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Chapter 1

Second Quantization

Second quantization is a formal development of the theoretical description of many-body systems
in terms of quantized fields that is particularly suitable when dealing with interacting systems with
many degrees of freedom. The representation of relevant physical operators, such as the Hamiltonian,
in terms of quantized fields is formally similar to the usual Schrodinger representation in terms of
wave functions. This theoretical treatment where fields, such as the electromagnetic field as well as
matter fields represented by wave functions, are upgraded to space dependent operators is referred to
as second quantization in analogy with the first quantization scheme where physical observables are
upgraded to operators. We stress, however, that the second quantization formalism becomes truly
crucial only when dealing with relativistic processes where particles can be created and annihilated,
whereas in non-relativistic quantum many-body physics it provides a convenient formal scheme to

treat systems in the grand-canonical ensemble. The chapter is organized as follows:
e Single-particle states and review of bra-ket formalism.

e Two-particle states and symmetric/antisymmetric states.

Fully symmetric/antisymmetric many-particle states and indistinguishability principle.

Fock space and creation/annihilation operators.

Representation of one-body and two-body operators in terms of quantized fields.



1.1 Fock space and creation/annihilation operators

1.1.1 Single-particle Hilbert space

The single-particle Hilbert space is denoted by H;: states belonging to H; are specified by a complete

set of quantum numbers. We consider states forming a complete orthonormal basis of H;.

The basis can be:
o discrete: |a) = (a|fB) = b and > |a)(a| =1
e continuous: |r) — (r|r') = d(r —r’) and [dr|r)(r| =1

The single-particle wave function in coordinate space is given by:
a(r) = (rla) .

-)Example: particle in a cubic box with periodic boundary conditions (p.b.c). States are labeled

by the wave vector k
1 .
k r) = (rlk :7621{'1‘7
k) = i) = {rll) = ——

where V = L3 is the volume of the box. The possible values of k are

2
k = %(nx,ny,nz) where ng, . =0,£1,%2, ..

such that

One verifies the following properties:

e orthonormality

e completeness



where the last identity follows from the properties of Fourier series. From the Fourier decom-

position of the d-function: J(r — ') = 1/(2m)? [ dke™ (*=*") one derives the following relation

1 1
v G [

that will be used when taking the thermodynamic limit V' — oco.

representation of operators
a) The states |k) are eigenstates of the kinetic energy: Ti|k) = (h%k%?/2m)|k). Thus, the
single-particle kinetic energy is diagonal in momentum space

h2k?

KTy |k) = Oy 1 .
(k'|T1 k) ki 5

One gets

h2k2
s gy = [ ' [ arlk ) @7 e
1

1 -1,/ ! .
= dr’/dre’k T Ty e kT
fa [ e e min 7

from which we have the well-known coordinate representation of the kinetic-energy operator

('|Ty|r) = 6(r — 1) <‘h2v2) .

2m

Notice that an equivalent result for (r'|77|r) that can be derived by inserting two closure relations
>k |k) (k| in the matrix element is given by (r'|Ti|r) = (=k*V?/(2m)d(r —1’)).
b) The states |r) are eigenstates of the potential energy: Uj|r) = U(r)|r), and U; is diagonal in

coordinate space

('|Uy|r) = 6(r —2")U(x) .

In momentum space the matrix elements of Uy are given by the Fourier transform of the function
Ul(r)
(K|U1|k) = = /drU(r)e_i(k/_k)'r = lUk/ K
Vv Vo



If the particle possesses spin s, the total wave function should also include a spinor x, spanning

a space with 2s + 1 dimensions. For example, in the case of spin 1/2, the wave function is given by

We label by |x) the states |r, o) having space coordinate r and component of the spin o and we use

the notation
/dx = /drz and d(z—2') =6(r —1')0y 0
such that
/dx|:c><x] =1 and (x]2))=6(x—2').
1.1.2 Two-particle Hilbert space

The two-particle Hilbert space is denoted by Ha = H; ® Hi, tensor product of two single-particle
Hilbert space H;.

A complete basis of the space Hs is formed by the states
laras) = [a1)|az)  and  (aras| = {a1f{ee],

where |aq) refer to particle 1 and «as) to particle 2. They satisfy the following properties

e orthogonality

(a1as|aay) = (ai]a)){az]ay)

e completeness

> laraz)(aras| = 3" Jar)(ar] D lag)(as| = 1

102 aq

The wave functions in coordinate space (e.g. for particles in a cubic box with p.b.c.) are given by

1 K- K-
(Pkl,kg(rlaI'Q) _ Vez 111 gika T2 ,

where particle 1 has wave vector ki and particle 2 wave vector ks.



States can be symmetric or antisymmetric with respect to particle exchange

Slarag) = 5 (laraz) + |agan))

N =N —

Alarag) = = (Jarag) — |azar)) |

where S and A are respectively the symmetrizing and antisymmetrizing operators.

o If |ajag) is a complete system in Ha then

— a) S|ajag) is a complete system in the symmetric subspace H5
Proof:

1=8=55=95"= )" Slara)(ara9|ST

Q12

where we used the following properties of the symmetrizing operator
% S is the identity in H5
* S is a projector on H3 (SS = S)
% S is hermitian (S = S1)
as one can prove using: (ajas|ST|afal) = (o) ab|S|aiae)* = (ayas|S|a)ab).
— b) Alajas) is a complete system in the antisymmetric subspace H4'

Proof: same as for S since A and S have the same properties.
e The states S|ajag) and A|ajag) are orthogonal but not normalized

— a) Symmetric states

() ay|SS|ara) = Lah|= (!a1a2>+\a2a1>>

a1 a1 a2 s + 50/1 azéaé,al)

(a
}
2
(14 0a1,00)/2 if 0/1(2) = ay(g) or 0/1(2) = ay(1)
otherwise



— b) Antisymmetric states

1
(ajaz|Adaraz) = (ajas|g (jaraz) — |azar))
(50/1,04150/2,042 - 504’1,(1250/2,&1)

1

2
/2 if 0/1(2) = ay(9) and oy # ag
-1/2 if a’l(z) = ayq) and oy # g

0 otherwise

e Orthonormal basis in H5 and H4' are given by the following expressions:

2
= 75
laraz) s 1/1+5a17a2 | ag)

lajag)a = \/§A|a1a2>

— a) Symmetric states

— b) Antisymmetric states

The completeness condition now reads

146
Z(Jr;m> lnaz)ss{oan| = 1

1o
1
Z§\a1a2>AA<Oé10é2! = 1
alom

e Normalized wave functions in coordinate space have the form

— a) Symmetric states

1

(rirglajag)s = W(Wm(rlﬂoaz(m) + gpal(rg)cpa2(r1))

— b) Antisymmetric states

(rixafon0z) 4 = = (s (1) (52) = o () (1))

Notice that in the antisymmetric case the wave function vanishes if a; = as.



1.1.3 N-particle Hilbert space

The N-particle Hilbert space is defined by the tensor product of N single-particle Hilbert space Hji:
HN =H1 ®H1® ... ®H1. In analogy with the two-particle Hilbert space, a complete basis of Hy is
formed by the states

’041042...041\[> = |a1>|a2>...|aN> .

The general symmetrizing and antisymmetrizing operators in Hy are defined as

1
1 P
A= & ;(—1) P,
where P are the permutations of the particle labels and (—1)F is the parity of the permutation (P

even or P odd).

e Complete orthonormal basis in the subspaces H3, (completely symmetric) and Hﬁ (completely

antisymmetric) are given by

— a) Symmetric states

N!
a109...aN)s = ﬁsmlag...a}w
Neo: Mg Nyt
e | )
= ap,ap,...0p
Nlng!ngl..n,! > e N
= |nang...ny)

— b) Antisymmetric states

lopas...any)a = VN Alajas...ay)

1
= ﬁ E(—I)P|Ozplozp2...apN>
P

|nang...ny)

10



We introduced the occupation numbers n,, ng of the single-particle states |a) and |3), satisfying

the normalization condition
Z ng =N .
«

The representation of N-particle states in terms of occupation numbers counts the number of
particles occupying a given single-particle state, instead of specifying the single particle-state
occupied by a given particle. This representation is in general more convenient, especially within
the Fock space (see later), where the total number of particles is not fixed. Notice also that
the product [, na! of factorials of occupation numbers extends to the case of N particles the

factor (14 0q,,a,) introduced for the N = 2 case.
e The closure relations in H7, and H4 read

— a) Symmetric states

Ingl...ng!
Z %\al...m\f}ss(al...aﬁ =1

aq...0N

— b) Antisymmetric states

1
Z ﬁ|a1...aN>AA<a1...ozN\ =1

aq...00 N
e Completely symmetric and antisymmetric wave functions of N particles are given by
— a) Symmetric states

1

ry..rylaj...c =
erlenands =

Z SOapl (rl)“'SOOtPN (rN)
P

The above sum over permutations of the particle labels is called a permanent. The corre-

sponding occupation numbers can take any integer value ny, > 0.

11



— b) Antisymmetric states

<r1...rN|a1...aN)A = WZ(—l)P@apl(rl)"'@apN(rN)
P
Pa, (T1) Pay (TN)
= Ldet
VN!
‘paN(rl) SOOZN(I.N)

The above sum over permutations of the particle labels is a determinant (Slater deter-
minant). Notice that, if two particles occupy the same single-particle state (a; = a;),
two lines of the determinant will be equal and the wave function will consequently vanish

(Pauli principle). The corresponding occupation numbers can either be ny, = 0 or n, = 1.

1.1.4 Principle of particles indistinguishability

e Physical states of N particles, denoted by |a...cun ) ps, do not depend on the exchange of particles
1 and j

Pij|041'-04i~04j'-04N>ps = ]al..aj..ai..a]v)ps = 624’y 041..041‘..04]'..04]\[>ps s

where €*7 is a phase factor.

SincePZ-jPijzl—>ei2V:16’y:0,7r

— if v = 0 then Pjjlai..q;..05..an)ps = |a1..q;4..05..an)ps for the elementary permutation
P;j. Then, for a generic permutation P = [] P;;, one finds
Plog...an)ps = |ap,...apy)ps = |a1...0N)ps -
These states belong to the completely symmetric subspace 7—[]5\}, such that S|a;...an)ps =
|a1...aev ) ps, and describe bosonic particles.

— if v = 7 then Pjjlai..q;..05..an)ps = —|on..04..a5..ce ) ps for the elementary permutation
P;j. Then, for a generic permutation P = [] P;;, one finds
Plog...an)ps = |ap,...apy)ps = (—1)P|a1...aN>ps .
These states belong to the completely antisymmetric subspace Hﬁ, such that A|aj...an)ps =

|ag...an)ps, and describe fermionic particles.

12



e Physical operators are invariant with respect to permutations of the particle indexes

0,P] =0,

for a generic observable O and a generic permutation P. In particular, [H, P] = 0 for the

Hamiltonian H and, consequently, one has
[H,S| =[H,A] =0.

— Eigenstates of H are also eigenstates of S and A. The operator S (A), being a projector,
has eigenvalue 1 if the eigenstate belongs to 7—[% (Hﬁ) or eigenvalue 0 if the eigenstate belongs

to the complementary space of H]‘%, (’Hﬁ).

— The eigenstates of H corresponding to physical systems are the ones belonging to the sub-
spaces Hy and Hf\‘, (see Fig. 1.1) and can be written as linear combinations of the states

|ng...ny) forming a basis in the corresponding subspace ’H}% and 7—[}(‘,.

Figure 1.1: Representation of the completely symmetric and completely antisymmetric subspaces
inside Hy.

1.1.5 Fock space

The Fock space F is defined as the direct sum of the N-particle Hilbert spaces Hy for N =0,1,2, ...

F=HoPDH1DPHD ...

13



e The space Hy is generated by the state |0), the vacuum state, for which we require the normal-

ization (0|0) = 1.

e The creation and annihilation operators are defined as follows

and
0 = aq|0) = (0la/, .
For a two-particle state one can write: (y/1+ dqa,8)|8)s5(4) = aLaL]O) = j:aEaL|0>,

where the upper sign refers to bosons and the lower sign to fermions. The above relation implies

the following result for the commutator (anticommutator) of bosonic (fermionic) operators

[ag, aH . = agag F aTBaL =0
{aa, a5}¢ = aqag Fagag =0

In the case of fermionic operators the anticommutation relations entail that: (aq)? = (ak)? = 0.

Furthermore, the following relation holds:

dap = (oB) = <O]aaa2]0> = <O]aaa2 F a;aa\0>, from which a convenient choice for the

(anti)commutation rule between annihilation and creation operators is provided by

|:(la, aj}j] - = 50&7/3 .

As we will see below, this choice allows one to obtain a simple expression for the operator giving

the number of particles in a single-particle state.

By using the identity [aq, (aL)”a]jF = na(a:&)”a_l, holding for n, = 1 in the case of fermions
and for n, > 0 in the case of bosons, it is easy to verify that the states |ng...n,) and (ny...ny,

defined above verify the normalization condition (ng...ny|ng...ny) = 1.

When acting on a state |ng...n,) the creation and annihilation operators give the following

14



results

a;\na..nA..nw> = (£1)™Vnx+1 |ng..ny+ 1..ny)
ax|ng..mx.ny) = (£1)"/ny [na-nx — Long) ,

where the upper sign refers to bosons and the lower sign to fermions and m = nq+ng+...+nxy_1.

Notice that in the case of fermions the first equation holds only if ny = 0, otherwise the right

hand side vanishes since (aif\)2 = 0. For both bosons and fermions one finds the result

a;a/\|na..n,\..nw> = ny|ng--nx-ny) -

The states |ng...ny) are thus eigenstates of the operator a;a)\ with eigenvalue given by the

occupation number ny. They are also eigenstates of the operator ) a&aa with eigenvalue

> o Ma = N, corresponding to the total number of particles.

e In a change of the single-particle basis:

o) = S0 (ila)]i) — ab|o) = Y2 (ila)al|0)

the creation/annihilation operators behave as follows

ab, = Y, ila)al

a0 = Xslali)a

e By using the above relations for a general change of single-particle basis we introduce the

creation/annihilation operators of a particle at space position r:

Yi(r) =) (alr)al, =) ph(r)al,

«

Y(r) = Z<r|a>aa = Z‘Pa(r)aa

It is straightforward to show that 1(r)|0) = (0]2)T(r) = 0. Furthermore, the bosonic (fermionic)

15



field operators satisfy commutation (anticommutation) relations as given by

v(r),v()| = [vMr), i) =0
+ F

0@, w)] =),

:F

where we used the commutation (anticommutation) relations of the operators a,, ak.

We write down explicitly the transformation laws of particle fields in coordinate/momentum

space and viceversa for particles in a cubic box with p.b.c.

K = ﬁ [ dre=™Ty(r) Y(r) = ﬁ Yo e ray
af, = 7o [ dre® Tyl (r) Yh(r) = g Sy e *a]

A generic many-body state |¢) is written in terms of quantized fields in the form

6) = %177, / dry...dend(es, ..., en)6T(r) .. T (EN)[0)

which defines the many-body wave function ¢(ri,...,ry) in coordinate space. This expression

holds both for bosons and fermions, is properly normalized as one can check from

(0l6) = ~ / IR dR'¢"(R))G(R) (O1(ry) .. 0}l (xr) ... o1 (en)|0) = 1,

where we introduced the compact notation R = (ry,...,ry) for the 3N coordinate vector. The

action of the annihilation operator on the state |¢) is given by

dry...drye(r,ra, ..., vN)di(r) ... 9T (rn)[0) .

b)lg) = ﬁ %

16



1.2 Representation of one-body and two-body operators

1.2.1 One-body operators

Let F} be a physical observable described by a one-body operator acting on #; and let the states
i) be its eigenstates with f; the corresponding eigenvalues: Fy =), fi|7)(i[. In terms of the general

basis |a) of H;i we can write

Fi=3" |o)alF1l8) (5]
apf

The operator acting on the N-particle space Hy must be invariant with respect to a permutation P

of the particle indices and therefore can only be defined as the sum
N
FN _ Z Fl(n) ,
n=1

where Fl(n) acts on the n-th particle: Fl(n)\ﬁl.ﬂn.ﬂjv> = > (a|F1|B,)|fi..a..Bn). One gets thus

N
Fn|B1-Bu-Bn) =D > (o] FilBn)|Br..on..Bn) -

n=1 an

The above result remains valid if one applies the operator Fy to a state P|Si...0n), where P is

a generic permutation. As a consequence, the result holds also for the symmetric (antisymmetric)

physical states [(1...8n8) g(4)-

The corresponding operator acting on the Fock space F is given by
F =Y (a|lF|B)alag (1.1)
af

in terms of the creation and annihilation operators. To show this we proceed as follows:

e The generic symmetric (antisymmetric) states forming a basis in the Fock space F can be

written as |51...08)s(4) = CS(A)aEl...aTﬂN\O% where Cg(4) is a normalization factor.

e The commutator between F' given by (1.1) and a creation operator is given by: [F, a;] =

S (0l Fi|B)al

17



e By acting with F' on the state |ngy...n,) one finds:

F|B1..6n--BN)sa) = Csa <[F, a%l]ag2..a}3N|O> +..+ a;l..aEN_l [F, ajrBN] |0>)

N
= Csy Y. > fanl|F1|Bn)al; af, .al, |0)

n=1 an

N
- ZZ<aﬂ|Flwn>|ﬁl--an~ﬁN>S(A) .

n=1 an

)

Thus, the action of F' given by (1.1) on any state of a complete basis of H]SV(A is identical to the
action of Fly, implying the identity of the operators.

-) Examples of one-body operators

e Kinetic energy

In coordinate space: T' = [dr [ dr'd(r — 1) (—h;f) Pi()p(r) = [dryi(r) (—i:ﬁ) P(r)

21.2
In momentum space: T =", 7]72 a;r(ak

e Potential energy

In coordinate space: U = [ dr U(r)y'(r)i(r)

In momentum space: U =1/V >, 1/ Uk/_ka;r(,ak =1/V3 kq Uank+qak

e Number of particles: N = > 1

In coordinate space: N = [ dr ¥ (r)y(r)

In momentum space: N =), aLak

e Total momentum: P = 25:1 Pn
In coordinate space: P = —ih [ dr ¢ (r)Vy(r)

In momentum space: P =", hkaLak

e Particle density: n(r) = 25:1 d(r—rp)

In coordinate space: n(r) = T (r)(r)

resulting from n(r) = [dry [drid(r1 —r2)d(r — r1)Y1 (r2)(r1).

18



In momentum space: n(r) =1/V 3, o eiq'ra;r(akJrq =1/V>., €T py

where pg =) 1 aLak+q is the density fluctuation operator with wave vector q.

e Current density: j(r) =1/2 22[:1 (Pnd(r — 1) + 6(r — ry)pn)
In coordinate space: j(r) = —ih/2 [W(r)vw(r) - (Vsz(r))w(r)]

resulting from j(r) = 1/2 [ dry [ dri6(r; —r2) {(5(r—r1)(—ihvl)+(—ihvl)é(r—rl)} T (re)(ry)

and using integration by parts for the second term.

In momentum space: j(r) =1/V 3, , e'aTh(2k + q)/2 aLak+q =1/Vy, €T,
where jq = >, (2k+q)/2 aLak+q is the current-density fluctuation operator with wave vector

q.

We notice that, if one substitutes the single-particle wave function v (r) and ¢*(r) respectively for the
particle field ¢ (r) and 1/JT(I‘) in the above equations for the operators in the coordinate representation,
the resulting expressions are formally identical to the expectation values over the state described by
the wave function v (r) in the Hilbert space of single-particle states. For this reason, to the formalism

of creation/annihilation operators in the Fock space is given the name of second quantization.

1.2.2 Two-body operators

Let V5 be a symmetric two-body operator acting on Hs. Its general form is given by

Vo =Y |aB)(aB|Valyd) (vd] .

afBvyd

where the matrix elements do not depend on the ordering of particle 1 and 2: (af|V2|7yd) = (Ba|Va|dv).

On Hy we define the symmetric combination

VN_V(12)+VY2 Z sznm7

n<m=2

n,m

where V,""" acts on the n-th and the m-th particle:

19



V" ™81 BB BN) = S (| Vol BB ) | Bl By One finds the result

VN|51 /Bn /Bm BN Z Z anam|‘/2’/8nﬁm>|ﬁl Q.. Oy« BN>

n<m=2 anom
holding also for symmetric (antisymmetric) states [31...0n)s(4)-

The second quantization expression of the operator Vi has the following form:

1

V= 5 Z (aﬁ\%\’yé)aga};a(gaw ,
afByo

notice the inverted order of the two annihilation operators. To prove the above equation we proceed

similarly to the case of the one-body operator:
e For the commutator one finds:
V,ab] = 1/25,.5 ((011V2180) + (ralV3[08) ) abialas = 52, 5(11Va|B6)alalas,

e By applying V to the state |ng...n,), the result is:

V1B1.-Ba--Brm--BN)s(ay = CS(A)<[V,agl}a;2 al, 10) + +a;1 af, 1[V,a£N}\O>>
N—-1
n=1 apyndn
N—-1

N
= Z Z anam|vv2’/8n/6m>a1-ﬁl"aTan”a/Tam”aTﬁN|O>

n:l m>n apQm

= Z Z <anam‘v2‘ﬂnﬁm>’/81--0471~-04m--/6N>S(A) )

n<m=2 anom
which is identical to the result for Vy.
-) Examples of two-body operators

e Interaction energy

The action of V5 on the states of Hs in the coordinate representation is defined as:
V2|I‘11‘2> = V(I‘l, 1‘2)|I‘11‘2>.

This definition involves the interaction potential V' (ry,ry) that depends on the coordinates rq,

ro of the two particles. The corresponding matrix elements are given by:
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(riro|Va|riry) = 6(ry —r})d(ra —r5)V(ry,ra)
If the system is homogeneous then the interaction potential can only depend on the difference

between the vectors ry and ra: V(ry,ry) = V(ry — ra). In this case we find:
In coordinate space: V = 1/2 [ dry [ dratT(r1)df(r2)V (r1 — ro)(ra)y(r1)

notice that the inverted order in the product of annihilation operators is crucial to make V'
hermitian. By introducing the center of mass and relative coordinate: R = (r; + r2)/2 and

r =r; — o, we can rewrite the above integral in the following form
V =1/2 [dR [dryT(R+1/2)yT(R —r/2)V(r)p(R —r/2)y(R +1/2)
In momentum space: V' =1/(2V) >y anLaL,fqak/ak_q,

where Vg = V¥, = [ drV (r)e~'a7T is the Fourier transform of the interaction potential.

1.2.3 N-body operators

The generalization to symmetric N-body operators is straightforward. For example, for a symmetric

three-body operator W3 one constructs the symmetric combination in Hy

N

i7j7k

wWy= Y, WY,
i<j<k=3

which has the following representation in the Fock space F

1
W = G Z Z aLaECLL<a57|W3\a'ﬁ'*y'>a7/a5/aa/ .
oy @5
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1.3 Problems

e 1. Show that the Hamiltonian

H = [dr4f(r) (=1?V?/2m) ¢(r) + (1/2) [ dr [ dr'yF (x)oT (@)V (e =)o (r)y(r)
of an interacting system commutes with the number of particles operator N = [ dryT(r)y(r).

Solution: If we write the total Hamiltonian as the sum of the kinetic and interaction energy parts, H =T + V,

the separate contributions to the commutator with N are given by

1N = [ [4706) (9 ) e x0e) — 0 @) =) (~ v ) i) =0,

2m 2m
and

VN = [ @ Ve =) [ - (9 @00 0)0e)ea") - o0l v
+ o0 =) (¥ @ e ) — o @) (e )| =0,

where in the first equation we used twice integration by parts of one of the two terms in the square bracket.

e 2. Determine the representation in the Fock space of the displacement operator R = ), 1y,
where ¢ runs over the particles, both in the coordinate and in the momentum space. Calculate

the commutator [R,P] with the total momentum operator P.

Solution: In the coordinate representation we have: R = [dr ¢f(r)ri(r) and in momentum space R =
V3, o dr re_iq'raquak. Given the total momentum operator P = 3, hka ax, the calculation of the com-
mutator yields [R,P] = —h3>, (1/V) [ dr rqe_iq'ral+qak. The integral can be rewritten as i/V [ dr rVe "4*

and after integration by parts as —i/V [ dr e = _j§q0. The commutator gives thus [R,P] = AN as

expected.

e 3. Consider the Hamiltonian of free particles H = .. (i|H;]| j>a;-raj. Perform a change of the
single-particle basis such that H; becomes diagonal and determine the expression of H and
the time evolution of the corresponding creation and annihilation operators. (Use Heisenberg’s

equation ¢hdO/dt = [O, H], holding for a generic operator O.)

Solution: In the diagonal representation H =) €aalaq. The commutators of aw, al, with H give respectively:
[aa, H] = €qaq and [al,, H] = —e,al, both for fermions and bosons. From Heisenberg’s equation we obtain

therefore: aq(t) = e >/ q, and al,(t) = e'*=/"af,.
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e 4. Consider a system of free particles described by the following Hamiltonian in momentum
space H = ) h2k2/(2m)aLak. Show that [pg, [H, pql] = Nh%q*/m where pq = > aLakJ’_q

and N is the total number of particles (f-sum rule).

Solution: The commutator between H and pq gives [H, pq] = 3, h%k*/(2m)(af ax+q — aL_qak). From the
double commutator one gets after some algebra: [pl, [H, pql] = 3"\ h2k2/(2m)(aL+qak+q+aL7qak_q —2a}ax) =
(R*q*/m) >, alak, finally giving the f-sum rule. Notice that the above derivation holds both for bosons and

fermions.

e 5. Show that the f-sum rule remains valid also for interacting systems with a two-body inter-
action potential V' =1/(2V) Y 114 anLaL,_qak/ak,q.

Solution: We notice that the interaction potential can be conveniently written in the form
1 t
V= Wzvq (Pqpq_N) )
q

vald both for bosons and fermions. For the operators pq we have the following commutation relations independent
of statistics: [pq,px] = 0 and [pq, pf.] = 0 given that p. = p_i. One finds then trivially [V, pq] = 0 and the

interaction potential does not contribute to the f-sum rule.

e 6. Consider a system of free particles confined by a harmonic potential U(r) = m/2(w22? +
w§y2 + w?2?). Determine the expression of the Hamiltonian in the basis where H; is diagonal
and the expressions of the dipole operator F' =), z; and of the monopole operator G =), r?,
where the index 7 runs over the particles, in terms of the creation and annihilation operators.

Solution: The energy levels of the harmonic oscillator are given by
Engnyn, = hwx(nac + 1/2) + m}y(ny + 1/2) + hwz(nz + 1/2) s
and the Hamiltonian in this representation is written as

H = g Engnyn:Angnyn, Angnyn,

Mg, My, Nz

where ng .. = 0,1,2,... are non negative integers. From the elementary quantum mechanical treatment of the
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harmonic oscillator we have that the matrix elements of the one-body z and 22 operators are given by

a
el ) = by (VAT T b1 4V )
2
a
<”wnynz|32‘”;";nlz> = ?Z(S"zv”;(snyvné ( VL + 2% +1 6, ns g2 + (2n + 1)6"Za”'z

+ \/7777:\/ n/z -1 6nz,n/z—2) ’

where a, = \/h/mw; is the harmonic oscillator length in the z-direction. The operator F is then given by

az

\/5 Z /. (allmnynzanznynz,1 +h.c.) .

NgNynz

F=

The operator G, instead, is written as

2
G = Z %I [(an + l)almnynzanznynz +vnz(ng — 1) (azmnynzanzfgnynz + h.c.)}

< o

o

[(Zny + l)aLmnynzanznynz + v/ny(ny — 1) (alwnynzanznyfgnz + h.c.)]

= [(2nz + 1)GLGynz Ungnyn. + VNz(nz — 1) (aLGynz Angnyn.—2 + h.c.)] ,

2
e Do

where we used the fact that 2 = 22 4+ 3% + 22 and we introduced the oscillator length scales Ag(y) = \/ P/ My

associated with the x and y-direction.

e 7. Show that for the problem 6 the dipole operator satisfies the analog of the f-sum rule
[F,[H, F]] = NR?(2m).

Solution: The commutator between H and the operator F' from problem 6 is given by

S t t
[I{7Fq = ?? nz(enxnynz _’annynzfl) (anmnynzanxnynzfl _’anwnynzflanmnynz

NgNynz

az E 1 T
= ?hwz V1z (anmnynzanznynzfl - a’nznynzflanzny”z .

