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What is Keldysh-Schwinger formalism?

Formulation of quantum field theory (QFT) applicable to many-body
(statistical) systems.

What for it is?
* To describe relativistic quantum statistical systems.

 To exploit machinery of QFT in description of nonrelativistic systems.



Outline

Lecture I - Classical & quantum fields
Lecture II - Keldysh-Schwinger formalism

Lecture III & IV - From QFT to kinetic theory



Lecture l

Classical & Quantum fields

Lagrangian and Hamiltonian formalisms
Canonical Quantization

Path integral approach



Classical fields - Lagrange formalism

Lagrangian density of real or complex scalar fields

1 1 g
L==(0"p)(0,0)—=mp° —=¢°

L= (0"9*)(0,0) - mzco*(o—% (p*p)°

Principle of minimal action

5S=5jd4x£(x)=o

Euler-Lagrange equation
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Classical fields - Lagrange formalism

Euler-Lagrange equations
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complex field

[040, +m*lp =1 gpp*
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Classical fields - transformation properties

Why scalar field is called scalar?

Lorentz transformation

x> X' =AX

P(X) = @'(X) Scalar field
< Postulate: — ¢’(X’) — ¢(A_1X’)

[00), +m°]¢' =5 9¢

\ 5“(3#, m? scalars
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Classical fields - Noether theorem

Invariance of S under space-time translations ~ X* — X* +&*

1 %4 .
ju— ener -momentum conservation
%, ﬂT A =0 gy t t

T =(0"p)(0"p)—g™" L
T =(0“p*)(0"p) +(0“p)(0"¢p*)— 9" L

Invariance of S under @ — em(D ~@+I160p

6 j,u = O charge conservation
y7i

j“ =i(p*0"p—(0"¢*)p)



Classical fields - Noether theorem

Exercise - charge conservation

o =10, op™* =—10p™*

55:“4){& oL oL oL

— 0+ O(0"p)+——0p*+ o0 p*
00" 500 O o pe w)}

= [d*x U spr O gugps L spry O qugpn
dp ~ 0(0"9) dp* — 0(0"¢")

jd“x oL _gu_ oL 5o+ 0" oL S50
dp  0(0"p) (0" p)

+£—8" oL op™+0" oL op*
op*  0(0"¢¥) 0(0"9*)

= [d4x0*| =2 g+ — 5% | = [ 4%, iy =0
0(0"p) ~  0(0"9*) '

Y
JNoether -

oL s oL

t 5% = i0((0" %) p— p* 0"
5007 567 (@ p*)p—0*0"p)



Classical fields - Hamiltonian formalism

Conjugate momentum complex field

real field _oL(x) .,
8£(x) | "= 00 7Y
70 =200 ~ W oL(x)
T (X)E@gb*(x) = @(X)
Hamiltonian
H EIdBXH H = oL
mp+r*e*—L
T*7+Ve*Vo+mip* §0+2|92|(¢ 2
j—[:< 1 g
\Eﬂ' *+ (Vo) +m?p° +3|§0
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Classical fields - Hamiltonian formalism

Poisson bracket

LAt %), B(t, X))} Ejdsxﬂ(M(LX) SB(t,X)  SA(,X) 5B(t’x')j

op(t,X") or(t,x") ox(t,x") ox(t,x")

Poisson bracket of canonical variables

{o(t,X), 7(t,X)},, = 7 (x—X)

Equations of motion

oH

- P00 ={000. H}p =575 =700
4
\ 7Z'(X) = {72'(X), H }PB = —% = (VZ — m2)§0(X) Klein-Gordon equation
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Canonical quantisation

Noninteracting fields

t} ¢(X) —> @(X) field operators acting in Fock space

P>  construction of Fock space of states

12



Canonical quantisation

Commutation relations
[@(t, X), 2(t, X)] = 176 (x—X')

[4(t.X), &t X) ] =[£(t, X), £(t,X)] =0

Conjugate momentum
7(X) = ¢(X)
Equation of motion

[6“6,, +m2]p(x) =0

real field
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Canonical quantisation

