
2 xJo A t—tt ,x'—x
The advantage of this expression is the integrand contains the inverse of the free propagator, since
(10 — ho(x)]Go(x, t; X', t') = d(x —x")d(t — 1), (21)

so that the energy difference is expressed as a comparison between Green’s functions in the free and interacting cases.
Homework: (a) Try to get the single particle Green’s function for free fremions (in a continuum model) using the

equation of motion in real and momentum space separately. (b) Express the ground state energy formula in the
momentum and frequency space. (¢) Verify the formulae for the ground state energy assuming a free fermion system.



II. PERTURBATION THEORY FOR G
A. Gellman-Low construction

In the previous section we defined the single particle Green’s function assuming that the exact ground state is
known. However, exactly solvable models are very rare, and we have to design a method to calculate G without
resorting to the exact ground state at all. A trick due to Gellman and Low is as follows. Suppose H = Hy + V' where
Hj is the free part that can be solved exactly, and V is the interaction. Suppose the ground state of Hy is |¢g), then
under adiabatic switching on of V, the system evolves to |0) as follows,

0
o) =Texp i [ _anttta + 3] fo). (22)
where )\; is a smooth function which is zero at t = —oo, gradually increases, and stay at Ay = 1 for ¢t > —T where T is

a large time scale. (We hope the reader can tolerate and distinguish the use of T for time-ordering operator and for a
large time scale.) As time increases further we assume \; decreases for ¢t > T again to zero. This forms an adiabatic
parametric cycle. Defining

to

Hy=Ho+ ANV, Ul(ty,t2) = Texp(—i H,dt), (23)

ty
we rewrite the definition of G in the Schroedinger picture,
G(r, t;x',t))= —i(go|UT (¢, —00)tb(x)U (¢, ¢ )T (") U (', —00) | d0)0(t — t') + - --
= —i{o| U (t, —00)U" (00, )U (00, ) (r)U (£, ) (x")U (', —00) | g0) 01t — ) + - -
= _Z<¢0‘UT(OO7 _OO)(OO? t)’(/)(I')U(t, tl)wT(r/)U(t/7 _OO)|¢0>9(t - t/) +eee (24)

On the other hand, U(oco, —00) furnishes an adiabatic parametric cycle in A. Assuming that no level crossing occurs
during the cycle,

U (o0, —00)|do) = €|do),  (polUT (00, —00) = (gole™ ",
1

e i = Ut (00, —00 = , 25
where ¢ is a pure phase during the adiabatic evolution. Substituting the above into G we arrive at
s INol T (! /I
G(r,t;r’,t’) _ z<¢0|U(oo,t)1/J(r)U(t,t )¢ (I’ )U(t ) Oo)‘¢0>6(t _ t/) 4 (26)

(¢o|U (00, —00)|¢o)

Now all averages are performed in the ground state of Hp, thus it makes sense to separate Hy and AV in H; (which
is involved in U). Consider an infinitesimal interval ¢ —¢' = e > 0 and € — 0, we have

U(t—t') ~ Ug(t, t')e Ve = emtHolt=t) o=ilt=t)V (27)
In close analogy to the Heissenberg picture, we define an arbitrary operator A in the so-called interaction picture,
A(t) = etHot ge=iHot, (28)
By this definition, we write
giHot g=ieA:V p—iHot _ ,=icV () V(t) = \etHoty e—iHot, (29)

Now dividing the full evolution into infinitely many infinitesimal ones, we find both the numerator and the denominator
of G can be expressed as ordered product of Uy and other operators. We can simplify such products by observing

(¢o|lUo(T,t1)A1Uo(t1,t2) Az - - Up(tk—1, tr) ArUo(ti, —T)|do) = (¢o|A1(t1)Aa(ta) - - - Ap(te)|do)e 2 FoT,  (30)

for any operators A; and T' >ty > t3--- >t > —T. Here Ep is the ground state energy of the free system. Since
the factor e=2FoT" will appear in both numerator and denominator it will be dropped henceforth. Substituting into
G for both signs of t — ¢/, we arrive at the final expression in the interaction picture,

—i{golTe 7 VI i, (i (x, 1) g0)
<¢0\Te’iffio V(' )de” 60)

Notice that in the time-ordering process, exchange of two fermion operators leads to a minus sign. On the other hand,
we may set A\ = 1 from now on since we may send T" — oo (here T is the large time scale introduced in the adiabatic
cycling). The above expression provides a convenient starting point for perturbation theory.

G(r,t;r',t) =

. (31)



B. Wick’s theorem

Let us evaluate the denominator in G by Taylor expansion,

den =" cor /1 /2 / (G0l T(ViVa - Vi)l bo)- (32)

For any operator sequence A; Ay - - -, it is easily verified that its average in |¢g) is a summation over all possible products
of pair-wise contraction. The only difference to that in the above expansion is the time-dependence. However, the
time-dependence only amounts to dynamic phases, e.g.,

L i(k-r—ext)
o(r,t) — N Zk: Pre . (33)

Therefore the contraction rule applies to all time-dependent sequences. Since each pairwise contraction combined
with the dynamical phase factor is exactly the free particle Green’s function up to a factor of +i, we claim that
each term in the denominator can be expressed as a summation over all sequences of pair-wise contraction generated
Green’s functions G (up to a factor of +i for each Gy). This is called Wick’s theorem.

Homework: For a sequence with N pairs of creation and annihilation operators, there are N! number of different
sequences of Wick contractions. Verify that the summation over these sequences form a determinant. Let us label the
annihilation operators by ¢ = 1,2,--- , N, and the creation operators by j = 1/,2’,--- | N’, the Wick contraction is,

<0|T(¢1¢I'1/’2¢; e wN’(/};rV')‘()) = det[G(J(i =12, N;j= 1/7 2/a e ’N/)]' (34)

If the operators within the time ordering symbol are not in the above order, one can reorder them and count how
many times fermion crossing occurs. If this is odd, the result differs to the above expression by merely a factor of —1.
This general formula is useful for numerical calculation, but is not very useful for analytical treatments.

C. Feynman diagrams for the denominator

Since each contraction sequence can be associated with a graph, known as Feynman diagram, we only need to
establish rules for a general diagram to finish the summation over the Taylor expansion. For the n-th order term:

1. Draw n wavy lines, each with two end points. Draw incoming and outgoing arrows at each end.

2. Label the end points of a wavy line by (r;,t;) and (r;,t;), and associate a factor V(r; —r;).

3. Draw solid lines and connect them to the arrows associated with the wavy lines in all possible ways. Associate
a factor of Go(r —r',t — ¢') with a solid line running from (r’,¢") to (r, ).

Go(r — ")
r=(r,t) -t = (r',t)

4. If a solid line begins and ends on the same wavy line, the time argument of the Green’s function is set to 07,
following from the fact that the creation fields are to the left of annihilation fields in the interaction.

5. Integrate over all space-time variables of the end points.

6. Attach a global factor i"(—1)F/n!, where F is the number of fermion loops (formed by solid lines). This is
because a pair-contraction (11f)g ~ iGy and there are 2n pairs in a n-th order term. On the other hand, there is



factor of (—i)™ in the Taylor expansion, so the total factor is i". The fermion sign follows from the fact that in a
fermion loop there must be one and only one contraction of the form (¥T1)q ~ —iGy.
Some examples are given below.

4
1@2 - % G1-3)G(B—-2)G2-4)GMA—-1)V(1—2)V(3 —4).
. 1234
3
4 % 3 _ % / G~ — 1)G2 - )G —3)GB - 2V(L— V(3 — 4).

(The factor of 1/2™ follows from the factor of 1/2 associated with each V).

We can perform Fourier transform to the momentum-frequency space. The integration over internal space-time
guarantees conservation of momentum and frequency at each end point of the wavy line. We therefore arrive at the
Feynman rule in the momentum-frequency space. For the n-th order term:

1. Draw n wavy lines. Label each wavy line with ¢ = (q,v) and associate it with V(q) = V(q). The direction of
momentum flow can be chosen arbitrarily. Since the interaction is local in time, there is no frequency dependence.

2. Label each solid line with k¥ = (k,w), put an arrow to indicate the direction of energy-momentum flow, and
associate the solid line with G (k).



G(k)
-
k

3. Make sure that momentum conservation is satisfied at each end point of a wavy line, and frequency conservation
is satisfied for incoming and outgoing solid lines connected to a wavy line.

k+gq

4. Integrate over all free momenta and frequencies, with the integration measure [ (g:;} ‘21—: for a free momentum

k and a free frequency w.
5. Associate a factor of ¢°" to the solid line (k,w) that begins and ends on the same wavy line.
6. Attach a global factor i"(—1)f/n!, where F is the number of fermion loops.
Examples corresponding to those in space-time are as follows.

k+q

G(k)e™“* V(0)G(K)e™ "

'/d3kdw d*K dw’
@mt (20!

—i2 d*k;
| I: v
=1 (2m)*

= 5192 G(k1)G(k2)G(k3)G(ka)V (ke — k1)V (ks — ko) (k1 + k3 — ko — k4).

k4 ks



G(k + q)e' @t G (k)G (k)G (K )e™ OV (q)V(0).

_ig/d?’kdw d3qdv &>k’ dw’
2122 [ (2m)4 (2m)4 (2m)4

k+q

D. Connected graphes for the denominator and Linked cluster theorem

A diagram, or a graph is said disconnected if there is no solid nor wavy line running from one to the other part.
The value of a graph consisting of k disconnected parts is the product of the value of each part. To see this, it is only
necessary to take care of the combinatorial factors. Imaging an m-th order graph, and suppose that it decomposes

into k disconnected parts, with ny,mna,--- ,n; wavy lines. There is an overall factor of 1/m!, but there is also
m!/nylng! -« - nyi! of ways the m wavy lines can be distributed. Thus the overall factor is

1 m! 1

m!nilng! - np! nilng! - ong!

There is an exception, however. If the graph contains disconnected repeated parts (each part is connected), there is
an excess symmetry factor of 1/s! where s is the times a pattern is repeated. If there are repeated patterns of different
kinds, then each kind is associated with a symmetry factor. This is consistent with the linked cluster theorem to be
discussed shortly.

It seems a nuisance to draw all possible disconnected graphes. Fortunately the linked-cluster theorem states that

den = exp Z(connected graphes of order n)] . (36)

n

This means that we only have to take care of connected graphes, and exponentiate the results to get the denominator
of G.
The theorem can be proved as follows. Define

Z = (dolSaldo)s S = T exp(—i / Vi), (37)

where ) is a parameter and S) is the scattering matrix of a system with interaction A\V'. We observe that

o= S lr(ss [Vyian =3 (fv ], v V) (3)

n=0

where (---). means connected Wick contraction. (The graphes disconnected to V' cancels out the denominator Zy.)
Notice that the Wick contraction is in fact independent of A. We can integrate over A to find

b 0o .
( Z)n /
InZ = InZ, = E )
n /0 dM\OyIn Z ] o ViVa Vi (39)

n=1 c

This proves the linked cluster theorem.
There is another more formal, but elegant way to derive the theorem. Consider

R
an_vlblg%Jﬁ(Z —1). (40)

If n is an integer, Z™ can be mapped to the vacuum polarization of a system with n independent flavors of particles
with identical hamiltonian. By perturbation expansion we get

" = Z n® X (graphes with s groups of disconnected subgraphes), (41)
S
where n® follows from separate summation over flavor indices. However, in the limit of n — 0 only the zeroth and
first order terms survive. This means that In Z is composed of connected graphes.


change it to 1
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E. Topologically distinct graphes

For n wavy lines in a graph, there are n! possible permutations. This factor cancels out the factor of 1/n! in the
Taylor expansion. It is therefore possible to concentrate on a topologically distinct graph in the equivalent family of
graphs. By topologically distinct we mean two graphs are topologically identical if they can be transformed into each
other by permuting the wavy lines. Therefore the new rule for the denominator is:

1. Draw all n-th order topologically distinct and connected graphs.

2. Label each solid line with (k,w). The arrow indicate the direction of momentum-energy flow. Associate it with
Go(k,w).

3. Label each wavy line with q. The direction of momentum flow can be arbitrarily chosen. Associate it with V(q).

4. Make sure that momentum and frequency conservation is satisfied.

5. Integrate over internal momenta and frequencies.

6. Associate a solid line (k,w) that begins and ends on the same wavy line by a factor of e

7. Attach a global factor i” x (—1)¥ where F is the number of fermion loops. (See necessary modifications in 7’
below)

8. Sum over all orders and exponentiate the result (via linked cluster theorem).

iw0™

Symmetry factor: There is a loophole in the above statements. We assumed that permuting a wavy line results in
new but equivalent Wick contractions. Such a permutation factor would cancel out the factor 1/n! from the Taylor
expansion. On the other hand, there is a factor of 1/2 for each wavy line for Coulomb-like interaction, but it seems
always possible to exchange the two heads of a wavy line, so that this factor can also be canceled out. However, for a
fixed type of topologically distinct graph, the exchange of wavy lines or heads of wavy lines may actually correspond
to the same Wick contraction in the original graph. This is possible if there are symmetry operations that leave a
graph unchanged. We denote S the number of such operations. The value of S is determined as follows. Pick an
arbitrary solid line, and find the number of equivalent solid lines. Two solid lines are considered equivalent if cutting
either of them leads to the same topologically distinct diagram. One can put a particular solid line on any of the
equivalent positions without leading to different Wick contractions. This means that the independent number of Wick
contractions for a particular topologically distinct graph is n!2"/S. Therefore one should divide the result in iterm-7
by the symmetry factor S.

The rule is best illustrated by examples. Consider a Coulomb interaction with the kernel [1'2'21], where in the
square bracket we used numbers (primed numbers) to denote annihilation (creation) fields. In the first order expansion,
the contraction in the form of (117)(22’) and (22’)(11") corresponds to the same Wick contraction, so if we apply the
rule-7 we should further divide the result by a symmetry factor of 2. The same considerations apply to the contraction
(12")(21’). (We leave the sign to be determined by the fermion loops.) In the second order expansion, we have two
interaction kernels [1'2'21] and [3/4’43]. There are 4! = 24 Wick contractions. Let us try to enumerate all Wick
contractions in the second order expansion:

a. There are 4 disconnected diagrams given by [(117)(22') + (12')(21")] x [(33")(44") + (34/)(43")].

x 1@2 +% x [(1,2) = (3,4)].

The others are connected and can be classified by topology.
b. A diagram of the form (11')(23’)(32)(44’) has three fermion loops. The symmetry factor is S = 2, so the number

of such diagrams is 2!122/2 = 4.
= x
2

N =
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c. A diagram of the form (13')(31’)(24')(42') contains two symmetric fermion loops, and has a symmetry factor of
S = 4. Thus the number of diagrams in this topology is 2!22/4 = 2.

> =
X
—_
w

d. A diagram of the form (117)(24')(43")(32’) also has two fermion loops but the two loops are different. The
symmetry factor is S = 1, so the number of diagrams in this topology is 2!2% = 8.

G0

e. A diagram of the form (12')(23')(34')(41’) has one fermion loop, and the two wavy lines do not cross. The
symmetry factor is S = 2, so the number of diagrams in this topology is 4.

N |

X
\S] w
— W~

f. Finally, a diagram of the form (13)(32")(24")(41") contains one fermion loop, and the two wavy lines cross. The
symmetry factor is S = 4, so the number of diagrams of this topology is 2.

=] =
X
—_
w@%
[\

The total number of diagrams is 4 +4 + 2 + 8 + 4 + 2 = 24, exactly as expected.

Homework: Try to enumerate all of the 6! = 720 diagrams in the third order expansion, classify the connected
diagrams by topology and determine the symmetry factor.

Finally we did not mention the spin degeneracy so far. Under our convention for the Coulomb interaction, the spin
is conserved along the fermion lines and across the heads of the wavy lines. Therefore, within a fermion loop the
spin label is the same, and summing over spin polarizations results in a factor of 2s + 1, where s is the spin quantum
number. Therefore, the Feynman rule-7 should be modified to

7. Attach a global factor i" x (—1)f" x (2s + 1)¥'/S, where F is the number of fermion loops, 2s + 1 the spin
degeneracy, and S the symmetry factor of the topologically distinct connected graph.
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F. Graphs for the numerator and connected graphs

In a similar fashion we have the diagrammatic rules for the numerator in G.

1. Draw all n-th order graphs with two external points (one incoming and one outgoing).

2. Label each solid line with (k,w) and associate it with Go(k,w). Put an arrow to indicate the energy-momentum
flow.

3. Label each wavy line with q and associate it with V' (q). The direction of momentum flow can be arbitrary.

4. Make sure that energy-momentum conservation is satisfied everywhere.

5. Integrate over all internal momenta and frequencies.

6. When a solid line begins and ends on the same wavy line, attach a factor of eiw0”
the solid line.

7.. Attach a global factor i"(—1)¥ /n! where F is the number of loops formed by solid lines.

Any graph contains two parts: a part connected to the external points and a part disconnected to external points.
Suppose in a graph there are m wavy lines and n of them are connected to external points. The combinatorial factor
is

where w is the frequency on

1 m! 1 1
A S e 42
ml nl(m—n)  n!(m—mn)! (42)

Therefore the value of the diagram is a product of disconnected parts. Summing over all diagrams we conclude that
the numerator can always be written as a product of connected diagrams and the summation of vacuum diagrams
(without external points). But the latter cancels out the denominator exactly. Therefore

Gk,w) = Z(connected graphs with external points). (43)

Moreover, the factor of 1/n! in the Taylor expansion is exactly canceled out by the combinatorial factor by permuting
wavy lines, thus we can get rid of the factor and sum over topologically distinct connected graphs only.

G. Feynman rules for G

Summarizing, we obtain the final rules for a perturbation expansion of G:

1. Draw all n-th order topologically distinct and connected graphs, with incoming and outgoing external points.

2. Label each solid line with a (k,w) and associate it with Go(k,w). Put an arrow on the solid line to indicate the
flow of energy and momentum.

3. Label each wavy line with q and associate it with V' (q). The direction of momentum flow can be arbitrary.

4. Make sure that energy-momentum conservation is satisfied.

5. Integrate over internal momenta and frequencies.

6. When a solid line begins and ends on the same wavy line, introduce a factor of 0" where w is the frequency
on the solid line.

7. Attach a global factor i"(—1)¥ where F is the number of fermion loops. The factor of 1/2" from the Coulomb
interaction drops out since exchanging the two heads of a wavy line leads to topologically identical but new Wick
contraction. There is no symmetry factor to be taken care of, since the external lines always make the connected
graph asymmetric. If there is spin degeneracy, multiply the result further by a factor of (2s + 1)F".

In the following we provide some examples.

= Go(k) {—i ; Go(K)e™ OV (0)| Go(k).




— Gt () [—z’ [ oty V)] n = of iteraction ines,
k/

= Galb) | [ Gull + )Galk = ) Gl + )V @V Gol

=Gl | [ Gulk+ )Galk+ 0= )Golh+ V@V (@) Gol)

Go(k')Go(K)Go(K' + q)e“ "V (q) | Go(k).

k'.q

13



14

H. Proper self-energy and Dyson equation

A proper self energy diagram is a diagram obeying the Feynman rules established so far and can not be separated
into two parts by cutting a solid line. Let X(k,w) represent the sum of all proper self energy diagrams (the red lines
are external legs):

B &
4@4%%@*@

G = Gy + GoXGo + GoZGoEGo + - - - = Go + GoZG = Gy + GEGy, G ' =Gyt -3, (44)

4+ ...

It follows that

where we suppressed the arguments (k,w) for brevity. This is the celebrated Dyson equation in various forms.

Graphically,
| _ - + < ‘=‘=

Symmetry-factor theorem for connected vacuum diagrams: We can now prove the theorem for the symmetry factor
of a topologically distinct vacuum (t.d.v.) diagram, and draw a connection to the topologically distinct self-energy

(t.d.s.) diagram. Consider adding a term — fwir)\(l — 2)1p5 to the interaction part of the hamiltonian. By definition,
)

sz

= G. (45)
0

On the other hand we can of course absorb \ into the free part, which modifies the free propagator as Gy ' — Gy '+ \.
Up to linear order in A\, we have

Z[A\ Zo|A] / / 6an / / dIn Z[0
1 =1 NG MGy G . 46
0 D(ZOU ) "t e (46)
Notice that the products in the integrand should be understood as convolutions. On the other hand, Z, denotes the
vacuum polarization in the absence of V. Combining the above two equations we conclude that

01ln Z(0)
dGo

G=Gy— Gy Go = Go + GoX(Go + GoXGo + -+ )Gy = Gy + GoXG, (47)
with internal convolution. This means that —§In Z/dGy generates all connected diagrams (reducible self energy
diagrams) for G. Or more vividly, cutting a solid line (into two and multiplied by a minus sign) in a vacuum diagram
generates a correction to G. If the symmetry factor of a t.d.v. diagram is S, there would be S copies of a given
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topology after the functional derivative. On the other hand, it is impossible to get the same t.d.s. diagram by cutting
two t.d.v. diagrams. (Otherwise the two vacuum diagrams must be identical). Now specialize to the case of n-th
order diagrams. We get two important observations:

a. Since the degeneracy of a t.d.s. diagram is n!2™, to match the counting it must be true that the degeneracy of
the corresponding t.d.v. diagram is n!2™/S. Thus the total number of connected vacuum diagrams in all topological
classes of order n (i.e., the number of all different vacuum connected Wick contractions) is

Ney. = > nl2"/s;. (48)

t.d.v. of type i

b. Since an n-th order t.d.v. diagram has 2n solid lines, it can generate 2n/S t.d.s. diagrams by cutting the solid
lines. Therefore the total number of t.d.s. diagrams is given by

Neas.= > 2n/S;=2nx Noy. /(ni2"). (49)
t.d.v. of type i

Out of these t.d.s. diagrams, only a part of them are proper.