NgNynz

If we write F = F 4 F', then one has that [H, F] = hw.(F — F'). One gets then the relation [F, [H, F]] =

2hw [F T ] and by calculating the commutator between the operator

F= ? E vV 1z anmnynzanmnynz—l

NgNynz

and its adjoint F' one finds the required result

hQ

om

hQ
[F7 [H7 F” = % Z aILGynzanmnynz =

NgpNyNz
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Chapter 2

Phase transitions and critical

phenomena

The structure of the chapter is as follows:
e Introduction to general aspects of phase transitions
e Ising model.

— Spin Hamiltonian and ferromagnetic transition
— Mean-field solution:

x Transition temperature.

* Order parameter and susceptibility.
— Exact solution in 1D:

x Calculation of the partition function.

+x Magnetization and absence of phase transition.
e Landau theory of phase transitions.

— Ising model again: Gibbs free energy.
— Second order phase transitions:

* Order parameter and expansion of Gibbs free energy.
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* Thermodynamic properties and critical exponents
— Phase transition in the presence of an external field.
— Van der Waals equation of state and gas-liquid critical point.
— Inhomogeneous order parameter:

* Role of fluctuations and correlation functions.

* Ginzburg criterium and critical dimensions.
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2.1 Phase transitions: general aspects

Phase transitions occur in many substances we are familiar with in our everyday life. One example

is provided by the different phases of water: liquid, solid and vapour.

P
Melting Curve
T
Solid
Liquid
1 [ Cnfical Point
Tople Pt N %
oo0dA™ | VapﬂTr—prEssme Curve
i !
i Vapoypr
\ : i
Sublimation ("Iur\'e 1 i
5 001C 100C

Figure 2.1: Sketch of typical phase diagram. Values on the liquid-vapour curve refers to water.

A typical phase diagram in the p-T plane is sketched in Fig. 2.1. The lines correspond to values of
pressure and temperature where two phases coexist (at the triple point all three phases coexist). By
crossing the vapour-pressure line at constant 7' (red arrow) the vapour condenses into liquid and the
volume per particle v = V/N undergoes a jump being larger in the gas than in the liquid (vg > vr.).
Upon crossing the same line at constant pressure (blue arrow), the liquid evaporates into gas and
the entropy per particle s = S/N undergoes a jump (s;, < sg). The latent heat of evaporation
Aev = NT(sg — s1), where T is the temperature on the vapour-pressure line, is absorbed by the
system. By approaching the critical point the discontinuities Av and As both vanish with a power-law
dependence on the distance from the critical point: Av o< As x (TC—T)B , where T is the temperature
of the critical point (critical temperature). At the critical point there is no difference between the
vapour and the liquid phase. Along the vapour-pressure line the isothermal compressibility of the gas
KT = —% (%—‘;)T diverges with a power-law of the distance from T¢.: kp o< (T —T')~7. Close to the
critical point the fluid is no longer transparent to light because density fluctuations occur over large
length scales, on the order and larger than the wavelength of visible light. This phenomenon is called

critical opalescence. A similar behavior takes place when crossing the melting curve which separates
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the solid from the liquid phase. Contrary to the vapour-pressure curve, however, the melting curve
does not end at a critical point and the transition from liquid to solid is always associated with a
discontinuous change of v and with the release of the latent heat of solidification.

Analogous features are observed in all substances characterized by a similar phase diagram. In
Fig. 2.2 the phase diagram of *He is shown in the p—T plane. Here some peculiar aspects are present:
there is no tricritical point of coexistence of the three phases and below a critical pressure the system
remains in the liquid state down to zero temperature. In addition, the lambda line separates two
distinct liquid phases where the fluid behaves normally (He I) and where instead superfluidity, in the
sense of vanishing viscosity, occurs (He II). Transition points along the lambda line share a similar
behavior with the critical point of the liquid-gas transition: the entropy is continuous at the transition
whereas the specific heat at constant pressure C), exhibits a discontinuity. Another example of phase
transition is provided in Fig. 2.8 which refers to the ferromagnetic transition of solids like Fe or Ni
in the plane spanned by temperature and external magnetic field. By crossing the transition line
at fixed T, as the external field along a given direction changes sign, the magnetization M of the
system parallel to the field jumps discontinuously from a positive to a negative value. This behavior
is similar to the jump of the volume per particle when crossing the vapour-pressure curve in the
liquid-gas transition. Instead, if one moves along the temperature axis at h = 0 the magnetization
decreases continuously until it vanishes at T}, following the law M o (T, —T)?, in the same way as the
gaps Av and As vanish when approaching the critical point along the vapour-pressure curve. One
also has that the magnetic susceptibility of the gas x = % (%—%)T diverges at the critical temperature
as x x (T, — T')~7, similarly to the behavior of the compressibility along the vapour-pressure line.

Historically phase transitions are classified according to the following definitions due to P. Ehren-

fest.

e Ehrenfest’s classification of phase transitions

1. First-order phase transition: at least one first derivative of the free energy is discontinuous
at the transition. Examples are: i) The liquid-gas and the liquid-solid transitions where
both the entropy and the volume per particle are discontinuous. ii) The ferromagnetic

transition at fixed temperature where the magnetization is discontinuous.

2. Second-order phase transitions: all first derivatives of the free energy are continuous, but
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Figure 2.2: Phase diagram of “He.

at least one second derivative is discontinuous at the transition. Examples are: i) The
lambda transition in *He where there is no release or absorption of latent heat, but the
heat capacity is discontinuous. ii) The ferromagnetic transition at zero external field where
the magnetization is continuous, but the heat capacity is discontinuous. iii) The liquid-gas
transition at the critical point where there is no latent heat nor jump in the volume per

particle, but the specific heat is again discontinuous.

3. Higher nth-order phase transitions: there is a discontinuity in at least one nth-order deriva-

tive of the free energy, while all lower order derivatives are continuous at the transition.

It is useful at this point to list a series of important features characterizing in general phase

transitions:

e Phase transitions are associated with the non-analytic behavior of thermodynamic quantities
(discontinuities or divergences). For a finite-NV system all thermodynamic quantities are by
definition analytic functions of their variables. Thus, strictly speaking, phase transitions occur

only in the thermodynamic limit (N — o0); in the wording of P.W. Anderson: more is different.

e Phase transitions are associated with the breaking of a symmetry which is present in the or-
dered (low temperature) phase and is absent in the disordered (high temperature) phase. For

example, translational symmetry is broken in the liquid to solid transition; rotational symmetry
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is broken in the paramagnetic to ferromagnetic transition; U(1) gauge symmetry is broken in
the superfluid transition of *He. In the case of ferromagnets with a preferential direction of
magnetization (well described by the Ising model), the discrete Zs symmetry is broken in the
transition from the paramagnetic to the ferromagnetic state. The same Zs symmetry is also
broken in the liquid-gas transition: in fact the difference v — v, between the volume per particle
and its value at the critical point can have any value in the fluid phase corresponding to T' > T,
or p > p¢, but v — v, > 0 in the gas phase for T' < T, below the vapour-pressure curve and

v — ve < 0 in the liquid phase for p < p. above the vapour-pressure line.

Phase transitions are characterized by an order parameter which vanishes in the disordered
phase and is finite in the ordered phase. Examples are the scalar magnetization M in the Ising
model of ferromagnetism and the difference of volume per particle vg — vy, in the liquid-gas
transition. The order parameter can be more complex than a simple scalar, such as a vector
or a matrix, and represents a new thermodynamic variable necessary to describe the ordered

phase.

A more modern classification of phase transitions based on the behavior of the associated order
parameter distinguishes between first-order transitions, where the order parameter jumps dis-
continuously at the transition, from continuous transitions, where instead the order parameter

vanishes at the transition in a continuous fashion.

In a continuous transition the typical fluctuation length (known as correlation length) diverges

at the critical point. As a consequence, the thermodynamic variables scale in the vicinity of

T-T,
T

the critical point with specific power laws of the reduced temperature ¢ = , the exponents
being known as critical indexes. Some examples, taken from the ferromagnetic transition, are
as follows: i) order parameter M ~ [t|?, ii) susceptibility associated with the order parameter
X ~ |t|77, iii) specific heat C' ~ [t|7%, iv) order parameter at the critical point as a function of
the external field M ~ h'/%. The values of the critical indexes are universal within a class of

phase transitions, which is defined by the dimensionality of the system and by the number of

components of the order parameter.
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2.2 Ising model and ferromagnetic transition

We consider a model of magnetism in solids where magnetic moments are coupled. As opposed to
the Langevin theory describing the paramagnetic behavior of independent magnetic moments, this
model captures the main features of the ferromagnetic transition.

The main source of coupling between spins in a crystal is provided by exchange interactions. A
simple model, which contains the relevant physics, is realized by considering the spin states of just
two electrons. If the corresponding protons are far apart, the spin states of the two electrons form
a four-fold degenerate manifold: | 1), | 1)), | 41) and | |J). By bringing the two protons closer
together, interactions become more important providing to lowest order an energy splitting Fg — Er
between the singlet state and the three-fold degenerate manifold corresponding to the triplet state.
The square of the total spin of the system, S = (S1 + S2)? = S? + S2 + 2S; - So, has eigenvalue 0 in
the singlet and 2 in the triplet state. Since S? = 3/4 for each spin, the eigenvalue of S; - Sy must be

-3/4 in the singlet and 1/4 in the triplet state. Consequently, the operator
. 1
H*P" = 2(Es +3Er) - (Es — Er)S1 - S (2.1)

has eigenvalue Eg in the singlet state and Er in each of the three triplet states. This shows that the
splitting between singlet and triplet states can be described in terms of coupling between spins. Of
course, for the He atom problem Eg < E7p, because the triplet state corresponds to an antisymmetric
spatial wave function with higher energy compared to the nodeless symmetric wave function of the
singlet state. However, if one considers two valence electrons belonging to two multielectron atoms,
the effective Hamiltonian can still be described by (2.1) with possibly Er < FEg.

By following the above discussion one is led to introduce the most general Hamiltonian of inter-

acting spins on a lattice

1
H= —§ZJijS¢-Sj, (2.2)
ij

where the indices 7 and j run over the lattice sites and S; are spin operators defined on the lattice
site and obeying to the usual on-site commutation rules [S%, Siﬂ | = i€apS], while spins on different
lattice sites commute, [S%, Sjﬁ ] =0 Va, S if i # 7 (notice that spin operators are here dimensionless).

The indices «, 3,7 indicate the three spatial components of the spin and €,g, is the completely
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antisymmetric tensor with e;,, = 1. The factor 1/2 in (3.1) ensures that each pair of spins is
countend only once. The interaction matrix J;; is symmetric, J;; = Jj;, and the diagonal terms are
zero (J;; = 0) in order to avoid self-interaction of the spins. The above spin Hamiltonian is known as
Heisenberg model: the coupling parameters J;; arise from exchange interactions between the spins,
it can favor parallel alignment of the spins (J;; > 0) or antiparallel alignment of the spins (J;; < 0).

The Ising model is a version of the Heisenberg Hamiltonian (3.1) simplified in three respects:
e the rotational symmetry is broken corresponding to a crystal with a preferential direction,
e interactions favor spin alignment and are limited to nearest neighbors on a cubic lattice,

e spins are two-level systems S7 = +1.

The resulting Hamiltonian is given by

H——;;JSij—th;, (2.3)
ij i

where J > 0 and (ij) indicates the sum over the lattice sites i, while j runs over the nearest neighbors
of site . The number of nearest neighbors, called the coordination number z, is determined by the
geometry and by the dimensionality of the lattice: in a cubic lattice z = 2 in 1D, z = 4 in 2D and
z = 6 in 3D. In the Hamiltonian (2.3) we also introduced a uniform external field h > 0 (with the
dimension of energy) which tends to align the spins in the positive direction of the z-axis.

We notice that the Ising Hamiltonian (2.3) is diagonal in the spin eigenstates of S?. These are
given by the general product states | =1+ 1... + 1) of N spin variables, where N is the number of

lattice sites. The average magnetization is defined as

(M) = Z<Sz’> = N(5), (2.4)

where for notational convenience we removed the superscript z from the spin operator. We also
notice that the Heisenberg Hamiltonian (3.1) is invariant under rotations as it depends on the scalar
quantity S;-S;. Since the Ising Hamiltonian (2.3) has a preferential direction, it is no longer invariant

under rotations but it is still invariant under the parity transformation r — —r.
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The ground state of the Ising Hamiltonian (2.3) is ferromagnetic, with all the spins aligned in one

direction. Its energy is given by (we assume N > 1)
o Hy=—JNz/2 and (M) =+N if h =0,
e Fy=—JNz/2—hN and (M) =N if h > 0.

The relevant question concerning the model concerns the possible existence of a ferromagnetic phase

at T' # 0. In other words:
e can (M) # 0 even if h = 07

The Ising Hamiltonian (2.3) can be solved exactly in 1D (Ising 1925), also in the presence of the
external field h, and in 2D (Onsager 1944) only in the case h = 0. In all other cases one must resort
to numerical simulations. The answer to the above question is negative in 1D and positive in 2D and

3D.

2.2.1 Mean-field solution

An extremely powerful tool to study many-body problems is provided by the mean-field theory. In
general, it amounts to an approximate treatment of interaction terms so that the Hamiltonian is
reduced to an effective one of independent particles immersed in an external field produced by the
interaction with all the other particles. The solution is then determined self consistently.

For the problem at hand, the mean-field treatment consists in writing the interaction term 5;S;

as

SZ'S]' = Si<5j> + <Si>Sj - <Si><Sj>

= Si(S) + S;(S) — (S)?*, (2.5)

where (S) = (M)/N is the uniform average magnetization density. The above prescription neglects
correlations between spin operators in different lattice sites in the sense that (S;S;) = (S)2. No-
tice that the last term on the right hand side of eq. (2.5) avoids double counting when calculating

(SiS;j). By using the above expression for the product 5;S; in (2.3) on gets the effective mean-field
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Hamiltonian

Hye = %JzN(S)Q =N (J#(8) + h) S;

7
%

where, in the last equation, we introduced the constant term E}Y = J2N(S)2/2 and the single-
site Hamiltonian H; = —(Jz(S) + h)S;. As anticipated, the effective Hamiltonian Hyr describes
independent spins S; subject to the external field Jz(S) + h.

The canonical partition function can be readily calculated using the definition Zo = Tr(e #H).

By using as a basis the eigenstates of the operators S; corresponding to the eigenvalues o; = +1 we

get
Zo = Z Z <0’1...0’N|675HMF’0'1...0'N>
o1==+1 on=%1
_ MF _ —
= 50 N (oileMor) . Y (onle PN oy) (2.7)
o1=%1 on==%1
= A ()Y
where

J(S)+h 7
Zy= )Y e 7T 7 =2cosh (‘W> (2.8)

o=%+1 kBT
is the partition function of the single spin. Here we introduced the notation J = Jz accounting for
the coordination number in different dimensions.

From the partition function one can straightforwardly obtain all relevant thermodynamic func-

tions:

e Free energy

F = —kpTlog Zc = B} — NkpTlog

J(S) +h
2 cosh (M)

_ (OF\ J(S) +h
(M) =— <8h>TN = N tanh (M) . (2.10)

e Magnetization
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The above eq. (2.10) provides us with the sought equation for the magnetization density

B J(S) + h
(S) = tanh (k‘BT> . (2.11)

For h = 0 it reduces to the transcendental equation

J(S
(S) = tanh (Qg;) , (2.12)
which has the trivial solution (S) = 0 and, for kT < J, also a non trivial solution (S) # 0 as shown
in Fig. 2.3.
08—
0.7 7
0.6 7
“5; T=0.9T,
“4j T=1.1T, E
0.3 [ ]
ozl _3
9
°0 02 04 06 08 1
<S>

Figure 2.3: Graphical solution of eq. (2.12). For T' = 1.17,. the curve tanh(7.(S)/T') does not intercept
the straight line (S) unless if (S) = 0. It does instead if 7' = 0.97¢ as shown by the blue arrow.

By setting T, = j/kB, we conclude then
e if T'> T, one finds (S) = 0 and the system is paramagnetic,
o if T < T, one finds (S) # 0 and the system is ferromagnetic.

The value of (S) can be calculated explicitly from eq. (2.12) in the limit 7" — 0 and " — 7,7. By

expanding the argument of the tanh one finds
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Figure 2.4: Temperature dependence of the magnetization density. Below the transition temperature
T. the magnetization density is different from zero.

e T = 0: (S) ~1-— 2e~21e/T  showing that deviations from the saturated magnetization are

exponentially small at 7' = 0.

o T =T : (S) ~ (S)T./T — ({S)T./T)?/3 ~ /3\/(T. — T)/T., showing that the magnetization
density approaches zero with the law /T, — T

The temperature dependence of (S) is shown in Fig. 2.4. The magnetization density (S) is the

order parameter of the ferromagnetic transition. Some general remarks are in order here:

e The order parameter is equal to zero above the transition temperature and different from zero

below T,.
e The transition is continuous as the order parameter grows continuously from zero for T' < T.

e The original symmetry z — —z of the Ising Hamiltonian (2.3) is broken when (S) # 0. The
system spontaneously chooses one of the two possible degenerate directions: (S) > 0 or (S) < 0.
The appearance of an order parameter is always related to the spontaneous breaking of a

symmetry present in the Hamiltonian.

An important property of the system is provided by the magnetic susceptibility. The magnetic
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susceptibility is defined as the rate of change of (M) by an increase of the external field h

1A (S)
X =y pim s = (2.13)

e T > T,: By expanding eq. (2.11) keeping terms linear in (S) and h we find

J(S)+h h
S\ ~ = 2.14
(S kgT k(T —1T,)’ ( )
yielding the result
- (2.15)
X hp(T—T,) '

When approaching T, from above x diverges as 1/(T — T.), while at high temperatures one

recovers the standard Curie’s law x = 1/kgT.

e T < T,: By differentiating with respect to h both left and right hand side of eq. (2.11) one gets
d(S) 2 J(S)n=0 Jx 1
p =0 =X ( T ) \keT T kst ) (2.16)

2 Te(S)h=
h Th 0

yielding the result
1—tan

X = .
kpT — kpT, (1 - tanh? =65e=0 )

(2.17)

Two limiting regimes are worth investigating in more details:
— T — T : By substituting (S) = \/3(T. — T')/T. one finds the diverging result

1

= ST =T (2.18)

X

— T — 0: By substituting (S) = 1 — 2e~27/T one finds the exponentially small value

fo—2Te/T

2.1
T (2.19)

X:

The behavior of the susceptibility x close to the transition point is of great importance in understand-
ing the onset of ferromagnetism. In fact, due to its divergence, infinitesimally small fields can produce

finite magnetization densities over large regions. Thermal fluctuations can always produce some finite
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values of (S) in spatial regions that are large on a microscopic scale, but still much smaller compared
to the size of the system. Furthermore, if the temperature is close to T, the field produced by these
small magnetic domains can trigger the magnetization of even larger domains, finally inducing the

ferromagnetic transition over the whole system.

2.2.2 Exact solution in 1D

The mean-field solution of the Ising model discussed in the previous section is essentially insensitive
to the dimensionality of the system, the only change being the coordination number z entering in the
parameter J. In particular, a ferromagnetic transition is predicted in any dimensionality. An exact
solution of the model can be easily obtained for the 1D case and, as we will see, no finite transition
temperature is obtained in contrast to the mean-field prediction. This is a frequent drawback of
the mean-field theory in low dimensions. The reason is that thermal fluctuations, neglected in the
mean-field treatment, have an increased role in lower dimensions.

In 1D with periodic boundary conditions on the string, S; = S; 4y, the Ising Hamiltonian (2.3)

can be recast in the following form

N
H ==Y (JSiSit1+hS;) . (2.20)
i=1

The partition function can be conveniently written in the following form

Zo= Y .. > K(o1,00)K(03,03).. K(on_1,08)K(on,01) (2.21)
o1==*1 on==%1

where the pair function K is defined as
iUz'UiﬂJrﬁ(<71'+U¢+1) . (2.22)

K(O‘i, O‘i+1) = ekBT

We introduce the two-state vectors

ot = and o = , (2.23)
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satisfying the completeness relation in dimension two

T 1 0 10
> o0 = (10) + (01) = , (2.24)
a=+ 0 1 01
and the 2 x 2 matrix
ei—i—ﬁ e—J
K = R (2.25)
e el-h

where J = J/kgT and h = h/kgT. One can readily show the following identities: K(1,1) = edth =
(<7+)TI(U+7 K(1,-1) = e — (U+)TK07, K(-1,1) = e — (Uf)TKJJr and K(—1,-1) = oI —h —
(c7)TKo~. By using the two-state formalism introduced above the calculation of the partition

function (2.21) can be efficiently carried out giving the result

Zo = Z Z o) Ko (c®2) Ko ... (6°V)T Ko™
a1==% any==t
= Y (e*)TENo™ =Tr(KV). (2.26)
aj==+

The matrix K, being symmetric, can be diagonalized using a unitary matrix U

A0 A0
k=uT|" U and K¥N=0T|"" U, (2.27)
0 Ao 0 A\
and the result for the trace can be readily obtained
A0
Tr(KNy=1r | = AV A (2.28)
0 A
The eigenvalues A1 2 of the matrix K are given by
Ao = e’ cosh i £ V€27 sinh? b + e~27 | (2.29)

showing that they are both positive and A; > A9. In the thermodynamic limit of a large number of
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spins (N > 1) one obtains Z¢ = AN (1 + (A2/M\1)V) =~ AY and thus

7 — = = = NV
Zo = (e‘] coshh + V/e27 sinh? h + 6*2“7) . (2.30)

From this result one can derive all relevant thermodynamic quantities:

e Magnetization

1 inh h
(M) = NkpT— <‘%) NV (2.31)
M\ Oh )y Vsinh? h + e=47J
— In the limit h — 0
(M) = Nhe*) 0, (2.32)

showing that no spontaneous magnetization can be supported at any finite temperature.

— In the limit T'— 0
sinh h

My=N——-=4+N, 2.33
(M) | sinh A ( )

showing that the ground state is indeed ferromagnetic and that an infinitesimally small
magnetic field drives the saturated magnetization to point either in the positive or negative
direction.
e Susceptibility
From eq. (2.32)
1
X = —=e*, (2.34)
which
a) diverges as T'— 0, consistently with the ground state being ferromagnetic, and

b) goes over to Curie’s law x = 1/kgT for temperatures T > J/kp.

e Free energy

F = —NkpTlog \l = —NkgT log (ej coshhi+ Ve sinh? b+ ¢ 27 ) (2.35)

which for A = 0 reduces to

F = —NkpTlog (2cosh J) , (2.36)
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and for T = 0 to the ground-state energy Fy = —N(J + h). We notice that at T = 0
the mean-field result (2.9) reproduces the exact one, while in the high temperature regime
(kgT > J and kT > h) the first gives Fyp = —NkgTlog(2 + h?) to be compared with
F = —NkgTlog(2+ h? + J?) obtained by expanding (2.35). Thus, in 1D, the mean-field theory
is unable to recover interaction effects not even to the lowest order in the coupling parameter

J.

We conclude this section about exact solutions of the Ising model by mentioning that the exact
solution in 2D gives indeed a ferromagnetic phase transition at kg7, = 2.27.J. This result differs
quantitatively from the mean-field prediction kgT, = J = 4.J and the values of the critical exponents
also differ from their mean-field counterparts. However, in this case, the mean-field approach does

capture the correct qualitative behavior of the system.
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2.3 Landau theory of phase transitions

2.3.1 The Ising model again

Let us consider again the mean-field solution of the Ising model.

e Helmoltz free energy

In magnetic systems the Helmoltz free energy is a function of temperature, volume and external
magnetic field (see Supplement 2.4.1). In the Ising model the number N of spins determines
the volume, given the fixed spacing of the lattice points, and we have F' = F(T, N, h). At fixed
N its differential is given by dF = —SdT — (M)dh so that the average magnetization is the

derivative of —F with respect to h

(M) =— @1;)” : (2.37)

and the susceptibility is the second derivative of —F/N with respect to h

CREDRE, e

Since x > 0 it turns out that —F/N is a concave function of h.

e Gibbs free energy

The Gibbs free energy of a magnetic system depends on temperature, volume and magnetization
(see Supplement 2.4.1). It is obtained as the sum G = F + (M)h and its differential is given by
dG = —SdT + hd(M). Thus we have

= (305). (2:39)
and
= (5 v (57 20

showing that G/N is a concave function of the magnetization density (5).

Let us derive the dependence of the Gibbs energy on (S) when the order parameter is small. To
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this purpose we use the mean-field equation (2.11) that we invert obtaining

J(S) ho - 1
T g = atanh(($)) = () + S (8)°. (2.41)

By solving for h we find the following result for the partial derivative of G

and, finally, by integrating with respect to (S) we find the desired expansion in powers of the order

parameter

G(T,N,(S)) = Go(T,N) + NkgT [;«9)2 (1 — ?) 42 <s>4] : (2.43)

holding in the limit (S) < 1.
The mean-field solutions discussed in the previous section correspond to minima of the free energy

(2.43). In fact, from the equation

(88<§>>TN - 24

we obtain
o if T >T. (S)=0

o if T < T.: (S)= /3T, — T)/T.,

in agreement with the findings of eq. (2.12).
The behavior of the function (2.43) close to T, shows the peculiar transition from parabolic to

mexican hat shape as one crosses the critical temperature (see Fig.2.5).

e T'>T,.:

The function G exhibits a single minimum located at (S) = 0. The second derivative of G,

proportional to 1/y, is positive and finite 9*G/9(S)? > 0.

The minimum of G is still at (S) = 0, but 92G/3(S)? = 0 and the curve is very flat near the

bottom.
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1.001

[

G/Nk,T

0.999 -

0.998

Figure 2.5: Gibbs free energy as a function of (S) above the transition (T' = 1.17.), at the transition
(T’ = T¢) and below the transition (T" = 0.957¢). The horizontal orange line is the arbitrary value of
Go/NkpT.. The two arrows indicate the possible equilibrium values of (S) at T' = 0.95T.

o T <T,.:

The value (S) = 0 corresponds now to a maximum of G and two symmetric minima appear at

(S) = ++/3(T, — T)/Te.

To the function of the order parameter given in eq. (2.43) can be attributed the meaning of the
Gibbs free energy associated with a fluctuation of (S) for a given temperature and volume. The
equilibrium state corresponds to the minimum of G, but the function describes quantitatively the
increase of free energy following a change of the value of (S). For temperatures larger than T,
thermal fluctuations can only provide tiny oscillations of the order parameter around the minimum
value (S) = 0. By approaching T, large fluctuations cost little energy, consistently with a diverging
magnetic susceptibility. Finally, at T' < T, two degenerate minima at a finite value of (S) develop.
The two phases with £(S) can coexist in equilibrium and domains will form, nevertheless in each
domain, that is large on a microscopic scale, the system randomly chooses one of the two options

breaking thus the parity symmetry.
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2.3.2 Landau theory of second order phase transitions

We are now ready to discuss the general theory due to Landau of second order phase transitions. The

main assumptions of the theory are:
e existence of a continuous transition,
e vicinity of the critical point.

The basis of the theory is an expansion of the Gibbs free energy in powers of the order parameter.
Equilibrium states only correspond to minima, but the function is defined for any small value of the
order parameter and it describes the increase in free energy associated with a fluctuation of the order
parameter away from the equilibrium value.

We will consider general situations where the order parameter is written in terms of a vector with

n components m = (my, ma, ...,m,). Examples of this category are:
e magnetization in Ising models: the order parameter is a scalar (n = 1);
e condensate wave function in superfluids: the order parameter is a complex number (n = 2)
e magnetization in ferromagnets: the order parameter is a vector (n = 3).

More complex order parameters are also possible, for example if there is a dependence on spin
variables. In this case the most general order parameter is a n X n tensor.

