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. Setup

Scalar field in Schrodinger picture:

Qb(x) — Z eikxak,IR + Z eikwaijV + h.c.

k| <A k| >A

Split in Hilbert space:  Hjp X Hy1 «— Generated by UV oscillators

Generated by IR oscillators

Local, interacting theory:

:_¢ + = ( qﬁ) —|—1m2gb2—|— )\qb <«—— couples Hrr, Huv

2 4]

/dmgb4(x) — /dpl...dp45(p1 +...pa)d(p1) - D(pa)

Friday, August 22, 14



Interactions -> eigenstates of H entangled between Hrr ; Huv

Thomale, Arovas, Bernevig;
Balasubramanian, McDermott,
van Raamsdonk...

A=0: [0) =[] Inx=0) [T I =0)

k<A k'>A

A>0: |0) =1]0) =0+ Z frrpnoy (A H Nk IR) H e Uv)

Nk, IR, UV k<A k' >A
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What do we want to calculate?

Assume observables built from aj rr “long wavelength”

Consider ground state perturbed by IR operator

(1)) = e 77O 5|0)

Probability of finding IR degrees of freedom in state |a) € Hir
P(a) = Z ‘{u\(a\e_%HtOIR]OHQ
luyEHU vV

= trPue” # T O1]|0)(0]OT e I
— trHIRIP)apIR (t)

p(t) = try, . |¥(t))(y(t)] Mostimportant dynamical object

Py, = |a)(al \ * Typically a mixed state

* Dynamics: open quantum system
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p(t) = tragy, [1(2)) (W (1))

Entanglement -> generally a mixed state

‘¢> — Z Inrr,nuv ()‘) H ‘nk,IR> H ’nk’,UV>

Nk, IR UV k<A k’>A
IO — Z g:;lIR,TLUVgnIRﬁnUV H |nk:7-[R><mQ7IR‘
Nk, IRMN K’ v Mq,IR kE<A,g<A
# |o1R)(OIR]

Interactions transfer energy, information between Hir , Huv

“Open quantum system”

0

thoop 7 [H, pl
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Our main question:

Assume finite time resolution )t f(t"-t)
plt) = [ dt gt o0
- —> -— Ot
1h (915,5 =7

® Given finite accuracy, can we parametrize LHS with a few operators?

® Can we organize LHS in powers of (¢, AL 7

t'-t
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Caveats

(1) We are not tracing out high energies E>A 3 5t_1

But solar physics well described by Standard

2 H4
Msync™ ~ 10°" GeV Model cut off below | TeV

Friday, August 22, 14



.. TR Y Headrick, AL, and Roberts
(2) Momentum space decomposition of H not “universal 1909 2498

| +1-d Bose-Fermi duality

S:/de%((‘?go)Q & S = /d2:1: (¥ - 9 — MR)(¥ry)*)

0=+ 2R (with gauged 77, fermion number)
Ground state: no Ground state entangled in
momentum space momentum space

entanglement

_ BO Al Bl A2 BZ A3 B3 .
ul Vl u2 V2 u3 V3
p = try, B, O> <O|
1 o .
S, = Intrp™ duality invariant (spectrum and OPEs of local operators invariant!)
l1—n
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ll.Wilsonian renormalization

Our formalism a variant of Wilson’s approach(es)

Addresses different questions from those formalisms

Wilson;

A. Hamiltonian renormalization Glazek andWilson; see
also Peskin 1405.7086

Hierarchical structure of energy levels in QFT:

H=Hir+ Hyv + Ayvir

i AEyy

——AE

IR

Bandsat A\ = (
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Diagonalize UV modes:

0
... Hl, Hy 0
UTHU = 2 A
ne 12 11 O/
0 0 0 Hj

Write H in terms of renormalized IR variables: will have support on microscopic scales

Consistent with standard construction of S-matrix elements for asymptotic states:
Well-separated states noninteracting: long-wavelength ~ low energy

