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Abstract: <span>A regime of "polymer quantum field theory on curved spacetime" should emerge in a low energy approximation of quantum
gravity based on LQG ideas. This era should be characterized by a polymer scale, and&nbsp; give modifications to the usual semiclassical
approximation. | will describe work on gravitational collapse, cosmology, and statistical mechanics in this setting. Results include models of horizon
evaporation,&nbsp; inflation and graceful exit without an inflaton potential, and an indication of dimensiona reduction from 4 to 2.5
dimensions.</span>
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Scenes from Polymer Quantization

Loops 13

[I. Brown, G. Hossain, A. Kreienbuehl, S. S. Seahra, B. Tippett, E. Webster]
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Motivation & Introduction

Scenes

1. Cosmology

2. Gravitational collapse

I
3. Propagator

4. Dimensional reduction?
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LQG = Polymer Geometry + Polymer Matter

Expectations

» {Low energy: QFT on curved spacetime.

» Intermediate energy: “Polymer QFT" on curved spacetime
» High energy: full QG
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In LQC - a hybrid approach:
polymer quantization of gravity + Schrodinger quantization of
matter: Polymer scale from quantum gravity.

In PQFT on curved spacetime:
polymer scale from matter

Focus of this talk:

Are there polymer matter effects
in cosmology, black hole physics, etc.?
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Scalar field (¢, Py)

ds® = —dt® + qapdx?dx®

. 1 o
H = | / d3x (2\/q P2 + \/qqabf)a(/)()b(/)) .

Polymer variables (scalar field analog of holonomy flux algebra)
pr(t) = / d3x f(x)Py(x, t), h = et
JT

{pr, h} = iXf h.

(Thiemann; Ashtekar, Lewandowski, Sahlmann; Laddha, Varadarajan;

Date)
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Alternative polymer variables

br = / d3x /qf (x)o(x, t), Uy = e'*Pe/Va

{®s(t), Ur(x,t)} = iAf U(x,t).

We will use these.

— “dual” to variables from LQG

— useful to explore quantization on fixed background.
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Polymer quantization

U,\: shift operator ®¢: diagonal operator
Basis states: |1, 2, pn)r M “graph” {x1,x2- xn}

Momentum operator

Py \/q([},\ ' Ui')

TS A
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Alternative polymer variables

o= [ dx Vaf(x)ox,1), Uy = eMPelva

{®r(t), Ur(x,t)} = iAf U(x,t).

We will use these.

— “dual” to variables from LQG

— useful to explore quantization on fixed background.

Page 11/56



Polymer quantization

UA: shift operator ®¢: diagonal operator
Basis states: |1, 2, pn)r M “graph” {x1,x2- xn}

Momentum operator

P} : ‘/q(&\ - 0})

TS A
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COSMOLOGY

4 = =
1 ’I’II,I.ARS OF EA“T!I}. & ¥
- '_“ — DL . | _" L

G. Hossain, VH, S. Seahra, arXiv:0906.2798; PRD81 (2010) 024005
S. Seahra, |. Brown, G. Hossain, VH, arXiv:1207.6714; JCAP 1210 (2012) 041
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Fix background:

ds® = —dt? + a%(t)dx?

Reduced classical variables:

O = Voacph, Uy = exp (iAPy/a’)

Now “momentum’ operator is

Po= o= U

— depends on the metric; used in the I:I¢ operator.
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Semiclassical dynamics

Friedmann equation:

Hy = Vo(Py)?/24°

State: semiclassical

1 «— - .
|/(/)>((/)1 P()) — N Z ckl!”k)! Ck — @ ("Pk (f))2/2nze "Pr,“)(bk VO.
k=—00

(ok = pi/Voa>.)
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~

1 . .
(Hg) = Vo pest,  peff = W[Q — (Uay) — (U;rﬂ],

i  8nG
a2 3

Py=0, ¢=23 M2 ©/Tsin(20),

H2 — /)eff(a. P,‘-J; a, /\)

© = )\qua‘z‘, 2= O'VOP¢.
(invariant under rescalings:

x> 0x, a—0ta, Vo—=0BV, Py— €~3P¢)
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Semiclassical dynamics
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~

1 . .
(Hg) = Voaipest,  peff = WD — (Uay) — (U:erﬂ],

i  8nG
a2 3

P, =0, b = % M2e—©%/E? sin(20),

H2 — /)Cff(a. P,“J; a, /\)

© = AP¢a“3, r = JVOP¢.
(invariant under rescalings:

x>0, a—0ta, V=08V, Py— €~3P¢)
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Numerical solution of semiclassical equations:

factor H/H,

ale factor a/agp

Hubble

scale factor loga/acn time I, (1 scale factor log a/agn

These figures show 3 important features:
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Numerical solution of semiclassical equations:

factor H/H,

Hubble

scale factor loga/acn time I, (1 ) scale factor log a/agn

These figures show 3 important features:
— Early inflationary phase: sufficient e-foldings to solve horizon problem.