Solution of quation of motion

—IkX’\ k ikx AT k

A(X) = f(z,,) ﬁ[ a(k)+e*a’ (k)|

@, =\m’ +Kk?
ro _ o

B(t,x), 7(t,X) ]| =169 (x—X) a(k),a" (k) |=(27)’ 6% (k-k)
< [ %), 9(t,x)] =0 & < [ak),aK)]=
[#),2(t,X)] =0 [af(k) a' (k) ]=0
Hamiltonian

. d°k @ rapna AT (LA
1= Gy 2 A0 0800k
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Canonical quantisation

Discretisation
field is periodic e, =(10,0)
o(t,X) = @(t,x+e, L) e, =(0.1,0)
e, =(0,0,1
d°k 1 3 o(3) . 3 oij
D> — ) L. 27)° 0% (k-k") — 5"
[Fr ) (22)°59 (k-K')
1 1
a = ack;) é-iT = a' (k;)
NE Ji
Commutation relations
P | éj 1 s Hamiltonian
_ _ 1 _N'YTaat 414 ]_
4.4,]=0 H_Zz[aiai+aiai}—zi:a)i
AT AT | —
4.4l |=0

|

ata +=

1
[ | 2

|
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Construction of Fock space

Postulate EI| E> H |E> = E| E>

Positive definitness of H

Existence of vacuum (ground state)

A\

5(0)=0 (0|4 =0
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Construction of Fock space

A10)=Xa| 414+ 0= 2% 0) ==

Normal ordering

—Z [aa* a'a | > H=) wafa (0

éli|ni>:Cni|ni_1> I:I|ni>:nia)||ni> <n-|”j>=5ij

( 2
C.| (n,—1|n,-1)=|C,
i ni>:< Z w.a'a K

ST ) =) =ndn 1n)=n
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Construction of Fock space

a'ln)=D,|n+1)  Hin)=nen) (n|n;)=5"

D, | (n+1|n +1) =

" {m a4, +1n)=(n

D,[ =n+1 = D, =n+1
_i AT\
)= ni'(ai 0)
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Construction of Fock space

e ng, ) = ngn,,.n =1,
a'ln,n,,...n,..)=yn +1n,n,,...n +1,...)

1 ATYM AT\ (AT
g, @)™ (@)™ @)™ -..|0)

>:\/n1!n2!n3!...

oY

H nl,nz,ng,...>:Za)ini|n1,n2,n3,...>
|
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Time evolution & perturbative expansion

Temporal evolution

w(t))=T exp(—i Jth (t)]w(ti»

Perturbative expansion

T exp{—itjdt H (t)] =1—itjdt H (t)+T_[dt tjfdt'ﬁ OH @) +...

Interaction picture

I_Alint(t) =3

ts

(0 ¢ 50 3
de X (t, X)

e[ 0* 000

eAeB + eA+B
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t. — —oo,

Transition matrix elements

t, >0

Sy =(f|T exp(—iofdtﬁ(t)jm

1

Jnn,In,t.

NN, M) = (&)™ @)™ (&)™ ...|0)
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Wick theorem

For odd n

(O] T (P(4)P(%,)..(%,))|0) =0

Foreven n
(O]T (P(x)P(Xy)-..9(,))|0) =
= (O[T (@(x)9(X,))|0) (O] T (@(%3)9(X,))|0).. (O[T (@(x,,)P(x,))|0)

+ permutations

-

(e a(k) +e*a’ (k)] 4(K). &' (K) |=(27)'6° (k-K))
[a(k), a(k")]
a'(k).a' (k) ]=0

o d?
P0)=] 27)° 2,

a(k)|0)=0=(0

N

0

a/ (k)
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Path integral methods

B :
Quantum mechanics

(Xg g | Xarta) = Nj Dx(t) e°

A S szt L(t), X(t,) =X, X(t;) =X

QFT: vacuum-vacuum transition amplitude
(O[T EXD(—i j dt H (t)j|0> — NJ‘ Do eijol XL(X)

ot > +00,X) =0
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Generating functional

W[I1=N| Dy e G
L(x) = 30"9()2,0(x) =5 " (X) + L, () + I (o (x)
£,00
N =W[J =0]
AG X %,) = N[ D p(x)p(%,)..p(x, )6 |
. N 5"
IA(X, X,,...% ) = (=) W[J]LZO

0J(%)0J(X,)...0d(X.)



