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Abstract: Thus far, the non-linear regime of structure formation is only accessible through expensive numerical N-body simulations since the
conventional ana-

lytic treatment of cosmic density fluctuations via the hydrodynamical equations runs into severe problems even in amildly non-linear regime. | will
give an overview of Kinetic Field Theory, a novel analytic approach to cosmic large-scale structure formation, which provides a density fluctuation
power spectrum that agrees well with state of the art N-body simulations up to k = 10h Mpca™ 1. | will point out how Kinetic Field Theory avoids
the difficulties of standard perturbation theory by construction and alows to proceed deeply into the non-linear regime of density fluctuations. | will
give asummary of the most important results and recent developments for cosmic structure formation and briefly show applications of Kinetic Field
Theory outside of cosmology, stressing the opportunities this method provides for the study of the physics behind structure formation. | will then
focus my discussion on how the form of the interaction potential influences the formation of cosmic structures in the highly non-linear regime and

the implications it bears on the NFW density profile of dark matter halos.
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Cosmic structure formation
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1 3 < . 0 BN
( osmic structure formation n

How can we understand cosmic structure formation from first principle?

time
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Theory of cosmic structure formation .:""’""'""

Conventional:

s Hydrodynamical equations:

b+V-i=0
T + 2Hu Vo
Vo A7 Gpod

m But: dark matter is not a fluid

m Multiple streams form where

shocks would form in a fluid
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Theory of cosmic structure formation

Conventional:

s Hydrodynamical equations:
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0+ 2Hu Vo
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m But: dark matter is not a fluid
m Multiple streams form where

shocks would form in a fluid
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Kinetic Field Theory:

m Non-equilibrium statistics of N
classical (initially correlated)
particles
Describe particle ensemble by

generating functional Z

Derive statistical properties by

functional derivatives
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Power spectrum with KFT

UNIVERSITAT
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109 4

w— |inear

— KFT-corrections to linear PS
Ist-order KF1

—— (Cosmic Emulator (N-body)

10!
0.001

0.01 0.1

wave number k [h Mpe
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Phase-space trajectories
time t

trajectories

(p. g)1)

>
\ / momentum P

position q

Trajectories in phase space do not cross.

Pirsa: 20010084 Page 8/36



Particle dynamics

s Hamiltonian dynamics
—)
p-
H=—+myp,
2m
(m and A_ depend on time)
¥

s Solution to e.o.m.

qct) = gt 4 :l”,tl.l))f)m
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Particle dynamics

s Hamiltonian dynamics

(m and A, depend on time)

m Solution to e.o.m. for all N particles

|
x(t) = G(t.0)x" +/ dt' G(t,t") F(t")
N, JA()

) ) . ¥
inertial motion -~
imteractions

-

= fi ('.]' and <1 = ((Ti. [71))

- B o ; - % % . 3 / « y D ; / 0] ve
m Free choice of propagator g, (t.t") and force f(t") relative
to it
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Generating functional .

m In general
2= [ DePlyl

m KFT: Use point particles instead of fields; introduce source

field J

AR} Dx P(x)e /I

DX llth"]x

’Dx / dI' 8p(x — x)e! J dt'(J:x)

(“ (‘_ :!l‘lx

) P(x|xV)
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Correlation functions and density operator .""N"""”‘

m n-point correlation function

(p(1)p(2) . .. p(n)) = ;)(I);)(‘.’)‘..;}(II)Z[.I]‘

J=0

= number density operator:

N

p= Z(-xp (—ik- 57

i=1 o

s Exponential of derivative: generates translation

/)(l)---/)(n)Z[.l]’] =7
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Applications beyond cosmology
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Applications beyond cosmology

§ = consl

g S 8 S S
% Y

Spin(ning top)s on a chain
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Choice of propagators

ZL]] / (]I‘(‘i."{h"\.‘]-x?‘

s Choose gqp(t, t’) to reproduce linear growth
gap(t,t) = Dy(t) = Dy(t) =1t —t’

(Zel'dovich trajectories)
s Or improved Zel'dovich trajectories to slow down
re-expansion of structures
m Relative force
1

- mh -
Vo 4 - / (lt’mV;
(

m< J,
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[nhitial conditions

A8)
m Multivariate Gaussian
l')(x(i])

with

Cpp = (Pi ® Bj) = /d}?(l?- k) k4 P ()il (@-a)

m For cosmology: C(p) = 1
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Free generating functional

Free generating functional Zg|L| can be factorised such that
o o

full hierarchy of initial momentume-correlations can be

included

For 2-point function

ZolL] =V '“,('Zﬁ)"i(fl) (l?. - l:-__)) e QD P(ky,t)

Non-linear, free power spectrum
Pk, t) = / O ) _ 1] g
Jq

Momentum correlation function a)(q, ), damping term Qp
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Fffect of initial correlations

102

===- linear

full momentum correlations, non-linearly evolved

10! . k.
0.001 0.01 (0.1 |

wave number k |[h NMpe

Shape of non-linear power spectrum dominated by initial

momentum correlations on intermediate scales.
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[nclude particle interactions

Option 1: Perturbative

m [nteraction operator

Z[3, K] = e517Z0[J, K]
Ps(k, t) o pp[l +iSy 4 ] Zo[J. K]

Option 2: Mean-field
m Evaluated interaction term (S;): force between particle
pairs Vve weighted by correlation function &9

Ps(k, t) = ¢ OV- Qop (k)
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Free generating functional .

