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The Inhomogeneous Universe: evolution

a=0 a = Qstart a = Quarget

EB linear N-body (<linear fields)

forward: |

>

EB linear

reduced linear |

backward: |< i
N=004YV
. J >
EB lincar
: |
back-scaling: < reduced linear |
! non-linear LPT > N-body q
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Background
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Evolution of Fluctuations

Cold Dark Matter lives on Lagrangian submanifold
Solve Vlasov-Poisson on submanifold characteristics (q,t) — (x(q,t),p(q,t))
6fm Pi 6fm a¢ 6fm

+ - — .
8t ma? oxi | ox ap;

= 0 o  xX'+Hx =-V¢

position

1D singularities: Rampf, Frisch & OH (2021)
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Evolution of Fluctuations

Cold Dark Matter lives on Lagrangian submanifold
Solve Vlasov-Poisson on submanifold characteristics (q,t) — (x(q,t),p(q,t))

6fm Pi 6fm ¢ 6fm 7 /
Ot +ma2 oxi | ox ap; 0 < X7 X ¢

density + acceleration singularities
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multikinetic,

multi-valued
(due to collisionless nature)
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posiltlon = . .
monokinetic,

1D singularities: Rampf, Frisch & OH (2021) S_ingle'valued |
(analytic treatment possible)
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Lagrangian Perturbation Theory

(for single fluid with cold initial data)

Lagrangian map

x(q,t) =q + ¥(q,t) / T

Overdensity given by Jacobian -9
o density
o=,2) = J(q,1) -1 constant |
| p=7p density
§=J1-1
J = det 8_:13
dq
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Lagrangian Perturbation Theory

(for single fluid with cold initial data)

Lagrangian map

x(q,t) =q 1+ ¥(q,t) / T

Overdensity given by Jacobian -9
o density
o, 1) = J(g,t) constant |
p=p deniqy
J = det 2% o=/ 1
oq

We want to solve this as a perturbative series (D is small parameter)

o0

_ § : n \y (1) Buchert (1994), Catelan (1995), Bouchet+(1995), n=3
v (q’ 7—) o D(T) v (q) Rampf (2012), Zheligovsky&Frisch (2014), Matsubara (2015), all order
n=1

We will go to n=3 (3LPT), Michaux et al. (2021), and n very large, Rampf & Hahn (2021)

For LCDM, actually D"(r) # D*(r) , see Rampf, Schobesberger & OH(2022)
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Shell-crossing — the limit of LPT?

gives rise to cosmic structure, and marks the breakdown of cold limit

BUT: Does LPT provide a convergent expansion until equations break down?

LPT expansion:  ¥(q,7) =) D(r)" ¥"(q)
n=1

It has never been shown if LPT is convergent and if so what is
its radius of convergence for realistic (random) ICs

.convergence limiting singularity

|
| >

D, RD

e consider L2 norm o
convergent ¥Y(q.r) = Z ”aﬁ‘\")(q)“ D"
1

H=
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To go where no-one has gone before...

3LPT-.

ALPT

7LPT

aLeT

SLPT

al Pl

3LPT

Rampf+OH (2021)

until recently: 2LPT was state of art

Have now implementation of
all-order recursion relations
of LPT!

LPT converges everywhere
even after first shell-crossing in field

But: For late times, converges very

slowly for isolated set of points
(see also Nadkarni-Ghosh & Chernoff 2011)

on request: all order monofonIC code

Oliver Hahn (UVienna)
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Convergence limiting singularities

2.00

— 1LPT 12LPT 22LPT
— 2LPT 13LPT 23LPT = =
1.75 - St 14T —— 2aLpT Spherical collapse has a physical
— 4LPT 15LPT — 25LPT - - - - - = o=
- sLpT 16T — 26LPT singularity, acceleration is infinite
’ 6LPT 17LPT — 27LPT
TLPT 18LPT — 28LPT
1.25 - 8LPT 19LPT — 29LPT
OLPT 20LPT — 30LPT
10LPT 21LPT — exact

This leads to slow convergence
of LPT, also no transition to
bound states

¢(a)

numerous ad hoc
UV completions in the literature
e.g. ALPT (Kitaura&Hess 2013),
MUSCLE (Neyrinck 2016),...

rel. error

Rampf & Hahn 2023
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Convergence limiting singularities

2.00 :
: —— 1LPT 12LPT 22LPT
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Convergence limiting singularities

2.00 \ :
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Discrete evolution vs. fluid evolution
Lagrangian description, evolution of fluid element

QCR*—=R%: q—(

—

The N-body approximation:
cover distribution function with N characteristics, estimate fn from them

ZE{lN}Iﬁ(XZ,VZ)/ N\

This can re-introduce short-range interactions -> softening...
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Convergence of LPT and N-body...

I've talked a lot about discreteness and Vlasov in the past. Here is a new take:

A ‘ same line style = same z_start, same color = same order LPT

SC , Lot

(simple cubic) ) ' .
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Particle motion on small scales not isotropic.
Can be calculated for Bravais lattices:
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cf. Joyce+2005, Joyce&Marcos 2007, Marcos 2008, )
but also Garrison+2016 10-1 100

k [hMpe™'] Michaux+2020
... discreteness effects large at early times. better to start as late as possible...
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Perturbation-theory informed integrators

Integrators for N-body simulations are agnostic about perturbation theory
(derived naively from Hamiltonian)

Exception: FastPM (Feng+16 - match Zel’dovich)
BUT: Can make them agree to 2nd order!