Perturbative expansion

W[I]1=N [ Dy exp(iS,[p]+iS,.[¢] +i[ d*x ] )

Sulp]= [ 4% L, () =2 [d*x0°()

3

exp(ax® +bx® + jx)= exp[b%}exp(ax2 + jx)

3 3 32
exp(b%jexp(jx)={1+b%+%(b%j +...Jexp(jx)
1 . .
:(1+bx3 +Z(bx?’)2 +...)exp(1x) =exp(bx®)exp( jx)

=exp(bx® + jx)

WI[J]=N exp(isint {%DJ Do exp(iSo[¢]+ijd4X¢j)



Perturbative expansion

: )
W[I1=N exp(nsim [EBWO[J]

W,[31= 1)¢exp(iso[¢]+ijd4xm)

Explicit form of free generating functional

W,[3]=exp(} [d*x[d*y jOOA" (x=y) j(y))

ol oo [ 2 5] -

s |2 |29 [gx il
"lisd | 3l 5 (x)
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Perturbative expansion

Exercise
. O
IA(,%,) = ()" — )53 (XZ)W[J]\

o
WI[J]=N exp(ls L&J DW [J]=

{1+gjdx o (g d*x, _353 )(g d*x, _353 }+}
5’ (X) 21\ 3! "SI (x) ) 3! 5)°(x,)

exp( [d*x[d*y j00A" (x-y)i(y))




Lecture 11

Keldysh-Schwinger formalism

Contour & real-time Green’s functions
Wigner transformation
Free Green’s functions

Perturbative expansion
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Contour Green’s function

A Y) =(Te() ' ()

<> Tripo(t)-]
Trlo(t)]

Ordering along the contour

TAX)B(Y) = (X Yo) A(X)B(Y) £ (Yo, %) B(Y) A(X)

—OO(—tO C I:max_>OO
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Green’s functions of real time arguments

no ordering

A (%, y) =(p(X)0"(¥))

no ordering

A% (%, y) =(e" ()e(Y))
chronological ordering

IA°(x, y) =(Tp(X)e" (¥))

antichronological ordering

IA®(X,Y) = <Ta§0(X)§0T(Y)>
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Physical meaning of Green’s functions

iIA” (%, Y) = (@)@ (¥))

phase-space denisties
A% (%, y) =(e ()e(Y))
Wigner transformation
A (X, p) :jd4u e™A”(X +5u, X —ZU)
X=3(x+y), u=x-y

N y) = [ G R N G y). P
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Physical meaning of Green’s functions

Exercise A (X,y) = j Y P_gincx A (G (X+Y), p)

i (0 =i{p()2“e" (X) - (0" (X))’ (X))
= lim[ —04A™ (X, y) +84A” (X, Y) |

y—>X

4

= lim I(ETI;e ip(x— Y)(Ipﬂ 18# )A>(X p) I(Z ) glP(x= y)(_ip# _%a/)é )A>(X, p):|

y—>X

yox| 7 (27 )

=lim _[ P e P pHiAT (X, p)}

X =2(x+Y)

J“(X) = 2j 4p “iA” (X, p)
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Physical meaning of Green’s functions

-

J“(X) = 2] 4p “iA (X, p)

CT(X) = 2j p“ p*ia” (X, p)

()4

IA"(X, p) not positive definite

in kinetic theory

j“(x) = j L F(Xp)-F(X.p)]