Friday, August 22, 14



For our purposes:

* What if our devices coarse grained wrt unrenormalized variables!?

e Interested in high energy (£ > Eyv) states made from low energy
(E ~ Eg ) quanta.The above still works if indices label different
towers of states with IR spacing

Alexanian and Moreno

1 AE gy

— AEp

Friday, August 22, 14



B. Decimation of path integral  wikon

(Oout|Oin) = /DqﬁUVngIReiS(CbUV,CbIR)

_ / D¢IR€iSIR(¢IR) <«

—  Wilsonian action

If |0) entangled between UV, IR, this integrating out at the level of
amplitudes assumes knowledge of final state of UV.

(This is fine for S-matrix elements)

Path integral for inclusive transition probabilities:
Wilsonian action -> Feynman-Vernon influence functional for o1 g
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C. Holographic Wilsonian renormalization

_ iS(¢)
Integrate outz < |; ZIR()\) /¢(:Jc D=(x) D> ¢€ Heemsekerk and Polchinski;
’ Z Faulkner, Liu, and Rangamani;
— [ d¥xA(x)O i ‘
= (e J d*xA(x) (w)>C’FT,A Balasubramanian, Guica, and AL

¢(z,l)=A(z)

Zbulk = /CD\ZUV()\)ZIR()\)

z=| , — <6ifd4$9z‘($;/\)0i+ifd4fl3d4y%j(/\;a?—y)(9z'(w)0j(y)+--->
cutoff E~ R/l

A
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Meaning of double-trace operators

S =Scrr + /d4xg7;(A; r)O; + /d4xd4y(’)(a})0(y)v(a:, s N) + ...

Integrate outz< |;

wavelength

excitation

z= ,
cutoff EC~ R/

Massless long-

N\

nonlocal at scales

5z, 6t ~ A~

Y induced even if UV theory is unperturbed CFT

describes transfer of excitations from IR <— UV

Fits framework of introduction: “IR” z < |/Ec
is (like) open quantum system
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lll. Open quantum dynamics for H;p

Hilbert space: 7 — Hrirp X Hyv

/

Observable “long wavelength” quanta

Hamiltonian: H = H]R + HUV + )\VIR,UV

7N

Characteristic energy: AFErR AEy

Reduced density matrix: p(t) = try,, . |V (¢))(P(2)

What are dynamics of p(%) ?
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Time averaging

Expect finite spatial and temporal resolution 0t = 1/EC z 1/EUV
Describe via “window function” fg (%, ")

Peak of function

Ee iy
€.8. fEc(tat/) — ﬁe (t t)2E2

Given operator A(t), A(t) = /dt’fEc (t,t")A(t)

* A(t) has time dependence at scale 1/Eyy < 1/E. ; = A(t) ~ O (e_E?fv/Ef)
* A, B have time dependence at scale

\/Ein > 1/E. ; ADB® ~ A0 5@ +0 (22

Wish to compute RHS of ¢7d;p(t) = 7 in terms of time averaged operators
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Initial state

At present we only have results for |V (0)) = |Vr)|Vyyv)

Not most general but it appears naturally in this case:
29 29
HIR — (C4JIR : HUV — (C4Juv

H = —puirBSTr — nuvBSty + €Str - Suv 5 pir < puv
Ground state is independent of €: ‘O> = ’j[R>’ij>

o \k
Consider states of the form: |U) = (SI_R) Jrr) |Juv)

p(t), p(t) will become mixed for t >0
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Perturbation theory

() = (WO () + ANTD (1)) + N T (1) + ..

p(t) = trp00, [T O W (1)] = pO () + A (1) + NpD () + ..

ihdup(t) = tray [H, () (W (0)]] = [Hegs, p] + D¢, p(0))

ihdup(t) = [Herg. p) + (¢, p(0))

Hepp = Hip + N Y, + N2HS, + ...