I. Proper polarization

Just as the Green’s function itself, the proper self-energy is composed of solid lines and wavy lines. It can be further
simplified by defining proper polarization diagrams: A diagram is a proper polarization diagram if it can be connected
to wavy lines but can not be separated into two parts by cutting a wavy line. If we denote the summation over such
diagrams as II(q, v),

where solid lines and wavy lines within II can be further renormalized (even with further vertex corrections), we can
define renormalized interaction as

Vir(a,v) =V(q) + V(@Q)(q,v)V(@) +---, Vi'(q,v)=V""q) —I(q,v). (50)

We notice that while the bare interaction is instantaneous (with no frequency dependence) the renormalized interaction
contains retarded components (with frequency dependence).

If we replace the bare Gy and V(q) by the dressed G and Vg(q,v) in the lowest order proper self-energy diagram
we obviously generate infinitely many diagrams in terms of Gg and V. The question is: Does this operation exhaust
all possible diagrams? The answer is NO. There are diagrams that can not be reduced to the diagrams generated in
the above operation, e.g., those with vertex corrections.

J. Vertex and proper vertex

A vertex diagram is a fully connected diagram with two external solid lines and one external wavy line. A proper
vertex diagram I's is a vertex diagram in which all proper self-energy part on the external solid line and all proper
polarization part on the external wavy line are removed. (This is called amputation.) Graphically,

e

The solid and wavy lines within I's can be further renormalized in all possible ways.
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K. 4-point interactions

In order to analyze the structure of I's, one may proceed to consider general 4-point interactions. In this way,
one ends up with one-particle-irreducible (1PI) interactions Fy, which can be further classified by 2PI interactions
I'y. In a particular channel (such as particle-particle or particle-hole channel), it can be shown that these 4-point
interactions are related by the Bethe-Salpetal equation, Fy = I'y + 'y xF4 where Y is the suitable susceptibility in the
given channel. However, it must be pointed out that a 1PI interaction in one channel may act as 2PI in the other
channel, and vice versa. The interaction that acts as 2PI in all channels is called fully 2PI. The bare interaction is of
this type. But there are more complicated ones due to the many-body effects. We shall not proceed along this line
here. Some details can be found in Advanced Topics.

L. Skeleton diagram

If we use double solid line for G and double wavy line for Vz, then the self-energy can be represented in the form
of the lowest order self-energy diagrams, but with one of the end-points of the wavy line replaced by the sum over all

proper vertex diagrams,

<J> Iy

Try to convince yourself that this is true.

If one connects the two external points of the proper self-energy by a solid line, the graph becomes closed and
is, up to a symmetry factor, a skeleton diagram. We sum over such diagrams and call it I, a functional of G. By
definition ¥ = 6I'/dG should be the proper self-energy. In this sense, I' is said to be the generator for X. Since the
proper self-energy ¥ is already one-particle-irreducible (1PI), the skeletons must be at least 2PI. Such diagrams can
be formally found from the 2PI vacuum diagrams,

4

+ 1 2 + higher order terms,

where solid lines are to be understood as the dressed G while the wavy line is the bare V. Notice that while the full
set of connected vacuum diagrams is the generator for reducible self-energy, only the 2PI subset is the generator for
the proper self-energy.

The Dyson equation can be interpreted as a geometrical condition that minimizes the following Baym-Kadanof
functional

Q:/mf—®+m@+n (51)
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Indeed, the extremal condition
606G =G -G+ 2 =0, X =0T/0G, (52)

is nothing but the Dyson equation. The Baym-Kadanof functional conserves symmetries of the underlying system,
providing an excellent starting point for variational studies. For more details, see discussions in Advanced Topics.

III. SIMPLE APPLICATIONS

In this section we illustrate how the theory developed so far is applied in particular cases. To begin with, we recall
that
1 1
GO (ka (.U) = = ) (53)

w— e~ 0t weldt — ¢

where €y is the single particle dispersion in the unperturbed system. The last expression means that we can take
care of the imaginary part by simply rotating the frequency axis counter-clock-wise by an infinitesimal angle. This
is called Wick rotation. All frequencies in zero temperature calculations are subject to Wick rotation, and we will
therefore suppress the phase angle wherever applicable, and it can be restored wherever necessary.

In practice, we will encounter some elementary integrations over frequency which we should get used to. For
example,

dw

Go(k,07) = | T-Goll,w)e™” = ib(~ay) = ific.
Go(k,0") = Z—:G) (k,w)e 0" = —if(e) = —i(1 — fi), (54)

where fy is the zero-temperature fermi distribution function. As another example,

i(fx — fitq)

V= (€xrq — €x)’ (55)

d
/%Go(k,w)Go(k +quw+v)=

The result is zero unless k and k 4+ q are on different sides of the fermi surfaces. The polarization bubble is therefore

given by
o Pk fx — frtq
Tq») = / o P (56)

The integrand is clearly a Green’s function for bosons, and it is nothing but the propagator of particle-hole excitations.
Notice however such excitations are virtual, and there are both particle-hole excitations and annihilations. In the
limit of @ — 0, we find (in 3D),

3k S(ex)vy-q v v —vpq
I ~ =—Ny|l+ —In—= o7
(a,v) /(277)3 v—vs-q 0 { + 2vq nu—i—qu ’ (57)

where Ny is the bare density of states at the fermi level and vy is the fermi velocity. The limits at low and high
frequencies are,

H(qu) ~ 7N07 |V| < vfq,
N0v2q2
M(q,v) ~ — 5. v > vsq. (58)

A. Screening and plasma mode

We first examine the renormalized interaction, ignoring vertex corrections. This is called random phase approxi-
mation (RPA), which applies to high density electron systems, and is exact in the limit of infinite spin degeneracy.
In general,

Via) _ Vi)
1-1(q,»)V(a) elq,v)’

Vr(q,v) = (59)
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where e(q, v) is the dynamic dielectric function. We observe that although the bare interaction is instantaneous the
renormalized one has retarded components due to many-body effects. While a thorough analysis is difficult, the long
wavelength limit of Vg is straightforward.

Consider 3D for definiteness. In this case V(q) = 4me?/¢%. In the limit of v < vyq, we get

2 4re?

4de 9 9
= = = 47 Nye“. 60
g2 +47Nge?2  ¢2 + k2’ " TiYoe (60)

Vr(q)

This reflects static screening , with a screening length scale A = 27/k. On the other hand, in the limit v > v;q, we
get

2 2
v 2

4me 4
w2 = §We2N0uJ%. (61)

Vr(r,v) = I A
This signals a sharp plasma mode at frequency w,. Since Novfc /3 = n/m, where n is the density of electrons, the

plasma frequency can be reexpressed as wf, = 4ane’ Obviously the plasma mode is a long wavelength collective mode

of charge fluctuations. Since the plasma mode is gapped it is barely coupled to low energy particle-hole continuum,
and is why it is undamped.

For vyg > |v| the bubble polarization has imaginary part, and this contributes to a branch cut of continuum in
VR(CL V) .

Homework: In two dimension, the bare Coulomb interaction V(q)  €?/q. Find the plasma frequency as a function

of q.

B. Hatree-Fock approximation

In this approximation, we use a proper self-energy > to the first order in V', but we replace the solid line in ¥ by
the dressed Green’s function G.
The tadpole diagram contributes

) d*k’ duw’ b w0t
Yi(k,w) = —2zV(O7O)/ CE ﬁG(k ,whe =V(0,0)n, (62)
where V(0,0) means the Fourier component V(q = 0,v = 0), the factor of 2 accounts for spin degeneracy and n is

the electron density. This is equivalent to decouple the Coulomb interaction as

YL (KW (x = X Yo (o (x) = (5 (x) b (x)) 9], ()Y (' = x)¢hr () + (0% 3 0'X). (63)

This is clearly an effect of direct Coulomb interaction, and is called a direct or Hatree correction. But we immediately
meet a difficulty: V' (0,0) diverges. This is in fact not a problem. We have to take care of the uniform positive charge
background, the effect of which on the electrons exactly cancels out ¥; (in the unform case only).

The sunrise diagram contributes

d*k’ dw’ ' 0+ d®k’
Sokw) =i | =5 -—G(K, W MOVk—k':—/—Vk—k’ K’ 64
() =1 [ G RGN VR K) = [ SV K)n(K), (64)
where n(k’) is the dressed momentum distribution function of the electrons. This is equivalent to decouple the
Coulomb interaction as

PLE) YLKV (x = X ) (X )he (x) = (] (%) 0o (X)L (K )V (X" = x)1ho (%) + (x <+ X), (65)

and is therefore called an exchange of Fock contribution. This is a pure quantum-mechanical effect between electrons
with like-spins. Contributions to X(k,w) apart from the Hatree-Fock ones are called correlation effects.

Since the Hatree-Fock self-energy is frequency-independent, it effectively modifies the single-particle hamiltonian.
In the translation invariant case, this merely modifies the dispersion €x — Eyx = ex + Xk. If, however, translation
symmetry is spontaneously broken, we would have to evaluate the self-energy in real space. (In this case, the tadpole
diagram should be reconsidered in real space, given the non-uniform electron density). In any case, the self-energy
can be encoded in an effective single-particle hamiltonian

h(x,x) = ho(x,x") + B(x,x’), (66)
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so that G is given by
On
Gl x5 = 3 2D (o) (67)

where ¢, (x) is the eigenstate of h(x,x’) of energy F,. This G is then used to calculate X(x,x") again until conver-
gence is achieved. This called a Hatree-Fock mean field theory.

Homework: Using the Green’s function technique to construct a self-consistent Hatree-Fock theory of ferromagnetic
and antiferromagnetic order in a repulsive U Huabbard model on a square lattice with nearest-neighbor hopping ¢.

At half filling (one electron per site), compare the mean field ground state energy and decide which order is more
favorable. Use computers if you feel necessary.

C. Landau-Fermi liquid revisit

The general Green’s function can be written as, in the uniform case,

G kw) =w— e — B(k). (68)
Define
/ 1 82/ 12
By = e +3Y'(k, Ex), —=1- ;o T = -2 X" (k, Ex), (69)
Zk 600 w=Ex

where ¥/ and ¥ denotes the real and imaginary part of X, we can rewrite G near its pole as

Zyx
Gkw)~ —————— -, 70
where Fy is the renormalized dispersion, and --- indicate the smooth part. This is a form we anticipated in the

introduction. The approximation makes sense only if 1) Zx > 0 (and the sum rule requires Zx < 1), and 2)
|Ex| > |T'k| so that the Green’s function has a sharp pole as Fx — 0. In the Landau-Fermi liquid, I'x o< Ex|FEx| for
Eyx — 0, so that

Jk= <¢;L¢k> ~ Zx0(—Ey) + smooth backgrounds. (71)

As far as Zi > 0 there is a one-to-one correspondence between e, and Fy, so that Ey describes quasiparticles in the
Landau-Fermi liquid theory.

Clearly in the Hatree-Fock approximation Zx = 1 since the frequency independent self-energy simply modifies the
dispersion relation. There is no imaginary part. Moreover, ¥ (k) turns out to rise sharply near k = k¢ so the effective
mass diminishes. This is of course an artifact due to the poor approximation.

We now go beyond the Hatree-Fock approximation by considering the screened interaction. We define

(q,») = Il(q,0) + All(q,v), —4re’ll(q,0) = &, (72)
and rewrite Vg as

47e?

_ (7 2
= Rl dnAli(qp) A0+ Val@Ol@ )+ (73)

VR(qa V)

where Vr(q,0) = Vz(q,0)(¢> + 2k2)/(¢* + K2). Substituting Vz(q,v) for V(q) in the Hatree-Fock approximation
leads to well-behaved self-energy X (k,w). In the following we concentrate on the component AX(k,w) part of ¥(k, w)
that has an imaginary part. Since f/R(q, 0) leads to frequency-independent self-energy correction, we concentrate on
the effect of V3(q,0)II(q,r) on AX(k,w). In principle we should use the full ¥(k,w) to get G(k,w) self-consistently.
However, that would be too difficult to get the final answer. Instead, we use G~'(k,w) = w — Fxe " with a
renormalized yet unknown dispersion Ej as the leading approximation, and we want to justify that the further
correction AY(k,w) is small, and in particular |AY" (k,w)| < |Ex|, for |Ex| — 0 so that the Landau-Fermi liquid
picture applies. The approximate expression form II(q,») obtained earlier is not convenient for the present purpose
so we restore its full expression. Finally we write

. 1 fo— for
AS(k, w)~ Vr(q,0)? _ P_Jprd___
(I w)~ i apv #(a,0) w+v— 13'1{_~_016*ZO+ v—(Eptq — Ep)eﬂ0+

0(—ELE. O0(ExioF,
— / Vﬁ(q, 0) (E P pJ;jl) ( E+q pzioJr ,
Pa w — (Bxtq + Ep — Epiq)e
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where in the last equality we used the fact that sign(Ep — Eptq) = sign(Ep) if sign(EpEp+q) = —1. The numerator
guarantees the energy in the bracket of the denominator is (| Ex+q| + |Ep| + |Ep+ql). Consider w > 0 and is small.
(The other sign of w can be discussed similarly.) The imaginary part of AY. is given by

AY(k,w) ~ —7 V}%(q, 0)0(Ep)0(—Eptq)0(Extq)dlw — (| EBxtql + |Ep| + [ Eptql)l- (75)

There is a severe kinematic restriction due to the theta and delta functions. They describe the following scattering
processes: an electron with momentum k is scattered into an electron with momentum k + q, and simultaneously an
electron-hole pair composed of an electron at momentum p and a hole at momentum p + q is excited. The energy
(relative to the ground state vacuum) of the initial state is w, and is equal to that of the final state |Exiq| + |Ep| +
|Ep+ql|. The contribution to the imaginary part is nothing but the Fermi-Golden-rule scattering rate. The fact that
the scattering rate can be calculated from the scattering process in a half of the self-energy diagram is a manifestation
of the optical theorem. The phase space contributing to the above integration is of order w?/ UJ% for each q, where vy
is the fermi velocity calculated from Ey. Combined with the fact that there is no singularity in Vz(q, 0), we conclude
that as w — 0 we have |AY" (k,w)| o w?. By causality AX"(k,w) ox —w?sign(w).

What about the real-part AY'(k,w)? Since AY is a summation over Green’s functions, it can be recovered by
AY(k,w) via the Kramers-Kronig relation,

E// k N ol /
(k,w")sign(e)

— —w, w—0. (76)

AY (k,w) = —l/alw'A
™

Thus the quasiparticle weight Z, = 1/(1 — 9AY'/0w) < 1, as we required. The new quasiparticle energy dispersion
becomes wy = Ex + AY (k,wy). At the fermi surface wyx = 0, but this is equivalent to Fx = 0 since AY¥'(k,0) = 0,
so the Fermi surface is not affected at all by the frequency-dependent self-energy correction. This justifies the so-
called Luttinger sum-rule: the fermi surface volume is unchanged by interactions. However, the fermi velocity is
renormalized. Let us assume AY'(k,w) ~ —aw (as justified above), we get wx = Ex/(1 + @) = ZxEx. Therefore the
fermi velocity is renormalized by a factor of Zy < 1.

The above discussions bring about the following picture: The low energy excitations in an interacting electron
system are described by quasi-particles with energy dispersion in one-to-one correspondence to the free system up
to a renormalization of the fermi velocity (or effective mass). This is exactly the underlying assumptions of the
Landau-Fermi liquid. In a nutshell the Landau-Fermi liquid behavior follows from the phase-space restriction due to
both momentum and energy conservations in the electron-electron scattering.

Disclaimers: We should not claim that we have proved the Landau-Fermi liquid behavior in the many-body system.
Otherwise the condensed matter systems would be too boring. In fact the perturbation theory fails if the system is
going to develop symmetry breaking orders. Such instabilities arise when the assumption made in the phase space
argument fails, e.g., in the Cooper pairing channel, and in the case of fermi surface nesting. The Landau-Fermi liquid
picture is however applicable in the normal state well above the transition temperature. Therefore, a better way to
view the behavior of a physical system is to describe them by effective theories at the appropriate energy scale. In
this respect, the renormalization group point of view is most appealing and useful. This machinery is also possible to
predict which channel is going to be unstable.
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In this lecture I formulate the zero-temperature many body system in terms of path integrals and
re-derive the Feynman rules. I also introduce the generating functional for linked Green’s functions.
This exercise is a warming up for Matsubara Green’s function and Keldysh Green’s functions.



I. INTRODUCTION

According to the Gellman-Low construction, the Green’s function can be expressed as

—iOJU (oo, DU (6, )8 (YU, —o00)
01U (o0, —o0)|0) oe—t)+

G(r,t;r' ') = Y (1)

where from now on |0) denotes the ground state of Hy instead of H. The purpose is to express both the denominator
and numerator as functional integrals over coherent states.

II. SINGLE-MODE FERMION

To get familiar with path integral, we begin with a single-mode fermion. Since there is only one single-particle state,
we are free from interactions (in the absence of spin degrees of freedom). The hamiltonian is H = ¢fe¢. Consider
decomposing the scattering matrix U (oo, —o0) into infinitely many small pieces,

U(oo, —00) = e eHemiel . omicl o ), (2)
By doing so we can take the approximation
e H 1 —ieH. (3)

The error is of order €2 and is therefore safe. Denote Z = (0|U (00, —00)|0), and insert identity operators expressed
in terms of coherent states between any adjacent time slices, we find

Z = / DGDIIy, [e*mwkﬂd’k(lfz‘sa‘smem)] ~ / D¢Dee',
S—>/dt ¢ (10 — ¢€) ¢—>/—¢3 w—€) ¢. (4)

There is in fact an ambiguity here. The boundary of the time axis contributes a factor

= <O‘¢oo><¢—oo|0>a (5)

which depends on whether there is fermion(s) in |0). In order to avoid such an ambiguity we may introduce a factor
e~0" JdtH i the scattering matrix so that it automatically projects out the correct ground state for any |0) so long

that it is not orthogonal to the true ground state. This prescription leads to

S%/dté(i&t—eei ¢ — /—¢>w—ee 07y 4, (6)

The kernel w — ee™®" is exactly the inverse of the Green’s function in our case. We understood that the phase factor
corresponds to Wick rotation. The phase factor will be dropped for clarity unless specified explicitly otherwise.
In order to get the numerator in G, all we have to do is to insert some ¢ or ¢ at appropriate positions (in time),

thanks to the coherent states. To capture all possible insertions, we now introduce source fields ¢ and € in Z so that
s=[atétio -0 o+ [a o+ 0) 7)
Performing functional derivatives with respect to £ or &€ we can take ¢ or ¢ off the exponential, and they are auto-

matically at time-ordered positions. Since the exponential always contains even number of fermion fields we can shift
the ¢-fields freely across the exponentials. The Green’s function can now be written as

Glt.t) = gy | PP 603N = i3 )00
i 4] 4]
210,0) 36(¢) 5201

which can be shown to be correct for both ¢t > ' and ¢ < ¢. The key point is exchanging Grassman fields automatically
takes care of the fermion sign.

G(t,t) =

z6d ®)

g=e=0



For free fermions, the path integral for Z can be performed exactly to yield,
2066 = 4 exp | i [ aatE0Golt )60 0

where A is a constant independent of £ and &. This is easily verified by completing the square and by using the
linear algebra for Grassman fields. Since A appears in both the numerator and the denominator we can set A = 1
henceforth. For free fermions we recover the trivial result G(¢,t') = Go(t, ).

III. EXTENSION TO MANY FERMIONS WITH INTERACTIONS

Apparently the discussion of the single-mode fermion can be directly extended to many modes, under the assumption
that there is no coupling between such modes. Since the Grassman algebra is linear, we may imagine that these modes
are the eigenmodes of a general free fermion system, and by inverse unitary transform, we can write the results in
terms of the original fermion modes. This reasoning means that for a general free fermion system, we have the
functional

Zolé§) = [DiDo e, So= [ aa)Gy ool + [ (364 €0 (10)

where x = (x,t) is a space-time label. We used a subscript ¢ to denote that this is for a free fermion system. In Sy
we made it clear that the integrand contains

Gyl(z,2') = 6(t —t)[i0pd(x — x') — h(x,X)], Gy'(w, k) =w — ex. (11)

Here h is the single-particle hamiltonian.
If the system contains interactions, it is straightforward to see that

2166 = [ DiDs &S, s=5+ 50,
1 _ _
SI = _5 / dt/ (b(X, t)¢(xl7 t)V(X - X/)qb(x/v t)¢(X, t) (12)
Since all ¢ () fields can be obtained by functional derivatives of Zy with respect to £ (£), we conclude that
Z[E,€] = 1O Z ¢ €], (13)
Notice that we make the following substitutions

and because ¢ and ¢ always come in pairs, we have absorbed the factors of 4 in S;.
Once Z[¢,£] is calculable, the exact Green’s function is obtained as

o 00
Z[0,0] é=¢=0 6&2 6&;

G(172) = Z[ga 5]7 (15)

where 1 and 2 denote two space-time variables. The numerator contains two more functional derivatives than in the
denominator. Both can be obtained by expanding the derivatives associated with the interaction. Given the rules
for Grassman fields and Grassman derivatives, we immediately prove the Wick’s theorem and get all Feynman rules
established previously.

Homework: Verify that the path-integral formulation for G recovers all Feynman rules established previously.

IV. GENERATING FUNCTIONAL FOR LINKED GREEN’S FUNCTIONS

From linked-cluster theorem, we see that Z[0,0] must be an exponential of the summation over contributions from
connected and closed vacuum diagrams. This remains to be true in the presence of external fields £ and &, which



act as external legs of connected and closed diagrams. Since the 2n-point Green’s function is obtained by n-pairs of
functional derivatives with respect to £ and &, we conclude that

(nl)?
where G, is the completely anti-symmetrized, linked and exact 2n-point Green’s function. Therefore
WIE €] = In Z[E, €] (17)
is a generating functional of exact linked Green’s functions in the sense that

_ _ ) b 0 o
Ge(1,--- ,n;1' - n))=—i PPl O e = = = —— e -
(Lo m n) = —ilgre s dudy o fude = i g g e

Z[€, €] = exp [zz (=1 /1 e En--E1Ge(L, - om0 - '51'] ; (16)

wES| 0

Homework: Derive the path-integral formulation for bosonic Green’s functions and obtain the generating functional
for linked Green’s functions.