(2)E

d’p p” p 3
$(X) = j(z) 3 F(Xp)+ F(X.p) ]

f(X,p), f(X,p)=0

p-#m

- (E,.p)

E = «/mz +p°

P -=m
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Physical meaning of Green’s functions

IA® (X, y) = <T C(D(X) (DT (y)> Feynman propagator
IA° (X, y) = <T a(D(X) (DT (Y)> antiFeynman propagator
in vacuum —> -

in medium —e > — /
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Free Green’s functions of thermal system

Equilibrium system R o
p=e’"

Countour Green’s function

iacx, y) = e T () ' ()]

Trle "]
Partition function 7 Tr[e_ BH ]
Discretized system
1 1
P(X)==> [e “a +e™ Xéf]
- - L 520,

! éi,é}‘ :5” “
< 4.4 ]=0 .

7 i [4 4" 4 ATA N
\ (al.4]=0 H _Z?'[aia, +4/4 | > wafa
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Partition function

Exercise

Z =Tr[e’M] i i (nn,,. e n,n,, )
...|exp(—,BZnia)ij|nl,n2,...>
exp( ﬂZn j

M — PN, — 1 1
:Z: f“"lZeﬁ T g

=
I |

8 ||M8 ||M8

IPIES
P

SN R PP

V=L  ag=Vm+k’
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Free Green’s functions of thermal system

(e AT 1, ) = (0 +D)() +1) S

System is translationally invariant ~ A™(X,y) = A" (X—Y)

Wigner transformation becomes Fourier transformation

( _
A (K) = [d*(x—y) e* A" (x—y)

> . _ d4k —ik(x=y) A >
A y)_j—(zﬂye A (k)

37



Free Green’s functions of thermal system

Phase-space denisties

( 7T
1800 = 2= S@—a) (f(@) +1)+ 5@ +k) (@)

K iA<(k)=i[5(wk —ky) f (@) + (@, +ko) (f (@) +1)]

1

f(a)k)zeﬂ@( @, =\m’ +k?

-1
B> IA7(K),iA“(k) >0 positive devinite

> k’2m* = A (k) = A" (k) — (0 on mass-shell
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Free Green’s functions of thermal system

Propagaors
i

(
IA°(K) =
(k) k?—m? +i0*

+ 2 (0 )8 (ay — k) + (e +K,)]
2

. —i
IA%(K) =
\ (k) k?—m?—i0"

+ 2 £ (@)[6(a k) + (@, +ko)]
Wy

1
(@)=

-1

1IN vacuum —e > *—

in medium —e > — /
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Non-equilibrium free Green’s functions

Equations of motion

[0+m*]e(x) =0
[o+m*]p’(x) =0

DE@”@ﬂ

d
F00 =51

- <

| [g+m?]A™ (x,y) =0

0, +m*JA™9(x,y) =0

0, +m*JA® (X, y) = 769 (X - )

[o,+m? 1A (x, y) =56 (x—y)
Ny

(0(1'., X)(D(t,y) _¢(t1 y)qo(t, X) = qﬁ(t, X)ﬂ-(t’ y) _7Z-(t1 y)¢(tv X) = [(D(t, X)! 7Z'(t, y)] = i5(3) (X_y)
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Contour Green’s function
[0 +M*JA(X, Y) = =657 (X, Y)
[o,+m*JA(X, y) = =65 (%, Y)

Contour delta function

(5@ (x—y)

5 (%, y) =140

—00(x=y)

Non-equilibrium free Green’s functions

o s Jo
/ t
t
to max
ico y.L —
- «— t
to Xo Yo tmax
\ N
F —< *— /l’ t
o Xp Yo max
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Non-equilibrium free Green’s functions

Equations of motion of phase-space densities

A(x,p)zjd“ueip“A(x +2u, X —2u) X=1(x+y), Uu=x-y
[:0° —ip,0" — p* +m*]JA" (X, p) =0

