Apparent Cosmic Acceleration
via Backreaction
from the Causal Propagation of
Inhomogeneity Information

(nCaus al Backr

BrettBochner

Department of Physics addétronomy
Hofstra UniversityNY, USA



| t 6 s a Ma tOifferent MethoddoaExplaging the (Apparent?) Cosmic Acceleratic
4!
Broadly Speaking, there a8principal approaches:

(1) Dark Energy:

(i) Cosmological ConstantCDM)C iCos mol ogi cal Con:
& Choi nci dence Proh

(i) Dynamical Dark Energy (DDE} Yet AnotheExotic Substance?
(Nonadiabatic Pressure to stay smooth?)

(2) Modified Gravity: f(R) Theories, eteZ Al nel egant 6 modi f i
(3) Inhomogeneitiesii Dr e s sed o Cos mod RdCpédicarP a r

(4) Structure formation: Backreactioon a(t)!€¢ St r ong enough

Each approach has its owdvantages a n d probsem® wn

After muchsubtle, sophisticated debate

C Everyone chooses their own favorite approach, anywe



Backreaction seems like the perfect solution!

é Automatically triggers at the r Wgeh

C NocoincidencesNo changes t oNoBpeciabobservensh

So why are the Rayay sayer so
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Abstract

]L iz simply not plausible that cosmic acceleration could arise
T w1 the context of general relativity from a back-reaction effect of in-
- homogensities in our universe, without the presence of a cosmological con-
I,'r:f stant or “dark energv.” We point out that our universe appears to he
; -:lE?H[?'I’:i]]E?[i_'-.'[Z—]_’_‘C ili.‘i"IlTe.llE?l_'m.' il ':L!l srales hj_.' a .'\-[Z-‘F.'%E}t]'lélﬁl}' perturbed FLEW
(- metric. (Thiz assertion iz entirely consistent with the fact that we com-
o monly encounter dpfp = ][]3':'.] If the universe i accurately described hy
F{J a Newtonianly perturbed FLEW metric, then the back-reaction of inho-
= mogeneities on the dyvnamics of the universe is negligible. If not, then it

A The Central Issudn a Universe with (mostly) Nonrelativistic matter and (mostly
Newtonian Perturbations, how to geébtong-G.R.effect like Cosmic Acceleratiop




NecessarPhysicy as we 61 | Fogsneadisims/Models Lacking’It

*Or , i dfeemdeverpot her r esear che

Overlapping/Cumulative summing of

p e r. from dlifferent inhomogeneitie
(esp. fromoutsidet he Al oc al

BackreactiolNesGoin Pr oo f s

S <7 o/r i zono)
sModeIs(Any Interior)
M/

>

égenerated f

Structure SelStabilization &Virializatios gZlyObservationah Appar en

Aco{ (e. g. Voi ds,

CausalGravitational Info Propagation via: ( \

Terms at least up ©O(v?) sbatigarhieoryExpansions
Tensor Components (MoskioQate, If not all)
AMagnetico Graxi fat. 3 Ter ms

/.

Metric Pert. Potentialime-Derivatives ‘ Bucheri&Eblersjormalism with
N Q @Backreaction) a§otal Divergence

ANewtonianLeveld St r eng#¥ h rturbati}ns

. . Staticribattice oftnhomogeneitiesc a |
A DynamicalPhase Transition worlyt h o inal . Cl wn

from ASmMoot ho oﬁCIumpdo




How Now Round Cow?The Current State of BackreactiBesearclias| see ie )

The Physics
of Backreaction, in
most popular models:

MissingSomething @bvious Conclusiom Milk Does Not Exist!
(i.e., Backreaction insufficient to generate the observed acceler

"As far as the laws of mathematics refer to reality, they are not cert

J ]) and as far as they are certain, they do not refer to reali#. Einstein

)\—\)(}) C Rather than doingxactmodels ofvery approximat@hysics,
better to do aery approximatenodel of theexactphysics!



ThecrucialdifferencebetweennstantaneousNewtonian(-Grav.) Cosmology |,
andNewtonianstrength perturbations General Relativity, is often overlooked!

Importantcaveat( At h@ r i inn &@Averagjingmhomdigeneoublewtonian cosmologi®s
(Buchert, T., & Ehlers, J. 1997, A&320, )

An mmportant difference to the Newtonian treatment, be-
sides spatial curvature, arises due to the fact that it may ,
in general possible to represent the term (18) a divergence
in GR. We stress that this would mmply a strong challenge for
the standard cosmologies, since we can no longer argue, except
for non—generic situations, that there exist cases in which the
average obeys Friedmann’s law. Even more, we don’t expect
the previously discussed arguments (after eq. (18)) to hold,
since the valid theory on the large scales under consideration
1s general relativity.

