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-- Introduction:

-- Tensor Network Methods for Quantum Manybody Problems
-- Quantum Distance

-- Emergent Metric for MERA

-- Quantum Quench and Finite-T

-- Summary



Tensor network wave functions of various kinds:
MPS (matrix product state) or DMRG
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PEPS (projected entangled pair state)

MERA
(multiscale entanglement
renormalization ansatz)




- Representing many-body wavefunctions by contracting many tensors
DMRG, MPS, MERA, PEPS, etc.
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matrix product state (DMRG):
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[Vidal (07-08)]
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- Block spin decimation
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- Entanglement entropy scaling : the best method to measure
the central charge (most important parameter in 1D critical system).

- Can we extract information from tensor network in
a more effeicent way ?



Cutting up tensor networks!

Cutting up = defining "reduced density matrix"



[Swingle (09)]
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- Holographic formula for EE
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Can we make "AdS/MERA" more precise ?



- Tensor network method can be formulated as a quantum circuit
(successive applications of unitary transformations)

- For MERA: add dummy states |0>




- Quantum circuit representation of the target states:
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- Optimizing |Omega>, U --> true ground state



- free boson in d+1 dim:
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- coarse-graining e~k 3 ()einl — e‘%”qs(e‘“k)
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- variational principle:
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- scale-dependent Bogoliubov transformation:
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- Bures distance:
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- for pure states:  p1 = [U1)(1]  pa = [v2) (¥
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- for infinitesimally close state:
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- Proposal for a metric in radial direction:

[ Guu(u)du® = N1 (1 — | (T (w)[¥(u+ du))r|?) ]

where |W(y + du))r, = e“*|T(u))  wfn in "interaction picture"
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- Relativistic free scalar:
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massless limit:

Guu(u) = const. AdS metric
massive case:
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- MERA at finite T (mixed state)

- Quantum quench (pure state)

"coupling" (mass)

t=0 time

[W(t =0)) = e TH|B) "Boundary state” [Calabrese-Cardy 06]
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- Light-cone like structure Guu = g(u)? =~
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- t-linear growth of Sa
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- Thermofield double description: [Matsueda, Molina-Vilaplana, etc]
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- Concrete setup in cMERA (cf. Hartman-Maldacena, next slide):
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- Can use the same disentangler for quantum quench
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- Large-N ? higher spin ? [cf. Swingle (12)]
- Diffeo invariance ?

- Time-component of metric g_tt ?
- Effects of interactions ?
- Einstein equation?
[cf. Faulkner-Guica-Hartman-Myers-Van Raamsdonk 13,

Nozaki-Numasawa-Prudenziati-Takayanagi 13,
Bhattacharya-Takayanagi 13, etc]

Advantages of AdS/MERA:

- No need for large-N
- Can define geometry for generic many-body states



- Time-dependent excited state: (Apay, + Bkat_kﬂ‘l’ex) -0
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- Phase ambiguirty -- Psi is indep. of theta, but metric is not

- Choose theta s. t. the extremal surface is on the corresponding
time-slice.



- Closing comment: topological phases

e.g. phases in condensed matter that are described by
the Chern-Simons theory

- no classical order parameter,
highly entangled quantum states of matter



Topological infomation is strored in "top tensor"

[Koenig, Reichardt, Vidal (08)]
[Aguado-Vidal (09)]
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holographic dual of pure YM
in (2+1)D
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Top tensor D7 branes

AdS soliton




- Metric for tensor MERA representation of quantum states
- Behaviors expected from AdS/CFT

- Classical phases of matter <-- group theory (symmetry breaking)
Quantum phases of matter <-- geometry (entanglement)
Topological phases <--> D-branes