[; & +ip,0" — p? +m’JA"9(X, p) =0

Transport equation Mass-shell equation

pﬂaﬂA>(<)(X, p) =0 [%82 . p2 n mZ]A>(<)(X, p) -0

Quasi-particle approximation

1
m?

oA (X, p)‘ <<

AOXp)| = [pP-mAO(X,p)=0

A (X, p) ~ 6(p* —m?)
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Non-equilibrium free Green’s functions

Equations of motion of propagators
[252 —ipﬂﬁ“ . pz n mZ]AC(a)(X, p) — 71
[%@2 n ipﬂ@ﬂ . p2 + mZ]AC(a)(X, 0) =71
Iransport equation Mass-shell equation

pﬂaﬂAC(a)(x’ p) =0 [%az _ p2 n mZ]AC(a)(X, p) :il

Quasi-particle approximation

1

m2

A (X, p)| <<

AO(X,p) =[PP -mIAT (X, p) =F1

1

2 m2

A (X, p)=TF +6(p*—m*) (X, p)
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Perturbative expansion

- operator approach
Wick theorem
()= TrA(L,)...]
Forodd n L]
[ (9(x)¢ 7 5(x)) =0
(T(P(%)P(%,)---¢(x,))) =0 ($(9)
<¢(X)> 0 = @o(X) > @(X) —<@(X)>
For even n

(T (P(X)P(X,)...p(%,))) =
= (T (209)P0))) (T (90)(x)))--(T (2%, DP(x,)))

+ permutations

(T (p()2(x)))

Tadpoles!
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Perturbative expansion
- path integral approach

Generating functional - 1st step
i|d*xL(x)

W[, 05, 96]1= | _Dp(x)e*

Boundary condition
P(t > —0+10",X) = ¢, (X)

Pt > —0—10",X) = @ (X)
Lagrangian density

L(x) = L,(xX) + L, () + I () (X)

Generating functional - 2nd step

W[I1= N[ D, () D} (x) p[ @y, 2 IWLI, 25, 4]
Nt =W[J =0]

45



Green’s functions
from generating functional

IA(X, X000 X, ) = Nj D, (x) Dy (x) o[ @y, 95

ijd“xﬁ(x)

< [._Dp(x) p(x)p(x,)...p(x,) €°

| - 5"
ARG % - Xo) = () 5J(x1)5J(xz)...&](xn)W[J]‘

Perturbative expansion as in vacuum QFT
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Lectures II1 & 1V

From QFT to kinetic theory

* Dyson-Schwinger equations

* Kadanoff-Baym equations

* Transport & mass-shell equations of Green’s functions
*  Gradient expansion

*  Perturbative expansion of self-energy

* Distribution functions

* Kinetic equations
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Dyson-Schwniger equation

Contour Green’s function

)
[o+m*JA(X, y) = =657 (%, ¥) + |

< C

'dx’H(x, XYA(X',y)

.dx’A(x, XVII(X', y)

[, JA ) = =67 (%, y) +

C

A, A =1-TIA AN, =1- ATl
A=A, —AJIA A=A, —AlIA,

[0 +m?]A, (X, ) == (X, Y)
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Contour vs. real-time Green’s functions

-

A (X, y) =A%, Y) e —
{ f , b
C AT(X YY) =AXY) — —

A(X,Y) =0 (X, Y) A” (X, Y) + G (Y, X) A™(X, Y)

I1(X, y) = 6 (X = Y) Ty (X) + G (%, Y)IT (X, y) + 6. (¥, X) TT°(X, )
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Kadanoff-Baym equations

( Yo
[, +M° =TT, (JA™ (X, y) = [ XTI (%, X) (A” (X, y) =A™ (X, y))

+ j dx'(T17 (x, X') =TT (x, X)) A" (X', y)

o+ ~ T (OIA” (%, y) = | A" () (T (X, ) =TT (X, )

+ on dx'(A” (%, X) =A% (%, X) )TT" (X, y)

Analogous equations of A™(X,Y)