Free generating functional Zg|L| can be factorised such that
o o

full hierarchy of initial momentum-correlations can be

included

For 2-point function

ZolL] =V 2(27)36p (]:1 + ]:3) e QD P(ky,t)

Non-linear, free power spectrum
p(l{ t) s / {(‘ Hﬁl,[l-[')k:n “l-f’] B l] (‘jl\-..(]'
. (l

Momentum correlation function a)(q, i), damping term Qp
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[nclude particle interactions

Option 1: Perturbative

m Interaction operator

Z[J, K] = e™'Zy[J, K]
Ps(k, t) \/)/}[l FiSy 4 } ZolJ. K]

Option 2: Mean-field
m Evaluated interaction term (S;): force between particle
pairs Vive weighted by correlation function &9

Ps(k, t) = ') Q"'P(_k)
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Effect of interaction potential

highly non-lin.
structures

» DM -halos

.] linearly evolved
= numerically simulated

KET, mean interaction term

10 v -
0.001 0.01 0.1

wave number k [l Mpe
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Halo profiles

How can we understand the self-similarity of cosmic structure?

(arcmin)

>
s
| =
v
T
O
2
a
w
b
L]
=

100
Radius R (kpc)
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Halo profiles and interaction potential .i'*""“""

s At k> 1hMpc!:

Ps(k) /1 n(m)  |p(kjm)[?
. gt N —

111aS5S

. X density
function :

profile
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Halo profiles and interaction potential .""‘”""""

s At k > 1hMpc '

Ps(k) /(1111 n(m) |p(k|m)|?
. N N—p—

mass density

function :
AGiin profile

m Ps(k) and n(m) computable with KFT.
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Results

Press-Schechter
Sheth-Tormen
Jenkins et al
Tinker et al

10 1ot

Mass M
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Halo profiles and interaction potential

m At k > 1hMpe '

> (1 ' )2
Ps(k) x [ dm n(m) |[p(k|m)
_ e

I11ASS

: : density
function

profile

m Ps(k) and n(m) computable with KFT.

How does v(r) aftect the halo density profile?
Recovery of NFW? Self-similarity feature?
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Results

A
Press-Schechter
Sheth-Tormen
Jenkins et al
Tinker et al

JO A

Mass (M

0.001
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Halo profiles and interaction potential ."""""""“"

m At k > 1hMpe '

¥ad by . . " 2
Ps(k) x [ dm n(m) |[p(k|m)]
. St Sy !

ITIASS

. > density
function

profile

m Ps(k) and n(m) computable with KFT.

How does v(r) aftect the halo density profile?
Recovery of NFW? Self-similarity feature?
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Preliminary results

Perturbative approach Mean-field

-

1 ,/‘.'- \
-~ s
~scales irrelevant

for halo profiles ™
N

/

NN
/

Y SENREPE RS SEnee—— . St

1()
0.001

slope at high k not high sensitivity to potential

sensitive to potential
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Preliminary results

Perturbative approach Mean-field

— ~
,—// \.\“\
~scales irrl'h'\'uni\
\

for halo profiles

N\

A

1)
0.001

¢ munber k [h Npe I Nl pe

need higher order perturbations too much structure produced
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Recent developments for Newtonian gravity .:""’"7"""'

m (S;) contains force relative to inertial motion between

particle pairs

: .t
mh P
Vive + — dt' mVvs
m< Jg

Inertial motion leads to linear growth for Zel’dovich
trajectories

Full particle interaction potential in f over-estimates
structure growth

Effective potential

1
X — —5—
kg + k-

Time-dependent Yukawa scale ki determined
self-consistently from KFT
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Recent developments for Newtonian gravity .”""‘

Full interaction potential Effective interaction potential

10

-
10
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Fffective modified interaction potential .:.::.:r..:::

Same procedure to find the effective form of the potential

|
f.(ko: k
gn(k) 03 %)

with Fourier transform of the potential g, (k)
s Better consistency between damping and interaction term

m Expect less structure on small scales
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[n SUulninary

Parameter free, analytic description of non-linear structure

formation.

[nvestigate effects of physical processes on DM structure

formation.

Closed expression for the non-linear density power spectrum.

Systematically construct effective interaction potentials.

[Extract information on halo profiles from non-linear power

spectrum.
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Outlook . i

Compute Ps(k, t) with effective interaction potential for
different power-law potentials — halo profiles.

Compute halo mass function directly from KFT for

different potential slopes — halo profiles.

Systematically construct (corrections to) mean-field
interaction term.

Compute higher-order spectra from mean-field approach.
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