=y i 2 steps 4 sleps 8 sieps
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Adding baryons: two fluid baryon+CDM simulations

N-body two-fluid sims have completely dominant discreteness errors

l.lo : LR | LA L | T T T LA L | J

r Angulo,OH,Abel 2013
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Adding baryons: two fluid baryon+CDM simulations

N-body two-fluid sims have completely dominant discreteness errors
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r Angulo,OH,Abel 2013
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by perturbing not only particle pos+vel

but also particle masses

(see Hahn,Rampf,Uhlemann 2021,
Rampf,Uhlemann,Hahn 2021)
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Lagrangian Perturbative Dynamics in a Field Framework |

Use QM inspired transition matrix q->x to predict transition probabilities
to go from Lagrangian to Eulerian space

Obtain a field version of Zeldovich trajectories:

Tk
L
S
é. 1= Oy e 0= 0y a = 2t
1
® 10! 4 froe
Zel'dovich
-
l J
- / \ /
Y e e — E / \'\ 3
o D Iy —— 3

—+— — dynamics ‘smoothed’ by hbar scale

Interference = multi-streaming

Uhlemann, Rampf, Gosenca & OH (2019)
Oliver Hahn (UVienna)
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Lagrangian Perturbative Dynamics in a Field Framework i

This can be expanded to n-th order LPT
Comparison 1LPT, 2LPT with 1PPT, 2PPT for phased wave ICs

/66 L+eluleA :sD| anem paseyd

logygl +9
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Lagrangian Perturbative Dynamics in a Field Framework i

This can be expanded to n-th order LPT
Comparison 1LPT, 2LPT with 1PPT, 2PPT for phased wave ICs

/66 L+eluleA :sD| anem paseyd

Uhlemann, Rampf, Gosenca & OH (2018)

L]
1.5 L0 0.5 0.) 0.5 L0 1.5

Can upgrade also to 2-fluid baryon+CDM version, use as ICs for Eulerian codes

baryon over-density 4, baryon velocity v; ' N baryon-CDM ratio (1 + &;) /(14 6;)
Xy . ty ry %‘t}’ X Ly ony
, ) q ; |
g V. .
h.
. .. A
. \ g
N
- |
. -2 0 2| : 09 10~ 51
i : =

! built into monofonIC, see OH et al. 2021, Rampf et al. 2021
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A fairer comparison of Eulerian and Lagrangian codes for precision cosmology...

RAMSES, L = 250 *Mpec. 256°, 2LPT+NLO, Zetart = 24 Arepo, L = 250 k" 'Mpe, 256°, 2LPT, zﬁ"’“ = 24
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OH et al. 2021, Rampf et al. 2021
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PPT as forward model for IGM
In LPT: s:=x+ f(a) (¥-eLos)@Los

As propagator: X

Porqueres+2020
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PPT as forward model for IGM
In LPT: s:=x+ f(a) (¥-eéLos)@Los

As propagator:

Upgrade to photon absorption
probability using FGPA

PPT FGPARSD

St

- /| PPT RSD"

-

redshift-space transmitted flux

-> fast field-level forward model

Porqueres+2020
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The cosmICweb platform - a protohalo database for Zooms

Enhancing the MUSIC1 ecosystem for the next decade w/ Michael Buehlmann
http://cosmicweb.astro.univie.ac.at

numerical universe
(seed) 0,
LCJB'J
{ _(%
onego L - 0.3 k= cosmICweb:
omega_b Ve 92 meraer t’ Lagrangian bounding )
ced - 1234 heloigalaxy properties \ S oo A database and web interface for
/
1 //5,/—’/)‘{3 1. Finding the right objects to re-
initial cond'tions .~ ' simulate
T T
mEAEEmEE 2. Obtaining initial conditions for
- these objects
= " nign resojution 3. Referencing objects in
= mmcilcamma articles / papers
1: create ICs from cosmo 4. for each halo, find e ————
parameters and random seed Lagrangian patch (origin)
2: running simulation, storing 5: for chosen halo, refine that - - '
snapshots batch in ICs If interested, do get in touch!
3: structure finding and linking ©: run zoom simulation with Buehlmann, OH, et al. 2023, in prep.
across time: merger trees additional physics, etc. L ’

slide courtesy M. Buehlmann
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http://cosmicweb.astro.univie.ac.at

SUMMARY

« LPT has key role in ICs for cosmological simulations
« Demonstrated convergence of LPT beyond shell-crossing
« 3LPT needed for precision era N-body simulations,
push to late starts to reduce errors
« new propagator approach for LPT on the grid
- can be used for Eulerian grid code ICs
- and for IGM/field-level forward modelling
- new LPT inspired integrators (beyond ‘FastPM’)

MUSIC2 monofonlIC https://bitbucket.org/ohahn/monofonic

single resolution (=only full cosmological volume) version

- direct integration of CLASS

- up to 3LPT, (nLPT exists already, not public just yet)
- PLT corrections

* more accurate treatment of baryons

* new propagator approach for Eulerian baryons

« modular architecture: multi code, easily extensible

* MPIl+threads (no more memory limits)

MUSIC2 cosmICweb https://cosmicweb.univie.ac.at
- proto-halo patches for full merger tree (incl. Agora, Eagle, ...)

« numerical observatory (unified framework for zoom resimulations)
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https://bitbucket.org/ohahn/monofonic
https://cosmicweb.univie.ac.at

