Asymptotic silence in quantum gravity

Jakub Mielczarek

Jagiellonian University, Cracow
National Centre for Nuclear Research, Warsaw

1 March, 2013

Jakub Mielczarek Asymptotic silence in quantum gravity



c—0

Minkowski Newton (¢ — o0) Carroll (¢ — 0)

The asymptotic silence is obtained while taking the speed of light
¢ — 0, which is known as the Carrollian limit!.

.»A slow sort of country ..., ... now, here, you see, it takes all the
running you can do to stay in the same place...” Lewis Carroll

1J-M. Levy-Leblond, Annales de I'l.H.P., section A, tome-3, No 1 (1965).
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BKL conjecture

The state of asymptotic silence appears in various contexts.
Perhaps the best known is the so-called
Belinsky-Khalatnikov-Lifshitz (BKL) conjecture?:

“Near to a singularity spatially separated points decouple, and the
role of most forms of matter is negligible.”
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In the BKL scenario, each of the " points” is described by the
anisotropic cosmological solution.

2V, A. Belinskii, I. M. Khalatnikov and E. M. Lifshitz, Adv. Phys. 19
(1970) 525; 31 (1982) 639
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The less intuitive case is the strong coupling limit of the
gravitational interactions, when Gy — co. Relation between this
limit and the asymptotic silence can be understood by analyzing
the Hamiltonian formalism of general relativity, where

Hg[N, N°] = S[N] + D[N?] = /d3x(NS + N?D).
Namely, the scalar constraint can be schematically written as

— 1 .
S = Gy - kinetic + — - potential.
Gn
Here, only the potential term contains spatial derivatives, which
relate the neighboring points. Therefore, while talking Gy — oo
only the kinetic term survives, and the theory becomes ultralocal.
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Hypersurface deformation algebra

The constraints generate gauge transformations:

S[N] DI[NY|
— pI

The algebra of constraints:
{DINV{], DINS]} = DINPOpNS — NZOuN5],
{SIN], DN’} = —S[N?9,N],
{SIML, SING]} = D |g”(MapNa — Nadpi)|
where s = 1 corresponds to the Lorentzian signature and s = —1

to the Euclidean one. Due to the factor g?° the algebra of
constraint is not a Lie algebra.
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Ultralocal gravity and Hotava-Lifshitz gravity

In the ultralocal limit3 (Gy — o) the algebra of constraints
simplifies to the Lie algebra:

{DIN], DINS]} = DINYO,N3 — N3OpN5],
{SIN], DIN?]} = —S[N?9,N],
{S[N1], S[N>]} 0.

Surprisingly, the number of the local symmetry generators is the
same as in GR. The same holds for Ho¥ava-Lifshitz* gravity in the
z — 0 limit of the dynamical exponent, where the anisotropic
scaling

x — bx and t — b®t.

Cosmological evolution can be interpreted as a flow from z =0
(ds — 00) in the early universe to z =1 (ds = 4) observed now.

3C. J. Isham, Proc. Roy. Soc. Lond. A 351 (1976) 209.
*P. Hotava, Phys. Rev. D 79 (2009) 084008.
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Causal Dynamical Triangulation

Possible confirmation of the asymptotic silence is coming also from
Causal Dynamical Triangulation (CDT) approach to quantum

gravity (Ambjorn, Jurkiewicz, Loll).

Phase diagram of CDT:

A P P
, Z~0 Y

As observed from the numerical computations, universe breaks up
into several independent components, when the effective
gravitational coupling constant G increases.
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Loop quantum gravity

e Loop quantum gravity (LQG) is based on Hamiltonian

formulation of GR.

@ Loop quantum cosmology (LQC) is a regular lattice model of

LQG.

LQG

Lqc

L3

K

@ Physical area of a loop Arg = pfi%, where p = a® and a is a
scale factor. In general i < p°, where —1/2 < § < 0. For the

so-called ji—scheme: i = \/%, where A = 2\@777/,% is the

area gap derived from LQG.
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At the effective level, quantum gravity effects can be studied
by introducing appropriate corrections to the classical
constraints:

Ctot — thgtv

where Ciot = C¢ + Cp-

In LQC one usually consider two kinds of such quantum
corrections:

o Inverse volume corrections. ~ _

e Holonomy corrections (k — w>
Problems appear for inhomogeneous models:

The procedure of introducing quantum corrections suffers
from ambiguities.