The requirement of the Landau free energy possessing the same symmetries as the original Hamil-
tonian fixes some constraints on the general form of the expansion in terms of powers of the order
parameter. For a fixed volume V we can write

G(Tv v, m) _ Go (T7 V)
|4 B |4

+ a(T)ym? + b(T)m* + ..., (2.45)

where G(T, V) is independent of the order parameter and a(7") and b(7T") are functions of the temper-
ature only. Notice that, in general, the coefficients a and b in the expansion (2.45) are also functions
of the volume V as the order parameter m is assumed to be an intensive variable. We notice that G is
invariant under rotations of the vector m as it should be for symmetry reasons and depends only on

the modulus of the order parameter. According to general thermodynamic relations, the probability
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of a fluctuation m of the order parameter for given values of 7" and V is proportional to

(2.46)

Probfm] o exp (_(M> ,

kpT

consistently with the fact that equilibrium states correspond to minima of G.
Due to the vicinity of the critical point, one can expand the functions of temperature in eq. (2.45)

as

a(T) = ap+art+..

b(T) = bo+bit+ .. (2.47)
in terms of the reduced temperature t = (T'— T,)/T.. Since we aim to describe a phase transition, it
must happen that:

e at T > T, there is only one minimum for m = 0, implying a(7T") > 0 and b(T) > 0;
o at T' < T, there is a minimum for m # 0, implying a(7") < 0 and b(T) > 0.
Consequently, for |t| << 1, one can write

G(T,V,m) _ Go(T,V)

% F— + aytm? + bom* + ..., (2.48)

with a1 > 0 and by > 0. Equilibrium states correspond to values of m fulfilling the equation

1
o= L(2¢ = 2aytm + 4bgm? | (2.49)
V- A\om )y

and are given by

a) m=0 if ¢t>0

b))  me= L2 i t<0. (2.50)
2bg
By comparing eq. (2.48) with the expansion (2.43), one can identify the parameters a; and by in the
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case of the Ising model, finding a; = J /2 and by = J /12. We also notice that the order parameter

/2 showing that the prediction of Landau theory is always

vanishes at the transition with the law |¢|
B = 1/2 for the critical exponent associated with the order parameter.

An important general consideration applies here to the ordered phase (m # 0) if the dimension-
ality of the order parameter is larger than n = 1. In this case all states corresponding to different
orientations of the order parameter, but with the same modulus m, are degenerate in energy and the

phase transition signals the spontaneous breaking of a continuous symmetry.

Thermodynamic properties

e Entropy

The entropy corresponding to equilibrium states is obtained from the thermodynamic relation

S = —(0G/IT)y giving

where Sy = —(0G/IT)y is the entropy in the absence of m. We used the fact that (0G/9dm)(0m/0T)

vanishes when m satisfies eq. (2.49). By using the solutions (2.50) for m? we find

S S
a) V:VOift>0

So ap

b —
) V. 2T.boy

t| if t<0, (2.52)

S
v
showing that .S is continuous at T, and that the transition is not accompanied by the release of

any latent heat. It also shows and that the entropy is lower in the ordered phase.

e Specific heat

The specific heat at constant volume is defined as C'= T'(9S/0T)y. One gets:

e
_— = — f

a) v=7 | t>0

by C_C LTI (2.53)
VoV 212, ' '
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The specific heat exhibits a discontinuity at T, given by [C(T.") — C(T.)]/V = —a?/(2boT.).
According to the standard classification of phase transitions, the presence of a discontinuity in
the second derivative of a thermodynamic potential identifies a second order phase transition.
We also notice that the critical exponent associated with the specific heat, C' ~ 1/[t|%, is

predicted to have the value o = 0 within this theory.

e Susceptibility

In the presence of an external field h = hé;, where é; is a unit vector in the n-dimensional space
of the order parameter, this latter is oriented along the direction of the field, m = mé;, and the
inverse susceptibility is given by x~! = (0h/dm)7y. Since by definition h = (8(G/V)/0m) v,

using eq. (2.49) we obtain

1
= - 2.54
X 2a1t + 12b0m2 ’ ( )
and finally through eq. (2.50):
) L if ¢t>0
a =— i
X alt
b =——1if t<0. 2.55
) X Tar] | (2.55)

The corresponding critical exponent, x ~ 1/]¢|7, is v = 1.

e Critical field

As the last thermodynamic relation, let us consider the behavior of the external field h at the

critical point 7' = T,. From eq. (2.49), by setting ¢t = 0, we find the result

h = 4bym? | (2.56)

d

determining the value § = 3 for the critical exponent defined by the relation A ~ m? or m ~ h1/9

holding at T

An important remark concerning the Landau theory of phase transitions has to do with the

universal validity of its results. The value of T, is clearly not predicted by the theory, since it is a
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phenomenological input parameter. The same is true for the amplitudes of the various thermodynamic
quantities, such as specific heat, susceptibility and order parameter. Their values depend on the
phenomenological parameters a; and by which are determined for each different phase transition
by the details of the underlying microscopic Hamiltonian. The important predictions of the theory
concern the values of the critical exponents, which are universally valid for all continuous phase
transitions, irrespective of the dimensionality of the system and the number of components of the

order parameter.

2.3.3 Phase transition in the presence of an external field

In the presence of an external field, h = hé;, the order parameter is oriented along the direction of h

giving m = mé; and the Landau free energy (2.48) is modified as follows

G(Ta Vva m, h) _ GO (T> V)
N \%4

% + artm? + bom* — hm, (2.57)

with an explicit dependence on the value of the applied field. The above expression ensures that
equilibrium states are still determined by the minima of the free energy

om TVh

This can be can immediately verified from the general relation h = (0G(T,V,m)/0m)ry. We also
notice that if we eliminate m in terms of h using the equilibrium relation, then eq. (2.57) recovers
the expression of the Helmoltz free energy F(T,V,h). Here, however, we aim to describe out-of-
equilibrium situations where fluctuations of m are present under the action of the field h.

Equation (2.58) gives

h = 2aytm + 4bgm? . (2.59)
From the above equation we notice that:

e a) For any temperature ¢ the solution of eq. (2.59) yields m # 0. The disordered phase with

m = 0 can only exist if h = 0.

e b) If t > 0, corresponding to T' > T, the function of m on the right hand side of eq. (2.59)
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increases monotonously with its argument. For any value of h, there exists only one solution m
that is parallel to the external field (see panel a) of Fig.2.6). In terms of the free energy (2.57),

its minimum varies continuously from m > 0 (if h > 0) to m < 0 (if h < 0).

T T T T T T
2a tm+4b m? a) 2a tm+4b m? b)

(t=0.2) 0 M5 L (t=-0.2)

h<0

Figure 2.6: Panel a): Right hand side of eq (2.59) as a function of m for ¢ = 0.2. The solutions
corresponding to h > 0 and h < 0 are shown with arrows. Panel b): Same as panel a) for ¢ = —0.2.
The green horizontal lines show the threshold values +hr embracing the region of external fields
where three solutions of eq. (2.59) exist. The values of a; and by have been arbitrarily chosen as
al = bo = 1.

e ¢) If t < 0, corresponding to T' < T¢, the right hand side of eq. (2.59) has the shape shown in
panel b) of Fig.2.6. For some values of h, within the threshold values —hp < h < hyp, there exist
three solutions for m, one parallel and two antiparallel to h. For a given reduced temperature
t, the threshold field takes the value hy = /8a?|t|?/27by. It is determined from eq. (2.59), with

m corresponding to the maximum of the function 2a;tm + 4bym3, namely mp = —/ay|t|/6bo.
The physical meaning of the solutions of eq. (2.59) is best understood by looking at the behavior
of the free energy (2.57) for a fixed value of the reduced temperature as shown in Fig.2.7.

— If h > hp, shown in panel a), there is only one minimum of G corresponding to m > 0.

— If 0 < h < hp, shown in panel b), a relative minimum and a maximum appear at m < 0.
They correspond to the other two solutions of eq. (2.59). The equilibrium state, corre-
sponding to the absolute minimum, is still at m > 0, but a metastable state, corresponding
to the relative minimum, appears at m < 0. The maximum represents instead an unstable

state.

— If —hp < h < 0, shown in panel c), the situation is symmetric with respect to panel b).
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The absolute minimum is now at m < 0.
— If h < —hp, shown in panel d), the only minimum is at m < 0.

— If h = 0, the two minima of G correspond to m = +/a1|t|/2by and are degenerate in

energy (as shown in Fig.2.5).

G(T,V.m,h) a) G(T,V,m,h) b)
t=0.2 h=02 g t=0.2 h=0.02

i L L
- EE] 0 05 1 06

06
m m
102 = = = r 15 r T T
G(T.V.m.h) °) G(T,V,m,h) d)
t=-0.2 h=-0.02 ] = t=0.2 h=02

Figure 2.7: Gibbs free energy (2.57) for the value t = —0.2 of the reduced temperature and for
different values of the field h. Units are such Go/V = 1 and we have arbitrarily chosen a; = by = 1.

By decreasing the intensity of the external field from positive values the equilibrium state corre-
sponds to a positive order parameter, but a metastable state with m < 0 starts to appear if h < hy.
At h = 0 the two states having opposite m coexist in equilibrium and for small negative values of h
the equilibrium state becomes the one with m < 0, while the one with m > 0 becomes metastable.
Finally, for large negative external fields (h < —h7), only one minimum at negative m survives.

We notice that the transition occurring at a given negative value of ¢ when the external field
crosses the h = 0 line, is different from the one taking place as a function of ¢ in the absence
of h. The transition is no longer continuous and the order parameter jumps discontinuously from

m = ++/a1|t|/2bp to m = —+/a1|t|/2bg. The derivative (OF/0h)ry = m exhibits a discontinuity and
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the transition is of first order. What is happening is that domains of the phase with negative m are
nucleated and they coexist in equilibrium with the regions of positive m. These domains grow in size
and the relative volume occupied by the new phase increases until it comprises the entire system and
the phase with positive m has completely disappeared.

We notice also that for a given ¢ > 0 there is no discontinuous jump. The order parameter follows
the external field vanishing when h = 0. The phase diagram in the (7', k) plane is schematically

shown in Fig.2.8.

Ferromagnetic

M1

I order

Paramagnetic
II order

Tc

W

Ferromagnetic

Figure 2.8: Schematic phase diagram in the (h,T") plane. The first and second order phase transitions
are shown with arrows.

2.3.4 The Van der Waals equation of state and the gas-liquid critical point

The Van der Waals equation of state provides a model of the gas-liquid first order phase transition.

It can be easily derived from the equation of state of an ideal gas
pv =kpT , (2.60)
where v = V/N is the volume per particle, by making the following simple assumptions on the

interparticle interactions:

e 1. The interatomic potential is strongly repulsive at short distances implying that two particles
can not approach each other at distances below a certain threshold ry. The excluded volume

b = (4/3)mr3 results in a reduction of the available volume per particle v — v — b.
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e 2. The interatomic potential is vanishingly small at large distances (r > o) and is attractive
at intermediate distances (ro < r < o), where o is a typical length scale. The amount of

attraction felt by each particle scales as 02 /v, i.e. the number of particles in a volume of size

o surrounding the particle.

e 3. In an ideal gas the pressure acting on the walls of the container originates from the kinetic
energy of the particles, p = prin. In a gas with attraction the same pressure is reduced by an
amount p = pyin — a/v?, arising from the density 1/v multiplied by the effect of attraction on
a single particle. The pressure originating from the kinetic energy should thus be replaced by

Pkin — Pkin + @/ v?, where a is a positive constant.

e 4. The physical assumption made by Van der Waals is that the relation between py;, and the

available volume per particle is the same as for an ideal gas, leading to the equation
a
(p+ ﬁ) (v—b) = kgT | (2.61)

where a and b are positive parameters which depend on the type of gas.

The above equation is the famous Van der Waals equation of state of real gases. In a p—v diagram

the isothermal curves have the following properties:

e At high temperatures, kT > a/v, isotherms recover the hyperbolic form p = kT /(v — b) of

the ideal gas and p(v) is a monotonous decreasing function of v.

e At low temperatures, kgT < a/v, the function p(v) exhibits two extremal points: a minimum

at v = v1 and a maximum at v = vy > v1.

e The crossover between the above two behaviors takes place at the critical isotherm T = T,
defined by the conditions (Op/dv)r = (8%p/Ov?)r = 0, where the two extremal points meet at

Ve.

Critical isotherm and law of corresponding states
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From the two equations

Op _ kT 2a

(o), = vl

0?p 2kgT  6a

- £ = =2 = 2.62
(8”2>T (v—="0)3 ov* 0. (2:62)

and from the equation of state (2.61) one can easily derive the critical values for volume, pressure

and temperature in terms of the parameters a and b:

a 8a

Ucng pc:W BTC:T’?I)

(2.63)

It is useful to introduce the reduced variables: = p/pe, & = v/v, and T = T/T,, in terms of which
the equation of state (2.61) takes the dimensionless form

8T 3

—_— = . 2.64
30—1 02 ( )

]5 =
This equation is universal, in the sense that it does not depend on the parameters a and b specific
of a given substance, and it is called the law of corresponding states. The equation of state of
many real gases, once expressed in terms of reduced variables, follows quite closely the above law of
corresponding states, showing that Van der Waals theory captures correctly the physics of interacting
gases.

Gas to liquid transition

In Fig. 2.9 some isotherms of the Van der Waals gas at and around the critical temperature T,
are shown in reduced units. In particular, the one corresponding to T' = 0.97, exhibits the peculiar

features of the first order gas-liquid transition. These are:

1. The points in the BD interval of the Van der Waals curve have negative compressibility xr =

—(1/v)(0v/dp)r and correspond to unphysical states because of the mechanic instability.

2. The physical line connecting points A and FE is the horizontal orange line, where the liquid
phase at density 1/v4 coexists with the gas phase at density 1/vg. Along this line only the
relative volume between the two phases changes, varying from full liquid (point A) to full gas

(point E). The line is determined by the condition that the area ABC' A and CDEC should be
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Figure 2.9: Van der Waals isotherms in reduced units. The horizontal orange line indicates the
coexistence line between the gas and the liquid at volumes per particle corresponding respectively to
point E and point A in the diagram.

equal (Maxwell construction). A simple way to see this is that the work done in an isothermal
reversible cycle should be zero. Let’s consider the reversible cycle ABCDFE A, where we move
from A to F along the Van der Waals curve and then we move back to A along the coexistence
line. Since ABC A contributes to the total work with the negative sign and CDFEC with the
positive sign, the two areas must be equal. Notice in this respect that the cycle ABC' A is not
reversible because at point C' the unstable state belonging to the Van der Waals curve and the

stable state on the coexistence line are connected by an irreversible transformation.

3. The physical states in the intervals AB and DFE are metastable and correspond respectively to

a supercooled liquid and to a superheated gas.

4. By reducing the volume v at fixed temperature starting from a gas state, the pressure increases
along the Van der Waals curve up to the point £. Here, by further reducing the volume, the
pressure remains unchanged and some liquid at density 1/v4 is nucleated. The fraction of
liquid increases until at point A the system is fully in the liquid state. From point A a further

reduction of v determines a large increase in pressure as it is typical of the liquid phase. During

95



the process from E to A the latent heat of condensation is released.

Connection to Landau theory and critical behavior

The relevant free energy is provided by the Gibbs free energy (see Supplement 2.4.1) where the
dependence on V is left explicit: G(T,p,V) = F(T,V) + pV. Indeed, since p = —(9F/0V )y, one
has that equilibrium states correspond to the minima with respect to the volume of the Gibbs free

energy at fixed temperature and number of particles

0

0= ==G(T,p,V) : (2.65)
(arern), |

In terms of reduced variables one can write G/N = pov.(f + pv), where f = F/(Npv.). One can
expand the equation of state (2.64) around the critical point using T=1+t,p=1+7mandd=1+=x

up to cubic terms in the small parameter x:

3 9 27
1+7m ~ 4(1+1¢) (1—1‘4—:32—

3 2 3
—-3(1—-2 —4
5 1 8:1:> 3( x + 3z x”)

12

3
14 t(4 — 62 + 92°%) — 5:::3 : (2.66)

where in the last equation we neglected the term proportional to tz3. From a direct integration of

the relation p = — (8 f / 83:)TN, one gets the reduced free energy per particle

)

5 3
f=—z—t(4x — 32 + 32%) + §x4 +alt), (2.67)

where a(t) is an unknown function of the reduced temperature only. The reduced Gibbs free energy

is then given by
G
Npcve

=a(t)+1+nm — (4 — m)x + 3tz* — 3tz + gmA . (2.68)

According to Eq. (2.65), we should look for minima of the above expression with respect to x, for
given values of 7 and ¢. By the shift x = y + 2¢ we can remove the cubic term in G/N and arrive at

the simpler result
G

Npoo, = )+ 147 — (4 = my + 3ty + e (2.69)

8

where we kept only terms linear in ¢ and w. We notice that the above expansion of the Gibbs free
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energy has the general form (2.57) predicted by Landau theory where the scalar quantity y plays the

role of the order parameter and 4t — 7 of the external field h.

e If t > 0: There is only one minimum of Eq. (2.69) which has the same sign as the external field

h =4t — .

e If t <0: There is only one minimum having the same sign of the external field if |4t — 7| >
hy = 8[t|*/2 /3. Two minima (one absolute and one relative) are present if [4t — | < hp. The

absolute minimum has the sign of 4¢ — 7.

e If t = 0: There is one minimum at y = z = (—27/3)'/3 corresponding to a critical exponent

0=3.

e If 4t — m = 0: Vapor-pressure curve, i.e. the projection of the equation of state on the p — T
plane at v.. The transition is second order. Degenerate minima appear at x ~ y = £2,/]t|.

The critical exponent is thus § = 1/2.

It is important to discuss the isothermal compressibility x7, whose reciprocal is related to the

second derivative of the Gibbs free energy with respect to the volume V

Kyl =V <ap>T =V (W)T : (2.70)

After some rearrangements specific of the neighborhood of the critical point we get the result

_ 0? G(t,m,y) 9
1 _ s Ity _ 2,2
Ky = De (83/2 Npoo, )t =P <6t + 5Y > . (2.71)

A divergence is found in k7 as [t| — 0 along the vapor-pressure curve, 4¢ — 7 = 0, where the transition

is second order. We have

L if t>0
= 1
" POt
1
Kp = if t<0. 2.72
r pel2]t] (2.72)

The associated critical exponent is thus given by v = 1. It is instructive to compare the values of

the critical exponents as obtained from the Landau theory with the ones measured in experiments
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on real gases around the critical point. These give: 8 ~ 0.32, v ~ 1.2 and § ~ 4.8.

2.3.5 Role of fluctuations: correlation functions

The theory described above deals with situations where the value of the order parameter is uniform
across the system. An important extension of the theoretical treatment includes a spatially varying
external field h(r) and order parameter m(r). The Gibbs free energy (2.57) should be replaced in

this case by the energy functional
Gm(r)] = Go + /dr [a1tm?(r) + bym*(r) + ¢o(Vm(r))? — h(r)m(r)] , (2.73)

where we only consider the explicit dependence on m(r) and we introduced the notation (Vm)? =
0,m0,m + O,md,m + 0,md,m. Here products of vectors mean scalar products over the n compo-
nents of m and h. Compared to the uniform case (2.57) the functional (2.73) contains a term that
is invariant under rotations of m, as required by symmetry reasons, and accounts to lowest order for
its spatial variations. Higher order terms are of the form (V?m)2. The coefficient cq is a phenomeno-
logical parameter depending on the microscopic physics, but it must be positive (¢p > 0) because in
general spatial modulation of the order parameter should cost some extra energy.

It is worth stressing that the Landau theory is aimed to provide an effective description of the
low-energy physics of the system in terms of a number of phenomenological parameters deriving from
the microscopic Hamiltonian once the contribution from fast, high-energy modes has been integrated
out. The theory is capable to account correctly for the slow and long-wavelength modulations of the
order parameter, which are expected to play a crucial role close to the phase transition, but contains
an intrinsic high-momentum cut-off that limits its applicability on scales that are on the order of the
interparticle distance.

The equilibrium or most probable configuration of m(r) is determined from the extremal condition

6G _ GIm+ dm] — G[m]
dm om

- 2(a1t + 2bym?(r) — coV2)m(r) —h(r)=0, (2.74)

where to obtain the term proportional to V?m we used integration by parts. For a constant external

field h = héq, the order parameter is uniform m(r) = mé; and the above equation reduces to eq. (2.59)
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or to eq. (2.49) if h = 0.

Let us now consider a situation where h = 0 and the order parameter fluctuates by dém around
the equilibrium value mg solution of eq. (2.49) and defined by the average (m(r)) = mgé;. The
fluctuating part is conveniently decomposed into a parallel component dmy, in the direction of the

unit vector €1, and a transverse component dm  orthogonal to é; by writing
m(r) = moé1 + dm(r) = (mg + dmy(r))éy + dmy (r) . (2.75)

The free energy associated with the order parameter configuration m(r) can be readily calculated

from the expression (2.73) by including the fluctuating part up to second order. One finds
2
Gm] = G(mg) + /dr [(alt + 6b0m%)5mﬁ + (a1t + 2bgmy) (2modm + om?) + co(Vim) } , (2.76)
where G(my) is the free energy at the equilibrium point my.

Two cases should be treated separately:

o T'>T,

In this case my = 0 and the free energy (2.76) reads

Glm] = G(0)+ / dr[alt 6m2+co(v5m)2}

= G0)+ ) (art+ cok®)[my|* . (2.77)
k

The second of the above equations has been written in terms of the Fourier components of the

fluctuation dm which are defined by

dm(r) = \/1‘7 kaeik'r , (2.78)
K

and satisfy the condition my = m_j because dm must be real.

The probability of such a fluctuation to take place is provided by the exponential law

Prob[m(r)] = Zie_ﬁG(mO)e_ﬁZk‘mkP(achOkQ) , (2.79)
G
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where Zg is the associated partition function
Zg = e~ BG(mo) / (L ) e Enlmilantearty (2.80)
k

obtained by integrating the probability distribution (2.79) over all possible values of the Fourier
components my. The Gaussian distribution (2.79) allows us to straightforwardly derive the

average value of the square fluctuations mgm_g. One finds

1
<|mQ|2> - ZGe_BG(mO)/<Hdmk> |mq|2€_ﬁ2k|mk|2(a1t+cok2)
k
[ dml,dm; mg|?e=Flmal*2(at+ed?) kT -
[ dmidmy e FmaP2aitte?)  — 2(art + co?) | (2.81)

"

q in terms of

where we introduced the real and imaginary parts of mgy, respectively ma and m
which [mg|*> = m{? +m{?. The factor 1/2 in the final result comes from the ratio of Gaussian
integrals f_Jr;o da;a:ze_x2/ fjozo dee™™ =1 /2. One can easily convince himself that the average

of any other product of Fourier components vanishes identically: (mqmg/) =0 if q' # —q.

By using the inverse Fourier transform my = (1/vV) [ drém(r)e 7T, we find that the space
average over the volume V of the mean square fluctuation is proportional to the susceptibility
X = 1/(2a;t), obtained from eq. (2.81) in the limit ¢ — 0. More precisely one gets the relevant

result

é/drdr’(dm(r)ém(r')) = (lmg=0|?) = kBT, (2.82)

which is a static example of the so-called fluctuation-dissipation theorem relating, more in

general, the spectrum of fluctuations with the dissipative part of response functions.

The result (2.81) for the mean square fluctuations in momentum space also allows us to calculate

the behavior in real space of the correlation function defined as
G(r) = (m(r + r)m(r')) , (2.83)

and describing the behavior of statistical correlations between values of the order parameter

in different spatial positions. Notice that, due to the spatial homogeneity of the system, the
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function G can only depend on the modulus of the displacement vector r. Since m(r) = dm(r),

the correlation function can be readily calculated using the momentum-space representation of
ém. In 3D one finds

ik-r kBT —r
G(r) = 77 D_(m)eter = S e/ (2.84)
k

where we used the formula (1/V) >, = 1/(2m)3 [ dk converting the discrete sum over wave
vectors into an integral and the result 1/(27)% [ dk 7 /(672 4+ k?) = e7"/¢/(47r). The ex-
pression (2.84) is called the Ornstein-Zernike correlation function. It involves the length scale
&= \/co/Tlt, called the correlation length. An important remark concerns the behavior of £
when T is approached from above (t — 07): the correlation length diverges as & ~ 1/t”, where

v = 1/2 within the Landau theory.

We notice that the fluctuation-dissipation result (2.82) can be rewritten in terms of the spatial

integral of the correlation function

/dr G(r)=kgTx , (2.85)

which diverges proportionally to x when approaching the transition point.

T <T,

In this case m3 = a1|t|/(2bo) and the expression (2.76) reduces to

G[m] = G(myp) +/dr [2a1|t| 5mﬁ —l—co(V(Sm)z}

= G(mo)+)_ [(2a1|75| + cok?)[my* + COk2|mLk|2} ; (2.86)
K

in terms of the parallel and transverse Fourier components of the fluctuation ém. By performing
similar calculations to the ones at T" > T, the spatial average of the mean square fluctuations
yields the fluctuation-dissipation result for the parallel component and a diverging result for

the transverse component:

1

V/d,r dr'(dmy (r)om (r')) = kpTx, (2.87)
1 / / - . kBT
v /dr dr'(dm (r)om, (r')) = (,1(1—% Se0q? (2.88)
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These equations follow directly from the Gaussian integration in momentum space giving:

(Imyql®) = kpT/(4ar]t] + 2c0q?) and (jm1q[*) = kpT/(2c0q?).

The mean square fluctuations of the transverse component demand a more detailed study as
their contribution strongly depends on the dimensionality D of the system. First of all we notice
from eq. (2.88) that the space average diverges in the thermodynamic limit at any temperature
as 1/¢*> ~ VP Furthermore, the local average can be obtained through an integral of the

Fourier components

(om? (r)) = %qumﬂ = (271)]3 /qufclzZ; : (2.89)

One immediately notices that the above integral diverges in any dimension, although there is
an essential difference if D > 2 or if D < 2. In the first case, the integral has an ultraviolet
divergence at large wave vectors. This divergence is unphysical, being an artifact of the effective
description of the low-energy physics provided by the Landau theory, and in a more microscopic
theory it would be absent because of the occurrence of a natural cut-off at large momenta. In
passing we notice that the same divergence is also present in the local fluctuations of the parallel
component. In the latter case, instead, the integral is also plagued by an infrared divergence
occurring at low wave vectors. Long wave-length fluctuations are correctly described by the
Landau theory and the divergence is therefore a physical one. It implies that there can not
exist an order parameter with n > 2 in dimensionality D < 2, due to the diverging behavior of

transverse fluctuations.

In the ordered phase one should distinguish between a parallel and a transverse component of

the correlation function for which we find the following results holding in 3D

Gy(r) = (my(x' +x)my (') = mg = ;ifrer/g
Gi(r) = (m (' +r)m, (') = ﬁcfr ‘ (2.90)

The parallel component exhibits the typical Ornstein-Zernike behavior with a correlation length
given by £ = /co/2a4|t|. To determine the behavior of the transverse component one uses again

the Fourier transform of the function 1/(£72 + k?) letting &€ — oo at the end of the calculation.
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The correlation length & sets the length scale where fluctuations of the order parameter are
significative. This length scale diverges as & ~ 1/|t|'/? on approaching T, both from above
and from below, implying that fluctuations become more and more relevant close to the critical
point. The same conclusion is drawn from the fluctuation-dissipation results (2.82) and (2.87),
showing that the space average of the mean square fluctuations diverges at T, proportionally to
the susceptibility y. On the other hand the space average of the order parameter also diverges at
T, proportionally to the relevant volume of fluctuations whose linear size is set by the correlation
length. The competition between the two divergent behaviors depends on dimensionality and

will be discussed in detail below as the basis of the Ginzburg criterium.

It is worth noticing that transverse fluctuations in the ordered phase are always critical. This
behavior has a clear physical explanation if one considers the shape of the Gibbs free energy
when the order parameter has more than one component (n > 2). In fact, the equilibrium state
corresponds to a minimum of the free energy at some finite value mg of the order parameter
along a specific direction é; that the system chooses breaking spontaneously the rotational
symmetry. In the directions perpendicular to é; there is a continuous of states degenerate
with the minimum and the free energy has the typical shape of a mexican hat. The order
parameter can fluctuate almost freely in these directions because the energy price associated
with the fluctuation scales as k2 [see eq. (2.86)] and is small at small wavevectors. The transverse

fluctuations of the order parameter are the Goldstone modes associated with the breaking of

a continuous symmetry occurring at the phase transition. These modes are gapless as their

energy becomes vanishingly small in the limit of long wavelengths.

2.3.6 Role of fluctuations: Ginzburg criterium

The Landau theory of phase transitions neglects fluctuations of the order parameter altogether. On

the other hand, by taking into account fluctuations to the lowest order, we understood that they

decay over a length scale on the order of the correlation length & and that this length scale diverges

on approaching the transition point.

