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» As a warmup, consider a two-sided black hole in AdS/CFT, which is
dual to a TFD state.
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» The algebras factorize: A} = Ag, Ax = Ay, and A, NAg=C
(compare to H = H @ Hg).

» The algebra Ag is a large-N limit of single-trace operators in the R
CFT in the TFD state.

> A subalgebra gives a precise notion of a subsystem (or horizon) in
quantum gravity, even when quantum metric fluctuations and
backreaction are taken into account.
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Introduction and Summary

» When boundary operators are separated by more than a scrambling
time (~ Blog S), the horizon shifts due to Shapiro time delay.

» In JT gravity, the metric is exactly quantized, and wormhole
corrections may be considered.

» By studying algebras in AdS/CFT, we can motivate the duality from
the bottom-up.
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» | will study Gy corrections to this picture, following the methods of
. We work in a strict Gy — 0 limit, holding
X = GNe% fixed. Operators can have time separations of order T.
We can work exactly in x, or order by order in x.

» Let A be an algebra associated to an observer in dS. Working
exactly in x, | will argue that A’ = C, which implies that the
observer's horizon is no longer defined algebraically.

» In QFT in dS, the Hartle-Hawking vacuum state is thermal (or KMS)
with respect to time translations along the observer's worldline. This
is a consequence of the temperature of the geometric horizon.
Working exactly in x, the time-translation symmetry persists, but
the KMS condition fails. Order by in order in x, KMS holds.

» What does this imply for observer-centric dS holography?
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An observer in de Sitter space
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on spacetime.
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An observer in de Sitter space

7 = TObs

aE

» The observer's algebra Ay is generated by local QFT operators
between rops and r.. To compute correlation functions, Wick rotate
the time t to —i7, and compactify 7 ~ 7 4+ .. The Hilbert space
Ho can be recovered from the GNS construction.
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An observer in de Sitter space

» We are interested in correlation functions of operators with large
time separations. Given O € A, define

E._ _—iHT/2 ¢y o+iHT/2
OF =e 20e /,

L. +iHT/2 oy —iHT/2
Ob .= tHT/20) = HT/2,

where T is a large parameter, and H generates the time translation
isometry.
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An observer in de Sitter space

» We are interested in correlation functions of operators with large
time separations. Given O € A, define

OF .— ¢~ HT/2 0 g+iHT/2,
OL .= etHT/2 () g=iHT/2.

where T is a large parameter, and H generates the time translation
isometry.

» Correlation functions factorize at large T,

lim (- "Ofoé02E(91L>QFT =( "O4EO§>QFT (- "O§01L>QFT'

T—o0

» We will use a doubled Hilbert space
H:=Has® Hp,
where Ag 4 acts on H4 and Ag g acts on Hp.

6/19



An observer in de Sitter space
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> Given a € Ag 4 and b € Ay g, we define

aE = e—IHAT/2 ae+’HAT/2,

bL — e;HHBT/2 befiHBT/2
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An observer in de Sitter space

» Focus on the early operators. We make an ansatz:

1
Tuu = 5 Py(2) 6(U),

c

where Py(Q), for every Q € S2, is an ANEC operator,

Py(8) := —rf/ dU Tyy(U,V =0,Q) ~ o<eﬂ/5c>.

— 00
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An observer in de Sitter space
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An observer in de Sitter space

» Tyuy sources a perturbation in linearized gravity with positive c.c.
(A=2)
ds
ds? = ds s + 6(U) fy(Q) dU?,
(=VZ +1 - r2A) fy(Q) = —167 Gy Py(Q) ~ O(\/GN> .
> We send Gy — 0 with Gy €™ T/ fixed.
» The SdS geometry comes in a one-parameter family. r. obeys

1 <r <\/§
\/K c /\7

and (fV?gZ +1-— rc2/\) is invertible strictly within this range.
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An observer in de Sitter space

» With both early- and late-time shocks, the metric is
ds? = ds2,s + 6(U) fy(Q) dU? + 6(V) A/ (Q) dV2,
and the action is

1 Pu(Q) ~ O(1).
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ds? = ds2,s + 6(U) fy(Q) dU? + 6(V) A/ (Q) dV2,

and the action is

1 Pu(Q) ~ O(1).

I =167G | dQ Py(Q) ——s
or / q )—v§2+1—/\rg v

» The S-matrix is
S:=¢
>
E, L_E, L . Eo-1,Lc_E,.L
(arbyasbi)gq = _ lim  (--Sa§ by S a5 by)gpr -
G 2™ T/Bc fixed
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An observer in de Sitter space

