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1 Conventions

We use the Minkowski metric, /) = diag(1, —1,—1, —1). Four-vectors are written as z = (2, %)
and z-y = .y’ = 2090 — 7. with f@ = o'yl +22y? + 23y>. Integration measures are defined
as d4p; dp®dp'dp?dp? and d3p = dp'dp?dp?®. Further we use natural units with h = ¢ = kg =
1. Employing the spatio-temporal translation invariance of the equilibrium state, two-point
correlation functions are written as C(z,y) = (A(z)B(y)) = (A(z — y)B(0)) = C(z — y).

2 Green’s functions for scalar fields

In the following we consider Green’s functions on the extended Schwinger-Keldysh time-contour
formalism for thermal equilibrium. We restrict ourselves to the most simple case of an uncharged
scalar field, represented by Heisenberg-picture self-adjoint field operators, ®(t,Z) = ®(z), for
which ®7(z) = ®(z). We use the following definition of the extended Schwinger-Keldysh con-
tour, which unifies the real- and imaginary-time (Matsubara) formalism in one framework.
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In the following we assume ¢; — —oo and t; — o0.
The contour Green’s function is then defined by
iGe(z) = (Te®(z)2(0)) , (1)



where the field operators, which obey the usual bosonic equal-time commutator relations, are
ordered according to the contour-time ordering symbol such that the field operator with the
time argument “earlier” along the contour is to the right of the other field operator.

The expectation value is taken with respect to the equilibrium canonical statistical operator,

R— %exp(—ﬁH), Z = Trexp(—fH), (A) = Tr(RA) = Tr(AR). )

where H is the full Hamiltonian.

In the following we consider the relations between the different time ordering along the “chrono-
logical” branch, C; and the “anti-chronological” branch Cy as well as the vertical branch C,:

G2 (t, %) = iG<(t,%) = (®(0)®(z)), (3)
iG?(t, %) = G (t, &) = (®(z)®(0)), (4)
iGN (t, 7) = (T.®(z)®(0)) = O1)IiG” () + O(—1)iG*(2), (5)
iGP(t,7) = (T.®(2)®(0)) = O(1)iG<(z) + O(—1)iG” (x), (6)
1G°(—iT, Z) = Gu(r, ) = (®(—ir, T)®(0)) = iG” (—iT, Z) (7)

The definition of GV is meant for 7 € (0, 3), and the Euclidean (Matsubara) propagator, Gy, is
periodically continued to arbitrary 7 € R, Gum(7 + 3, %) = Gu(T, Z).

The Heisenberg fields’ time evolution reads
®(t,7) = exp(iHt)®(0, ¥) exp(—iHt). (8)
From this we derive

iG<(t,7) = - Tt [@(0,6) exp(—BH) exp(SH)®(t, T) exp(_ﬁﬂ)}

Tv [@(0, 0) exp(—BH) exp(iH(—iB)) ®(t, 7) exp(—iH(—iﬂ))}

Tr [@(0, 0) exp(— FH)® (¢ — i3, f)] 9)

NN N

=~ Trlexp(~FH)®(t — i, 7)%(0,0)]
= iG> (t — 1B, 7).

It is now convenient to express the Green’s functions in terms of Fourier transforms. For the
real-time branches, i, j € {1,2}, we define

.. 4 ~ .
Gii(t,7) = /R 4 (;’;4 exp(—iz - )G (p). (10)

Then from @ it is easy to show that the KMS condition (named after Kubo, Martin, and
Schwinger) . .

G=(p) = exp(—Bp°)G~ (p) (11)
holds.