In general, the algebra of modified constraints is not closed:

{CR.CO = g" (AL, E7)CR + Ay
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@ Can we introduce quantum corrections in the anomaly-free
manner (i.e. such that A, = 0)?

@ It turns out that it is possible at least for perturbative
inhomogeneities (application to cosmology) for:

e Inverse volume corrections (gauge invariant: Bojowald,
Hossain, Kagan, Shankaranarayanan - 2008)

o Holonomy corrections (gauge invariant: Cailleteau, Mielczarek,
Barrau, Grain - 2012, fixed gauge: Wilson-Ewing - 2012)

@ We found that, for perturbative inhomogeneities with
holonomy corrections:

e There is a unique way of modifying constraints such that the
algebra is closed.

o Additionally, the conditions of anomaly-freedom are fulfilled if
and only if Arg =const, which corresponds to “new
quantization scheme” (6 = —1/2).

See T. Cailleteau, J. Mielczarek, A. Barrau, J. Grain, Class.
Quantum Grav. 29 (2012) 095010 and my PhD dissertation.
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Algebra of constraints (off-shell):

{Drot[N7], Drot[N3]} = O,
{Stht[N]thot[Na]} = —SQ.[0N2D,0N],

{S%IM], SEING]} = BDeot [';’aa(afvz - 5/\/1)] :

The algebra is closed but deformed with respect to the classical
case due to presence of the factor

. 3
B = cos(2fivk) =1 — 2p£c € [-1,1] where p. = 87GAY? ~ ppI.
What is the interpretation? Classically, we have
N
{Stot[N1], Stot[N2]} = sD 585’(5/\/2 IR
where s = 1 corresponds to the Lorentzian signature and s = —1

to the Euclidean one.

Jakub Mielczarek Asymptotic silence in quantum gravity



@ The effective algebra of constraints shows that space is
Euclidean for p > p./2, while Lorentzian geometry emerges
for p < pc/2. Signature change at p = p./2. Spacetime
becomes 4D Euclidean space for p > pc/2.

@ It is interesting to notice that this model naturally have
properties of the Hartle-Hawking no-boundary proposal
(Hartle, Hawking - 1983).

@ At p = p/2 the Ultralocal Gravity is recovered
{Stot[N1], Stot[N2]} = 0 since 5 = 0 — the stage of
asymptotic silence.

@ The S—deformation appears also from the inverse-volume
corrections. However, in that case 5 > 0. The asymptotic
silence can be realized but not the signature change.

@ However, the signature change was observed also for
spherically symmetric models with holonomy corrections®.

°M. Bojowald and G. M. Paily, Phys. Rev. D 86 (2012) 104018.

Jakub Mielczarek Asymptotic silence in quantum gravity



Equations of motion:

Scalar pertubations. One can derive modified Mukhanov
equation:

"
2 zZ

d 2
d—172v—ﬁv V—?VZO,

where z := ﬁ% Spatial curvature R = v/z.

Vector perturbations. For the considered model with a scalar
field vector modes are pure gauge.

Tensor perturbations. Equation of motion for the gravitational
waves is the following:

1 dB\ d )
—hp+2(aH - —=2 ) —h,, — h,p = 0.
bt (a 2ﬁdn> dn 2 PV hab
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Inflationary scalar power spectrum:

k ng—1

1/ H\? v
TE \ Mp| Pc

ns =142n—6€e(1—V/pc).

| \

Inflationary tensor power spectrum:

Pr(k) =Ar <;/<’-I> " :

16 / H\? v
-2 ) (%)
™ \ Mp| Pc

nt = —2¢(1 -3V /pc).

A\

Corrections are tiny: O(V/pc) ~ 10712,
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( — & Euclidean domain

2
Effective speed of light:

cerr = /B =/1-22.