V. SIMPLE APPLICATION: T-MATRIX

For better clarity consider a lattice model, with the hamiltonian
H =" $lhyt; + vV, (19)
ij
Here h;; is assumed to be translationally invariant, and V' is an impurity potential at the origin. If V' = 0 the Green’s
function is easily obtained as

1 .
GO(k,W) = m, G 'L ] w N ZGO 74 (% ])’ (20)

where ¢y is the dispersion associated with h;;. Now the point is how to get G(i, j;w) for V' # 0. Notice that since V'
breaks translation symmetry the perturbed G is no longer a function of x; — x; only. However, the potential is static
so that time-translation symmetry is preserved and is why we use w as the argument (instead of w and w’).

We try to solve the problem in terms of path integral. The action is

s=[5on L= DG s = o0V + (G + i) (21)

We introduce auxiliary fields ¥ and x to decouple the V-term, so that
L= Gyt (i, jiw)d; + XV~ x+¢ox+x¢o+z $i + Eihs). (22)
ij

We see that the impurity effectively modifies the source fields £ — £ + xd;0 and & — & 4 X0i0. We can now complete
the integration over ¢ and ¢ to get

L— =Y (E+ X0i0)G(i, j;w)(& + Xxdj0) + XV 'x
ij
== &Go(i, j;w)& + XT ™! Z&Gonwx xZGOOJw)@, (23)
ij
where we defined the T-matrix via
T w) =V~ = Gp(0,0;w). (24)
Finally, integrating out & and ¢ fields we find,
L— = &Go(i,j;w)é Zszo i, 0:w)T (@) Go(0, 3 w)&; (25)

ij



from which we read off the exact Green’s function
Given G we are therefore able to get the T-matrix and then the exact perturbed Green’s function.

Homework: (a) Derive the T-matrix theory using the more conventional perturbation theory in terms of the
Feynman diagrams. (b) Use the T-matrix theory for an impurity on the honeycomb lattice (with nearest-neighbor

hopping) and show that for V' — oo (which effectively mimics a vacancy site) there are bound states near the impurity
(which is signaled by a pole in the T-matrix).

VI. SIMPLE APPLICATION: RPA THEORY

We can use the path-integral method to recover the RPA theory. The action is

s= [iG5te+ [Weren s si=—3 [Fvx—xr. (27)
We can decouple the interaction term as follows,
S1o =y [Vt -x)e i [ oiv, (28)
where ¢ is a real auxiliary field to be integrated over, and V! is the functional inverse of V via
V(q) = /XV(X — x’)e_iq'(x_x/), Viix-x)= /q ﬁeiq'(x_x/). (29)
We may integrate out ¢ and v at this stage to get
S = £G(9)¢ —iTrin G~ (o) — %/(ﬁV’l(x -x)¢/, (30)
where
G 9) = Gyt —io (31)

is the inverse propagator in the presence of the auxiliary field. We can expand the trace term up to the second order
of ¢ to get

_ 1 _
5= [&e-; [ovi'@-ans, (32
where Vj is the screened Coulomb interaction, which now reads, in momentum and frequency space,
Vi'@) =V Ha) ~1(g). q=(av) (33)

The fact that this is indeed the screened interaction between charge densities can be verified by introducing source
fields coupling to the charge density in the first place. Now we look for the dressed Green’s function. We realize
that for a fixed auxiliary field ¢, the Green’s function is exactly given by G(¢). Integrating over ¢ and fixing the
normalization we realize that the fully dressed Green’s function is given by

G = (G(9))e, (34)
where the average is performed with respect to the probability density functional
i -
() =exp |5 [ oVitle - )| (35)
We notice that
G(¢) = Go+ Go x (i9) x Go+ Go x (ip) x Gg x (i¢) x Go+ -+, (36)
where convolution is understood. The average over ¢ leaves those terms with even number of factors in ¢, and they
are pair-wise contracted by the propagator of ¢, i.e., (¢p¢') = —iVg. Neglecting crossing contractions (which leads to
vertex corrections), we get the self-energy
S(z,2') = z’/G(x,x’)VR(x, 2y, S(k) = z’/G(k + )Va(—q). (37)
q

These results are exactly what we would obtain from the RPA theory.
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In this lecture I introduce Matsubara Green’s functions. After a brief discussion of definition I
present the path integral representation of the Green’s functions and the perturbation theory.



I. INTRODUCTION

Similar to the zero temperature Green’s function, the Matsubara Green’s function is defined as

G(r,mx', 7)) = %Tre*ﬁHT[d)H(r,T)i/JL(r'J')} = —(Tlu(x, 7, 7)), (1)
where
Z = Tre PH (2)
is the partition function. Any time-dependent operator is defined as follows,
Op (1) = efl"OePHT, (3)

If we replace 7 by it and set § — oo we recover the real-time formalism at zero temperature. For this reason the
Matsubara Green’s function is said to be defined in imaginary time. There is of course a fundamental difference here.
From now on all averages are performed with respect to the statistical operator and the effect of finite temperature
enters explicitly. To have a closer look of the time dependence of G, we rewrite the definition explicitly,

1 ’ !
G(r,m;r', ) z—ETre_(ﬁ_T)Hw(r)e_H(T_T Wt )e " Ho(r — 1)
1 , '
:&:ETre*(ﬁfT Wt )e B =y (r)e T O(r — 7). (4)
By cyclic permutation within the trace we observe that
G(r,r;0', 7"y =G(x,x';7—7), G,v's7—7" +8)=FG(r,x';7—7'), (5)

where the second line applies for 7 — 7’ < 0, and the minus sign applies for fermions. It is obvious that we can restrict
ourselves to

B>r>0, B>7 >0, |[r—7|<8 (6)

By translation in time we can always set 7/ = 0 for brevity, and the Fourier transforms of G are defined as
B , .
G(r, 1’5 iw,) = / drG(r,r’;7)e™"7,  G(r,r';7) = TZG(r,r’;iwn)e_W”, (7)
0 n

where w, = (2n + 1)7T (w,, = 2n7T) for fermions (bosons) because of anti-periodic (periodic) condition in 7. (Here
T = 1/8 is the temperature.) Such frequencies are referred to as Matsubara frequencies. The definition can be
translated to the momentum space, and for a translation invariant system,

Cry(k7 k,;T) = (;(l{7 T)(skk/. (8)
For a free particle system H =), 1/J;L€kwk, we immediately get

1

Go(k’ 7-) = —[(nk F 1)9(7‘) F nke(—T)]e_Ek'r) Nk = 7@551( T T

7| <5, (9)

where the upper (lower) sign applies for fermions (bosons). The Fourier components turn out to be

1
Golk,iw,) = ———, 10
ok i) = (10)
which applies for both fermions and bosons, but subject to the rule for frequencies. To see that this simple result
reproduces Gy (k, 7) by inverse Fourier transform, consider an integration on the infinite loop in the complex frequency
plane,

1 e*ZT
?{dzz e I e 0, |7|<p. (11)
The null result is a summation over all residues at the poles within the loop. The contribution from the discrete
imaginary poles (where e*? = F1) is what we wanted to get, and it is exactly canceled out by the contribution from
the pole at z = i on the real axis.



II. LETHMANN REPRESENTATION AND ANALYTICAL CONTINUATION

The Matsubara Green’s function can be expanded in terms of exact eigenstates of the many body system. This
form is called Leihmann representation. By doing so we are also able to relate it to other types of Green’s functions
defined on real time axis. For example,

G(x,X;iw, = w+i0") = GE(x,x;w), G(x xiw, —»w—i0") = G4(x,x;w), (12)
where G4 are Fourier modes of the retarded/advanced Green’s functions,
G (x, ) = =i([(x, 1), T (<, )] 0)0( — 1), G X 8) = i{[(x, 6), T (X, ¢)]L)0(t = 1), (13)

where the upper/lower sign applies for fermions/bosons. This is called analytical continuation. Here all averages are
defined in terms of the statistical density matrix, and all time-dependent operators are defined as O(t) = e*HtOe =t
Similar definitions can be applied to Green’s functions involving arbitrary operators. They enable us to calculate the
dynamic behavior of the system, not just the equilibrium properties. We shall come to this point as we talk about
the linear response theory.

Homework: Provide the detailed form of the Leihmann representations and prove the above analytical continuation

formulae, in both real and momentum spaces. Work out the retarded and advanced Green’s functions for free fermions
and bosons, and discuss the physical meaning of such functions.

III. PATH INTEGRAL REPRESENTATION FOR BOSONS

We now develop a path integral representation for bosons. For better clarity we put the bosons on a lattice. The
result can be easily extended to the continuum limit. Suppose the hamiltonian is given by H = Hy + Hj, where Hy
is the free part and H; contains interactions. Our strategy is to get the path integral representation of the partition
function Z, and devise a generating functional related to Z to get the Green’s function.

A. Partition function
We notice that the partition function can be written as, using boson coherent states,
Z= [ e Eeteagle H (o) (14
9*,¢

*

Notice that we are not yet allowed to replace b; (bj) by ¢; (¢;
leads to terms not normal ordered. We get around the difficulty by dividing e

) in H at this stage, since expanding the exponential
—BH into infinitely many pieces,

7€H)N _ efeHefeH ... p—€H

— (e e ", N—ooo, e—=0, Ne=2g. (15)

We are allowed to ignore normal ordering within each piece, since the error in doing so is of order 2. We make

no further approximation between adjacent pieces. So the accumulated error is of order Ne? = fe — 0, thus the
approximation becomes exact in the limit of € — 0. We then insert the identity expressed in terms of coherent states
between any adjacent pieces, and in doing so we must label the coherent states according to the position we inserted
them. Taking € as the increment of imaginary time, the labels are nothing but the imaginary time 7 € [0, 5]. Now
each piece is sandwiched between two sets of left and right coherent states, e.g.,

(B )le o) = €T 1 el (679), (16)
where H has been expressed in terms of ¢*(7x11) and ¢(7x). Since H is proceeded by € we can ignore the difference of

Tk k+1 in H since the error is again of order €2, assuming only smooth change of ¢(7) is important. Now assembling
all pieces for Z we find

Z:/D¢*D¢es, S =2Sy+5S; Z/dT(Lo+L1),

Lo =Y &j(—0:)¢i — Ho(¢",¢), L1 =—Hi(¢",¢). (17)



Here D¢* D¢ means integrating over all coherent state variables in space and time, or integration over paths, and we
used the substitution

O (Tre41)[P(Tht1) — d(7)] ~ dT )™ (T)0-P(T), T =71 =ke, dr=e. (18)

We realize that the time derivative term in Lg keeps track of the possible non-commutative effects between adjacent
time slices, and is called Berry phase term. It is because of this term that the action L bears quantum mechanical
information. Otherwise L is purely classical since different time slices do not couple hence no quantum fluctuations
can propagate in time. Moreover, because of the cyclic trace, the fields satisfy the boundary condition

¢(B) = #(0),  ¢%(8) = ¢7(0), (19)

which are taken care of by using bosonic Matsubara frequencies for the Fourier modes.
In order to simplify notations, from now on we shall use the shorthand notations,

(i,7) = x, /ere/z. (20)

Thus we write
S0 = / rGo (@, 2 )dar,  Gol(m,a') = 6(r — 7)[6i(—0r) — hij). (21)
In the momentum-frequency space,
Ggl(k, iwn) = iwy, — €k, (22)

which is exactly the free inverse propagator.

B. Generating functional and perturbation theory

In order to get the numerator in G, all we have to do is to insert ¢ or ¢* at appropriate position in time, thanks
to the coherent states. To capture all possible insertions, we now introduce source fields £ and £* in Z so that

S0 [ 601Gy waow + @16+ €00, 28 = [ Do Do (23)
Performing functional derivatives, we get the following correspondence,

556" < ¢,  6/5¢ > ¢*. (24)

They are automatically at time-ordered positions. Since the complex fields are numbers we can shift the fields freely
across the exponentials. Therefore

-1 6 9

G(z,2") = —(03¢2) = Z[0,0] 36, ¢

Z[¢,¢] , (25)
£ =£=0

which is correct for both 7 > 7" and 7 < 7/. The key point is the time ordering is automatic in the path integral
formulation. Thus Z[£*, €] is a generating functional we were after.

We can also take e outside of the path-integral for Z using the correspondence between functional derivatives
and fields,

Z[f*, é—] _ eSI(qﬁ*—>5/5§7¢—)5/§£*)ZO[£*7 é—} (26)

This constitutes a basis for perturbation theory, and it is apparent that Wick’s theorem and Feynman rules follow
immediately.

From linked-cluster theorem, we see that Z[0,0] must be an exponential of summation over contributions from
connected and closed vacuum diagrams. This remains to be true in the presence of the source fields £* and &, which
act as external legs of connected and closed diagrams. The functional derivatives on Z with respect to £ and &
generates Green’s functions, connected or disconnected, but the connected ones can only be obtained from In Z. This
implies that

Z[E*, €] = exp l—z(nl')Q/l e n/fZ"'fIGC(L"'7n;1',"',n/)§n""51’ , (27)

ERRERA)



up to a normalization factor which we set to be unity. We conclude that

WIE™, &l = In Z[¢7, €] (28)

is a generating functional for exact, linked, and symmetrized Green’s function

é 6 9 1)
. 4 DY 4 = — ... */ DY */ c = — ... ...
Gc(17 y 13 1 ) y ) <¢1 ¢n¢1 ¢n >4 551/ 6671’ (Sé-f (55;

wigr, €. (29)

IV. PATH INTEGRAL REPRESENTATION FOR FERMIONS

In a similar fashion to the case of bosons, we can develop a path integral theory for fermions. Clearly we need
fermionic coherent states, the identity operator and trace in terms of such coherent states. The coherent states and
identity operator have been discussed previously. Here we emphasize the trace in terms of coherent states,

100 = Y (nl0ln) = [ dédoe* S (nl6)(@l0ln) = [ didée*(~5/0l6) (30)

for any operator with even number of fermion field operators. Here |n) is a complete set of many-body states. In
arriving at the last step we have exchanged the two factors in the first equality and accounted for the sign change when
the Grassman fields ¢ and ¢ are exchanged. The minus sign before ¢ is crucial, and actually decides the boundary
condition for fermions in the path integral representation of the partition function,

¢(8) = —¢(0), ¢(B) = —¢(0). (31)
This means for fermions the frequency of the Fourier modes can only take the values w,, = (2n + 1)7T, which we

know from the definition of the fermion Green’s function.
Following the trick for boson systems, we get the partition function for fermions,

Z = /Dq_quSeS, S =Sy + Sy,
SO = / (;SxGal(;L" x/)(bw’y

S = —/dTHI(QTL@,
G(a,2") = —(Tetl]) = (G o). (32)

We can also introduce Grassman source fields y and x so that
So — / $2Gy ' (,2')pur + / (Ox + X9),

ZIx%,x] = / DdDpe 051,

1
Z[0,0] dxz 0Xa

Zo[X, x] = exp {— /M X1G0($7x/)Xz’:| ;
]

(9]

G(z,2') =

Zl%,x] = S1(6==8/3x,6=8/9%) 7, [% x- (33)

In the above we used the correspondence

¢ 3/0x, ¢ — —5/5x. (34)
For four-point interactions the minus sign in the second equality can be ignored. Since the Grassman derivatives are
also Grassman numbers care must be taken if they are reordered with the other derivatives of Grassman fields.
Perturbation theory follows immediately if we expand e’ in terms of the functional derivatives, and this produces
the Wick’s theorem and Feynman rules. There is also a generating functional Wy, x] = In Z[x, x] for exact, linked
and fully anti-symmetrized Green’s functions,

_ -1)" _
W[X,X] = —Z ((n'))2 X’ILXIGC(17 ,N; 1’7... 7n/)Xn’ S X1,

GC(L g 1/’ o ,n’) - _<¢1 . ..¢n¢31, . ..¢n,>c. (35)

n



Here the factor of (—1)™ follows from the sign rule for Grassman fields and derivatives.

V. FOURIER MODES WITHIN PATH INTEGRAL

The Fourier modes of the Green’s functions depend on how we define the Fourier modes of the fermion fields. This
causes some ambiguity in the literature. This section provides the necessary clarification. For this purpose it suffices
to consider free systems.

In the box normalization convention,

_ %Zﬂ)ne*iwn‘r’ J) an w.)n'r7

1 TWn T 5o 7__ T e*iwnT
UVp, = \/B/dﬂ/)(r)e , Y= \/B/d () . (36)

We observe that

_ 1 _ , _
driphp = = > uh m/dTe”(‘“”"’w")T = Ul 37
/ Yhy P Ynhtp 4 Ynhap (37)
Therefore the free action can be written as
So = /dTT/_J(*aT - h)l/} — So= § wn Wy, — ¢n (38)

Notice that in the summation over frequency the factor of T" is absent. Therefore we have

<1Ln1/)m> = %571771' (39)

Wr
In the time space, we get

—iwn (T—7")

Gr,7') = % S (Guthm)eienHnT TZ . (40)

Notice that for the Green’s function there is a factor of T in going from the frequency to the imaginary time space.

One may adopt another definition of the Fourier modes of the fields,
_ / drp(r)e ™, p(r) =TS thae™ e, (a1)
Under this convention,
/ driphyp = TQZwmthn / dre™{en—wm)T Tzwnhwn (42)
The free action is given by
So= [ dri-0, — 1w =T 3 Gliwn ~ B}, (43)

Under this convention we get

1 1
Tzwn—h e

The time-dependent Green’s function is given by

- . . ’ 1 . ’
Glr, ) = T2 Y (e nTm™ = T3 emintr =), (45)

iw, —h
n n




We thus see that under the present convention the average of the Fourier modes differs from the previous one, but the
final result in time is consistent. In the limit of T"— 0, the present convention reduces to the usual continuum form,

d, ; dw -
vr) = [ Sove e Sa= [ SE b - by,

—iw(T—7")

d _
G(r,7) = %ewi_h (Purthu) = — x 2mé(w — o). (46)
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In this lecture I discuss the exact analytical properties of various Green’s functions in terms
of Leihman expansions. The fluctuation-dissipation theorem follows immediately from the exact

relations between the Green’s functions (for bosons).



I. ZERO TEMPERATURE GREEN’S FUNCTIONS

Assuming translation symmetry in time, the zero temperature Green’s function is defined

as
Gap(t) = —i (0] e T 0Y0(t) % i(01h] €T tapae ™ 0)0(—t). (1)

Here the operator v, and v, may either be elementary fermion/boson operators, or composite
operators for bosons. Assuming a complete set of eigen states for the many body system,

{In), E,,}, we obtain
Ga(t) = =i S (Olaln) (00 |0y E=E00(t) + i 3 (0[5 n) (nliha 0}~ E0=E g (1), (2)

The Fourier component in frequency space is therefore

_ (04baln) (n]444|0) (Ol ]n) (nlal0)
G“*’(w)_zw—(En—Eo)ﬂm iZw—(EO—En)—im' ()

n n
It should be pointed out that the chemical potential is included in the hamiltonian so that
it is always true that F, > FEy. For the diagonal component (a = b), the numerators of the
above equation are positive definite and represent the spectral weights of the two types of

excitations.

II. MATSUBARA GREEN’S FUNCTIONS

At finite temperature, the Matsubara Green’s function is defined as,

Ga(T) = —%TreﬁHeTHwaeTleiG(T) + %TreﬂHw;reTHwaeTHH(—T). (4)

Using the complete set of eigen states, we obtain
1
Z

nm

1
+ > (mlgh|n) (nlialm)e Frn=Frre=BEng(—7). (5)

Gap(T) = (n|1ba|m) (m|if |n) e~ Bm=En)T e=BEng (1)

We can limit ourselves to 7 € [0, 3] by boundary conditions in 7. The Fourier component in

Matsubara frequency space is therefore

n m){m f n e_ﬁE" 6_’3Em
Gab(iwn) _ %Z < ’wa‘ >2<wn‘1fb‘(E?n(l — En)j: )7 (6)

nm



where w,, = (2k + 1)7T" for fermions and w,, = 2knT" for bosons (or composite bosons). We
denote the frequency argument as iw,, to emphasize the Matsubara Green’s function. In the
limit of zero temperature, Z = e #0. The exponentials in the numerator of Gy;(w,) project
out |n) = |0) or |m) = 0, and we recover the zero temperature Green’s function if we do
analytical continuation iw, — w 40" (the sign of the imaginary infinitesimal depends on

whether |n) = |0) or |m) = |0)).

IIT. RETARDED/ADVANCED GREEN’S FUNCTIONS

At finite temperature, the retarded Green’s functions are defined as
. —1 — ) —1 % —1
Gap(t) = —il[Ya(®), ¥])e)0(t) = — Tre™ [ y,e™ ] £yl yoe=M0(1),  (7)

where £ denotes anti-commutator (or commutator) for fermions (bosons). Using the com-
plete set of eigen states, we obtain

GE (1) = S mlulm) mln) (o5 = ¢y g ). 5)

nm

The Fourier component is thus given by

1§~ (nlbulm) i) (e & em05n)
z o0 — (Bp— B

GE (w) = (9)

nm

We therefore see an exact mapping between retarded and Matsubara Green’s functions,
Gapliw, — w +i0%) = GE (w), (10)

which holds for both fermions and bosons.