Another important Green’s function is the retarded Green’s function,

iGrer(z) = O(t) ([®(2), 2(0)]) = 1O(t)[G7 (z) -~ G=(2)] = G''(z) — G~ (). (12)



Now in the sense of generalized functions

_ dp? i . 0

Using the convolution theorem from it follows

dplo i *> ] < (10
Goalr"7) = | T (670 — G, »
_/ dp’o ( /O’@
g 27 pO —p0 4 i0t+"
From the definitions and it is easy to see that
(G=(@)]" =1G7(2) =iG™(~z), [G7(2)]" =iG™(2) =iG” (~x) (15)
For the Fourier transforms of these functions this implies
(G=(p))* =iG<(p), [G” ()] =iG"(p), (16)
e., iG<(p) € R and iG™ (p) € R. Thus also the spectral function p(p) € R.
From the relation ) 1
=P —imd(p” - p"), (17)

pO _ p/O +i0t+ pO _ p/O
where P denotes the Cauchy-principal value when used in the sense of a distribution in integrals
over test functions, this leads to

p(p) = —2Tm Gyt (p) (18)
and the Kramers-Kronig relation
0
Re Gret _ _,P/ dp Im Gret 717) (19)
pY —p?
With the KMS relation we find
plp) = 1|G7(p) = G=(p)] =G (p) [1 = exp(~5p")] (20)
" (5°)
A €xXplop 0
= e - 1 21
iG”(p) = p(p) (B -1 p(p) [1+ f(p")] (21)
with the Bose-Einstein distribution
1
0 22

In a similar way one finds from

iG<(p) = p(p) fa(¥"), (23)

i.e., all real-time Green’s functions are solely determined by the spectral function, p(p), ,

, and .



Fourier-transforming leads to

&) =-G<(-n). (24)

Since p(p) € R we have

plp) = 5 (p) = =i |G (0) = G (p)| = +1 |G (~p) = &7 (-p)| = =p(-p).  (25)

Further the equilibrium state is invariant under rotations, and this is thus also true for the
Green’s functions, the G*/(p) depend only on [p], which with implies that

p(—p°,0) = —p(p°, ). (26)

Now we can also express the Matsubara Green’s function in terms of the spectral function. To
this end we use . Since by definition it is periodic in 7 with period § we write it in terms of
a corresponding Fourier series,

3 ~
Gu(T, ) = ;Z /}R3 (;1:;3 exp(—iw,7) exp(ip’ - ¥)Gm(iwn, P), wn = 27r7n’ neZ. (27)

On the other hand Gy(7, Z) = iG~(—ir, ¥) and thus

4 ~
Gu(r, T) = iG™ (—ir, ) = /R 4 (;1734 exp(—p°7) exp(ip - T)iG™ (p°, p). (28)
With we find
4
Gu(T,Z) = /R4 (3;))4 exp(—pOT) exp(ip’- Z) [1 + fB(pO)] p(p). (29)

To get the Fourier coefficients for the Fourier series wrt. 7 we calculate, using (28|) and (29))

B
gu (iwn, ©) :/ G (T, z) exp(iwy,T)
0

4 8
= /R4 ((217:;4 exp(ip - :E)/O dr exp[(—p° + iw,)7] [L + f5(P°)] p(p)

(30)
:/ d'p exp(ip f)ip(po,ﬁ) =
(2m)4 PO — iwy,
dp® p(°,0) _ 5 .
lwnaﬁ) / 27Tp i, —Gret(lwnaﬁ)-
Using this in the Fourier series gives
N d4p PR 0 0
Gu(, @) = | ——gexp(ip-Z)p(p",p)F(p”, 7) (31)
re (27)
with
exp(—iw,7)
)= 52 T ) el (Bl 0<7<B. (32)
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The latter result we prove in Appendix |Al Using this in leads to

4
Gua(rd) = [ 5 exoli 2)p(o) o) exols (5 = 7)

3 o) 0
- /]R3 (;171-1))3 [/O g];)p(poaﬁ)fB(pO)exp[po(ﬂ —7)]

0
+/ P, 7) fis (1) explp (6—7)]]

—00

3
:/RB(;};B/O i]; [ (", 2)f8(p°) exp[p®(B — 7)]

+ p(—p°,0) fe(—p°) exp[—p° (B — T)}]

3 0
:/RS (;iw]))?’ exp(ip 'f)/o %p(p 159[ B(p") exp(Bp°) exp(—p°7)

— fa(—1°) exp(—5p°) eXp(pOT)] :

Further we have

exp(Bp°/2)
2sinh(Bp?) /2’

