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Abstract: <span>An exciting frontier in physics is to understand the quantum nature of gravitation in finite regions of spacetime. Study of these
regions from ““below", that is, by studying the quantum geometry of finite regions emerging from loop gravity and spin networks has recently
resulted in anew road to the quantization of volume and to evidence that there is arobust gap in the volume spectrum. In thistalk | will complement
these results with recent work on conformal field theories in a particular finite region, a spherical ball of space. This new view afforded from
“above" gives insights into entanglement and the Reeh-Schlieder theorem, alows calculation of the entanglement spectrum, and suggests a new
route to constructing the Minkowski vacuum out of independent finite regions in quantum gravity.</span>
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Finite region quantum gravity

What is the physics of a finite region of a quantum spacetime?
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Divergences

“...no approach to quantum gravity can claim complete success
that does not explain in full and convincing detail the ultimate fate
of the divergences of perturbative quantum gravity." H. Nicolai

gr-qc/1301.5481

The mass of the LHC scalar boson (125 GeV) narrowly avoids
vacuum instability and the Landau pole of self-couplings:
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Currently understood physics may hold up to the Planck scale!
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Polyhedral program

k.

Semiclassical

-

fT ! ,A‘ ,/ o O 2 *
E; I € ik e, dx’dx" HT{‘/PI /; — A

Gauss constraint — Closure relation

f-“'pol The volume of a quantum polyhedron

[Bianchi, Doné and Speziale]
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E;= [ e f'.'iﬁ“'fi('f‘" drbdx® = 8r# ﬁl'/? — A

Gauss constraint — Closure relation

Vpol = The volume of a quantum polyhedron

[Bianchi, Doné and Speziale]
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Take volume as Hamiltonian:

ang. gen. p

Orbit areas are complete elliptic integrals,

(

4 4
J(E) (Z a; K(m) + Z: b;1 l((}'j-). m)) E
! i=1
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Numerical

Bohr-Som

[PRL 107, 011301]
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Analytic volume:
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Robust mechanism ~~

volume gap: chaotic 2T Poisson
dynamics & low density of |
states at low volume

I‘l‘\l‘]l repulsic :n
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Outstanding chgllengg

e NN

How to identify the ground state of a general relativistic theory?

Want to coordinate individual grains of space to recover
Minkowski space from this quantum theory.

Use entanglement
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Outline
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Entanglement insights

Tensor networks:

Condensed matter and tensor networks: Matrix Product
States (MPS), Projected Entangled Pair States (PEPS),
Tensor networks (TNs) ~~ Area laws.

Physical corner of the Hilbert space.

Spin networks are tensor networks.

Casini, Huerta & Myers have extensively studied the entanglement
entropy of spherical causal domains. [Casini, Huerta & Myers '11]

New result ~~ the entanglement eigensystem.
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Entanglement

Pure state |V) € H4q ® Hp. A B
Ha®HB

Schmidt decomposition:

W) X \/)\.,'\z',q) ® |ip)

with |i4) and |ig) orthonormal bases in H 4 and H p respectively.

Leads to the reduced density matrix

pB = Tra|¥) (Y|

X Ailig) (iB|,

[/

and the entanglement entropy

Sg = —Trpglogpp = — 2: Ai log A;.

)
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Entanglement spectrum

Can always write

pp=e HE  je. Hp=—logps,

the “entanglement Hamiltonian".

Already diagonalized Hg:

pp =Y e “i|ig)(ig|

i

) the “entanglement spectrum”. (A; = e~ )
[Li & Haldane '08]

Provides thorough understanding of entanglement.
Study for spacetime fields.
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Spatial 3-ball B ~ Cauchy
development D(B).

Entangling surface the

boundary 2-sphere 9B = §2.

Choose adapted coordinates
that preserve S2: similar to
how polar coords fix (0,0)...
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Diamond coordinates

Use hyperbolas

Diamond coords (A, 0,0, ¢):

P sh A\

P A h A+ cho

with A € (—o0,00), o € [0, 00).