Pc

The asymptotic silence (cesr — 0) is realized while p — £
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@ Is there quantum tunneling through the Euclidean phase from
the contraction to expansion phase?

@ Suppression of the spatial derivatives while {S@ S?} — 0.
Possible support for the BKL conjecture.

e Silent initial conditions ((¢(0)¢(r)) — 0) at p = p./2?
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Spontaneous symmetry breaking?

Let us consider a model of metamaterial, composed of nanowires
(or ferromagnet, liquid crystal, etc.).

T<TC

The SO(3) symmetry is broken to SO(2) at temperatures below
Tc. An order parameter is the local magnetization and the
corresponding Goldstone bosons manifest as spin waves.

In the direction of magnetization, the dielectric permittivity
becomes negative leading to emergence of a new effective time
variable ©

®1. 1. Smolyaninov and E. E. Narimanov, Phys. Rev. Lett. 105 (2010)
067402.
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So, at the level of the equations of motion for the electric field
propagating in the considered material, the original SO(3)
symmetry of Laplace operator is replaced by SO(1,2).

In case of gravity, we observe that the symmetry of equations for

the fields change from SO(4) in the Euclidean region to SO(1,3)

in the Lorentzian regime. One can speculate that this transition is
a result of the symmetry breaking at the level of the fundamental

structure of spacetime.

In particular, one can suppose that the original SO(4) spacetime
symmetry is broken into SO(3), where the residue SO(3) is the
rotational symmetry of triads. Time can be therefore seen as the
order parameter of the symmetry broken phase. Interestingly, in
such a picture, Goldstone bosons associated with the broken
symmetry must appear. Such particles could naturally serve as
inflatons, which are required to explain the inflationary stage after
the Planck epoch.
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Loop deformation of the Poincaré algebra

In the limit of vanishing space-time curvaure, the loop-deformed
algebra of constraints, reduces to the loop-deformed Poincaré
algebra. This corresponds to linear deformations of the
hypersurface’:

N(x) = At + vox?, N(x) = Ax? + Rpx?, and Zab = Oab.

The obtained deformation is a special case of a class of
generalizations of the Poincaré algebra®.

The fact that only the {S® S®} bracket is deformed imposes
constraints on the possible deformations of the Poincaré algebra.
In particular, undeformed form of {D,S®} = S® implies that
[Ki, Pj] = i6;jPo remains undeformed as well.

"M. Bojowald and G. M. Paily, arXiv:1212.4773 [gr-qc]
8D. Kovacevic, S. Meljanac, A. Pachol and R. Strajn, Phys. Lett. B 711
(2012) 122
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Loop-deformed Poincaré algebra
Poincaré algebra for the metric for metric signature (—, +, +, +):

N = (—s,1,1,1):

[Ji, 4] i€ijiJi
4] ik [J- K| e Ki
[Jl'7l<j] = iGUkKk N” NJ: i
[Ki, K] = —is€jikJk [K,- KJ —iBeijk Ik
i P} = e P [Ji, PJ_] i€jjk Pk
K5 Pl =05 [Ria P; i6;iPo
[Ji,Po] = O y P_] .

is Po

[Ki, Po] = isP; ©op : P
[P,',le] = 0 [ I 0_ IB i
[Pi,P)] = 0 [Pi, PJ] 0

[Pia PO] 0

where K; is deformed generator of boost K: = X;Py — XoP;3. For
s — 0 or B — 0 the Carroll group is recovered.

Jakub Mielczarek
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Casimir operator:

Let us consider the cosine type deformation 3(x) = cos(mx), where
x = Py/E. € ]0,1]. We denote E = Py, and E, ~ Epy.

Dispersion relation of photon: .
E2g(E) — p? = 0 Group velocity: vy = 5+/8(E)

10~

g(E)
”

N “lo- 0001 001 0.1 1
EJE.
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Summary and outlook

Different approaches to quantum gravity meet at the
asymptotic silence.

Our model unifies various ideas, such as signature change and
asymptotic silence.

