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. Introduction: coarse graining physical systems

Typically our probes of a physical system (for example our eyes and ears) have
finite resolution and accuracy

® Finite spatial resolution; access low momenta only
® Finite time resolution
® Probes have finite energy

® Noise, statistics, etc. limits accuracy



X

Coarse grained picture is simpler;
¢ Coarse graining requires fewer variables (for

example, fewer Fourier modes)




Coarse grained picture reveals qualitative dynamics
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Complex atomic motion > Ep(a:, y;t) = Dﬁp(x, ;1)
Diffusion equation
2) QED
.0 Effective coupling weak at long distances:
Pem = Aﬁ_Aaem(A) >0 charge screening
3) QCD

9, Effective coupling strong at long distances:
w=A—a.(A) <0 Pling g 8 -
Bst 8Aa t(A) < confinement, etc.



Given finite accuracy: can use “effective” theory with few parameters

d=3+1 scalar theory

#] = (mass)

Coarse graining/’cutoff” mass scale A
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iven process at energy E: A ~ (5

E < A : canignore most of the irrelevant operators at given level of accuracy

see Polchinski, hep-th/9210046




Goal: implement coarse graining in dynamical quantum setting

Scalar field in Schrodinger picture:

Qb(x) — Z 67;kﬂvak,ll’% + Z e“‘“’jak,Uv + h.c.

k| <A k|>A

SPIIt in Hilbert Space. HIR X HUV(—Generated by UV oscillators

Generated by IR oscillators

Local, interacting theory:

1 1
— _¢ + — ( (b) + §m2¢2+IA¢4 <«—— couples H]R, HUV

/d:vqb"‘(:v) =/dp1---dp45(p1+-- $)P(p1) .. &(pa)



Interactions -> eigenstates of H entangled between Hrir ; Huv

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

A=0: 10)=[] =0 [] Inw =0)

E<A E'>A

A>0: [0)=10xa=0+ Y fanmor N 1] Inwrr) 1] nwov)

Ng, IRk UV k<A k'>A



What do we want to calculate?

Assume observables built from aj rr “long wavelength”

Consider ground state perturbed by IR operator

p(t)) = e 5O |0)
Probability of finding IR degrees of freedom in state |a) € Hr

Pla)= Y |ul{ale” "' O;5|0)

|u>€7‘lUV

‘ 2

i

= trPue” #1701 |0)(0]OT e T
— trHIRPapIR(t)

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

P, = |a)(qal \ * Typically a mixed state

* Dynamics: open quantum system



p(t) = tragy, [1(2)) (¥ (1))

Entanglement -> generally a mixed state

WVy=" Y Gnnmoy N 1] Inerr) 1] 1nwov)

Nk, IR UV k<A k' >A
P = Z g';anR,nUVgnIRanUV H |nk,IR> <mq91R’
Nk, IRN, Uyv:Mgq,IR kE<A,g<A
7 |¢1r){(PIR|

Interactions transfer energy, information between Hir , Huv

“Open quantum system”

0

ihoop 7 [H, pl



Our main question:

Assume finite time resolution 0t

o(t) = / at' e (&' — D)p(t)

ih 0,p =7

f(t'-t)

ot

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

® Can we organize LHS in powers of

5t, A7 ?

t'-t



Caveats

(1) We are not tracing out high energies F' > A | ot 1

But solar physics well described by

2 54
Mgunc™ ~ 1077 GeV' 4 d Model cut off below | TeV



.. : Headrick, AL, and Roberts
(2) Momentum space decomposition of 7{ not universal v 12092428

| +1-d Bose-Fermi duality

S:/de%(ﬁgo)Q & S = /d% (¥ - 99 = MR) (¥y9)?)