The Minkowski metric becomes

. R? 9 5 2 12
ds> ! _[—d)? + do? + sh?0d0?],
(ch A +cho)?

a conformal rescaling of static Kk = —1 FRW.
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E.g. region Il

sh )\ )
ché —ch\’
sh o

{

)

I’chr“T —ch\ J

|
!
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~ Entanglement (or foliatio

o
OA
0 the charge is conserved

7 e . -
) ~3 current JH I'“vg, with T}, the stress-tensor. If

C=/JT,.E~d¥"
and generates the spatial foliation discussed above:

o~ 75 2 /'\

Y

d

Explicitly this charge is,

"9 ~ 1 D) 0 .9
r2dr dQ) (S (R - r?)(@

—
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Minkowski vacuum:
Al

Spherical density matrix:

A

path integral

Rindler density matrix:

At E

D
N ¥ fiaes

_‘} Sin Ay
cos Ap + cho | Bipolar

P sho J coords
{
cho

COS Ap

| ‘_ g -a.:"
I .
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path integral
Minkowski vacuum: Rindler density matrix:

Al E At E

M .
N ¥ s

Spherical density matrix:

’ } ﬁill,\;

cos A\p + cho 1 Bipolar

sh o coords

COS ,\,ﬁ' +cho
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Inverted strategy: study finite region of flat spacetime using QFT
on a curved background

0
l S o
9 \/ '.(/|.q/” ();:.7:(');/(; } (H{Z %

i

Guv

\-r./

Action is conformally invariant under {

With g, = n,, the EOM transform as (O] = ¢**V,V,)
O Q‘u—rn@
5

Find ¢ by finding .

Pirsa: 13110049 Page 26/42



Sphere modes

-

Sphere modes:

1

(2k) 2

»(ch A+ cho)II; (o) YM (0, ) e~ %A
L ‘

u,]i (z)
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Sphere modes |

__ o =

Sphere modes:

/ (2k)~2

Ujc () > (ch A+ ch )T (0) Y (6, ¢)e™™
1}
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Sphere modes analytically

Metric g = —d\2? + do? + sh?0dQ? is static K = —1 FRW.

Separate: uk(z) = xx(A)I (o) }'!,}”(U*‘f") with

(k) e

dcho

l \ 1+J ‘
11;,(o) N('{"-J)Sh']ﬁ( : ) cos (ko)

YM (9, ¢) spherical harmonics

M=-=J,—Jd+1,...,. it J

Sphere modes: ¢ = Q(z) ", (recall 2 = R/(chA+cho) )

Uie(2) / “(ch A+ cho)II;, (o) Y (8, ¢) e,
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Sphere vacuum and spherons

Minkowski case: ¢(z) = [ dP 1k[aguk(z) + ukuk( r)]
The vacuum satisfies ax|0)y = 0.

Cut out all in-out entanglement to get sphere vacuum

Sphere case: ¢(z) = [ dk Y, ylstui + s u{(* + sl + «, .ﬁj’

e

The sphere vacuum satisfies s |0)s = s{|0)s = 0.

.s-k' creates spherons, excitations localized within the

spherical entangling surface.
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Conformal completion

Diamond coordinates can be extended to all of Minkowski space

E.g. region Il

sh \
ché —ch\’
sh o

R i
chd —ch\ )

{
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Curved space, traceless (improved) stress tensor

. 2 | : _ I _
l;w :‘;v;t‘r:vv‘; - “.q,f”’(v{ 'T:V;:"f:\_) - 3 ;v;fvf?ﬁ:

1 N R
-+ 2 f};m\p[ﬂg -1 ,[R(,_g, - _(}mz,R, Qz_
3 6 )

Entanglement Hamiltonian

f. rm C}[ T/
( mn / I;ka. ( L -
JB

Entanglement spectrum

zero pt. ener.
v

Clin / dk L /r(sli‘ '“"}i = s“s{;[)

J,M -
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Schmidt deco mp lt_mn f ‘Minkowski vacuum

L -

Total Hamiltonian

(! (l - (‘f

' / dk X l.‘(.wli' .'»"i -+ ‘l"l{;f f .-a']i] )

J,M

10) m / dk Z e % ul ® uil.