(Newtonianlevel
Backreaction)

S

é and, fOnavenagd properties of inhomogeneous fluids in general relativity |
dustcosmologies (Buchert, T.2000, GenRel. Grav32, 105

We conclude:

3. We were not able to produce an argument analoguous to the Newtonian treatment
stating that the ‘backreaction term’ vanishes for topologically closed space sections. if
integrated over the whole space. Without such an argument averaged inhomogenecous
cosmologies cannot be identified with the standard FRW cosmologies on any spatial scale.
To justify this identification as an approximation there is presently no sufficiently general
quantitative result as to whether the ‘backreaction’ term could be neglected on some scale
or. in words suggested by Corollary 3, whether the averaged curvature decouples from the
inhomogeneities.



NewtonianStrength Perturbationdre theyReally Negligible as alotal Divergence?

A Newtonianlevel metric perturbations, apparently being expressitietine 7 B u ¢ h eor
as a total divergence, are believed to provide (essent@lpBa c kr eact i on e

C Represents hugeimpedimento acceleratiofvia-backreaction, since it implies
the requirement adtrongly norNewtonian perturbationandrelativistic flows!

F r o Averdginginhomogeneoullewtonian cosmologi@s: Maxwel | 6s (fdEB&UNMY t | O n
(Buchert, T., & Ehlers, J. 1997, A&320, J) + Lorentz Force Law& Continuity Equation
2. Averages in Newtonian cosmology (inanalogywi t h A1 Ne wt o nmasses.0

According to Newtonian physics, the motion of a self—gravitat- J :)” Tt |

ing, pressureless fluid (“dust”) is governed by the Fuler—

Poisson system of equations. Thus, with respect to a non— T A
|l L podQfQ

rotating Eulerian coordinate system' the fields of mass den-
sity o(x,t) > 0, velocity v(x,t) and gravitational acceleration

g(x, t) are required to satisfy /f —n F N

dv=—(v-Viv+g, (1a) i Continuity (Charge/Mass Conservatior
dro=—V - (pv), (1b) —

Vxg=0, (l)—>1 [ pj ® QfjQc
V-g=A—-4nGp, (

ld 1\>J Dl_r .[ 1] V
U A Somet Nissmap €i diMagnetio Gr avi t at# onal Fi el ds
é N oB-termsC No Wave Propagatio® No Gravitational InfoFromNew; DistantStructures!

i | tme Newtoniarapproximation th@xpansion o domains influenced by the inhomogeneities
I nsi de t KBeachaitoKeracheft Sickg 2000, Phys. Rev. D6P43525)

A fiCausalBackreactiond i s t he i d eumactepiablpeven folNevtomanstrengthPse r. &t 6




Vorticity from Virialization: TheKey Factor vs. Gravity in Stabilizing All Structures

A Vorticity oftendeliberately droppefl r om cal cul ati ons! (

C Is Vorticity afiSmallScalePlayen Pe.g.,Buchert, T. 2008, Gen. Rel. Grav. 467
(Relevanbnly for cosmic averages performed over domairmgglaxy cluster scales??)

A The quantity in th&aychaudhuri Equaticior the increase of the
velocity expansiondg/dt) is vorticity squared (o ), notthe vorticity{ ,,) €

@ C ( ) obviously cannot average away!

é Cosmic averages of positive sedafinite
guant i t i mthe sulaontaiasiisn ¢
Ofr oz en 6 bexamd snalkemby o t

« averagingver larged o mai ns . 0
@ (Buchert& Ehlers,1997 A&A 320, )

—H H

-'@V (; Formalisms whichmeglect vorticity
~eaot as a nNsmal canmtpragerey

estimate the effective backreaction
from structure formation!
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The Structurd~orming Universe iglefinedby akey Phase Transition

Smooth(& Little Non-HubbleFlow Motion) C  Clustered& Virialized through Motion)

Q: How best to modedll of the relevant physics of this phase transition, without any
exact( or Nncompl eteo pertur keeetythige) f or ma

A: Use thaelativelysimplenature of théeginning andend states of the
structureformation process to estimate thetchangan the metricbefore C after.