» The S-matrix is
S = eil
>

E,L_E,L o . E o—1,L E L
<' e dr b233 b4>QG = T;}(!meg)o < . '831 S b2 833 b4>QFT .
G eZWT/ﬁC fixed
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An observer in de Sitter space

» The definitions of af and b! involve conjugations by e™47/2 or
e~ MsT/2 \We can absorb these operators into the S-matrix:

S .= eiHAT/2 e*fHBT/2Se*iHAT/2 eiHBT/Z.
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e~ MsT/2 \We can absorb these operators into the S-matrix:
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S c
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An observer in de Sitter space

> Given a € Ag 4 and b € Ag g, define
§:=5"2a51?  b:=512ps2
Then we may simply write

(- 31Eb533EbeG = (- 31b233b4>QFT :
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> Given a € Ag 4 and b € Ag g, define
§:=5"2a51?  b:=512ps2

Then we may simply write

(- 31Eb533EbeG = (- 31b233b4>QFT :

> The observer's algebra A is generated by 4 and b for all a € Ao.a
and all b € Ay .
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An observer in de Sitter space

» Recall that

1 3
— < re <Al .

A A

» Consider the limit r. — \/% with Gy — 0 and M fixed. The SdS
geometry becomes global dS. The observer sits at r = 0. The
eikonal phase becomes

2
5= %em/ﬂf/dﬂldﬁz Pu(Q1)Py(Q2) cos (01, Qy).
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An observer in de Sitter space

» Consider the limit r. — \/% The SdS geometry becomes the Nariai
black hole, dS, x S,. We simultaneously take Gy — 0 with
_ 4rr? s

ASC:f 4G —E>O

fixed.
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An observer in de Sitter space

» Consider the limit r. — \/% The SdS geometry becomes the Nariai
black hole, dS, x S,. We simultaneously take Gy — 0 with

4rr? T
AS. = —= — —
T Yo
fixed.
» The s-wave sector decouples.
4 27 T/Be
0=— PyP
AS. A uFv,

with
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A toy model of the s-wave sector

» As a toy model of the s-wave sector, we will take QFT A to be a

right-moving 2D chiral CFT. QFT B will be a left-moving 2D chiral
CFT. The S matrix is

. AixPaP,
S = eXPabs

, : 2T
where x is a parameter, proportional to =Gye #c .

NU Y U v

dSQ, x <0 AdSQ, x > 0.
“anti-scrambling” “scrambling”

Aoa>U>0, A+ V<O
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A toy model of the s-wave sector

» As a toy model of the s-wave sector, we will take QFT A to be a
right-moving 2D chiral CFT. QFT B will be a left-moving 2D chiral

CFT. The S matrix is
5 = eiXPAPB’

: . 2T
where x is a parameter, proportional to £Gye 7 .

NU Y U Y
/
]
I
1
\
\

\

\

dS;, x<0 AdS;, x> 0.
“anti-scrambling” “scrambling”

Aoa>U>0, A+ V<O

We will study this model both exactly in x, and perturbatively in x.
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Review of 2D chiral CFT

» Fields are functions of the affine coordinate on the horizon, U. A
primary field ¢;(U) with weight h; € Z>q transforms as

" ¢;(U)e™™" = ¢;(U —y)

e¥Bo;(U)e B = e ¢, (e7 V)

iyK —iyK __ 1 2 u
o )e ™ = (=g ) o)

The Hermitian generators P, B, and K obey

[B,P]=iP,
[B,K]=—iK,
[P, K] =2iB.

The primaries are Hermitian w.l.o.g.
| will suppress the subscripts on the fields when it will not cause
confusion.
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Review of 2D chiral CFT

» Spacelike separated operators commute,
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Review of 2D chiral CFT

» Spacelike separated operators commute,

[¢1(U1), #2(U2)] =0, Up # Us.