I =AW+ \210@
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2nd order perturbation theory

ih0p(t) = [Herr, 0] + Tt {p(0)})

Consider basis \u} of Hyv; |[Vyv) = |4)

B (9 " Higlpl©® f 4+ v, p0) I H;p 2
O(t) = {47 (1), 57 (1)} + (Z re (?Evﬁj ]Z)p o HR]W@%))

=@, A VIV, HiR] AEfg . _ _
AT () = -5 (Z TRSAE +0 Az, )| Vi = (u|V]u)

AE
* Double power series in A\ ,ﬁ-- related to Born-Oppenheimer approx

e I'() parametrizes non-unitary evolution

o I'(t)due to transitions inHyv; occurs at higher order in A\, AE;r/AEyy

* I'(t)has time dependence at IR scale through p(© (¢) = e~ * #1584, ) (1) g|e 1T R
* Corrections due to integrating out UV ~ 1/E(kjv : decoupling
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UV-IR entanglement

Sp(t) = — 1 i ntrlnp”(t)
dSn(t) ~  ntr(p"'I) n ; ;
dt (1 —n)trpn(t) N ih(n — 1)tr (p( >F) +O(A’)

2 1 — uﬂzt _ . ..
Sty = T N R |V i) |

W _ ..
uAa,jAi uil,i]

_ 9 1
SOM =73 X MailvIig)P?

ut, AL W

But note n — 1 , A\ — 0 limits do not commute
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Expectations from Born-Oppenheimer
Consider H;p = L? (R)
Virov =V (21r,1O0suv })

(Hyv + AV(2)) |u; ) = Eu(z)|u; )

Corrections to Born-

Oppenheimer; higher
’\Ij(t» /dxwu Ly t |aj _l_ Z/dﬂf%, Ly t ‘CE "LL 33> orderin \, AE[r/AEyy
UFU
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Leading order in Born-Oppenheimer approximation

p =ty [W(2)) (P ()]

_ / drdyia (z, 0% (v, ) Ko (z, y)|2) (y

Ka(z,y) = trygyo |us o) (U 9| = T+ Af(N 2, y)

ihoip = [Hepg,pl; Hepr = Hir + Ea(x)

Corrections: §h0,p = [Heffa p]

['[p(0)]

1

Occurs at higher order in Born-Oppenheimer

Consistent with our result T' ~ O (AEr/AFEyy)
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Path integral approach

X = IR coordinates; X = UV coordinates

S[CIZ‘,X] = S]R(ZIL’) -+ SUv(X) + Sf,;nt(ZU,X)

S, ) = 3 [ dt AT (O 1)

p(0)
p(t)

prr(t) = / AX (X|e~ 1 p(0)e ! X)

p1r(0)puv(0)

—iHt  Ht .
“p(0)e’ Propagate backwards in time
from y,X to initial state

/

prrle. ) = / AX (](X e~ p(0)e ™[ X) )

e

Propagate forward in time from
initial state to x, X

N )
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prr(z,y;t) = (z|prr(t)|y)

B /d“?/dy’/C(% y,t;2',y', 0)prr(a’sy'st = 0)

— Paths propagate
S (3 —iS (i) € 2 (t) =237 (t) = backwards in time
o7 / — ~ ~ zSIR[:E]—zSIR(y) ~ o~ w(t) xay(t) Yy
K(z,y,t;x",y",0) Dz Dyje ‘F(x’y)’:?;(O):x/,g(O):y’
/ Feynman and Vernon;
Caldeira and Leggett
Paths propagate forward in time “Influence functional”; result of integrating out X

Correct real-time analog of Wilsonian action

o L o Contains same information as Her ¢, 1
F(a.) = [ dR'dQ'dRpyy (R Q'50)
iSuv (R)—iSuv (Q)+iSint (&,R)—iSin: (§,Q) | B(t)=Q(t)=R
" / phRbem r0)=r:@0=0