— A graceful exit from inflation.

— A classical universe at late times.
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Numerical solution of semiclassical equations:

factor H/H,

Hubble

scale factor loga/acn time I, (1 ) scale factor log a/agn

These figures show 3 important features:
— Early inflationary phase: sufficient e-foldings to solve horizon problem.

— A graceful exit from inflation.

— A classical universe at late times.

All without an inflaton mass, potential, or fine tuning — the only input is

polymer quantization and semiclassical state.
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Why does this work?

2 regimes for the scale factor:

Py
Y M?

M4 a<

1/3
P2/, a> (%)

Peff ~
M2

(0]
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GRAVITATIONAL COLLAPSE

[ VH, B. Tippett, arXiv:1106.1118; PRD 84 (2011) 104031 .]
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Spherically symmetric collapse model

-- a generalization of Oppenheimer-Schneider

Interior metric: FRW + polymer
scalar field in a semiclassical state

Exterior metric: generalized Vaidya with P=kp
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Spherically symmetric collapse model

-- a generalization of Oppenheimer-Schneider

Interior metric: FRW + polymer
scalar field in a semiclassical state

Exterior metric: generalized Vaidya with P=kp

Page 25/56



Classical model

Model use an old idea (Oppenheimer-Snyder) with some twists.

OS model: patch an FRW metric with a static exterior
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Classical model

Model use an old idea (Oppenheimer-Snyder) with some twists.

OS model: patch an FRW metric with a static exterior
New ingredients:
» dynamical exterior

» polymer quantum matter as a source for FRW in interior
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Interior solution
interior metric

2
ds? = —dt? + - (t) (dr® + r?d6? + r?sin® d¢?),

(14 r2/4)?
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Exterior solution

2M(R
= — (1 = %) dv? + 2 dvdR + R? (d6? + sin® 0d¢?) .
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exterior source: null fluid a generalization of Vaidya
[VH, PRD 53 (1996) 1759 ]

1
2T R? Ov
(v, R)w(avp) + P(v, R) (gab

TJ b

VaVp

pressure P(v, R) and energy density p(v, R) are

- g(v)
P = k4m2k+2

= kp,

g(v)

M(R,v) = m(v) 1) R2k—1)

va = (1,0,0,0), w,=(f/2,—-1,0,0),

future pointing null vectors; f coefficient of dv?; k real parameter.
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exterior source: null fluid a generalization of Vaidya
[VH, PRD 53 (1996) 1759 |

1
2w R? Ov
Fp(v, R)w(avp) + P(v, R) (gab +

TJ b

VaVp

pressure P(v, R) and energy density p(v, R) are

. g(v)
P = k4m2k+2

= kp,

g(v)

M(R,v) = m(v) 1)R2k~1"

va = (1,0,0,0), ws,=(f/2,—1,0,0),

future pointing null vectors; f coefficient of dv?; k real parameter.
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junction conditions

Matching surface is timelike: r = .

» a(t) from FRW matter content.

» induced metrics on surface continuous: a(t)rp = R(t) & v -

» extrinsic curvatures on surface continuous.

— R(v): the star surface trajectory — exterior view.

— f(R, v): the exterior metric function.
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k=2 fluid classical matter interior

Figure: k = 2 exterior with classical scalar field interior: the only solution
is a static exterior (constant m(v) and g(v)). This is qualitatively similar
to the Oppenheimer-Snyder solution.
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k=2 fluid quantum matter interior

Figure: k = 2 exterior with quantum scalar field interior: the shell
trajectory exponentially approaches r = 0 and there is no curvature
singularity. The apparent horizon forms and evaporates in finite time.
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PROPAGATOR

9%

[G. Hossain, VH, S. Seahra, arXiv:1007.5500; PRD 82.124032 (2010)]
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Write classical Hamiltonian in Fourier space — do polymer quantization
in k space — compute propagator using oscillator matrix elements.

m 1
Ho= S Ho= 30| T+ SIkeeR].
k k

1

~

~ ~ 1
Hk _ — |:2 - U2,\|.; - U;Ak} + 2k2¢)£,

82

U,\k — e.r'/\‘rrk
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(0|d(x, t)p(x', t')[0) = VZ}MX* W(t—t),

Di(t —t) = (Ok|e'ktppeMkteltht' G, =Mkt 0, )

/ 9 D (w, k) e—i@lt=t)

2T

- QI.AEH‘CHF
D(‘*’k) L w2 AEﬁ €’

n

ch = (mk|ok|Ok)  AE, = EX — E§
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(0|d(x, t)p(x', t')[0) = VZ“-"”’ X)Dy(t — t'),

