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MERA

Multi-scale entanglement
renormalization ansatz

Tensor network = sparse, efficient representation
of many-body wavefunctions
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MERA as a quantum circuit:

also a
two-body unitary gate

disentangler isometry
two-body unitary gate



MERA as a quantum circuit:
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two-body unitary gate

also a
two-body unitary gate



MERA as a quantum circuit:
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Wilson’s RG

|¥) = [¥7) = [P7) = -

(for wavefunctions,
in real space)
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MERA as a variational ansatz:

N
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entanglement
Accurate representation of entropy
ground states of

1 critical systems c
(p(0)p(L)) = 78, ; S(L) =7log (L/e)

In continuum:
conformal field theories

CFTs

correlations

minimal # of cuts
within the network

minimal distance
within the network

geometry?



MERA as (toy model for) holography & cosmology

AdS/CFT correspondence, J. Maldacena, 1997 ('t Hooft, Susskind,
Thorn, Bousso, ...)

AdS,., 4@ CFT, tT
quantum quantum CFT2

L x gravity field theory . x

Swingle 2009, 2012
MERA = Hyperbolic space H, (time slice of AdS,)

AdS,/CFT,




MERA as (toy model for) holography & cosmology

MERA = hyperbolic space H, Swingle 2009, 2012 m
(time slice of AdS;)
AdS./CFT, w

MERA prepares CFT ground state

MERA extends in extra scale dimension

Why? T X 2 T
in hyperbolic w
in MERA... space H, ...
H,
geodesics in H,
Hy

CFT ..
entanglement minimal entanglement  ~ minimal (Ryu-Takayanagi)

entropy ~ cut entropy surface



~X§ + X7 + X7 = —a®

Brian Swingle (2009), (2012)
X1

space-space

X5+ X7 +X5=0
L ’ light cone
X4 L.
2
light-space

—X§ + Xf + X3 = a?

de Sitter Cedric Beny (2011),
. Czech, Lamprou, McCandlish, Sully (2015)
spacetlme Kunkolienkar, Banerjee (2016),
dSZ Bao, Cao, Carroll, Chatwin-Davies (2017)

time-space



MERA as (toy model for) AdS/CFT correspondence & cosmology

10 years of debate!

MERA = HZ or dSz ?

Spoiler:
MERA

LZ light cone I

euclidean MERA = 'H, hyperbolic space !!

lorentzian MERA

dSZ de Sitter spacetime I

QFT path integral

tensor network = ,
on curved spacetime

A. Milsted, G. Vidal arXiv:1805.12524
Ash Milsted‘ A. Milsted, G. Vidal arXiv:1807.02501

Perimeter postdoc ~ A. Milsted, G. Vidal arXiv:1812.00529
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given a tensor network... ...how do we assign a geometry to it?

D

0.0 0.0 0 000000 000

metric g,

* network symmetries

e path integral



metric ?

ds* = g,,(z,1) dz*
+29,-(z,r)dzdr
+ 9, (z,7)dr?

Iuv(2,7)? 0.3%?’3&?0&?’0
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Z Z scale
T space
r

(1) translation invariance r — r 4+ 1, (2) reflection symmetry* r - —r
gIW(Z' r) = gﬂv(z) 9gzr(2) =0

(3) scale invariance (z,7) = A(z,1)

2 o 2 2
d. = d Ar,,, between nearest neighbor tensors 9rr(2)(ATn)* ~ grr(2)2° = £
y — Yyr

at fixed z is proportional to z, Ar,,(z) ~ z

=| grr(2) = ilflz/zz
- Az, between nearest neighbor tensors
at fixed 7 is proportional to z, Az, (2) ~z 922(2)(B2pn)? ~ grr(2)2* = £V?

= gzz(Z) = ivz/zz

metric:

2 .
ideZZ 4+ de +R2 hypgrbollc spage H, e +dn? + dr?
ds? = —R* de Sitter spacetime dS, %S 1/R)?

Z2 R — 0 light cone L, time n =Rz




candidate metrics (by network symmetry):

+R?dz? + dr? 2 dr? 2>  —R?%*dz? + dr?
(SHZ) - 72 (dSLz) :? (dsdsz) =

72

The network symmetry cannot help us choose one.
How about the content of the tensors?

conjectu re:

MERA Path integral on some geometry
test: '
PR COl -
AN ~ T
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layer of MERA () — 7
Linear map /. g_[cft N }[Cft
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Euclidean time evolution Euclidean path integral

— ¢’ (x)
e TH
T T T T T T T T T T T T T 11 ZE=f[D§0]€_SE[(p] _ AT

1 flat

Ke euclideon euclidean X
spacetime

Lorentzian time evolution Lorentzian path integral
t
w ¢’(x) |

% - - lorentzian
orentzion spacetime
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Euclidean evolution versus Lorentzian evolution

e —TH
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—X§ + X{ + X7 = —a?

space-space

time-space

X5+ X7 +X5=0
light cone
L,

light-space

= strip of I

linear
—TH
map e

[We) = e~ Fa|W,)
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So... what linear map is implemented by a layer of MERA?

There is a problem...

guantum
spin chain
N =28

SOOOOOOCK

guantum
spin chain
N =16



So... what linear map is implemented by a layer of MERA?

guantum
spin chain
N =28

guantum
spin chain
N =16
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low energy basis

A. Milsted, G. Vidal, PRB 2017, arXiv:1706.01436
Y. Zou, A. Milsted, G. Vidal, PRL 2018, arXiv:1710.05397
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So... what linear map is implemented by a layer of MERA?

quantum " T 1 1 T
. . > 1y -8 . ° 3=
spin chain : , i
N =8 ; t
—
N=8
=) {7
low energy basis
A. Milsted, G. Vidal, PRB 2017, arXiv:1706.01436
Y. Zou, A. Milsted, G. Vidal, PRL 2018, arXiv:1710.05397
quantum L
spin chain g | ' Ll
N =16 .
—91
: N=16 —TH N=8
* hyperbolic space? |Lpa ) — e |Lpa ) N=16
[Wa =)
: N=16 0 N=8 :
e Light cone! |LIJa ) — e |“pa ) low energy basis

 de Sitter spacetime? |1Pévzl6) - e_itqujéVzig)
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CONCLUSION

In the quest of assigning a
geometry to tensor networks...

...we have understood that MERA

(and euclidean/lorenzian generalizations)
represents a CFT path integral
on some curved spacetime

(simplest examples of a much
more general construction)

MERA = Holography?

Maybe... (“MERA” is as holographic as a
“2d path integral on a light cone geometry”)

de Sitter
spacetime

ds,

euclidean MERA

5134313




THANKS!



