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Cosmic structure formation




Cosmological perturbation theory

Conventional:
e Hydrodynamical equations:
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e But: dark matter is no fluid

® Multiple streams form where
shocks would form in a fluid
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Cosmological perturbation theory .

Conventional:
e Hydrodynamical equations:

e But: dark matter is no fluid

® Multiple streams form where
shocks would form in a fluid

Kinetic Field Theory:
* Non-equilibrium statistics of N

classical particle trajectories

¢ Describe particle ensemble by

partition sum (generating
functional) Z

® Derive statistical properties by

functional derivatives



Phase-space trajectories
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Phase-space trajectories

. OH
g =

e Classical particles follow Hamiltonian equations of motion,
. OH
= ap , p

9 ° x=1(q,p)
Gr(t,1),

¢ Trajectories are described by (retarded) Green’s function

!
%) = Gr(t,0xW — f Gr(t,)Vv(t')dr’
S——— 0
free motion

interaction




Principle .

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

zZ= f Dy f Dy P?) Ply®)

Dro

- f dx f dr® op [x — 3V)]
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Non-equilibrium, statistical theory for classical degrees of freedom:
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Principle .

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

211 = f Dy f Dy P Pl

oro
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Principle .

Non-equilibrium, statistical theory for classical degrees of freedom:
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_ f dx f dr® op [x — 3V)]

_ f dr® ei J¢.Ddr
= 1Zy[]

(p2)) =

10J(1) 10J(2) 2]



Some detail
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e Generating functional:

7] = eld f dret J¢.Ddr
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Some detail

¢ Generating functional:
ZIJ] = eld1 f drei J¢.Ddr
® Interaction operator:

§ = f dl1 f d2 p(1H)V(12)p(2)
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Some detail

¢ Generating functional:
ZIJ] = eld1 f drei J¢.Ddr
® Interaction operator:

S = —fdlfd23(1)v(12)ﬁ(2)
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Some detail

¢ Generating functional:
ZJ] = i f drei J¢.Ddr
® Interaction operator:
S = —fdlfdzﬁ(l)v(lz)ﬁ(z)

® Perturbation theory: el = 1 418 - 12+

1
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Some detail

e Generating functional:

7] = eldt f drDel [0t

Interaction operator:

8 = f dl1 f d2 p(1)Vv(12)p(2)

Perturbation theory: ¢!t = 1 +i8; — 182 + ...

Born’s approximation: evaluate Vv along unperturbed
trajectories



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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Choice of Green’s Function
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Interaction in the Born approximation .

¢ Instead of perturbative expansion, leave interaction term in
generating functional:

717 = f drDel [0
with .
x(1) = G, 0)xD — f G(t,/)Vv()dr'
0

e Evaluate Vv along inertial (unperturbed) trajectories
® Closed expression for non-linear power spectrum:

Bk, 1) = e~P) f (7@ — 1) ik
q
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Density power spectrum .
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...including gas

Pg(k)
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...with axions
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... with an alternative field theory of gravity

Pproca(k)/Pgr(k)-1

wave number k [h Mpc'l]

preliminary
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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 trajectories

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

@ Non-perturbative approach with Born approximation
reproduces numerical results already quite well

0O Mixtures of gas and dark matter can be treated in the same way
@ Generalization to alternative matter models (axions)

® Generalization to (some) alternative field theories of gravity
straightforward