Define a spectral function

Agp(w) = % Z( [Walm) (m|if[n) (e £ e PP )Slw — (B, — By)), (11)
/deab(w) = [Ya, ]+, (12)

where the second line is an exact sum rule. The spectral function can be used to expand

both Matsubara and retarded Green’s functions,

Gain) = | dwAa () (13)

Wy, — W

Gf})(w) — /M (14)

w40+t — W
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These relations are very important in applications. For diagonal components, A,, is real

and in fact

Aual) = —~TmG (@) (15)

™

However, for non-diagonal components the spectral function A, (w) may be complex by
itself, and may be different from —ImGZE (w)/m. In application we need to combine the

advanced Green’s function to take out the general spectral function A (w).

The advanced Green’s function is defined as
~ 4 - i —i i —i
Giay(t) = i{[wa(t), U])0(—1) = —Tre ety Mlp] £ gleipue™M0(=1).  (16)

Following the same steps as for G, we get

(n|goalm) (mgf|n) (e~ FEn + e~ PEm)
~Z Z w—i0t — (B, — E,) ' (17)
We observe that
_ Gfb(w) - GaRb(W)
Aab(u)> = 271‘1 . (18)
On the other hand,
dw' Agp (W)
A ab
= [ i) 1
Ghlw) = [ e (19)

IV. KELDYSH GREEN’S FUNCTIONS IN EQUILIBRIUM

In equilibrium systems, all Green’s functions are invariant under time translation. We

first define
G (t) = —i(eMfipe iy, (20)

where the average is performed with respect to the statistical density matrix e ##. The
superscript —+ means that 1,(t) is on the backward cut ¢’ = oo — —oo, while wg(o) is on
the forward cut ' = —oo — oo, of the Keldysh loop. The Fourier component of G~ is

easily worked out to be,

—271

G;b+ (w) = 7

> (nfialm) (mlefln)e™ 6w — (B — E,)]. (21)

nm



We observe that

G (w) = [Gay(w) = Gap()][1 F n(w)], (22)

where n(w) = 1/(e* £ 1) is the distribution function.

Similarly we can define
G (t) = £i(fe ey, (23)

The superscript +— means that 1, (t) is on the forward cut ¢ = —oo — oo, and 9 (0) is on

the backward cut ¢ = co — —o0, of the Keldysh loop. The Fourier component of G~ is

Gl (@) = T2 S (mlilm) (mpf m)e PP — (B — E,)] (24)

We observe that
G () - Gly (W) = Glhw) - Gh(w). (25)
Gly (@) = FIGH() ~ GhH@)n(w). (26)

The time-ordered real-time Green’s function is defined as,

G (8) = —i{Wa()e))O(t) £ i(fva(t))0(—t) = Go(t) + Gy (1), (27)
Goy (8) = Hi{Ufwa(£)6(t) — ia()E])0(—) = =G (t) + Gy (8), (28)

and accordingly

Gizf(w)EGﬁ)( )+ Gay (W), (29)

@ (W) =—Gow) + Gy (w), (30)
GIJ(wH b (W) =Gy (W) + Gof (w), (31)
Gl (w) = G (w) = Gay(w) + Gy (w). (32)



Clearly all of the four Keldysh Green’s functions and the retarded/advanced Green’s
functions can be related to the spectral function A, (w), and thus in principle only one
out of the seven Green’s functions, namely, G**(w),G*/4(w) and G(iw,), is fundamentally

independent.

In non-equilibrium systems H depends on time, and it is no longer possible to expand
the Green’s functions in terms of exact eigen states. However, in this case, Eqs.(25),(29)
and (30) still hold by definition, except that one has to specify the time arguments for both
Ya(t) and 9 (t'). One may choose GF, G4 and G*~ as independent functions of ¢ and ¢/,
and use them to express all of the others (except for the Matsubara Green’s function which

can only be defined in equilibrium).

V. FLUCTUATION-DISSIPATION THEOREM

Consider bosonic operator 1, ;. The response functions are defined as
Xap (@) = =G (). (33)
The dynamic structure factor is defined as
Sul@) = [ AHGOUO) = iCf @) (34)
According to Eq.(22) we find
Sap(w) = —i[1 + n(w)][Xgp(w) = Xap(@)]- (35)
Specializing to the diagonal component we get
Saa(w) = 2[1 + n(w)]Imy 2 (w). (36)

The left hand side measures the fluctuation of the operator 1, (for example the spin),
while the right hand side is given by the dissipative part (imaginary part) of the response
function. Eq.(36) is therefore properly called fluctuation-dissipation theorem. In scattering

cross section measurement it is the dynamic structure factor that is measured.



To understand the dissipative character of ImyZ (w), consider an external field h,(t)

coupling to a hermitian operator 1,. The rate of energy input from the source field is

dE

= ~ha®0w () = ~ha(t) [ dron (e~ Ohat)

= —h®) [ S @) (37)

21
In the linear response regime the different harmonics of h(t) separates, and it suffices to
consider h(t) = hcos(2t), or h(w) = wh ), 06(w+2). Substitution into the dissipation rate
yields,

FE
Cil_t = Qh2X' () cos Qt sin Qt — QR Y (Q) cos® O, (38)

where ¥’ = Rex® and x” = Imx%, and we used the fact that for bosonic response func-
tions (=) = —x"(2). It is also important to notice that —Qx”(€2) is positive definite.
Averaging dE/dt over time we get

<%> _ —%QQX”(Q) > 0. (39)

The positive energy input is dissipated to the environment if the system is in a steady state
on average. It is in this sense that x” is related to dissipation in response to the external
source. It is also clear that x’ absorbs and releases energy reversibly and is thus reactive

rather than dissipative.
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In this lecture I develop a path-integral formalism for the generating functional of real-time Green’s
functions. This is made possible by resorting to the Keldysh time-loop. The formalism can be used
for both perturbation theory in equilibrium as well as dynamic response to external perturbations.
The linear response is particularly simple since all response functions in this case can be obtained
by analytical continuation of the corresponding Matsubara Green’s functions defined in equilibrium.
I also discuss nonlinear responses, e.g., the Josephson current in a tunneling junction.



I. INTRODUCTION

For a system at equilibrium the system is described by the density matrix p = e ##. The density matrix evolves
according to

p(t) = U(t,0)p(0)UT(t,0), U(t,t') =Texp {—i tH(t”)dt”} . (1)
”
By this means we can relate p(0) to a free particle system defined at ¢ = —oo, assuming that the interaction was
switched on adiabatically,
p(t) = U(t,—00)poU' (t,—00), po = e Mo (2)
Suppose we performed measurement A at time ¢, the average is given by
(A(t)) = Tx[Ap(t)]/Tep(t) — Tx[UT (¢, —00) AU (¢, —00) po), 3)

where in the last expression we dropped the denominator since it is a constant and can be absorbed into the normal-
ization of pg. Similarly two joint measurements at time ¢ and ¢ are defined by, for ¢ > t/,

(A(t)B(t'))= Te[UT(t, —00) AU (t,#') BU (t', 00) po]

= Tr[UT (¢, —00)UT (00, t)U (00, t) AU (t,t") BU (t', —00) po]

= Tr[UT (00, —00)U (o0, t) AU (t,t' ) BU(t', —00) po]

= Tr[’f@*’fH(l”)dlﬁA(l)B(l )po) = (Te  $ M AW B, (4)
Here we defined a cyclic path C = C_C; with

Ci: t=—00— 00, H(l)=H(t), dl =dt>0;

C_:t=00— —o0,H(l)=—-H(t), dl=—dt>D0. (5)
T is a loop-ordering operator, which arrange the operators according to the loop order. The symbol A(l) simply
means that we need to put the operator A at the position [ along the loop. Similarly to the zero-temperature case,

we prescribe that if two fermion operators are swapped a minus sign should be counted. By this means, we can define
Green’s function on the loop, known as the Keldysh Green’s function as,

Gap(l,l') = —i(Te S HUM A1) B(1))o, (6)

for any operators A and B. Notice that the average is defined with respect to pg = e #Ho. It is clear that for a
general time-dependent system, the Keldysh Green’s function provides a viable machinery to calculate the result of
any type of measurements.

Suppose that we are working in a time window where H is no longer time-dependent (i.e, far from the development
of interactions and free from time-dependent perturbations). In this time window, the Keldysh Green’s function can
be rewritten into four cases, after some simple algebra,

()ileCy, I'eCy:Gap(l,l') — t,t') { t
(2)leC_,l'cC_:Gap(l,l') = t,t') = —i(TAp(t)Bu(t'));
3)yleCy, 'eC_:Gap(l,l") — t,t') = £i(Bu(t') An(t));
M)ZECLwy€50+:GABUJ)_%GAE@J)::_“AH() u(t'). (7)

Here T means anti-time-ordering operator that put earlier operators to the left. We used the Heissenberg picture to
simplify the expressions, and the average is understood with respect to the density matrix e ## that has evolved
from e #Ho at t = —o0o. These functions are not independent, however, since by definition,

Ghp+Gap =Glp+Gap (8)
So in general, at most three of them are independent.

Let us specialize to a free-particle system described by Hy. In the diagonal basis we can further specialize to a
single mode with Hy = ¢hi. The single-particle Keldysh Green’s function can be obtained easily as,

G**(t t') = —i(Tom(t >wL< t'))o = —ie” MOt — t') F n);
—i(TP ()l (t))o = —ie ™[0t — t) Fnl;
i ()} () ¢ P(1)o = Fie s
—i(u ()0} ()0 = —ie” M1 Fn). (9)

L5t t) = —i(TAp(t)Br(
(

s

G
G

ZE(
an(

)

tt
tt
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o (1)
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Here
1

efh +1 (10)

n =

is the fermion/boson distribution function. It is understood that in a general basis, G§" is of the same form, but h
should be understood as the single-particle hamiltonian. In the frequency space, we have

Gt (w) = GH(w) £ i2mn(w)d(w — h);

Go (w) = —GA( ) £ i2mn(w)d(w — h);

Gi™ (w) = +i2mn(w)d(w — h);

Gy T (w) = Fi2mn(—w)d(w — h). (11)

Here Gg /4 is the retarded/advanced Green’s function,

1

R/A _
Go' " (w) = w=xi0t —h’

(12)

In this particular case, only one out of G** and G®/4 is independent, since any other ones can be reconstructed by
the spectral function §(w — h) = :FImGR/A( )/m.

II. PATH INTEGRAL

The partition function with the aid of the Keldysh loop is,
Z =Tx[Te t$HOd , (13)

We can represent it in terms of path integral. The only difficulty in doing so is the average of py within two coherent
states. We now prove that

(Ble PHo|x) = exp[ge " y]. (14)

It is sufficient to consider a single mode case, since linear algebra enables us to extend the conclusion to arbitrary
cases. Consider

o BTy _ —Pen _ Z ( fj) . (15)

For fermions n™ = n (for m > 0), therefore

(Blelx) = @RO[L + (e — 13x] = explde ). (16
For bosons, we recall that
@0 =2 Oy a7)
Therefore
@lenlx) = 32 O gtk — epfge=sey) 1
k

Therefore the formula applies to both fermion and boson cases.
It is now straightforward to get the path-integral representation of Z, using the same tricks we should now be
familiar with.

26,6 = [ DoDoc's, =S+ 51,
So = }{dzgsl(ial — )b tigre Py + fdl(éé‘ +£9),
Sy = - f dLH, (D). (19)
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Here ¢ is the initial field on C and F¢_ is the final field on C_. Because of the coupling between these boundary
fields the two half-loops Cy+ are coupled together. Notice that the upper sign in the e #”" term follows from the
antisymmetric boundary condition for fermions (which in turn arises in performing the trace for fermions).

The boundary term is a nuisance which we want to eliminate. There are two recipes to get around. The first and
simple one is to recognize that after integrating out ¢ and ¢, we should be left with

Z[€, &] = expliS; (0, 0¢)] exp[—ij{dldl'éGo(Z»l’)&'], (20)

where Go(l,1’) is the free Green’s function on the Keldysh loop, which is known by derivation in the operator formalism
(see the previous section). Therefore, the path integral can be effectively rewritten as

Z[E.¢) = /Déweis, S = So+5i,
So = j{dldz’aslcgl(z,l’)@/, Sp = —fleI(Z). (21)

Here Gy ! is the inverse of G. Notice that there is no time-translation symmetry along the Keldysh loop since H (l)
changes sign across the two branches. But the symmetry is present within the separate branches in terms of physical
times. In this sense is is advisable to collect G§* as a 2 x 2 matrix in the Keldysh space. However, we shall not do
so in this chapter for our simple purposes.

One might wonder whether the original form of the path-integral is consistent with the effective one. We now show
that it is. It is sufficient to prove that using the path-integral we get the correct Gy. We first rewrite Sy as

Som il g (LV)or XX+ G+ x0-+ (G + €0)
> f g1,V = ixe '+ §diGE +E0), (22)
where we introduced auxiliary fields y and x, and
(10 — h))go(L, 1) = 6(L = 1), go(l,V) = —ie~ S hd" g — 1),
g =c4+x6(), € =E4+x5(1—-1L), 1€[0,L], L=4oc. (23)

For a free system we can integrate over (¢, ¢) and (¥, ) successively,
So—= — ¢ &go(l,1")&) +ixe”x
w
== § (L)€~ X oL~ fEm@.Ox + X=ao(L.0) £ ey

- = glGO (l7 ll)flU (24)
w
where the free Green’s function on the loop is given by,

1

A 4 7 o~ 1 3
Go(l, 1) = 901, 1)+ 90(,0) =557 cm 90!

L) (25)

We observe that
_ 7i67ih(t7t')9(t - t/);
_ _Z-efih(tft’)o(t/ —1);

leC_, '€ Cy:go(l,l) = —ie™ P01, (26)
In particular,
90(L,0) = =i, go(l,0)go(L, V') = —e~"C=). (27)

Substitute go into Gy we find the result is identical to what we obtained previously using the operator formalism. It
is also a miracle that we get the correct fermion/boson distribution functions in Gy.



If the interaction is time-independent, there is no advantage to use the loop Green’s function formalism to do the
perturbation theory, although it is doable. Rather one can rely on the much simpler Matsubara Green’s functions.

If however the system is subject to time-dependent perturbation, the loop formalism is the only machinery to address
the response to such perturbations since the time dependence may drive the system out of equilibrium. However, as
far as linear response is concerned it turns out that the response function can be related to the Matsubara Green’s
functions in equilibrium, which we show in the next section.

III. LINEAR RESPONSE THEORY

Suppose the system is subject to a time-dependent field b(x,t) which couples to a bilinear operator B(x), leading
to a time-dependent term Hy = — [ b(x,t)B(x) in the hamiltonian, and thus an additional term to the action,

S =5+8, S,= %/ b(x,1)B(x,1), (28)
lJx
where
b(x,l) =b(x,t), 1€ Cy; b(x,l)=-b(x,t), leC_. (29)

We want to evaluate the average of an operator A( ) at time ¢ in response to the field b, for t € C',. We shall assume
that the averages (A)y—o = 0 and (B)y—o = 0 in equilibrium (i.e., in the absence of the external field b). If this is not
the case one can always redefine the operator so that this condition holds.

According to the path integral formalism, the average is

| D¢Dp A(x,t) expliS + iSp)

(A(x,1)) = [ D¢DexpliS + Sy

(30)

Since we are only interested in the linear response we only have to expand the exponential up to the first order in S
for both numerator and denominator. With (A),—¢ = 0 and (B)p—¢ = 0 in mind, we obtain

(A(x, 1)) = i(A(x,1)S) = f;/x (x,t)B(x',1")b(x',1") —>/Z{ (x,t;x',1")b(x', 1), (31)

where the average is performed in equilibrium described by e ##. Expressing I’ in terms of physical time ¢/, we find

Al1) // // Xan (66X 1) = xp (1 X )b, ) = // /t’ Ep(x, t:x, tb(x', 1),
YEp(x, t, % ) = i(T[Ag(x,t) By (X', 1)) — i(Bu(x', ) Ap(x,1)) = i([Ag(x, 1), By (x', )]0t — ). (32)

The last expression correctly shows that the physical response is always retarded.
For a space-time translation invariant system, x%5(x,t;x/,¢') = xB5(x — x/,t —t/). As a result, the response can
be written in the momentum-frequency space,

(A(q,v)) = xFg(a,v)b(a,v), xiplav)= / dtdxxfp (x, t)e’ =), (33)
By Leihmann expansion, we know the retarded susceptibility is related to the Matsubara function as

xip(a,v) = xap(a,iv, — v +i07). (34)

We therefore conclude that as far as linear response is concerned, all physical response functions can be obtained
by analytical continuation of the Matsubara Green’s functions defined in equilibrium (with the full density matrix
e .

Nonlinear responses require more sophisticated treatment of the loop Green’s function. In free (or effectively free
in the mean field sense) systems, this is still doable. For example, the tunneling conductance as a function of the bias
voltage can be calculated exactly in this case.



IV. SIMPLE APPLICATIONS
A. Dynamic spin susceptibility

Consider the spin susceptibility of a free system in response to a dynamic magnetic field b(x,t) along z-axis. The
operator we want to measure is m, = gupgS, where g = 2 is the g-factor for electrons, pp is the Bohr magneton which
we set to unity, and .S, is the electron spin along z-axis. The Matsubara response function

x(x, 7%, 7)) = g2 (T S.(x,7)S(xX/, 7)) = —2G(x7;x', 7" )G (X', 7/; %, 7). (35)

The Fourier modes are given by

22 o —fita (36)

(€ — €xtq)

ivy) = —2T
X(q7 Zyn) 1; iwn + Z‘Vn - 6k+q an -

Here fx is the Fermi distribution function, and henceforth all summations over momenta are understood under the
prescription of unit volume. By analytical continuation we get the retarded susceptibility

Jx — fita

y = ’ iVp — U+ .0+ =2 - . 37
M) = x(@ivy by 00 =2 ) e (37
In the limit of ¥ = 0 and q — 0, we get the static uniform susceptibility

w=2jm > e~ feta _ (33)

6kJrq — €k

where Ny is the density of states at the fermi level (summed over spin degeneracy). For v # 0 and q — 0, we observe
that

Imx(q,v ZWZ Jie = fera)Olv — (extq — €]

~ 2m Y Ba)dl — v+ a) = 5.20(0s v, (39)

k

This is clearly an odd function of v, and is a property of all retarded bosonic response functions. We can recover the
full susceptibility using the Kramers-Kronig transform,

(q,v) = f% / ay/ Ax(@: V) (40)

v4+10t -1/

For general momentum q, it is hard to get analytical result. But as far as ¥ = 0 is concerned, some intuitions can
be gauged from the fermi surface topology. For example, if there is a saddle point at the fermi level, x(q,0) has a
peak at @ = 0. On the other hand, if the fermi surface is nested by a vector of Q, the susceptibility is likely to peak at Q.

In an interacting system, the response function can not be obtained exactly, but can always be calculated pertur-

batively using the Matsubara Green’s function, followed by analytical continuation.

B. Drude conductivity
Consider a simple metal. The hamiltonian in the presence of a vector potential is
1,V
H= T—f—AQ—/T. 41
[ R S R (1)

We ask what would be the induced current. Suppose A varies with time but its magnitude is small so that we only
consider linear response. The current operator is given by

k
J(x) = —6H/5A ~ w U, g = ZquQ Ty, (42)



where we dropped a so-called diamagnetic term Jq = —T At)/m whose average is (J4) = —nA/m in the linear limit,
where n is the electron density. The reason why we drop this term will become clear later. Up to linear order in A
we rewrite the hamiltonian as

HNHOf/J'A, H:Zdjkekz{;kuJ_q'Aq. (43)
k q
According to the linear response theory, the induced current is given by
(Ja(t)) = /dt/Hé’;ﬂ(t — ) A(t), T(a,t—t') = i([J§ (1), JZq(t))O(t — ). (44)
Here II is a retarded tensor function. It can be obtained by analytical continuation of the Matsubara tensor,
Haﬁ (qa ZVTL) = =2T Z ’Yﬁqu (iwn)rY][zqu-‘rq (an + iVn)r (45)
kw,,

where the factor of two comes from spin degeneracy, and vkq = (2k + q)/2m is the current vertex.
In the limit of g — 0 we set ykq = vy approximately to find

1
Haﬁ (qa V) ~ gUJ%X(qa V)(socﬁa (46)

where x is the dynamic susceptibility discussed previously. The real-part of II in the limit of ¢ — 0 but vyqg > v
is I ~ N()UJ% /3 = n/m. This would cause a paramagnetic current J, = nA/m which exactly cancels out the
diamagnetic current. Otherwise the metal would superconduct since it can support a current without an electric field
(recalling that a zero-frequency A means E = —9A /0t = 0). The situation is different in a superconductor where the
paramagnetic response is gapped out by the superconducting gap, and as a result only the diamagnetic term survives.
This is why a superconductor develops Meissner effect while the normal metal does not.
For finite frequencies, we have A(q,v) = E(q,v)/iv. Thus the dynamic conductivity is given by
_ Yixlav)

o(q,v) = 3 (47)

We look for the real part, which is given by the imaginary part of x,
2 1
o(q,v) = ng? Z(S(ek)é(u —vy-q) = §7T’U]2cN()<(5(V —vy-q))y, (48)
k

where Nj is the density of states at the fermi level (summed over spin degeneracy), (-); denotes an average over
the fermi surface. There is a sharp peak at v = 0 for ¢ = 0. This is an artifact from the implicit use of sharp
quasiparticles. With a finite scattering rate I' due to impurity scattering and/or electron-electron interaction, the
complex conductivity is reasonably replaced by

o(q,v) = <m€2/m>f (49)

v—vy-q+il

where we restored the electron charge and used the relation Nyv}/3 = n/m. (In principle the scattering rate T
depends on both k and q when electrons are scattered from k to k 4+ q and vice versa.) In the limit of ¢ — 0, we find

ne? T

‘m V2412
which is called Drude conductivity. This is the characteristic behavior of a metal subject to infrared light (for which

q — 0 as compared to the Fermi wavevector). The DC conductivity is o’(0) = ne?/mI’ = ne?r/m, where 7 = 1/T is
the mean free time. The area under the Lorentzian peak in ¢’ is conserved,

o' (v) = (50)

2

/ o (wydy = T “p (51)

m 4’

and is therefore a measure of the harmonic strength of the electron system in the plasma mode. This sum rule holds
even in interacting systems, and thus can be used experimentally to determine the plasma frequency wj,.