Retarded & advanced functions

! AT (X, Y) =6(X, — yo)(A>(X, y) — A~ (X, Y))

\ A (% Y)=-0(y, —X,) (A> (X, y) =A™ (X, Y))

(T (X, ¥) =0(X,—Y,) (H> (X, y) —IT°(x, Y))

I (0y) =00, = %) (IT" (%, y) ~TT°(x, y))
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Kadanoff-Baym equations

[+ ~TT, (1A (%, Y) = [ X' (T (%, X)A™ (X, y) +TT° (x, X)A" (X, )

[+ T (014" (x, ) = [ (A" (U XIT () = A" (U X)IT (X))

[+ — T (QJA"(x,y) = [ 0 (T (%, X)A™(X, y) + T (x, X)A (X, y))

[ m? = Tye (1A (6, ) = [ o (A7 (6 XTI (X, y) = A% (6 X)IT (X, )



Gradient expansion

Wigner transformation

A(X, p) =jd4ue"°“A(X +2U, X —>u)

A(X +%u, X —%u) slowly varies in X and is peaked around u = 0.

040,A(X, p)| <<|A(X, p)|
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Wigner transformation
& gradient expansion up to 1st order

fdx" Foux)g(x,x) - f(X,p)a(X, p)
L1 at(X,p) ag(X,p) af (X, p) ag(X, p)

2 ap,, oX* OX # op,

h(x)g(xy) — h(X)g(x,p)_iZ@g‘x)@g(;;,p)

i oh(X) ég(X, p)
h(Y)a(x.y) — h(X)a(X,p)+>—7 op,,

aut(xy) — (-p*+:0%)f(X,p)

a4t(xy) — (ip"+30%)f(X,p)



From Kadanoff-Baym
to transport & mass-shell equations

[ +m? T (0147 (x, y) = [ o (T (x, X)A™ (X, ) + 1T (x, X)A (X', )

[ m’ = Tye (0JA” (¢, ) = [ X (A7 (XTI (X, y) = A7 (6 XIT (X, )

Leading order in gradient expansion

Transport equation

| D0 =320,y (X)34 |A™(X, p) =4[ TT°(X, p)A™ (X, p)—IT"(X, p)A*(X, p) |

Mass-shell equation
[10% = p*+m” =TT, (X) |A*(X, p) = 5| TT" (X, p) (A" (X, p) + A (X, p))
+{IT (X, p)+TT7(X, P))A™(X, )|
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Quasi-particle approximation

1

m2

oA (X, p)‘ <<

A (X, p)|

Mass-shell equation ~0

N
- I

| —p®+m* —RelI(X, p) |A"(X, p) = ;TT" (X, p) (A" (X, p)+ A (X, p))

ReT1(X, p) = (X)+3(IT" (X, p)+11"(X, p))

Dispersion equation

—p?+m’ —ReIl(X, p)=0
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Perturbative expansion of Il

- )

’ S

_ 9 iy
‘£|nt_ 2|2|(¢¢)




Perturbative expansion of Il
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Perturbative expansion of Il

[’mt = 3 (§0¢T)2

212!
ITI(x, y) = 6 (x—y) (-1g)iA(x, X)
- ~ _/
HMF(X) = gA~ (X, X)
X=y

X@ iTI(X, Y) = 5 (—ig)*IA(X, Y) IA(X, Y)iA(Y, X)

I (X, ¥) =5 9°A" (X, Y) A™ (X, Y) A“(Y, X)
IT5(X, ¥) =5 9°A(X, Y) A(X, Y) A" (Y, X)



Int

g

3!