Using this in finally yields

N a3p dp® cosh(pr — p°/2)
Gu(T, ) = /]Rs (2m)3 /0 o exp(ip- :C)p(po,ﬁ) sinh(6p°/2)

exp(—pp°/2)

fa(0°) exp(Bp°) = ~ 2sinh(8pY/2)

fo(=p") exp(=Bp°) =

3 Free scalar field

(35)

The above formalism can easily be used to find the various Green’s functions for the free scalar

field. The Lagrangian reads

1 2
L = S(0,9)(0"0) — -6,
The equation of motion follows from the Euler-Lagrange equations
0L 0L
s =00 = —— = -—m?® = (O+m?)® =0,
H5(0,9) o " O +m)

i.e., the Klein-Gordon equation for free pqrticles.
The canonical field momentum is

0L .

0P

Now we use the canonical equal-time commutation relation for Bosonic fields,

[‘I’(t,f), (I)<t7g)] =0, [‘I)(t, f)v H(t, g)] = [(I)(twf)’ (ID(L:J) = 16(3)(f - g)

(36)



Now we solve the equations and with the Fourier ansatz

. d®p -
ot~ [ (P exp(is D) (10)
The Klein-Gordon equation leads to
POt p) = —E2(t,p), Ep, =P +m? (41)
Together with the self-adjointness of ®(x) this leads to the general solution
2(0) = [ STN G [a)expl-iz p) +al () espliz p)] (42)
( ) PP Ep

Since the equations are that of independent harmonic oscillators, it is plausible to try
the corresponding ansatz for the operators a and al as annihilation and creation operators for
indpendent-oscillator modes,

2@, a@)] =0, [a@).a'(@] = G- ). (43)
Using and in leads to N(p) = 1/4/(27)32E,, i.e., the mode decomposition for the
42)

field (42) finally reads

B(t) = (44)

9 JW[ a(p) exp(~iz-p) + (A exp(+iz p)| -

To get the spectral function we use . For this we need the commutator function of the free
fields

A(z) = ([®(z), 2(0)]) - (45)
Using and the commutator relations we find after some algebra
: d*p . . L
iA(z) = /IR{3 (@r)2E, lexp(—iEpt) — exp(iEpt)] exp(ip - ). (46)

The four-dimensional Fourier transform leads to the spectral function

pp) = | dwexpliz-plid) = —

9 oF, 190"~ By) =00 + By)] = 2n0(°)5(0" — m?). - (41)

With we immediately get the retarded Green’s function,

Avet(p) = g i ()0 (48)
From and we find for the “fixed-order” real-time Green’s functions
iA<(p) = 200 (p°)3(p* — m®) fo(p°), 1A7(p) = 270 (P")6(p* —m?) [1+ fo(»")] . (49)
For the following it is convenient to use
O(—p") fe(1°) = (") fa(=Ip°]) = —0(=p") [1 + fa(Ip"])] (50)



and thus
o) fs(p”) = [0(") — O(—p")] f8(°) = O(=p°) + fa(IP°). (51)
From this we can write in the form
iA<(p) =27 [©(—p°) + fa(Ip’])] (p>—m?), 1A= (p) =27 [O(°) + fa(Ip°)] 6(p*—m?). (52)
Using we find for the chronologically-ordered Green function

A" (p) = Awet + A<(p)

e i T 27io (p°)8 (p* — m?) fu (p°)

_ 7;1)2_17712 —in6(p? —m?) [o(p°) + 20(=p") + 2/ (1p°])] (53)
_ pr_lmQ — imd(p? — m?) — 2mib(p? — m?) fi(|p"])

_ m — 2mib(p® — m?) f(|p°))

and then with and

A% (p) = A”(p) + A<(p) — A (p)
1

= —m - 27Ti5(P2 - m2)fB(\POD-

4 Thermodynamics of ideal gases

As a simple application of the Green’s function techniques elaborated above, we shall calculate
the thermodynamics of ideal gases. The natural approach is to evaluate the partition sum,

Z =Trexp(—fH), Q=InZ. (55)
The canonical statistical operator is then written as
R = exp(—(H — ), (56)
and the entropy is then given by
S=—-(nR)=(H)+Q=pU +Q, (57)

where U is the internal energy. In this formulation the indpendent variables are 5 and the
“quantization volume” V', when more realistically assuming that we consider a gas in a finite
volume. One approach is to use a cube of length L and impose periodic boundary conditions
on the fields and only then take the thermodynamic limit V' — oo while keeping the densities of
extensive quantities fixed. Here we use our analytic Green’s functions to directly evaluate the
energy density u = U/V in the hithereto used direct calculation in the thermodynamic limit.