In an interacting system, the conductivity can not be obtained exactly. Moreover, it should be emphasized that
the conductivity o and the spin susceptibility x are no longer simply related, since the charge and spin channels may
be modified differently by the interactions. In any case, perturbative calculation can be performed using Matsubara
Green’s functions, followed by analytical continuation.



C. Josephson junction

Suppose we have two superconductors coupled together by a tunneling barrier. The hamiltonian of the system is
H=H; + Hr + Hy, with

Hp = Zwlt(kaS + Aoy,
k

Hp = Z ¢L(€k0’3 + Acosfoy + Asinfos) gy,
k

H; = _a/we*ivwsaw +h.c.. (52)
1}

The hamiltonian is written in the Nambu space. For simplicity we assumed that the two leads have identical normal
state dispersion and gap amplitude, but there is a phase difference between the two leads. The coupling term only
occurs on the surfaces of the tunneling junction. The bias voltage is related to the Pierls factor A = —Vt along the
normal of the junction. Our purpose is to calculate the current flowing through the junction as a function of the phase
difference € and the bias voltage V. Since the tunneling amplitude a is assumed small, we shall contend ourselves up
to the order of a®. (There is no effect in the linear order of a.) We have set |¢| = i = ¢ = 1 for convenience. The
current operator is given by

J=—6H/SA =ia / Ple™ V¢ 4 he.. (53)
14]

We imagine that the tunneling term is a perturbation to the originally separated leads. Since the current response
up to the first order of H; is of second order in a?, we can apply the linear response theory to get, up to this order,

(J(t))= —i / dt'([J(t), Hi(t))o(t — t') = —ia® D vy (t — t)e V=) e,

n%

= —ia? Z,u[x,m(—/ﬂ/) - XW(uV)e_%”Vt] +c.c., (54)

m

where @ = £ denotes the Nambu components, and we defined

Xuv = W[ ) ou(?), 8Lt )0 ()0t — 1) (55)

The first/second term in the square bracket of the current expression contributes to the normal/super current. The
retarded function x,,,, can be obtained from the corresponding Matsubara function by analytical continuation x ., () =
Xy (ivn, = Q+i07). The latter is calculated as follows,

Xuo(ivn) = =Ty G (i + ivn) G (iwn), (56)

Wn

where the Green’s function are defined on the boundaries of the junction.

In order to proceed we have to specify the boundary. There are two possible situations. One is the junction has
two-dimensional boundaries so during the tunneling the in-plane momentum is conserved. The other case is the
junction is a point contact so that the relevant Green’s function are local in real space. To simplify the expressions
we consider the point contact in the following. The surface integrations will therefore be dropped.

The normal current only depends on the diagonal components of the Matsubara Green’s functions. They can be
expanded by the spectral functions as

Gl (i) = / e /249 i/R(;)E. (57)
This enables us to write
T, () = [ el (e + ) Na(e) [ (s6) ~ f (e + ), (58)

which is the only part that is necessary in the normal part of the current J,(V). Instead of the current itself, the
differential conductance is more revealing,

0 = 0J, JOV ~ 41a® N (0)Ng(V). (59)



(Notice that the derivative has been performed on the rapidly varying fermi function only.) It seems surprising that
the formula is asymmetric if we take L <+ R and V < —V. This is in fact not a problem since we have taken
the L-lead as the base in the first place. The result certainly depends on how the measurement is performed. The
conductance appears to be proportional to the local density of states of the measured R-lead, and this provides the
principle of scanning tunneling microscopy. Finally if the R-lead is a superconductor, Ng(e) is zero unless |e| > A.

The Josephson super current has to do with the off-diagonal part of the Green’s functions. To simplify the discussion
we consider the two leads are identical except for the phase difference in the pairing gap, and set V' = 0 at first. We
then only have to calculate x,5(0). It is now more convenient to write down the explicit form of the local Matsubara
Green’s function,

iwnog + A cosfo; — Asinfloo

Gr(iwy,) ~ —mNy % \/W (60)
Setting § = 0 in the above leads to Gr. With these ingredients we get
1 A
Xui(0) = §7T2N§A tanh %e‘“‘e. (61)
Substitution into the current formula yields the supercurrent
A A A
Jy = Jesin®, J.=2a*ANin?tanh pa_r A tanh p (62)

2 2Ry 27
where Ry = 1/o is the normal state tunneling resistivity.
For V # 0, we would have to calculate x5 at finite frequency. But this is hardly necessary since for |V| < A the

zero frequency limit is a sufficiently good approximation. However, we do have to retain the phase factor e*2*V*, This
leads to

Js = Jesin(0 4 2V't), (63)

which is the standard AC Josephson current. The current oscillates at a frequency v = w/2r = 2eV/h in full units.
Since the frequency can be measured very accurately the AC Josephson effect can be used to calibrate the voltage.
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I. INTRODUCTION

Superfluidity is a macroscopic quantum state of matter. In such a state bosons can flow
without dissipation. This occurs in He-4 below a critical temperature 4.2K, for example.
If the bosons carry charges the system is a superconductor. This happens in electronic
systems in which electrons pair into boson-like Cooper pairs, which then condense to form
a charge-carrying superfluid. In this lecture we limit ourselves to charge-neutral bosons. A

starting hamiltonian is

. v
m

1= [drie) vt + 5 [ e @u Ve - e, )

2

Before we embark on the technical part we first try to gain some qualitative pictures.
Clearly superfluid state is a ground state (at zero temperature). The order parameter is a
macroscopic wave function ¥(r) = const., breaking the global U(1) symmetry. Excitations
would try to restore the symmetry by: 1) amplitude fluctuations of the order parameter, 2)
longitudinal phase fluctuations of the order parameter, and 3) transverse phase fluctuations
causing vortices and antivortices. Out of the three types of excitations, the longitudinal
ones are gapless and are therefore most relevant in the zero temperature limit. Assume
the dispersion is wi. We ask under what condition the superfluid can propagate without
momentum damping caused by elementary excitations. Landau arrived at the answer by an
excellent boost argument.

Suppose the superfluid moves with velocity v. If the system is in the ground state in the

moving frame, the energy measured in the rest frame is
Erest = EG’ + P2/2M> (2)

where P = Mv is the total momentum measured in the rest frame. Now if the superfluid is
perturbed by the container during its motion it may emit an excitation, say at momentum
q measured in the moving frame. The total momentum measured in the rest frame changes

to P 4+ q, and the energy becomes
B = Ec + wq + (P 4+ q)*/2M. (3)

Therefore up to linear order in q,
AE=F —E~wq+q-V. (4)

2



Clearly if P -v > 0 the energy increases and the system will relax back to the ground state.
However if P-v < 0 and AF < 0 the excitation lowers the energy and thus reducing the
total momentum of the superfluid. If this is the case more and more excitations would follow
and eventually damp out the momentum P. Fortunately this does not always happen, since

as long as
qu <wq~cq, v<c, (5)

excitations always increase the energy. The above consideration leads to the conclusion that
if wq is linear (at least for ¢ — 0) there is a critical velocity for the superfluid beyond which
superfluidity is likely to be lost. The actual critical velocity may be smaller than ¢ because
of the existence of (gapped) transverse roton excitations, also envisioned by Landau. One
might argue that an insulator also satisfies the Landau criterion, would it be a superfluid?
On one hand there are phonon excitations in solids. On the other hand, even if phonons
satisfy the criterion the insulator behaves as a rigid body in vacuum and its ”superfluidity”
is trivial. In fact the behavior described in E, is called a general rigidity.

Homework Show that neither free fermion nor free boson systems satisfy the Landau

criterion.

II. PATH INTEGRAL REPRESENTATION

We now develop a theory for weakly interacting bosons and show that superfluid state
can show up. For better clarity we first put the bosons on a lattice, and finally goes to the
continuum limit. Moreover we limit ourselves to short range interaction so that only on-site

interaction is retained in the lattice model,
H =~ S (000 + ) + 200 S0+ S (00— o) (6)
— ) : [ 9 7
(ij) @
Here a constant energy 2Dt is introduced so that the single particle dispersion ¢ = Zf t(2—
2cos ky) is positive definite and reduces to the correct continuum limit, p is the average

density of bosons and the chemical potential has been absorbed in the U-term. The partition

function of the system is

7 = Tre "1, (7)



In terms of path-integral it becomes

= /D¢*D¢e5, S = /dTL, L= Zsb?(—@T)@—H({W,sb})- (8)

III. SADDLE POINT AND FLUCTUATIONS

We now shift to the continuum limit by rescaling ¢,
3| o+ 1 2, U/ 2
5= [drd'r 60,0+ S[VOP + (16 — p?|. (9)

We look for a saddle point of S. Physically this should correspond to the condensed state.
So the saddle point is given by ¢ = ,/p which minimizes S. The excitations now correspond

to fluctuations of ¢ around the saddle point. We write

= /p+pe?, (10)

where both dp and 6 depends on space and time. Expanding S around the saddle point in
terms of dp and 0, we find

N : v+ sz o L ous,?
SH/[@apaTe+2m|ve| + 500"+ Ve (11)

Here we have dropped the constant term in S. The path integral measure now changes
into [ DépDE. The Berry phase term implies that §p and 6 are a conjugate pair of general
momentum and coordinate. Therefore S can be exactly mapped to a system of coupled har-
monic oscillators. We shall come back to this point later. In the frequency and momentum

space, with ¢ = (q, i), we write

2 2
Pq U q
-5 - E {un(queq + Y. \9q|2 + <5 + _8mp> ](5,0q\2] ) (12)
q

Since dp, is gapped it can be safely integrated out to yield,

o Z {U—i—qg/ﬁlmp pj} " (13)

We read off the Green’s function for 6,

2 2 _ 2 2
-1 _ Vn Pa w rq (14)

= —|_ — + ,
U+q?/dmp m U+q?/dmp m




where we performed analytical continuation to real frequency. The pole of G, or the zero of

G~! determines the excitation spectrum,

2 2 U U
qu\/ﬂ(zu d >qu\ PP o= (15)
m dmp m m

We succeeded in getting the low energy excitations, which behave has phonons. Combining

the Landau criterion we claim that weakly interacting bosons can develop superfluidity at
zero temperature. We also see that if U = 0, the phonon velocity vanishes and consequently
a free boson system is unstable against infinitesimal boosting.

We mentioned in the intermediate stage that the Berry phase term indicate conjugate
momentum and coordinate. This is seen as follows. For one particle, we can develop a path
integral representation using |x) and |p) as the coherent state in real and momentum space.

Following similar strategy to what we did for bosons, we obtain, for example, the action for

—S—/d v+ 2 K (16)
n= [ dr {0+ o+ e )

where k is the spring constant. By analogy we conclude that the fluctuations of dp and 6

a harmonic oscillator,

can be mapped to a system of harmonic oscillators,

H= Z[ ol + 5 (025 ) ] (1)

4mp

with uq = 64 and py = 0pq, and [u_q, pg/| = 10qq- The harmonic frequencies of this system
are exactly the excitation spectrum we obtained from the poles of the Green’s function.
Homework: Using the harmonic oscillator mapping, and using dp as the coordinate in-
stead, try to work out the ground state wave function of the system. For simplicity you may
drop the factor q?/4mp. Translating your results to real space, you actually get the ground

state of the interacting bosons!

IV. SUPERFLUID-MOTT INSULATOR TRANSITION
Consider a Bose Hubbard model,

H =~ (bb; +hec. +ZHZ, H; = —pn; + Ung(n; — 1)/2. (18)
(i)



In the limit of U > t the system has the tendency to form an insulator whenever the average
filling is an integer. This is seen as follows. Starting from the integer-filled state II;|ng);
that minimizes H;, any further hopping leads to deviation from the ’best’ state. Thus in the
limit of ¢ = 0 the system has a finite gap against particle-number fluctuations. This must be
also true for sufficiently small ¢ by continuity. However, as ¢ increases, the energy lowering
by delocalizing the bosons overcome the energy cost due to the interaction, and therefore
there must be a transition to the superfluid state.

Clearly in the limit of ¢/U < 1 a better starting point is the completely site-diagonal
hamiltonian exhibiting the insulating phase. To determine the phase boundary between the
two phases, we notice that the Mott insulating state is the eigen state. The hamiltonian
t = 0 enjoys the local U(1) symmetry: b; — b;e®®. The uncertainty in the phase corresponds
to the fact that the local particle number is a good quantum number. The superfluid state
must break the symmetry in order to make a qualitative difference to the insulating state (in
the absence of translation symmetry breaking). Therefore, we try to proceed in a variational
way, taking the U(1) symmetry breaking as an order parameter in the sense of Landau.

Consider a mean-field hamiltonian,
Hyr = Z H; — Z(wbl +¢7b;). (19)

In the vicinity of the phase boundary we assume |¢]| is small, and we can get the ground

state energy (per site) of Hyp by second order perturbation theory,

+1 n
Eur ~ Eo— xol2, o= 2"~ 4 0 . 20
MF 0 — Xo|¥| X0 Uno— 1 ji—Ulng — 1) (20)
From this energy, we know
(b) = —0Bpa /00" = xot, (V) = —0Eup/00 = xy". (21)

We should be aware that Ej/p is not the ground state energy E, of H, but we observe

that
Ey = Exp — 2t(b)(b) +4*(b) + ¢ (b') = Eo + xo(1 — ztxo)|¥[%, (22)

where z is the coordination number for a lattice site. Since xo > 0, the U(1) symmetry

breaking phase is energetically favorable if 1 — 2ty < 0. Therefore the phase boundary is



given by

1 n0+1 Un
— = , 23
2t Uno—u+u—U(n0—1) (23)

We remark that ng is a function of p/U. If ng denotes the boson density in the ground state
of H;, it must be true that the denominators in the right hand side of the above equation

are positive except at points where boson occupation number jumps for ¢t = 0.

Homework: Derive the expression for yg, and draw the phase diagram of the Bose
Hubbard model in the p versus ¢ parameter space. You should be able to get the Mott

lobes within which the system is in the insulating phase with quantized boson densities.

We can gain further insights by the path integral approach. The partition function for
H is given by

/Db*dbe -5 = Zb* 11)b; + U|b =) (bjb; + c.c). (24)
(ig)

We decouple the hopping term by a Hubbard-Stratonovich transform,
—S — Zb* 11)b; + be 14— b — b + Zw DY iabj. (25)

Here 1) and 9* are dynamic auxiliary fields, and ¢! is the inverse of the hopping matrix. In
principle, for the above transform to be well-defined, we should require all eigenvalues of ¢
are positive. This is certainly NOT true in a hypercubic lattice. However, since we will be
interested in the low energy long wave length limit, the difficulty does not arise.

The merit of the above transform is the action for b is purely local in real space, and can
be integrated out, in principle. At the end of the day we arrive at an effective theory in
terms of 1. If ¢ turns out to be able to condense, we claim b does either. Before doing so,

we observe that S is invariant under the following gauge transform,
bi — bie'®, by — e’ — pu+i0¢/0r. (26)

This places important restrictions on the subsequent action for .
Via linked-cluster theorem, we anticipate the action in terms of ¢ (and ©*) is a summation

over all orders of linked (and spatially local) Green’s function of b-fields. The two-point local



Green’s function can be worked out explicitly to be,
G(1 > 0) ~ —nge PAE=eTA2F= _ (ng 4 1)e ™28+ (27)

where AEL = E(ng+ 1) — E(ng). In the frequency space, we get,

. —nNy ng + 1
G(ivy,) ~ . 28
(ivn) wy + AE_ * w— AE, (28)
In the zero frequency limit, we find
G(iv, = 0) = —xo. (29)

Combining the above U(1) symmetry, we claim that, in the continuum limit (low energy

and long wave length limit)

—SzﬁVfo+/d7/dde,

(%
L = K" 0 + Ko|0- P + Ka| VO 4o + Sl + - (30)

where fj is the free energy density for ¢ = 0, and

1
d

LNV 31

ra® = — = xo (31)

Notice that the first term 1/z¢ arises from the long wave length limit of the ¢~! term, and
—Xo from the zero frequency limit of the local Green’s funciton. The coefficient K; plays
a crucial role. It can be computed explicitly, but it is simpler to note that it is determined

uniquely by the gauge symmetry Eq.(26),
K, = —0r/op. (32)

This has a very interesting consequence. We notice that K vanishes once r becomes p
independent. This is precisely the case at the tips of the Mott lobes. For K; = 0 the
Berry phase term disappears in .S, and the Mott insulator to superfluid transition is in the
universality class of O(2) quantum rotor field theory. In contrast, for K; # 0 we have a
rather different field theory. In this case we can drop the K5 term since it involves two time
derivatives and is less important at low energies.

The boson density is given by

(blbi) = —a‘dfo/Op— a"dfy /0, (33)

8



where f, is the free energy associated with the 1-fields. In a mean field theory, for r > 0
we have (1) = 0 so that (b'b;) = no(u/U) is quantized. This places us in a Mott insulator
phase. For r < 0 we have (¢)) = (—r/u)'/?, and consequently

r? a’r Or
(it = na/0) + a3 (52 ) ~ /) + S (34)

Thus at the transition point at which K; = 0, there is no correction to the density of
the superfluid to leading order. It is pinned at the same value as in the Mott insulator.
Conversely for K7 # 0 the transition is always accompanied by a density change, and thus
must be in a different universality class to the case of K7 = 0. In fact the density change
itself can be regarded as an order parameter for K; # 0.

In the above argument we ignored the p-dependence in u. Consider the trajectory of
points in the superfluid with its density equal to some integer n. The implication of the
above discussion is that this trajectory will meet the Mott insulator with ng(u/U) = n at its
lobe. The O(2) quantum rotor model phase transition then describes the transition out of
the Mott insulator into the superfluid along a direction tangent to the trajectory of density
n. The approximation made for u merely amounted to assuming that this trajectory was a
straight line.

For more details, see ((Quantum Phase Transitions)) by S. Sachdev.
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Abstract

In this lecture I discuss superconductivity from a theory point of view.



I. NEGATIVE U HUBBARD MODEL

Consider a Hubbard model with on-site attraction,

H=—t Z(cgacja +h.c.) — UZ”iT”il- (1)
() @

In the limit of ¢ = 0 there are even number of electrons occupying the lattice site pair-wise.

We define a pair operator
b, = cijcir, bj- = CITCL. (2)

This is clearly a singlet bosonic operator but subject to no double occupancy of pairs because
of the Pauli exclusion principle. The states generated by such operators are all degenerate
if the number of pairs is fixed. As in the case of repulsive Hubbard model, the huge amount
of degeneracy is broken by a finite hopping ¢. Consider two sites connected by a bond. If
one of the sites is occupied by a pair, while the other is empty, the pair can hop to the other
site by two steps in two different ways (depending on which electron hops first). The other
process is one of the electrons in the pair hop to the empty site and subsequently comes
back. There are also two ways of doing this. The energy gain in both types of processes is

—2t?/U = —2J. We conclude that an effective hamiltonian for the two-site system is
Hy = —(U +2J)(biby + bhbs) — 2J(b]by + bby), b7 =0, b3 =0. (3)
This can be immediately extended to the entire lattice,

H=—(U+2DJ)Y blb;—2J> (blb; +hc), b =0. (4)
i (ig)

Notice that in the first term the factor of 2DJ takes care of the fact that each bond con-
tributes a factor of 2.J, and there are D independent bonds connecting to a given site in
space dimension D. The above hamiltonian describes hardcore bosons. So long the lattice
is not fully filled by such bosons, there is always room for them to move around, and the
system is a superconductor for D > 2. This is a strong coupling version of the ordinary
superconductor. The superconducting transition is caused by bose condensation since the
electrons already pair up in the normal state.

In ordinary superconductors, U is much weaker than ¢, therefore stands in the opposite

limit. It is however amazing that for however weak attraction the electron system can



always enter the superconducting state at sufficiently low temperatures. The key is that the
electron system is infinitely unstable against electron attraction as envisioned by Cooper.
A complete microscopic theory of superconductivity is developed by Bardeen, Cooper and

Shrieffer, known as the BCS theory.

II. PATH INTEGRAL REPRESENTATION

The path integral representation of the partition function for fermions described by the

Hubbard model mentioned in the preceding section is,
Z = /D¢D¢es, S =S+ Sp,

So = /dTZ@a(M — 07)bis — /dT[—t Z@z‘a%a +h.c.)],

(ij)o

St = /dTUZ Gi1Di i Dit. (5)

where we have inserted the chemical potential. We recall that the fermion fields satisfy the

following boundary condition,

o(B) = —p(0), @(B) = —¢(0), for all sites and spins. (6)

This condition means that the frequencies of the Fourier modes of the fermion fields can

only take values w, = (2n + 1)77 for all integers n.

III. SADDLE POINT

We now seek a saddle point solution. Since S; has positive exponents, it encourages QETQB !

to develop nonzero averages. This suggests the following decoupling of S;:
1
_ /dT; AN - /dT;(A:WiT +he)l,

Sy — /dTZ %A;‘Ai - /dTZ(A;QWn Fhe). (1)

This transformation is called Hubbard-Stratonovich decomposition. Notice that by using

S = /DA*DAeXp

the second line we are assuming that A* and A are auxiliary bosonic fields to be integrated

over. For obvious reason, the saddle point is A;(7) = A, and it can be set real. Once

3



A becomes a solution the global U(1) symmetry in the original action is broken. For this
reason superconductivity is said to break gauge symmetry.