» The two-point function is given by

h;
(03 (U1)oj(U2)) = b (—W)

5]1-]2 0 iP(Ui—Us—i o
= Y2 dP e’ (U1—Ux—ie) _pP 2h;—1
el =P)

» The Hilbert space is generated by the vacuum, |2), and ¢;(U) |Q2)
for U in any interval in R (Reeh—Schlieder theorem and
state-operator correspondence).
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The commutant of the observer's algebra

> For x > 0, the operators 3 and b for a € Ag a and b € Ap g can be
interpreted as operators dual to insertions on an AdS boundary.
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d =SS b= SRS

» These operators generate the commutant of A . For
example, consider

SY2[GA(U-), gA(U)IS T2 = [A(U-), S¢™(U4)S 7
— [¢*(U_), (U — xPg)]

where Uy > 0 and U_ < 0. This only vanishes for x > 0, or if we
work to finite order in x.

13/19



The commutant of the observer's algebra

> For x > 0, the operators 3 and b for a € Ag.a and b € Ap g can be
interpreted as operators dual to insertions on an AdS boundary.

» One may simply define operators which are dual to insertions on the
other AdS boundary. Given &’ € A 4 and b’ € Aj g, define
a =512 b= ST ST

» These operators generate the commutant of A . For
example, consider

SY2[AU-), AU IS T2 = [67(U-), S (U1)S Y]
= [¢*(U-), 6" (Uys — xPg)]
where Uy > 0 and U_ < 0. This only vanishes for x > 0, or if we
work to finite order in x.

> For x < 0 (dS), we may say that 2 and b’ generate A’ order by
order in perturbation theory. There is a pair of factorizing algebras.
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The KMS condition in 2D Chiral CFT

» Consider a thermal two-point function in finite-dimensional quantum
mechanics:
F(tl, l'2) =Tr E_ZﬂHol(tl)OQ(tz),

with O(t) := eMO(0)e~Ht,
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The KMS condition in 2D Chiral CFT

» Consider a thermal two-point function in finite-dimensional quantum
mechanics:
—27H
F(tl, tz) =Tre " 01(t1)02(t2),

with O(t) := eMtO(0)e~Ht.

» Then
F(tl — 27i, tg) = F(tz, tl).

The KMS condition generalizes this relation to quantum mechanics
with an infinite-dimensional Hilbert space.

» In 2D chiral CFT, consider
<¢1(U1) o ¢n(Un)>

where all of the U; > 0.

» The KMS condition is (recall time translation is U — Ue?)

(¢1(Ure ™™+ n(Un)) = (- dn(Un)1(Ur))
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The KMS condition in 2D Chiral CFT

» The KMS condition is (recall time translation is U — Ue?)
(1(Ure ™)+ dn(Un)) = (- $n(Un)¢1(U1))
» Note that
(@1(U1) - 6a(Un)) = (61(0)e™” - - §n(Un))

is holomorphic for U; in the onver—half—plane, because P < 0. Thus,
we may continue U; — U1e ™™ = —U;.

($1(U1) -+ dn(Un)) = (d1(e™ ™ U1) -+ §n(Un)) = (-~ ¢n(Un)p1(e™ ™ Ur))

Hence, we may analytically continue U; — Uie2™, and the KMS
condition is established.
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The KMS condition and the OTOC

» Consider the OTOC

(34 (V1) 3B (V2) ™ (Us) BB (Va))
= (¢ (U1)9® (Vo)™ P8 A (U3) 9" (Va))
= (¢*(U1)p®(V2)$™(Us — xPg)9" (V4))

with Uy, Uz > 0 and V,, V, < 0.
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= (¢*(U1)p®(V2)$™(Us — xPs)o" (V4))
with Uy, Us > 0 and V5, V, < 0.

» Continue U; — Uje™'™.

(0" (—U1)9® (V2) o™ (Us — xPg)¢® (Va))
= (¢B(V2)[¢*(— 1), ¢*(Us — xPg)]¢® (Va))
+ (6B (V2)9*(Us — xPp)¢® (Va)pA(—Uh))

» If x >0, or if we work to finite order in x, the commutator vanishes.
Continue U; — e~ '™ U; to obtain

(08 (V2)o (Us)e™ P2 g8 (Va)g™ (L)) = (65 (V2)d(Us)d5 (Va) o (Lh))
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The KMS condition and the OTOC

> If x > 0, or if we work to finite order in x, the commutator vanishes.
Continue U; — e~ '™ U, to obtain

(6B (Va) A (Us)e AP B (V) A (Uh)) = (35 (Va) ™ (Us) B (Va)d*(Lr)) .
consistent with KMS.