For the whole theory to be valid we should require that the mean square fluctuations of the

order parameter are small compared to its equilibrium value. This is the essence of the Ginzburg
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criterium that yields a critical dimension above which the mean-field theory becomes exact and, for
lower dimensions, a temperature region where the theory can be safely applied.

Let us consider the region of temperatures 7' < T,: the square of the space average of m(r)
integrated over a large volume V is given by m? = ([dr m(r))? = (a1]t|/2bo)V?, where we used
result (2.50) for the equilibrium value of the order parameter. On the other hand, the volume average
of the parallel mean square fluctuations is provided by eq. (2.87): (5fn||2 = [ drdr’ (omy(r)om(r')) =
kpTxV. The ratio of the two quantities gives

om®  kpTibo 1
m?  2a32 V'

(2.91)

where we replaced T' by T, consistently with the fact that we are close to the transition point, and
we used the result x = 1/4a,]|t| for the susceptibility. Since fluctuations decay rapidly beyond the
correlation length &, the relevant volume V' should have a linear size on the order of this length scale
and we can set V = &P where D is the dimensionality of the system. Using & = (co/2a4t])Y/2, we

arrive at the Ginzburg criterium for the applicability of the mean-field theory to the phase transition’

~ 2 D/2

om kT.by [ 2a

LS BB (ZOL) D (2.92)
m?2 2a9 co

We notice that for D > 4 the reduced temperature || appears with a positive exponent. In this case

the Landau theory is correct close to the critical point and its predictions for the critical exponents

are valid. For D < 4, instead, fluctuations diverge close to ¢ = 0 and the theory is inapplicable. The

dimensionality D = 4 is special and it is called upper critical dimension.

Nevertheless, also in the case D < 4 there might be a window of temperatures where both

conditions |t| < 1 and (2.92) are satisfied. This happens if

2/(4=D) 2/(4-D)
1 (2kpT:bo kgV
1>t > — | =50 ~ (2 : 2.93
> = 2a1< D72 ) <|Acv|sé’) (293

where in the last equation we used the jump in the specific heat |ACy|/V = a3/(2T.by) and we

introduced &y = \/cp/a1. This two quantities are expected to be on the order of the experimentally

'The contribution from transverse fluctuations dm”/m?, where ém,” = [ drdr'(ém (r)ém, (r')), differs from
6T;L‘|2/m2 by a factor V2/P /€2 (see eq. (2.88) with 1/¢* ~ V*/P). This factor is of order one if V ~ &P,
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measurable difference in specific heat and correlation length away from the transition region. For
the relevant case D = 3 the above condition (2.93) requires that (kpV/|ACy|€3)? < 1. For some
phase transitions this condition is actually met and the Landau theory can be applied in a window of
temperatures not too close to the critical point. This is for example the case of the BCS transition in
superconductors. In other cases, such as the superfluid transition in liquid *He, the Landau theory
is never applicable 2. The critical region, where mean-field theory does not hold, corresponds to the

regime of temperatures

k‘BV >2/(4—D)
<< | — ) 2.94
g <\Acvr§5 (2.54)

If condition (2.93) is satisfied, entailing the existence of a temperature range where the Landau theory
is applicable, the values of the critical exponents change from their mean-field predictions once the
critical region is entered.

The Ginzburg criterium shows that fluctuations play an increasingly important role if the dimen-
sionality of the system is reduced, limiting the applicability of the mean-field theory. As a first effect,
critical fluctuations change the behavior of the thermodynamic quantities close to the transition by
affecting the values of the critical exponent. By reducing further the dimensionality, fluctuations
become so strong that they wash out the transition altogether. The dimensionality D at which this

happens is called lower critical dimension. For a single component order parameter (n = 1) the lower

critical dimension corresponds to D = 1. An example is provided by the Ising model, for which
a phase transition exists in dimension D = 2 but not in D = 1. In the case of n > 2 the lower
critical dimension is instead D = 2, as it was explained in connection with the infrared divergence of
transverse fluctuations discussed after eq. (2.88).

Some conclusive remarks concerning the Landau theory are in order here:

e The Landau theory provides a qualitatively correct description of continuous phase transitions.
In particular, it provides a physical explanation for the universal behavior exhibited by very

different systems close to a phase transition.

e In dimensionality D > 4 the Landau theory is also quantitatively correct and it provides exact

results for the critical exponents.

2In general ACy ~ Nkp, where N is the number of particles in the system. The condition thus reads l/nfg < 1,
in terms of the density n = N/V. In a BCS superconductor the correlation length, fixed by the size of Cooper pairs, is
much larger than the mean interparticle distance. On the contrary, in liquid “He, n&3 ~ 1.
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e In dimensionality D < 4 the values of the critical exponents predicted by the theory are incor-
rect. To improve on the theory one should include fluctuations to all orders. This can be done
in a systematic way using the Renormalization Group scheme within the so-called e-expansion,

where e = 4 — D is the deviation from the upper critical dimension.

e These more advanced theoretical methods predict that the value of critical exponents is the

same for all systems belonging to the same universality class, defined by the dimensionality D

and by the number n of components of the order parameter.
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2.4 Supplements

2.4.1 Thermodynamic potentials

e Helmoltz free energy Let us consider a system at a fixed temperature T" undergoing a transition

from state A to state B. The work produced by the system during the transition is given by
B
W=-AU+Q = —(UB—UA)+/ 0Q < —(UB—UA)—l—T(SB—SA) ,
A

where we used the second law of thermodynamics stating that ff % < AS. By introducing

the Helmoltz free energy F' = U — T'S we find that
W < Fq—Fp=-AF, (2.95)

which is the analog for systems exchanging heat with a thermostat at a fixed temperature T'
of the relation W = —AV between the mechanical work and the change of potential energy for

conservative forces.

For different systems, where the Hamiltonian H(a) depends on the external parameter a, the
infinitesimal amount of work W = —(%—g)da is given by the average variation of the Hamilto-
nian upon a change of the external parameter. The minus sign implies that a decrease of energy

results in a positive work done by the system on the surroundings.

1. Fluid systems

The external parameter is the volume V' and the infinitesimal work is given by éW = pdV'.
If the volume is constant Eq. (2.95) implies that AF < 0 or in words that in a system
where T' = const and V = const the equilibrium state corresponds to a minimum of F.

The differential of F' is given by

dF =dU —TdS — SdT' = —pdV — SdT

which implies S = — (%)V and p = — (g—F)T

2. Magnetic systems
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The external parameter is the magnetic field h and the infinitesimal work is given by
W = (M)dh, where (M) = —(%—J;{) is the magnetization in the direction of the field. In
analogy with fluid systems we can state that if 7" = const and h = const the equilibrium

state corresponds to a minimum of F'. The differential of F' is given by
dF = dU —TdS — SdT = —(M)dh — SdT ,

from which S = — (%)V and (M) = — (di)T
e Gibbs free energy

1. Fluid systems
Let us consider that the system is at constant temperature 7" and constant pressure p.
Then Eq. (2.95) reads
p(Vp—Va) < Fa—Fp.

By introducing the Gibbs free energy G = F + pV one obtains AG < 0. Thus, in a system
where T' = const and p = const the equilibrium state corresponds to a minimum of G.

The differential of G is given by
dG =dF + pdV + Vdp = —-SdT + Vdp ,

yielding the relations S = — (‘g—g)p and V = (%%)T.

2. Magnetic systems

Similarly to fluid systems, if 7" = const and (M) = const the corresponding Gibbs free
energy G = F + h(M) obeys the condition AG < 0 for any transformation A — B. The

equilibrium state is therefore a minimum of G and one has

dG = dF + hd(M) + (M)dh = —SdT + hd(M)

and the following relations S = — (—

e Fluctuations
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2.5

Given a state A and a state B of an isolated system the probability of a thermodynamic

fluctuation A — B is given by the exponential of the entropy difference between the two states
Prob(B) = Prob(A) exp(AS/kp) ,

where AS = S(B) — S(A). Let us consider the physical system (system 1) embedded in
an environment (system 2) with which system 1 can exchange heat and work at some fixed
temperature 7. For the total system 142 we have AS = AS; + ASsy. The change of entropy in
the environment can be related to the variation of internal energy and the work performed by

system 1
o Wy + AUs o Wi — AU,

A =
‘92 T T )

since W1 4+ Wy = 0 and AU = 0. The probability associated with the fluctuation A — B can

thus be written as

(2.96)

Prob(A — B) x exp (TASl — W - AU1> = exp (M) ,

kBT ]{ZBT
in terms of the change in free energy. For fluid systems, where dW = pdV, one finds that

Prob(A — B) o exp <—[25T]”> .

in terms of the change in the Gibbs free energy at constant pressure. Analogously, for magnetic

systems, the elementary work is given by 6W = (M)dh and

Prob(A — B) x exp <— [AG ;thiMMh) )

at constant external magnetic field.

Problems

1. Classical theory of paramagnetism (Langevin 1905): Consider a system of N magnetic dipoles

with magnetic moment p in an external field H. The system is described by the Hamiltonian
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H=- Zf\i 1 i - H, where each dipole is coupled to the external field. Calculate the partition
function and the magnetization. Show that for weak fields the magnetic susceptibility obeys
Curie’s law y o< 1/T.

Solution: The partition function is the product of the partition functions of each independent spin: Z = (Zl)N ,
where Z1 =3, ePrtcosb The average magnetization follows from the derivative of the free energy with respect

to the external field H
M > pcosd efrH cosd
W - ZG eBuH cos 6

Since all projections of the magnetic moment on the direction of the external field are equiprobable, we have

+1
2
BurH cos 6 BuHz .
e = dx e = sinh(BuH

2 /. g Bt

BuH cos 0 + BuHz 24 .
E pcosf e = dx pxe = = (BpH cosh(BuH) — sinh(BuH)) .
) -1 (BuH)

Ihe ﬁnal Iesuh f()I the nla.gnet ization is given by
AT 1% COth(/B/"Llj) A =p L(/B/“Llj) )
N 1%

where we introduced the Langevin function L(z) = coth(z) — 1/z. For weak fields, uH < kpT, the Langevin
function behaves as L(x) — x/3 and the magnetization density is given by M/V ~ u?*nH/(3kgT), where
n = N/V is the density of dipoles. Then, Curie’s law for the susceptibility follows x = p?n/(3ksT). In the
opposite regime of strong fields, uH > kpT, one has L(z) — 1—1/z and the magnetization reaches the saturation

value M = Np.

2. Model of antiferromagnetism: Consider the Ising Hamiltonian with J < 0 and solve it within
the mean-field approximation by assuming that the system splits into two interpenetrating sub-
lattices and that spins belonging to the same sublattice are parallel while spins belonging to
different sublattices are antiparallel. Calculate the Neel temperature T of the antiferromag-
net where a spontaneous magnetization starts to develop in each sublattice. Determine the
temperature dependence of the order parameter and of the magnetic susceptibility.

Solution: J < 0 favors antiferromagnetic correlations between neighboring spins. We can divide the cubic lattice
into sublattice A and sublattice B such that each site of one sublattice is surrounded by nearest neighboring

sites belonging to the other sublattice. The following mean-field decomposition can be used: S{*SP = S{*(S%) +
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Sf(SA> — (S*)(S®). The corresponding mean-field Hamiltonian is given by
Hyp = BT =37 (J(8%) + 1) 82 =30 (J(s™) + 1) 57,
a b

where a (b) runs over the N/2 sites of sublattice A (B), J = zJ is the coupling constant renormalized by the
coordination number z, E}'Y = (N.J/2)(S4)(SP) is the ground-state energy and we introduced the magnetic
fields h* = h® = h acting on the sites of each sublattice. The partition function is easily calculated and one
finds Zc = e P50 (Za)N'2(Z)N/?, where Za(p) is the single-site partition function of sublattice A (B). We

further define the partial spin densities

A 2 (0F\ _ J(SBY + r?
(8% = N(ahA>T7tanh(7k:BT
2 (OF\ J(S?) 4+ hP
N(W)T_tanh(ikﬂ :

which can be written as (S“) = m +s and (S®) = m — s in tems of the total m = ({(S%) + (S))/2 and staggered

(%) = -

s = ((S?) — (S?))/2 magnetization. By inverting the above equations one gets

_In

T (m—s)+

—k}’; =atanh(m+s) =~ (m+s)+ %(m +5)3
11\] h 1 3
— - = h — ~ — — —

T (m+s) + el atanh(m —s) =~ (m—s)+ 3(m s)7,

where we defined |J|/kp = T as the Neel temperature and we expanded the argument of atanh(z) in the vicinity
of Ty and for small values of the magnetic field h. By summing and subtracting the above two equations one

gets

If h = 0, the solution ism =0, s =0 if T"> Ty and s = £, /3% if ' = Ty . Thus, T is the temperature
below which a staggered magnetization appears. If h is finite, m is proportional to h with the susceptibility

X = 1/(2ksTn). Notice that if a small h is present the Neel temperature is shifted Ty ~ Tn (1 — h*/(4kETR)).

3. Weiss model: Consider the following Hamiltonian of N two-level spins (S; = +1)
H = —(J/2N) Zi;éj SiSj—h)2; Si

where each spin interacts with every other spin. Show that in the thermodynamic limit N — oo

the mean-field approach provides the exact solution of the model.
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Solution: The Hamiltonian can be conveniently rewritten in the form

JN

J 2
H==_""m?_N
5 ™ hm ,

where we introduced the average magnetization m = (1/N) ", S;. The partition function is given by

7 — ¢ BI/2 Z exp <B%m2 + 5Nh,m) )

S1,...,SN

The term proportional to m? in the exponential can be converted into something linear in m by using the

Hubbard-Stratonovich transformation

a? 1 /+oo —22/2 _\2ax
el = — dx e e .
V2T J o

In our case a = \/BJN/2m and the partition function can be evaluated as for independent spins

“+oo
_ -pae 1 —22/2 5
Z e m/ﬂw dx e [Zexp( ﬂNm‘S—i—ﬁhS

S=+1
+o0 N
= [ [ (Ve )]
a —0o0o

In the large N limit the free energy per spin is given by

N

Ny /N
F +oo B
N - —kgTlog2 — kgTlog [oo dx [e xz/Qcosh( /&x+&>
2 J h
= —kpTlog2 —kgTlog |e ™ Pcosh [/ =7 + ——
kgT log keTlog |e cos ( kBT$+ k:BT) ,
where Z is the solution of the equation % [6712/2 cosh ( kB%T:c + kBLT ] = 0 and we have used the fact that

1/N
for a non negative continuous function f(z) the expression (fjooj dx (f(x))N) yields max f(z) as N — oo.

One finds that Z is the solution of the equation

keT 2 — tanh J-L P
J 7 kgT™ " kpT |’
on the other hand, from the expression of the free energy per particle, the average magnetization is given by
m = _L(oFy _ tanh Li + _h
~ N\oh/), VkeT™ " kT ) -

Therefore, we see that m satisfies the same self-consistent equation

m = tanh Lm + _h
o ksT ksT

of the standard Ising model in the mean-field approximation which predicts a ferromagnetic transition at the
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temperature T = J/kp.

4. Model of first-order phase transition: Consider the following expansion of the Gibbs free

energy
G(m)/V = ay(T — To)m? + bom* + com®

in terms of the order parameter m. Here we assume: a; > 0, by < 0 and ¢y > 0. Determine
the superheating Tsy and supercooling Tsc temperature below which, respectively, relative
minima appear and disappear. Determine the transition temperature 7., where all minima are
degenerate, and the discontinuous jump of the order parameter at Tt.

Solution: We notice that the Gibbs free energy is an even function of m. Extremal points correspond to m = 0

and to the solutions of the equation

4 2lbo] 2, a1
- m

— (T —Tp) =0
300 3(30 ( 0) ’
yielding
2 |bo| |bol2 a1
= ol y JIolT 0 gy
(m™)1,2 3co 9¢3 360( 0)

If the quantity under the square root is negative only the solution m = 0 survives corresponding to a global

2
minimum of G. This happens for T > Tsyg = To + J‘Z?‘CO For smaller temperatures two additional relative
minima start to appear at
|bo] bo|> a1
=4, |2y 20 BT,
m 3co + 9c2 300( 0)

Furthermore, m = 0 remains a relative minimum for temperatures above Tsc = Top, whereas for T' < Ty the
value m = 0 corresponds to a maximum of G. Notice also that, if T < Tp, the solutions for m? with the minus
sign should be discarded and only three extremal points remain: a maximum at m = 0 and the two degenerate
minima in the equation above. The temperature 7. at which the three existing minima have the same energy is

obtained from the equation

2a1 |b0| |bo|2 al
~(T. —To) = =— — — (T —To),
|b0| ( 0) 360 + 903 36()( 0)
yielding the result T. = Tp + %. The discontinuous jump at T, is given by dm = + %.

5. Gaussian approximation to Ginzburg-Landau theory: By including the contribution from
fluctuations up to quadratic order calculate the partition function, the free energy and the
specific heat for T' > T,. Show that in 3D the corrected critical exponent is a = 1/2.

Solution: We start from the expression of the partition function given in Eq. (2.80). For each wave vector

k and each of the n components of the order parameter we separate the real and imaginary parts of mnk
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n/2
and carry out the gaussian integral obtaining Zg = e~ #¢(m0) I (%) . The specific heat is given by

c/|V=-T (BZF/V)V, where F/V = Fy/V — 2L 3~ 5 log (M) being Fy the free energy in the absence

aT? 14 ait+cok?

of fluctuations of the order parameter. We stress that the ultraviolet behavior of the integrals is always well
behaved because of a high-momentum cut-off A. Singularities at the transition point can instead occur from the

infrared behavior of the integrals. The most singular term in C/V as T — T, is given by

C on 1 1 a\n [ ¢ ¢
A TR St N S—— e (0 T A
Vv By y — (a1t + cok?)? B (c()) 2/0 Ton2 (1+4¢2)2’

where we introduced the correlation length & = , /aCTOz' Thus, at T..", the specifc heat diverges as the correlation

2
length: C/V ~ AL&, being A4 = bp (“—1) 5. The corresponding critical exponent is therefore o = 1/2.

8w co

6. Repeat the calculation of Problem 5 in the ordered phase T' < T, and show that the critical
exponent of the specific heat coincides with the one obtained in the disordered phase.

Solution: At T' < T, the free energy including fluctuations is given by Eq. (2.86). The corresponding partition

function takes the form
Zo = e—ﬁG<mo>/ (Hdmkdmm) o8 Zullmxl®2arltl+eok?)+m i |*eok?]
Kk

By performing the gaussian integral of each k component of the || fluctuations and of the n — 1 components of

the L fluctuations one finds

Zg = e P ] nkeT  \"? (wkpT\ "V
¢ = % 2a1|t\ + Co]f2 Colﬂ2 '

The free energy is then given by

|4 V 2V 4

F Fo ksT kT kT
=-2_ log — 2~ — 1)1
(Og 2a1|t| 4+ Cok2 + (n ) 08 Cok2 ) ’

and the most divergent contribution to C'//V is given by

C  2kpa? 1
Z =A_
VvV 174 ; (2a1|t| —+ Cok2)2 £ ’

where £ = is the correlation length in the ordered phase and A_ = %A+. The above result shows that

co
2a1[t]

the specific heat indeed diverges at T., exhibiting the same critical exponent when approaching the transition

point both from above and from below.

7. Determine the spatial dependence of correlation functions below and above T, in the case

D =2 and D = 1. For transverse correlations consider the explicit dependence on the external

74



field h by recalling that h = 2mg(at + 2bym3).

Solution: First we consider the behavior of the correlation function above the transition T > Tc. From Eq. (2.84)

we have

i kBT e
G(T) o 174 zk: 2((1175 + CokQ)e ’

For D = 2 the above integral yields G(r) = kBTKo( ), where Ko(z) is the modified Bessel function, £ = , /-0

4meg ajt

is the correlation length and we used the integrals - 5= Jo 2T dgellale = Jo(Jal) and f0°° dx Jl(’lg/f: =2 = Ko (Ial)

For D =1 we find instead G(r) = kﬁTre*T/f where we used the integral fooo dxl_“‘_(;s;;Q = “"‘;:Qa‘

In the ordered phase, T' < T¢, one must distinguish between parallel and transverse fluctuations. We obtain

e Z kT pilker
1= 22art] + cok?)C

for the parallel component yielding the results G (r) = MKo(g) if D=2and Gy(r) = %rcfr/g if D=1.

4meq

In the case of transverse fluctuations, we replace the term ait + 2b0m% in Eq. (2.76) with ﬁ where mg and h

have the same sign. One then gets for the corresponding correlation function

kT ik-r
e

Gi(r)= V (ﬁJrcokQ)

Y
yielding the results G | (r) = ( L1 ) if D=2and Gy (r) = £2%re V0I5 if D = 1. In the limit

47rc0 2|mglco 2co
h — 0 we find G, (r) = —ng; log ( T/ Q‘Tlfg“co) and G (r —r respectively in D =2 and D = 1.
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Chapter 3

Fermi systems

We deal with fermionic systems. First we consider non-interacting particles, both at T' = 0 and at
finite 7. As a second step we treat systems with contact interaction at the level of the Hartree-Fock

mean-field theory. The structure of the chapter is as follows:
e Non-interacting gas at T' = 0:

— Properties of the Fermi sea.
— Pauli paramagnetism.
— Pair correlation function.

— Excited states and quasi-particle description.
e Non-interacting gas at finite 7"

— Particle distribution function and equation of state.

High-temperature thermodynamics and virial expansion.

— Low-temperature thermodynamics and Sommerfeld expansion.

Fluctuations in the particle number.

e Interacting gas:

— Hartree-Fock theory for contact interatomic potentials.

— Stoner model and quantum phase transition for itinerant ferromagnetism.
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3.1 Non-interacting gas: zero temperature

We consider a two component (spin 1/2) Fermi gas in a cubic box with p.b.c.: N; is the number of
spin-up particles, N the number of spin-down particles and N = Ny 4 N, is the total number of

particles. The Hamiltonian of the gas has the form

H = Z ekaLTakT + Z ekahaki , (3.1)
Kk Kk

where €, = h%k?/(2m) is the single-particle kinetic energy, independent of spin. We consider the
thermodynamic limit where V' — oo and N, — oo for each spin component ¢ =71,]. The limit is
taken in such a way that both densities n, = N,/V remain finite.

We notice that the Hamiltonian (3.1) commutes with the number operator ny, = aL »0ko 10 the
single-particle state (k,o). As a consequence, eigenstates of (3.1) are also eigenstates of ny,. In
particular, the ground state corresponds to the state |ni,4..nk,..) for which the sum ), ~epnk, is

minimal.

3.1.1 Ground-state properties

The completely antisymmetric ground state of the Hamiltonian (3.1) is provided by the so called

Fermi sea

|FS> = |kT1---kTNTk¢1---k¢N¢>A s

where both k¢; and k|; run over the smallest wave vectors compatible with p.b.c. up to the Fermi

wave vector kr, defined as follows

AV [Fre 1
= dkk® = —Vk3_ = N, . 3.2
Z Tk, (27T)3 /0 67T2 Fo g ( )
k:<k7Fo-
The Fermi wave vector is related to the density of each spin component: kg, = (6772110)1/ 3. Its

inverse 1/kp, provides the relevant length scale associated with the average interparticle distance
for the two spin species. For balanced mixtures of the two spin species, Ny = N; = N/2, one finds

kr = kpy = kp, = (372n)'/3, where n = nq + ny is the total density. Similarly to eq. (3.2) one can
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calculate the ground-state energy

3 3
En — I = 3.3
0 Z €xNkt + Z ek, = wNyepr + 2N jepy (3.3)
k<kps k<kp,
where we introduced the Fermi energies e, = h%k%,/(2m) giving the scale of the average energy per
particle in the gas. Pressure and chemical potential for the two spin species can be calculated using

standard thermodynamic relations

0E, 2 ok
= — = —N~€ = = € .
Do oV 5 cCFo Ho 8No- Fo

If Ny # N the mixture is not in chemical equilibrium (z4 # p)). This situation is physically possible
only if spin-up particles can not be converted into spin-down particles. The balanced configuration
corresponds in fact to a minimum of the ground-state energy (3.3) as one can show by introducing
the total number of particles N = Ny + N|, the polarization P = (N} — N;)/N and the Fermi energy

er = h?k%/(2m) of the balanced case

3 1 3 5 5
Ey= 2Nep= ( 1—P¥B4+(1+P 5/3) °N (1 2 p? —P4...) . 4
0= Nerg ( )77+ (1+ P) — gNer +9 +243 (3.4)

P—0

3.1.2 Magnetic susceptibility

If particles can be converted from spin down to spin up, e.g. by adding an external magnetic field,
the magnetized state is stable only if the external field is present. In the case of electrons immersed

in a homogeneous magnetic field H = H?Z directed along the z-direction, the Hamiltonian reads

H= Z(ek + MBH)GLTakT + Z(ek - uBH)aLaki , (3.5)
k k
where the Zeeman splitting proportional to the Bohr magneton up = eh/(2mc) arises from the

coupling term 0H = —fi-H = (e/mc)S - H, S, , . being the components of the spin operator. The
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resulting ground-state energy is given by

3 3
Eo(H) = ¢ Ntepr + ¢ Nyepy — ppH (N, = Ny) -

The densities of spin-up and spin-down particles are determined by the chemical equilibrium equation
pp =y (see Fig. 3.1), reading

ert +upH = ep) — upH .

For small fields (H < ep/up) using the above equation one finds m = (3u%n/2ep)H for the mag-
netization density m = pug(N|, — Ny)/V = ppnP. This shows that the electron gas is paramagnetic

with the magnetic susceptibility given by Xpare = 3,[1,2377, /2er (Pauli paramagnetism).

H=0 4 He0 A

\ K, ", / K, T

-ugH

Figure 3.1: Fermi energy of a spin 1/2 ideal Fermi gas at T' = 0, without and with a magnetic field
H. Spin-up particles are on the right and spin-down particles on the left.

The gain in magnetic energy —upHAN overcomes the energy cost arising from the finite polar-

ization and the ground-state energy density up to order H? is given by

Eo(H) 3 1 5 3 1 m?
== —Z H?2 =12 _Z
% 5n€F 9 Xpara 5 nerp 9 Xpara

)

where the second equation is expressed in terms of the magnetization density m. For strong fields
(H > €p/(2uB)) the system becomes fully polarized (P = 1) and the ground-state energy density
takes the value Eo(H)/V = 3njep, /5 — ppHn | dominated by the Zeeman energy.

It is worth noticing that the magnetic response of an electron gas contains also a diamagnetic

contribution arising from the orbital angular momentum not accounted for by eq. (3.5). The total
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magnetic susceptibility of an electron gas turns out to be positive, corresponding to a paramagnetic

behavior, but is reduced by a factor 2/3 compared to Xparq giving the result x = ,uan Jer at T = 0.

3.1.3 Structure of the ground state - pair-correlation function

An important quantity, containing a wealth of information about the structure of the ground state, is
provided by the pair-correlation function describing the density fluctuations in the gas. We consider

a balanced system with Ny = N|: the parallel pair correlation function is defined as
((np(r) = np) (m(x) = ny)) = mpd (e = t') + nf (gpp(Jr = 2']) = 1),
and similarly for g; |, while the anti-parallel pair-correlation function is given by
((np(r) = mp) (ny(x') = ny)) = ngny (g (e — 1) = 1) .

The notation (...) indicates either expectation value on the system ground state or statistical average
at finite T. From the definitions given above the pair-correlation functions can be written directly in

terms of averages of two-body hermitian operators. Namely, one has

1
gr(s) = n%wi(r)wkr + )i (r + 8)yr(r)) (3.6)
and analogously for g; Ls)s while
1
g11(s) = m(d@(r)%(r +8)Y,(r +8)ip(r)) - (3.7)

The above correlation functions (3.6)-(3.7) yield the amplitude of the process of removing two particles
from positions r and r + s, returning back to the same state after replacing the particles in the same
positions. Thus, they are proportional to the probability of finding two particles, respectively of
parallel and opposite spin, a distance s apart.