By translation symmetry in both space and time, we rewrite the effective action at the
saddle point as, for k = (k,iw,),

A% -
NG ;D= (rp, D)) (8)

S — Z . (iwnog — €03 — Aoy) Py —
k

Here ® and ® are Nambu spinors, oy is the 2 x 2 identity matrix, 01,3 are Pauli matrices, and

xk = —2t Zle cos k, — p is the single particle dispersion. (The Nambu vaccum is defined
by |V) = HmL]O) = chLl]O>.) The path integral can be finished exactly, and we get the
free energy

2
O=-Tnhz= NA

— TZTr In G,;l, G,;l = (w00 — €x03 — Ao]. (9)
k

We want to minimize €2 to find the optimal order parameter A,

02  2NA

AT T TZTeral—O (10)

This condition leads to
Y DIFEE B S g e P Y (==
U~ N w2+ e +A2 N 2 6+A2 0 2/e2 + A2

where Ny is the normal density of states at the fermi level. At the critical temperature

A — 0, the above equation leads to the condition

1 B 1
3 Nln%, —>T0:wcexp(—x), (12)

where A = NyU is the dimensionless coupling strength and w, is a cutoff for the attractive
interaction to be effective. On the other hand, in the zero temperature limit, we find the
energy gap A, satisfies

1 T, 1
P In eAc: , — Ag=¢ew, exp(—X). (13)

Here e” ~ 1.75 is the Euler constant. In usual superconductors w,. is given by the Debye

temperature since U is mediated by phonons (but it can be shown that U itself does not
depend on wp). The BCS theory then has two important predictions: 1) T increases linearly
with wp. Since wp x 1/ v/M where M is the ion mass, the BCS theory predicts an isotope
ratio dInT,/dIn M = —1/2; 2) The ratio 2A,/T, ~ 3.5 is universal for the type of (s-wave)

superconductors under concern.



IV. EXCITATIONS AND GROUND STATE WAVE FUNCTION

There are two types of excitations beyond the BCS ground state (or the above saddle
point). One is the fluctuation of the order parameter A. The amplitude fluctuations have
a gap and are unimportant at low temperatures. The longitudinal phase fluctuations are
gapless in neutral boson systems, but here they are gapped up to the plasma frequency since
they causes long wavelength charge fluctuations. The transverse phase fluctuations create
vortices and anti-vortices. By entropy effect such fluctuations destroy superconductivity in
D = 1, leads to Kosterlitz-Thouless transition in 2D, but is less relevant in higher space
dimensions.

The other type of excitations are electronic excitations, described by the Green’s function

Gj. They clearly have an energy gap A. The corresponding effective hamiltonian is
H=> Ul (wos + Aoy . (14)
K

This hamiltonian can be diagonalized easily,

H = ZEk(ﬁl]:ﬂk—OélT(Oék), Ek = \/Ei—i‘A?, (15)
k

where
o — f _ f
k = UkCk + VkCly |, Ok = —UkCky + ukCly |,
1 €x 1 €K
2 2
=—(1—-— =—(14+—=). 16

Since the Nambu vacuum is defined as |V) = H’CCLL|O>’ the BCS ground state is

Uk
IBCS) = HkaL|V> = Iy (v + ukcLTcT_ki)K)) x exp(z KCLTCT—kl)m)’ (17)
k

which is explicitly a coherent state of Cooper pairs.

Homework: (a) Project the BCS ground state to M Cooper pairs and expand the state
in terms of real-space configurations. Show that the amplitude for a configuration is a
determinant. (b) Show that in the limit of A — 0 the BCS state |BCS) is equivalent to the

normal state with a filled fermi sea.
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In this lecture I discuss various instabilities in interacting electron systems. Any instability is
signaled already in the logarithmic divergence of the corresponding bare susceptibility. Aided by
a favorable interaction the system can develop long range order in the channel corresponding to
the diverging susceptibility. These include the density wave order in the presence of nested fermi

surface, and the universal superconducting order due to the Cooper instability.



I. INTRODUCTION

Electrons are fermions and therefore can not condense at a single electron state. However
electrons may form bosonic composite particles which can condense. For example, a Cooper
pair is formed of two electrons, ferromagnetic order is defined by the condensation of zero
momentum particle-hole pairs in the spin channel, antiferromagnetic order is defined by the
condensation of large momentum particle-hole pairs in the spin channel, and finally a charge
density wave order is defined by the condensation of particle-hole pairs in the charge channel.
The condensed bosons define the order parameters in the various cases. How can this ever
happen? To answer this question we should take an unusual point of view about what we call
interactions. The two-body interaction can be viewed as the scattering amplitude between
the composite bosons in all possible channels. The electrons may promote a particular
type of scattering via higher and higher order scattering processes, to the extent that the
scattering can extend to infinitely long distance, even if the initial scattering is short ranged.
By uncertainty principle it must be true that the scattering has focused to a particular wave
vector. Viewed from the composite boson point of view, they can now hop to anywhere
with equal magnitude of amplitude. This is nothing but boson condensation. The focused
scattering wave vector is the momentum of the condensed bosons. Once the scattering is
made infinitely long ranged, a naive mean field theory is exact.

Let us put the idea into mathematics. Suppose that the composite boson is described by

an operator O, and the interaction can be decomposed as
H; — /OT(X)FO(X—X’)O(X’)+~' : (1)

In general I'y is local or short-ranged. However, it can clearly be made dynamic and long

ranged by applying the ladder approximation. Let z = (x,7), we write,

[(z, ") = To(x, ') + To(a, y)[=x(y, 2)Il (2, 2'), (2)

where internal variables are to be integrated and y is the order-parameter susceptibility

X(@,y) = (T[O0(x)O' (y)]). (3)

Notice the minus sign before x in the ladder series since the interaction appears as e~/ 71

in the partition function. In momentum space, with ¢ = (q, i),

Lo(q)

Dlg) = Lo(a) + Tola) =x(@IDa): T(0) = 75 (P

(4)



It is therefore clear that in order for the scattering to focus on a particular wave vector, we

should require both the initial scattering and the susceptibility to satisfy

1+ x(q,0)To(q) =0, (5)

where we set v, = 0 since we are looking for boson condensation. Since x(q,0) > 0 in
general, the criterion requires the initial scattering amplitude I'g(q) < 0. Once the above
criterion is satisfied, the dressed ‘propagator’ I' has a pole at zero frequency, and indeed this
signals a collective boson at zero energy. The divergence of I" is of course an artifact since
we insisted in using the normal state in the calculation. In reality the system can develop an
order parameter (O) # 0, after which the interaction no longer diverges. This corresponds
to a self-consistent mean field theory.

Disclaimer: There is one loophole in the above argument. In the many body system the
various modes are not independent. The coupling between different channels can lead to
nontrivial consequence. For example the scattering amplitude might be zero in one channel,
but may be induced to become dominant by other channels. For example, ferromagnetic
fluctuations can induce triple pairing, and antiferromagntic fluctuations can lead to singlet
pairing. A treatment of all channels on an equal footing requires a renormalization group

analysis, which is beyond the scope of this lecture.

II. SPIN DENSITY WAVE

Consider the simplest Hubbard interaction. We can write it as
2
Unin; — —2US? — —gUS2. (6)

This means that the repulsive interaction promotes spin moment formation. By spin ro-
tation symmetry let us concentrate on the z-direction spin-spin interaction. Initially the
scattering is local, I'g(i7, j7') = (—2U)d;;0(7 —7’). In momentum space, I'g(q) = —2U. The

corresponding susceptibility is

x(z,y) = (T5:(2)S:(y)])- (7)

Consider ferromagnetic instability at q — 0. In this case

— 1
x(q,0) = __TZGk iwn ) Girq(iwn) = Z Ji = fira — §N0- (8)

€k+q — €k



Given I'y = —2U, the instability condition 1 + xI'y = 0 leads to NoU = 1. This is the
well-known Stoner criterion. There is a critical value of U below which no ferromagnetic
instability occurs.

Next, consider instead antiferromagnetic instability. This does not occur in general. But

if the fermi surface is nested in the sense that

€k+Q = ¢k, (9)
where Q = (m, 7) for example is an antiferromagnetic wave vector, we get

WQoy =S 2 Ly 2 (10)
k

2

where A is an energy cutoff. The susceptibility therefore diverges logarithmically as the tem-
perature decreases. As a result for whatever small U > 0 there exists a critical temperature

at which the instability occurs,

A 1
1:N0Ulni, T. = Aexp <_N0U) . (11)

This formula bears the same form as that of the BCS superconducting transition tempera-

ture, because of the same type of logarithmic divergence.

III. CHARGE DENSITY WAVE

Suppose that the interaction can be decoupled into the charge channel as

Hy =) p'(@V(a)p(a). Z (12)

We want to ask what kind of charge density wave instability can develop. Now we have

I'o(q) = V(q), and the charge susceptibility is

P SCYSRENWORER) ST -

€k+q — €k

The dressed interaction is

V(q)
14+ x(9)V(a)

Since x(q,0) > 0 for any q, repulsive charge interaction is always screened (at zero fre-

I'(q) = (14)

quency).



If we do have a particular component V(Q) < 0, then a CDW instability occurs if
1+V(Q)x(Q,0) = 0, an analogue of the Stoner criterion. If in addition Q is a nesting vector,
x(Q,0) is again logarithmically divergent, and we expect again a transition temperature in

a similar form to the BCS formula for superconductors.

IV. COOPER PAIRING
A. TUniversal Cooper instability

Suppose that the interaction can be decomposed as

Hir = /PT(X)Fo(X —xX)P(X) +--+, P(x) =1 (x)i(x). (15)

Here P is a local Cooper pair annihilator. (In general the pairing operator does not have to
be local. For a Cooper molecule a pairing form factor enters.) The pair-pair susceptibility

X(z,2) = (T[P(x) P (')]),
X(Q):TZGk+qG—k:Z 1_fk_fk+q (16)

" iV — (€xtq + €x)

Notice that we assumed e_x| = ex by time-reversal symmetry. For a general q # 0 the
susceptibility is regular at v, = 0. However, there is a tremendous difference at q = 0,

1 (e A
X(0,0) = Z Etanth ~ No In T, (17)
k

where A is a proper cutoff. It is either the bandwidth if the interaction is effective in the
entire band, or the effective energy scale within which the pairing vertex is nonzero. As a

result there is always a pairing instability if I'y(0) < 0, at the transition temperature

1
T, = Aexp [ — Ty <. 18
P ( N0|To|) 0= (18)

We knew that fermi surface nesting leads to logarithmical divergence in particle-hole
susceptibilities. Here the Cooper-pair susceptibility requires no nesting on the fermi surface.
In fact there is a hidden nesting: the degeneracy between €y and e_y; for any k. Since
this is true for any time-reversal-symmetric systems, the Cooper instability is much more

general, and this explains why superconductors are discovered so often!



B. Electron-phonon pairing mechanism

However, the electrons interact via repulsive Coulomb interactions. According to the
ladder approximation, the pairing interaction contained in it is screened as,

Veo

V.= s
1+N0‘/c01an

(19)

This is called a Coulomb pseudo-potential. However it never changes sign. In order to
develop Cooper instability we have to ask: where does attractive pair-scattering come from?
The answer to this question is understood as the mechanism of superconductivity.

Suppose the electrons are coupled to phonons as

Hep - Z '7k,k+q¢lt+q¢k(aq + aT—q)v (20)
kq

where i is the coupling matrix element. In a path-integral approach we can integrate
out the phonons to get an effective retarded interaction for Cooper pairs at +(k,w,) and
(K, wy),

2v

(Wp — w!)2+ 02

o — _|7kk,\2/ dvB(k — K, v) x (21)
0

where B is the phonon density of states. Notice that the center of mass momentum and
frequency of the electron pairs are set to zero, given the Cooper instability mechanism.
This is a retarded interaction because of the dependence on the frequencies w,, ,s. Since the
important degrees of freedom are those near the fermi level, and for these ones the on-shell
frequencies must be small either, we conclude that a sufficiently good approximation for the

pairing interaction is
Ly ~ =[Vp| O(A — ex]) (A = |ew]), (22)

where A ~ wp since the majority of phonon modes has this characteristic harmonic fre-
quency. We used —|V}| for the induced interaction to emphasize that it is attractive. The
independence of I'yrr on k and k’ means such an interaction scatters Cooper-pairs that
are defined locally in real space, as we discussed in the preceding subsection. (If instead
the pairing interaction can be written as I'yy = I'g fx fi, the Cooper pair has an internal
wave function proportional to the form factor fi. By symmetry the latter must be a linear

superposition of the irreducible representations of the underlying symmetry group.)
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Together with the Coulomb pseudopotential V., the total effective pairing interaction

(with zero collective momentum and frequency) is given by
I'p(0,0) ~ Ve = (V. (23)

As long as this interaction is negative, we get the pairing instability at the transition tem-

perature given by

1= Ny(|V,| = Vi) In =2,
T,

T ——
c = Wp exp(— ,
D €XpP X — .

Here wp is taken as the energy cutoff below which there is a net attraction between Cooper
pairs. A careful examination of V,, shows that it is independent of wp, although it is induced
by phonons. The pseudo-potential is set as Voo/[1 + In(Es/wp)]. If the latter is ignored the
transition temperature scales linearly with wp, which manifests as the isotope-effect. A more
careful treatment of the interactions and the frequency dependence therein, the Eliashberg

theory, leads to slightly different results, but without loss of the qualitative physics.
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In this lecture I discuss the bosonization technique and its applications in one dimensional in-
teracting systems. The linear dispersion in 1D fermionic systems makes a unique situation that
boson-like particle-hole exciations and single-particle fermion excitations can be mapped into each
other exactly. (A single fermion excitation is a coherent state of bosons!) This enables re-expressing
the fermionic hamiltonian in terms of boson fields (characterizing the p-h excitations), and more
importantly also enables expressing single fermion field in terms of the boson fields, called bosoniza-
tion. Strikingly, the bosonized theory is exactly solvable in many nontrivial cases, and provides the
exact meaning of the Luttinger liquid behavior. If umklapp scattering is allowed the boson theory
also contains interaction, in the form of a quantum sine-Gordon theory, the behavior of which is
however well understood within renormalization group theory. In this sense it is fair to claim that
all one-dimensional interacting systems are asymptotically solvable in the low energy window.



I. OPERATOR ALGEBRA

Suppose two operators satisfy [B, A] = ¢ where c¢ is a constant. The relation between A and B is isomorphic to x
and ¢d,, or B = ¢Ja. Define a null state |0) such that B|0) = 0 and an arbitrary function f(A). We observe

P f(A)|0) = f(A+)[0), (1)
so eB is a shift operator. This enables us to write
Pt f(A)]0) = (A + ¢)|0) = e“ete? F(A)[0). (2)

Since f(A) is arbitrary, we get an operator identity

B A—€A€B€ _eAeBe[BA] (3)

Define D()\) = e*e* | and observe

dD

= B(B 4 A)eM = et (A+ B+ M) = D(A + B+ Xe). (4)
This equation can be integrated to yield D = e*A+tB+eA/2) "and we get another important operator identity
eBeA — oA+B[B.A]/2 (5)

These operator identities are important in the course of bosonization.

II. WEYL FERMION AND CHIRAL BOSON
Consider a fermion field theory,
H= vf/dx (@) (=i () = S vskeler, (6)
where
L = L /dx w(x)efikz Y(x) = L chei’” (7)
VI | VL2

under the box normalization. The fermions are right movers since the group velocity is vy for any k. Such fermions
are called chiral or Weyl fermions. The ground state satisfies

crs0l0) =0, cfl0) = 0. (8)

The low energy quasiparticle excitations are related to those states near the fermi level. (The fermi point is at k = 0).
We regard the ground state as the vacuum of excitations, and under the convention specify the Hilbert space of
excitations as follows.

Change of fermion numbers: The number of fermions in the ground state is infinite in the continuum limit. We
may however use the change of particle number AN to specify one of the quantum numbers of an excitation. Under
the same value of

AN:Z(CL% - ckc;C Z ckck : (9)

k

where we introduced the symbol of normal ordering for excitation operators beyond the ground state, there is a unique
state with the lowest energy, which we denote as |AN)o.

Particle-hole excitations: With fixed AN, there are particle-hole excitations generated by p, = >, ck 4qCh- Notice
that p_, = pq and [pg, AN] = 0 (since p, does not change the number of fermions). Here we restrict to ¢ # 0, since
the ¢ = 0 excitation is equivalent to that by the operator AN. It is not necessary to include normal ordering in
pq since the fermion fields involved are at different momenta (for ¢ # 0). However, this is not necessarily true for
composite operators. Consider the commutator between two such operators,

[Pp: Pq) = Z[Cz’ﬂwck” 02+qck] = Z[cltﬂquck - CLJrqck*p}' (10)
k' %



Naively the commutator would be zero if we relabel the momenta in one of the summands. However, we must take
into account the ultraviolet boundary of k and the nontrivial vacuum of excitations into account. This requires us
to apply normal ordering in the last step. Notice that this magic procedure does not change anything. It merely
separates the excitations and the vacuum backgrounds as follows,

L
[Pps Pql = E [: c;+p+qck : +(c£+p+qck>o— : chqck,p : —<CL+qck,p>0] = —%pép),q. (11)
k

In reaching the last equality we used the fact that the normal-ordered parts are always well-behaved and can be
relablelled to cancel each other, while the vacuum expectation gives rise to the current anomaly. This is an example
of Kac-Moody algebra. It is straightforward to see that the density operators can be expressed in terms of canonical

boson operators,
[2m [2m
bq = qup,q, bg = qipq, q > 0. (12)
_ g _ ik
Pa=\5 0p P-a=\/5 b a>0. (13)

The density fluctuation in real space can also be expressed in terms of the bosons,

The inverse relation is

st (@)Y(x) = ATN + % Z(e—iqacpq +he) = ATN + \/% Z Va(bge'™ + hoc.). (14)

q>0 q>0

The question is whether the set of excitations generated by all possible functions of b and b’ span a complete Hilbert
space for a given AN. The answer is a delightful YES as first proved by Haldane.

Completeness of excitations: We observe that b,|AN)o = 0 since by definition |AN)¢ is the lowest energy ground
state with AN, and is thus free from particle-hole excitations thereon. Another way of seeing this is to notice that
b, tries to shift a fermion from a larger momentum to a smaller one, but this is forbidden since either the larger
momentum state is empty or the lower momentum state is occupied in AN)j. A general state with the same quantum
number AN can be generated as [AN) = f(b")|AN)q where f(bf) is an operator functional of {b}}. Thus to form a
complete set of excitations we only have to supplement operators that change the total fermion number:

F|AN)o =|AN — 1)y, F'|AN)g=|AN + 1)o. (15)
Here we defined the Klein operators F' (or F'T). They bring a ground state to anther, without generating particle-hole
excitations. It is reasonable to require
Let us check how F and FT works on excited states,
FTFO)IAN)o = FONFAN)o = F(b)AN + 1),
Ff(bM)[AN)o = f(0)F|IAN)o = f(b1)|AN — 1)o. (17)
Thus |AN)( and particle-hole excitations can be independently created, forming a complete set of excitations.
Notice that the Klein factors are unitary, FT = F~!, and satisfy
[F,AN]=F, [F',AN]=—F". (18)

Fermion fields: Given the fact that p-h excitations can be generated by canonic boson operators, we may ask how
a fermion field would be related to those bosons. For this purpose, we check out the commutation relations,

o (@) = ag()ila), B v(a)] = 0 @), ale) = =/ e (19)
Applying to the state |[AN)q we find
[bg, Y(2)]]AN)o = byp(2)|AN)o = ay(z)Y(z)|AN)o. (20)

Remarkably ¢(x)|AN), is an EIGEN state of b,/a,(z), and thus must be a coherent state of bosons. It is therefore
conceivable that

D(@)|AN)g = A(z)eZaz0 @@ F|AN),, (21)



where the Klein factor takes care of the change of fermion number. We take the inner product,
o{AN|Flp(2)|AN)o = A(z)o (AN [eZaz0 0@ ANY, = A(). (22)

But the left-hand side can actually be calculated explicitly. Comparison yields

1 2T
A(z) = ﬁe 2nzAN/L (23)

In order to draw a relation between ¢ (x) and the bosons at the operator level, we must generalize ¥ (z)|AN)q to
P(z)|AN) = (x) f(b1)|AN). We try to shift ¢(z) to the right of f(b) to take advantage of the above coherent
state. This is indeed possible. Recalling the commutation relation [b:} Y(z)] = aj(z)(x), we realize that

Y(a)bl = [b] — ap(@)]e(x),  Y(@)(b])" = b — ay(@)]"¥(x). (24)
So 9(z) acts as a shifting operator to the arbitrary functional f(b'), formally,
b(@) f(T) = fIbF — o (2)]0 (). (25)

We therefore write

D(2)|AN)=3(2) (1) AN)g = f[b — a* (2)]e(x) | AN)q

FA(2)f[b! — a*(2)]eZa 2o @P | AN),

FA(x)eXa @ £ bt — o (2)][AN)q

FA(w)eXa @@= X0 ai@Pa (1) AN, (26)

In the last step we used the operator identity e~ f(b')|0) = f(b — ¢)|0) if b|0) = 0. Since |AN) = f(b")|AN), is
arbitrary, the comparison of the two sides of the above equation leads to an operator identity

w(x):%eiQﬂxAN/Lefi\/ﬁB*(w)efi\/ﬁB(a:), (27)

where
¥ DI T (28)
q>0 q>0
Here we introduced a convergence factor to take care of the UV limit. Under this convention we get
1 _ _
[B(x), B (y)] = o Infl - e?mrmytie)/L], (29)
™
where we used the fact that ¢, = 27/L. For z = y (and /L — 0), this can be used to rewrite ¢(z) as,
F_ i2meAN/L —iv/o7o(z) t
T) = ——e“" e VETelT) ) = B(x) + B'(x). 30
¥(x) o ¢(x) = B(x) (z) (30)

The reason that this form involves the UV parameter « is because it is not in the normal-ordered form. This
accomplishes bosonization of the fermion field.
Boson fields: We now want to express all operators in terms of ¢(z). First of all we observe that

Opp = Va(el 121 2p, 4 hoe). (31)
EN

Comparison with the expression of : 1 (x)y(z) : in terms of AN and p, (and thus of b, and b:g), we find

AN 1
L V2T

On the other hand, it can be shown by some straightforward algebra that

st (2)y(z) = 0r 9. (32)

[6(2), 0y (y)] ~ Tr@—y’ta? + I (33)



In the thermodynamic limit L — oo, we get

6(2), 0,0()] ~ ~id(z —v),  [6(2), Slu)] ~ sign(z — y). (34

This means that the fields ¢ and —0,¢ are conjugated (in the same way as z and p behave in elementary quantum
mechanics), and is indeed necessary to make the boson field chiral (moving in one direction only), as will be clear
below. The hamiltonian describing the right movers can be straightforwardly expressed in terms of the boson fields
since the excitation energy is exactly given by the particle-hole excitations, plus the energy change due to AN,

Ho=wv; > qblby + %UfAN(AN +1). (35)
q>0

The first part is directly related to 0,¢, and indeed we can write
vf 2 ™
Ho = - [ dw:(9:0)" : + T AN(AN +1). (36)

Since —0d,¢ is the canonical momentum of ¢, the Heissenberg equation of motion for ¢ is,
O1p = 0Ho/6(—0,0) = —vp0z,  &(z,t) = d(x — vyst). (37)

This is indeed a right-moving chiral boson mode.