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

entanglement

p = try, B, O> <O|

1
1 —n

S, =

Intr p” duality invariant (spectrum and OPEs of local operators invariant!)



ll.Wilsonian renormalization

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

Addresses different questions from those formalisms

A. Decimation of path integral  wison
(Oout|0in) = /D¢UVD¢IR€iS(¢UV,¢IR)

— /chIReiSIR(WR) «

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

— Wilsonian action

Path integral for inclusive transition probabilities:
Wilsonian action -> Feynman-Vernon influence functional for @1



Wilson;

B. Hamiltonian renormalization Glazek andWilson; see
also Peskin 1405.7086

Hierarchical structure of energy levels in QFT:

H=Hir+ Hyv + Ayvir

i AEyy

——AE R Bandsat A = (




Diagonalize UV modes:

0

/ /
[ ] [ ] [ O
UTHU = R
e 12 11

0 0 0 H

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

For our purposes:

* What if our devices coarse grained wrt unrenormalized variables?

* Interested in high energy (£ > Eyv) states made from low energy (
) Buant&/J he above still works if indices label different towers of states
with IR spacing

Alexanian and Moreno

<>
>
T
-
<

>
HD'J
=



C."Holographic” Wilsonian renormalization

Akhmedov; de Boer and Verlinde”2,
( I ) Holograph|c RG and eq uat|ons Of mot|on Balasubramanian and Kraus; Porrati and Starinets;

Klebanov and Strassler; Lawrence and Sever

Large N 4d CFT <> String theory on AdS5 X M5

R2
2 __ " “ads 2 2
dSAdS = 5 (dZ + dﬂf4)
A Z
uv zZ=e0
R? 2
y4 14 . *ens?
Scale radius duality”: A ~ Rads/z
5d SUGRA fields ¢, (CIZ, Z) — O, «— Single trace op.
z=0
2= 0 : ¢~ 2zRoN(z) + 22°(0)
‘ :tloff E R2/| d d? 2 P2 Witten; Gubser, Klebanov, and Polyakov;
cu c AO — 5 + Z + mququ Balasub,ramania;, Kraus, a;1d Lawrence; éKL and
Trivedi

S =S8crr +05; 05= Z/d4a:)\i(:v)0i(az)



“Hamiltonian” equations for radial evolution of () «—» RG equations for A(z)

S(¢, Z) generating function for <?7b ’ Ol o On |¢> de Boer and Verlinde”2; Lawrence and Sever

Satisfies bulk Hamilton-Jacobi equations

05
az5(¢, Z) + H (7T¢ — £,¢) =0

Dual to Callan-Symanzik equations for perturbed CFT

(A;A + > Bi(A) 5(; (|0 ... 0n|¢>> - ];y,iw. 0 ) =0

chtloff E~R?/ @ _ OH (, )

Hamilton’s equations 5

| ss
dz O T=%¢

Dual to RG flow equations AdiA)\i(A) = Bi(A)



Conceptual issues

® Semiclassical formulation: how to take into account quantum fluctuations?
® Non-Wilsonian: how to describe “integrating out” degrees of freedom!?

® Formalism ignored “double trace” operators that appear at leading order in |/N



Heemsekerk and Polchinski;

(2) Holographic Wilsonian renormalization  Fuuikner, Liu, and Rangaman:

Balasubramanian, Guica, and AL

Zrr(N) :/ D.~; ¢pe®@)
¢(z,l)=X(x)

— <€_ f d4$>‘($)o(w)>

Integrate out z < |;

CFT,A

¢(z,l)=A(z)

Lyulk = /d)\ZUV(A)ZIR(A)

z=| — <e73fd4$gz’(w;/\)@i+’ifd4wd4y%j(A;w—y)Oi(w)C’)j(y)+---

cutoff E~ R

g,7 : running couplings: no direct relationship to o(x; 2)



Choice of scheme

1

A — 00 : (OA(2)OA(0)) = 2)—0 W < (O()O(¢")) ~ 8(q + ¢')g*> 1

prescription above implies for finite A

fr(q)

= AN < o0 :

(q+Q)(fo()
T

analytic in g

|

>\z',A(33) couples to 1, akOa e

+ 2 () + 2P fo(g) + )