The presented results contribute to the growing evidence,
showing that the asymptotic silence may indeed have
something to do with the state of spacetime under very
extreme conditions. However, the final vote belongs to
experiment.

Silent initial conditions at p = p./2. Predictions of the
spectra of primordial perturbations. Comparison with the
CMB data. (in progress with A. Barrau and L. Linsefors)

Deformation of the Poincaré algebra. Modifications of the
photon dispersion relation. Phenomenology available.

Paradigm shift in LQC.
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Supplement 1: Quantum state of the asymptotic silence

We redefine ' .
A; — GNA;

such that phase space structure
{E7(x), Ab(y)} = 8163016 (x — y)

does not depend on Gp. In the limit Gy — oo and A ~ G,%, — 00
the constraints simplify to:
2 i Ca
C,' — *E,jkAJaEk,
Y

2 . .
Ca — GN*G’jkAJaAgEib,
Y

1 EFEP 1, > k
C — —?GNW (6 ImAaA? — g)\’)’ EabCEC ) ,
where \ = é = const is the considered limit.
N
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Canonical quantization:
Al — AV =AWV,

A 4]
E? E?V = — WV
7 = E 877771/5/4,3 )

such that [Ej"(x), Ag(y)} = /'87r7ﬁ5§(5]’:5(3)(x —y). The state
annihilated by the constraints

GV[A] = 0,
CV[A] = 0,
CV[A] = 0,

has the following form:

V[A] = N exp [W /z tr(AAAA A)] :

J

which resembles the famous Kodama state.
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Supplement 1: Scalar perturbations

@ The constraints C; are subject of perturbative expansion:
cr=c94cM 4?4
@ Holonomy corrections are introduced by the replacement

sin(nfiyk) J

k — K[n] = iy

in the classical constraints, where n € Z.

@ Because the constraints are quantum-modified (C; — C,Q)
there is a worry that the corresponding Poisson algebra will
not be closed:

(€Q,CQ) = FK (AL, EZ)CR + Ay

For consistency (closure of algebra), A is required to vanish.

Jakub Mielczarek Asymptotic silence in quantum gravity



The holonomy-modified Hamiltonian constraint can be written as:

1 _
SEIN) = o /Z o [NHS +HD) + INHD |, where

| .
HG = —4vB (Klsi] + 1) 056KL - —= (K[LP + az) 6L0EF
NG
2 j c
+ ﬁ(l + (Y3)85815EJ 9
HE = /B(1+ a)SKISKESESY — /B(L + as)(SKLSE)?
1

~ 2 (K[ss] + ) SEFSKI

7

4p 153/2

2-3/2 (K[1]2 + (17) 5EJC(5E£5IC<5{1

(K[1]? + ag) (FEF61)>

1
- % 3/2(1+ag)51k(a SEF)(040E).

Here, o;(p, k) are the counter-terms (a;(p, k) — 0.for fi — Q).
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Diffeomorphism constraint takes the classical form

Dol = [ dxoNe [poc(stsKY) — plouKE)
- /?55(3,,55;’)} .
The scalar matter diffeomorphism constraint is
D[N = /z SNPR(D,50).
The scalar matter Hamiltonian can be expressed as follows

SNl = Sw[N] + Su[oN],

where
SmlN] =/ [(HO +#HD) + (1D + 1D + HD)]
SmloN] = / MO+ 1)
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Tom 72 5£5ch

,ﬁ.2 ngl) = - _ -
HO = P p3/2  2p3/2 2p |
o 3 SLOES
HO = FRV(p) WO = 52|V, (3)50 1 V(@) czﬁJ]
@) _ Llomd  momOOEF 1 &2 [(OOEF) | OeGOEfOE]
" 2p3/2  p3/2 2p | 2p32| 8p2 452 ;
1
’H(é) = §ﬁ(1+a10)5ab836306b5<p,
1_ _ _ _ GLOEF
H<(P2) = §p3/2v7s0g0(90)5902+P3/2V,g0(90)54p 21_31
] 2 ksj d
B AV ) e R L A
8p? 4p2
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The total Hamiltonian and diffeomorphism constraints are:

SNl = SZ[N] + SN,
Diot[N?] = Dg[N?] + Dp[N?].