III. LUTTINGER MODEL

Now consider both right and left movers with linearized fermion dispersion at the fermi points. This is called a
Luttinger model. For convenience, we redefine these movers as

1 iskx
Cks = Cs(ks+k)» w(m) = 7= Z Cs€ ’ (38)
VL 4
where s = + for R/L movers are used henceforth as a flavor index. The free hamiltonian in the fermion language is,

Hy =" vskc] cps. (39)
ks

In this way the treatment for the Weyl fermions can be extended to both flavors defined above, with the exception
that a sign reverse for x is needed for the left movers (since momentum is labeled in the reverse direction for the
left movers). In the following we recapitulate definitions and useful expressions for the bosonization of the Luttinger



model.

iskx
e eps, 40
72 (40)

L
Chtq.sChs = \/ #[b;se(q) +b_q.s0(—9)], (41)

) = Aév :

s
@
—
-
I
=[] 3\.;
>

- %ams, (42)

¢s(x) = Bs(x) + B Z quw*aq/%q,s —h.c.), (43)
q>0
s Zemqr aq/2bqys, (44)
q>0
W(z) = &emmm\/s/Le—i\/%Bj(ac)e—i\/ﬂBs(x) _ F (i52TE AN, [ L~V (2) (45)

VL V2ma
Hy = vf/dxz capl () (—is0y )by () -, (46)

Hy=v; Y qbjbgs + v, ZAN (AN, + 1), (47)
5,q>0
v ™
vy /da: (0265)% s +Tup 3L ANJ(AN, +1), (48)
—18 o 18 .
[ps(x), 0y (y)] = 7()ﬁ+ 7 —is0(x —y), (49)
[quv Fs/] = [bqsv ] (50)
{F,,Fy} = Fféssf, { S,Fs/} = 20,4, (51)
[Fy, ANy = Fybss, [FI,ANy] = —Fl6,,. (52)

Notice that the Klein factors are almost fermionic except that F2 # 0. The commutation relations between the Klein
factors are necessary to guarantee the fermionic anticommutation relation between different flavors of fermion fields
in the bosonized form.

Dual fields: In a field theoretical approach, it is useful to define new fields in terms of ¢4, called dual fields,

(¢R — L), 7(¢R + éL). (53)

3\
g

The inverse transform is

Pr

Sl

0 —0), ¢r= (9 +9). (54)

%\



In terms of the new fields, we find

,(/}S (.Z‘) — Z;a eistcANs/Le—i\/E(Q—sd))) (55)
() = BN+ (0, — is0,0), (56)

L VAar
B ANp 4+ ANp 1

Esj (@) = =+ 20s9, (57)
s: iz x) = —L -

; 9l (@hba(e) = — 0, (58)

[9(x). 6(v)] = [6(2).0(w)] = 0. (59)

[6(x). 6(y)] = —5sign(z —y) + T (z— ), (60)

[9(),,6(9)] = id(x ) - 7. (61)

Hy = q%f /dm[: (0:0)2 : +: (0,0) 1] + %’Uf Z:ANS(ANS +1). (62)

Notice that ¢ and 0,0 are conjugate variables in the thermodynamic limit L — co. Therefore the Heissenberg equation
of motion is

O = 6Ho/6(020) = v§0.0, 0¢(0:0) = —0Ho/6¢ = vs0sep, (v}O2 — 07)p = 0. (63)

This describes left and right moving density waves. The Lagrangian (in the convention that the Boltzman weight is
e~ J £drdT) corresponding to Hy is, in imaginary time,

L= —i0,00.6+ %(@9)2 n %f(amﬁ (64)

Here the normal ordering symbol is unnecessary since all fields become c-number functions. We have also dropped
the AN, excitations. Integrating out 6 or ¢, we find

(0.6 +05(36)), L — L[ (:0) + v;(3:6). (65)

1
L— -
2’()f

[1
21)f

The theory in terms of 6 or ¢ has the same form, and this is said to be self-dual.

IV. LUTTINGER LIQUID

Consider a spinless model with short-range interaction. (The on-site interaction is irrelevant because of Pauli
principle). To apply the idea of bosonization we first expand the physical fermion field as ¢(z) ~ Y, e**/ %y (z). A
general local interaction ¥ generates terms like (1/2)garbivivsps, gg’lprsz'l)/JL7 gre~2iskszahtah aplap,, and
gsediskszahtah aplah_ . (When two identical fermion operators appear, they are understood as being slightly different
in momentum). Terms with oscillating exponentials are called umklapp terms, which are averaged out quickly unless
2k or 4ky coincides with the underlying reciprocal vector G. The g 4 interactions lead to

HI = % /dif[% Z : (az¢s)2 PTg2 82¢Lam¢R ] (66)

S

The noninteracting part is
v ™ ~
Ho = [doY: (@007 472 S (AN (67)
S s

Here we write AN as an operator in the form of a general angular momentum. Since both Hy and H; are quadratic
in ¢g, the model is exactly solvable in the bosonic picture. Define

14+Ggs—92 9i
S et RN (N 68
g 14+ g4+ 92 g 27y (68)




The hamiltonian can be rewritten in terms of the dual fields as

H = Hy+ Hy = %/dx[g  (0,0)2 : % (0:0) ], u=v /O + 0% = (G2)° (69)

Here we dropped the AN excitations.

We now come back to the umklapp scattering. Since 2ky = G would correspond to empty or complete filling, we
can drop out the g; scattering. However, if 4k; = G, the g3 umklapp scattering is allowed, and in fact leads to the
following term in the hamiltonian,

2g .
H, ~ m /dx cos(4y/mo). (70)

For general filling fractions, this term is absent. We will drop this term in most of the following discussions.
The Euclidian Lagrangian for H is,

1
L =—i0,00,¢ + g[g(8I9)2 + 5(8””¢)2]' (71)
Integrating out # we find,
1.1 2 2
£ 5ol (0:0) + u(0,0)). (72

In the limit of ¢ — 0 quantum fluctuations in ¢ are frozen, and this corresponds to a Wigner crystal. On the other
hand, we may integrate over ¢ to find,

1
£ — 2[=(0:0) + u(0.9)%). (73)
In the limit of g — 0o, quantum fluctuations in 6 are frozen, and this corresponds to a ‘superfluid’. The two theories
are exactly dual if and only if g = 1, which is the noninteracting limit. It is clear that g < 1 (g > 1) for repulsive
(attractive) interactions, from the intuition that repulsive interaction favors the Wigner crystal phase.

The equation of motion from the Lagrangian is

(02 +u202)p = 0, (82 +u?02)0 = 0, (74)

so there is still a strict separation of left and right movers in the bosonic sector in the Minkovsky space (where
t = —it). However, this is not necessarily true in the fermion sector. The reason is that the interaction causes
scattering between the left /right fermions. To see how this is possible out of a separable boson movers, consider the
Green’s function of the fermion fields,

G(z,7) = —(W(z,7)¥1(0,0)) (75)

to be evaluated by path-integral approach in terms of the bosonic theory of the dual fields. The calculation is lengthy
but straightforward, leading to the result

1 cikse e—ikse a? A
G ~ — — 76
(@,7) 2m (x—f—iuT x—im') <x2+u272) ’ (76)
where « is the UV cutoff parameter, and A is the anomalous dimension
1.1
A:1(§+g—2). (77)

Clearly the left /right movers are separated if and only if g = 1. Otherwise, there is always a mixing characterized by
the A term. The local density of states is given by, asymptotically,
1 -1

1 1
p(w) = —=ImG(0,iw, = w+i0") ~w’™ 1 v= i(g + ;) > 1. (78)
T

We see a suppression of the DOS at zero energy. The system has a soft gap. On the other hand, the fermion occupation
for the right movers in the momentum space is

) 1
n(k) = /de(a:,T = —0%)e e~ L Crign(k — kp)lk — kgl (79)



Therefore the momentum distribution does not have a jump at k = ky unless g = 1. This is the benchmark of
Luttinger liquid behavior.

Fractional excitations: It can be shown that the coupling constant g is exactly related to the conductance of the
Luttinger liquid, o = ge?/h, in analogy to that of the edge state in the fractional quantum Hall liquid (where one
would require v = 1/(2p + 1) with p a positive integer). In fact, the bosonic hamiltonian with coupling g can be
refermionized as follows. Make the unitary transformation,

0—=06"/Vg, o—=dVg [¢'(x),0,6'(y)] ~id(x —y). (80)

The last expression guarantees that the primed fields are canonical conjugate pairs. The hamiltonian becomes

H— g/dx[: (0.0 : 4+ : (0.0))? 1] (81)
This corresponds to a free Luttinger model with fermi velocity v and
F/ . ’ . ’ ’ . ]_
7711;(»?) _ s eszﬂ'ANS/Lefzﬁ(G —s¢') 6774\/%(175, bs = 7(0/ _ 5(,25/), (82)

V2

where ¢ are independent chiral boson fields as we discussed earlier. Clearly the Green’s functions in the chiral boson
and fermion systems are related,

gs = <¢g($, T)w;T (070»’ Dy = <¢s($,7')¢s (070»’ gs = e*m P, (83)

Notice that the last equation holds iff both the fermion and boson systems are free. It does not apply to the original
interacting fermion system. However, the two fermion systems can be related to each other through the free boson
fields. Consider for example the original left movers,

—i/T —ia T —ia ™ 1.1
v ~ e VE(0+¢) _ o Lﬁ¢Le Rﬁ¢R7 ap/r = 2(\[ \/E) (84)

We see that v, factorizes into 1/)}47 r (with exponents az,/r). Therefore the Green’s function in the interacting fermion
system is, for the left movers,

Gr = (r(x, 7)) (0,0)) = 2L PL+2maRDR — ()% (gp)"R = g (grgr)>, (85)
where we used the fact that a% = a? —1 = A. A similar result holds for G,
Gr = gr(9Lgr)">. (86)

Apart from reproducing the earlier result, the present discussion makes it clear that in the Luttinger liquid quasipar-
ticles are fractional copies of free Dirac quasiparticles. The connection to the edge state of fractional quantum Hall
liquid is now transparent. Moreover, given the free nature of the theory of (¢',8’), its conductance is unity. On the
other hand, the fact that ¢ = ,/g¢" implies that (9,¢(1)0,$(2)) = g(0.¢'(1)0,¢'(2)). Thus response functions in the
two systems (that can be derived from the dynamical density-density correlation) are related by g. This is the case,
for example, for conductance, which should therefore be o = ge?/h (in full units), as we claimed.

Chiral anomaly and Luther-Emergy point: We now discuss the effect of the umklapp interaction more carefully.
We rewrite the hamiltonian including this term,

H=1 / de[g(9,0)° + ( 9u)?] 7). (87)

From now on we leave the normal-ordering symbol implicit. Upon the unitary transformation we used above, we write

H— g/dx[(amﬁ)Z (0:0)%] 293 /dxcos \/167g9). (88)

The effect of the umklapp term can be qualitatively understood as follows. Consider g3 — 0, and do perturbative
calculation up to the second order in g3. We will encounter the correlation of the gs-term, which behaves as

g ( o \Y

For g > 1/2 this term vanishes upon taking the limit @ — 0 for finite R. In the opposite case the perturbation
diverges. A more careful RG analysis shows that for g > 1/2 the umklapp interaction simply renormalizes the
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effective parameters g and u. However, if g < 1/2 the umklapp term is relevant: it is responsible for the opening of a
gap in the excitation spectrum. The chiral modes are mixed in such a phase, and is called a chiral anomaly. The case
g = 1/2 is marginal, and leads to logarithmic corrections to the correlation functions. This is an unstable fixed point.
There is another special point g = 1/4, at which the cosine term becomes cos(v/4m), which looks like a bosonized
chiral-mass term of the Dirac theory (with k; = 0). Indeed, the hamiltonian maps exactly to

Hy_1/4 — U/dﬂﬂ/ﬁ% %W + m/dxlﬁ/T%l//, (90)

where 7;’s are 2 x 2 Dirac matrices (e.g., 71 = o3 and 5 = 01) acting in the chiral basis, and m is the chiral mass
related to gs. This is first realized by Luther and Emergy, and is called a Luther-Emergy point.

It should be pointed out, however, that there is no longer any simple relation between ¢ and v’ fermions. The
problem is the bosons in the intermediate step are interacting, so that the linked Green’s function generator

W[h] =In Z[h Zn'/D - n)hihy - hy (91)

contains higher order terms other than the bilinear one. Here h is the source field coupled to § and/or ¢. The quartic
and higher order terms in the above generator makes it impossible to relate the two-point fermion and boson Green’s
functions as we did in the Luttinger liquid model, although we do know there should be an excitation gap in the
two-point Green’s functions in both the fermion and boson sectors.

V. FIELD-THEORETICAL APPROACH OF BOSONIZATION

In the above bosonization procedure we worked with operators, and may be termed constructive bosonization. The
advantage is all mappings are fundamentally exact. It is however possible to perform the bosonization from a field
theoretical point of view, using Lagrangian and path integral. In fact, more insights can be gained in the latter
scheme, although sometimes one has to tolerate some pitfalls. Consider the spinless model,

Hy :—thcHl—ic Zc Ci- (92)

Via a Jordan-Wigner transformation,
C; = bieiﬁ Zj<l i s (93)

we can rewrite the hamiltonian in terms of the hard-core bosons,
Hy— —t» (blbig1 +hc) —p )y blbi, b7 = (b)) =0. (94)
The effective Euclidian Lagrangian for such bosons is, in the continuum limit,
K’ U
L=b"0-b+ [0 + S ([BI* = m0)*, (95)
where K’ and U are effective stiffness and local interaction parameters, and ng is the average particle density. The

hardcore nature of the bosons is relaxed to a soft-core interaction U. In principle, both K’ and U are unknown at
this stage but will become clear later. Introducing the fluctuation fields via

b= /ng+ dpe’, (96)

we rewrite the Lagrangian as

L —i(ng+6p)0.0 + — (a 0)? + %5;)2, (97)

where K = K'ng. It is clear that ng + dp acts as the general momentum conjugate to 6 (up to a minus sign). This
describes the phonon fluctuations in the superfluid phase. We may integrate out dp to find

£ = ingd;0 + o (a 0)% + (axe)? (98)
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For nonsingular configurations of 6 (periodic in 7) of for integer ny (not relevant in the present model since integer
filling amounts to either empty of completely filled cases), the Berry phase term ingd.0 can be dropped. But singular
configurations (with winding numbers in space-time) are possible, since the boson field b and be®*™ are identical so
that 0 is unique modulo 27, and is said to be compactified on a unit circle. Strictly speaking, we should replace 0,60
by e=%(9, /i)e?. This allows singular configurations in # with phase winding of 2n7 (n is an integer) in space-time.
With this in mind, we may parametrize 6 as

0= eph + 0\/7 E/Lvapayaph = 07 e,uua,uauev =27 vaé(r - rV)? (99)
Vv

where €, is the rank-2 antisymmetric tensor, ny is the vorticity of the instanton, and r = (z,7) is a position in
space-time. In the presence of instantons the Berry phase term is nontrivial, and in fact leads to important effects
that we shall unravel.

Lut us come back to Eq.97, and define

J= (Jo,Jl) = (n0+5p, Jl), (100)
where J; is a new field introduced to decouple the stiffness term, so that
. 1 , U 9
L — ZJHGMG + ﬁjl + 5((]0 — Tlo) . (101)

The 6 field appears linear in £, and can be integrated out in principle. Integrating out the smooth 6, field leads to
a continuity condition

Oudy =0, —  J,=€und, (102)
where ¢ is a field used to express J so that the continuity equation is satisfied. The singular part can be rewritten as
1T, 0,0y — i€, 0,0,0v — 121 nyd(r —rv). (103)
%
In the path-integral these delta-functions lead to a factor in the partition function,
Zy = Z Z eylnvi—myny /2 —i2mny é(ry) (104)
nv {rv}

where €Y is the instanton fugacity and my is the local instanton-instanton interaction that depends on microscopic
details. In principle there is a neutrality condition that the total number of winding numbers add to zero, otherwise
the energy cost diverges. So we are summing over instanton plasma configurations. On general grounds we expect
e¥ < 1 (since instanton costs energy) and the vortex plasma is dilute. In this limit only ny = 0,£1,+2 contribute
significantly, and the above factor can be re-exponentiated as

Zy ~ ef dxdT 37, 1 5 uk cos(27rkq5), (105)

where u;, depends on k, y and the space-time metric. (Dimension-counting requires uy o 1/AzA7 ~ 1/a2.) Plugging
the ug-terms back to £ we arrive at

1 U
L — ﬁ(&w + 5(&(;5 —ng)? + k;2 uy cos(2wke). (106)

We may shift ¢ — ¢ + ngzx so that

L— %(&([))2 + %(&5@2 + k;Q uy, cos[2mk(d + nox)]. (107)

It is clear that the & = 1-term is irrelevant since it is always averaged out unless ng = 0,1. The k = 2-term survives
if ng = 1/2, and we will keep this term only, since higher order terms are more irrelevant from the instanton point of
view (and consistent with the RG point of view). To draw a connection to the constructive bosonization, we should
set ¢ — ¢'/\/7 (so that the definition of density fluctuation is consistent). Moreover, €™ = 1 in the microscopic
model so we can drop out ngz in the cosine function for £ = 2. Eventually, we get

L— %(&dﬁ + %((’%gﬁ')Q + ug cos(4y/7e’), (108)
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where the up term is exactly the 4k;-umklapp term in a general Luttinger liquid. In a free system, by self-duality we
expect mK = U/m = vy and ug = 0.

A caution is in order. In the mapping from the fermion lattice theory to the boson lattice theory, the hopping
term beyond the nearest-neighbors would contain phase strings in the lattice boson hamiltonian. This would cause
trouble in the field theoretical treatment. However, as far as low energy physics is concerned, and as far as there
are only two symmetric fermi points, we can always map the fermion theory to an effective fermion model with just
nearest-neighbor hopping by matching the fermi points and the fermi velocity. In this sense all such fermion models
are asymptotically solvable in the low energy window.

VI. INTERACTING SPIN-1/2 FERMIONS

We now generalize the theory to spin-1/2 electron systems. Let us define

o =: wlg¢ua ) (109)

where v = +1 denotes the right/left movers, and ¢ =1 / | denotes the spin polarization. A general density-density
interaction can be written as

1
HI = /dl‘ [2 2(94”600/ + g4l660’) * ProPro’ - +Z(92H500’ +92l66a’) S PRoPLc" *| (110)

voo' oo’

In an SU(2) symmetric model g;;; = g;1. The umklapp and backscattering interactions will be picked up later. We
can define the spin and charge combinations

1
ﬁ(‘?w £ ul)s  Giess = il £ giL- (111)

The spin-resolved fermion fields are rewritten as

¢y/° =

Doy = f;w i2mVEAN o /L =iy 0 0]) (112)
T

;

The interaction is rewritten as
Hr=)_ v / da [g‘“ S (0000)% : —Gon : (D0hud)) ¢ - (113)
A=c,s

As in the spinless Luttinger theory, we define g;x = ¢;»/2mvs henceforth. The free part of the hamiltonian is

- vf/dx (D)2 sz (114)
A=c,s

Since we will concentrate on p-h excitations we will drop the AN-terms in the following discussion.
Remarkably the spin and charge sectors are completely decoupled and can be treated as in the case of spinless
model. Thus we introduce the dual fields for A = ¢, s,

1
ox = %(fbﬁ —¢7), Ox= 7(¢R +¢7), (115)
in terms of which
Ve = F;a eiVQﬂANW,m/Le—i\/ch—wﬁc-l-U(es—V¢s)]’ (116)
T
1
H = Ho+ Hy — /dz > Plon: (0u0) s+ (0,007 (117)

A=c,s

/ 1 gax — g2 _ _
— ol — 1+ 2 _g2.. 118
g = 1 Gax _2>\7 U vf ( 94)\) 9o ( )

with the coupling constants
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Specializing to the Hubbard model, we have g;; = g;1 = U, so that g, = U/mv; and g;s = 0. This leads to
ge ~1=U/mvs, ue ~vp(1+U/mvs), gs = 1 and vy = vy. At this stage, the interaction only affects the charge sector,
while the spin sector is intact, leading to spin-charge separation. For U > 0 the charge velocity is boosted by the
repulsive interaction, and this is consistent with the depletion of zero energy density of states.