Balasubramanian, Guica, and AL



Change of scheme Dong et al; BGL

Zir(da) = ezsct(qu) ZTn () = eiscAt(¢A)<€z'N2fddxAd—A¢Ao>

_ZSctz’Pen\

ren,\

ZUV — e Analytic in derivatives

Zpui = / ANZTEH(N) Z5Em(N)

<€’ifd4aﬁg§€”(w;/\)0¢+ifd4wd4y% (A —y) O3 ()05 (y) +--.y

ren,\

For sufficiently small g, can choose scheme such that

¢ (0(q)O(¢))a,crr ~ 6(q+q') (qu_dfl(Q) + AN o (q) +

fr’en(

o g (z, A = R; 45/ Zolves spacetime equations of motion in x,z



Meaning of double-trace operators

S = Scrr + /d4xg7;(A; r)O; + /d4azd4y(9(x)0(y)7(x, y; N)+ ...

Integrate out z < |;

wavelength

excitation

z=| .
cutoff EC~ R/l

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
open quantum system



lll. Open quantum dynamics for H;p

Hilbert space: 7 — Hrip X Huyv

/

Observable “long wavelength” quanta

Hamiltonian: H —= H[R -+ HUV + AVIR,UV

7N

Characteristic energy: AETR AFEyy

Reduced density matrix: p(t) = try . |V (¢)) (¥ (1)

What are dynamics of p(t) ?



Time averaging

Expect finite spatial and temporal resolution ot = 1/EC z 1/EUV
Describe via “window function” fg_(t, t/)

Peak of function

E. _
€.g. fEc(tat/) — ﬁe (t t)2Eg

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 (6—E?JV/E3>
* A, B have time dependence at scale

\/Ein > 1/E. ; ADB@ ~ A0 5@ +0 (22

Wish to compute RHS of i70;p(t) = 7 in terms of time averaged operators



Initial state

At present we only have results for \\IJ(O» — ‘\IJIR> ‘\IJUV>

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

H = —MIRBSfR — MUVBg(Z]V + Egm ' §UV ; WIR < UUV

Ground state is independent of €: ‘O> = ’j[R>‘ij>

A

k
Consider states of the form: |U) = (SI_R> JrrR) |Juv)

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



Perturbation theory

W (t)) = [TO @) + A TD (1)) + NP (4)) + ...

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

thdip(t) = trag,, [H, V(1)) (Y (1)]] = [Heyy, p| + T(2, p(0))

ihdup(t) = [Herg. p) + (¢, p(0))

Hepp = Hip + A + N2HS, + .
L= AT + X273 .



2nd order perturbation theory

ihop(t) = [Heypp, P + T(t; {p(0)})

Vyy) = |u)

T O(AEIR)
B ViV, AL
Heff:H[R+>\<mV|a>_)‘2 (ZE UE_FO(AE;XR;))/

UFAU v “

F) = (A0 500 5 (Z Vi Hunlp OV + VOOV Hun o (AT ))

Consider basis \u} of Huv;

@, N Vi Vi, Hig] AETR Y L v — vl
T (; Eo-E? O\am, ) o T VIw

L AE :
Double power series in )\ ’Wélé" related to Born-Oppenheimer approx

t) parametrizes non-unitary evolution
t)due to transitions in Hry; occurs at higher order in A\, AE;r/AEyy
t) has time dependence at IR scale through p(% (¢) = e H1rt 4, ) (1 g |eH 1R



UV-IR entanglement

1
Sp(t) = — = ntr In p"(t)

dSn(t)  mtr(p"'T) n
dt k(1 —n)trpn(t) ih(n —1

)tr (p(O)F) + O\



Expectations from Born-Oppenheimer

Consider Hir = L*(R)

Virov =V (21r,{O0s,uv })

(Huv + AV (2)) [u; z) = Eu(z)|u; x)

Corrections to Born-
Oppenheimer; higher

(1)) = / dwipa (2, 1) 2) 5 7) + 3 / A (10, £) |2) [ ) 4= e A A BN
UFU



Leading order in Born-Oppenheimer approximation
p = trsy [W(0) (W (1)