By calculating the expectation value on the ground state |F'S) one obtains from eq. (3.7)

1 1

= ——— Y (FSlal.al, awja|FS) =1,
911.(8) nyn, V2 - ( |ak¢ak 1%k 1axp|F'S)
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Figure 3.2: Parallel spin pair-correlation function gys(s).

where we used the fact that the state |F\S) is an eigenstate of the operator a}; »0ko, corresponding to
the number of particles in the single-particle state (k, o), with eigenvalue ny,. The above result for
g+, entails that there are no correlations between spin-up and spin-down particles. On the contrary,

from eq. (3.6), one finds non trivial correlations exhibited by parallel spins

11

gTT(S) = 2 Ve Z<FS|QLTaL’Tak'TakT|FS> (1 _ ilk—k )S)
T Kk
11 L2
= 1-|=—= ik-s
nTvgnkTe
L1 hrs 2 9 sin kps 2
ST K BN G LU RIYRN L
n%47r436 /0 LT ST Gl \ hops coskps (3.8)

The plot of g,(s) given by eq. (3.8) is shown in Fig. 3.2. Notice that g,, reaches the maximum
value g,, = 1 at the points obeying the equation tankrs = krs. We also notice that correlations
rapidly decay as a function of the distance s, but in the short-range region the probability to find two
particles with equal spin within a distance on the order of 1/kp or less is greatly suppressed. This
effective repulsion experienced by parallel spins has a purely statistical origin (called anti-bunching

effect), being a direct consequence of the Pauli exclusion principle.
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3.1.4 Excited states

It is convenient to consider the grand-canonical Hamiltonian defined as

H— uN = Z(ek - u)aLak . (3.9)
k

For simplicity we limit the analysis to the case of a single spin component, being the generalization
to multiple spin components straightforward. We remind that in the canonical description N is fixed
and p is determined through the thermodynamic relation (7 = 0) = dEy/dN. Conversely, in the
grand-canonical description, u is fixed and N is obtained from the average of the number of particles
operator. The antisymmetric ground state of the Hamiltonian (3.9) is still given by the Fermi see
|F'S), where all single-particles states are filled up to the level determined by u(7T = 0) = ep. This
state minimizes the quantity ), (e — ep)nk = Eo — ep N, as a function of the number N.

The excited states of the system are represented by particle excitations
KIFS) =} o [FS)
Qy = Oy p>kp )

corresponding to a system of N + 1 particles with a particle created outside the Fermi sphere; and

by hole excitations

51T<|F5> = ak p<ip|FS) ,

corresponding to a system of N — 1 particles with a particle removed from inside the Fermi sphere.
We notice that both particle and hole excitations satisfy fermionic anticommutation relations and

that the Fermi-see state |F'S) acts as a vacuum for both type of excitations
ag|FS) = pk|FS) =0.

The particle and hole excitations are given the name of quasi-particles and the ground state can
be defined as the vacuum of quasi-particles. The excitation energy associated to a quasi-particle is

defined as the energy difference
(FS|ow(H — pN)a |FS) — (FS|H — uN|FS) = ¢ — e ,
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and

(FS|Bi(H — uN)BL|FS) — (FS|H — uN|FS) = ep — ey ,

where we used the identity p(T = 0) = ep holding at T' = 0. Close to the Fermi surface (|k—kp|/kr <
1), where quasi-particles have their lowest energies, both particle and hole excitations exhibit a
spectrum linear in k — kp:

lep — ex| ~ hvplk — kp| ,

where vp = hkp/m is the Fermi velocity. We notice that the excitation energies have a minimum
around the Fermi level. The quasiparticles around kr are indeed responsible for the thermodynamic
behavior at low temperatures.

For a fixed number of particles IV the excited states are particle-hole pairs of the form
alBIIFS) =al ., a |FS)
ki"q k,k>kpYa,9<kr ’

corresponding to the excitation energy e — ¢, = h2(k? — ¢%)/(2m).
In terms of quasiparticle operators the grand-canonical Hamiltonian (3.9) can be written in the

form

H— uN = Ey— uN + Z (e, — ,u)a;r(ak + Z (ex — u)ﬁl,ﬁk , (3.10)
k>kp k<kp

where the first sum refers to particles and the second to holes. In this picture the ground state of the
system corresponds to the vacuum |vac) of quasiparticles defined by ay|vac) = fi|vac) = 0. Excited
states correspond instead to quasiparticles created from the vacuum such as aL\vac) and Bli\vac) and

have a definite number of both particles and holes.
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3.2 Non-interacting gas: finite temperature

3.2.1 Fock space and statistical averages

It is convenient to work in the statistical ensemble where the independent thermodynamic variables
are temperature 7T, volume V and chemical potential . Such a statistical ensemble is the grand-

canonical ensemble characterized by the density matrix operator (see Supplement 3.4.1)

1

— —B(H—pN)
GC — €
P Zac

)

where § = 1/kpT is the inverse temperature factor and Zg¢ is the grand-canonical partition function
defined as the trace over a complete set of states in the Fock space F, conveniently provided by the

states in the occupation number representation

Zac = Tr(e*B(H*“N)) = Z <na...nw\e*ﬂ(H*“N)\na...nw> )

Naye5Nw

Of course, since the trace is independent of the basis states, the partition function can be calculated
using any complete set of states of the space F with the proper particle symmetry.

The connection with thermodynamics is provided by the relation
Q(T7 v, ,U) = —kpTlog Zgc ,

between grand-canonical potential and partition function. In terms of other thermodynamic functions
the thermodynamic potential is written as Q@ = U —T'S — ulN = —pV and its differential is given by

dQ2 = —SdT — pdV — Ndu, so that the following relations are obtained

o0 o0 o9
S=—[=— =—| = N=—|— . 3.11
<8T>Vu P <8V>Tu (a:“)Tv ( )

For a generic operator O the statistical average is obtained using the prescription

1
(0) = Tr(pacO) = Zoo Z (.| e PHENIOlng.ny,) (3.12)

Moy Nw
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We notice that:

e At T = 0 the grand-canonical potential Qy = Q(T = 0, V, i) coincides with the grand-canonical

ground-state energy: Qg = Fy — uN.

o Let |¥, ;) be the common eigenstates, with the proper symmetry concerning particle exchange,
of the commuting operators H and N: H|¥,, ) = E,|¥,, ;) and N|¥,, ;) = N|¥,, s). The grand-
canonical partition function and statistical averages can be written in terms of the basis |¥,, ;) in

the following form: Zgc = 3., e PEn=1Ns) and (O) = dons e PE—1N) (T, OV, o)/ Zcog.

n,s

e AsT — 0 (8 — oo) the partition function reduces to the contribution of the ground state |GS),
i.e. the state | ¥y 5) for which E5 — uN is minimal. One has thus Zge = (GS|e=BH=1N)|GS),

and statistical averages reduce to expectation values on the ground state (O) = (GS|O|GS).

3.2.2 Fermi distribution function and equation of state

By using the non-interacting Hamiltonian (3.1) the grand-canonical partition function can be readily

calculated

Zao = Ze_ﬁzkd(ek_“)"ko = HZ e~ Bler—m)nkos

Nko ko nke

_ H <1 +€—5(5k—u)) ,

k,o

where the sum over ny, contains only two terms ny, = 0,1 and we assumed equal number of particles

for each spin component. The thermodynamic potential then reads
AT, V.p) = —kpT Y log (1 n e—ﬁ(%—“)) : (3.13)
ko

giving the following result for the pressure

T, V, )

1 oo
= gskpT5 / dkk? log (1 + e—5<€k—ﬂ>) ,
™ Jo
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where g; = 25+ 1 is the degeneracy associated with the value s of the spin. By expressing the integral
in terms of the energy ¢ = ¢, and by integrating by parts, one finds

B (2m)3/2 9] e3/2
PV = 0 g | Y s

kgT 4 [ x3/2

JRAL S B A 3.14
g A 3y Jo o Ter 11 (3.14)

where we introduced the fugacity z = ¢®# and the thermal wave length A\ = \/27h2/mkgT. The
equation (3.14) determines the pressure in the grand-canonical ensemble. In order to obtain p in the
canonical ensemble (i.e. as a function of T, V' and N) one should eliminate the chemical potential

using the equation for the total number of particles given by the rightmost thermodynamic identity

in eq. (3.11)
1 o k?
N(T,V,u) = % Fa T gs27r2/0 dkieﬂ(%_#) - (3.15)
By transforming the integral similarly to eq. (3.14), one gets
B (2m)3/2 o el/2
N(T,V,p) = 95V o i de g1 —
vV 2 & zl/2
= —— dr——— 3.16
gs)\%ﬁ 0 Yo Ter 11 (3.16)

The number of particles in the system can also be obtained from the statistical average N =
ZkJ(nkJ}, involving the number operators ny, = aL ,0k,o, relative to the single-particle state

(k,0). A comparison with eq. (3.15) yields the well-known result

1

m . (3-17)

(ko) =

for the fermionic particle distribution. This result can be derived directly using the prescription (3.12)
for the statistical average of ny , in the grand-canonical ensemble.
Another important thermodynamic quantity is the internal energy U = Q + T'S + uN. By using

eq. (3.13) for the thermodynamic potential, eq. (3.15) for N and the leftmost thermodynamic identity
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in eq. (3.11) for the entropy S, one finds

UEV =Y et (319

ko

which agrees with the direct statistical average (H) of the Hamiltonian H = ), ekafwakg. If one
uses integration by parts in the integral (3.13), expressing €2 in terms of the single-particle energy e,

one can prove the relevant identity
3
U(T7 V> ,U) = _§Q(T7 V> ,U) ) (319)

relating the internal energy and the thermodynamic potential in a homogeneous non-interacting gas.

It is customary to introduce the special functions

1 o0 xufl
fu(z) = F(V)/O dxm )

which can be defined for z > 0 and v > 0. Here I'(z) is the Euler Gamma function, whose relevant
property for our purposes is I'(z 4+ 1) = 2I'(z) for any real z and the special value I'(1/2) = /7. By

using the functions f,(z) we can recast egs. (3.14) and (4.28) in the more compact form

5?\@
<=z S

1
QSE]%/Q(Z)

gs)\igf3/2(z) : (3.20)
T

This set of equations, from which one can eliminate the fugacity z, provides the equation of state of

the gas in the canonical ensemble.

3.2.3 High temperature behavior: virial expansion

In the high temperature regime particles can access a huge number of single-particle states and the
mean occupation of a given state (k, o) becomes very small: (ng,) < 1. This condition implies from
eq. (3.17) that ePlee=1) > 1 and, as expected, particles get distributed according to the Maxwell-

Boltzmann law (ng,) =~ e Blee=1) independent of statistics. The normalization condition for the

87



total density n reads in this case: n)\gT = gsz. The dimensionless parameter n)\?:’r, giving the average
number of particles in a cube of the size of the thermal wave length, is small (n)\g’p < 1) in the high
temperature regime and, consequently, the fugacity z is also small.

For z < 1 the function f,(z) admits the following power-law expansion

B 1 [e'S) xufl Y Y B [e'S) wufl 0 o e

fu(z) = F(U)/O dmm@—ze + (ze )2+..-)—/0 diﬂr(y);(—l) Hze™)
[ ¢ roo v—1_—=zx 0 l
o —17 r e _ 12
- ;( 1) zv/o dx N0 ;( DR

where we used the integral representation of the Gamma function I'(v) = fooo dzz'~te™®. By expand-
ing the two equations in (3.20) in terms of the fugacity and by eliminating z to the corresponding

order, one obtains the following expansion in powers of the small parameter n)\%

1
4v/2g,

pV = NkBT(l + nA3. + ) , (3.21)

where the coefficient of the n)\?% term is named second virial coefficient and higher virial coefficients
correspond to higher powers of n)\?’r. From eq. (3.19) one gets immediately the virial expansion of
the internal energy

1

3
= “NkgT(14+ —n\3 +...) . 22
U= B<+4\/§gsnT+> (3.22)

The first term in egs. (3.21) and (3.22) corresponds to the equation of state of a non-interacting
classical gas. The term proportional to the second virial coefficient gives instead the first correction
to this equation of state arising from statistical effects. In the case of fermionic statistics this effect
shows up as an increase in the average energy per particle, consistently with the role of effective
repulsion played by the Pauli exclusion principle.

It is instructive to calculate the parallel spin pair-correlation function g4 (s) in the regime n)\% <1
(we assume s = 1/2 and ny = ny).

First of all we notice that the results obtained in Section A) for the ground state |F'S) can be
extended to general statistical averages giving the expression

gaa’(s) =1- 50,0’

)

11 ik-s 2
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for the pair correlation function in a non-interacting Fermi gas. In fact, at finite temperature, the
statistical average implies the calculation of the trace over states that have a definite number of
particles nk, in each single-particle state (k, o).

In the highly non degenerate regime one can use the Maxwell-Boltzmann approximation for the

particle distribution function finding the following result in the case of parallel spins

2 2\ o 4 2
=1- ‘T/ dzze™ sin ( WS:I:) ’
m™s Jo )\T

A3 _ 1.

goo(s) ~ 1-— VTZe Bek ik
Kk

- 1-— 672#82/)\%

where we used the tabulated integral [ dzx sin(2az)e™*" = (y/7ma/2)e~*". The above result shows

that in the classical regime correlations decay exponentially over a length scale on the order of the

thermal wave length, but the effective repulsion arising from the Pauli principle remains active for

distances shorter than Ap. In particular, g,+(0) = 0.

3.2.4 Low temperature behavior: Sommerfeld expansion

The high-temperature condition nA% < 1 can be reformulated in terms of the temperature scale
Tr = ep/kp, denoting the Fermi temperature. One has n\3. = (4g,/3v/7)(Tp/T)??, implying that
n)\g’« < 1 is equivalent to T" > Tp.

The opposite regime T' < TF is also worth exploring as it addresses the first corrections arising
from a finite 7' to the ground-state properties investigated in Section A). A useful mathematical
expansion due to Sommerfeld can be proved in this regime for integrals containing the Fermi distri-

bution. Let us consider the integral

1
er=¢ 417

I= /OOO dx®(x)

where ®(zx) is a continuous function and we assume £ > 1. In fact, the fugacity is z = ef and

& =u/kpT ~Tr/T > 1 at very low temperatures. By performing some formal manipulations one
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can rewrite I as

= [ammino- w1+1>+/°°dzq>< )
_ /qu) /d ey /d ef——:-_f
/deq>(a:)+/0 dx (£+x€x+1 -

¢ o ¢ 2
= /0 dx®(z) + 2P (f)/o dxex 1= /0 dx®(x) + F@ &), (3.23)

12

where we used the value of the tabulated integral [ dza/(e* 4 1) = w?/12.
The Sommerfeld expansion (3.23) allows one to obtain the following result for the special Fermi

function f,(z)

f,,(eu/kBT):VPl(V)(kBMT>V<1+7r2V(g—1) (kiT>2+“') |

holding for kT /u < 1. By using the above expansion in the egs. (3.20) for the equation of state
of a Fermi gas, one derives the following results for the low-temperature behavior of the relevant

thermodynamic quantities

w2 T \2
o= (1‘12(TF) +>
2 57T T \2

U = §pV:§NeF (1+57T2(T>2+...),

2 5 12 \Tx
2
2 T2
F = Nu pV—N6F<1—517T2<TF) )
S = %(U—F) Nk:BT;TTFJr (3.24)

holding for T' < Tp.

The temperature dependence of some relevant thermodynamic functions is reported in Fig. 3.3.
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Figure 3.3: Thermodynamic functions of a Fermi gas.

We show the chemical potential p(7), the internal energy

the entropy

o=t (1283 ).

and the specific heat

15 f52(2) 9f3/2(z)> ‘

cev(T) = Nokg (4 fap(2) 4 f1ya(2)

This last result can be easily derived using the definition ¢y = (OU /9T )y n and the following relations
holding for the Fermi special functions: (d/dT'f,(z)) = f,—1(z)(d/dTlogz) and (Ologz/IT)yNn =
(=3/2T) f3/2(2)/ f1/2(2).
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3.2.5 Fluctuations in the number of particles

Let us consider the fluctuations in the occupation number of the single-particle state (ko). The
average value was calculated in eq. (3.17). We are now interested in the mean-square fluctuations

around this average value
2
iy = (o — (ni0)) ) = (ko) — (n1o)? -

The determination of (nf_) can be obtained using eq. (3.12) for the statistical average in the grand-

canonical ensemble. One gets

1 1
2 = — 2 _B(ek_l'l’)nkﬂ' - -
(o) = 7 T e Bla—n) g{: ko Bl +1°
where we summed over ny, = 0,1. We find thus the following result
iy = (o) — (Mo)? - (3.25)

At high temperatures (ng,) < 1 and one can neglect the quadratic term in the above equation.
One then finds the “normal” behavior of the relative fluctuations y/0nf_/(nk,) =~ 1/1/(nks). When
statistical effects start to matter, fluctuations are below the classical value. At T = 0, the average
occupation of states (k, o) below the Fermi sphere k < ks is (nks) = 1 and (nk,) = 0 for k£ > kp,.
The fluctuations vanish in this limit yielding a completely non-classical behavior.

For the fluctuations in the total number of particles N2 = ((N, — (N,))?) one finds the result

ONF = onpy = (No) = Y (nis)? (3.26)
k

k

where we made use of the fact that fluctuations relative to different states are statistically independent:
(NkoNiror) = (Nko ) (Nisos) if k # K or o # ¢’. The above result shows that the fluctuations in the
total number of particles are also anomalously small in a non-interacting Fermi gas and vanish in the
zero temperature limit where >, (ny,)? = D k<kp, = (No).

From the result (V) = 3_, Nye BEn=uNs) / 740 holding for the statistical average of the total

number of particles, one finds (ON/9u)ry = B({N?) — (N)?). Furthermore, if one uses the equivalent

92



definitions of the isothermal compressibility giving k7 = —(1/V)(0V/0p)rn = (V/N?)(ON/0u)rv,

one finds the following relevant relation
NongkpTrr = ONZ = (Ng) = > (nio)? (3.27)
k

valid for an ideal Fermi gas at any temperature. The above equation is an example of the fluctuation-

dissipation theorem relating response functions to fluctuations.
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3.3 Interacting gas

We consider a gas of fermions interacting via a two-body spherical potential independent of the spin
of the particles. In terms of the matrix elements in coordinate space of the two-body operator we

require that
(ri01r202|Va|ry o rh05) = 6(r1 — 11)0g, o1 6(r2 — 15)0g, o1 V(T1 — 12|) .
The representation in the Fock space of the interaction potential operator is thus given by

V=g 2 / o / ' v} (e)], (1) V (| = ¥ e (1) ()

In momentum space the Hamiltonian of the interacting gas is written as

1
H= Z EkQLUCLkg + ﬁ Z Z anlJr(aaL’—qa’ak'U'ak—qa ’ (328)
ko oo’ kk'q
involving the Fourier transform Vq = V_q = [drV(r)e *4*. We notice that the interaction term
does not commute with the occupation number operator a;rwaka, implying that eigenstates of H will
not have definite single-particle occupation numbers ny, .

Examples of two-body interaction potentials are:

e The repulsive Coulomb potential V (r) = e?/r between electrons. The Fourier transform of the

Coulomb potential gives Vq = 4me? /2.

This result can be easily obtained using the Fourier
transformation formula [ dre=*T(e~*"/r) = 47 /(k® + ¢*) holding for positive , and letting
K go to zero. A gas of interacting electrons, placed in a uniformly distributed background of

positive charge to ensure that the system is neutral, is an important model in many-body theory

called jelltum model.

e The contact potential V(r) = gdo(r), where g is the coupling constant that can be conveniently
expressed in terms of the s-wave scattering length a as g = 4wh%a/m (see Supplement 3.4.2).
The scattering length can be either positive or negative depending on weather the contact

potential is respectively repulsive or attractive. The Fourier transform of the contact potential
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gives the simple result V4 = g independent of the wave vector q.

In the following we consider a generic interaction potential V' (r) for which the Fourier transform

Vq exists for any value of q.

3.3.1 Mean-field approach: Hartree-Fock theory

The mean-field approximation consists of replacing the product of four creation/annihilation operators
present in the summation in (3.28) with a combination of terms involving a maximum number of two
operators. The approximation is valid in the regime of weak interactions. The recipe is as follows:
CLLU&L,qU/akfa'ak—qa = <aigak—qa>aL/,q01ak/a' - <GL0ak'a/>@L,qdak—qa
b ool — (i)l orco
— (o}, 0x—qo)(afy_qpawer) + (0l awo) ol ar—qs) - (3.29)
The last two terms in the above equation avoid double counting when calculating the average value of
the operator and the sign accounts for the parity of the permutation bringing the creation/annihilation
operators to the original ordering. By replacing the above expression in (3.28) one finds the following

simpler Hamiltonian

1 1 1
Hyp = Z €ka;r<aaka+§ Z ‘/On(2a;r{,7aka_<nka>) _5 Z V Z Vk—q<nq0> (2a;r<crak0_<nk‘7>) : (3'30)
ko ko ko q

The first term containing the interaction potential is referred to as the Hartree or direct term. It
arises from the odd terms in the decomposition (3.29). The second arising instead from the even
terms in (3.29) and is referred to as the Fock or exchange term. The complete expression in (3.30)
is called Hartree-Fock (HF) Hamiltonian. It is diagonal in the occupation number representation
and describes non-interacting particles subject to an effective external field generated by the average
interaction with the other particles of the system (mean field). By grouping together constant and

operator terms, one can recast eq. (3.30) in the form

Hyp=Enp+ Y (er + Von — Vio) 0, ko (3.31)
ko
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where V denotes the effective potential Vi, = (1/V) >-q Vk—a(nge) and Egp = (1/2) Zka<nkg)(f/kg—
Von) is a constant term.

The HF ground state |HF') is obtained by solving for the single-particle energies
o = € + Von — Vi

and by filling the lowest N, orbitals with occupation (nx,) = 1. However, the occupation numbers
enter the definition of the effective potential V and the solution must be obtained self consistently.
A significant reduction in the complexity of the HF equations is obtained in the case of a contact
potential V(r) = gd(r). The HF Hamiltonian becomes in this case
N;N,

Hyp = —g=5+ Y (e +gny)ajgaic + Y (e +gnp)af o (3:32)
k k

for the two-component gas. The single-particle energies are the same as in the non-interacting case,
apart from a constant shift, and the HF ground state |HF') coincides with the Fermi sea |F'S). The
corresponding energy is given by

NyN,

3 3
Eg'" = “Nyepy + - Nyep, + Uy (3:33)

5 )

in terms of the spin-up and spin-down Fermi energies defined in (3.3). From eqgs. (3.32) and (3.33) we
notice that interactions are present between spin-up and spin-down particles, while they are absent
between identical particles. This is a consequence of the Pauli exclusion principle, prohibiting particles
with the same spin from occupying the same spatial position (see Fig. 3.2), and of the zero-range
nature of the interaction potential.

The independent particle nature of the HF Hamiltonian (3.32) can be exploited to calculate the

thermodynamic behavior. In fact, apart from constant terms, the grand-canonical Hamiltonian
Hpp — N*—E+Z(e—~)aTa +Z(e—~)aTa
HF — MV = 94V . k — M)Akt k k= M)y k|

coincides with the one of a non-interacting gas with the shifted chemical potential i = u — gn/2,

where we assumed ny = nyg = n/2. The equation of state at finite T can be derived straightforwardly
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using the method of Sec. B), one gets

2

p _ g n 2 5
P R RATEIS
n\p = 2f3(2), (3.34)

where z = ef/k8T ig the reduced fugacity. At high temperatures, it is worth calculating the interaction

contribution to the virial expansion (3.21). One finds

1
pV = NkpT (1 n (875 + ﬁ)mi} + > ,

where we used the expression g = 4wha/m of the coupling constant in terms of the scattering length
a. Notice that the validity of the above result requires that Ar is much larger than the range of the

interaction potential, as this condition justifies the description in terms of a contact potential.

3.3.2 Itinerant ferromagnetism: Stoner model

The HF energy functional (3.33) was used by Stoner (1933) as a model for itinerant ferromagnetism
in a gas of electrons with screened short-range interactions. Itinerant ferromagnetism refers to the
ferromagnetic transition in a system of delocalized particles, in contrast to usual ferromagnetism of
magnetic moments on a lattice. Whether a gas of electrons displays ferromagnetic behavior is still
under debate, but the Stoner model remains as the simplest example of a quantum phase transition
in a fermionic gas. Interest in this model was recently revised because of the experimental activity
in the field of ultracold gases.

Let us consider a gas with repulsive interactions (the scattering length a is positive) at T = 0
treated at the level of HF theory. The energy functional (3.33) can be conveniently rewritten using

the total density n = ny + ny and the polarization P = (ny —ny)/n. One finds

EifF(P) 3 1
1% 5 2

1 1
= Znep [ =(1+ P)*3 + (1= P)*/3 4 %kmu - P2)> = %nep F(P), (3.35)

where kp = (372n)'/3 is the Fermi wave vector fixed by the total density and ex = h?k%/(2m) is
the corresponding Fermi energy. We notice that Eé{ F(P) is symmetric with respect to the inversion

P— —P.
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We first assume that the system is unpolarized Ny = N; = N/2. For a given volume V and
total number of particles IV, the lowest energy state is given by the minimum of the dimensionless
function F(P). If the minimum is at P = 0, as it is the case for the non-interacting gas of eq. (3.4),
then the ground state is paramagnetic with an equal density of spin-up and spin-down particles
everywhere. If instead the minimum value corresponds to P # 0 (degenerate with the value at —P),
then the ground state is ferromagnetic with a majority of spin-up particles in half of the volume and
a symmetric majority of spin-down particles in the other half. The transition can be determined by
investigating the behavior of F'(P) at small polarization

F(P) = 1+;—2km+g (1—%) P2+2%3P4+...,
where we used the expansion (3.4) for the first two terms in (3.35). For the interaction parameter
kra smaller than the critical value kpa < 7/2, the minimum is indeed at P = 0. If instead kra >
/2 ~ 1.57, the minimum is at
po g2 hra=7/2) (3.36)

™

to lowest order in (kpa — 7/2). From the equation dF'/dP = 0, one also finds that the value P = £1
corresponds to the lowest energy state if kpa > 377/27/3 ~ 1.87. This latter state is the fully
ferromagnetic ground state, where all spin-up particles occupy half of the volume V' and all spin-
down particles occupy the other half. The behavior of the function F(P) for four different values of
the interaction strength kra is shown in Fig. 3.4.

The behavior of F(P) shows a quantum phase transition from a paramagnetic to a ferromagnetic
state. The term “quantum” refers to phase transitions that take place at T' = 0 and that are driven by
a parameter in the Hamiltonian instead of by the temperature. In our case the relevant parameter is
the interaction strength kra, that can be changed either by tuning the value of the scattering length
a or more simply by varying the density and thus the value of the Fermi wave vector kr. There are

some important aspects of the phase transitions that are worth stressing:

e a) The phase transition is characterized by an order parameter (in our case the polarization P),

that is different from zero in the ordered phase and is equal to zero in the disordered one.

e b) The appearance of the order parameter is associated with the spontaneous breaking of a
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Figure 3.4: Function F'(P) for different values of kra.

symmetry of the Hamiltonian. In our case this is the discrete symmetry 15J: in the ordered

phase the system spontaneously picks up a finite value of P in half of the volume.

e ¢) The transition is continuous. The order parameter grows continuously from the value P =0

to the maximum value P = 1.

e d) The phase transition is associated with a diverging susceptibility. In our case the suscepti-

bility  is inversely proportional to the coefficient of the P? term in eq. (3.35)

1 k 11
-nep | 1— TEL) p2 =~ 2 ;
3 /2 2x

where we introduced the magnetization density m = nP and

_3n_ /2
X= 2¢p (7/2 — kpa)’

in analogy with the magnetic susceptibility of Sec. A.
In the paramagnetic phase the value of the susceptibility determines how easy it is to magnetize the
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system for a given strength of the external field. At the critical point x diverges, implying that large
values of m are possible even for small intensities of the external field. Beyond the critical point a
finite value of m is present at equilibrium even in the absence of applied external fields.

The unbalanced configuration where N| > N can be dealt with by introducing a fictitious external

field H that produces the desired polarization P. In analogy with the electron gas magnetic response
we write
E'T(P)

% — HnP = gneF [F(P) - hP] ,

where h = 5H/(3ep). For a given strength of the effective field h the equilibrium value of P corre-

sponds to the minimum of the function F'(P) — hP obtained from the equation

5 5 20
s+ P)?/3 — s P)2/3 o hraP =h. (3.37)
L7 15 — . | R A
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Figure 3.5: Behavior of the functional F'(P) — hP around the interaction strength kra = 7/2 at a
fixed polarization P = 0.5. The reported values of h correspond to the solutions of eq. (3.37).