In the following we define important order parameters and list the associated correlation functions for bookkeeping
purpose. All results can be obtained quickly by expressing the operators in terms of the fractional copies of the
quasiparticle operators in the free Dirac theory that follows from rescaling the boson fields 8 and ¢,, as we did in
the Luttinger model.

For the smooth/2k;/4k; CDW operators,

Ocla) = 3+ Wlal@hbuo() . (OO0 ~ s (119)
Onty (1) = 32 €217 (2)uro (2), (O, (£)0, () ~ X2HIT) (120)
Ouiy (2) = Y e Mk ()0 ()60 ()ra (2),  (Oar, ()0, (0)) ~ W (121)
For the smooth/staggered S;W operators,
Oula) = 3 tulowt s (0:@)0K(0) ~ 5. (122)
O (1) = o, (Ofhpur (2)0%pyy (0)) ~ L) (12)

28a
A, = s + 9e, A%y =gc+ 1/95- (124)

In the SU(2) symmetric case, g; = 1 so that the SDW correlations are isotropic.
For the singlet and triplet pairing operators,

s . s s 1
O,(x) = ityro2tr, <Op(1’)0; (0)) ~ Py (125)
. 1
O;O(x) = i)ro203Y, <O;0(9U)O;t0(0)> ~ 2o +1/ge (126)
. . 1
Ot (x) = iproa(or £ioa)r, (04" (x)Of*(0)) ~ pRyPRE YR (127)
Finally the fermion Green’s function can also be worked out, in imaginary time,
1 ik:fx —ikfx
Go(z,7) =— < - <
2 | /(x4 duer)(x +iust) (@ — iuet)(z — dusT)
a? Ac a? As
x (x2 + u%ﬂ) (xQ + u%ﬂ) ’ (128)
where
1 1
Ay==(gp+—-2), A=g¢s. (129)
8 gr

As a consequence, there will be anomalous power laws in the momentum distribution function and local density of
states,

1 . o v 1 1
(k) ~ 5 = Csign(k = kp) k= k"7 ple) ~ ol v = 3 (o) (130)
A=c,s

Umklapp and back scatterings: We now discuss the effects of umklapp scattering and backscattering interactions.
Umklapp scattering is allowed if 4%y is a reciprocal vector in lattice theory. The transverse umklapp scattering is
described by

Hus = s [ do 30 vy thobiotnn s +hie) » 522 [ docos(vVBroo). (131)
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The longitudinal umklapp interaction is

493
Hy,)| = g3 /dx Z( ¢L0¢EU¢LJ¢LU :+h.c.) — (27rozH)2 /dx cos(V8m.) cos(V8mds). (132)
Unless both spin and charge sectors are gapped, this term is arguably irrelevant. On the other hand, g3)| vanishes for
pure local interactions (in lattice models) by Pauli principle. Thus H,| is usually dropped out.
The transverse backscattering is described by

2911
Hy =g11 zg:/dl‘ : ¢EU¢LU¢TLa¢R& P @ra)? /d’l‘ cos(V8mes). (133)
On the other hand, the longitudinal backscattering will renormalize both the spin and charge channels,
v
=S [ e s hvutloine [ T 0 [0:60 - @ro ) (134

This interaction alone would enhance/reduce the value of the coupling constant gy in both channels if gy)| is positive
(negative).

It is known from RG arguments that for g. > 1 the transverse Umklapp term is irrelevant. Its effect on the low
energy sector is simply to renormalize the effective parameters. However, for g. < 1 the transverse umklapp term
is relevant. It is responsible for the opening of a charge gap. Similar discussions can be applied to the spin sector.
For g; < 1, the transverse backscattering term g;; becomes relevant, and generates a spin gap. This is realized
for example in a negative-U hubbard model, where electron pairs form spin singlets. In the mean time, g. > 1 in
the charge sector so that there is no charge gap. Indeed, the electron attraction induces quasi long-range ordered
superconductivity. Finally gy = 1/2 is the Luther-Emery point in the A-channel, as can be seen by comparison to the
discussion in the spinless Luttinger model (mind the different coefficients in the cosine function).
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I. KADANOFF-BAYM FUNCTIONAL

To avoid confusion, I specialize the discussion in this section to fermions, although similar
discussion can be applied to bosons either.

We know that the Green’s function obeys the Dyson equation,
G_l = Gal - 27 (1)

and the self energy ¥ is composed of 1PI diagrams with two open ends. If we connect the
open ends with the G we obtain what is called (closed) skeleton diagrams. Such diagrams
contains all effect of interactions, and respect all symmetries of the underlying full hamilto-
nian. Let us denote the summation over all skeleton diagrams as I'. Since all solid lines in
the skeletons are the dressed Green’s function, it is clear that I' is a functional of G, and it

is possible, and in fact true, that the self energy can be obtained from I' by
¥ =90I'/6G. (2)

Combined with the Dyson equation, we conclude that the dressed G is a saddle point of the

following grand potential,

Q=Tr (1-G;'G—InG™ ") +T,
N/6G=0 — X =0I/0G. (3)

To see that this is indeed the grand potential we check that if there is no interaction €2 =
—Tr InG,*, which is indeed what we would anticipate. With interactions the saddle point
condition leads to the Dyson equation. The €2 functional was first propsoed by Kadanoff
and Baym. In the following we illustrate how such a functional and its extension can be

used as variational principles.

A. Self energy functional and Variational theories

Since the Green’s function is in general non-local, and a variational calculation in terms
of G would be difficult. In contrast, in some cases the self energy is quite local, or can be

favorably approximated as local, it therefore makes sense to devise a parallel functional in



terms of . This can be achieved by a Lagende transform,

F=Q-Tr GG =T — Tr [GE + In(1 — GoX)],
SF/6x =0 — G '=G;'-3, (4)

where we used the fact that 6I'/63 = (0G/dX)II'/0G = (6G/63)%. Since ¥ can be assumed

local,
ch’ = Ecfscc’v <5)
I' could be approximated as local either and can be obtained from isolated small clusters,

D~ [Qe—Tr (1-Gp/Ge—InG.Y), (6)

where the subscript . means that the associated quantities are defined in the isolated small
cluster. Notice that €., G. and G can all be calculated exactly on the isolated clusters. If
e = 2e0qe 1s assumed to represent the self energy in the entire system, then G is obtained
by connecting G.’s via the inter-cluster matrix elements.

Variational cluster perturbation theory: Under the local approximation to the vertex
functional, we may consider a variational approach by which some order parameters can be
included. The idea is as follows. We calculate I'x using Hox = Hy + X as the free part
of the hamiltonian, where X includes the desired order parameters (such as pairing on the
lattice, or modification of the hopping integral, or even frequency dependent bath). The
bare Green’s function for Hyx is given by Gy = Gy' — X. Since in general X may change
the density, it should also include a shift of the chemical potential to achieve thermodynamic
consistency. Now Yx = dI'x/0G is the self energy with respect to Hyx, and we require it

optimize the modified potential functional,
FX:F)(—TI [GZX+G0X—|—1H(1—G0X—Gozx)]. (7)

Since dI'x /63 x = (0G/0Xx)0Tx /0G = (0G/6Xx)Ex, we find that 0Fy /0¥ x = 0 leads to
G~' = Gy' - X —Yx, as we anticipated. Once Yx is obtained for a given X, one can further
optimize X so that a global minimum is achieved. The second term within the trace in Flx is
a counter term so that X = 0 is always the solution for free systems (where I'xy = Xx = 0).

Along the same logic, we can switch back to the grand potential. Consider
QX:TI" [l—GalG—X(GO—G)—IDG_I]—FF)(. (8)
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It is easy to verify that
FX:Q)(—TI' G(SQ)(/5G (9)

Thus there is nothing new. But x is analytically more appealing. The counter term
— X (Go—@) is well behaved at high frequencies so that there is no ambiguity in the frequency
summation, even if X is frequency independent.

Dynamical mean field theory: Under the same local approximation for ¥, it is also possible
to derive the dynamical mean field theory (DMFT) using the F-functional. Suppose that we
couple the isolated cluster to auxiliary environment (E), and denote the composite system
as CE (cluster plus environment). The interaction is only included in the cluster itself. It is
possible to calculate Y. in CE. The self energy in the original crystal lattice is approximated
as Yew = Le0ew, by which the Green’s function GG on the lattice is obtained. Now we try to
optimize F' by varying E. Denote the Green’s function on C by g. (G.) if it is calculated in

CE (in lattice). Under the given approximation,

Tr G =) Tr GewSee = Y Tr GoXe, (10)

so the saddle point of F' leads to

6T, 8g.  OG, 590G,

0G0 0% oy, 0y, 0%, (11)

If the last equation is integrated as the interaction is switched on adiabatically, we get
G.— G = g. — 9o, which is exactly the self-consistent condition in DMFT if Gy = g is
enforced. (Notice that g, is calculated in CE, so that its relation to X, is not obvious. The
only thing we know is that ¥. = 0 for a free CE, and X. # 0 if interaction is switched on.)

The environment should be tuned so that the self consistency condition G, = g, is satisfied.

II. VERTEX FUNCTIONAL

In order to make the presentation simpler, let us consider a boson field theory, and assume
the field is real in real space-time. This avoids fermion sign interruptions. The conclusion
from this section is however very general. Einstein convention is used for summation over

repeated indices unless confusion arises.



We learned that the partition functional Z[h], where h is the field coupled to boson field,
is a generating functional for all orders of Green’s functions,

5" Z (]
Sh1hy -~ 6hn |,y

1
ZTGn s ,n)hth"'hn. (12)

n.

Gn<172a ,TL) =

n=0
Since we are interested in connected Green’s functions, we can construct a functional par-
ticularly for them as
— 1
W =nZh) =)  —G(1,2, - n)hhy - ha, (13)
n=1
where only connected Green’s functions enter in the sequences. Thus W[h] is a generating

functional for connected Green’s functions.

Define

(di) = ¢s = OW[h]/dhs, (14)
L[¢] = gihs — WIh]. (15)

The functional I' is called the vertex functional, with the following properties:

6T /0h; = —6W /Sh; + ¢ = 0,
0T /8¢y = —(OW/6h;)0h; /i + b;0h;/5¢; + h;di; = hy. (16)

The first equality means that I' can be rewritten in terms of ¢ alone. To simplify the writing
we shall drop the bar over ¢ henceforth.
To have a better understanding of the vertex functional, we take a further derivative in
Eq.(14) to find
52w 82W  Shy, 2w 6%

- = — Y= 1

This means the the two second-order derivatives W and I'” are mutual inverses. For brevity

let us denote
Taking the limit of h — 0, these functionals become

W12~~-n|h—>0 = Gf1<1727 7n)7 F12-~~n‘h—>0 :Fn<1727 Jn)7 (19)



where I',, is the coefficient in the expansion for the vertex functional
1

n

Eq.(17) can be rewritten as,
Wiolas = b3, (21)
We take a further derivative to obtain
Wigal'ag = —Whal'assWsa,  — Wiag = —Wip Waa Wiz Ty (22)

In the second equality we used Eq.(21), relabelled the indices and used the fact that Wiy =
W31 for boson fields. In order to see the systematics, we perform one more derivative in

Eq.(22) to find,
Wiass = =Wy Wooy Wi WawTraga + - -+ (23)

Here - - - represent those terms each of which contains more than one I'-derivatives connected

by W;;. Summarizing the systematics and taking the limit 4 — 0, we are lead to
G°(1,2,--- ,n) = —G5(1,1)G5(2,2") - - G5 (n,n )T, (1,2, -+ ) n') + Qn(1,2,- -+ ,n), (24)

where () contains the connected but one-particle-reducible diagrams, while the first part is
just the 1PI part of G, if the associated external G§’s are amputated. We conclude that the
vertex functional is a generating functional for 1PI vertices.

As a series of ¢, the vertex function is usually expanded around the symmetric point
¢ = 0. However, in the symmetry-breaking phase we have ¢ # 0 while h = 0. In this case
the vertex functional is a series of ¢/ = ¢ — v where v = ¢(h — 0) is the order parameter,

L) =>_

n=1

|~

3

The series actually begins from the second order since I'y = 6I'/d¢ = h = 0 must be
respected. However, this is just a Taylor expansion around ¢’ = 0 or ¢ = v. We can freely
shift the expansion point if the series converges, so that we can actually get rid of the primes
in the above, with the remarkable conclusion that the vertex functional with coefficients
calculated from W[h] in the symmetric phase is capable of capturing both symmetric and

symmetry-breaking phases.



III. WARD IDENTITY AND GOLDSTONE MODE

Suppose we have a boson field ¢ = (7, 0), described by the Lagrangian

L8] = S[(V6) +mé?] + Li(#?), (26)

where L; contains interaction in powers of ¢. Let the rotation group be denoted as T', we

observe that
L(T¢) = L(¢), Z[Th] = Z[h], WI[Th] = WIh]. (27)
Consider an infinitesimal rotation,
Tw=1—¢, h=hs—¢chy, h =hs+eh,. (28)

Here ¢ — 0 and ¢ is the antisymmetric tensor. Under this rotation,

ow ow
oW =€ |:th - mha:| = 0. (29)

In terms of the vertex functional we write,
or or
SLALL ) 30
[ lo-s, - 452 )
Differentiating again with ¢, we get,
5T or 5T
Oz/[qﬁax——éx—y——gbﬁx— =0. 31
B N o B P e R PN RPN oy
This is a manifestation of the Ward identity.
If in a symmetry-breaking phase (¢) = (0, u) for h, = 6I'/d¢, = 0 we get from the Ward
identity (for h — 0),

/FM(X —y)=0, I[:(q—0)=0. (32)

Since G5 = I'y we conclude that Gs(q) has a singularity at the momentum q = 0. This
is nothing but the gapless Goldstone mode for components of the field transverse to the

ordered component.



IV. FUNCTIONAL RENORMALIZATION GROUP

The Green’s function technique is devised for the perturbation theory in many body
systems. However, very often the theory runs into infrared divergence if the interaction
itself is taken as the perturbation. A worse situation is the system have many competing
divergences. The usual perturbation theory based on partial summation techniques (to be
discussed below) emphasizes one over the others of the instability channels. A good idea is
to introduce an infrared cutoff in the theory, and see, on an equal footing, how the various
effective interactions, as appeared as irreducible vertices in the I' functional, flow as the
cutoff scale changes. In this context, the cutoff scale controls the phase space of quasi-
particle excitations, and the interaction flow can be taken as a result of the perturbation in
the phase space. Let us put the idea into mathematics.

Consider again a real boson theory, and regulate G' as Gy *(A). Assume that O,Gy ' =
Q, and ask how does the system evolve as A — A + dA so that Gy (A) — Gy (A) + QdA.

We take the Q-term as a perturbation and observe that, for a fixed source field h,
1 1
ZA-‘,—dA[h] = exp(—éathAah)ZA[h], 6AZ = —EahQﬁhZ,
1 1
8A InZ = —§8hQ8h InZ — §¢Q¢,
1 1
OAW = —EQGW] - §¢Q¢- (33)

Here we used the fact that ¢ = 0, In Z and 010.W = G1a[h] = G13]¢] is a functional of h or
¢. As we set h = 0 or ¢ = 0 G5[0] is the exact two-point Green’s function. On the other
hand, the inclusion of QQdA requires a shift of the source field A in order to fix ¢ = O,W
as an independent field. It may also change the connected Green’s functions, i.e., lead to

explicit changes in the kernels of W. Thus,

OAl' = @Oph — Op,WONh — OAW = —O\ W,
1 1
OAl' = —OA\W = §QG[¢] + §¢Q¢- (34)
This is called the Wetterich equation. To our gratitude the explicit changes of I' is also

a functional of ¢ alone. We can now compare both sides to get the flow of each order of

irreducible vertex function. To the zeroth order of ¢ we find

OaTo — %QG. (35)



This provides the flow of the free energy. To get the higher order vertices, we need to

differentiate both sides of Eq.(34) by ¢. Let us define
% = 04,04, T, My=T"% M} =T (36)
On the other hand, we observe that
GM =1 GMG=G, G'MG+GM°G+GMG*=G", G"=-GM°G. (37)

With these notations, we can write, dropping similar terms that can be obtained by exchange

external points a, b, c, ...,

1
oA = —gQGM“G + Q(a, z)d(z),
O\ = —%QGM“I’G + %QGMZ’GM“G + Q(a,b),
1 1 1
oAb = —§QGM“Z’CG + 5QGJ\M;JW’G — EQGMCGMZ’GM“,

O™t = —%QGM@”“IG + %QGMdGM“”"’G + %QGMchM“bG

1 1
—EQGMdGMCGM“”G + 5QGMdGMCGM’GWG,

(38)

Now setting ¢ = 0 in all of the above equations, I'** becomes a 4th order vertex, M® a
3rd-order one, M® a 4th-order one, and so on. On the other hand, there is no odd order

vertices in the symmetric phase. Therefore,

1 1
O\ = —éQGM“”G + Q(a,b) = 5SJW’ +Q(a,d), S=-GQG.

1 1
aAFabcd —_ §SMabcd o §SMCdGMab. (39)

Here S is the so called single scale propagator, which would be identical to 0\Gj if the self
energy flow in G is ignored. We see that the 4th-order vertex corrects the self energy (the
Q-correction cancels out 9yGy ' in 95'®), while both 4th and 6th order vertices correct the
4th order vertex. If we limit ourselves to the 4th order, the above equations become closed.

We have limited ourselves to real boson fields and have been very slippy in the writing of
the flow equations. This problem can be fixed by the following standard practice, applicable
to both bosons and fermions. First draw all one-loop Feynman diagrams that correct the

self energy and the 4th-order vertex. If there are two solid lines within the loop, replace one

9



of the them by the single scale propagator, and sum over two different replacements. The
appearance of the single-scale propagator makes it clearer that FRG is a perturbation theory
in the phase space, and is in principle exact if the vertices are not truncated. Since vertices
at and above the 6th order are often irrelevant by engineering counting, the truncation up

to the 4th order vertices is a reasonable choice.

V. LOOP EXPANSION

In the Lagrangian we have a small parameter & in the denominator, which is usually set
to unity. However, since the dependence of anything on A is a manifestation of quantum
effects therein, we decide to use h as a small parameter to guide the perturbation theory.
For general purpose, we replace the small parameter by a. We consider real boson fields for
simplicity, without loss of generality in the conclusions.

We define the generating functional as

2] =ewl [ Li00] [ Doey (- [ocitor [eo)
s expl— / 0 L (3e)] exp (% / gaaog). (40)

Therefore in the perturbation expansion, each particle line carries a and each interaction
line carries a~!. In order to do a partial summation according to the powers of a we have
to count the power of any diagram.

Consider an n-th order term with E external lines, I internal lines. The power of a is [ —n.
The number of independent internal variables, or the number of loops, is L = I — (n — 1).
Thus I —n = L — 1. Therefore we can expand the perturbation series according to the
number of loops.

To proceed let us use the standard ¢* model as the example,
1oy 1 2 | A 4
== = —¢". 41
L= Smd? + (Vo) + 20 (41)

The zeroth order of a is called the tree level, at which the vertex functional has exactly
the same form as L.

Up to the first order of a, one-loop diagrams correct the 2n-th order vertex as

11, 1
Aan——%(—y\) /dqW- (42)
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At this level of approximation the renormalized mass (or inverse susceptibility) is given by,

A 1
= ! : 4
X m+2/<1q2+m (43)

Therefore the transition point is no longer given by m = 0, but by

A 1 1 1
c=—2ad ~—= [ dg—. 44
" 2/qq2+mc 2/ e 4

A cutoff in the integration is necessary to get finite result. There is no momentum depen-

dence in AI'y at this level. This hides a fact that ® itself is renormalized at higher orders
(called wave function renormalization).

Going to higher order of loops is possible but beyond the scope of this lecture.

VI. LARGE-N EXPANSION

For an O(N) symmetric system,

1 m 1A
L — 2 a2 - 2\ 2 4
where ¢ = (¢1, ¢o, -+, ¢n) is an N-component vector. The factor of 1/N in the interaction

term is necessary so that each term is of the same order of N for N — oo. In the perturbation
expansion, there will be a summation over the components in each bubble. For a fixed order
of A\, the most important terms are those with as many bubbles as possible. We conclude
that in the limit of large N, all we need to care about are bubble ladders.

Once symmetry is broken, the classical field (the order parameter) is of order N'/2. On the
other hand, the source field is also of order N*/2. This determines how we treat fluctuations
of the order parameters beyond the leading order. Since the technique will be similar to the

saddle point expansion, we shall not go into details here.

VII. SADDLE POINT EXPANSION

This expansion is similar to the loop expansion, but the small parameter is included in

both the Lagrangian and the source term,

I =L(¢)—he, Z[h]= / Depe I &x1/a, (46)
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In the limit of a — 0 the saddle point solution is exact,
01 /6¢gox) = 0. (47)
Now expand around the saddle point, ¢ = ¢ + 1. Take the ¢* theory as the example,
I=1(gu) + 5 (V9)? + S (m+ 26800 + Sow + St (15)

Notice that the source field has formally disappeared. It is actually hidden in the saddle

point solution ¢o(x). The partition function to be considered is
7 = e—fdx[o/a / Dwe—fdx(f—lo)/a' (49)
We now rescale the fluctuation field as

U= Va, (50)

so that the factor of a disappears from the bilinear term, but there are remnants in higher
order terms,

a2\
3!

(I —I)fa— AT = (V) + S(m+ 26+ S’ + Dt (s1)

The generating functional for linked Green’s function is therefore given by

WIh] = a [—1Iy(¢o) + aln Z],
Z=N / Dype™ ] dxAll:60) (52)

Here N is a global normalization constant such that W[0] = 0. Z can be calculated pertur-
batively in terms of A\. The perturbation series can be organized systematically by the power
of a. Since the free part of Z contains ¢, it should be taken into account in W[h]. In fact it
is exactly the random phase approximation if only the free part of Z is retained. Therefore
the saddle point expansion provides a systematic way of improving over the random phase

approximation.
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