First, however, we briefly derive the connection between the statistical approach to thermody-
namics, by using , using 8 and V as the independent variables. We find

0Q

Q
dS:dQ+/5dU+Udﬁ:dva+dﬁaB

o + BdU + UdB. (58)



Now from we find
o 107

—=——=—(H)=-U 59
Rt e (59)
and thus 50 o(TQ) )
ds dVBV +pdU = dU ds Y dV  wit 3 (60)
From this we find, using the thermodynamical relation
orQ) TOQ
dU dS —pdV = p 57 v (61)

This shows that € is the Landau thermodynamic potential, cf. related to the entropy by

the Legendre transformation

pV U

For the free Bose field treated in the previous section we can evaluate §2 by first evaluating the
energy density, u. Using the Lagrangian we find for the Hamilton density

Q

. 1 . N
H=T10 - ¥ = 5@2 + (V®)? + m2d?). (63)

The internal-energy density is given by the thermal expectation value of H. Since for the here
considered case of the free field, i.e., the ideal gas of uncharged bosons, the Hamilton density is
quadratic in the field and its derivatives, we can express it using the free Green’s function

1 - —
A (2 —y) = (®(2)B(y)) = u=(H)= 5(6282 + V.-V, +mAiA>(xz —y)| . (64)
y=z
This we can rewrite as .
u= 5 (=0} = Vi+m?iA(z)] (65)
=0
Using the Fourier representation this translates into
1 dp
— 7'A> 0\2 5 2 )
w=s [ & W+ + ) (66)
Now using and doing the p® integral leads to
d3p 1
= —F, |- E)l.
u=[ |5+ 1n(5) 67)

Obviously the contribution from the factor 1/2 in the square bracket is divergent. We see that
this divergent contribution originates from the vacuum energy, up = ulr_ o+ = U|g00. As
usual in relativistic quantum-field theory we have to renormalize the Hamiltonian such that the

vacuum energy becomes finite, and the usual choice is to make the vacuum energy zero. Thus
we find

d3
e = 14 — 11 — /R 3 ﬁ@, fi(E,). (68)



As expected from the translation invariance of the equilibrium state in the thermodynamic limit,
this energy density does not depend on z, and we have to consider it as the density of a gas
contained in a very large volume, V. The total energy thus is

a3 0
U = Ve = V/ =P B fa(B,) = — 2.
R3 op

(2m)?
We can use this to evaluate Q = In Z, using that Q — 0 for T — 07, assuming that we have
renormalized the vacuum energy to 0, such that H is a positive definite operator. This leads to

(69)

Q=1InZ= —V/R3 (3;1)93 In[1 — exp(—BE,)], (70)
where we used
0y In(1 — exp(~5E,)] = ~Ey P = (1) ™)
A Derivation of
To prove we note that
(@ + )P, 7) = 5 3 expl—ivnt) = 3 6(r — ). (72)
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Now we consider F(p°,7) for 7 € (=3, 3). In this interval for 7 we have
O + ") E@°,7) = 8(r), T€(=8,8). (73)
This equation is obviously solved by
F(p’,7) = [A<O(~7) + A-O(7)] exp(—p°7), 7€ (=, ). (74)
Integrating over an infinitesimal interval around 0 yields
F°,07) —F(,07) =As — A. = 1. (75)

Further from F(p®, 7 — ) = F(p°, ) for 7 € (0, 3) we find

Acexp(Br?) = As @ AL = exp(80”) fa (), (76)
and thus with
F°,7) = fa(0) explp® (8 — 7)), 7 € (0, 5). (77)
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