De(t —t') = (Ok|e’hteiteifht G e=ifht'|g,)
= / g D(w, k) g iw(t=t)

2T

- QI.AEH‘CHF
D(w, k) L w2 4 AE}? - J€’

n=1

ch = (mk|ok|Ok)  AE, = EX — E§
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For Fock quantization:

AE, = nk,

D(w,k) =
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For Fock quantization:

AE, = nk,

D(w,k) =

For polymer quantization:

Need AE, and c, for polymer oscillator.
[Ashtekar, Fairhurst , Willis calculated E,.]
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(0|d(x, t)p(x', t')[0) = VZeMx X)Dy(t — t'),

De(t —t') = (Ok|e/hteiteifht G e=ifht’|g,)
= / i D(w, k) g iw(t—t')

27T

- 2I.AEH‘C”‘2
D(w, k) L w2+ AE? — j¢’

n

cnh = (Nk|dk|Ok) AE, = Ef — E§

Pirsa: 13070082 Page 41/56



For Fock quantization:

AE, = nk,

D(w,k) =

For polymer quantization:

Need AE, and c, for polymer oscillator.
[Ashtekar, Fairhurst , Willis calculated E,.]
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dimensionless parameter:

g = N|k|

i(1-2g)

Dlwkg) = — e gk e

+0(g?),

D(w, k.g) = o 0 ()

—w? + k2 +4g2|k|%2 — ie g®
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Comments on propagator calculation

— Asymptotic results are exact.
— Lorentz invariance recovered at low energy.

— Propagation suppressed at high energy

— Effective mass: meg(g, k) = \?|k|? for g <« 1

[further recent work by Barbero, Prieto, Villasenor 2013]
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(0|d(x, t)p(x', t')[0) = VZe’k(x X)Dy(t — t'),

Di(t—t) = (Okle'ktppeHiteitht g o=tk 0, )

= / ge D(w, k) g iw(t=t)

2T

- QI.AEH‘CHF
D(“"k) L w2 AEﬁ €’

n=1

cnh = (nk|ok|Ok) AE, = Ef — E§
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dimensionless parameter:

g = N|k|

i(1-2g)

D(w, k. g) = —w? + k2 — glk|2 — je

+0(g?),

D(w, k,g) = o +0 ()

—w? + k2 +4g2|k|2 — ie gb
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DIMENSIONAL REDUCTION

VH, S. Seahra, E. Webster, arXiv:1305.2814; PRD 88, 024014 (2013)
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For blackbody radiation in d + 1 spatial dimensions, the
Stefan-Boltzmann law is

U x T1+d

What happens for a polymer photon gas in 3+1 dimensions?
Basic input:

oscillator spectrum is modified by polymer quantization

[related work: Morales-Tecot! et.al.]
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Partition function of mode k:

Z(B) = Z e B(Enk—Eok)
n=0

Average energy in mode k:

d

Ex(B) = ~dB In Zi(8).

Total energy: .
U= / dk k?E(S3).
0

me
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Polymer oscillator:

gn, g<lI,
Ae, ~ 5
g°fh, g>1.

g =k/M
This behaviour gives high energy modifications of black body spectrum.

Result: smooth transition from

U~ T?
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Partition function of mode k:

Z(B) = 3 e PEne—En)
n=0

Average energy in mode k:

d

Ex(B) = ~dB In Zi(8).

Total energy: '
U= / dk k?E(S3).
0

me
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Polymer oscillator:

gn, g<l1,
Ae, ~ 5
g°fh, g>1.

g =k/M
This behaviour gives high energy modifications of black body spectrum.

Result: smooth transition from

U~ T%
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Polymer oscillator:

gn, g<lI,
Ae, ~ 5
g°fh, g>1.

g =k/M

This behaviour gives high energy modifications of black body spectrum.

Result: smooth transition from

U~ T kg T < M.

U~ T2 kgT > M.

Evidence of dimensional reduction from 4 to 2.57
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Polymer oscillator:

gn, g<l1,
Ae, ~ 5
gfh, g>1.

g =k/M

This behaviour gives high energy modifications of black body spectrum.

Result: smooth transition from

U~ T kg T < M.

U~ T2 kgT > M.

Evidence of dimensional reduction from 4 to 2.57

Semiclassical — so we are not yet down to 2!
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Equation of state changes from

1
P="Cp,
3p

p—=
3p1
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SUMMARY

» Hints of interesting physics with polymer QFT on curved spacetime.

» May provide evidence of LQG methods at lower energy scales.

Many questions to explore:

— Semiclassical gravitational collapse.

— Modifications of black hole physics.
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