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Abstract: In this second presentation, we will revisit Feynman's first argument and discuss how it still strongly influences variational studies of
relativistic field theories with MPS or ctMPS. However, as we explain, this argument can be completely overcome by introducing different
variational parameters for the different length scales in the system, a strategy that naturally results in the MERA for lattice systems, or its continuous
version for field theories. We then illustrate how a cMERA representation for the ground state of free relativistic quantum field theories can be
constructed and discuss the main properties of this representation.
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Outline

» Revisiting Feynman’s first argument

« cMERA construction for free
relativistic field theories:
- Dirac fermions in (1+1) dimensions
- Dirac fermions in (3+1) dimensions

- Klein-Gordon bosons in (d+1) dimensions
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Revisiting Feynman’s
first argument

Why do we have sensitivity to
high frequencies with matrix
product states?
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Revisiting Feynman’s
first argument

Why do we have sensitivity to
high frequencies with matrix
product states?

renormalization
procedure

ie..,D
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Revisiting Feynman’s
first argument

local degrees affect both
of freedom =% short and long
(in real space) length scales
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Revisiting Feynman’s
first argument

short length scales affect both

dominate in €————— short and long
length scales

variational
optimization
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Revisiting Feynman’s
first argument

short length scales we need variational
dominate in 3 parameters that
variational only affect the

optimization long length scales

4

Multi-scale entanglement
renormalization ansatz
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Revisiting Feynman’s
first argument

Multi-scale entanglement
renormalization ansatz

s

degrees of freedom

in a layer s act at:

- length scales > ae’

- momentum scales < Ae™’

other degrees have
already been
integrated out
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Revisiting Feynman’s
first argument

Multi-scale entanglement
renormalization ansatz

)
degrees of freedom

in a layer s act at:
- length scales > ac’

- momentum scales < Ae™*

other degrees have
already been
integrated out
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cMERA constructions:
generalities

cMERA: |¥[K]) :Sexp{—ifs£ [K(s)+L] ds}|!2)

s
— —_—— il

0(55 ’ SE)
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cMERA constructions:
generalities

cMERA: |¥[K]) =Sexp{—ifs£ [K(s)+L] ds} I€2)

l ] U(S( ) S¢ )
Renormalized operators:

Ox(s)=TEESNOU(s., s)
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cMERA constructions:
generalities

cMERA: |¥[K]) =Sexp{—ifs£ [K(s)+L] ds}|52)

l 2 U(S( )5 )
Renormalized operators:

Og(s)=Uls;,s)IOU(s.., s)

t: OR(f():o ;
(P|O|W) = (2| O (5¢)I2)
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cMERA constructions:
generalities

cMERA: |¥[K]) =sexp{-if [K(s)+L] ds}|52)

l i U(Sf ) S¢ )
Renormalized operators:

O (s)=TIEESOU s, , s)

t OR(fe):o ;
(P|O|W) = (2| O (5¢)I2)

di : AR
RG equation: d—OR(s)zi[K(s)+L,OR(s)]
)
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cMERA constructions:
generalities

cMERA: |¥[K]) =Sexp{-ifs£ [K(s)+L] ds} I€2)

l ] U(S( ) S )
Renormalized operators:

Jhe ; .
RG equation: d—OR(S)=i[K(5)+L’OR(S):|
S

i[K + L, O(vx)] = =% VO(X) + 10(F)

scaling operator with scaling dimension A
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cMERA constructions:
generalities

cMERA: |¥[K])= ‘J'exp{—i J : [K(s)+L] ds} [9)

which K ? which [ ? which |2) ?
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cMERA constructions:
generalities

cMERA: |¥[K]) :Sexp{—ifs£ [K(s)+L] ds}|52)

l 3 U(Sf ) S¢ )
Renormalized operators:

i ; o
RG equation: d—oR(S)=i[K(S)+L’OR(S):|
L

i[K + L, O(vx)] = =% VO(X) + 10(F)

scaling operator with scaling dimension A
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cMERA constructions:
generalities

cMERA: |¥[K]) =‘J'exp{—i J : [K(s)+L] ds} [9)

which K ? which I ? which |2) ?
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cMERA constructions:
generalities

cMERA: |¥[K]) =‘J'exp{—i J : [K(s)+L] ds} [9)

which K ? which I ? which |2) ?