» If x <0, we compute that, as x — 0,

(372 Ur) @B (Va) A (Us) BB (Va)) — (8B(Va)d™ (Us)dB (Va)d™(Ur))

~ 2m (Up — Us + ie)*" 71 (Vo — Vy — i)t x| 72 2hetl

_jU1=U3)(Vva—Va)
X e X
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The KMS condition and the OTOC

» If x < 0, we compute that, as x — 0,

(7 (e72 Ur) @B (V2) @A (Us)dB (Va)) — (88(Va)$™ (Us)d® (Va)d™(Ur))

~ 27T(U1 U3 + 16)2hB 1 (V2 _ V4 )2hA 1 ‘X| 2hp—2hg+1
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The KMS condition and the OTOC

» If x < 0, we compute that, as x — 0,

(7 (e72 Ur) @B (V2) @A (Us)dB (Va)) — (88(Va)$™ (Us)d® (Va)d™(Ur))

~ 2 (Up — Us + 1'6)2'”3_1 (Vo — V4 — /'6)2"*‘_1 \X|_2hA_2hB+1
_j W1 =U3)(Vo = Va)

X e x

7,-(U1*U3)(V2*V4
X

) . .
» The e term is model-independent.

» When x > 0, the KMS condition is guaranteed by the Euclidean AdS
path integral with asymptotically AdS boundary conditions. In dS,
can correlation functions of operators in A come from a gravitational
path integral with a timelike codim-1 boundary? How
is violation of KMS related to the choice of boundary conditions?

» The KMS condition involves analytic continuation: t — t — (i.
Have we analytically continued into a “fake” region?
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» The KMS condition is tied to Tomita-Takesaki theory, which | will
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Properties of the observer's algebra

> A state |W) is cyclic with respect to a von Neumann algebra A if the
set
{a|¥) : aeA}

is dense in the Hilbert space.
> A state |V) is separating with respect to a von Neumann algebra A if
alv) =0 = a=0, Yae A
» Theorem. |V) is cyclic for A iff |W) is separating for A’, the
commutant of A.

> Example. An entangled state in two copies of a finite-dimensional
Hilbert space whose reduced density matrix on either copy is
full-rank.

» Theorem. (Reeh-Schlieder): In chiral CFT, the vacuum |Q) is cyclic
and separating for the algebra of operators of an interval on the
horizon, U € [Us, Us].
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Tomita-Takesaki theory in chiral CFT

» Let |V) be cyclic and separating for A. The Tomita operator Sy is
defined by
Sya|¥) =a' V).

> The modular operator is defined by Ay = S},Sy.

» Matrix elements of Ay are computed using
<\U|31Awaz|w> = <\Il|azal|\|l>, di, az S .A

» For a chiral CFT, let A be the algebra of operators associated to
U > 0. Then Aq = e?™B. Time translation is given by
a(t) = e B ae™B. Thus,

(V[ar(—27i)ax|V) = (W|aa V),

which is the KMS condition.
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» Let A be the observer’s algebra, with x < 0. The vacuum
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The definition Sqa|Q) = af |Q2) is inconsistent, because there exists
a nontrivial operator O € A that annihilates |).

The vacuum is not cyclic for the commutant A’. Let X € A’ and
Y € A. Then
XY |Q) = YX|Q)

Hence, X is completely characterized by X |Q2). Taking Y = O, we
learn that
OoX|Q) =0,

or that X |Q) € ker O.

Using the fields ¢; and the symmetry generators, we would like to
write down an expression for X € A’. With a specific choice of O,
we have proved that X cannot be a linear expression in the fields.

Conjecture. A’ =C.
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patch algebra A. The commutant A’ represents the other static patch. A and
A’ are a pair of factorizing algebras, and vacuum correlators obey the KMS
condition.

» We studied corrections to this algebra in the strict limit Gy — 0, with
27T
x = Gye Bc fixed, where operators in correlation functions may be separated by

time T.

» Working to a fixed order in x, the algebraic properties of the static observer
algebra continue to hold.

» However, these properties break down nonperturbatively. The OTOC does not
obey the KMS condition. We conjecture that A’ = C, which implies that the
observer's horizon cannot be characterized algebraically.

» The perturbative series expansion of the OTOC in x is Borel resummable, but is
singular in the Borel plane. How should we interpret the singularity?

» Recent progress in obtaining a dual QM description of operators on an observer's
worldline. . We should understand corrections to their
generalized free field algebra.

» How do we explain anti-scrambling in the putative QM dual?
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