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Abstract: <span>| will outline a path by which a semi-classical geometry obeying Einstein's equations emerges holographicaly from elementary
guantum mechanical objects undergoing local dynamics. The key idea is that entanglement between the quantum degrees of freedom leads to the
emergence of a dynamical geometry, that entanglement is the fabric of spacetime. Furthermore, although important technical challenges remain, |
will argue that the conceptual ideas are in place. The core of the talk will be two new results that are crucial to this program, one establishing a new
representation of entanglement in RG tensor networks and the other showing that the equivalence principle is encoded in the universality of
entanglement.</span>

Pirsa: 14050098 Page 1/29



Einstein’s equations from qubits

Brian Swingle
with Mark van Raamsdonk
1405.2933 and 1406.??7?7?

SIMONS FOUNDATION

irsa: 14050098 Page 2/29



Three clues for quantum gravity

1. The Hamiltonianis measurable at infinity
. GmMest (ﬁ)

= 2 c?
2. Black holes have entropy proportional to their area

3
__Cc’Apgy
SBH = 4hG N

3. Gravitational redshift

B .. = Ly \/1 253]2\/[

atom
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Begin in the middle

1. Hilbert space = (tensor product) space of the
(regulated) CFT, similarly for Hamiltonian (vald

2. For some set of CFT states = semi-classical
geometry and local bulk field theory

YerT) < (M, |Ybuk))

3. Example: ground state,

OcrT) ¢ (AdS, |Opuik))
) Bl i Rf‘f‘gds (—dt® + d7? + dr?)

fixed by symmetry
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Assumption: entanglement and
geometry

A A

>
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Microscopic degrees of freedom (qubits)

Tensor networks

(%)

Geometry and curved space QFT

Einstein’s equations
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local DOF qubit
diIIl( ) — N diIIl( ) =

Local DOFs composed of
many interacting qubits
(e.g. large N gauge theory)
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> L

Tensor product ® V
Hilbert space: SyS

Local Hamiltonian: H = E Ha:,a:—|—1

L ]

(assumed to have DOF at all energy scales,
strongly interacting)
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Basic idea

Consider the ground state of H: ‘OCFT>

We would like a way to represent the ground

state (and other states) which

1. makes clear the physics at different length
scales,

2. explicitly takes entanglement into account,
and

3. represents entanglement geometrically.

|OcFT) - entanglement network
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Entanglement Renormalization (MERA)

0) 0) 0) 0) 10)
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Causal structure of MERA

A
y—=—ra

?:T % t-'r' — a -

CC(A)

L+2|t,.|
S —
129
“Wick rotated” AdS (de Sitter):
| by 2 —dt?+dx?

=
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RCC(A|A) RCC(A|A)
' SCC(A, A)

Tensors in RCC:
MERA state: |

0)...]0) : |
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_ | | S(A) =?
MERA with more

general bulk state: & S Can’t say much in
| complete generality ...

MERA with special | | S(A) e Saroa a0 Sbulk

bulk state:
/ < | - \ Sbulk T log(ﬂf)

~ A

“———_

M

1 o
\/T_[Z ‘H)

1=1
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S(A) “only” differs from
entanglement of bulk dof
due to bulk “local” unitaries |
acting in SCC

.

Long-range parts are
preserved, e.g. visible Fermi |
surface, bulk long-range

entanglement, etc.

~

Some further statements are
possible in a crude large N
model, but too little time ...
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Summary of Part 1

Entanglement network for states, emergent
dimension associated with length scale
Network encodes entanglement quasi-
geometrically

Network is dynamical

New physics of bulk entanglement

In special cases, e.g. large N, some additional
(holographic) features are crudely captured
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A slight leap
A A

>

*
*
.
.
.
.
*
“eud
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Dynamics
O|crT) ¢ (0M, 0 |Ypuk))

CFT side:
WCFT) — |OCFT> = 5 6(5"1%/-’CFT>

Gravity side:
ds? = Bags (—dt2 + di? + dr? + hy,, datda?)
‘?v/)bulk> Iobu1k> EO | lﬁl*’l)111k>
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CFT First Law

Symmetry: A = B(R, xg) ballof radius R
>.g = hemi-sphere

0Sp = 0Fp

0S5p = —tr(dpplog(ps))
2 _ |32
0Ep :271'/ = tr(dpToy ©)
B




Aside: why is B special?

Answer: B supports a boundary conformal Killing

field
21 i Y 2T o 2 2\ ¢
C — —E(f — f{])(.’lf — .17(])(),,', -+ ﬁ(}? 03 (-’1-7 T -'I-"()) T (f T t(]) )()f

Answer:3: g supports a bulk Killing field

2T - - 2 : o &
§= -2 (t—to)(rd: + (2" — 25)0:) + ﬁ(R" — (z —29)° — 1% — (t — 1)*)0,
Answer: B is the bifurcation surface of a Killing

horizon
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CFT first law in gravitational variables

1 a form x(h) :

—~

Area variation: 6 ’ M — X variation wrt surface = 0
4G N B

Energy variation: 5EB — / 1| € il b
B

of h

Differential: dy = —2§G5Egb€b

‘(; 4 1 (SLJVP’I'H.V
e Werav =
ab \/_—q 5 gab 167TG N

[ v=a(r—28)
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Including the matter term

582 — tr(épz log(pz)) variation wrt surface =0

—log(ps,;) =

5

bulk b

bulk region is rindler wedge

585, =

5ol

6 5< bulk>
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Main argument

CFT first law = 588 T (SEB

Holographic variables () = (55%1-3,\/ i (SE%“W

Use calculated variations 0: /~ X+ f”’0< (E)[;dk> _/ X
J B JX B J B

Stokes theorem O — fa ( 25E
JYX B

+ S(T5M)

ab
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0= [ & (-26E3, + 3T &
2B

1. Valid for all B = integrand vanishes
2. Boosted frames give all field theory directions
3. Otherdirections are constraints:

r,rr <> 0, TH =0,T} =0

G 1 u
6ELJLb il §6< (}Lb -

Einstein’s equations linearized about AdS, equivalence principle, Newtonian gravity
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Some details and interpretations

a

1
5Egb — §5<Tb£‘lk> RHS includes graviton

~

Suppose a linearized operator equation: Kfz — ()

We have matrix elements of Kfz — O between vac
and any state

Results fix Kand 0: K = KEinstein

~

€ Tbulk i O’V =10 cal Tbulk
v (¥]0’|0) = (0|0'[¢)) =0
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Non-linear extension

Tr i v e 2A
Wg : 167TGN /

The only local* non-linear action consistent with
1. our linearized result and

2. our entanglement assumption
is Einstein’s action universally coupled to matter.

* We only require that the action be local, not the physics. Also, any

attempt to introduce real non-locality must contend with, e.g. causality
constraints from the local graviton, etc.
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Summary of Part 2

1. Assume the existence of a geometry and a
certain representation of entanglement

2. Purely CFT constraints give linearized Einstein
equations, equivalence principle

3. Universality of gravity comes from
universality of entanglement

4. Only non-linearlocal action consistent with 1.
and 2. is Einstein’s action

5. Can be extended to higher curvature theories
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| argued we have a conceptual path from
qubits to Einstein and many key results,
but many technical challenges remain.

ldeas/issues:

1. Tensor networks and CFT bootstrap
2. Explicit network dynamics

3. Short distance bulk locality

4. Probe approximation for networks
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We’re almost in range ...

THANKS!
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