¥

built using
any set of
operators;
respect
symmetries

10/24
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cMERA constructions:
free fermions in (1+1)

g +00 1 ! d / 4 i
o Lo A Ef-(x)+ B 50(x) | d

aI — O_)’

}/I:ﬁax:_iax 0
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cMERA constructions:
free fermions in (1+1)

K(5)= [ dp gtpis) [P R) + ()01 1))

g(p3s)= 25 <TIp1/A)

I'(x) = exp(—x*/2),exp(—x),0(1 — | x|), ...
(smooth cutoff at dimensionless scale 1)
dv dy/t

P=> | 4 Zp [@J(p)d—;(p)— dp ((p)]
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cMERA constructions:
free fermions in (1+1)

K(5)= [ dp glpis) [ R) + ()01 1))

8(p3s)= x5 <TIp1/A)

I'(x) = exp(—x°/2),exp(—x),0(1 — | x|), ...
(smooth cutoff at dimensionless scale 1)

dv dy/t

i=[ap Zp [@;(p)d—;(p)— - ((p)]
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cMERA constructions:
free fermions in (1+1)

K(5)= [ dp gtpis) [P R) + ()01 1)]

g(p3s)= 2 (5)<TIp1/A)

['(x) = exp(—x/2),exp(—x),0(1 — | x|), ...
(smooth cutoff at dimensionless scale 1)

dv dy/t

P=> | 4 Zp [@J(md—;(m— = (p)]
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cMERA constructions:
free fermions in (1+1)

i +00 1 e d / A i
= Lo TAGYS Ef—(x)+ mdt(x)Bd(x) | d

aI — O_)’

}/I:ﬁax:_iax 0

Pirsa: 11100086 Page 25/37




cMERA constructions:
free fermions in (1+1)

K(s)= f dp g(p3s) [% (I (p) + ()P (p)]

g(pis)= 2 (5)<TIp1/A)

I'(x) = exp(—x°/2),exp(—x),0(1 — | x|), ...
(smooth cutoff at dimensionless scale 1)

dv dy/t

P=: | 4 Zp [@J(md—;(p)— T ((p)]
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cMERA constructions:
free fermions in (1+1)

Choose s, =0:

U x(p) = cos (f(pss))e’ W, (e’ p)

—isin (f(ps ) r(¢" p)
‘f’z.fe(}f’) =cos (f(p; 5))35/@2,1((@51’)

—isin (f(p;s))e’?&, p(e'p)

with f(p;s) :J dw g(e® p; w)
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}?R(S)

cMERA constructions:
free fermions in (1+1)

fdp[ —psin (2f(e™° p;s)) + me’ cos(2f

X

—i[pcos(2f(e™ p;s

X

[/ (p)r(p) -
s)) + me’ sin 2f
(W] (p)oy(p) -
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cMERA constructions:
free fermions in (1+1)

(s) 1 ; e’ A e*m/[A
s) = ——arcsin
; Jrifhige® | | 2Am A

. |
arcsin
2 i, 2 ]
Artefact of: ) At

- sharp momentum cutoff
- freedom to have unbounded K
- non-regularized Hamiltonian

16/24
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cMERA constructions:
free fermions in (1+1)

Pirsa: 11100086 Page 30/37




cMERA constructions:
free fermions in (1+1)
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cMERA constructions:
free fermions in (1+1)

Fixed point Hamiltonians:
- critical case: (m =0)

lim iy(s) =< | dplpl [~ T )0p)]

- non-critical case: (m #0)

lim 4(5) = [ dpm [ (o)1)~ 21 )]

Note that % (p)|Q) =¥, (p)|?) =0,Yp € R
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cMERA constructions:
free fermions in (3+1)

Symmetry for 1K

9=t [ap! [ap? [ ap? 09 ('P') (@ (p)7(p)
= Efdp'fdpzjdp:*)((S)l" (%) %i(p)a“@(p)

- translation invariant
- rotation invariant
- Lorentz covariant: zero-component of a 4-vector

R0/%4
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cMERA constructions:
free bosons in (d+1)

Non-relativistic bosons:
d(x),41(x) = scaling dimensions: d/2

Relativistic bosons:
@) ~D+PE =>  ([d-1)2
AE)~E - i@ > ([@d+1)2

which [ 9
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cMERA constructions:
free bosons in (d+1)

Use non-relativistic L:

P=—; [ @ T4+ - T2

d . d j
+5 PEAF) + 2 A(D)P(F)]
Use zero-component of 4-vector K:
i 1 R j S
k()= [ &'p >8(is) [MPAD+ 11~ 7y 7)]

with g(p;s)= x($)L(llpll/A)
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cMERA constructions:
free bosons in (d+1)

Solution:

e—2s

1
58—25 +(m/A)2

HOE

= restores relativistic scaling dimensions
in the critical case m =0
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Conclusions

» cMERA are perfectly suited to study
relativistic theories

» Range between IR and UV cutoff can be
arbitrarily large: Feynman’s sensitivity to
high frequencies does not appear!

» Great flexibility and freedom

» Interacting theories is a priority !
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