If, for example, one considers the solution of eq. (3.37) corresponding to P = 0.5 for different
values of the interaction strength kra, one obtains the curves of F'(P) — hP shown in Fig. 3.5. We
notice that P = 0.5 remains the absolute minimum also for values of kpa slightly larger than 7/2.
However, for increasing values of the interaction strength, a second relative minimum starts to appear
and the effective field A becomes vanishingly small. At some kpa > 7/2, the two minima at P = 0.5
and P = —0.5 become degenerate and h = 0. At this point the system separates into two volumes,
one with polarization P = 0.5 and the other with polarization P = —0.5. The relative proportion of

the volumes is such that the overall polarization P = 0.5 is preserved. For larger values of kra, the
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absolute value of the polarization in the two islands increases similarly to the balanced case until,
at kpa = 37/ 27/3 the two islands are fully polarized with P = +1. The second minimum, which
becomes degenerate at h = 0, is at some finite negative polarization. The transition in this case is
not a continuous one, but of first order.

In the parameter plane (kpa, P) the first order transition line corresponds to eq. (3.37) with A = 0.

The phase diagram is depicted in Fig. 3.6.

2.1 ,
2 Fully ferramagnetic 1
19 [ ]
© 181 Partially fefromagnetic
'8
=

-1 -0.5 1] 0.5 1

Figure 3.6: Phase diagram of the Stoner model in the (kra, P) plane. The blue point at P = 0
corresponds to the continuous transition, while the red line marks the first-order transition line. This
line separates the region of the homogeneous gas from the region where the system is composed of
two islands with opposite polarization (horizontal dashed lines). Above the blue horizontal line at
kra = 371/ 27/3 the gas is fully ferromagnetic with two islands at P = +1. The red arrow shows the
trajectory at P = 0.5 described in the text.
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3.4 Supplements

3.4.1 Density matrix and statistical ensembles

The density matrix over a certain set of independent states [¢;) is an hermitian operator defined as

p(t) = Zpilzbi(t»(wi(t)l : (3.38)

where [1;(t)) is the time evolution of the state |1¢;). The coefficients p; should obey the following
conditions: p; > 0 and ), p; = 1. In particular, this latter condition makes the trace of the density
matrix equal to unity: Tr (p(t)) = >, p; = 1, where we assumed that the states |¢;(t)) are normalized
(i (0)i6s(8)) = 1),

The density matrix generalizes the quantum mechanical evolution to the case where the knowl-
edge of the initial state of the system is incomplete and the p;’s are the probabilities providing the
occurrence of a given state |¢;) in the ensemble. In this respect an important distinction should be

underlined:

e Pure states: If in the sum (3.38) there is only one state |¢)) occurring with probability one,
then the density matrix p(t) = |¢(¢))(x(t)| coincides with the projector operator on the state
at time ¢t and the following identity holds: p? = p. This case corresponds to a full knowledge of

the initial state.

e Mixed states: If there are at least two states in the sum (3.38), then the system is prepared in

a mixed state. In this general case one finds: p? # p.

From the time evolution of the states |1);) according to the Schrodinger equation ih%|¢(t)> =
H|y(t)), one immediately derives the time-evolution equation for the density matrix (Liouville’s
equation)

i olt) = [H, p(1)]

Once the above equation is solved for a given initial condition p(0) at time ¢t = 0, the average value

at time ¢ of any observable O on the ensemble can be evaluated using

(O)() = Zm(zbi(t)lf)lw(t)) = Tr(p(1)O) -
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Equilibrium states are such that the corresponding density matrix pe, should be independent of time:

% peq = 0. On the basis of Liouville’s equation this condition implies:
e the Hamiltonian H does not depend on time, i.e. %H =0

e the density matrix commutes with the Hamiltonian, i.e. [H, pe4] = 0.
This latter condition is satisfied if pe, is a function of H (and in general of other operators

commuting with H).

At equilibrium, the following chain of identities involving the expectation values of an observable O

is verified under very general conditions

where (O) = Tr(peO) is the statistical average, O(t) = (1(t)|O|(t)) is the expectation value of the
operator O on the state of the system at time ¢ and - stands for time average. The first identity
follows from the time independence of p.q, the second from the independence of statistical and time
averages and the third holds if the system is ergodic, meaning that the state of the system visits
all possible states with the proper frequency. The above chain of identities ensures that the time
averages of an observable obtained in experiments can be calculated using statistical averages over
properly defined ensembles.

Thermodynamic ensembles correspond to equilibrium states defined by density matrices p.q which
are constructed using the eigenstates |p,) of the Hamiltonian, i.e. states satisfying the Schrodinger

equation H|p,) = E,|eyn). The specific equilibrium ensembles are:

e Microcanonical ensemble: the density matrix is defined as peq = >, Pnn|@n){¢n| and

1 .
1 E<E,<E+A
pun =3 IR " , (3.39)

0 otherwise

where g(E)A is defined as the number of eigenstates E,, in the energy interval from E to £+ A
(A < FE) in terms of the density of states g(E). We notice that the above density matrix assigns

the same probability p; to all the eigenstates lying within the energy shell at some given energy
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E. The connection with thermodynamics is provided by the following equation for the entropy

(kp is Boltzmann’s constant)

= —kp(log(peq)) = —kBTr (peglog(peq)) - (3.40)

From Eq. (3.39) for the matrix elements of p., we obtain in the microcanonical ensemble

S(E,V,N) = —kp ann log(pnn) = kplog (g(E)A) ,

which coincides with the definition of S in classical statistical mechanics as a function of energy,
volume V' and number of particles N in the system. We remind at this point that, apart from
contributions which vanish in the thermodynamic limit of the number of particles N — oo, one

has log (g(E)A) ~ log (G(F)), where G(E) is the total number of states having energy F,, < E.

e Canonical ensemble: the density matrix is written as peq = )., pnn|@n) (¢n|, where the diagonal

matrix elements are given by
e PEn

Pnn = 70

Here 8 = k,% is the inverse temperature and Z¢ =) e PEn ig the partition function which
ensures the normalization condition Tr(peq) = 1 of the density matrix. From expression (3.40)

for the thermodynamic entropy one gets

1 U
S(T,V,N) = T > punEn + kplog Zo = 7 +hplog Zc .

n

where we used the definition of internal energy U = Tr(peqH). From the equation F =U —T'S

defining the Helmoltz free energy we get the useful relationship

F(T,V,N) = —kgTlog Z¢ .

e Grand-canonical ensemble: from the complete set of common eigenstates of the operators H
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and N one constructs the following density matrix peg = >, pnn|@n)(¥n|, where

efﬁ(EnfﬂNn)

Pnn =

Zae

Here p is the chemical potential multiplying the eigenvalues V,, of the number of particles op-
erator N|p,) = Nylon) and Zge = 3, e PEn=#Nn) ig the grand-canonical partition function.
For the entropy we get in this case

N
— L 4k log Zoc

U
ST, V,u) ==

( J ,,LL) T
where we used the equation N = Tr(pe,N) for the average number of particles. From the
thermodynamic relation 2 = U —T'S —uN defining the grand-canonical potential {2 one recovers
the identity

QT,V,p) = —kpTlog Zgc -

Notice that from the Gibbs-Duhem relation, U = TS — pV + uN, one finds the useful relation

Q = —pV for the grand-canonical potential.

3.4.2 Diffusion amplitude and scattering length

Let us consider the quantum mechanical problem of one particle impinging on a potential V' (r) that
we assume spherically symmetric. Let the incident particle be described by a plane wave e*** along
the z-direction. In the stationary state and far away from the region of the potential V' (r) the particle

will be described by the wavefunction

b(r) = & 4 ffﬁ%'ﬂ , (3.41)

obtained from the superposition of the incident and the scattered wave. Here 6 is the angle between
the direction of the incident wave vector k (chosen along the z-axis) and the scattered wave vector

k’ (conservation of energy implies that |k’| = |k|). The scattering amplitude f(6) can be in general
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decomposed into the angular momentum components

o)

Z (20 + 1)Py(cosB) fr ,
/=0

where Py(x) are the Legendre polynomials. Notice that the factors f; have the dimension of a length.
At low energy (i.e. for k — 0) only the £ = 0 component in the above expansion is relevant and from

Eq. (3.41) one finds in this limit (Py(z) = 1)

P(r) =1+ @ (3.42)

The fact that s-wave scattering dominates at low energy can be easily seen from the Schrodinger

equation of the relative motion between the two interacting particles

<_7Zv2 + V(T)) ¥(r) = E(r) .

By writing the wavefunction in terms of spherical harmonics: ¥ (r) = ¢¢(r)Y; (0, ¢) one gets the

following radial equation

(L 2 ) )+ V0dont) = Bt (3.3
Short-range interactions between atoms are well modeled by a van der Waals potential of the form
Vr) =ce¢ [(%0)12 — (%0)6}, which at large distances decays as 1/r5. At low energy, the centrifugal
barrier in Eq. (3.43) is strong enough to avoid that particles with ¢ > 0 can approach each other at
small distance thereby experiencing the effects of the potential. So, particles in channels with ¢ > 0
behave as free particles and only the ones in £ = 0 interact through the potential V' (r). By choosing
¢ =0 in Eq. (3.43) and by considering at the same time the asymptotic region r > r¢ and the low

energy limit, one gets the simplified equation
> 2d
<dr2 r d7"> do(r) =

The solution is given by ¢o(r) = const (1 — %), where a is by definition the s-wave scattering length.
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By comparing this solution with the result in Eq. (3.42), one identifies the £ = 0 component of the
scattering amplitude with —a.

The pseudopotential V(r) = ¢gd(r) is introduced in order to reproduce the low-energy scattering

properties of the true interatomic potential. By writing the energy £ = % in terms of the scattering
wave vector k, one can recast the Schrodinger equation in the form
h2
— (V2 +E2) ¢(r) = V(r)y(r) (3.44)
which admits the formal solution
Y(r) = ekT — /dr/G(r — YV (r')(r') . (3.45)

Here the plane wave solves the homogeneous equation given by the left hand side of Eq. (3.44), while

the Green’s function G(r) satisfies the equation

: (V2 +k?) G(r) = =4(r)

m

et By plugging this result into Eq. (3.45) one finds

_ . m
T 4mwh? r

with the solution G(r)

ik|lr—r’|
_ ikr m 1 € / /
¢(r) =e€ 47Th2 r |r _ r/’ V(r )d)(r ) :

If one now substitutes for V(r’) the pseudopotential and, using the Born approximation, replaces the

wave function 1 (r’) with the incident plane wave eik'r/, the above equation becomes

mg eikzr

 4rmh? r

W(r) ="

In the low-energy limit this result reproduces the s-wave scattering result (3.42) if the coupling

4rh2a

constant g is given by g = ==~
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3.5 Problems

e 1. Calculate the magnetic susceptibility of an electron gas as a function of temperature and

verify that at high temperatures one recovers Curie’s law x oc 1/7.

Solution: The effects of a magnetic field H = HZ on the single-particle energies e, = B2k s to shift them by

2m

eh

the Zeeman splitting: ex — e, + ppH, where up = %=

is the Bohr magneton and the upper (lower) sign refers
to spin-up (down) particles. In the grand-canonical picture of a free gas the effect of H corresponds to a shift
u — puF pupH of the chemical potential. One can write the following expression for the thermodynamic potential
in the presence of the magnetic field H

1 1
Q(T7 V:/J«:H) = §QO(T7 Vip— .U’BH) + EQO(T7‘/7/'L+/'LBH) s

where Qo(7, V, 1) is the grand-canonical potential in the absence of H and the factor 1/2 reflects the fact that the
two contributions refer to systems with spin degeneracy gs = 1 instead of gs = 2. For small fields, upH < €F,

one can write

1 2 ((9°Qo
Q(T7‘/7/1'7H)ZQO(T7‘/7/J‘)+7(IJ’BH) 2 )
2 o )y

o0 2 (8290)
M.=—(22)  =— H
<8H)T,V He op? TV

for the magnetization parallel to the field. By using the thermodynamic relation N = — (

yielding the result

292 one obtains
op ’
™V

the following result for the magnetic susceptibility

o= (20
V. o\ ou T,V.

3 3
At high temperature the fugacity of the two-component free Fermi gas is approximated by z ~ % (1 + ;? e ),

or equivalently pto o~ log(nA\3/2) + nA3./2°/2 for the chemical potential. The derivative with respect to the

number of particles gives
Op _ kT (1 17
ON N 25/2 ) -
The susceptibility is then given by
o hn (¥
ksT 25/2

2
and in the limit nA3 < 1 one indeed recovers Curie’s law: x = ’,:‘%.
B

e 2. The density of states of a non-interacting gas is defined as

9(€) = 20 0(€ = €a),

where €, is the energy of the single-particle state |«). Determine the density of states of a
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homogeneous gas in three dimensions and write the expressions for the total number of particles,
internal energy and thermodynamic potential of a Fermi gas in terms of the density of states
g(e).

Solution: From the definition one has g(€) = }",  0(e — €x), where the sum runs over the wave vectors k and the

R2 k2
2m

components of the spin o and €, = . By replacing the sum with an integral when the thermodynamic limit

is considered, one finds the result

. Vgs E 3/2 0 _ . Vgs E 3/2
9(6)_\/%2(1&2) /0 der/ex O(e Ek)—\/ﬁﬂ_Q(fp) Ve,

where gs = 2s 4 1 is the spin degeneracy. It is immediate to verify the relation

1 i 1 > 1
N:gjieﬁ(ek_ﬂ)—kl :;/0 d67eﬂ(e_u)+16(€—€k):/o de 9(6)46[3(6_”)_’_1 B

and analogous ones for the internal energy

U= kz eBlex—m) 1 /0 de g(c) eBle—p) 17
o

and for the thermodynamic potential

Q= —kpT 3 log (14 7) = *kBT/OO de g(e)log (1+¢777) .
0

ko

3. Show that for a system with density of states g(¢) = Ae®, with s > 0 and A a constant with
the proper dimensions, the thermodynamic potential and internal energy satisfy the relation
-Q=U/(s+1).

Solution: From the previous problem one can write
—-Q = kBT/ de Ae® log (1 —+ 676(67}0) .
0

By using integration by parts one finds

A _B(e— oo 1 o €
T (RO Sy v
Plarrls 8 te 0 +s—i—l 0 S C o B

U
s+1°

Since the term in the square bracket vanishes, we are left with the required relation —2 =

4. Determine the density of states g(¢) of a non-interacting gas confined by an isotropic harmonic

potential U(r) = mw?r?/2 for energies € > hw, the level spacing of the harmonic oscillator
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states.

Solution: The eigenenergies are given by €n,n,n, = w (ne + ny + n. + 3/2), where ns, . = 0,1,2,... are non

negative integers, and the density of states results in the sum

gle)= > 8le—hw(na +ny +n. +3/2)] .

NgNynNz

In the limit € > hw the sums can be converted into integrals and by changing variables one writes

oo n n—mnj oo n2 1
g(e):/0 dn/0 dn1/0 dno 6[e—hw(n+3/2)]:/0 dn ?§[e—hw(n+3/2)]:§(hw)3 ,
where, following the replacement of sums by integrals, we neglect 3/2 compared to €/fiw.

5. Calculate the expression of the Fermi energy of a two-component non-interacting Fermi gas
in the harmonic oscillator potential U(r) = mw?r?/2. Consider the limit where N, >> 1.

Solution: The approach to the thermodynamic limit, N, > 1, allows one to use the density of states obtained in

problem 4. At T'= 0 the number of particles for each spin component is given by

€Fo 2 3
Ng:/ det < _ 1 cro
o 2 6

which yields for the Fermi energy
€EFo = ﬁw(6NU)1/3 .

The above results holds if ep, > hw, the condition ensuring that the level spacing energy of the harmonic

oscillator is safely neglected.

6. Show that the entropy of a non-interacting Fermi gas can be written as

S = kp Y o[ (na) log(na) — (1 = (na)) log(1 — (na))],
where (n,) is the mean occupation number of the single-particle state |a) having energy €.

Show that minimization of S with respect to (nq), with the constraints that the total number
of particles and the total energy remain fixed, gives the Fermi distribution function.

Solution: We use combinatorial analysis: let gz be the degeneracy of the single-particle level with energy ez and

N5 the number of particles occupying the gs levels. The average occupation of the level is defined as (ng) = N(f: .

The total number of particles reads: N = > _ ga(na) = >, ("), where we introduced the sum over the total
number of levels }° = > _ ga. Since we are dealing with fermions, the number of ways we can accommodate
Ng particles into gg is given by the product ga(ga — 1) ... (ga — Na +1). This is because for the first particle we

have gs possibilities, for the second particle only gs — 1 and so forth. Since particles are indistinguishable, the
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total number of different ways to accommodate the particles is

Wo= 92
«= (g@ —N&)‘N&' ’

By considering all & groups of levels W = [, Wa. Entropy is given by S = kglogW and by using Stirling’s

expansion logn! ~ nlogn — n one finds

Na &
S = kBZ{—galog(l—?>+Nalog<%— >}

o

ks Zga [=(1 = (na))log (1 = (na)) — (na)log(na)]

koY [=(1 = (na))log (1 - (na)) = (na) log(na)] -

e 7. Calculate the third coefficient of the virial expansion of a homogeneous non-interacting Fermi
gas.

Solution: From the expansions

nis z 22
— ~ Z(l_m—i_m

s

3 2
PXr (1o 2 2
gskBT 25/2 35/2

one gets for the ratio p/(nksT)

p ~ z 2 1 2
kT ~ 1T e T (27 - 35/2> '

By solving for z in terms of nA} one finds to order (nA%)?

P ~14 1 nAd _ 16 — 93 <n)\%)2 '
nksT 42 gs 72V3 s

e 8. Solve numerically the equation of state of a non-interacting Fermi gas and determine the
temperature dependence of p, U and S for a fixed number of particles N, (see Fig. 3.3).
Solution: We consider the dimensionless quantities: ji = p/er, U = U/(3N,kpT/2), S = S/(Nykp) and t =

T/TF. For a fixed density n, = %7 the function fi(t) is obtained by inverting the equation

4

_ 32 thy
73\/77_ f3/2(€ )
Once [i(t) is known, one gets immediately
- th
o) = 2]
fa2(e?)
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and

9. Calculate the isothermal compressibility k7 of a homogeneous non-interacting Fermi gas in
the limit 7' < T and verify the fluctuation-dissipation relation given by eq. (3.27).

Solution: For a single-component Fermi gas one has the following result for the pressure at low temperatures

L2 (1T
p=gner 12 72)

where ep = %(67r2n)2/3 is the Fermi energy and Tr = ep/kp the Fermi temperature. For the isothermal

compressibility one then finds

o oV _ 3 (. =T
T v \op " 2ner 1272 ) °

2 2
ST (T Z .
2T 127T% - eB(ek u)+1)2

The sum on the right hand side can be written as

Eq. (3.27) then reads

1 1 2 o0 N
N2 P 1P e | e = g (e~ £12)

1 _ 1 4od 1
(z7ler+1)2 7 z—lex 41 dr z—le® 41

where we used the relation and integration by parts. In the low-temperature

limit the right hand side of the above expression gives: 1 — 5 —+- (1 — ﬁ;—;), where we used the expansion
F

2 TF 12

W=¢€r (1 — %;—;) of the chemical potential. Then eq. (3.27) follows directly.
F

10. Show that the HF ground-state energy (3.33) for the contact interaction potential V' (r) =
g6 (r) coincides with the result of first order perturbation theory, where the energy shift is evalu-
ated from the expectation value of the interaction term in the Hamiltonian on the unperturbed
Fermi sea state |F'S).

Solution: From first-order perturbation theory the ground-state energy is given by
E = Eo+ (FS|Hint|FS) ,

where Ey = %N¢€FT + %NiﬁFi is the unperturbed energy and

Hine = E g a’ko'a’k’ qalak/ /ak—qo

cro" kk’q
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is the operator associated to the perturbation. We notice that the contributions coming from ¢ = ¢’ vanish

because

E ot _ ot
ako.ak/_qgaklaaqua - - ako-akl_qaaklaaquo' .
kk’q kk’q

Thus, only the terms with o # o' contribute to Hins

g
Hine = BV Z aLTaL_qiak/iak,qT + ahaL_qTak/Tak,% .
kk’q

The matrix element of H;n: of the Fermi sea |F'S) yields then

(FS|Hin|FS) = % S (FS|af,axral, aw |FS) = %Nﬂ\u ,
kk’

which coincides with the HF result (3.33).
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Chapter 4

Bose systems

We consider systems of bosonic particles. We study a non-interacting gas at finite temperature and
we show that it undergoes a phase transition, named Bose-Einstein condensation (BEC), driven by
purely statistical effects. Interactions are introduced at the level of mean-field theory providing a
description valid in the regime of weak coupling. For inhomogeneous condensates we derive the
Gross-Pitaevskii equation equivalent to Hartree-Fock theory. We develop the formalism of canonical
transformation and of Bogolubov quasiparticles, which give a correct description of the system at very
low temperatures. We discuss then superfluidity and how it is related to the existence of collective

excitations through the Landau criterium. The structure of the chapter is as follows:
e Non-interacting gas and Bose-Einstein condensation.

— Condensate states and coherent states.

Bose distribution and BEC transition temperature.

Thermodynamics below and above T..

High temperature behavior and virial expansion.

Fluctuations of the condensate and of the total number of particles.

— Pair correlation function and off-diagonal long-range order.
e Interacting gas: mean-field theory.

— Hartree-Fock theory at finite T and corrections to thermodynamics.
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— Hartree-Fock theory at T' = 0 and Gross-Pitaevskii equation for inhomogeneous conden-

sates.
— Bogoliubov theory and quasiparticle picture.

— Superfluidity: Landau criterium and two-fluid model.
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4.1 Non-interacting gas and Bose-Einstein condensation

Similarly to the non-interacting Fermi gas discussed in Chapter 3, we consider a Bose gas of N

particles in a cubic box of volume V described by the Hamiltonian
H = Z ekafay (4.1)
k

where ¢, = h%k%/(2m) is the single-particle kinetic energy. Again we consider the thermodynamic
limit where V' — oo and N — oo such as n = N/V remains finite. Notice that we are considering
spinless bosons (s = 0). The extension to integer values of s is straightforward by including the spin

degeneracy gs = 2s + 1.

4.1.1 Condensates and coherent states

The lowest single-particle state, corresponding to a vanishing energy ¢, is the state |k = 0), whose
wave function is the constant og(r) = 1/v/V. The ground state of the Hamiltonian (4.1) is realized

by creating all N particles in this lowest orbital

(a)™
|con(N)) = \/()Ni! |0) . (4.2)

The corresponding many-body state is called a N-particle condensate. The ground-state wave func-
tion is given by ¥o(ry,...,ry) = (1/V)N/2 and the ground-state energy is Ey = 0. The condensate
state can be straightforwardly extended to other single-particle Hamiltonians characterized by the
spectrum €,. Let |ag) be the state with the lowest energy €,,: the condensate corresponds to all
N particles sharing the same single-particle wave function, 1o(r1,....,TN) = ©ag(r1)..-Pae (rn), With
an energy given by the simple product Ey = Ne¢,,. The condensate state consists in a macroscopic
occupation of a single-particle state, described by a macroscopic wave function.

In the grand-canonical picture the value of g at T' = 0 corresponds to the minimum value of
> k(€x — p)nk. Since the chemical potential can not be positive or otherwise the mean occupation
of the k = 0 state would become negative, one has u(T = 0) = 0 consistently with the derivative

dFEy/dN obtained in the canonical picture.! If the number of particles is not fixed an equivalent

!Notice that if < 0 the quantity > i (ex — p)nyk is minimized by ni = 0 Vk, corresponding to the particle vacuum.
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ground state of the grand-canonical Hamiltonian H — uN is provided by the so-called coherent state
defined as
& M, T\M
dal —|® —|®|2/2 2% (ag)
lcoh(®)) = e(P0~1®1/2)|0) = ¢~ II%/ Z T?|O> , (4.3)
M=0
where ¢ = |<I>\e’¢ is a complex number. The coherent state represents a superposition of condensate

states with a phase difference ¢ between components with M and M + 1 particles

o0 67\¢|2/2’¢,‘M615M¢

|coh(®)) = > lcon(M)) .
=0 v M!
Furthermore, it is normalized as one can explicitly verify
(coh(®)|coh(®)) = e~ 1*F i [P
- M

M=0

and the modulus of ® is fixed by the normalization condition
N = (coh(®)] )" afay|coh(®)) = [®[* |
Kk

giving |®| = v/N. The projection of |coh(®)) on the condensate state |con(M)) is thus proportional
to (NM /M"'/2 which, for large values of N, exhibits a very peaked maximum at M = N. In the
thermodynamic limit N — oo, a single condensate with M = N exhausts the superposition defining
|coh(®)) and the two descriptions of the ground state in terms of condensate or coherent states are
completely equivalent.

The coherent state possess the remarkable property that
ap|coh(®)) = ®|coh(P)) ,

i.e. it is an eigenstate of the annihilation operator ag with eigenvalue ®. This property can be
immediately proved by using the simple result [ay, (a%)M |=M (ag)M ~1 for the commutator between
annihilation and creation operators. As a consequence, the expectation value (coh(®)|ag|coh(®)) = &

is finite on a coherent state, while it vanishes when calculated on the condensate state [con(N)). Some

important remarks are in order here:
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e In the thermodynamic limit, where coherent- and condensate-state description are equivalent,
the ground state of non interacting bosons allows for a finite expectation value ® = v/Ne'® of

the annihilation operator, characterized by a well-defined value of the phase ¢.

e States with different phase ¢ are degenerate in energy, but correspond to different states char-

acterized by a different macroscopic variable ®.

e The original Hamiltonian (4.1) is obviously symmetric under the gauge transformation aL —

e"""aL of the creation/annihilation operators corresponding to the transformation |k) — e~*|k)
of the single-particle states. However, the ground state of the system breaks the gauge symmetry
by choosing a specific phase ¢. Indeed, the gauge transformation applied to the coherent

state: |coh(®)) — e N/23"%_, W(a%)”ﬂ@, results in a state |coh(®’)), where ¢’ =

VNeH =) different from the original state |coh(®)).

The phenomenon of broken gauge symmetry associated with the macroscopic occupation of a

single-partiecle state persists also at finite temperature and marks the Bose-Einstein phase transition.

4.1.2 Bose distribution and BEC transition temperature

The grand-canonical partition function Zgeo can be calculated using the general formulae introduced
in Section 3-B for the case of fermions. The crucial difference is that the sum over occupation numbers
extends to all integers nx > 0 and one uses the sum of geometric series, Zﬁ:o q" =1/(1 — q) for

lg] < 1, to obtain the following result

Zao = Z e B Exler—p)me — Z BHNo H Z o~ Bler—p)ni
Nk No

k#0 nk

1 1
1= eBu kl;lo 1 — e Blex—p) -~

This result requires that the fugacity z = e’* < 1, or equivalently p < 0. In the above equation N
denotes the occupation number ny_g of the |k = 0) state, whose contribution has been separated from
the other single-particle states since it requires a special treatment. In fact, if 4 — 0 this contribution
to the partition function diverges. We also notice that this pathology is not present in the case of

fermions, as the corresponding contribution 1 + e’# to Zgc is well behaved.
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The result for the thermodynamic potential then reads

Q(T,V, p) = kpTlog(1 — ™) + kpT » log(1 — e Py, (4.4)
k+£0

From the derivative N = —(9/0u)ry we get the total number of particles

z 1
N(T,V,p) = No+ Niso = T~ + > e (4.5)
k40
where the first term on the right hand side refers to the occupation Ny of the k = 0 state and the
sum gives the occupation of states with k # 0 which we refer to as Ni~g. The average occupation of

the state |k) in general reads
1

ePlek—p) — 17 (4.6)

(nk) =

as it can be proven from the statistical average of aLak in the grand-canonical ensemble. The number
of particles in states having k # 0 can be calculated using the standard transformation of sums into

integrals holding in the thermodynamic limit. One gets

Niso 1 1 L /OO k2
vV oV kz;éo eBlee—n) —1  (2m)3 J, dkz_leﬂek -1

1 2 °°d VT
[ xi
NVT Jo z7ler — 17

where to obtain the last identity we changed the integration variable and we introduced the thermal
wave length \p = /27h?/mkpT. The function of the fugacity z expressed as the integral entering

the above equation is an example of the special function defined as

1 o] .%‘V_l
U(z) = de—— .
9(2) I'(v) /0 Vo Ter — 1

Here I'(z) is the Euler Gamma function already introduced in Chapter 3 in the definition of the Fermi
special functions f,(z). The above function g, (z) is defined in the range 0 < z < 1 if ¥ > 1 and in the

range 0 < z < 1if 0 < v < 1. For z = 1 the function g,(z) coincides with Riemann’s zeta function:
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In terms of the special function defined above the number of particles Ni-( can be written as

Niso 1
v E.%»/Q(Z) : (4.7)

We should consider that:

e The function gs/5(z) is a monotonous increasing function of z, reaching its maximum at z = 1

where it takes the value ((3/2) ~ 2.612.

e The left hand side of the above equation can not be larger than the total density n, while the

right hand side can not be larger than ((3/2)/A3. for a given temperature 7.