Compute 10:prr(t) in this framework: deduce relationship between F and Herp, I
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Perturbation theory F =1+ \FL) 1+ 2732 L

Remember: S;,.;(x, X) = Z/dt/ )\AngI)R(t,)Og’)((])V(t/)

t
Jf(l)(f’yf’t) — @/ dt/<OC(LX)(t,)>UV,O {Agﬁ)(t/) - Agj) (t/)}
: 1

tr | p{7% (0)0u ()]

\4

Hé?f = (O4(t))uvAa(t)  Consistent with operator-based computation
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FO (&, ;1) = / at'at" Gy, (¢, ) A (1) A7 (1)

1
2 Jo
1

t
t 3 ) _
. / Clt/dt,/Gan(t,, t//)Agy) (t/)AI()y) (t//)
0

{ -
4 / at'dt" G (' ") AD () AP ()
0

G (¢, t") = tryv puv (0) O () Op ()
Gt t") = tryvpuv (0)T [Oa(t)Op(t").

~

Gt ") = trov puv (0)T [0a(t)Ou(t")] = GL, (¢, ")

Time anti-ordering
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10yp = |Heypy,p| + 1
I'={Ap}+~

1 t
7Y, = / dt' Tm GE, (£, 1) Ag (£) Ap(t) =

t
S=3/ [t [650) - Giet)] Au0 40
t

1
2
1 t
AR — > /0 dt' Re G, (t, 1) Ay () Ap(t) = % /O dt' G (t,t) Ag(t) Ap(t)

® Work in progress

® Need to understand time averaging better in this framework
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Non-Markovian behavior?

* General open systems: memory effects, evolution nonlocal in time
* Holography, basic physics —> 0 nonlocal evolution at scale A¢ ~ Fry,

Initial surprise (to us): /’7

: 1
zh(‘?tp — [Heff, ,0] + Z hua,vb (LuapLib — § {LLavaa IO})
(u,a);(v,b)

hul,u2 — hu2,u1 =1 y W 7& u {A )0}
L1 = (u|V]u)

t
Lu2:/ dt’ (u|Vi(t' — t)|a)
0

Lindblad form (characteristic of Markov process)

Second order: v, A act on p'®) which is pure

(1)

Preliminary: breaks down at 3rd order due to terms X p
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V. Conclusions

A.Summary
H="Hir X Huv
H=Hrr+ Hyyv +AViruvuv
p(t) = tra, W (L)) (L (L)

ih0:p(t) = [Hegr, p] + L(t; {p(0)})

* Parametrizes non-unitary evolution of open system
 Appears only at O (AErr/AEyy ) (correction to Born-
Oppenheimer), O (A\?)
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B. Additional questions

Some natural questions:

*Wilsonian EFT-like organization of H s, T in power series in
e Efficient computational scheme
* More realistic spectrum

i

 RG equations for p, Hepp, I
* Formulate for strongly interacting DOF (no quasiparticles E(k))
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* Holographic interpretation? (Note importance of time resolution: see also residual entropy)

Integrate outz < I;

z=0

z=1 5
cutoff EC~ R/

* What would we have to do to H to spoil decoupling of UV, IR
* What systems lead to excitations spending long time in UV?

Little string theory: p(FE) ~ ePHE

* Nonlocal theory
* Bulk dual: signals take infinite time to reach boundary
* Expect large nonlocalities due to coarse graining
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C. Speculation -- black hole entropy

Evidence that Bekenstein-Hawking/VWald entropy of BH can be computed
as an entanglement entropy

Can this calculation be understood from boundary point of view!?

Entangling surface at “stretched horizon” <—> UV-IR (ish) entanglement!?

ETH as practiced in cond-mat

* Local observables thermalize in high-energy states (absent MBL)
* Reduced density matrix for local region looks thermal

Other interesting ways of carving up Hilbert space of large N gauged matrix theories!?

Festuccia and Liu: some discussion of ETH for such systems
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