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Cosmological perturbation theory

Conventional:
e Hydrodynamical equations:

—

§5+V-ii=0
it + 2Hit = -V¢
V2 = 4nGps

e But: dark matter is no fluid

e Multiple streams form where
shocks would form in a fluid
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Conventional:
e Hydrodynamical equations:
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§5+V-ii=0
it + 2Hit = -V¢
V2 = 4nGps

e But: dark matter is no fluid

e Multiple streams form where
shocks would form in a fluid

New approach:
e Non-equilibrium statistics of N

classical particle trajectories

e Describe particle ensemble by

partition sum (generating
functional) Z

e Derive statistical properties by

functional derivatives
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Phase-space trajectories ‘

e Classical particles follow Hamiltonian equations of motion,

M oM

p=—-——7, x=(q.p)

= dq ’

o Trajectories are described by (retarded) Green’s function
Gr(t,1),

t

x(1) = Ggr(1,0x" — f Gr(1,7)K(1)dr
S——— 0

free motion

interaction

¢ In static space, with potential v,

n_ (1 @=1)/m (0
GR(””‘(O 1 ) K‘(W)



Principle

Equilibrium thermodynamics:
Zge = f AT - BHE—N)

B 10InZg

N =
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Principle

Non-equilibrium, statistical quantum
field theory:

ZolJ] = Tr f Deel [(Lo+Ip)d*x
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Principle

Non-equilibrium, statistical quantum
field theory:

Zo[J] = Tr f Dt [ LorIond's
Z[J] = 5Z[J]

S
(p(Me(2)) = J(1)i6J(2)




Principle ‘

Non-equilibrium, statistical theory for
classical degrees of freedom:

ZolJ, K] = fdr(i) ol [t
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Principle

Non-equilibrium, statistical theory for
classical degrees of freedom:

ZlJ, K] = f dr® i J¢Ddr
ZIH.J.K] = 967, (7. K]

s
(p(Dp(2)) = i6H,(1) i6H,(2)
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e Generating functional:

Z|H,J,K] = eigeiH(iJ fdr(i)ei [ ®de




Some detail

e Generating functional
ZIH,J,K] = eS¢l f dr@el [U-0d
¢ Interaction operator

fdlfdz(SHB(l)v(lz)é 7,0




Some detail

e Generating functional:
Z[H,J, K] = ¢5eH® f drel Jv-od
¢ Interaction operator:

0 0
_fdlfdz(SHB(l)v(lz)éHp(Z)

S§2 4

« Perturbation theory: ¢! = 1 +i§ - 1




Some detail

e Generating functional:
ZIH,J,K] =¢' elH‘i’fdr(i)eif(JJth

¢ Interaction operator:

4 )
_fdlfd25HB(1)v(l2)6Hp(2)




Specialisation to cosmology

© Choose initial phase-space measure
dr® = P(g,p) d*q d™p

fully specified by initial power spectrum
® Change time coordinate

t =17 =Dy(t) - Di(ty)

©® Adapt Green’s function to expanding universe
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Improved Zel'dovich trajectories .
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Improved Zel'dovich trajectories

ﬁﬂ=§®+ﬁ®jﬂ%pwﬁwdf
0

Wy =g'(m)-1,

g(1) = a’D.fE(a)
) = — o L
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Improved Zel'dovich trajectories

T
i = g + O fo exp (h(r')) dr’

Wry=g'm)-1,

§(t) = a*D.fE(a)
P(k) = —Zi -
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Density power spectrum ‘
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Density power spectrum

HRibELaER
s
e
1e+05 ¢ o i —— —
: linear
| terms A+B+C+D
B0 T P S

sum ——
Cosmic Emulator

1e-01 y - y
0.001 0.01 0.1 1
wave number k [h‘1 Mpc]

10
Improved Zel'dovich trajectories plus first-order interaction

[m]

=




Density power spectrum ‘
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Density power spectrum
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Summary '

© Non-equilibrium statistical field theory for dark-matter particles
set up

® Hamiltonian equations of motion, simple Green’s function

® Expansion parameter is deviation from unperturbed (improved
Zel'dovich) trajectories

@ n-point statistics for collective fields obtained by functional
derivatives

@ First-order perturbation theory reproduces numerical results
already quite well



Further applications
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