If n > ((3/2)/A3 then, from eq. (4.5), No/V should be finite in the thermodynamic limit accounting

for the missing contribution. This implies that:

e The number of particles Ny in the k = 0 state should diverge as the total number of par-
ticles N and the fugacity z = Np/(No + 1) should approach 1. This phenomenon is called

Bose-Einstein condensation and corresponds to a macroscopic occupation of a single-particle

state.

e If z < 1in the thermodynamic limit, the condensate contribution Ny/V to the density n vanishes
and n = Ni~o/V. If instead z = 1 in the thermodynamic limit, then the condensate fraction

Noy/N is finite.

e For a given temperature 7' the transition between non-condensed and condensed gas takes
place at the critical density n. = ((3/2)/A3 for which eq. (4.7) is still verified with a vanishing
condensate fraction Ny/N. For smaller values of n (n < n.) the fugacity is z < 1. For larger

values (n > n.) the condensate fraction is finite (No/N > 0).

e If one varies the temperature at a fixed density n, the transition takes place at the critical

2mh? n 2/3
= () -

For temperatures larger than T, the gas is non-condensed, while it is condensed for T < T.

temperature
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e From eq. (4.4) one obtains the pressure p = —§/V which reads

kT kpT [

272

D log(Nog + 1) — dkk?log(1 — ze Pe) .

We notice that the k = 0 contribution to the pressure always vanishes in the thermodynamic

limit. In fact, in the condensed phase it scales only as log(N)/V.
Some remarks are in order here:

e Bose-Einstein condensation (BEC) is a true phase transition associated with the appearance of
an order parameter and of discontinuities in thermodynamic functions as we will see in more
details later. The order parameter is a complex quantity defined as the average value of the
annihilation operator ag. First, we notice that from the definition of the statistical average
(ag) = (1/Zcc) ZNM#O(NO nyzolaoe ™ PH PN Ng nyso) as being the trace over states with a
definite number of particles, strictly speaking the quantity (ag) vanishes. One can give sense to
it only in the thermodynamic limit if a macroscopic condensate is present.There are two ways
of understanding this feature:

a) If a macroscopic condensate with Ny particles is present, the state | Ny nio) with a definite
number of particles can be replaced by the state e=No/2 3739 e™™MO(NM /M1)Y/2| M nyso). The
result (ag) = v/Noe'® follows then from the properties of coherent states.

b) In the thermodynamic limit, there is no difference between the states aoag|N0 Nk£0) =
(No + 1)|No ni0) and agaolNo nk+0) = No|No nkzo), if the condensate occupation Ny is
macroscopically large. As a consequence, the operator nature of ag and ag) is lost and these
operators can be replaced by c-numbers: ag = /Npe'® and ag = /Noe . Their statistical

averages are then trivial.

e The BEC transition is the only phase transition that is mediated by purely statistical effects

and not by interaction effects.

e Strictly speaking BEC takes place only in the thermodynamic limit, as is the case for all phase

transitions. In fact, for a finite number of particles eq. (4.5) can always be satisfied with z < 1.

e For systems with similar density and particle mass the transition temperature 7, ~ h2n2/3 /m
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is on the same order as the Fermi temperature Tr introduced in Chapter 3. In both cases the
temperature scale corresponds to the degeneracy temperature where quantum effects start to

play a role at the many-body level.

e In the non-condensed phase (z < 1) the equation of state reads

93/2(2)
n = 3
Ap
p = ——— drx/log(1l — ze™™)
X vE (
kpT 4 [ 232 kpT
— d = 4.9
A% Bﬁ 0 xz_lex_l )\% 95/2<z)7 ( )

where we used integration by parts to obtain the equation for the pressure. The fugacity z must
be eliminated from the first of the above equations to get the equation of state in the canonical

ensemble.

e In the condensed phase (z = 1) the equation of state is simpler and reads

¢(3/2)

N1

p = 2l (4.10)
T

where the contribution ng = Ny/V of the condensate density appears explicitly in the equation
for the density and in the equation for the pressure ((5/2) ~ 1.341.
4.1.3 Thermodynamics below and above T,

For temperatures T' < T, the thermodynamic behavior of the gas can be derived from the equation

of state (4.10). The condensate fraction, characterizing the condensed phase, exhibits the following

temperature dependence

No_, B2 _ <T>3/2 , (4.11)

N T,

consistently with the requirement that Ny/N vanishes at T, and that the condensate exhausts the

total number of particles at T" = 0. Close to the transition point the temperature dependence of the
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intensive order parameter ®/v/V can be written as

> i@ \/§ i [Te=T
W—\/noe o 2\/ﬁe .

to lowest order in 7. — T'. Pressure p, entropy S = V(9p/90T)v,, internal energy U = uN + TS —pV
and specific heat at constant volume ¢y = (0U/0T)y n are readily obtained in terms of the number

Nr =N — Ny = N(T/T,)%? of thermally excited atoms. One finds

-
s =2 Tkgg.ggg,
(- s
S TNTI.@BEEZZ;. (4.12)

We notice that the thermodynamic properties are solely determined by the non condensed component,
being the condensate just a reservoir of particles. Another important remark concerns the pressure
p = ((5/2)kpT /A3 that is independent of the volume. As a result the isothermal compressibility
kr = —(1/V)(0V/0p)rn diverges. This is a pathology of the non interacting Bose gas in the grand-
canonical ensemble. Another important quantity, whose behavior is worth investigating, is the average
momentum distribution (ny), which from eq. (4.6) in the condensed phase reads

. 1 2kaT
() = PR zmkeT — 1 22

where we focus on the & — 0 limit. Besides the macroscopic occupation Ny of the k = 0 state, also
states with finite wave vector k have a relatively large average occupation that is diverging as 1/k2.
This peculiar behavior clarifies that BEC in a homogeneous system corresponds to a condensation in
momentum space, while in coordinate space the condensate density ng remains uniform.

For temperatures T > T, the thermodynamic behavior can be extracted from the equation of state

(4.9). Tt is interesting to investigate the thermodynamic properties in the interval of temperatures

immediately above the transition temperature T.. To carry out this study we make use of the following
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expansion of the special bosonic functions g, (z) when the fugacity approaches z = 1
- ¢v — m)
g(e™) =T1 —-v)a"™ 1—|—Z )" a™ .
m=0

This expansion holds for e small and positive and if v is not an integer. In particular, for the relevant

cases of g3/5 and g5/, one gets the results

g3pale PNy = ¢(3/2) — 2v/m/Blul — ¢(1/2)B|u| + ...

gsp2(e Py = ((5/2) — ¢(3/2)Blul + ...,

to order linear in |u| and where we used the result —(1/2)['(—1/2) = T'(1 — 1/2) = /7. From the

first of egs. (4.9) we obtain the behavior of the chemical potential for T — T,

9¢*(3/2) T-T.\
- 16m kBTC( T, >

From the second equation one calculates the pressure p and then using S = V(dp/0T )y, one gets

the following result for the entropy

5NkpC(5/2)
2¢(3/2)

. TN 3c3/2) Il
o= (T) " 5(5/2) kil

We notice that S is continuous at T, where N7 = N, implying that there is no latent heat associated

with the BEC transition. By using the thermodynamic relation ¢y = T(9S/9T) yv and the expansion

for p in terms of T' — T, one gets the following result for the specific heat

15¢(5/2) <T>3/2 213(3/2) T - T,

cv =kpN [ 4¢(3/2) 16r T,

At T, the specific heat is continuous and takes the value cy(T.)/N = kp(15¢(5/2)/4((3/2)) ~
1.28 3kp/2, about a 30% larger than the classical result of a monoatomic gas. From the above
equation and from the latter of egs. (4.12) one immediately verifies that the temperature derivative

of ¢y exhibits a discontinuity at T, signaling that BEC is indeed a phase transition associated with
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a non analytic behavior of the thermodynamic functions. One finds

dey dey _ 27¢*(3/2) Nkp _ z366JVkB
T ) p+ ar ) - 6r T, — T T.
1.4 i ]
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Figure 4.1: Specific heat of a Bose gas as a function of T'/T,. The horizontal line indicates the classical
value.

The behavior of ¢y as a function of T'/T, is shown in fig. 4.1. The result is obtained by carrying
out a calculation similar to the one in Chapter 3 for the specific heat of a non-interacting Fermi gas

which yields

15 95/2(2) 9 93/2(2)
ch:N@< _ .
o T n()  01202)
Here we used the relation (dg,(z)/dT) = g,—1(z)(dlog z/dT), holding for the temperature derivative
of Bose special functions, and (0log z/0T)v N = (—3/2T)gs/2(2)/91/2(2) valid for homogeneous Bose

gases..

The internal energy U is given by

U(T) = §NkBT95/2(Z)

2 g3/2(2)

It is continuous at T, where its value U(T.)/N = (¢(5/2)/¢(3/2)) 3kpT/2 ~ 0.51 3kpT/2 is about
half of the classical result. The important identity U = —3/2 relating internal energy and ther-

modynamic potential can be derived using a similar reasoning as the one applied to Fermi gases in
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Chapter 3. Furthermore, it is worth stressing that this relation holds both above and below 7. In
figure 4.2 we show the comparison of the temperature dependence of the internal energy per particle
U/N in a Bose and in a single-component Fermi gas, assuming that the mass and the density are the
same. The figure clearly shows the emergence of the effects of statistics at low temperatures and the

deviations from the classical law U/N = 3kpT/2.

35 , ,

25 [

N

UIN (3K T/2)

05 [

Figure 4.2: Comparison of the internal energies per particle of a Bose and a single-component Fermi
gas. Density and mass are the same. Notice that T. = (4/3y/7((3/2))**Try ~ 0.44TF,. The black
dashed line shows the result for classical particles.

Finally, it is worth discussing the isothermal transformation in a degenerate Bose gas. These
are schematically depicted in Fig. 4.3 in the plane pressure p vs volume per particle v = V/N. For
a fixed temperature T, the pressure increases by reducing the volume in the non-condensed phase
(No/N = 0). When the volume reaches the critical value v. = 1/n., the gas enters the condensed
phase (No/N # 0) and the pressure remains constant p = p. = ((5/2)kgT/A\3.. The critical line
corresponds to pcvg’/ 5 = orn2¢ (5/2)/(m(¢(3/2)°/3). The horizontal line in the condensed phase is a
consequence of the infinite compressibility of the non-interacting gas, a pathological behavior that

will be cured by taking into account interaction effects.

4.1.4 High temperature behavior: virial expansion

In the high temperature regime, where the gas is highly non degenerate, one can expand the equation

of state in powers of the small parameter n)\?’T. This expansion, called virial expansion, is analogous

126



non-condensed

.
P. >

Figure 4.3: Isothermal lines in the p — v plane corresponding to temperatures 77 and T < T7.

to the one discussed in Chapter 3 for a Fermi gas and allows one for a systematic account of statistical
and interaction effects.

We now proceed to calculate the second virial coefficient for a non-interacting Bose gas. Sim-

ilarly to the corresponding Fermi functions, the Bose special functions admit the following series
representation in terms of the fugacity z

v

)

1 0 xl/—l ) 0o Zé
— — e B
9(2) = 71 /0 do i (12 e ) = Z“ -
By eliminating z to second order in nA3 from eqs. (4.9) one gets the results

1
V = Nk T(l - nA3 4+ ) , 413
b B 4\/595 T ( )
for the pressure and

3 1
U= NkgT(1— —n\+...), 4.14
2 b ( 4\/595 g ) ( )

for the internal energy. Thus, the second virial coefficient of Fermi and Bose gases are identical in
absolute value, but have opposite sign. As a consequence, to the lowest order, statistical effects give

raise to the same effective interaction, repulsive in the case of fermions and attractive in the case of
bosons.
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4.1.5 Fluctuations in the number of particles

Similarly to what has been carried out in Chapter 3 for fermions, it is worth investigating the fluctu-
ations of the number of particles around the mean value, where effects of quantum degeneracy play
a dominant role.

The mean-square fluctuations of the number of particles in the state k are given by
2
dni = (e — (ni))”) = (ng) — (mie)® .

To obtain <ni) we calculate the statistical average in the grand-canonical ensemble yielding

<ni> = (1 — e‘ﬁ(%-ﬂ)) i nie‘ﬁ(ﬁk—u)nk — (1 _ e—ﬁ(ek—ﬂ)) i 618]% —B(ep—p)nk

nk:(]

1 02 1
= _ —Bleg—)y ¢ L 9
= (1) T = () + 2o

Thus, we find the following result

5}, = (mid) + (mie)? (4.15)

The normal behavior of fluctuations is recovered at high temperatures, where (ngx) < 1 and one
finds \/ong/(nk) ~ 1/4/(nk). However, in general, fluctuations in a non interacting Bose gas are
larger than normal. This becomes particularly evident in the condensed phase (T' < T.) where the
occupation Ny = (nk—g) of the lowest single-particle state is macroscopically large and the relative
fluctuations of the condensate are on the order of unity \/dnZ/Ny = (1 + 1/Ny)/2.

The fluctuations in the total number of particles 6N? = ((N — (N))?) are also anomalously large.
By exploiting the statistical independence of fluctuations relative to different states one finds the

result
=Y o = (V) + > (mo)?. (4.16)
k k

In particular, at T" = 0, the occupation of the condensate coincides with the total number of particles
and (ny) = 0 for k # 0. In this case SN2 = (N) + (N)?2, showing that relative fluctuations in the
number of particles do not vanish in the thermodynamic limit. This is a pathology of the ideal Bose

gas in the condensed phase.
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The fluctuation-dissipation equation relating the isothermal compressibility 7 to particle fluctua-
tions can be derived using the same thermodynamic relations as in the case of free fermions discussed

in Chapter 3. The result for a non interacting Bose gas is as follows
NnkpThy = 6N = (N) + ) (m)? (4.17)
Kk

where the second term on the right hand side is responsible for the divergence of k7 in the condensed
phase.
4.1.6 Pair correlation function and off-diagonal long range order

The pair correlation function of a Bose gas is defined through the space correlations of density

fluctuations similarly to the corresponding function of a Fermi gas

{(n(r) —n)(n(x') —n)) =né(r—1')+ n2(9(|r —-r))-1).

In terms of averages of field operators one finds the expressions

11 i(k—k')-
= 372 <aLaL,ak/ak> (1+ elk=K)s _ Sk),  (4.18)

kk’

9(5) = (01000 o+ )l + 9)u(r)

respectively in coordinate and in momentum space. Apart from terms scaling as 1/V and vanishing

in the thermodynamic limit, the above pair correlation function can be rewritten in the form

% (@)2 . (4.19)

The last term in the above equation arises from the sum (1/nV)? Y, (nx)? where only the contribution

11 ikes|?
g(s) =1+ ﬁVZ<nk>e | -

k

from the k = 0 state survives in the thermodynamic limit provided the system is in the condensed
phase.

Some limiting cases are worth investigating in more details:

e High temperature regime n)\gT < 1: in this regime the Maxwell-Boltzmann approximation
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(ny) >~ nA3e P for the particle distribution holds and eq. (4.19) can be evaluated explicitly

2\ > 4 2
g(s) =1+ ‘T/ dzze™ sin ( )\WS‘T> ‘ — 142/
0 T

We notice that at short distance g(s) approaches the value 2 and that it remains significantly

larger than unity for distances smaller than the thermal wavelength Ar.

e Zero temperature: only the k = 0 state is occupied and Ny = N yielding g(s) = 1. This

behavior of the pair correlation function resembles what happens in an uncorrelated gas.

e Zero separation distance: non interacting bosons exhibit a bunching effect yielding ¢(0) =

2 — (No/N)? > 1 for all T > 0.

We introduce another important correlation function playing a central role in the theoretical
description of Bose-condensed systems. This is the one-body density matrix (OBDM) which is defined
as the amplitude of the process where one particle is removed from position r and the same state
is recovered by replacing the particle at position r + s. In a homogeneous system the OBDM is a

function of the distance s and is conveniently normalized to unity at zero distance:

m(s) = (x4 s)(r)) (1.20)

By replacing the field operators with their k-space representation we get that ni is the Fourier

transform of the momentum distribution

ni(s) = L D e ) (4.21)

In the non-degenerate regime, where one can assume a Maxwell-Boltzmann distribution for the par-
ticles, the OBDM decays to zero for distances larger that the thermal wavelength Ar. More precisely,

one finds

3
ni(s) =~ A7 e kse=Fer — P [ dzxe™ sin dmes ) _ e ™
k 0 AT

For a Fermi gas a similar behavior, i.e. the vanishing of ni(s) at large distances, continues
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to hold also in the degenerate regime. For example at T = 0, where the momentum distribu-
tion corresponds to the step function at the Fermi wave vector kp, one finds the result ni(s) =
3/(krs) fol drx sin(kpsz) = 3/(kps)3(sinkps — kps cos kps), holding for a single-component gas.

The behavior of a system of bosons is different. Once it enters the condensed phase, there exists
a finite probability that the particle is extracted from the condensate and replaced in the condensate
returning back to the same state. The amplitude of this process is independent of the distance and
the OBDM remains finite even in the limit s — oo. This corresponds to the existence of off-diagonal
long-range order (ODLRO), meaning that very far off-diagonal elements of the OBDM have non-zero
values. Indeed, one can show that the contribution coming from k # 0 states to ni(s) in eq. (4.21)
vanishes when s gets larger that the thermal wavelength Ay and one is left with the contribution from
the condensate, yielding the result

. No
Jim () =7
which involves the condensate fraction No/N. In particular, at 7" = 0, the OBDM is constant

ni(s) =1.
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4.2 Interacting gas and mean-field theory

In momentum space the grand-canonical Hamiltonian of the gas with pair-wise interactions can be

written as

1
H—uN = Z(ek — u)air(ak + v Z an;f(a;r(_qak/ak_q ) (4.22)
k kk’q

where, as usual, Vg = V_q = [ drV(r)e™"9T is the Fourier transform of the two-body potential.

4.2.1 Hartree-Fock theory

Similarly to the treatment of interacting fermions in Chapter 3, we replace the product of four
creation/annihilation operators in eq. (4.22) with a combination of terms involving at most two

operators. The recipe is as follows:

ToT _ T T T T
Ay Ok Ok—q = (akak_q>ak,_qak/—|—<akak/>ak,_qak_q

+ <a;r(/7qak/>a£ak_q + (aL,fqak_qMLak/

— (efaq){aly_qai0) — (afaw) (el qaxq) = N§ Si0diodq0,  (4.23)
where all possible pairings of a creation and an annihilation operator have been considered and the
last three terms avoid double counting when considering the statistical average of the interaction
Hamiltonian. In particular, the last term avoids double counting when all wave vectors are zero and

should be included if the k = 0 state is macroscopically occupied. By inserting the above expansion

in eq. (4.22) one gets the Hamiltonian in the Hartree-Fock approximation

1 1 1 %
Hyp = Z ekaLak + 3 Z Von(2a;r{ak — (ni)) + 3 Z v Z Vk—q(nq) (QaLak — (ni)) — ?OnoNo
Kk Kk k a

= Bur+Y_ (e + Von+ Vi)afax , (4.24)
K

where we introduced the effective potential Vi = (1/V)) >q Vk—q{ng) and the constant term Eyp =
—(1/2)[>k (Vi + Von)(nk) + VongNy]. Here ng = Ny/V is the condensate density and the corre-
sponding term in Epp is present only in the condensed phase, where the condensate fraction Ny/N

is finite.
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In the relevant case of a contact potential for which the Fourier transform of the interaction
potential is constant Vg = g, the effective potential reads Vi = gn and the Hartree-Fock grand-

canonical Hamiltonian takes the simple form

N
Hyp — uN = —gnN — g"; O3 (e -+ 29n)alan . (4.25)
k

It is worth investigating the implications of the use of the Hartree-Fock approximation at finite

temperature.

e Non-condensed phase T > T,:

The equation of state is provided by

”)\% = 93/2(5)
p gn®  Gs5p2(%)
kgT —  kgT A

where z = eP(h=297) ig the effective fugacity. From the above equations one can derive all
thermodynamic quantities including the effects of interactions. For example, in the highly

non-degenerate regime n/\% & 1, one obtains the following result for the virial expansion

pV = NkBT[l - (4\1@ - )2;)71)\% + } , (4.26)

where we used g = 47h%a/m. Notice that, similarly to the fermionic case in Chapter 3, the
above result is valid if the thermal wave length is much larger that the range of the interatomic

potential.

e Transition temperature T.:

As in the non-interacting case the transition corresponds to the lowest temperature satisfying
the normalization condition for the density n without resorting to a finite condensate fraction
No/N. This happens for Z = 1 and nA\3 = ((3/2), yielding the same transition temperature
T, as in the non-interacting gas. At the transition, the critical chemical potential is shifted by

interactions taking the value u. = 2gn.

133



e Condensed phase T' < T¢:

The k = 0 contribution to the Hamiltonian (4.25) should be treated separately and the product
agao should be replaced by the average value Ny (see the discussion in Section 4-A about ag
and ag replaced by c-numbers). The grand-canonical Hamiltonian (4.25) takes the form
TLoNO
2

Hygp — uN = —gnN — J + (—p+2gn) Ny + Z (ek —p+ 29n)a£ak .

k£0

By calculating the partition function in the usual way including the terms depending on N and

Ny, one finds the following result for the thermodynamic potential

gnoNo

QT,V,u) = —gnN — — uNy + 2gnNg + kBTZ log(1 — e Plen=h)y | (4.27)

k£0

where i = p1— 2gn. From the thermodynamic relation N = —(9§2/0u)ry one gets the equation

on 1 6]\70
<1_293M> N_No_lg)eﬁ(fkﬂ)l :(M+9”0—29n)67u,

whose solution gives the following relations for the condensate density ng and chemical potential

respectively

1 -
n = no+A793/2(2) (4.28)
T

W = gng+2gnr, (4.29)

where z = #/k8T ig the effective fugacity and np = n — ng is the density of thermally excited

atoms. The equation for the pressure

kT

1 B -
p=gn®— 59”3 + )\7395/2(2) ; (4.30)
T

obtained using pV = —Q from eq. (4.27), completes the determination of the equation of state

in the condensed phase.

‘We notice that:
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— At T = 0, where ng = n, both the pressure p = gn?/2 and the internal energy U =

(Hyr) = gn®V/2 are different from zero, in contrast to the non-interacting case.

— Interactions must be repulsive (¢ > 0) to ensure that the spectrum of Hpyp is bounded

from below in the thermodynamic limit.

— The chemical potential ranges from p = gn at T = 0 to p = 2gn at T = T, where it

matches the value in the non-condensed phase.
— The pressure depends on volume and therefore the compressibility is finite, eliminating the
pathology of the non-interacting gas.
e Critical region T' ~ T¢:

From eq. (4.27) we can eliminate the density n in favor of the condensate and non-condensate

contributions n = ng + ny = ng + gs/2(Z)/A}. One finds

2 ~
1 93/2(3)  kpT
59 — 95— = =g () (4.31)
T T

Q
— = —ung +

v 2

By considering the effect of interactions to the lowest order and assuming ng < n one can

replace g3/2( 7) ~ (%(3/2) and

95/2 (2) =~ 95/2(6’3(”_29"0_294(3/2)//\?%))

~ B2 B IR e 4
Eq. (4.31) now reads
Q kpT
v = (o - o)
2 1
- (u—<<3/2>€,{) no + Sand. (433)

This result provides the change of Q/V for fixed p and T if the condensate density is changed by
the amount ng. As we see, it has the general structure of the relevant thermodynamic potential

close to a second order phase transition:
— if u < pe = ¢(3/2)2g/A3., the minimum of 2/V corresponds to ng = 0,
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— if u > pe = ((3/2)2g/A3., the minimum corresponds to ng = (1 — e)/g > 0.
By eliminating the chemical potential using p = 2gn— gng, we find ng = n[1—(T/1.)%/?] ~
(3n/2)(T'—1T,)/T.. This result is in agreement with the expected behavior from the Landau
theory of phase transitions that the order parameter ,/ng should vanish at T, with the

critical exponent 5 = 1/2.

4.2.2 Gross-Pitaevskii equation for inhomogeneous condensates

In the presence of an external time-dependent potential U(r,t) the Hamiltonian at time ¢ is written

in coordinate representation in the form

2%72
10 = [ar i) (<" + U0 ) wle + 5 [ar oo eoveoven @)

2m

where we assumed a contact interaction described by the coupling constant g = 47h?a/m in terms of
the s-wave scattering length a and we introduced the time-dependent field operators 1 (r,t), 9T (r, t)
that at time ¢ respectively annihilate and create a particle at position r. The time evolution of the
operator 1 (r,t) is determined by Heisenberg’s equation

2v72
v T = [1/1(1“, t)’ H(t)} = <_ hQZ + U(I‘, t)) 1/1(1', t) +g ¢T(r’ t)qp(r’ t)¢(r7 t) . (4'35)

At T = 0, according to Hartree-Fock theory, all particles share the same single-particle state
whose occupation is thus Ny = N. In the limit of large IV, the condensate state, having a well defined
number of particles, and the coherent state, where particle normalization is satisfied only on average,
are both equivalent description of the system’s ground state. Furthermore, if the time variation of
the external potential is much slower than the typical time scale of relaxation, at each time ¢ the
system can be assumed to occupy the instantaneous ground state of the Hamiltonian H(t) (adiabatic
approximation). By analogy with the definition given in Section 4-A, the corresponding coherent

state can be written in the following form
|coh(®)); = oJ dr[®(r, )T (r,t)—|@(r,t)[? /2] 0) , (4.36)

where the complex function ®(r,t) is the macroscopically occupied single-particle state to be deter-
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mined self consistently. The above state obeys to the eigenvalue equation
¥(r,t)|coh(®)); = @(r, t)|coh(®)); ,
while particle normalization is enforced by the condition

N = 1{coh(®) / dr 1 (x, ) (r, £) coh(®)), = / dr |®(r, )2 |

holding at any time ¢. Notice also that the projection of the state (4.36) on the N-particle Hilbert
space corresponds to the wave function 9 (ry,ro, ...,rn,t) = ®(r1,t)/vV/N...®(ry,t)/VN.
By calculating the expectation value of the left and right hand side of Heisenberg’s equation (4.35)

on the coherent state (4.36) one derives the Gross-Pitaevskii (GP) equation

ih

o®(r,t) [ hV?
ot 2m

FU0) 8(r,0) + g 205,020 1) (437)
which is a differential equation for the unknown particle orbital ®(r,t). The corresponding energy at

time t is provided by the functional
— n? 2 2 9 4

obtained from the expectation value of H (t) given in eq. (4.34) on the state |coh(®));. To obtain the
kinetic energy term, we used integration by parts under the constraint that ®(r,¢) should vanish at
infinite distances. We notice that the GP equation (4.37) can be written in a compact form in terms
of the functional derivative of the GP energy functional

8@(1‘,15) . 6EGP

P = v

where by d Egp we intend the small variation 0 Eqgp(®, ®*) = Eqp(®, ®* 4 00*) — Eqp(®, ).

If the external potential is independent of time the GP equation admits the stationary solution
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®(r,t) = e #/"P((r), where ®o(r) is the solution of the stationary GP equation

2%72
(_ F;Z + U(I‘) - ,u> ‘1>0(I') +g |(I)0(I‘)‘2(I)0(I‘) =0. (4.39)

The real parameter p corresponds to the chemical potential of the gas. In fact, the following identity

holds

g% = M/dr[q)()(r)aq;%r) JF(I)S(I-)a(g?\(fr)] _ :U'a?v/dr |‘1>0(I')|2 =u.