J, M
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Individual nodes are like the
interior of the sphere with no
entanglement between a
given node and its neighbors.

Can we choreograph entanglement to yield the Minkowski vacuum?

A wealth of condensed matter research on entanglement and

tensor networks to draw from.
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Enticing direction

Clearly we want more nodes. The entanglement Hamiltonian for
multiple diamonds in Minkowski space studied by [Casini & Huerta).

|'_ I‘; ;I : :| |

spacetime:

Results for fermion in D =1+ 1 (a){(|
H Hioc + Hponloc-

Two regions of radius R separated \
by distances (a) LR, (b) {i5R, \ V4
and (c) 5555 R-

What is the physical significance
of the non-local mixing?
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e

Clearly we want more nodes. The entanglement Hamiltonian for
multiple diamonds in Minkowski space studied by [Casini & Huerta).

/MN\

/‘\

pe

spacetime:

\V

H Hioc + Hponloc-

Results for fermion in D =1+ 1 (a)<((| | ((|

Two regions of radius R separated .

by distances (a) R, (b) 1358, \/ \/

and (c) 5555 R-

)00

What is the physical significance
of the non-local mixing?
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Leveraging conformal symmetry we can achieve a more substantial
characterization of the sphere vacuum, finding its two-point
functions:

141 spacetime:

l

D7 (z,z') = — = log | — AX% 4 Anz|

3+1 spacetime:

472 R? sh (Aco) [—AN2 4+ Ac?]
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Sorkin-Johnston vacuum

o

Causal sets provide the only fully controlled Lorentz invariant
discretization of spacetime.

A remarkable state, the Sorkin-Johnston vacuum:

[Johnston '09, Sorkin '11]

~ proposed vacuum for a causal set within a causal diamond. It

is defined only through referencing the diamond’s interior

has no entanglement with outside

and so does not satisfy the Reeh-Schlieder theorem.

Afshordi et al have just investigated the Sorkin-Johnston vacuum
in 2D analytically and numerically... [Afshordi et al '12]
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Comparison
. and amongst many other things they found a surprise: near the

L and R diamond corners the Sorkin-Johnston two-point function
is that of a static mirror in Minkowski spacetime.

How does the sphere vacuum compare?

In the limit A=) =0, 0,0’ = oo:
1

‘ ] . . ! ~J
Dy ~ = g 108 (log 37) Dip ™ ax@—e)iog 3

The Rindler two-point functions. [Troost & Van Dam '79]
(Recall £ = 2Re is the proper distance from the right corner.)

> the sphere and Sorkin-Johnston vacuums differ in 2D.

Is this still true in 4D7?
Have the tools to completely characterize these differences.
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Reeh-Schlieder theorem

If quantum gravity cuts off the continuum what becomes of the
Reeh-Schlieder theorem?

A special, initial pure state of two More generally:
g-bits, A | B

Ha @O Hp

@) = S5 = [ 11) |
Ve Schmidt rank of the decomp.

can be used to steer one of the § b e s
q-bits onto whole bloch sphere. T) = i vAilia) @ lip)

is at most dimH 4. There is no
way to steer onto all of H p.

In what sense, if any, does the
Reeh-Schlieder theorem hold for a
large but finite #d.o.f.?
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Reeh-Schlieder theorem

i

If quantum gravity cuts off the continuum what becomes of the
Reeh-Schlieder theorem?

A special, initial pure state of two More generally:
q-bits, A B

A \ H : H 3
@) = Z(141) = [ 1) | L
Ve Schmidt rank of the decomp.
can be used to steer one of the i o
g-bits onto whole bloch sphere. W) = 32 VAilia) ® [iB)

is at most dimH 4. There is no
way to steer onto all of H .

In what sense, if any, does the
Reeh-Schlieder theorem hold for a
large but finite #d.o.f.7
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