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Abstract: The concepts of quantum information theory play an important role in two seemingly distinct areas of physics: For studying the quantum
properties of black holes as well as for devising quantum computing algorithms. Quantum entanglement and computational complexity may be
mapped toA geometric quantities. This is intimately related to the holographic principle, according to which the information stored in a volume is
encoded on its surface, as is the case for black holes.A In the talk | will describe the essential new concepts that relate quantum information to
geometry and gravity. Technically, this involves generalising quantum information results to quantum field theories, i.e. from finite to
infinite-dimensional Hilbert spaces. | will explain how the new A relations may be used to obtain both a further

understanding of quantum black holes, as well as further advances for the theoretical foundations of quantum computing.

Pirsa: 21020029 Page 1/23



[£] PerimeterWomen3.pdf

Home Tools Schedule - WIMT... PerimeterWomen... X @ Sign In
* ® B Q ©@ +w B 2 & D a B 1%
@

Quantum Information and Black Holes 52

P

5 Johanna Erdmenger o
Julius-Maximilians-Universitat Wrzburg ‘2

9/

51.\.5

Julius-Maximilians-

Pirsa: 21020029 Page 2/23



3 [#] PerimeterWomen3.pdf
Home Tools Schedule - WIMT... PerimeterWomen... x @ Sign In

75?@@9\ ® @ 2 20 E‘_&éﬁf} 69.-."0

Our group %’D[ Wirzburg University

I O N

X

SN

Pirsa: 21020029 Page 3/23



[£] PerimeterWomen3.pdf

Home Tools Schedule - WIMT... PerimeterWomen... X @

w8 ® ©® s /20 B £ & W Ca
Introduction ™
Quantum computer M Black hole
Processing of qubits Particular solution of Einstein’s equations
I DI =1L

Stronger relations than first expected !

Entanglement M Geometry
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Entanglement

Pure state: State vector |[¥)  Mixed state: Density matrix p = >_ p.| W, ) (¥, | " &

o
Entangled state | T)| 1) — | )| 1) Product state | T)| 1) 2,

N

Von Neumann entropy S,y = —Tr(pln p)

) C

Maximised when p diagonal with equal entries,
vanishes for pure states where p° = p
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Reduced density matrix
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Entanglement entropy
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Black holes P

- Gravity objects
with remarkable quantum properties

- Very massive objects

- Large mass < Strong curvature
O

- Once matter or light passes the Schwarzschild 0 Frenhorenieieses

radius, it is trapped inside the black hole and
cannot escape any more. = Horizon
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« Direct observation from gravitational waves

B

» Metric: ds? = — f(2)dt? + f(2)"'d2? + dz® + dy?
=%d
1) =1- ()
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Black holes: Quantum Properties B
L)
oE
Black holes emit thermal radiation R
)
Hawking temperature T' x 1 /2y < Bekenstein entropy
P o
4G
i 2
Black hole information paradox: O
X
If matter in a pure quantum state enters a black hole,
” , . V74
it is transformed into the mixed thermal state
Information about the original state is lost B
©
A full understanding of quantum black holes requires a theory of quantum gravity
>
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Holographic Principle o 4

Bekenstein entropy
Ay 23
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Information content of black holes is encoded in their horizon area

(cf. Hologram)
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Gauge/Gravity Duality \dS/CFT correspondence, Maldacena 1997; Wity : =

b3
9
Black holes in hyperbolic spacetimes are mapped

to strongly coupled quantum field theories at finite temperature &R

N

Information stored in the black hole is mapped to
information stored in the quantum field theory
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Suggests extending quantum information concepts

B

to infinite-dimensional Hilbert spaces
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Gauge/Gravity Duality: VA

Gauge Theory n Gravity theory
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Gauge/Gravity Duality

Conjecture which follows from a low-energy limit of string theory

Duality:

Quantum field theory at strong coupling
< Theory of gravitation at weak coupling
O

Holography:

Quantum field theory in ¢ dimensions
& Gravitational theory in ¢ + 1 dimensions

Quantum field theory defined on the boundary of the ¢+ 1-dimensional space
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Entanglement entropy in Gauge/Gravity Duality =
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Leading term in entanglement entropy given by 2

area of minimal surface in holographic dimension
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Entanglement entropy in Gauge/Gravity Duality =
B,
(Ryu, Takayanagi Phys.Rev.Lett. 96 (2006) 181602) ¢
Leading term in entanglement entropy given by 2

area of minimal surface in holographic dimension
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Entanglement entropy: Quantum field theory

Conformal field theory in 1+1 dimensions (Cardy, Calabrese, J.Stat.Mech. 0406 (2004)

P06002): -
. 5111(!}\')

b
Reproduced by Ryu-Takayanagi result
A x 1/€, e boundary cut-off in radial direction
¢ =3L/(2G3) central charge of CFT
Finite temperature (at small #):
S(f) = ‘In ( 1 sinh(?:rf'T))
3 e
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Fisher information metric 2N |

o =

Fisher metric in information theory: Metric on space of probability distributions
Probability distribution p(z, é'), x a stochastic variable, 9 a set of n external parameters
Spectrum ~(z, 8) = — In p(z, 8)

Fisher metric 5v(z, 0) O (z, 6)
-, - Oy, oy,
9 (0) = [ dzp(z,0)

= {(8,v0,7)
a0r  o6v (Buvd) y

N

For Gaussian distribution (saddle point approximation)

§ &

(i

] n _;]_‘_1}2
PLTyy .-yt Lp) = ——€XPp —_ e TR
pon . 2n) = ienp (- 3 S0

Fisher metric gives Anti-de Sitter space:
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ds® =
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a

Recent discussion: J.E., Grosvenor, Jefferson SciPost Phys. 8 (2020) 5, 073 e-Print 2001.02683 [hep-th]
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Complexity: [

Consider set of predefined unitary transformations in a Hilbert space

How many of these need to be applied to reach any given state
from a reference state?

N

Consider a reference state |r) and a set of unitary operators Uy, U, ... (gates)

§ &

B2

The complexity C(|¢')) of a state |¢) is given by the minimal number of gates
required to map |r) to |¢) up to a given tolerance 0

B

C(|¢)) =min{n e N| U, ... U;,

ry = |¢), up to tolerance}
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Holographic complexity proposals

Susskind et al: Fortsch.Phys. 64 (2016) 24-43, Phys.Rev.Lett. 116 (2016) no.19, 1913C

Consider evolution of two copies of a CFT initially entangled in a thermofield
double state

‘Complexity = Volume': 'Co_mplexity = Action’: ‘
Volume of Einstein-Rosen bridge Action on Wheeler-de Witt patch
) tp— «p
<
/——\‘

Both proposals evolve linearly with time.
Black hole saturates Lloyd bound: %€ < 4.
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Black hole Tensor Network Z2

Topology change leads to discrete change in computational complexity
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Further recent work

1. Holographic entanglement entropy in arbitrary dimensions

J.E., Miekley 1709.07016, JHEP 1803 (2018) 034

2. Computatiogjal complexity for conformal field theories

3. Modular Hamiltonians and geometry
J.E., Fries, Reyes, Simon JHEP 2020
4. Information geometry in quantum field theory

J.E., Grosvenor, Jefferson Sci. Post 2020

5. Relating Fisher information for mixed states to volume changes induced by
metric and operator perturbations

).k

6. Time dependence of entanglement in AdS/CFT
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Conclusions and further directions

Gauge/Gravity Duality is a new paradigm in physics:
New relations between entanglement and spacetime

N

New tasks for the future:
Investigation of the new links between quantum information and quantum gravity
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