Here we used the local relation: ihaq)é:’t) = 85GP(§;£F(;2’)¢(“”), where Eqp(P*(r,t), ®(r,t)) is the GP
energy density such that Egp(t) = [ dr Egp(P*(r,t), @(r,1)).

Some relevant cases are worth discussing in details:

e a) Homogeneous gas: If U(r) = 0, the solution of eq. (4.39) satisfying the normalization condi-
tion is given by ®¢(r) = y/N/V. The chemical potential reads then y = gn and the ground-state
energy density is Egp/V = gn?/2, in agreement with the HF results discussed in the previous

subsection.

e b) Non interacting gas: In the absence of interactions (g = 0) eqgs. (4.37), (4.39) reduce respec-
tively to the the time-dependent and time-independent Schrodinger equations for the single-

particle state ®(r,?) in the presence of the external field U(r,t).

e ¢) Inhomogeneous gas: If an external potential U(r) is present, the solution ®(r) of eq. (4.39)
with and without interactions can be completely different. For example, in the case of the
harmonic confinement U (r) = mw?r?/2, the non-interacting solution for the condensate density
is given by the gaussian |®((r)|? = N/(a%oﬂ?’/Q)e*Tz/“io, where ap, = \/h/mw is the oscillator
length. In the limit of large number of particles IV, one can neglect the quantum kinetic energy
term proportional to A2 in eq. (4.39) (Thomas-Fermi approximation) and one finds the inverted

parabola

2.2
mw-r
@o(r)]? =12 (1 - > ;
g 24

for r < y/2u/mw? and |®Po(r)| = 0 for larger values of r. The chemical potential is obtained
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from the normalization condition and is given by

hw <15Na>2/5

2 Aho

The above results can also be derived within the so-called local density approximation, based
on the local equilibrium equation p— U(r) = yocqi(r) and on the local description of the gas in
terms of a homogeneous system at the density n(r): pcqi(r) = gn(r). They have been shown to
provide a quantitatively accurate account of harmonically trapped atomic condensates, where

the number of particles is typically larger that few thousands.

Another important feature of the gross-Pitaevskii theory of condensates is related to the expec-

tation value of the current operator

<](I’, t)> = —5<¢T(r,t)v¢(r,t) - (VQZJT(I', t))¢(r’t)>
ihy, . h
- —§(<1> (r,t)VO(r, t) — (VD (r,t))(b(r,t)) = mn(r,t) - VS(r,t)
where we used the decomposition of the order parameter ®(r,t) = /n(r,t)e’® in terms of the

density n = |®|? and the phase S. From the last of the above equalities we identify

v(r,t) = %VS(I‘, t)

with the velocity field associated to the motion of the condensate. This velocity field, being the
gradient of the scalar function S, is irrotational, V x v(r,t) = 0, and consequently can not be
dissipative. The motion of the condensate has thus the property of being a superfluid flow. Notice
that the concept of velocity field can be defined for any system, but in general it corresponds to an
average over many different single-particle states and thus can not be written as the gradient of a
phase. On the other hand the velocity associated to a single particle is indeed the gradient of a phase,
but it is subject to huge fluctuations due to interactions and thermal effects. Only in the presence of
a condensate the velocity field at the same time has a quantum nature and describes the behavior of
a macroscopic number of particles.

Let us consider the stationary solutions of GP equation in a spatial region where there is a hole,
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namely a region where n(r) = 0 and such that a path around it can not be shrunk to a point. By

drawing a continuous path around the hole it must happen that

Spath ends (I‘) - Spath starts(r) =27/l y

where £ is an integer, because of the single-valuedness of the order parameter. The phase S should
then be of the form S(r) = ¢0, where 0 is the azimuthal angle around the hole, and the corresponding

velocity is given by the azimuthal field
v(r)=—-0. (4.40)

For ¢ = 1 the above velocity field describes a vortex state centered in the hole. Vortices describe
excited states where the condensate rotates around some axis at » = 0 and correspond to a total
angular momentum given by (L,) = N/h, where z is the direction of the vortex axis. Notice that the
velocity field (4.40), associated with the only possible rotating state of a condensate, is different from
the field associated with a rigid-body rotation v = Qré having angular frequency 2. We also notice

that the circulation of the velocity field around a vortex is quantized. In fact, one finds

h
j{ dr-v(r) =2nl— ,
path m

along any closed path encircling the vortex axis.

In a large bucket of volume V having the form of an annulus of radius R one can neglect the
space variation of the density and the ground state of the gas is given by ®(r) = \/W with the
energy Fy = gnN/2. Excited states corresponding to vortex excitations are described by the wave
function ®y(r) = \/N/Ve and have energy E, = Ey + Nh2(%/(2mR?). States with different ¢ are
topologically different and are separated by energy barriers. If one starts rotating the container around
the z-axis at some angular frequency €, the first vortex (¢ = 1) will appear once the corresponding
energy increase AFE = Ey_1 — Fy becomes smaller than the gain in rotational energy Q2N#A, i.e. when
the energy difference in the rotating frame AFE —Q(L,) becomes negative. This condition sets a lower

bound to the frequency Q. > h/(2mR?), such that if Q < €. the condensate is not able to rotate.
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4.2.3 Bogoliubov theory

The HF grand-canonical Hamiltonian (4.25) in the condensed phase (T' < T;) can be rewritten as

gnoNo

Hyp — pN = —gnN + + Z (e + gno)aTkak )

k£0

where we separated the contribution from the condensate and we used the equation p = 2gn — gng
for the chemical potential. Excitations above the ground state are obtained by creating a particle
in a state with finite momentum k # 0. Such states correspond to an excitation energy e + gn,
which exhibits a gap for vanishing values of k. The low-lying excitations of a Bose gas should be
gapless and the presence of a gap is an artifact of the HF approach, which correctly describes the
thermodynamics of the gas only in the range of temperatures kg7 > u. A more accurate account
of the low temperature behavior of the gas is provided by the Bogoliubov approach, based on the
expansion of the grand-canonical Hamiltonian (4.22) in the small condensate-depletion parameter
(N — No)/N < 1.

We start from the grand-canonical Hamiltonian (4.22) in the case of contact interaction (V4 = g)
and we replace the creation and annihilation operators on the state k = 0 by c-numbers: ag = a(T) =

v/ Ny, where we set to zero the arbitrary phase ¢. To order Ny in the interaction term, we get the

following truncation of the Hamiltonian

2
. t gNO gN()
Hpog — pN = —uNgy + E (€x — p)agax + v T o

k#£0 k40

<4aLak + aiaik + a_kak> , o (4.41)

where higher order terms contain three creation/annihilation operators relative to k # 0 states and
are proportional to v/ Ny. We notice that the above operator is bilinear in ayx and aL and can be cast

in diagonal form using the operator transformation (canonical transformation)

ax = upox -+ vZaT_k
aJlr( = u’,;ole( + vk . (4.42)

Here u; and v, are complex numbers and oy, oz;r( are new creation/annihilation operators for which

we require the same commutation relations as for the particle operators ay, aL. Namely we must
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have: [ok, ax] = [oz;r(,a;r(,] = 0 and [ak,aL] = Ok k- As a consequence, the coefficients uj and vy,

satisfy the condition

Jugl? = Jog|? = 1. (4.43)

The transformation (4.42) can also be inverted giving

ax = u,’;ak — vkaT_k
0411 = ukaL —VLa_k . (4.44)

We notice that the operator ay is associated with amplitude u;, to the annihilation of a particle with
wavevector k and with amplitude —v; to the creation of a particle with wavevector —k. Thus, if
vy is non zero, the operators ay, aL correspond to superpositions of states with different number of
particles and are thereby called quasi-particle operators.

After inserting the operator transformation (4.42) into the Hamiltonian (4.41), we require that

the term proportional to the products aLaT_k and a_gay vanish obtaining the equation

n
(e — 1+ 2gnp)ugvy + 92—0(% + v,%) =0.

The solution of the above equation, consistent with the normalization condition (4.43), yields the real

roots

9 € — [+ 2gng + L 9 €k — p+2gng — L,
Rk i 2E, Yk 2E;, ’ (4.45)

where the energy Ey is given by the result
B} = (ex — 11+ 29n0)° — (gn0)? (4.46)

that can be obtained from the relation 1 = (uj — v2)? = (u2 + v3)? — 4ujv}.
The Hamiltonian (4.41) can be finally rewritten in terms of the quasi-particle operators in the

form

NG _

H — uN =
BOG — M oV

1
o+ 5 D [Br = (e = p+29m0)] + Y Erafa, (4.47)
K40 k#40

We notice that:
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e a) The above Hamiltonian is diagonal in the quasi-particle operators. Eigenstates of Hpog—puN
have a definite number 7y of quasi-particles in each state k and, consequently, the grand-

canonical partition function can be calculated using the trace over these states:

For the thermodynamic potential {2 one finds then

N¢ 1 _
T, V,p) = 220 — Ny + 3 > [Ex — (ex — p+2gn0)] + kT > log(1— e PFr) . (4.48)

2V k£0 k+£0

e b) The distribution of quasi-particles is calculated from the statistical average of the quasi-
particle number operator yielding the bosonic law
1 i

T _ —B(Hpog—uN)y _ 1
(agon) = ZGCTT(akake ) = BB _ 17

where the positive energies Fj correspond to the quasi-particle energies.

e ¢) The total number of particles is obtained from the normalization condition

N =No+ 3 (afa) = No+ 3" [v,z + (2 + v ol (4.49)
k#£0 kA0
considering that only operators that conserve the number of quasi-particles give non-vanishing

statistical averages.

e d) The ground state of Hgog — N is provided by the vacuum |vac) of quasiparticles, i.e. the
state such that ay|vac) = 0. Excited states with wave vector k are obtained by applying the
corresponding quasi-particle creation operator on the vacuum state: oz;r(|vac>. These states have
energy Fj relative to the energy of the vacuum state and describe the elementary excitations

of the gas.

e ¢) By requiring that at equilibrium the value of Ny corresponds to a minimum of the thermo-
dynamic potential, i.e. (0€/ONo)7ry, = 0, one finds the result ;1 = gng to leading order in

N — Ny. We notice that this value of ;1 makes the energies E}, gapless. In fact, the dispersion
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relation reads
E;, = \/ez + 2gnpeg -

Al large momenta, where €, > u, one finds the free-particle dispersion Fj, ~ ¢,. In this
regime the amplitude vz — 0 (uz — 1) and quasi-particles coincide with particles. On the
contrary, at small momenta, the excitations have a linear (phononic) dispersion Ey ~ /2gngex =
\/mhk and correspond to sound waves propagating with the velocity ¢ = \/m. In this
case one finds diverging Bogoliubov amplitudes uz ~ v,% ~ gng/(2chk) and quasi-particles

involve with the same weight the process of creating a particle and of annihilating another

particle with opposite momentum.

e ) From eq. (4.49) one can calculate the depletion of the condensate N — Ny produced both by
thermal effects and by quantum effects. The latter persist also at T' = 0, where the thermal pop-
ulation of quasiparticles <aLo¢k> — 0, but the intergral >, 20 U]% still gives a finite contribution.

This quantum depletion arising from purely interaction effects can be calculated analytically

obtaining the result

where in the integral ng can be replaced by n to leading order. The above result states that,

3

if the gas parameter na® is small, ng >~ n at low temperature providing a sound basis for the

Bogoliubov approach.

e g) The ground state energy is obtained from the expectation value on the vacuum state Ey =
(vac|Hpog|vac). To lowest order in the gas parameter na® one obtains the result Ey/V =
gn?/2, consistently with the HF approach. Notice that higher order corrections to Ey can also
be calculated with the Bogoliubov theory, but they require a renormalization of the coupling

constant to deal with divergencies emerging at large momenta.

4.2.4 Superfluidity: Landau criterium and two-fluid model

e Phenomenology

Superfluidity is a striking phenomenon displayed by some quantum fluids and gases consisting
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in their ability to flow without dissipation. Superfluidity is the analog for neutral matter of
superconductivity, 7.e. absence of resistivity, in the charged fluid of conduction electrons in a
metal. The most remarkable example of a superfluid is provided by liquid *He below the lambda

point.

At normal pressure ‘He remains a liquid down to 7' = 0. However, at T) = 2.17K it undergoes
a phase transition from He-I to He-II signaled by a sharp feature in the specific heat. Since the
experiments by Kapitza and Allen, Misener (1937) it was realized that He-II can flow in narrow
capillaries without friction and that it has vanishing viscosity. Later, in 1946, the experiment
by Andronikashvili proved the non-classical rotational inertia of He-II and the coexistence in
this phase of a super and a normal fluid. By using a torsional oscillator containing a stack of
closely packed disks filled with “He, the experiment measures the oscillation period, propor-
tional to the moment of inertia of the device, as a function of temperature. Above Ty liquid
helium contributes to the moment of inertia by its rigid-body value, showing that it is dragged
completely by the oscillation of the disks as in any normal viscous fluid. Below T}, however, a
drop in the oscillation period is observed indicating that the moment of inertia of the device is
smaller than the classical rigid-body value. A part of He-II does not contribute to the moment
of inertia of the torsional oscillator and remains at rest while the disks are oscillating. This
superfluid component grows as the temperature is decreased and at T" = 0 corresponds to the
total amount of helium. The fraction of normal component, defined as the part of liquid still
contributing to the moment of inertia by its rigid-body value, was measured to be proportional

to T* at very low temperatures.

Another important series of experiments was carried out in 1967 by Hess and Fairbank using
helium confined in a bucket of toroidal geometry having radius R and width d < R. The
first experiment establishes the ability of He-II to sustain persistent currents. By rotating the
bucket above T at some angular frequency {2, after a short while helium rotates rigidly with
the bucket. If temperature is reduced below T keeping the rotation on, helium continues to
rotate in equilibrium with the container. However, if the rotation is stopped, only the normal
component of the fluid reaches equilibrium with the bucket now at rest, whereas the superfluid

component continues to rotate for a practically indefinitely long time. A second experiment
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goes under the name of Hess-Fairbank effect. At T > T) the bucket is set into rotation, but
the angular velocity is very small (if R ~ 1mm, /27 < 1Hz) and is kept constant during the
whole experiment. Similarly to the previous experiment helium starts rotating with the bucket,
but as T is reduced below T the superfluid component comes at rest in the laboratory frame
even if the container is still rotating. Since helium was already in equilibrium in the rotating
frame, this phenomenon indicates that the state with zero angular velocity for the superfluid

component is the true equilibrium state both for the laboratory and the rotating frame.

Statistical mechanics in moving frames

From the above discussion it is clear that superfluidity has to do with the nature of equilibrium

states in moving reference frames.

Let us first consider how the Hamiltonian changes under a Galilean transformation from a
reference frame at rest O to a reference frame O’ moving with linear velocity v. The Hamiltonian

H in the reference frame O is given by

2
— _ P; R
H:T+V_Z%+ZV(1~Z rj),
) 1<
where T and V' are respectively the kinetic and the interaction term and the sums are over the

particle labels 7,5 = 1,..., N. In the reference frame O’ the momentum of particle ¢ changes to

p; = pi — mv and the corresponding kinetic energy is given by

2

/_E:(pi_mv) _ 4 m o

= T_T_Z pi- v Ngv
(2

i

whereas V' = V since the transformation does not change the relative distance between particles.
In the second quantization formalism the grand-canonical Hamiltonian in the reference frame

O’ thus takes the form

H' — uN =

+Z(ek—hk~v—u)altak+v,
Kk

2

where the interaction term V' is the same as in eq. (4.22). We notice that, compared to the

Hamiltonian H — pN in the rest frame O, there is the constant term Nmwv?/2, corresponding
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to the total kinetic energy of the system moving with velocity v, and the single-partcle kinetic
energy € is replaced by the difference €, — hk - v. After performing the Bogoliubov treatment

one finds the quasi-particle Hamiltonian

Nmu?

+ Eog + Z(Ek — hk - v)a;r(ak , (4.50)
k#0

Hpog — nN =

to be compared with Hgog — pN = Epoc + )\ EkaLak given by eq. (4.47) in the rest frame
O. To obtain the result (4.50) we used the fact that the total momentum P carried by particles

and by quasi-particles coincide

P = Z hkaLak = Z hk(uia;r{ak + v,%oﬁ_ka,k + v,% + ukvkaLaT_k + upvpa_gax)
k k40
= Z hk(us — U%)@Lak = Z ﬁka;r{ak , (4.51)
K£0 K40

where we used the odd parity of the last three terms in the sum with respect to the transfor-

mation k — —k.

If v is the velocity of the walls of a pipe containing the fluid then, at T' = 0, the ground state of
(4.50) describes the state in equilibrium with the moving walls. We notice that if Ej — ik - v is
positive for any wave vector k, the ground state corresponds to the vacuum of quasi-particles,
i.e. the equilibrium state with the walls at rest. As seen from the reference frame O’ all particles
move with velocity —v, giving rise to the kinetic energy Nmuv?/2. The peculiar observation is
that this state is in equilibrium with the moving walls. The condition Ej, < hkvcosf < hkv,

where 6 is the angle between k and v, provides the following critical velocity

. K
V> v = mklnh—z , (4.52)

for the break down of the stability of the ground state at rest. In fact, if the walls are moving
at a velocity v > wv., excitations with wave vector k parallel to v will have negative energy
as seen from the reference frame moving together with the walls. Consequently, the ground
state in equilibrium with the moving walls will contain a large number of these excitations in

contrast to the quasi-particle vacuum corresponding to the ground state in equilibrium with the
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walls at rest. The above argument and eq. (4.52) for the critical velocity is known as Landau

criterium for superfluidity and holds in general for any quasi-particle dispersion Fj. Within the

Bogoliubov theory the critical velocity corresponds to the speed of sound ¢ = /gng/m

Ve = Min
k

\/ez + 2gn06k . h2k2
—_— 62‘{'7:6.

= Imin

hk k 4m?

In the case of an ideal gas the elementary excitations are given by E} = €, and one finds instead

ve. = 0, showing that a non-interacting gas can not exhibit superfluidity.

e Normal component and two-fluid model

At finite T the averaged momentum density in the moving reference frame O’ is given by

v = V<Z (hk — mv akak

Z hk (o] o) — (4.53)
k;ﬁO

where we used result (4.51) for the total momentum operator P and we introduced the notation

p = mn for the mass density. According to eq. (4.50) for the grand-canonical Hamiltonian in

the reference frame O’, the average quasi-particle occupation of the state k reads

oz;r(ozk> =

1
oB(Er—hkv) _ 1"

The quasi-particle contribution to eq. (4.53) can be calculated explicitly to lowest order in the

velocity v, yielding the result

1
v Z hk(ozir(ak>

k+£0

Ak -v eBEx )
kBT (eﬁEk — 1)2

1 1
v th(eﬂEk "
k#0
h2k2 5Ek

v1
3V 2 kT @B D

Here we used the angular average k(k-v) = vk2/3 and the last equality defines the mass density

of the normal component p,. One has in general p, > 0 and p, < p, so that eq. (4.53) yields
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the average momentum density

/
<PV> =—(p—pn)Vv=—psv,
as measured from the moving reference frame O’. The above equation indicates that the gas of
quasi-particles moves together with the walls, being therefore at rest in the reference frame O’.
The superfluid component, instead, is defined by the difference p — p,, and moves with velocity
—v, being therefore at rest in the laboratory frame. In the reference frame O one finds of course
(P)/V = ppv. It is worthwhile calculating the value of p, at very low temperatures, where
only phonons contribute to the statistical average and one can replace the dispersion relation

of quasi-particles with the linear law chk. One finds the relevant result

1 Z h2k2 ecﬁk/kBT (kBT)4 /d rle® B 27T2(]{ZBT)4
3kpT (eh/FsT — 12~ 6r2h3cd (

=y e —12 ~ 41

k£0

in agreement with the temperature dependence of the normal moment of inertia measured in

the Andronikashvili experiment.

The general equation for the momentum density in a given reference frame

B vt pava (4.54)
in terms of the normal component moving with velocity v, and the superfluid component
moving with velocity v, is the basic equation of the two-fluid model of superfluidity. Using
the two-fluid model one can easily understand the non-classical rotational inertia exhibited
by the He-II phase. In the annular geometry of the Hess-Fairbank experiment the azimuthal
velocity induced by the angular frequency is given by v = QR. If v < v, the equilibrium
state in the rotating frame corresponds to a superfluid component at rest, whereas the normal
component moves together with the rotating bucket providing a contribution to the moment of
inertia equal to I = R? [ drp, and smaller than the rigid-body value Iy = R? [ drp. Persistent
currents are instead explained through the excitation of vortices having a finite number of

quanta of circulation by which the condensate is able to rotate. As we discussed at the end
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of the paragraph concerning the Gross-Piaevskii theory, these vortex states are metastable and

can live for quite a long time giving rise to a persistent flow.
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4.3 Problems

e 1. Consider a non-interacting Bose gas confined in an isotropic harmonic trap U(r) = mw?r?/2.
Show that the proper thermodynamic limit for this problem is N — oo, w — 0 with Nw?3 =
const. In this limit calculate the Bose-Einstein transition temperature 7.

Solution: From Problem 4 of Chapter 3 on has that the density of states in an isotropic harmonic trap is given

by: g(e) = %ﬁ in the limit € > hw. For the total number of particles one finds

S €2 1 (kBT)3
N —/0 dEQ(hw)S 2 lefe— 1 (hw)? g3(2)

showing that indeed the thermodynamic limit implies N — 0o, w — 0 and Nw® = const. Since g3(z) < ¢(3) ~

1.202, the transition temperature in the thermodynamic limit is given by

i ()

e 2. For the system in Problem 1 determine the equation of state both below and above the
transition temperature 7.
Solution: We consider the gas in the thermodynamic limit. From the density of states g(e) = %%, a straight-
forward calculation yields the thermodynamic potential

2

€ (kBT)4

QT,w, p) = kBT/Ooo demlog (1 — ze_ﬁe) = —Wm(z) )

where we used integration by parts. In the condensed phase (T' < T¢) the fugacity is given by z = 1 and one
finds

(ksT)*
(hw)3

N = No+

where Ny is the macroscopic occupation of the single-particle ground state and ((4) = % ~ 1.082. In the

non-condensed phase (T > T.) one has instead

Q = - ga(2)
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e 3. For the system in Problem 1 calculate the following thermodynamic functions at 7' < T¢:
condensate fraction Ny/N, internal energy U and specific heat ¢ = (0U /9T ) n.

Solution: From the results of Problem 1 and 2:

In a system with density of states g(e) €2, internal energy and thermodynamic potential are related by U = —3Q
(see Problem 3 of Chapter 3). One gets then

U= 3%1\]1@@ (;)3 ,

yielding for the specific heat

W (1)

e 4. For the system in Problem 1 show that the specific heat has a discontinuity at T..

Solution: From Problem 3 one finds ¢(7, ) = 12%Nk3 on approaching 7. from below. At T' > T, the internal

energy U = 3NkpT %) can be expanded for z — 1, yielding the result

93(z)
_ ¢4 ¢2) <GB ul
U=3NksT 15 {” <<<3> <<4>) kBT] ’

where we used the expansion gn(e*‘”‘/kBT) ~((n)—C¢(n— 1)% holding integers n > 2. From the equation for

the total number of particles one gets in the same limit

3BT - T
ksT — ((2) T. =

One finds

. G | T-Te (6 4()
U ~3NkgT C(3)+3 T ( )},

yielding the result

) = W gnp, B
C(Tc)—IQNkBC(g) 9N]€BC(2),

for the specific heat just above the transition temperature. At T, we get thus

-y _ ¢(3)
c(TH — (1)) = —9Nk3@ .

e 5. Consider a homogeneous gas of non-interacting bosons in two dimensions. Show that Bose-
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Einstein condensation does not occur in this system.
Solution: We show two alternative ways to solve the problem:

a) In two dimensions the total number of particles is given by

1 L7 e k
N:Zk:eﬂ(ek—ﬂfl :% 0 dkeﬂ(ek—ﬂfl ’

where in the second equality one takes the thermodynamic limit N — oo, V — oo and n = % = const. The

above equation can be recast in the form

n\r = g1(z)

where g1(z) is the usual special Bose function for which the following relation holds: gi(z) = —log(1 — z). We
notice that for any finite value of n\% the above equation can be solved by z < 1, making thus the condensate

phase with z = 1 impossible at T" > 0.

b) Per absurdum argumentatio: Let us suppose that a condensate phase with z = 1 exists. Then the occupation

number of particles is given by nkx = T We can then write the following inequality

1
eBek —

g om= et <

<l=

In the thermodynamic limit the density n is finite, while the sum over single-particle states turns into

1 1 > k
Van—%A dkieﬁék—l

k#£0

kpT2m

B> in this limit. The contradiction with the starting hypothesis

This integral diverges at small k because nk ~

is evident. It is worth noticing that the present argument continues to hold also in the presence of interactions.

Nog mkpT No - . .
Nomhpl 1 where - is the condensate fraction. This

In fact, the Bogoliubov inequality states that nk > 5285 >

inequality implies the same above contradiction with the hypothesis % # 0.

6. Consider a non-interacting gas of bosons in a two-dimensional harmonic trap U(z,y) =
mw?(x? + y?)/2. Show that the proper thermodynamic limit in this case is N — 0o, w — 0
with Nw? = const. Show that this system exhibits Bose-Einstein condensation and determine
the transition temperature.

Solution: Following Problem 4 of Chapter 3 the density of states in a two-dimensional harmonic trap is given by

gle) = ﬁ if € > hw. The relation for the total number of particles then reads

_ i € 1 - (kBT)Q
N —/0 dE(hw)g s—leBe _ 1 (hw)z gg(z) s

in terms of the special Bose function g2. The proper thermodynamic limit is the one stated above. Furthermore, a
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2
macroscopic occupation Ny of the single-particle ground state starts if N > (’(“fwT)% ¢(2), where ¢(2) = % ~ 1.645.

This sets the transition temperature to the value

7. For a homogeneous non-interacting Bose gas at T' < T, determine the large-distance decay
law of the OBDM nj (s).

Solution: From the definition n1(s) = -+ 3", (nk)e™ " one obtains for a Bose gas below the transition point

na(s) = No n 1 / dkksln(ks) 1 / de zsinz
0 0

N ' 272ns Pk — 1 27r2ns’ eTIAG/(Ams?) _

In the limit s > Ar one can expand the exponential obtaining the required result

n(s)Nﬂ 2 1 /Oodxsmx_& !
TN T maaks r N nX\s’

8. Use the Bogoliubov theory to describe a weakly repulsive Bose gas and determine at low
temperature the law of the thermal depletion of the condensate.

Solution: The average number of particles in states k # 0 is given by (af ax) = vZ + (u} + v})(afax) in terms of

the thermal average of quasiparticles. Here, u; and vy are the Bogoliubov amplitudes. Since <04Lozk> = eﬁ,ﬂilkil,

where Ej. are the quasiparticle energies, vanishes at T' = 0, the thermal depletion of the condensate is given by

N(T) 1 ~x~e+gn 1
-y T

N FEx efBr —1°

k#£0

At low temperature only phonons contribute and one finds

chk ePehk — 1~ 12nhd¢ ’

N T 272

N(T) 1 /°° mc?k® 1 m(kpT)?
n Jo

2
oo
where we used the result fo dr 7 = &

9. Within the Bogoliubov approximation of problem 9 calculate at low temperature the contri-
bution of phonons to the internal energy and to the specific heat.

Solution: The internal energy is given by

U = (Hpoca) = Eo + Z Ek<a1];ak> )
k20
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where FEy is the ground-state energy. In the limit of low temperatures, only phonons contribute to the integral

yielding
V (ksT)* [ x> V2 (kgT)*
U=FEo+ — f d =FEo+ —oa s
0t o e /0 Tor—1 - Pt TRopse
Vrlky T3

For the specific heat one finds then ¢, = R

10. Within the Bogoliubov approximation of problem 9 calculate the momentum distribution
of particles (ng) = <aLak> both at 7= 0 and at T" > 0. In both cases discuss the behavior of
(nk) at small and large k.

Solution: We use the result
1

_ 2 2 2
Tk —vk—l—(uk—i—vk)ieﬁEk -

At T = 0 only the first term contributes and one finds nyx ~ % at small k£ and nk ~ % at large k. At T >0

. krT 4 4
one finds instead: ni ~ 3P at small k and the same law ni ~ 75 at large k.
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