U Theinterim dynamics are less crucial, except to determinephecise timing;
for now, will constrain thimbservationally as arempirical ficlumping functiom .

U Backreaction is aonequilibrium process: iendswhen the (causaltpbserved)
structure formation isomplete(dn Ac c el ejrwadti oanocompari sor



Estimating theNet Effecof Clustering( on s ome nl\W:.c al

As is well known for a
homogeneouaniverse

(e.g., Weinberg, 1972,

A Gr av iand@€dsmotogy ,)

the Friedmann expansidor V
canbe derivedvithoutreference
to anythingoutsideo f i t é

€ s oRemmoved t he EX
(sameexpansion behavior!)

When the universe becomes
inhomogeneoydowever,
thenindividually-clustered&
vorticity-stabilizedobjects
becomayravitational attractors,
which pull on all other mass
(includingthat withinV) e

éand gréaveudlsuponVv
arenew as if the objects

Acame i n from T nttnltyo



Therefore, camodel themain effect(uponvolumeV) of Fully-Virialized Clusters
by adding in the smalNewtonianstrengthmetric perturbation term for the mass o

each seklstabilized systengn top ofthe internallygenerated FRW metric fou:

Q,1)  {ve n @0 Qo[ ¢ O(IWYI] Qi w0 [¢ D <]

L. (Must be angleaveraged for
clumps in different directions)

C Each pert. ternslowly grows from zeras each madd. goes fromsmoothto fully clumped.

ANB.:. These pertur b atirawlemef alritae generated enly becaude
the clumps do not collapse completely, statbilizethemselves wibrticity, v el oci t y

A The gravitationbpulls (forces) from clumps idifferent directionsoyghly cancel out IV;
( aSmadothly-Inhomogeneous Uni ver se) ; Pbutm avwags add together!

Q: Each individual pert. term igery small® (pji) {orders¢ pof 0Fow }; can it matteP

A:Yesiil i tt | adduphi nas o »H ) |
(not like inSwissCheesenodels!) .. =™ Tot. Pert. (atObs.y ,, — b !

C Astronger divergencthanOl ber s 6! Péd¢éadby r e rcausalite ) f

AnSmal | A tmmpnkcanhaibe eeliably neglecte t han EI ect r oma gnaghgibies?m ;

Note, for allPerturbation Theorgpproaches: A Simple Analogy Gravitation ismuch weaker
d,
because focumulativee f f ect s, si z e |d dseE&M loldinggautdawe in your seat right now?



(

But WhatDoes arObserveiSee ConsideringCausalin L o-B & ¢ k

Ti

Universe stillsmooth
before onset of clustering

me

Thelater, clustereduniverse

AWave of Observed Clumpines

Causal Backreaction effects dia@te, thoughlarge!
depend uporarawayp e r., nadlacal clustering, as in Pert. Theory)

C fACausal Backreacti@n

(the causal edge of clustering
obs.,moving outwardtc é )

| S

relativistic processeven if
most matter obeys L !

terms
l or time derivatives!)

(Cannotdropt UF®

x — x|

(Clustered mass density must be
evaluated atetarded tim¢—1

(I)SR X t / L‘dg !

nCaus al

\

Jp d




How to Implement Causal BackreactionB. BochnerarXiv:1109.4686 &arXiv:1109.515%

(1) Ch o o sCaummng Bvolution Functiom t o empi ri cally m

Try: (i) Linear Regimeevg | a5 b 1% X0 © « 7] Testall models vs. SNe dataptimizing
(ii) NonlinearRegime:ews j & 17 0o 6 < A€ kdBeginningodo o
VAT OF — VDETED
(iif) Prop. to time for structures to formwg j @q °p< b) Yok Cl ustered nMas

(2) CompgausaeUpdatnedo i nt ear al
to get the total metric perturbatio@d)h I(t) = / U2 Ut (t, )] [(fe/D)*]} @ da
(at any location) in the past, as a fn. of time: U

(3) Obtain thdinal metricfor allCosmoCa |:c 0 s

ds®* = —c2[1 — I(t)] dt* + {[anp(t)]® [1+ (1/3)1(t)]} |dF)?

3D angle

Slowdowrof Observers averaging
vs. Cosmic Time

(SomeMolume Creatio

Sufficient forApparentAcceleration!

(4) Integrate the trajectory of a SN ligfaty to
calculateLuminosity Distanceas a fn. ofj,
& thus getmany otheiCosmologicaParams