_ / dedya (z, D (y, ) Ka(2, y)|) (y]
Ka(z,y) = tryyy |Us ) (U5 9| = L+ Af(As 2, y)

thOwp = [Heyy,pl; Hepr = Hir + Egu(z)

Corrections: ihatp — [Heffy p] |- F[,O(O)]

1

Occurs at higher order in Born-Oppenheimer

Consistent with our result ' ~ ) (AE]R/AEUv)



Path integral approach

X = IR coordinates; X = UV coordinates

S[CIZ‘,X] = S]R(QB) -+ SUv(X) + S@nt(ili’,X)

S, X) = Y [ dt MG @)00, ()

p(0)
p(t)

prr(t) = / AX (X|e~Hp(0) e X)

p1r(0)puv(0)

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

/

prrle.yt) = / AX (](X |~ p(0)e M X))

e

Propagate forward in time from
initial state to x, X

e



prr(T,y;t) = (z|p1r(t)|y)

B /dw’dy’/C(fv, y,t; 2y, 0)prr(e’; 95t = 0)

— Paths propagate
S (F—iS (i) € 5 ()= (t) = backwards in time
A o ~ 1 tS1rR[Z]—1STR(T) ~ | Z(t)=z;5(t)=y
’C(I7 y) t? L 7y 70) T Daije ' e F(ﬂf, y) ‘@(O)ZQ:/’,Q(())::U/
/ 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

- L o Contains same information as Her s, 1
F(@.5) = [ dR'4Q dRpuy (R,Q'30)
iSuv (R)—iSuv (Q)+iSint (Z,R)—iSin: (§,Q) | R(E)=Q()=R
g / DRDQe™ Y [ho)=:0(0)=0

Compute %0;prr(t) in this framework: deduce relationship between F and Herp, I



Perturbation theory F =1+ \F) 1+ 273 L

Remember: Sini(z,X) = 3 [ dt' AT (£)O N (1)

t
Jf(l)(j’g’t) — @/ dt/<OC(LX)(t/)>UV,O [Ag:z) (') — Agg) (t/)}
: 1

tr [pg)v(())@a(t’)}

ch)f = (O4(t))uvAa(t)  Consistent with operator-based computation

(&



FOgit) == 5 [ bt GL¢ ) AD(¢) 47 (¢

1
2 Jo
1

t
t ~ - ~
[ avaran i ap @) AP @)
0

t ~
+ / dt'dt" G (' ") AD () AP ()
0

G (t',t") = truvpuy (0)Og () O ()
Go (' ") = truvpuv (0)T [Ou(t)Op(t")
GE () = truvpuv (0)T [0y ()0 (t)] = GE (', ¢7)*

\

Time anti-ordering




10ip = [Hegyp, p) + 1
I'={Ap}+~

1 (4
0 = /O dt' Tm GF, (£, ') A, (£) Ay (2)

1 t
A®) = 2 /O dt' Re GF, (£, ') A, (1) Ay (1)

® Work in progress

® Need to understand time averaging better in this framework



V. Conclusions

A.Summary
H="Hir X Huv
H=Hir+ Hyv +AViruvuv
p(t) = tray, W (L)) (Y (L)

thoip(t) = [Hesg,p) + Lt {p(0)})

* Parametrizes non-unitary evolution of open system
* Local in time only after time averaging

* Appears only at O (AFE;r/AFEyy) (correction to Born-
Oppenheimer), O (\?)



B. Additional questions

Some natural questions:

* Wilsonian EFT-like organization of H_,., T in power series in

e Efficient computational scheme vy

* RG equations for p, Herp, I

* Holographic interpretation? (Note importance of time averaging)
* Formulate for strongly interacting DOF (no quasiparticles E(k))

* What would we have to do to H to spoil decoupling of UV, IR

* What systems lead to excitations spending long time in UV?