Perturbative expansion of Il
(03
iI(x,y)= 8 (x— y);(—ig)zjd“z IA(X, 2)iA(z,2)

Ai(x, z)

_ 5(4’(x—y)%gjd“z[&%x,z)—&(x, 7) 1A*(z,2)

- 5(4)(x—y)%gjd4zA+(x, 2)A*(z,2)

- /)
e

e (X) =5 gz.fd“z A*(X,2)A%(z,2)
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Perturbative expansion of Il

_ 9 3
‘Emt_ SI(D

ITI(X, y) = 5 (<ig)*iA(X, y)iA(Y, X)

@ IT (X, y) :—lzng>(X, y) A“(y, X)

IT5(%, y) =—1 A (X, ) A" (Y, X)

P < If p° =k® =(p—k)° =m’ kinematically not allowed.
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Perturbative expansion of Il
__9 .,
Ly = 30 ¢’ ‘X@yi

I (x, y)

‘
"



L

Perturbative expansion of Il

_ 9 3
BT 7@
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Perturbative expansion of Il

Lmg? (D

D

IO




Effective mass

Mass-shell equation

[—pz +m* —Rell(X, p)]A>(X, p) =0
ReTI(X, p) =TT, (X)+(IT"(X, p) +I1"(X, p))

Dispersion equation

—p®+m* —ReII(X, p)=0

Mass-shell equation in leading order in g

| PP =m? 411, (X) |A”(X, p) =0

rnf(X) =m® _HMF(X)
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Distribution function

9<po>iA<(x,p)sE15(po—Ep) f(X,p)

p

O(—p,)iA” (X, p) EELS( p, + E,) F(X,-p)

Y

E, =m?(X)+p® A™(X, p)=A*(X, p)=A"(X, p)-A" (X, p)

IA%(X, ) = 5(py ~ Ep) (X, p) +=5(py + E)[ F(X,-p)+1]

p p

IA%(X, ) =8Py~ E)[ (X, p) +1]+ =~ 6(p, + E,) (X, -p)

Y Y



Current

(%) = 2j 4p in(x,p=-2] ch S e (1= TOxp 1]

Vacuum contribution needs to be subtracted

j“(X) = P rix,p)-F(X.p)]

()E
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Transport equation

| PO =38, (X)2y |A(X, p) = [ TT°(X, p)A™(X, p)~TT" (X, P)A™(X, P) |

‘£|nt:_ : ((D(D)

2121

.0

p><q
“F (X)a“]f(x,p) N

d°q d’r ' o) o
j(27[) °2E, 2x)’ 2E, (27)°2E, (2z) 6™ (p+k—q-r)

<ML (F+2)(F+2) = £ £ (F,+2)(f, +1)]
+|M2|2[fpf_k(fq+1)(f_r+1)—qu_r(fp+1)(f_q+1)]}

F“(X)=—390"[

3

(2 )2E

FXp)+FOGP)] f = f(X,p), M, =M, =—ig
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Transport equation

‘Emt = _g€0

3! N ]
+ ><+>_.<
K —— —— r

| p,8“ —F,(X)d4 | f(X,p)
d°k d°q d°r
' (27)°2E, (27)°2E, (27)°2E,

< MIP[ £, (f, +2)(f, +1) = T, f, (f, +1)(f,+1)]

27)' 6 (p+k—-q-r)

_ 1
2

F“(X)——gaﬂjd X'A* (X, X )j

% )2E F(X",p)

f,=f(X,p), M =ig? A°(X,q—p)+A°(X,r—p)+A°(X, p+K) |
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Higher order contributions

9
l;nt - _ggp

L OO O
DD DO

q u
q —k
p 1 p 1
> p>
k

q— 1 g : q 1

u u
k
P 1 P k P u

23
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L, =——(pp')’

2121

S

q
— P

5= =

] X 1 m

‘J:E QI Em Ek
X k X X

p " p 19 k | 1 4 m
k m p P p

q k q k q | q m
| m m X
m X X

P p p p
X | k

1
k
1
k

24

2

1 —

"

T

q

p—

Higher order contributions

S ST
n s s
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Conclusions

The Keldysh-Schwinger formalism is an efficient tool to describe
relativistic and non-relativistic equilibrium and non-equilibrium
statistical systems.

In particular, the formalism allows one to systematically derive
transport theory from underlying quantum field dynamics.
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