The Poisson bracket between two total diffeomorphism constraints
is vanishing:

{DeoxINZ], Dioc N3]} = 0. J

The bracket between the total Hamiltonian and diffeomorphism
constraints can be decomposed as follows:

(SN, Dt} = { SHINL, DeoeN7T} + { SQIN, D[]}

+ {Sé’[N],DM[N"]}.
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{S,fj[N], Dtot[N"]} — —SQ[5N0,0N].

{sg[/v], DG[Na]} — —SQ[N20,0N] + B DG[N]

L VP / PxON(D,0N) Ay + NVPK / PxIN (00K Ay
K Js R >

y

N / 3 onii N / . et
+—— | d°x0N'(0,0E7)As + — [ d°x(0,0N?)(0EPSL) Ay
75 . XN G0N As + 5= | dPx(D0N")GEPS) A
The functions Ay, ..., A4 are the first anomalies coming from the

effective nature of the Hamiltonian constraint.

{53[/\/], DM[Na]} = 0.
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The Poisson bracket between the two total Hamiltonian constraints
can be decomposed in the following way:

(SN, Seotlo] | = {SQIN, STINa] } + { SualN], S}

+ [{53[N1],5M[N2]} — (N < N2)] )

Here, the Poisson bracket between two matter Hamiltonians is

{53[/\/1], sg[NQ]} = (14 a10)Dpy [’;’aa(amz = 5/v1)} .

The appearance of the front-factor (1 4+ a1g) will allow us to close
the algebra of total constraints.
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N
{521, S2MT} = 1+ 2)(1 + as)Dc | Zo2(ome — o)
+g / Px0(5N> — SNy )(Bi0K) (1 + a3) As
pu
N . 3 i a
S d x(6N2—5N1)((9 c‘)aéE,- )-/46
kP Jx

N .
+— / d3x(6Ny — SN1)(670K!) A7
K Jx

+ﬂ_ d3x(ONy — N1 ) (070 E?) Asg
Kp Jx

The As, ..., Ag are the next four anomalies. Moreover, the
diffeomorphism constraint is multiplied by the factor
(1 + 043)(]_ + 045).
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{Sg[Nl]a SM[NZ]} — (N1 & No) =

_ % / d3xN(5No — 5Ny) <2”3 - \/(@)) (0 SEF)Ag
pu

/ B3NNy — 5Ny (”[f” ;BV@(@)(S@) Ato
>

2
/ d>xN(6N2 — N )(555KY) ( — V(g )) pA11
by 2p3

1l 3UN j c 7_T2

1 _ .
s / PxR(5Ny — SNL) (BI6EF) V(@) As
p

The functions Ag, ..., A13 are the last five anomalies.
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Anomaly freedom

The requirement of anomaly freedom is equivalent to the
conditions A; =0 for i = 1,...,13. Furthermore

(1+ a3)(1+ as) = (14 aig). These conditions uniquely
determine form of the counter terms «; for i = 1,...,10.

Moreover, we have

A7 = 2(1+26)(BK[1]* - K[2]?),
Ag = k(1 +26)(K[2]> — K[1]?).

The anomaly freedom conditions for those terms, A7 = 0 and
Ag = 0, are fulfilled if and only if 6 = —1/2. The choice 6 = —1/2
is called the ji—scheme (‘new quantization scheme’).

Our results show that the ji—scheme is embedded in the structure
of the theory and this gives a new motivation for this particular
choice of quantization scheme.
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The counter-terms allowing the algebra to be anomaly-free are
uniquely determined, and are given by:

a1 = KJ[2] - K][si],

ar = 2K[1]? - 2kK[2],

az = 0,

ay = B-1,

as = B-1,

as = 2K[2] - K[s] — kp,

a7 = —4K[1]?+ 6kK[2] — 2k28,
ag = —4K[1]?+ 6kK[2] — 2k38,
ag = 0,

alg = B-1,

where B
B = cos(2fivk) =122

C
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